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Preface to the fifth edition 

lt is 32 ycacs since the first edition of Concise fnorganice Chemistry ~ a 
long life for any book The size of the book has gradually but inevitably 
grown, but ] am pleased that this, the fifth edition, is no larget than the 
fourth edition Robert Baden Powell {the founder of the Scout movement) 
said ‘So much to do, so httle tme to do st! J might paraphrase this to ‘So 
much to write, so little space to write it! Perhaps the size has reached a 
plateau and who knows — a future edition may be smaller! 

The aims of the fifth edition remain exactly the same as those of the 
first edition 

* To provide a modern textbook of inorgantc chemistry that ts long 
enough to cover the essentials, yet Short enough to be interesting 

® To provide a sttaple and logical framework into which the reader 
should be able to fit factual knowledge, and extrapolate from this to 
predict unknown facts 

e To fill the gap between school books and final year honours degree 
chemistry texts 

© The book 1s armed primarily at first or second year degree students in 
chemistry at UK univergaties, but will also be useful for those dome 
chemistry as ancillary subjects, and also for BTECH courses and Part 1 
Grad RIC in technical colleges Some parts will Be usable by good 
sath form students 
Above all tt ts intended to be easy to read and understand, and 1s based on descriptyye Chemistry combined with. some. of tlie. reasons 
why 

TRE Structure of the book is unchanged, comprising six sections theoretical concepts and hydrogen, s block, p-block, d-block, f block, and Other topics As previously, there is a very large and comprehensive Index, and a large table of contents Every chapter has been updated and the groups of elements are pow labelled from 1 to 18 in accordance with IUPAC nomenclature Descriptive materral necessarily has a large place, but the book attempts so show the reasons for the Structure, properties and reactans of campounds, wherever this 1s Possible with elementaty methods Most chapters include a section on further reading, with easy to 
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understand articles (in journals such as the Journal of Chemical Education, 

Chemistry in Britain and Education in Chemistry), references to specialized 

textbooks, and review articles (such as Quarterly Reviews, Coordination 

Chemistry Reviews, and the proceedings of specialist conferences and 

symposia). There is a very small number of references to articles in the 

primary literature, where these have special or historical significance. 

Examples include the use of Ellingham diagrams, the Sidgwick~ Powell 

theory of molecular shape, and the discovery of ferrocene and of warm 

superconductors. 

Chemistry has always been, and still is, a practical subject. The adage 

'where there's muck there's money holds particularly true for thc chemi- 

cal industry. Unless chemicals were needed and used in large amounts 

there would be no chemical industry, and hence no students in chemistry, 

no teachers of chemistry. and no need for textbooks. An American 

professor told me he divided inorganic chemistry books into two types: 

theoretical and practical. In deciding how to classify any particular book, 

he first looked to see if the extraction of the two most produced metals 
(Fe and AI) was adequately covered, what impurities were likely to be 
present, and how the processing was adapted to remove them. Second, 
he looked to see if the treatment of the bonding in xenon compounds and 
ferrocene was longer than that of the production of ammonia. Third, he 
looked to see if the production and uses of phosphates were covered 
adequately. This book is intentionally what my American friend would 
call the ‘practical’ type. For some years there has been a trend for 
chemistry teaching to become more theoretical. There ts always theo- 
retical interest in another interesting oxidation state or another unusual 
complex, but the balance of this book is tilted to ensure that they do not 
exclude the commonplace, the mundane and the commercially important. 

| think it is important that students are aware of which chemicals are 
commercially important, especially those produced in very large tonnages. 
Linked to this is what are they used for, the processes by which they are 
manufactured and where the raw materials come from. This relates college 
chemistry to the real world, but regrettably few books cover these details. 
The data on tonnages of chemicals produced and the main sources of 
minerals have been completely updated. Data are mainly from World 
Mineral Statistics. published by the British Geological Survey, and from 
the Industrial Statistics Yearbook published by the United Nations, New 
York, and from direct contact with about 250 firms. The figures vary only 
slightly from year to year, and illustrate the general scale of use and main 
a D bn rp pd T the pci of major chemicals 

other moa aids such s xk atis qe oa 
polythene Silicone and teflon - m = E RN + aa A S , Soap an : etcreents are also covered, 

ty E g. and ts going on all around us. Many smaller scale 
but fascinating applications are also described and explained, These in- 
clude baking powder, photography, superconductors, | | transistors, photo- copiers, carbon dating, the atomic bomb, use ] s of radioisotopes and many 

XXX1 
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others There 1s currently a greater awareness of environmental i5sues 

Problems such as freons and the ozone layer chlorinated fluorocarbon 

replacements, the greenhouse effect, acid rain, lead pollution, the toxic 

effects of tin and mercury, asbestos, excessive use of phosphates and 

nitrates, and the toxic effects of various materials in. drinking water are 

discussed Other sections caver the development of the atomic bomb and 

the peaceful uses of atomic energy 
While much inorganic chemistry remains the same | it 18 à [iving subject 

and the approach to our current thinking and the direction of future work 

have altered In particular our ideas on banding have changed Until 

1950 morgpanic chemistry was largely descnptive The research and devel 

opment which led to the production of the atomic bomb in. 1946 i5 
probably the greatest chemical achievement of the century The impetus 

from this led to the discovery of many new elements 1n the actimde 

and lanthanide series. This was followed by a period of great interest 
in physical inorganic chemistry, where instead of just observing what 
happened we looked for the reasons why Thermodynamics and kinetics 
were apphed to chemical reactions, and magnetism and UV-visible 
spectroscopy were explored There was a flurry of activity when tt was 
found that the noble gases really did form compounds This was followed 
by a concentrated phase of preparing organometallic compounds and 
attempting to explain the bonding on these compounds, many of which 
defed rational explanation by existing theories Future developments 
seem likely to fall in two main areas, biomorganic chemustry and new 
materials Much bioimorganic work is in progress into how enzymes and 
catalysts function, how haemoglobin and chlorophyll really work, and 
how bacteria incorporate atmospheric nitrogen so easily when we find it 
so difficult Work on new materials includes the production of polymers; 
alloys superconductors and semiconductors I hope that the book will no! 
only help students to pass examinations, but thatit wili help them under- 
stand the subject, and stimulate them to study the subject further 
Tms book ons mamiy about the chemsiry of the elemenrs, wmcn » 

properly regarded as inorgamc chemistry | consider it unhelpful fot 
students to put information into ngid compartments, since 1he ideas 1f 
one subject may well relate to other subjects, and the boundaries between 
subjects are partly artificial The book incorporates information on the 
chemistry of the elements regardless of the source of that chemustry 
Thus, im places the book crosses boundanes into analytical chemistry: 
biochemistry, materials science, nuclear chemistry, organic chemistry, 
physics and polymer chemistry. It js worth remembering that in 1987 thé 
Nobel Prize for Chemistry was given for work on complexes using crowns 
and crypts which have biological overtones, and the Nobel Prize fot 
Physics was for discoveries in the field of warm superconductors Roth 

involve chemistry One could ask if the fullerenes were jnorganic oT 
Organic compounds! 

It 15 inevitable in a book of this size and complexity that there will be 
occasional errors These are mine alone, and | will endeavour to correct 
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them in future editions. | am always pleased to hear from readers. The 
final paragraph from the Preface to the First Edition is printed unchanged: 

A large amount of chemistry is quite easy, but some is enormously 
difficult. I can find no better way to conclude than that by the late 
Professor Silvanus P. Thompson in his book Calculus Made Easy, ‘I 
beg to present my fellow fools with the parts that are not hard. Master 
these thoroughly, and the rest will follow. What one fool can do, 
another can.’ 

J.D. Lee 
Loughborough 1996 
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S! UNITS 

SI units for energy are used throughout the fifth edition, thus makiag 2 
comparison of thermodynamic properties easier. Ionrzation. energies are 
quoted in kJ mo!”', rather than tonzation potentials in eV Older data 

from other sources use eV and may be converted 1nto SI units (] kcal = 
4 184 kJ, and 1eV — 23 06 x 4 184 kJ mol!) 

Metres are strictly the SI umts for distance. and bondlengths ace some- 
times quoted in nanometres (1 nm = 107^m) However angstrom units A 
(107! m) are a permitted umt of length. and are widely uscd by erystallo- 
graphers because they give a convenient range of numbers for bond- 
lengths Most bonds are between 1 and 2 À (0 1 to 0 2nm) Angstrom units 
are used throughout for bondlengths 
The positions of absorption peaks in spectra are quoted in wave numbers 

cm !, because instruments are calibrated tn these units It must. be 
remembered that these are not SI units. and should be multuphed by 100 to 
give SI units of m, or multipled by 11 96 to give Jmol” 

The SI units of density are kgm" ', making the density of water 1000 hg 
* This convention is not widely accepted so the older units of gem” 

are retained so water has a density of lgcm ` 
In the section on magnetism both SI units and Debye units are given, 

and the relation between the two 1s explained For inorganic chemists who 
simply want to find the number of unpaired electron spins in a transition 
metal ion then Debye units are much more convenient 
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NOMENCLATURE IN THE PERIODIC TABLE 

For a long time chemists have arranged the elements in groups within the 

periodic table in order to relate the electronic structures of the elements 

to their properties, and to simplify learning. There have been several 

methods of naming the groups. 
A number of well known books name the main groups and the transition 

elements as A and B subgroups, which dates back to the older Mendeleef 
periodic table of half a century ago. Its disadvantages are that it may 
overemphasize slight similarities between the A and B subgroups, and 
there are a large number of elements in Group VIII. 

In earlier versions of this book the s-block and the p-block were 
numbered as groups I to VII and 0, depending on the number of electrons 
in the outer shell of the atoms, and the transition elements were dealt with 
as triads of elements and named as the top element in each group of 
three. 
The IUPAC has recommended that the main groups and the transition 

metals should be numbered from 1 to 18. This system has gained accept- 
ance, and has now been adopted throughout this book. 

P of ET various groups 

m jiv |v |vr | vir | 

7 VIB IR 
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Atomic structure and the 

periodic table 

THE ATOM AS A NUCLEUS WITH ORBITAL ELECTRONS 

All atoms consist of a central nucleus surrounded by one or more orbital 
electrons. The nucleus always contains protons and all nuclei heavier than 
hydrogen contain neutrons too. The protons and neutrons together make 
up most of the mass of the atom. Both protons and neutrons are particles 
of unit mass, but a proton has one positive charge and a neutron is 
electrically neutral (i.e. carries no charge). Thus the nucleus is always 
positively charged. The number of positive charges on the nucleus is exactly balanced by an equal number of orbital electrons, each of which carries one negative charge. Electrons are relatively light — about 1/1836 the mass of a proton. The 103 or so elements at present known are all built up from these three fundamental particles in a simple way. 
Hydrogen is the first and most simple element. It consists of a nucleus containing one proton and therefore has one positive charge, which is balanced by one negatively charged orbital electron. The second element is helium. The nucleus contains two protons, and so has a charge of +2, The nuclear charge of +2 is balanced by two negatively charged orbital electrons. The nucleus also contains two neutrons, which minimize the repulsion between the protons in the nucleus, and increase the mass of the atom. All nuclei heavier than hydrogen contain neutrons, but the number present cannot be predicted reliably. 
This pattern is repeated for the rest of the elements. Elément 3, lithium, has three protons in the nucleus (plus some neutrons). The nuclear charge IS +3 and is balanced by three orbital electrons. Element 103, lawrencium, has 103 protons in the nucleus (plus some neutrons). The nuclear charge is ML IN orbital electrons. The number of positive | | an atom always equals the number of Orbital electrons, and is called the atomic number of the element. 

have one and two electrons respectively in their first orbit. The fi iti then full. The next eight rst orbit is atoms are lithium, beryllium, boron, carbon, 

— — Orbital 9H ^w 

/ Xr electron 

(à) « ^ nucleus 

(bj Meier 

Figure 1.1 Structures of (a) hydrogen, symbol H, atomic number 1; and (b) helium, symbol He, atomic number 2, 
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Figure 1 2 Structures of the elements lithium to neon 

mtrogen, oxygen, fluonne and neon Each has one more proton in the 
nucleus than the preceding element, and the extra electrons go into a 
second orbit (Figure 1 2) This orbit 1s then full In the next eight elements 
(with atomic numbers 11 to 18), the additional! electrons enter a third shell 

The negatively charged electrons are attracted to the positive nucleus by 
electrostatic attraction. Án electron near the nucíeus is strongly attracted 
by the nucleus and has alow potential energy An electron distant from the 
nucleus ts less firmly held and has a high potential energy 

ATOMIC SPECTRA OF HYDROGEN AND THE BOHR THEORY 

When atoms are heated or subjected to an electnc discharge. they absorb 
energy, which 15 subsequently emitted as radiation. For example, 1f sodium 
chloride 1s heated in the flame of a Bunsen burner, sodium atoms are 
produced which give rise to the characteristic yellow flame coloration 
(There are two lines in the emission spectrum of sodium corresponding (0 
wavelengths of 589 Onm and 589 6nm } Spectroscopy ss a study of either 
the radiation absorbed or the radiation emitted. Atomic spectroscopy i5 an 
important technique for studying the energy and the arrangement of 
electrons 1n atoms 

If a discharge 1s passed through hydrogen gas (H;) at a low pressure 
same hydrogen atoms (A) are formed, which emit fight in the visible 
region This light can be studied with a spectrometer, and 1s found to 
comprise a series Of lines of different wavelengths Four lines can be seen 
by eye, but many more are observed photographically in the ultraviolet 
region The lines become increasingly close together as the wavelength 
(A) decreases, until the continuum is reached (Figure 13) Wavelengths. 
In metres, are related to the frequency, v in Hertz (cycles/second) by 
the equation 
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Figure 1.3 Spectrum of hydrogen in the visible region (Balmer series.) 

where c is the velocity of light (2.9979 x 105 ms !). In spectroscopy, 
frequencies are generally expressed as wave numbers v, where V = 
Am”! | 

In 1885 Balmer showed that the wave number v of any line in the visible 
spectrum of atomic hydrogen could be given by the simple empirical 
formula: 

= 1 ] | 

yes s n* 

where R is the Rydberg constant and n has the values 3, 4, 5... , thus 

giving a series of lines. 
The lines observed in the visible region are called the Balmer series, but 

several other series of lines may be observed in different regions of the 
spectrum (Table 1.1). 

Similar equations were found to hold for the lines in the other series in 
the hydrogen spectrum. 

Lyman v2 n(5- 4) We= 2, 3,4) Ses 

Balmer v2 R(S- 2) n = 3,4,5,6... 
n 

Table 1.1 Spectral series found in atomic hydrogen 
M E I E aio 

Region of spectrum 
T E E EH B A a dE E EE EE ar 

Lyman series ultraviolet 
Balmer series visible/ultraviolet 
Paschen series infrared 
Brackett series infrared 
Pfund series infrared 
Humphries series infrared 
A a a E i E E EE 
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-<] n= 4,5,6,7 
Gul 

Paschen ¥= R( 

- 5) n=5,6,7,8 
n Fal 

Brackett ¥ = R( 

- 5) n—6,7,8,9 Pfund y= R( 
n M 

In the early years of this century, attempts were made to obtain a 

physical picture of the atom from this and other evidence Thomson had 

shown n 1896 that the application of a high electrical potential across a gas 

gave electrons, suggesting that these were present in atoms Rutherford 
suggested from alpha particle scattering experiments that an atom con 
sisted of a heavy positively charged nucleus with a sufficient number of 

electrons round it to make the atom electrically neutral In 1913, Niels 
Bohr combined these :deas and suggested that the atomic nucleus was 
surrounded by electrons moving in orbits like planets round the sun He 
was awarded the Nobel Prize for Physics in. 1922 for his work on the 
structure of the atom Several problems arise with this concept 

I The electrons might be expected to slow down gradually 
2 Why should electrons move 1n an orbit round the nucleus? 
3 Since the nucleus and electrons have opposite. charges, they should 

attract each other Thus one would expect the electrons to spiral 
inwards until eventually they collide with the nucleus 

To explain these problems Bohr postulated 

1 An electron did not radiate energy if it stayed in one orbit, and there- 
fore did not slow down 

2 When an electron moved from one orbit to another it either radiated 
or absorbed energy If it moved towards the nucleus energy was 
radiated and sE t nosed wnay fron the nachos eneigy was absorbed 

3 Foran electron to remain in its orbit the electrostatic attraction between 
the electron and the nucleus which tends to pull the electron towards 
the nucleus must be equal to the centrifugal force which tends to throw 
the electron out of its orbit For an electron of mass m, moving with 2 
velocity v 1n an orbit of radius r 

mv? 
centrifugal force = —— 

r 

It the charge on the electron is e, the number of charges on the nucleus 
Z, and the permittivity of a vacuum Ey 

2 
Coulombic attractive force = c 

KEor? 
50 
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v^ Ze? 

"r7 nn P 
hence 

Au Ze? (1.2) 
4megmr 

According to Planck’s quantum theory, energy is not continuous but is 

discrete. This means that energy occurs in ‘packets’ called quanta, of 

magnitude h/2x, where h is Planck's constant. The energy of an electron in 

an orbit, that is its angular momentum mvr, must be equal to a whole 

number n of quanta. 

nh 
myr = —— 

21 

nh 

2umr 

2- n*h? 

4x^m?r? 
Combining this with equation (1.2) 

Ze? mh 
4ngymr — 4n? m?r? 

hence 

21,2 Egn“h 
r= moz (1.3) 

For hydrogen the charge on the nucleus Z = 1, and if 

n = 1 this gives a value r — 1? x 0.0529 nm 
n=? r — 2? x 0.0529 nm 

n=3 r = 3° x 0.0529 nm 

This gives a picture of the hydrogen atom where an electron moves in 
circular orbits of radius proportional to 1°, 2°, 3*... The atom will only 
radiate energy when the electron jumps from one orbit to another. The 
kinetic energy of an electron is —3mv?. Rearranging equation (1.1) 

2 
E = —4my? - — E 

SIEgr 

Substituting for r using equation (1.3) 

-Zem 
8eĝn?h? 

If an electron jumps from an initial orbit i to a final orbit f, the change in energy AE is 
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Energy is related to wavelength (£ = ficv so this equation is of the same 

form as the Rydberg equation 

204 
s= Ze (a-h) (1 4) 

f 

Thus the Rydberg constant 

| Z'^e*m 
—. fre 

The experimental value of R :s 1 097373 x 107 m^!, 1n good agreement 

with the theoretical value of 1096776 x 10m !, The Bohr theory 
provides an explanation of the atomic spectra of hydrogen The different 

senes of spectral lines can be obtained by varying the values of n, and nrin 
equation (1 4) Thus wath n, 7 i andn, =2,3,4 we obtain the Lyman 
series of lines in the UV region With np = 2 and a, = 3, 4, 5 we gel 
the Balmer senes of Imes in the visible spectrum Similarly, np = 3 and 
n,=4,5,6 — pivesthe Paschen series, ny = 4andn, = 5,6,7 gives the 
Brackett senes, and n; = ő and n, = 7, 8, 9 gives the Pfund series 

The various transitions which are possible between orbits are shown m 
Figure 1 4 

REFINEMENTS TO THE BOHR THEORY 

It has been assumed that the nucleus remains stationary except for rotating 
on its own axis This would be true tf the mass of the nucleus were infinite, 
but the ratio of the mass of an electron to the mass of the hydrogen nucleus 
is 1/1836 The nucleus actually oscillates shghtly about the centre of 
gravity, and to allow for this the mass of the electron rn às replaced by the 
reduced mass y in equation (1 4) 

miM 

m+ M 

where M is the mass of the nucleus The inclusion of the mass of the 
nucleus explains why different isotopes of an element produce lines in the 
spectrum at slightly different wavenumbers 
The orbits are sometimes denoted by the letters K,L,M,N — counting 

outwards from the nucleus, and they are also numbered 1,2,3,4 ‘This 
number 15 called the principal quantum number, which ts given the symbol 

u= 
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Figure 1.4 Bohr orbits of hydrogen and the various series of spectral lines. 

n. It is therefore possible to define which circular orbit is under consideration by specifying the principal quantum number. When an electron moves from one orbit to another it should give a single sharp line in the spectrum, corresponding precisely to the energy dif- ference between the initial and final orbits. If the hydrogen spectrum is observed with a high resolution spectrometer it is found that some of the lines reveal ‘fine structure’. This means that a line is really composed of 
assuming that some of the orbits were elliptical, and'that they precessed in Space round the nucleus. For the orbit closest to the nucleus, the principal quantum number n = 1, and there is a circular orbit. For the next orbit, the Principal quantum number n = 2, and both circular and elliptical orbits are Possible. To define an elliptical orbit, a second quantum number k js needed. The shape of the ellipse is defined by the ratio of the lengths of the Major and minor axes. Thus 

/ 
major axis n 
minor axis k 

k is called the azimuthal or subsidia values from 1,2...n. Thus for n = 
Ty quantum number, and may have 2, nk may have the values 2/2 (circular 
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are 1.5 Bohr-Sommerfieid 

its when n — 3. 

orbit) and 2/1 (elliptical orbit). For the principal quantum number n= 3. 

nik may have values 3/3 (circular), 3/2 (ellipse) and 3/ l (narrower ellipse}. 

The presence of these extra orbits, which have slightly different energies 

from each other, accounts for the extra lines in the spectrum revealed 

under high resolution. The original quantum number k has .now 

been replaced by a new quantum number /, where / = & — 1. Thus for 

n=] L= 0 

n2 i= Qor! 

n=3 f= Qorlor2 

n=d 1 -0o0r10r20r 3 

This explained why some of the spectral lines are split into two, three, 
four or more lines. [n addition some spectral lines are spit soll further into 
two lines (a doublet). This 1s explained by assuming that an electron spins 
on its axis in either a clockwise or an anticlockwise direction. Energy is 
quantized, and the value of the spin angular momentum was first con- 
sidered to be (m, - h/2x. where m, is the spin quantum number with values 

of +}. (Quantum mechanics has since shown the eauct expression to be 
Vs(s  1)-h/2z. where s is esther the spin quantum number or the 
resultant of several spins.) 
Zeeman showed that if atoms were placed in a strong magnetic field 

additional lines appeared on the spectrum. This is because elliptical orbits 
can only take up Certain orientations with respect to the external field, 
rather than precessing freely. Each of these orientations is assoctated 
with a fourth quantum number m which can have values of /, 
(f- i)....0. .(-2+ 1), -b. 

Thus a single line in the normal spectrum will appear as (2! + 1) lines ifa 
magnetic field is applied. 

Thus in order to explain the spectrum of the hydrogen atom, four 
quantum numbers are needed, as shown in Table 1.2. The spectra of other 
atoms may be explained in a similar manner. 

THE DUAL NATURE OF ELECTRONS — PARTICLES OR WAVES 

The planetary theory of atomic structure put forward by Rutherford and 
Bohr describes the atom as a central nucleus surrounded by electrons in 

Tabte 1.2 The four main quantum numbers 

Symbol Values 

Principal quantum number "n 1, 2, 3... 
Azimuthal or subsidiary quantum number i 0,1,...(n- 1) 
Magnetic quantum number m -1,...0.... 4 
Spin quantum number m + } 



THE HEISENBERG UNCERTAINTY PRINCIPLE 

certain orbits. The electron is thus considered as a particle. In the 1920s it 
was shown that moving particles such as electrons behaved in some ways as 
waves. This is an important concept in explaining the electronic structure 
of atoms. 

For some time light has been considered as either particles or waves. 
Certain materials such as potassium emit electrons when irradiated with 
visible light, or in some cases with ultraviolet light. This is called the 
photoelectric effect. It is explained by light travelling as particles called 
photons. 1f a photon collides with an electron, it can transfer its energy to 
the electron. If the energy of the photon is sufficiently large it can remove 
the electron from the surface of the metal. However, the phenomena of 
diffraction and interference of light can only be explained by assuming that 
light behaves as waves. In 1924, de Brogie postulated that the same dual 
character existed with electrons — sometimes they are considered as 
particles, and at other times it is more convenient to consider them as 
waves. Experimental evidence for the wave nature of electrons was 
obtained when diffraction rings were observed photographically when a 
stream of electrons was passed through a thin metal foil. Electron dif- 
fraction has now become a useful tool in determining molecular structure, 
particularly of gases. Wave mechanics is a means of studying the build-up 
of electron shells in atoms, and the shape of orbitals occupied by the 
electrons. 

THE HEISENBERG UNCERTAINTY PRINCIPLE 
Calculations on the Bohr model of an atom require precise information about the position of an electron and its velocity. 1t is difficult to measure both quantities accurately at the same time. An electron is too small to see and may only be observed if perturbed. For example, we could hit the electron with another particle such as a photon or an electron, or we could apply an electric or magnetic force to the electron. This will inevitably change the position of the electron, or its velocity and direction. Heisen- berg stated that the more precisely we can define the position of an electron, the less certainly we are able to define its velocity, and vice versa If Ax is che uncertainty in defining the position and Av the uncertaint in the velocity, the uncertainty principle may be expressed mathematically as: 

h 
AX APT 

dn 
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called wave functions and given the symbol The probability of finding an 
electron at a point sn space whose coordinates are x, y and z 1s j^ (x, y, z) 

THE SCHRODINGER WAVE EQUATION 

For a standing wave (such as a vibrating string) of wavelength À, whose 
amplitude at any paint along x may be described by a function f(x), it can 
be shown that 

d'f(x) |— 

d? — 
An? 

"Ux f(x) 

J an electron is considered as a wave which moves in only one dimension 
then 

d^v An? 
TU- PE 
Jn 

dx? A? 

An electron may move tn three directions x, y and z so this becomes 

aay ay sy An? 
ee — + ——L = on 

ax? ay? * gp MOV 
Using the symbot V instead of the three partial differentials, this 3 
shortened to 

Vy = m V 

The de Broghe relationship states that 

het 
my 

(where h is Planck's constant, m 1s the mass of an electron and v 15 
velocity), hence 

4n5m? y? 
Vy = -—  — * 

or 

2,2 
Vey + me yo (1 5) 

Howe et, the total energy of the system E is made up of the kinetic energy K plus the potentsat energy V 

B= K+YV 

kKeE-V 
But the kinetic energy = dmy? so 



THE SCHRÓDINGER WAVE EQUATION 

and 

py? = 
3 [t (E= V) 

Substituting for v? in equation (1.5) gives the well-known form of 
the Schrödinger equation 

8x^m 
h? 

Acceptable solutions to the wave equation, that is solutions which are 
physically possible, must have certain properties: 

Vy + (E— V) -0 

I. 3y must be continuous. 
2. W must be finite. 
3. must be single valued. 
4. The probability of finding the electron over all the space from 

plus infinity to minus infinity must be equal to one. 

The probability of finding an electron at a point x, y, z is V^, so 
4- o0 

Í p dxdydz = } 

Several wave functions called V, V5, Vs. . . will satisfy these conditions to the wave equation, and each of these has a corresponding energy £), E>, E3.... Each of these wave functions p, wp, etc. is called an orbital, by analogy with the orbits in the Bohr theory. In a hydrogen atom, the single electron normally occupies the lowest of the energy levels E,. This is called the ground state. The corresponding wave function «, describes the orbital, that is the volume in space where there is a high probability of finding the electron. 
For a given type of atom, there are a number of solutions to the wave equation which are acceptable, and each orbital may be described uniquely by a set of three quantum numbers, n, | and m. (These are the same quantum numbers — principal, subsidiary and magnetic — as were used in 

| am 
when / — 3 a more complicated f orbital is formed (see Figure 1.6). The letters S, p, d and f 

principal, diffuse and funda- 

shows that the orbitals fall into groups. In the first group of solutions the val 
l 

ue of the wave function V, and 
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Figure 1.6 (a) Wave functions Y for s, p and d atomic orbitals (Note that the + 

and - signs refer to symmetry, not charge ) (b) Different ways of representing sj 

for a 2p orbita (as a contour diagram or as a 90% boundary surface}. 

hence the probahility of finding the electron y^, depends only on the 
distance r from the nucleus, and is the same in al] directions. 

v - f(r) 
This leads to a spherical orbital, and occurs when the subsidiary quantum 
number {is zero, These are called s otbitals, When { = 0, the magnetic 
quantum number m = 0, so there is only one such orbital for each value 
of n, i 

[n the second group of solutions to the wave equation, w depends both 
on the distance from the nucleus, and on the direction in space (x, y 
or z}. Orbitals of this kind occur when the subsidiary quantum number 
i» i. These are called p orbitals and there are three possible values of the 
magnetic quantum number (m = —1,0 and +1). There are therefore three 
orbitals which are identical in energy, shape and size, which differ only in 
their ditection in space. These three solutions to the wave equation may be 
writen 

Ye = f(r). f(x) 

Wy = f(r). fy) 
Ws = f(r). f(z) 

Orbitals that are identical in energy are termed degenerate, and thus three 
degenerate p orbitals occur for cach of the values of n 2 2, 3, 4... 

The third group of solutions to the wave equation depend on the 
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Table 1.3 Atomic orbitals 

Principal Subsidiary Magnetic Symbol 
quantum quantum quantum 
number number numbers 
n I m 

] 0 0 1s (one orbital) 

2 0 0 2s (one orbital) 
2 1 —1,0, 41 2p (three orbitals) 

3 0 0 3s (one orbital) 
3 1 —1,0, 41 3p (three orbitals) 
3 2 —2, —1,0, +1, +2 3d (five orbitals) 

4 0 0 4s (one orbital) 
4 1 ~1,0, +1 4p (three orbitals) 
4 2 —2, —1, 0, +1, +2 4d (five orbitals) 
4 3 —3, -—2, ~1,0, +1, +2, -3 4f (seven orbitals) 

distance from the nucleus r and also on two directions in space, for 
example 

Y = f(r). f(x). f(y) 
This group of orbitals has / = 2, and these are called d orbitals. There are 
five solutions corresponding to m = —2, —1, 0, 4-1 and 42, and these are 
all equal in energy. Thus five degenerate d orbitals occur for each of the 
values of n = 3,4,5.... 
A further set of solutions occurs when l = 3, and these are called f 

orbitals. There are seven values of m: —3, —2, —1, 0, +1, +2 and +3, and 
Seven degenerate f orbitals are formed when n = 4,5, 6.... 

RADIAL AND ANGULAR FUNCTIONS 
The Schrédinger equation can be solved completely for the hydrogen atom, and for related ions which have only one electron such as He* and Li^*. For other atoms only approximate solutions can be obtained. For most calculations, it is simpler to solve the wave equation if the cartesian coordinates X, y and z are converted into polar coordinates r, 0 and o. The coordinates of the point A measured from the origin are x, y and z in Cartesian coordinates, and r, @ and o in polar coordinates. It Can be seen from Figure 1.7 that the two i i ; sets of coordinate following eae S are related by the 

z=rcos®@ 

y=rsin68 sing 

x = rsin@ cos 
The Schrédinger equation is usually written: 

8x^m 
Vy + G-Vwy-o 
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x 

Figure 1.7 The relationship between cartesian and polar coordinates 

where 

Changing to polar coordinates, V^y becomes 

ig zy] Doy, 1 a zy) a(t 9r) ' Psmi0 09! ^ Pune oo V S ap 
The solution of this is of the form 

Y = R(r) e(8) Sip) (1 6) 
R(r) 15 a function that depends on the distance from the nucleus, which in 

turn depends on the quantum numbers n and ! 
O(B) is a function of 8, which depends on the quantum numbers / and m 
Pp) ıs a function of p, which depends only on the quantum number m 

Equation (1 6) may be rewritten 

y -'R(r), Ami 

This splits the wave function mto two parts which can be solved separately 
1 Rír) the radial function, which depends on the quantum numbers 7 

and f 
2 Am the total angular wave function, which depends on the quantum 

numbers m and | 

The radial function R has no physical meaning, but R? gives the probability 
of finding the electron in a small volume dv near the point at which R 35 measured For a given value of r the number of small volumes 1s 4zr2, so 
the probability of the electron being at a distance r from the nucleus 15 
4nr*R? This is called the. radial distribution function Graphs of the 



| RADIAL AND ANGULAR FUNCTIONS 

5 
10 

3 

2 

in = 0 à; 5 
10 

a 

2 

So 
2p qs 0 

5. 10 
« 2:0 
t. 

4.15 

1-0 
o 

1 3s 

0 
5 

10 

1-5 

10 

| 0-5 
i 3p 
| 

0 
5 

10 
1-5 

1-0 

0-5 
3d à 1 == - 

o 

f (A) 
Figure 1.8 Radial distribution functions for various orbitals in the hydrogen atom. 

radial distribution function for hydrogen plotted against r are shown in Figure 1.8. 

r= 

istance increases markedly as the principal quantum number increases. Furthermore, by comparing the plots for 2s and 2p, Or 3s, Jp and 3d it can € Seen that the most probable radius decreases slightly as the subsidiary quantum number Increases. All the s orbitals except the first one (15) have a Shell-like Structure, rather like an onion or a hailstone, consisting of 
concentric layers of electron density. Similarly, all but the first p orbitals p) and the first d orbitals (3d) have a shell structure. The angular function A depends only on the direction, and is inde 

: | 

pen- 
ent of the distance from the nucleus (r). Thus 4? is the probability of. 
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Figure 1.9 Boundary surface for the angular part of the wave function A(8, o) 
for the 1s, 2p and 3d orbntals for a hydrogen atom shown as polar diagrams 
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finding an electron at a given direction 0, at any distance from the 

nucleus to infinity. The angular functions Aare plotted as polar diagrams in 

Figure 1.9. It must be emphasized that these polar diagrams do not 

represent the total wave function Wp, but only the angular part of the wave 

function. (The total wave function is made up from contributions from 

both the radial and the angular functions.) 

w= R(r).A 

Thus the probability of finding an electron simultaneously at a distance r 

and in a given direction 6, © is W7.9.9- 

P7 o.p = R* (r) . A* (0, $) 

Polar diagrams, that is drawings of the the angular part of the wave 
function, are commonly used to illustrate the overlap of orbitals giving 

bonding between atoms. Polar diagrams are quite good for this purpose, as 
they show the signs + and — relating to the symmetry of the angular 
function. For bonding like signs must overlap. These shapes are slightly 
different from the shapes of the total wave function. There are several 
points about such diagrams: 

1. It is difficult to picture an angular wave function as a mathematical 
equation. It is much easier to visualize a boundary surface, that is a solid 
shape, which for example contains 90% of the electron density. To 
emphasize that y is a continuous function, the boundary surfaces 
have been extended up to the nucleus in Figure 1.9. For p orbitals the 
electron density is zero at the nucleus, and some texts show a p orbital 
as two spheres which do not touch. 

2. These drawings show the symmetry for the 1s, 2p, 3d orbitals. 
However, in the others, 25, 35, 4$. . . , 3p, 4p, 5p... , Ad, 5d. . . thesign 
(symmetry) changes inside the boundary surface of the orbital. This is 
readily seen as nodes in the graphs of the radial functions (Figure 1.8). 

2 Z Z 

x X x 

r y y y 

2D, 2p, 

è 
2 T Figure 1,10 The an ý orbitei: lora deest part of the wave function squared A?(8, $) for the 2p 

gen atom. 
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Figure 1 11 Total wave function (orbitals) for hydrogen 



BUILD-UP OF THE ELEMENTS, HUND'S RULE 

3. The probability of finding an electron at a direction 0, p is the wave 
function squared, A*, or more precisely paz. The diagrams in Figure 
1.9 are of the angular part of the wave function A, not A. Squaring 
does not change the shape of an s orbital, but it elongates the lobes of p 
orbitals (Figure 1.10). Some books use elongated p orbitals, but strictly 
these should not have signs, as squaring removes any sign from the 
symmetry. Despite this, many authors draw shapes approximating to 
the probabilities, t.e. squared wave functions, and put the signs of the 
wave function on the lobes, and refer to both the shapes and the wave 
functions as orbitals. 

4. A full representation of the probability of finding an electron requires 
the total wave function squared and includes both the radial and angular 
probabilities squared. It really needs a three-dimensional model to 
display this probability, and show the shapes of the orbitals. It is 
difficult to do this adequatel, on a two-dimensional piece of paper, but 
a representation is shown in Figure 1.11. The orbitals are not drawn to 
scale. Note that the p orbitals are not simply two spheres, but are 
ellipsoids of revolution. Thus the 2p, orbital is spherically symmetrical 
about the x axis, but is not spherical in the other direction. Similarly the 
p, orbital is spherically symmetrical about the y axis, and both the Pz 
and the 3d,: are spherically symmetrical about the z axis. 

PAULI EXCLUSION PRINCIPLE 

Three quantum numbers 7, / and + are needed to define an orbital. Each 
orbital may hold up to two electrons, provided they have opposite spins. 
An extra quantum number is required to define the spin of an electron in an orbital. Thus four quantum numbers are needed to define the energy of an electron in an atom. The Pauli exclusion principle states that no two electrons in one atom can have all four quantum numbers the same. By permutating the quantum numbers, the maximum number of electrons which can be contained in each main energy level can be calculated (see Figure 1.12). 

BUILD-UP OF THE ELEMENTS, HUND'S RULE 
When atoms are in their ground state, the electrons occupy the lowest possible energy levels. 
The simplest element, hydrogen, has one electron, which occupies the 1s level; this level has the principal quantum number n = l, and the Subsidiary quantum number / = 0 
Helium has tw 

level. This is po 
level is now full 
T 

. ^ ". : next atom lithium has three electrons. The third electron Occupies ind m lowest level. This is the 2s level, which has the principal quantum Sra = 2 and subsidiary quantum number / — 0. 

o electrons. The second electron also occupies the 1s ssible because the two electrons have opposite spins. This 
* 
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BUILD-UP OF THE ELEMENTS, HUND'S RULE 

The fourth electron in beryllium also occupies the 2s level. Boron must 
have its fifth electron in the 2p level as the 2s level is full. The sixth electron 
in carbon is also in the 2p level. Hund’s rule states that the number of 
unpaired electrons in a given energy level is a maximum. Thus in the 
ground state the two p electrons in carbon are unpaired. They occupy 
separate p orbitals and have parallel spins. Similarly in nitrogen the three p 
electrons are unpaired and have parallel spins. 
To show the positions of the electrons in an atom, the symbols 15, 25, 2p, 

etc. are used to denote the main energy level and sub-level. A superscript 
indicates the number of electrons in each set of orbitals. Thus for 
hydrogen, the 1s orbital contains one electron, and this is shown as 1s!. For 
helium the 1s orbital contains two electrons, denoted 15?. The electronic 
structures of the first few atoms in the periodic table may be written: 

H 1s! 

He Js? 

Li 1s? 2s! 

Be 15? 25? 

B 15? 2s? 2p! 
C 1s 2s? 2p? 
N 15? 25? 2p? 
O 1s; 2$? op 
F 1s? 2s? 2p? 

Ne 153? 2s? - 2p* 

Na 1s? 2s? 2p? 3s 
An alternative way of Showing the electronic structure of an atom is to draw boxes for orbitals, and arrows for the electrons. 

| 1s 2s 2p Electronic Structure of H atom 
in the ground state E [LT] 

| ls 2s 2p Electronic Structure of He atom 
in the ground state [| OI] 

is 2s 2p Electronic Structure of Li atom 
In the ground state 

LIT] 

Electronic structure of Be atom 
- inthe ground Slate 

LIT] 

Electronic Structure of B atom 

1s 2s 2p 
I the around State 
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15 25 ip 

Electronic structure of C atom t [t| | 

inthe ground siale 

15s aS 2p 

Electronic structure of N atom m m t [t |t j in the ground state D T EU 
ia 

15 es ep 

e iegeundsaie i 
1s 24S 2p 

Electronic structure of F atom 
in the ground state 

1s 25 2p 3s Jp 

naaa na L1 LED 
1s 2s 2p Is 3p 

agendis im LIT] 
The process cantimues m a simitar way 

rm 

SEQUENCE OF ENERGY LEVELS 

jt 15 important to know the sequence in which the energy levels are filled 
Figure ) 13:5 a useful aid. From this it can be seen that clie order of filling 
of energy levels is. 15, 2s, 2p, 3s, 3p. 4s, 3d. 4p, 5s, Ad, 5p, 6s, 4f, 5d, Op. 
Ts, etc 

After the 15s, 25, 2p, 3s and 3p levels have been filled at argon, the next 
two electrons ga ito the 4s level This gives the elements potassium and 
calcium Once the 45 level is full the 3d level 1s the next lowest in energy: 
not the 3p level Thus the 3d starts to fil! at scandium The elements from 
scandium to copper have two electrons in the 4s fevel and an incomplete Jd 
leve], and al) behave ina similar manner chemically Such a series of atom 
is known 38 a transition series 
A second transition series starts after the 5s orbital has been filled, al 

strontium, because in the next element, yttrium the 4d Jevel begins 10 fi 
up A third transition series starts at lanthanum where the electrons start to 
fill the 5d level after the 6d level has been filled with two electrons 
A further complication anses here because after lanthanum, which has 

one electron tn the Sd level, the 4f level begins to Gl, pring the elements 
from cenum to lutetium with from one to 14f electrons These a'e 

Figure 1 43 Sequence of filling sometimes called the inner transition elements but are usually known äs 

energi levels the lanthanides or rare earth metals 
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ARRANGEMENT OF THE ELEMENTS IN GROUPS IN THE 
PERIODIC TABLE 

The chemical properties of an element are largely governed by the number 
of electrons in the outer shell, and their arrangement. If the elements are 
arranged in groups which have the same outer electronic arrangement, 
then elements within a group should show similarities in chemical and 
physical properties. One great advantage of this is that initially it is only 
necessary to learn the properties of each group rather than the properties 
of each individual element. 
Elements with one s electron in their outer shell are called Group 1 

(the alkali metals) and elements with two s electrons in their outer shell 
are called Group 2 (the alkaline earth metals). These two groups are 
known as the s-block elements, because their properties result from the 
presence of s electrons. 
Elements with three electrons in their outer shell (two s electrons and 

one p electron) are called Group 13, and similarly Group 14 elements 
have four outer electrons, Group 15 elements have five outer electrons, 
Group 16 elements have six outer electrons and Group 17 elements have 
seven outer electrons. Group 18 elements have a full outer shell of 
electrons. Groups 13, 14, 15, 16, 17 and 18 all have p orbitals filled and 
because their properties are dependent on the presence of p electrons, 
they are called jointly the p-olock elements. 

In a similar way, elements where d orbitals are being filled are called the d-block, or transition, elements. In these, d electrons are being added 
to the penultimate shell. For example, the element scandium Sc is the first transition clement, and follows immediately after the element calcium Ca, which is in Group 2. The outer shelf of calcium contains two s electrons. Scandium also has two s electrons, but also has one d electron 
(albeit in the pentultimate shell); hence the scandium group is called Group 3. Similarly, titanium Ti (the second transition element) has two s electrons, and also two d electrons (in the penultimate shell); hence the 
titanium group is called Group 4. Up to ten d electrons can be added; ence the transition metals are arranged in Group 3 to Group 12 inclusive. Finally, elements where f orbitals are filling are called the f-block, and 

ra Por are entering the antepenultimate (or second from the 

huh piis table (Table 1:4), the elements are arranged in order of Mu aa — that is in order of increased nuclear charge, or amma er of orbital electrons. Thus each element contains one EL electron than the preceding element. Instead of listing the 103 
horizontal ; one long list, the periodic table arranges them into Several OWS Or periods, in such a way that each row bepi ith gins with an 
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Ist period Is elements in this period 2 

2nd period. — 2s —— 2p elements in this period 8 

3rd period . 3s 3p elements in this period 8 
4th period 4s 3d 4p elements in this period 18 

Sth period — 5s 4d 5p elements in this period 18 

6th period 6s 4f Sd 6p elements in this period 32 

The alkali metals appear in a vertical column labelled Group 1, in 
which all elements have one s electron in their outer shell, and hence 
have similar properties. Thus when one element in a group reacts with a 
reagent, the other elements in the group will probably react similarly, 
forming compounds which have similar formulae. Thus reactions of new 
compounds and their formulae may be predicted by analogy with known 
compounds. Similarly the noble gases all appear in a vertical column 
labelled Group 18, and all have a complete outer shell of electrons. This 
is called the long form of the periodic table. It has many advantages, the 
most important being that it eimphasizes the similarity of properties 
within a group and the relation between the group and the electron 
structure. The d-block elements are referred to as the transition elements 
as they are situated between the s- and p-blocks. 
Hydrogen and helium differ from the rest of the elements because there 

are no p orbitals in the first shell. Helium obviously belongs to Group 18, 
the noble gases, which are chemically inactive because their outer shell of 
electrons is full. Hydrogen is more difficult to place in a group. It could be 
included in Group 1 because it has one s electron in its outer shell, 
Is univalent and commonly forms univalent positive ions. However, 
hydrogen is not a metal and is a gas whilst Li, Na, K, Rb and Cs are 
metals and are solids. Similarly, hydrogen could be included in Group 17 
because it is one electron short of a complete shell, or in Group 14 because 
ts outer shell is half full. Hydrogen does not resemble the alkali metals, the halogens or Group 14 very closely. Hydrogen atoms are extremely 
small, and have many unique properties. Thus there is a case for placing hydrogen in a group on its own. 

FURTHER READING 

al M. and Porter, R.N. (1971) Atoms and Molecules, Benjamin, New York. reenwood, N.N. (1980) Principles of Atomic Orbitals, Royal Institute of Chemistry Monographs for Teachers No. 8. 3rd ed., London. 

PROBLEMS 

l. PN the first five series of lines that occur in the atomic spectrum of ydrogen. Indicate the region in the electromagnetic spectrum where these Series Occur, and give a general equation for the wavenumber applicable to all the serjes. 



ATOMIC STRUCTURE AND THE PERIODIC TABLE 

2 Whatare the assumptions on which the Bohr theory of the structure of 
the hydrogen atom i5 based? 

3 Give the equation which explains the different series of lines tn the 

atomic spectrum of hydrogen Who 1s the equation named after? 
Explain the various terms involved 

4 (a) Calculate the radu of the first three Bohr orbits for hydrogen 
(Planck $ constant h = 66262 x 10 "js, muss of electron 
m — 9 1091 x 10. " kg, charge on electron e — 1 60210 x 107^ C, 
permittnaty of vacuum £n = 8 854185 x 107 "^ kg" m^? A") 
(Answers 0529 x 10 m 212 x 107 m 4 76 x 107 m, that 
is 0. 529 Á 2 12 À and 4 76 À ) 

(b) Use these radu to calculate the velocity of an electron m each of 
these three orbits 
(Answers 219 x 10%ms7? 109 x 10%ms7! 729 x 10°ms | 

5 The Balmer series of spectral lines for hydrogen appear in the visible 
region. What is the lower energy level that these electronic transitions 
start from and what transitions correspand to the special lines at 
379 Onm and 430 Onm respectively? 

6 Whatis the wavenumber and wavelength of the first transition ii the 
Lyman Balmer and Paschen series tn the atomic spectra of hydrogen? 

7 Which of the follawing species does the Bohr theory apply to? (a} H 
(b) H* (c) He (d) He*, (e) Li, (P) Lat (g) Li*?, (h) Be, (g) Be”, 
(h) Be^* (1) Be'* 

8 How does the Bohr theory of the hydrogen atom differ from that of 
Schrodinger? 

9 (a) Write down the general form of the Schrodinger equation and 
define cach of the terms 5 1t 

(b) Solutions to the wave equation that are physically possible must 
have four special properties What ate they? 

IG. What rs a radial distribution function? Draw this function for the 15 
2s 3: 2p 3p and 4p orbitals in a hydrogen atom 

1] Explain (a) the Pauli exclusion principle, and (b) Hund s rule. Show 
how these are used to specify the electronic arrangements of the first 

20 clements in the periodic table 

2 What ts an orbital? Draw the shapes of the Is, 2s, 2p,, 2p,. 2p; 3d, 
Ad, 3d, 3d, ., and 3d = orbitals 

13 Give the names and symbols of the four quantum numbers required to 
define the energy of electrons in atoms Whar do these quantum 
numbers relate to and what numerical values are possible for each? 
Show how the shape of the periodic table 1s related to these quantum 
numbers 



Introduction to 

bonding 

ATTAINMENT OF A STABLE CONFIGURATION 

How do atoms combine to form molecules and why do atoms form bonds? 
A molecule wil only be formed if it is more stable, and has a lower energy, 
than the individual atoms 
To understand what 1s happening sn terms of electronic structure, coa 

sider first the Group 18 elements These comprsse the noble gases, helum, 
neon, argon, krypton, xenon and radon, which are noteworthy for their 

chemical mertness Atoms af the noble gases do not normally react with 
any other atoms, and their molecules are monatomic, 1 e contain only one 
atom The fack of reactivity is because the atoms already have a low 
energy, and it cannot be lowered further by forming compounds The low 
energy of the noble gases 1s associated with their having a camplete outet 
shell of electrons This is often called a noble gas structure, and st tS an 
exceptionally stable arrangement of electrons 

Normally only electrons in the outermost shell of an atom are involved in 
forming bonds, and by forming bonds each atom acquires a stable electron 
configuration The most stable electronic arrangement is a noble gas 
Structure, and many molecules have this arrangement However, less 

Stable arrangements than this are commonly attamed by transitiot 
elements 

TYPES OF BONDS 

Atoms may attain a stable electronic configuration in three different ways 
by losing electrons, by gaining electrons, or by sharing electrons 

Elements may be divided into 

l Electroposinve elements, whose atoms Rive UP One Of More electrons 
fairly readily 

2 Electronegative elements, which will accept electrons 
3 Elements which have httle tendency to lose or gain electrons 

Three different types of bond may be formed, depending on the 
electropositive or electronegative character of the atoms involved 



TRANSITIONS BETWEEN THE MAIN TYPES OF BONDING 

Electropositive element 
t Ionic bond 

Electronegative element 

Electronegative element 
+ Covalent bond 

Electronegative element 

Electropositive element 
+ Metallic bond 

Electropositive element 

lonic bonding involves the complete transfer of one or more electrons 
from one atom to another. Covalent bonding involves the sharing of a pair 
of electrons between two atoms, and in metallic bonding the valency 
electrons are free to move throughout the whole crystal. 

These types of bonds are idealized or extreme representations, and 
though one type generally predominates, in most substances the bond type 
is somewhere between these extreme forms. For example, lithium chloride 

is considered to be an ionic compound, but it is soluble in alcohol, which 
suggests that it also possesses a small amount of covalent character. If the 
three extreme bond types are placed at the corners of a triangle, then 
compounds with bonds predominantly of one type will be represented as 
points near the corners. Compounds with bonds intermediate between two 
types will occur along an edge of the triangle, whilst compounds with bonds 
showing some characteristics of all three types are shown as points inside 
the triangle. 

Metallic 

Na4N 
/ | N 

l2 -CIF -OF3-NF3 -CCl4 - BF; - BeF; - Na,O 

F2—IF, — SFe — PF; ~ SIF, — AlFs — MgF2 ~ CsF 
Covalent lonc 

Figure 2.1 Tri i i bonding ue illustrating the transitions between ionic, covalent and metallic Produced from Chemical Constitution. by J.A.A. Ketelaar, Elsevier ) 



INTRODUCTION TO BONDING 

TRANSITIONS BETWEEN THE MAIN TYPES OF BONDING 

Few bonds are purely ionic covalent or metalic Most are intermediate 
between the three main types and show some properties of at least two 
and sometimes of all three types 

lomt bonds 

Ionic bonds are formed when electropositive elements react with electro 
negative elements 

Consider the tonic compound sodium chloride A sodium atom has the 
electronic configuration. 1s? 2s? 2p* 3s! The first and second shells of 
electrons are full but the third shell contains only one electron. When this 
atom reacts tt will do so in such a way that tt attains a stable electron 
configuration The noble gases have a stable electron arrangement and the 
nearest noble gas to sodium ts neon whose configuration is 1s? 2s* 2p* If 
the sodium atom can lose one electron from its outer shell it will attain this 
configuration and in doing so the sodium acquires a net charge of +1 and ts 
called a sodium 10n Na* The positive charge arises because the nucleus 
contains I] protons each with a positive charge but there are now only 10 
electrons Sodium atoms tend to lose an electron in this way when they are 
supplied with energy. and so sodium is an electropositive element 

Na — Na* + electron 
vx um at m wnim n 

Chlorine atoms have the electronic configuration Is’ 2s’ 2p° 3s’ 3p* They 
are only one electron short of the stable noble gas configuration of argon 
Is 2s' 2p? 3s' 3p* and when chlorine atoms react they pain an electron 
Thus chlorine 15 an electronegative element 

CI + electron. — C] 
chi neal m chin d on 

Through gaining an electron. an electrically neutral chlorine atom becomes 
1 chloride ton with a net charge of —1 
When sodium and chlorine react together the outer electron of the 

sodium atoms is transferred to the chlorine atoms to produce sodium ions 
Na" and chloride ions Cl Electrostatic attraction between the positive 
and negative ions holds the ions together in a crystal [attice. The process t5 
energetically favourtble as both sorts of atoms attain the stable noble gas 
configuration. and sodium chloride Na* C). i5 formed readily This may be 
illustrated diagrammatically in a Lewis diagram showing the outer 
electrons as dots 

Na + CO = [Na rfa] 

ax! ur atom Chlor nc a om wx! um wn €hlorude k 0 
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The formation of calcium chloride CaCl, may be considered in a similar 
way. Ca atoms have two electrons in their outer shell. Ca is an 
electropositive element, so each Ca atom loses. two electrons to two CI 
atoms, forming a calcium ion Ca^* and two chloride ions Cl”. Showing the 
outer electrons only, this may be represented as follows: 

eqs ka | 

2+ Ca : F — [Ca] + 

Cl: |: C} | 

calcium atom chlorine atoms calcium ion chloride ione 

Covalent bonds 

When two electronegative atoms react together, both atoms have a 
tendency to gain electrons, but neither atom has any tendency to lose 
electrons. In such cases the atoms share electrons so as to attain a noble gas 
configuration. 

First consider diagrammatically how two chlorine atoms Cl react to form 
a chlorine molecule Cl; (only the outer electrons are shown in the 
following diagrams): 

:Cbl.-:Cl:— :Cl:CI: 

chlorine atoms chlorine molecule 

Each chlorine atom gives a share of one of its electrons to the other atom. 
A pair of electrons js shared equally between both atoms, and each atom now has eight electrons in its outer Shell (a stable octet) — the noble gas Structure of argon. In this electron dot picture (Lewis structure), the shared electron pair is shown as two dots between the atoms Cl : Cl. In the valence bond representation, these dots are replaced by a line, which represents a bond C]—C}. 

In a similar way a molecule of tetrachloromethane CCl, is made up of one carbon and four chlorine atoms: 

Ci 

EI Cl Joa:c:a 

Ci 
atom js four electrons short of the noble gas Structure, so it onds, and the chlorine atoms are one electron short, so they ne bond. By sharing electrons in this way, both the carbon and Orine atoms attain a noble Bas Structure. It must be emphasized 

The carbon 
forms four b 
each form o 
all four chi 



INTRODUCTION TO BONDING 

that although ıt 1s possible to build up molecules im this way tn order to 

understand their electronic structures, 1t does not follow that the atoms will 

react together directly In this case, carbon and chlorine do not react 
directly, and tetrachloromethane 1s made by indirect reactions 
A molecule of ammonia NH4 15 made up of one nitrogen and three 

hydrogen atoms 

N +3{H j~H N H 

H 

The nitrogen atom 15 three electrons short of a noble gas structure, and the 
hydrogen atoms are one electron short of a noble gas structure. Nitrogen 
forms three bonds, and the hydrogen atoms one bond each, so all four 
atoms attain a stable configuration. One pair of electrons on the N atom ts 
not involved in bond formation and this is called a fone parr of electrons 

Other examples of covalent bonds tnclude water (with two covalent 
bonds and two lone pairs of electrons), and hydrogen fluoride (one 
covalent bond and three lane pairs) 

H O H F 

Oxidation numbers 

The oxidation number of an element in a covalent compound is calculated 
by assigning shared electrons to the more electronegative element, and 
then counting the theoretical charge left on each atom (Electronegativity 
is described in Chapter 6) An alternative approach is to break up 
(theoretically) the. molecule by removing all the atoms as ons, and 
counting the charge left on the central atom It must be emphasized that 
molecules are not really broken, nor electrons really moved For example 
in R2O, removal of two H* leaves a charge of —2 on the oxygen atom $0 
the oxidation state of O sn H20 1s (—11)} Similarly im HLS the oxidation 
state of S 15 (—ID), in F;O the oxidation state of O is (+H), in SF, the 
oxidation state of S 1s (+1V) whilst in SF, the oxidation state of $ ıs 
(* VI) The concept of oxidation numbers works equally well with sonic 
compounds and m CrCl, the Cr atom has an oxidation state of (+1) and 
it forms Cr** tons Similarly m CrCl, Cr has the oxidation state (+11) and 
exists as Cr^* 10ns 

Coordinate bonds 

Å covalent bond results from the sharing of a pair of electrons between two 
atoms where each atom contributes one electron to the bond It 15 also 
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possible to have an electron pair bond where both electrons originate from 

one atom and none from the other. Such bonds are called coordinate bonds 

or dative bonds. Since, in coordinate bonds, two electrons are shared by 

two atoms, they differ from normal covalent bonds only in the way they 

are formed, and once formed they are identical to normal covalent 

bonds. 
Even though the ammonia molecule has a stable electron configuration, 

it can react with a hydrogen ion H* by donating a share in the lone pair of 
electrons, forming the ammonium ion NH;: 

H H Jr H |’ 

H:N:-«[H]] ̂ iH: N: HJ or| H—N—H 
| 

H H H 

Covalent bonds are usually shown as straight lines joining the two atoms, 
and coordinate bonds as arrows indicating which atom is donating the 
electrons. Similarly ammonia may donate its lone pair to boron trifluoride, 
and by this means the boron atom attains a share in eight electrons: 

H F H F 

H:N:+B:F + H—NB-—F 

| | 
H F H F 

In a similar way, a molecule of BF; can form a coordinate bond by 
accepting a share in a lone pair from a F^ ion. 

| 
F F p 

pe Nie we 

Í F l +B:F — |F>B—F E : | 
F F 

There are many other examples, including: 

PCI, T CU = [PCIe] 

SbF; + | — [SbF,]~ 

Double and triple bonds 
Someti E more than two electrons are shared between a pair of atoms. If ectrons are shared, then there are two bonds, and this arrangement IS Cz : e à double bond. If six electrons are shared then there are three S, and this is called a triple bond: 
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H H H H 

N 
C C C=C Ethene molecule 

/ NN (double bond) 
H H H H 

H C C H  H-—CzC—H Ethyne molecule 
(triple bond) 

Metallic bonds and metallic structures 

Metals are made up of positive 10ns packed together. usually in one of the 
three following arrangements 

{ Cubic close packed (also called face centred cubic) 
2 Hexagonal close packed 
3 Body centred cubic 

Negatively charged electrons hold the ions together The number of 

positive and negative charges are exactly balanced as the electrons 
onginated from the neutral metal atoms The outstanding feature of metals 
is their extremely high electncal conductivity and thermal conductivily 

both of which are because of the mobility of these electrons through the 
fattıce 

The arrangements of atoms 1n the three common metallic structures afe 
shown in Figure Z2 Two of these arrangements (cubic close packed and 
hexagonal close packed) are based on the closest packing of spheres The 
metal tons are assumed to be spherical and are packed together to fill the 
space most effecuvely as shown 1n Figure 2 3a Each sphere touches 5% 
other spheres within this one layer 
A second layer of spheres 1s arranged on top of the first layer the 

prottuding paris of ihe second tajer Mung into the hotlows im the first Jay*: 
as shown in Figure 2 4a A sphere in the first layer touches three spheres in 
the layer above tt and similarly touches three spheres in the Jayer below t 
plus six spheres in its own layer making a total of 12 The coordination 
number or number of atoms or tons in contact with a given atom 3S 
therefore 12 fora close packed arrangement With a close packed arrange 
ment the spheres occupy 74% of the total space 
When adding a third layer of spheres two different arrangements a 

possible each preserving the close packed arrangement 
If the first sphere of the third layer ss placed in the depression X shown 1 

Figure 2 4a then tins sphere ts exactly above a sphere i the first layer k 
follows that every sphere im the third layer ıs exactly above a sphere ın the 
first layer as shown in Figure 2 2a Ifthe first layer is represented by A am 3 
the second layer by B the repeating pattem of close packed sheets © 
ABABAB This structure has hexagonal symmetry and it 1S therefore 
said to be hexagonal close packed 

Alternatively the first sphere of the turd layer may be placed m 9 
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3-fold axis 
| 

(b) 

Figure 2.2 . showing n three metallic structures. (a) Hexagonal close-packed structure „© e repeat pattern of layers ABABAB. ..and the 12 nei 
3 

235 eighbours sur- : Em Mu (b) Cubic close-packed structure (coordination number is . S TIepeat pattern of layers ABCABC. (c) Bodv- i 
i f centred Structure showing the 8 neighbours surrounding each ad : m 
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(a) Hexagonal 

clase packed 

fb) Cub c 
gase packed 

Figure 2 5 Artangement of 12 
nearest neighbours in bexapona] 
and cubic close packed 
arrangements (Note that the top 
and middle layers are the same 
but 11 the cubic close packed 
structure the bottom layer 1s 
rotated 60" relative to the 
hexagonal clase packed 

(a) i 

Figure 2 3 Possible ways of packing equal spheres in two dimensions. (a) Close 

packed (fills 74% of space) (b} Body centred cubic (fills 68% of space) 

Figure 2 4 Superimposed layers of close packed spheres (a) Two layers of close 
packed spheres (second layer is shaded) (b) Three layers of close packed spheres 

(second layer shaded third Jayer bold circles) Note that the third layer is not above 

the first layer hence this is an ABCABC — (cubic close packed) arrangement 

depression such as Y in Figure 2 4a The sphere 1s not exactly above a 
sphere 1n the first layer. and it follows that ali the spheres in the third tayer 
are not exactly above spheres in the first layer (Figure 2 4b) If the three 
layers are represented by A. B and C. then the repeating pattern of sheets 
ISABCABCABC — (Figure2 2b) This structure has cubic symmetry and 
I5 Said 10 be Cubic close packed. An alternative name for this structure $5 
face centred cubic The difference between hexagonal and cubic close 
packing ts Wustrated in Figure 2 5 
Random forms of close packing such as ABABC or ACBACB are 

possible but occur only rarely Hexagonal ABABAB and cubic ABCABC 
close packing are common 
The third common metalhe structure is called body centred Cubic 

(Figure 22c) The spheres are packed in sheets as shown in Figure 2 3b 
The second layer occupies the hoilows in thus first sheet The third fayet 
occupies hollows im the second layer and the third layer rs immediately 
above the first layer This form of packing 15 less efficent at filling the space 
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than closest packing (compare Figures 2.3a and b). In a body-centred cubic 

structure the spheres occupy 68% of the total space and have a co- 

ordination number of 8, compared with close-packed structures where 

74% of the space is occupied and the coordination number is 12. Metallic 

structures always have high coordination numbers. 

The theories of bonding in metals and alloys are described in Chapter 5. 

Metallic bonding is found not only in metals and alloys, but also in 

several other types of compound: 

1. Interstitial borides, carbides, nitrides and hydrides formed by the 
transition elements (and by some of the lanthanides too). Some low 
oxidation states of transition metal halides also belong to this group, 
where the compounds show electrical conductivity, and are thought to 
contain free electrons in conduction bands. 

2. Metal cluster compounds of the transition metals, and cluster com- 

pounds of boron, where the covalent bonding is delocalized over several 
atoms, and is equivalent to a restricted form of metallic bonding. 

3. A group of compounds including the metal carbonyls which contain 
a metal-metal bond. The cluster compounds, and the compounds 
with metal-metal bonds, may help to explain the role of metals as 
catalysts. 

Melting points 

lonic compounds are typically solids and usually have high melting and 
boiling points. In contrast covalent compounds are typically gases, liquids 
or low melting solids. These differences occur because of differences in 
bonding and structure. 

Ionic compounds are made up of positive and negative ions arranged in a 
regular way in a lattice. The attraction between ions is electrostatic, and is 
non-directional, extending equally in all directions. Melting the compound 
involves breaking the lattice. This requires considerable energy, and so the 
melting point and boiling point are usually high, and the compounds are 
very hard. ( | 
Compounds with covalent bonds are usually made up of discrete 
m The bonds are directional, and strong covalent bonding forces 

d e" together to make a molecule. In the solid, molecules are 
uc PE s : y weak van der Waals forces. To melt or boil the compound 
de us supply the small amount of energy needed to break the van 
bd orces. Herice covalently bonded compounds are often gases, 
i tds or soft solids with low melting points. | 

Fi aia : n or silica SiO», the structures are covalent 
sob. d — s In these cases there isa three- 
NN MEL s strong covalent bonds in all directions. It requires 

By to break this lattice, and so diamond, silica and 
: j 

re er h 
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Conductivity 

lonc compounds conduct electricity when the compound ts melted, os 

mn solution Conduction is achieved by the rons migrating towards the 

electrodes under the influence of an electric potential If an electric current 

is passed through a solution of sodium chloride Na" ions are attracted to 

the negatively charged electrode (cathode) where they gain an electron 

and form sodium atoms Tht Ci” sons are attracted to the posttiye 

electrode (anode) where they lose an electron and become chloryne 

atoms This process 15 called electrolysis The changes amount to the 

transfer of electrons from cathode to anode, but conduction occurs by an 

tonic mechanism involving the migration of both positive and negative tons 

m oppostte directions 
In the solid state the ions are trapped in fixed places i the crystal 

lattice, and as they cannot migrate, they cannot conduct electricity 1n this 
way itis, however, wrong to say that 10mc solids do not conduct electricity 

without qualifying the statement The crystal may conduct electricity fo a 
very small extent by semiconducbon if the crystal contains some defects 
Suppose that a lattice site 1s unoccupied, and there i5 a ‘hole’ where a7 won 
is Mmussing AM 10n may migrate from 1ts Jattice site to the vacant site, and 

in so doing st makes a hole’ somewhere else The new ‘hole’ ss filled by 

another ion and so on, so eventually the hole migrates across the crystal 

and a charge 1s carried in the other direction Plainly the amount of current 
carried by this mechanism is extremely small, but semiconductors are of 
preat importance tn modern electronic devices 

Metals conduct electricity better than any other material, but the 
mechanism ts by the movement of electrons instead of rons 

Covalent compounds contain nesther 10ns (as 1n rome compounds) nor 
mobile electrons {as in metals), so they are unable to conduct electricity in 
either the solid, liquid or gaseous state Covalent compounds are therefore 
insulators 

Solubility 

If they dissolve at all, romec compounds are usually soluble in pofar 
solvents These are solvents of high dielectric constant such as water, OF the 
minéral acids Covalent compounds are nat normally soluble in these 
solvents but if they dissolve at all they are soluble m non polar (orgamic} 
solvents of low dielectric constant, such as benzene and tetrachloro 
methane The general rule 15 sometimes stated that ‘like dissolves like', and 
so Jonic compounds usually dissolve in ionic solvents, and covalent 
compounds usually dissolve in covalent solvents 

Speed of reactions 

Ionic compounds usually react very rapidly, whilst covalent compounds 
usually react slowly For tonic reactions to accur, the reacting Species ace 



TRANSITIONS BETWEEN THE MAIN TYPES OF BONDING 

ions, and as these already exist, they have only to collide with the other 

type of ion. For example, when testing a solution for chloride ions (by 

adding silver nitrate solution), precipitation of AgCI is very rapid. 

Agt + CIT > AgCl 

Reactions of covalent compounds usually involve breaking a bond and 

then substituting or adding another group. Energy is required to break the 

bond. This is called the activation energy, and it often makes reactions 

slow. Collisions between the reactant molecules will only cause reaction if 

they have enough energy. For example, reduction of preparative amounts 

of nitrobenzene to aniline takes several hours. Similarly the reaction of H3 

and Cl; is typically slow except in direct sunlight when the mixture may 
explode! 

CHNO, + 6[H] => Co;H5NH»; "T 2H,O 

H5 => 2H 

H + Cl— HCl 

It is important to realize that bonds are not necessarily 100% covalent or 
100% ionic, and that bonds of intermediate character exist. If a molecule 
Is made up of two identical atoms, both atoms have the same electro- 
negativity, and so have an equal tendency to gain electrons. (See Chapter 
6.) In such a molecule the electron pair forming the bond is equally shared 
by both atoms. This constitutes a 10096 covalent bond, and is sometimes 
called a non-polar covalent bond. 
More commonly molecules are formed between different types of atoms, 

and the electronegativity of the two atoms differs. Consider for example 
the molecules CIF and HF. Fluorine is the most electronegative atom, and 
It attracts electrons more strongly than any other element when covalently 
bonded. The bonding electrons spend more time round the F than round 
the other atom, so the F atom has a very small negative charge 6— and the 
atom (Cl or H) has a small positive charge 5+. 

ò+ ô- ô ò- 
C—F H—F 

Though these bonds are largely covalent. they possess a small amount of 
saat, and are sometimes called polar covalent bonds. In such 
by a E ae charge, and an equal negative charge, are separated 
The di x IS produces a permanent dipole moment in the molecule. 

line up S aas; measures the tendency of the molecule to turn and 
hiph Hu when placed in an electric field. Polar molecules have a 
constant. The ze and non-polar molecules have a low dielectric 
ion dud x E ectric constant is the ratio of the capacitance of a 
same condenser e material between the plates, to the capacitance of the 
ftne sin o. with a vacuum between them. By measuring the capaci- 

€ substance between the plates and then with a vacuum, we 
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can obtain the dielectric constant. Its size indicates whether the material 
ts polar or non-polar, 

Tonic, covalent and mciallic bonds are considered in more detail in the 
following chapters. 



The ionic bond 

STRUCTURES OF IONIC SOLIDS 

lonic compounds include salts, oxides, hydroxides, sulphides, and the 
majority of inorganic compounds. Ionic solids are held together by the 
electrostatic attraction between the positive and negative ions. Plainly 
there will be repulsion if ions of the same charge are adjacent, and at- 
traction will occur when positive ions are surrounded by negative ions, 
and vice versa. The attractive force will be a maximum when each ion is 
surrounded by the greatest possible number of oppositely charged ions. 
The number of ions surrounding any particular ion is called the coordina- 
tion number. Positive and negative ions will both have the same co- 
ordination number when there are equal numbers of both types of ions, 
as in NaCl, but the coordination numbers for positive and negative ions are 
different when there are different numbers of the ions, as in CaCl. 

RADIUS RATIO RULES 

The structures of many ionic solids can be accounted for by considering the 
relative sizes of the positive and negative ions, and their relative numbers. 
Simple geometric calculations allow us to work out how many ions of a 
given size can be in contact with a smaller ion. Thus we can predict the 
coordination number from the relative sizes of the ions. 
When the coordination number is three in an tonic compound AX, three X- ions are in contact with one A* ion (Figure 3.1a). A limiting case arises 

(Figure 3.1b) when the X^ ions are also in contact with one another. By simple geometry this gives the ratio (radius A "/radius X^) = 0.155. This is the lower limit for a coordination number of 3. If the radius ratio is less than 0.155 then the positive ion is not in contact with the negative ions, and It Tattles' in the hole, and the structure is unstable (Figure 3.1c). If the radius ratio is greater than 0.155 then it is possible to fit three X^ ions round each A” ion. As the difference in the size of the two ions increases, ae also increases, and at some point (when the ratio exceeds E. 1 „it ecomes possible to fit four ions round one, and so on for SIX ions ne one, and eight ions round one. Coordination numbers of 3, 4, 6 and 

(a) 

(c) 

Figure 3.1 Sizes of ians for 
coordination number 3. 
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Table 3 1 Limiting radius rattos and structures 

Limbong Tagus ratio Coordination Shape 
rv iro number 

<0 155 2 Linear 
D 155 — 0 225 3 Planar triangle 
Q0 225 — 0 414 4 Tetrahedral 
Q0 414 — 0 732 4 Square planar 
0 414 — 0 732 6 Octahedral 
D 732 — 0 999 8 Body-centred cubic 

8 are common and the appropriate limiting radius ratios can be worked 
out by simple geometry, and are shown in Table 3 1 

if the iomic radu are known the radius ratio can be calculated and hence 
the coordination number and shape may be predicted This simple concept 
predicts the correct structure in many cases 

CALCULATION OF SOME LIMITING RADIUS RATIO VALUES 

This secbon may be skipped except by those interested in the origin of the 
limiting radius ratio values 

Coordination number 3 (planar triangle) 

Figure 3 2a shows the smaller positive ton of radius r* in contact with three 
larger negative ions of radiusr~ Plainly AB = BC = AC = 27-,BE=r', 
BD =,” + r~ Further, the angle A~B-C1s 60°, and the angle D-B-E1s 
30" By trigonometry 

cos 30° = BE/BD 

BU - Bios 10? 

rk rom ricos 30° = r™/0 866 — r^ x 1155 
rv = (1 1557") -— -0155r7 

hence rir~ = 0155 

Coordination number 4 (tetrahedral) 

Figure 3 2b shows a tetrahedral arrangement inscribed tn a cube Part of 
this tetrahedral arrangement 1s drawn in Figure 3 2c H can be seen that the 
angle ABC is the tetrahedral angle of 109*28' and hence the angle ABD t5 
half of thus, that 1$ 54?44*. In the triangle ABD 

AD r^ 

AB FR y po 



CALCULATION OF SOME LIMITING RADIUS RATIO VALUES 

(b) (a) 

(c) 

£^ 

PN 
Figure 3.2 Limiting radius ratios for coordination numbers 3, 4 and 6. (a) Cross-section through a planar triangle site; (b) tetrahedron inscribed in a cube; (c) diagram for tetrahedral Case; (d) cross-section through an octahedral site. 

taking reciprocals 

rt +r- 1 
+ ———— 1.225 r^ 0.8164 . 

rearranging 
r+ 
m Tope 1:255 

hence 

r*/r- x 0,225 

Coordination number 6 (octahedral) 
A cross- section through an octahedral site is shown in Figure 3.2d, and the Smaller positive ion (of radius r*) touches six larger negative ions (of radius 7"). (Note that only four negative ions are shown in this section, and one is above and another below the plane of the paper.) It is obvious that AB = 7" * r- and BD — "^. The angle ABC is 45°. In the triangle ABD 

cos ABD = 0.7071 = BP = B -L 

p up 

à va 
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(b) & 
& 

Figure 3.3 Tetrahedral and 
octahedral holes: (a) tetrahedra! 
and octahedral sites in a close- 
packed lattice, (b) tetrahedral 
ste, and {c} octahedral site 

taking reciprocals 

T+ 2 td 21444 
r^ 0.7071 

rearranging 
+ 

fo +1 = 1.414 = 

hence 

re /r- = 0.414 

CLOSE PACKING 

Many common crystal structures are related to, and may be described in 
terms of, hexagonal or cubic close-packed arrangements Because of their 
shape, spheres cannot fill space completely. In a close-packed arrangement 

of spheres, 74% of the space ts filled. Thus 26% of the space ts unoccupied, 
and may be regarded as holes 1n the crystal lattice, Two different types of 
hole occur Some are bounded by four spheres and are called tetrahedral 
holes (marked T in Figure 3 3a), and others are bounded by six spheres 
and are called octahedral holes (marked O in Figure 3.3a). For every 

Table 3.2 Some structures based on close packing 

Formula Type Tetrahedral Octahedral Coordination No 
of cp A 

AX Natl cep none ali 6 6 
NiAs hep none all 6 6 
Znas znne blende cep i none 4 4 
ZnS wurtzite hep l none 4 4 

AX, —F;Ca* fluorite ccp“ all none 8 4 
Cdl, hep none i 6: 3 
CaCl, cep none l 6: 3 
p-ZnCl; hcp i none 4: 2 

. Hel; tep i none 4: 2 
—————OM————— MÀ a —_ ——— —À 

MX; Bii hep hone 1 6 2 
CrCl; ccp none 1 6:2 

UT aa a E E E E a a i 

MX, Snl; hep l none 4: ] meee OOOO O L— 
MX,  a-WCh and UCh cep none i 6 : I 

M;Xji aALlO;comndum hep hone £ 6 4 

* The metal tons adopt a face-centred cubic arrangement, which i5 exactly like cubic 
close packing except that the ions do not touch. (Note it 15 the M* sons that are 
almost close packed, not the negative ions as with the ather examples } 
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the close-packed arrangement there is one octahedral hole and two 

tetrahedral holes. The octahedral holes are larger than the tetrahedral 

holes. 
An ionic structure is composed of oppositely charged ions. If the larger 

ions are close packed, then the smaller ions may occupy either the octa- 

hedral holes or the tetrahedral holes depending on their size. Normally 

the type of hole occupied can be determined from the radius ratio. An ion 

occupying a tetrahedral hole has a coordination number of 4, whilst one 

occupying an octahedral hole has a coordination number of 6. In some 
compounds the relative sizes of the ions are such that the smaller ions are 
too large to fit in the holes, and they force the larger ions out of contact 
with each other so that they are no longer close packed. Despite this, the 
relative positions of the ions remain unchanged, and it is convenient to 
retain the description in terms of close packing. 

_ CLASSIFICATION OF IONIC STRUCTURES 

It is convenient to divide ionic compounds into groups AX, AX2, AX; 
depending on the relative numbers of positive and negative ions. 

IONIC COMPOUNDS OF THE TYPE AX (ZnS, NaCl, CsCl) 

Three structural arrangements commonly found are the ‘zinc sulphide, 
sodium chloride and caesium chloride structures. 

Structures of zinc sulphide 

In zinc sulphide, ZnS, the radius ratio of 0.40 suggests a tetrahedral 
arrangement. Each Zn** ion is tetrahedrally surrounded by four S?~ ions 
and each S*~ ion is tetrahedrally surrounded by four Zn?* ions. The co- 
ordination number of both ions is 4, so this is called a 4:4 arrangement. 
Two different forms of zinc sulphide exist, zinc blende and wurtzite (Figure 
3.4). Both are 4:4 structures. 
These two structures may be considered as close-packed arrangements 

of S lons, Zinc blende is related to a cubic close-packed structure whilst 
wurtzite is related to a hexagonal close-packed structure. In both structures 
the Zn^* ions occupy tetrahedral holes in the lattice.Since there are twice 
EM tetrahedral holes as there are-S?^ ions, it follows that to obtain a 
E ula ZnS only half of the tetrahedral holes are occupied by Zn?* ions 

at Is every alternate tetrahedral site is unoccupied). 

Sodium chloride structure 

For sodium chloride 
octahedral arranpem 
Corners of a re 
by six Nat 

» NaCl. the radius ratio is 0.52 and this suggests an 
ent. Each Na” ion is surrounded by six CI^ ions at the 

| Tegular octahedron and similarly each Cl^ ion is surrounded 
ions (Figure 3.5). The coordination is thus 6:6. This structure 

m  — o — te — 

Figure 3.4 Structures of ZnS: (a) 
zinc blende and (b) wurtzite. 
(Reproduced with permission 
from Wells, A.F., Structural 
Inorganic Chemistry, 5th ed., 
Oxford University P me y Press, Oxford, 
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Figure 3 5 Rock salt (NaC!) 
structure (Reproduced by 
permission of Wells A F 
Structural Inorganic Chemistry 
Sthed Oxford University Press 
Oxford 1984 ) 

e cs* 

Cer 

Figure 36 Caesium chlonde 
(CsCl} structure (Reproduced by 
permission of Wells A F 
Stracturat Inorganic Chernisiry 
5th ed , Oxford University Press 
1984 ) 

m 

Figure 37 Fluorite (CaFz) 
structure (Reproduced by 
permission of Wells AF, 
Structural Inorganic Chemisiry, 
5th ed , Oxfard University Press 
C»oford, 1984 ) 

may be regarded as a cubic close packed array of CI^ 105, with Na ions 

occupying all the octahedral holes 

Caesium chloride structure 

In caesium chloride CsCl, the radius ratio 1s 0 93 This indicates a body 

centred cubic type of arrangement, where each Cs* ion 1s surrounded by 

eight CI^ 10ns. and vice versa (Figure 3 6) The coordination irs thus 8. 8 

Note that this structure 1s not close packed and i5 not strictly body centred 

cubic 
[n a body centred cubic arrangement the atom at the centre of the cube 

is Identical to those at the corners This structure is found in metals, but in 

CsCl if the 10n5 at the corners are Cl” then there will be a Cs” 10Nn at the 
body centred position so itis not strictly body centred cubic The caesium 
chloride structure should be described as a body centred cubic type of 

arrangement and not body centred cubic 

IONIC COMPOUNDS OF THE TYPE AX; (CaF;, T1O,, $10;) 

The two most common structures are fluonte, CaF, (Figure 3 7), and 
rutite, TiO; (Figure 3 8), and many difluorides and dioxides have one of 
these structures Another fairly common structure is one form of S10; 
called B ctistobalte (Figure 3 9) These are true tonic structures Layer 
structures are formed instead if the bonding becomes appreciably covalent 

Calcium fluoride (fluonte) structure 

In fluorite each Ca** ton ts surrounded by eight F7 10ns, giving a body 
centred cubic arrangement of F^ round Ca7* Since there are twice as 
many F^ ions as Ca^* sons, the coordination number of both tons 1s 
different, and four Ca?* ions are tetrahedrally arranged around each F~ 
ion The coordination numbers are therefore 8 and 4, so this 1s called an 
8 4 arrangement The fluorite structure 1s found when the radius ratio 1s 
0 73 or above 

An alternative description of the structure 1s that the Ca?* 10ns form a 
face centred cubic arrangement The Ca?* tons are too small to touch each 
other, so the structure 1s not close packed However, the structure Is 
related to a close packed arrangement, since the Ca** occupy the same 
relative positions as for a cubic close packed structure, and the F~ ions 
occupy ali the tetrahedral holes 

Rutile structure 

TiO; exists in three forms called anatase, brookite and rutile The rutile 

Structure is found in many crystals where the radius ratio is between 0 41 
and Q 73 This süggests a coordination number of 6 for one 10n. and from 
the formula it foflows that the coordination number of the other ron must 
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be 3. This is a 6:3 structure. Each Ti^* is octahedrally surrounded by six 

O2- ions and each O7" ion has three Ti^* ions round it in a plane tri- 

angular arrangement. 
The rutile structure is not close packed. The unit cell, i.e. the repeating 

unit of this structure, is not a cube, since one of the axes is 30% shorter 

than the other two. It is convenient to describe it as a considerably 

distorted cube (though the distortion is rather large). The structure may 

then be described as a considerably distorted body-centred cubic lattice of 

Ti^* ions. Each Ti^* ion is surrounded octahedrally by six O% ions, and 

the O^- are in positions of threefold coordination, that is each O?- is 

surrounded by three Ti** ions at the corners of an equilateral triangle. 
Three-coordination is not common in solids. There are no examples of 
three-coordination in compounds of the type AX, but there is another 
example in the compounds of type AX», that is CdI;, though in this case 
the shape is not an equilateral triangle. The structure of CaCl, is also a @: 3 
structure, and is similar to CdJ,. These are described later. 
There are only a few cases where the radius ratio is below 0.41. 

Examples include silica S10, and beryllium fluoride BeF2. These have 
coordination numbers of 4 and 2, but radius ratio predictions are uncertain 

since they are appreciably covalent. 

D-cristobalite (silica) structure 

Silica SiO, exists in six different crystalline forms as quartz, cristobalite and 
tridymite, each with an a and B form. f)b-cristobalite is related to zinc 
blende, with two interpenetrating close-packed lattices, one lattice arising 
from Si occupying the S^" positions, and the other lattice from Si oc- 
cupying the Zn^* positions (i.e. the tetrahedral holes in the first lattice). 
The oxygen atoms lie midway between the Si atoms, but are shifted slightly 
off the line joining the Si atoms, so the bond angle Si—O—Si is not 180°. 
The radius ratio predicts a coordination number of 4, and this is a 4:2 
Structure. 

LAYER STRUCTURES (Cdl,, CdCl;, [NiAs]) 

Cadmium iodide structure 

sna dig compounds are not sufficiently ionic to form the perfectly 
sulphides me structures described. Many chlorides, bromides, iodides and 
ea p st into structures which are very different from those 
ace Poema fluoride CdF, forms an ionic lattice with the CaF, 
e uide z marked contrast cadmium iodide Cdl, is much less ionic, 
dadih rak a the fluorite structure. The radius ratio for Cdl, is 0.45, 
made up of ¢ : es a coordination number of 6 for cadmium. The structure is 
either side — ater neutral layers of Cd*™ ions with layers of I~ ions on 
tg rather like a sandwich where a layer of Cd?* corresponds to in the middle, and layers of F^ correspond to the bread on either 

Figure 3.8 Rutile (TiQ2) 
structure. 

Figure 3.9 8-cristobalite 
Structure, 
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side This is called a layer structure, and 1t i5 not a completely regular ionic 

structure With a sandwich, bread is separated from bread by the meat, but 
yn a pile of sandwiches, bread from one sandwich touches bread from the 

next sandwich Similarly, in Cdl, two sheets of I^ 10ns are separated by 
Cd?* within a 'sandwich', but between one 'sandwich' and the next, two [^ 
layers are 1n contact. Whilst there is strong electrostatic bonding between 
Cd^* and 1^ layers, there are only weak van der Waals forces holding the 
adjacent layers of 1” together The packing of layers in the crystal structure 
is not completely regular, and the solid ts flaky, and 1t cleaves into two 
parallel sheets quite easily This structure 1s adopted by many transition 
metal duodides (Ti, V, Mn, Fe, Co, Zn, Cd) and by some main group 
duodides and dibromides (Mg, Ca, Ge and Pb) Many hydroxides have 
similar layer structures (Mg(OH), Ca(OH), Fe(OH), COH), 
Ni(OH);, and Cd(OH); 

In cadmium iodide, the third layer of I7 tons is directly above the first 
layer, so the repeating pattern ıs ABABAB The I~ 1:0ns may be 
regarded as an approximately hexagonal close-packed arrangement The 
Cd^* ions occupy half of the octahedral sites. Rather than half filling the 
octahedral sites in a regular way throughout the whole structure, all of the 
octahedral sites are filled between two I^ layers, and none of the octa- 
hedral sites is filled between the, next two layers of IT tons All of the 
octahedral holes are filled between the next two layers of IT rons, none 
between the next pair, and so on 

Figure 3.10 Part of two layers of cadmium iodide (CdJ,) structure 
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Cadmium chloride structure 

Cadmium chloride forms a closely related layer structure, but in this the 

chloride ions occur approximately in a cubic close-packed arrangement 

(ABCABC. ..). 
Layer structures are intermediate in type between the extreme cases of: 

1. A totally ionic crystal with a regular arrangement of ions and strong 

electrostatic forces in all directions. 

2. A crystal in which small discrete molecules are held together by weak 

residual forces such as van der Waals forces and hydrogen bonds. 

Nickel arsenide structure 

The structure of nickel arsenide NiAs is related to the structure of Cdl. In 
NiAs (Figure 3.11), the arsenic atoms form a hexagonal close-packed type 
of lattice with nickel atoms occupying all of the octahedral sites between all 
of the layers of arsenic atoms. (In Cdl, all of the octahedral sites between 
half of the layers are filled, whilst with NiAs all of the octahedral sites 
between all of the layers are filled.) 

In the nickel arsenide structure each atom has six nearest neighbours of 
the other type of atom. Each arsenic atom is surrounded by six nickel 
atoms at the corners of a trigonal prism. Each nickel atom ts surrounded 
octahedrally by six arsenic atoms, but with two more nickel atoms suf- Figure 3.11 Nickel arsenide 
ficiently close to be bonded to the original nickel atom. This structure is SUUCtUre- 
adopted by many transition elements combined with one of the heavier 
elements from the p-block (Sn, As, Sb, Bi, S, Se, Te) in various alloys. 

------4h----- 

v fe 

These are better regarded as intermetallic phases rather than true 9 ; 
compounds. They are opaque, have metallic lustre, and sometimes have a e pn } 
variable composition. Ey & 2 

For details of other ionic structures, such as perovskite and spinels, see Bs N; i 
Chapter 20 and the Further Reading (Adams, Addison, Douglas McDaniel ES D MI 
and Alexander, Greenwood, Wells) at the end of this chapter. ES = Qy | 

Structures containing polyatomic ions E g - ; BM] 
There are many ionic compounds of types AX and AX; where A, or X, or e = f | 
both ions are replaced by complex ions. When the complex ion is roughly E B d $ 
iig the ions often adopt one of the more symmetrical structures e I3 £9 S 
2 above. Ions such as SO2^, CIO; and NH are almost spherical. E E e 7 
n addition, the transition metal complex [Co(NH3)¢]I2 adopts the CaF, gi a 

ee structure. K,[PtCl,] adopts an anti-fluorite structure, which is the 
a fluorite Structure except that the sites occupied by positive and 

E DEM are interchanged. Both ions may be complex: [Ni(H2O)g] 
LEN. forms a slightly distorted CsC) structure. Other ions 
n H^) sometimes attain effective spherical symmetry by free 
uH : 0r by random orientation. Examples include CsCN, TICN and 
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O ca’ 

Figure 312 Calaum carbide 
structure 

Sometimes the presence of non spherical 10ns simply distorts the lattice 

Calcium carbide has a face centred structure like NaCl, except that the 

linear C37 10ns are all oriented in the same direction along one of the unit 
cell axes Ths elongates the unit cell in that direction (Figure 3 12) 
Similarly calcite, CaCO;, has a structure related to NaCl, but the planar 
triangular CO$~ 10n distorts the unit cell along a threefold axis of 
symmietry, rather than along one of the cell axes Several divalent metal 
carbonates a number of nitrates, LINO, and NaNQ;, and some borates, 
ScBO,, YBO; and InBO;, also have the calcite structure 

A MORE CRITICAL LOOK AT RADIUS RATIOS 

To a first approximation, the relative numbers and sizes of the tons will 
determine the structure of the crystal The radius ratios of the alkah metal 
halides and the alkaline earth metal oxides, sulphides selen:des and 
tellurides are shown 1n Table 3 3 

All of the crystals with a radius ratio between 0 41 and 0 73 (enclosed by 
full hne 1n Table 3 3) would be expected to have the sodium chloride 
structure In fact all but four of the compounds listed have a sodium 
chloride structure at normal temperatures A lot more compounds adopt 
the NaCl structure than would te predicted The exceptions are CsCl, 
CsBr and CsI, which have a caesium chloride structure, and MgTe, which 
has a zine sulphide structure RbCl and RbBr are unusual since they both 
form a NaCl structure with a coordination number of 6 when crystallized at 
normal room temperatures and pressures, but they adopt a CsCl structure 
with a coordination number of 8 if crystallized at hngh pressures or 
temperatures The fact that they can form both structures indicates that the 
difference in lattice energy between the two structures is small, and hence 
there is only a small difference in stability between them 

A CAUTIONARY WORD ON RADIUS RATIOS 

Radius ratios provide a useful guide to what is possible on geometric 
grounds, and also a first guess at the likely structure, but there are other 
factors involved Radius ratios do not necessarily provide a completely 
reliable method for predicting which structure 1s actually adopted 

Table 3 3 Radius ratios of Group 1 halides and Group 2 oxides 

F- Cl ë Bro I7 Q7 .Sg- ë Se Te“ 

Be 
M * 

Ca*^* Q 54 OQ 51 
Sr* 064 060 
Ba?* 096 | 073 0 68 

* = Indicates reciprocal value of r~/r* since the normal ratio is greater than unity 
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Though radius ratios indicate the correct structure in many cases, there 

are a significant number of exceptions where they predict the wrong 

structure. It is therefore worth examining the assumptions behind the 

radius ratio concept, to see if they are valid. The assumptions are: 

1. That accurate ionic radii are known. 

2. That ions behave as hard inelastic spheres. 

3, That stable-arrangements are only possible if the positive and negative 

ions touch. 
4. That ions are spherical in shape. 

. That ions always adopt the highest possible coordination number. 
6. That bonding is 100% tonic. 
Cn 

Values for ionic radii cannot be measured absolutely, but are estimated. 
They are not completely accurate or reliable. Though it is possible to 
measure the interatomic distance between two different ions very ac- 
curately by X-ray crystallography, it is much less certain how to divide 
the distance between the two ions to obtain ionic radii. Furthermore the 
radius of an ion is not constant but changes depending on its environment. 
In particular the radius changes when the coordination number changes. 
The radii usually quoted are for a coordination number of 6, but the radius 

effectively increases 3% when the coordination number is changed from 6 
to 8, and decreases 6% when the coordination number changes from 6 to 4. 

Ions are not hard inelastic spheres. They are sometimes fitted into ‘holes’ 
that are slightly too small, that is the ions are compressed, and the lattice 
may be distorted. 
The assumption that the ions touch is necessary to calculate the critical 

lower limit for radius ratios. In principle positive and negative ions should 
touch, SO as to get the ions close together, and get the maximum electro- 
static attraction. (Electrostatic attraction depends on the product of the 
charges on the ions divided by the distance between them.) Theoretically 
structures where the smaller metal ion ‘rattles’ in its hole (that is, it does 
not touch the neighbouring negative ions) should be unstable. A more 
favourable electrostatic attraction should be obtained by adopting a 
different geometric arrangement with a smaller coordination number, so 
that the ions can get closer. It has already been shown that in the alkali 
halides and alkaline eaith oxides the NaCl structure with coordination 
D : Is sometimes adopted when other structures are predicted 
EL S. It follows that, since the smaller ion no longer fits the 

Site it occupies, it must either ‘rattle’, or be compressed. 
MALE It is reasonable to consider ions with a noble gas 
Piin » EL . This includes the majority of the ions formed by 
iip nda ain groups. There are a ome aunt of exceptions 

| ve an inert pair (Ga^, In^ TI^, Sn^*, Pb^*, I*, P+). 
Miei giu ore ap a centre of symmetry, and the Structures they form 
CHO An A a with the metal ion slightly displaced off- 
d orbitals are dnd E | position. Transition metal ions with partially filled 

pherical, though in contrast to inert pair distortion they 
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usually have a centre of symmetry The arrangement of electrons in these d 

orbitals gives nse to Jahn-Teller distortion. (See Chapter 28 ) A partially 

filed d orbital pointing towards a coordinated ton will repel t A 

completely filled d orbital will repel the 10n even more This can gte nse to 

a structure with some long and some short bonds, depending on both the 

electronic structure of the metal 10n, and the crystal structure adopted 1e 

the positions of the coordinating 10ns 
It is most unlikely that bonding ts ever 100% ionic The retention of a 

NaCi structure by a number of compounds which might be expected to 
adopt a CsCl structure 1s largely because there ts a small covalent contn 
bution to the bonding The three p orbitals are at 90° to each other, and in 
a NaCl structure they point towards the six nearest netghbours, so covalent 
overlap of orbitals is possible The geometric arrangement of the NaCl 
structure i5 ideally suited to allow some covalent contribution to bonding 
This is not so for the CsCl structure 

Thus radius ratios provide a rough guide to what structures are geo 
metrically possible Radius ratios often predict the correct structure, but 
they do not always predict the correct structure. Ultimately the reason why 
any particular crystal structure is formed ts that it gives the most favourable 
lattice energy 

LATTICE ENERGY 

The lattice energy ({/} of a crystal ts the energy evolved when one gram 
molecule of the crystal 1s formed from gaseous tons 

Nagy + Clay NaCheysa — U- —782kJ mol"! 

Lattice energies cannot be measured directly, but experimental values are 
obtained from thermodynamic data using the Born-Haber cycle (see 
Chapter 6) 

Theoretical values for lattice energy may be calculated The ions are 
treated as point charges and the electrostatic. (coulombic) energy E 
between two ions of opposite charge is calculated 

~_ — "T 

zz e 
E = —-—— r 

where 
+ -— z and z” are the charges on the positive and negative ions 

e I$ the charge on an electron 
r ts the tnter omic distance 

For more than two (ons, the electrostatic energy depends on the number of 
ions and also on A their arrangement in space For one mole the 
attractive enerpy 1s 

_N,A z*z7¢ 

r 
FE = 
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Table 3.4 Madelung constants 

Type of structure A M 

zinc blende ZnS 1.63806 1.63806 
wurtzite ZnS 1.64132 1.64132 
sodium chloride NaCl 1.74756: 1.74756 
caesium chloride CsCI 1.76267 1.76267 
rutile TiO; 2.408 4.816 
fluorite CaF, 2.51939 5.03878 
corundum Al,O; 4.17186 25.03116 

where 
N, is the Avogadro constant — the number of molecules in a mole — which 

has the value 6.023 x 10? mol! 
Á isthe Madelung constant, which depends on the geometry of the crystal 

Values for the Madelung constant have been calculated for all common 
crystal structures, by summing the contributions of all the ions in the 
crystal lattice. Some values are given in Table 3.4. (It should be noted that 
different values from these are sometimes given where the term z^z' is 
replaced by z^, where z is the highest common factor in the charges on the 
ions. The Madelung constant is rewritten M — Az"^z /z?. This practice is 
not recommended.) 
The equation for the attractive forces between the ions gives a negative 

value for energy, that is energy is given out when a crystal is formed. The 
Inter-ionic distance r occurs in the denominator of the equation. Thus the 
smaller the value of r, the greater the amount of energy evolved when the 
crystal lattice is formed, and hence the more stable the crystal will be. 
Mathematically, the equation suggests that an infinite amount of energy 
should be evolved if the distance r is zero. Plainly this is not so. When the 
inter-ionic distance becomes small enough for the ions to touch, they begin 
to repel each other. This repulsion originates from the mutual repulsion of 
the electron clouds on the two atoms or ions. The repulsive forces increase 
rapidly as r decreases, The repulsive force is given by B/r”, where B is a 

Table 3.5 Average values for the Born exponent 

Electronic structure of ion n Examples 

He 5 Li*, Be?* 
Ne 7 Na*, Mg^*, 02>, F- 
x 9 K*, Ca?*, S27, CIT, Cut 
x: 10 Rb*, Br^, Ag* 

s 12 Cs*, I7, Au* 

Average values are used, e.g. in Li i* 7 . €.g. in LiCl, Lit = 5, CIT = 
LiCl, n = (S + 9/2 = 7 E AAEE 
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constant that depends on the structure, and n ıs a constant called the Born 

exponent For one gram molecule the total repulsive force 1s (N,B)/r" The 

Born exponent may be determined from compressibility measurements 

Often chemists use a value of 9, but 1t :s better to use values for the 

particular rons in the crystal 

The total energy holding the crystal together 15 U the lattice energy This 

is the sum of the attractive and the repulsive forces 

N.Az*z"e? N,B z (31) 
attractive force repulsive force 

(A 1$ the Madelung constant and B ıs a repulsion coefficient, which i5 a 
constant which 1s approximately proportional to the number of nearest 
neighbours ) 

The equilibrium distance between ions 1s determined by the balance 
between the attractive and repulsion terms At equihbrium, d&/dr = Q, 
and the equilibrium distance r = Fo 

dU  N.Az*z'e! nN,B x oft’ FL tet = ? 
dr r2 rath G2 

Rearranging this gives an equation for the repulsion coefficient B 

| Az'z^e'r | 
" 

B 

Substituting equation (3 3) into (3 1) 

| NoAz*z e? ( 1 | 
lo n 

G = 

This equation :5 called the Born-Landé equation. It allows the lattice 
energy to be calculated from a knowledge of the geometry of the crystal, 
and hence the Madelung constant the charges z* and z^, and the inter 
ionic distance. When using SI units, the equation takes the form 

| NeAz*z e ( L) 
ánt.r, n 

U = (3 4) 

where €, 1s the permittivity of free space = 8 854 x 10772 F m^! 
This equation gives a calculated value of U = —778kJ mol! for the 

lattice energy for sodium chlonde, which i5 close to the expenmental value 
of —775kImol-! at 25*C (obtamed using the Born-Haber cycle) The 
expenmenta] and theoretical values for the alkali metal halides and 
the oxides and halides of the alkatine earths (excluding Be), all agree 
within 3% 

Other expressions, for example the Born—Mayer and Kapustinskt 

equations, are similar, but calculate the repulsive contribution in a slightly 
different way Agreement ts even better if allowances are made for van der 
Waals forces and zero point energy 

Several impdrtant points arise from the Born- Lande equation 



1. The lattice becomes stronger (i.e. the lattice energy U becomes more 

negative), as r the inter-ionic distance decreases. U is proportional 

to l/r. 

r (À) U (kJ mol!) 

LiF 2.01 —1004 

CsI 3.95 m 

2. The lattice energy depends on the product of the ionic charges, and U 

is proportional to (z*.z7). 

r (A) (2.2) U (kJ mol`’) 

LiF 2.01 1 — 1004 

MgO 2210 4 —3933 

3. The close agreement between the experimental lattice energies and 
those calculated by the Born-Landé equation for the alkali metal 
halides does not of itself prove that the equation itself, or the assump- 
tions on which it is based, are correct. The equation is remarkably self- 
compensating, and tends to hide errors. There are two opposing factors 
in the equation. Increasing the inter-ionic distance r reduces the lattice 
energy. It is almost impossible to change r without changing the struc- 
ture, and therefore changing the Madelung constant A. Increasing A 
increases the lattice energy: hence the effects of changing r and A may 
largely cancel each other. 

This may be illustrated by choosing a constant value for n in the 
Born- Landé equation. Then changes in inter-ionic distance can be cal- 
culated for either changes in the coordination number, or in crystal 
Structure. Taking a constant value of n = 9, we may compare the inter- 
tonic distances with those for six-coordination: 

Coordination number 12 8 6 4 
Ratio of inter-ionic distance 1.091 1.037 1.000 0.951 

For a change of coordination number from 6 (NaCl structure) to 8 
(CsCl structure) the inter-ionic distance increases by 3.7%, and the 
Madelung constants (NaCl A = 1.74756, and CsCl A = 1.76267) change 
by only 0.9%. Thus a change in coordination number from 6 to 8 would 
result in a reduction in lattice energy, and in theory the NaC! structure 
should always be more stable than the CsCl structure. In a similar way 
reducing the coordination number from 6 to 4 decreases r by 4.9%. The 
decrease in A is 6.1% or 6.3% (depending on whether a zinc blende or 
wurtzite structure is formed), but in either case it more than com- 
pensates for the change in r, and in theory coordination number 6 is 
more stable than 4. 
Nos Suggests that neither four- nor eight-coordinate structures should 
: D the six-coordinate NaCl structure is more stable. Since ZnS 
aa vn (coordination number 4), and CsCl, CsBr and CsI have a co- 

ination number of 8, this suggestion is plainly incorrect. We must 
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Table 3.6 Inter-ionic distances and 10mc charges related to m p and hardness 

r(À) (z* z^) mp (°C) Hardness 
(Mohs’ scale) 

NaF 2 310 l 990 32 
BeO 1 65 4 2530 90 
MgO 2 106 4 2800 65 
CaO 2 405 4 2580 4§ 
SrO 2 580 d 2430 35 
BaO 2 762 4 1923 33 
Tic 2 159 16 3140 8-9 

therefore look for a mistake in the theoretical assumptions made First 
the value of n was assumed to be 9, when it may vary from 5 to 12 
Second, the calculation of electrostatic attraction assumes that the ions 
are point charges Third, the assumption is made that there is no 
reduction in charge because of the interaction (1 e. the bonds are 100% 
Ionic) 

4 Crystals with a high lattice energy usually melt at high tempera- 
tures, and are very hard Hardness is measured on Mohs’ scale (See 
Appendix N ) High lattice energy is favoured by a small inter-i0nic 
distance, and a high charge on the ions 

It has been seen that a number of salts which might be expected from 
radius ratio considerations to have a CsCl structure in fact adopt a NaCl 
Structure The Madelung constant for CsCl is larger than for NaCl, and 
would give an increased lattice energy However, the inter-tonic distance r 
will be larger in a CsCl type of structure than in a NaCl type of structure, 
and this would decrease the lattice energy These two factors work in 
opposite directions and partly cancel each other This makes the lattice 
energy more favourable for a NaCl type of lattice in some cases where a 
CsCl structure 1s geometrically possible Constder a case such as RbBr 
where the radius ratio is close to borderline between six-coordination 
(NaCl structure) and eight coordination. (CsCI structure) If the CsCl 
Structure ıs adopted, the Madelung constant ıs larger than for NaCl, and 
this increases the lattice energy by 0 86% At the same time the inter-1onic 
distance in a CsCl structure increases by 3%, and this decreases the lattice 
energy by 3% Clearly the NaC} Structure is preferred 

FEATURES OF SOLIDS 

The essential feature of crystalline solids is that the constituent molecules. 
atoms or tons are arranged in a completely regular three-dimensronal 
pattern Models built to show the detailed structure of crystalline materials 
are usually prossly misleading, for they imply a perfect static pattern Since 
the atoms or tons have a considerable degree of thermal vibration, the 
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crystalline state is far from static, and the pattern is seldom perfect. Many 

of the most useful properties of solids are related to the thermal vibrations 

of atoms, the presence of impurities and the existence of defects. 

STOICHIOMETRIC DEFECTS 

Stoichiometric compounds are those where the numbers of the different 

types of atoms or ions present are exactly in the ratios indicated by their 

chemical formulae. They obey the law of constant composition that ‘the 

same chemical compound always contains the same elements in the same 
composition by weight’. At one time these were called Daltonide com- 
pounds, in contrast to Berthollide or nonstoichiometric compounds where 
the chemical composition of a compound was variable, not constant. 
Two types of defects may be observed in stoichiometric compounds, 

called Schottky and Frenkel defects respectively. At absolute zero, crystals 
tend to have a perfectly ordered arrangement. As the temperature in- 
creases, the amount of thermal vibration of ions in their lattice sites 
increases, and if the vibration of a particular ion becomes large enough, it 
may jump out of its lattice site. This constitutes a point defect. The higher 
the temperature, the greater the chance that lattice sites may be un- 
occupied. Since the number of defects depends on ‘the temperature, they 
are sometimes called thermodynamic defects. 

Schottky defects 

A Schottky defect consists of a pair of ‘holes’ in the crystal lattice. One 
positive ion and one negative ion are absent (see Figure 3.13). This sort of 
defect Occurs mainly in highly ionic compounds where the positive and 
negative ions are of a similar size, and hence the coordination number is 
high (usually 8 or 6), for example NaCl, CsCl, KCI and KBr. 
The number of Schottky defects formed per cm? (n,) is given by 

W 

AN DPN OT 
here N is the number of sites per cm? that could be left vacant, W., is the WOrk ; ork necessary to form a Schottky defect, k is the gas constant and T the 

absolute temperature. 

W 

Frenkel defects 

À Frenk E uw defect consists of a vacant lattice site (a ‘hole’), and the ion 
ne ideally should have occupied the site now occupies an interstitial 

p age (see Figure 3.14). 
etal 1 . ni. = are generally smaller than the anions. Thus it is easier to 

ee into alternative interstitial positions, and consequently it is 
bd zc find the positive ions occupying interstitial positions. This 

. Ct is favoured by a large difference in size between the positive 

59] 
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3.14 Frenkel defect. 
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and negative tons, and consequently the coordination number is usually 

low (4 or 6) Since small positive ions are highly polarizing and large 

negative ions are readily polarized, these compounds have some covalent 
character This distortion of tons, and the proximity of like charges, leads 

to a high dielectric constant Examples of this type of defect are ZnS 

AgCl, AgBr and Agl 

The number of Frenkel defects formed per em (rj) 15 given by 

W 
ny = VNN' exp (x) 

where N is the number of sites per cm? that could be left vacant, N' is the 
number of alternative interstitial positions per cm*, Wy 15 the work 

necessary to form a Frenkel defect, k 1s the gas constant and T the absolute 
temperature 

The energy needed to form either a Schottky defect or a Frenkel defect 
depends on the work needed to form the defect, and on the temperature 
In a given compound one type generally predominates 

In NaCl, the energy to form a Schottky defect is about 200 kJ mol"! 
compared with a lattice energy of approximately 750kJmol7! It 1s 
therefore much easier to form a defect than to break the lattice 
The number of defects formed is relatively small, and at room tempera 

ture NaCl has only one defect in 10" lattice sites, this value rising to one t 
10" sites at 500°C and one in 10° sites at 800°C 
A consequence of these defects is that a crystalline solid that has defects 

may conduct electricity to a small extent. Electrical conductiity à 2 
chemically pure, storchiometric semiconductor is called *nitrinsic semicon 
duction’ In the above cases, intrinsic semiconduction occurs by an ionic 
mechanism If an on moves from its lattice site to occupy a ‘hole’ it 
creates a new ‘hole’ If the process is repeated many times a ‘hole’ may 
migrate across a crystal, which is equivalent to moving a charge in the 
opposite direction (This type of semiconduction is responsible for the 
unwanted background noise produced by transistors ) 

Crystals with Frenkel defects have only one type of hole, but crystals 
containing Schottky defects have holes from both positive and negative 
ions, and conduction may arise by using either one type of hole or both 
types Migration of the smaller ion (usually the positive ion) into the 
appropriate holes is favoured at low temperatures, since moving a smal! 

Table 37 Percentage of conduction by cations and anions 

Temp NaF CC) NaC] NaBr 

p cation 7» anion cation 95 anion 975. cation % anion "o 

300 100 0 100 0 98 2 
200 100 0 98 2 94 6 
600 92 8 91 9 g9 L 
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ion requires less energy. However, migration of both types of ions in 

opposite directions (using both types of holes) occurs at high temperatures. 

For example, at temperatures below 500°C the alkali halides conduct by 

migration of the cations, but at higher temperatures both anions and 

cations migrate. Further, the amount of anionic conduction increases with 

temperature, as Shown in Table 3.7. 

The density of a defect lattice should be different from that of a perfect 

lattice. The presence of ‘holes’ should lower the density, but if there are 

too many ‘holes’ there may be a partial collapse or distortion of the lattice — 

in which case the change in density is unpredictable. The presence of ions 
in interstitial positions may distort (expand) the lattice and increase the 
unit cell dimensions. 

NONSTOICHIOMETRIC DEFECTS 

Nonstoichiometric or Berthollide compounds exist over a range of 
chemical composition. The ratio of the number of atoms of one kind to the 
number of atoms of the other kind does not correspond exactly to the ideal 
whole number ratio implied by the formula. Such compounds do not obey 
the law of constant composition. There are many examples of these com- 
pounds, particularly in the oxides and sulphides of the transition elements. 
Thus in FeO, FeS or CuS the ratio of Fe: O, Fe:S or Cu:S differs from 
that indicated by the ideal chemical formula. If the ratio of atoms is not 
exactly 1:1 in the above cases, there must be either an excess of metal 
ions, or a deficiency of metal ions (e.g. Feg ,4,0- Feng g40, Feq,55). 
Electrical neutrality is maintained either by having extra electrons in the 
Structure, or changing the charge on some of the metal ions. This makes 
the structure irregular in some way, i.e. it contains defects, which are in 
addition to the normal thermodynamic defects already discussed. 

Metal excess 

This may occur in two different ways. 

F-centres 

A negative ion may be absent from its lattice site, leaving a ‘hole’ which is 
occupied by an electron, thereby maintaining the electrical balance (see 
F ibre 3.15). This is rather similar to a Schottky defect in that there are 
holes and not interstitial ions, but only one ‘hole’ is formed rather than a 
fom, 2 Aa of defect is formed by crystals which would be expected to 
E 7 y defects. When compounds such as NaCl, KC}, LiH or 8-TiO 
linc c excess of their constituent metal vapours, or treated with 
MNT M they become deficient in the negative ions, and their 
bL y € represented by AX,. 4, where ô is a small fraction. The 

ometric form of NaCl is yellow, and the nonstoichiometric 
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Figure 3.15 Metal excess defect 
because of absent anion. 
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Figure 3 16 Metal exeess defects 
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form of KCl is blue-Dilac :n colour Note the similarity with the flame 

colorations for Na and K 
The crvsta] lattice has vacant anion sites, which are occupied by 

electrons Anion sites occupied by electrons in this way are called F- 
centres (F 1s an abbreviation for Farbe, the German word for colour ) 
These F centres are associated with the colour of the compound and the 
more F-centres present, the greater the intensity of the coloration. Solids 
containing F centres are paramagnetic, because the electrons occupying 

the vacant sites are unpaired When materials with F-centres are irradiated 
with light they become photoconductors When electrons tn the F centres 
absorb sufficter* light (or heat) energy, the electron is promoted into a 
conduction band, rather similar to the conduction bands present in metals 
Since conduction 1s by electrons it 1s (p type semiconduction 

Interstitial rons and electrons 

Metal excess defects also occur when an extra positive ion occupies an 
interstitial position in the lattice, and electrical neutrality 1s maintained by 

the inclusion of an interstitial electron (see Figure 3 16) Their composition 
may be represented by the general formula À,,4X 

This type of defect 1s rather like a Frenkel defect in that 10ns occupy 
interstitial positions, but there are no ‘holes’, and there are also interstitial 
electrons This kind of metal excess defect ıs much more common than the 
first, and 1s formed in crystals which would be expected to form Frenkel 
defects (1e the sons are appreciably different in size, have a low co 
ordination number, and have some covalent character) Examples include 
ZnO, CdO, Fe;O, and Cr;O, 

If this type of defect oxide 1s heated 1n dioxygen, then cooled to room 
temperature, its conductivity decreases Thus is because the dioxygen 
oxidizes some of the interstitial tons, and these subsequently remove 
interstitial electrons, which reduces the conductivity 

Crystals with. either type of metal excess defect contain free electrons, 
and if these migrate they conduct an electric current. Since there are only a 
small number of defects, there are only a few free electrons that can 
conduct electricity Thus the amount of current carried is. very small 
compared with that in metals, fused salts or salts in aqueous solutions, and 
these defect materials are called sermconductors Since the mechamsm 1s 
normal electron conduction, these are called n type semiconductors These 
free electrons may be excited to higher energy levels giving absorption 
spectra, and in consequence their compounds are often coloured, e £ 
nonstoichiometric NaCl is yellow, nonstoichiometric KCI ts htac, and ZnO 
1s white when cold but yellow when hot 

Metal deficiency 

Metal deficient compounds may be represented by the general formula 
Ayo In principle metal deficiency can occur in two ways Both require 
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variable valency of the metal, and might therefore be expected with the 

transition metals. 

Positive ions absent 

If a positive ion is absent from its lattice site, the charges can be balanced 

by an adjacent metal'ion having an extra positive charge (see Figure 3.17). 

Examples of this are FeO, NiO, 8-TiO, FeS and Cul. (If an Fe** is missing 

from its lattice site in FeO, then there must be two Fe** ions somewhere in 

the lattice to balance the electrical charges. Similarly if a Ni^* is missing 
from its lattice site in NiO, there must be two Ni?* present in the lattice.) 

Crystals with metal deficiency defects are semiconductors. Suppose the 
lattice contains A* and A** metal ions. If an electron ‘hops’ from an At 
ion to the positive centre (an A** ion), the original A* becomes a new 
positive centre. There has been an apparent movement of A^*. With a 
series of similar ‘hops’, an electron may be transferred in one direction 
across the structure, and at the same time the positive hole migrates in the 
opposite direction across the structure. This is called positive hole, or 
p-type semiconduction. 

If a defect oxide of this type is heated in dioxygen, its room temperature 
conductivity increases, because the dioxygen oxidizes some of the metal 
ions, and this increases the number of positive centres. 

Extra interstitial negative ions 

In principle it might be possible to have an extra negative ion in an 
interstitial position and to balance the charges by means of an extra charge 
on an adjacent metal ion (see Figure 3.18). However, since negative ions 
are usually large, it would be difficult to fit them into interstitial positions. 
No examples of crystals containing such negative interstitial ions are 
known at present. 

SEMICONDUCTORS AND TRANSISTORS 

Semiconductors are solids where there is only a small difference in energy, 
called a band gap, between the filled valency band of electrons and a 
conduction band. If cooled to absolute zero, the electrons occupy their 
lowest possible energy levels. The conduction band is empty, and the 
material is a perfect insulator. At normal temperatures, some electrons are 
thermally excited from the valency band to the conduction band, and 
ence they can conduct electricity by the passage of electrons at normal 

temperatures. The conductivity is in between that of a metal and an Insulator and depends on the number of electrons in the conduction band. 
oo and, to an even greater extent, silicon are the most im- 
imis Ri examples of semiconductors. The crystal structures 
hee e like diamond. Atoms of Si and Ge both have four electrons in 

Outer shell, which form four covalent bonds to other atoms. In both 

G 
G 
@- 
(2-- 

Q X 
6) m O 

@- 
Figure 3.17 Metal deficiency 
caused by missing positive ion. 
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Figure 3.18 Metal deficiency 
caused by interstitial negative 
ions. 
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Table 38 Band gaps of some semuconductors at absolute zero 
 ——— Ha ÓÁ—— — ——E———————————————HEPETEEPEREREEERER n RREETUPPERER m EREERUERERERERER EEE 

Compound Energy gap Compound Energy gap (kJ mol ') (kJ mol7!) 

a Sn GaAs 145 
PbTe 19 Cu O 212 
Te 29 Cd§ 251 
PbS 29 GaP 278 
Ge 68 ZnO 328 
SI [06 ZnS 376 
inP 125 Diamond 579 

st and Ge at very low temperatures the valence band is filled and the 
conduction band ts empty Under these conditions, Sı and Ge are both 
insulators and cannot carry any electric current 

The band gaps are only 68 kJ mol! for Ge, and 106 kJ mol^! for Si, and 
dt room temperature a few valence electrons gain sufficient energy from 
the thermal vibration of the atoms to be promoted into the conduction 
band lf the crystal is connected in an electric circuit, these. thermally 
excited electrons carry à small current, and make the Si or Ge crystal 
slightly conducting. This is termed intrinsic semiconduction Expressed m 
another way some bonds are broken. and these valence electrons can 
migrate. and conduct electricity 

As the temperature is increased. the conductivity increases, that is the 
electrical resistance decreases (This 1s the opposite of the situation with 
metals ) Above 100°C so many valence electrons are promoted to the 
conduction band in Ge that the crystal lattice disintegrates With Si the 
maximum working temperature 1s 150°C This intrinsic semiconduction 15 
undesirable and precautions must be taken to limit the working tempera 
ture of transistors 

Pure Si and Ge can be made semiconducting in a controlled way by 
adding impurities which act as charge carriers St or Ge are first obtained 
extremely pure by zone refining Some atoms with five outer electrons 
such as arsenic As are deliberately added to the silicon crystal This 
process is called *doping' the crystal. A minute proportion of Si atoms are 
randomly replaced by As atoms with five electrons in their outer shell 
Only four of the outer electrons on each As atom are required to form 
bonds in the lattice At absolute zero or low temperatures, the fifth 
electron is localized on the As atom However, at normal temperatures 
some of these fifth electrons on AS are excited into the conduction band 
where they can carry current quite readily This is extrinsic conduction, and it increases the amount of semiconduction far above that possible by Intrinsic conduction Since the current 1s carried by excess electrons, if 15 
n type semiconduction 

Alternatively a crystal of pure Sı may be doped with some atoms with 
only three outer electrons such as indium In Each indium atom uses tts 
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three outer electrons to form three bonds in the lattice, but they are unable 

to form four bonds to complete the covalent structure. One bond is in- 

complete, and the site normally occupied by the missing electron is called 

a ‘positive hole’. At absolute zero or low temperatures, the positive holes 

are localized around the indium atoms. However, at normal temperatures 

a valence electron on an adjacent Si atom may gain sufficient energy to 

move into the hole. This forms a new positive hole on the Ge atom. The 

positive hole seems to have moved in the opposite direction to the 
electron. By a series of ‘hops’, the ‘positive hole’ can migrate across the 
crystal. This is equivalent to moving an electron in the opposite direction, 
and thus current is carried. Since current is carried by the migration of 
positive centres, this is p-type semiconduction. 

Silicon must be ultra-highly purified before it can be used in semiconduc- 
tors. First impure silicon (98% pure) is obtained by reducing SiO, with 
carbon in an electric furnace at about 1900°C. This may be purified by 
reacting with HCl, forming trichlorosilane SiHCl;, which may be distilled 
to purify it, then decomposed by heating to give pure silicon. 

S10, + C— Si + CO, 

Si -- 3HCI 2.5 H, 4 SiHCl, strong heat i 
UOTE er Si 

The final purification is by zone refining, where a rod of silicon is melted 
near one end by an electric furnace. As the furnace is slowly moved along 
the rod, the narrow molten zone gradually moves to the other end of the 
rod. The impurities are more soluble in the liquid melt than in the solid, so 
they concentrate in the molten zone, and eventually move to the end of the 
rod. The impure end is removed, leaving an ultra-purified rod, with a 
purity of at least 1 part in 10'°. Purified silicon (or germanium) crystals can 
be converted to p-type or n-type semiconductors by high temperature 
diffusion of the appropriate dopant element, up to a concentration of 
l part in 10", In principle any of the Group III elements boron, aluminium, 
gallium or indium can be used to make p-type semiconductors, though 
Indium is the most used because of its low melting point. Similarly Group 
V elements Such as phosphorus or arsenic can be used to make n-type 
semiconductors, but because of its low melting point arsenic is most used. 
Peas a T is doped with indium at one end, and with arsenic at the 

ier then one part is a p-type semiconductor and the other, an n-type 
miconductor. In the middle there will be a boundary region where the 

tw E . . « . » . t ie Sides meet, which is a p-n junction. Such junctions are the important 
part of modern semiconductor devices. 

RECTIFIERS 

A rectifier will only allow cur 
in one direction. This is 
Into direct current DC,a 

rent from an outside source to flow through it 
invaluable in converting alternating current AC 
nd it is common to use a square of four diodes in a 
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Figure 3.19 (a) Pure germanium. 
(b) n-type germanium. (c) p-type 
germanium. 



LLL 
THEIONICBOND o .. [LLL —GÁEt 

A diode 

positive holes 

k e emm 

electrons 

conducts 

does not conduct 

Figure 3 20 Án n p junction as 4 
rectifier 

circuit to do this A diode 1s simply a transistor with two zones oné P type 

and the other n type with a p # junction in between 

Suppose that a positive voltage is applied to the p type region, and a 

negative (or more negative) voltage applied to the #-type region In the 

p type region positive holes will migrate towards the p n junction In the 

n type region. electrons will migrate towards the junction. At the junction 

the two destroy each other. Expressed in another way. at the junction the 

TMpT ang theions SOM Lhe Nypt. Sega SRM, SS the vacant NAAT, 

the valence band of the p type repon The migration of electrons and holes 

can continue indefinitely, and a current will flow for as long as the external 
voltage is applied 

Consider what will happen if the voltages are reversed, so tHe p type 
region is negative and the n type region positive In the p typ? region 
positive holes migrate away from the junction and in the n type region 
electrons migrate away from the junction. At the junction there aft neither 

positive holes nor electrons, so no current can flow 

PHOTOVOLTAIC CELL 

If a p n junction is irradiated. with light. provided that the energy of the 
hight photons exceeds the band gap then some bonds will bresk giving 

electrons and positive holes and these electrons are promoted from the 
valence band to the conduction band The extra electrons in the conduc 

uon band make the n type remon more negative whilst m ie p UP* 
region the electrons are trapped by some positive holes If the tw© regions 
dre connected in an external circuit. then. electrons can flow from the 
n type region to the p type region. that is current flows from the P 1yPE 19 
the "n type region. Such a device acts as a battery that can generale 
electricity from light. Efforts are being made to make efficient cells of this 
type to harness solar energy 

“TRANSISTORS 

Transistors are typically single crystals of silicon which have been doped to 
give three zones In Britan p n p transistors are mainly used, whilst in the 
USA n p n transistors are most widely used Both types have many uses 
for example as amplifiers and oscillators ın radio, TV and Ii fi cifcuits and 
in computers They are also used as phototransistors, tunnel diodes, Solar 
cells, thermistors, and in the detection of ionizing radiation 

Different voltages must be apphed to the three regions of a transistor fo 
make it work Typical bias potentials for a p n p transistor are Shown m 
Figure 321. The base is typically —0 2 volts and the collector 19 typically 
72 0 volts with respect to the emitter. The charge carriers in th* emitter 
dre positive holes and these migrate from the emitter at 0 volts to the base 
at ^U 2 volts The positive holes cross the emitter/base p n juncuen and in 
the 4 type base region some positive holes combine with electrons and are 
destroved There ss 4 flow of electrons in the reverse direction from the 
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An n-p-n transistor | (an tp] on | —0.2V 

Base (b) 
emitter base collector 

A tarsi 
emitter base collector OV —2V 

positive holes Emitter (e) Collector (c) 
gtd I ett d 

vel 75 T2] 7] 
-0.2 V 

Figure 3.21 n-p-n and p-n-p transistors. 

base to the emitter. There is thus a small base current. However, the base 
is very thin, and the collector has a much greater negative voltage, so most 
of the positive holes pass through the base to the collector, where they 
combine with electrons from the circuit. At the emitter, electrons leave the 
p-type semiconductor and enter the circuit, and in doing so they produce 
more positive holes. Typically, if the emitter current is 1 mA, the base 
current is 0.02 mA, and the collector current 0.98 mA. 
The most common method of using a transistor as an amplifier is the 

common or grounded emitter circuit (Figure 3.22a). The emitter is 
common to both the base and collector circuits, and is sometimes grounded 
(earthed). The base current is the input signal, and the collector current is 
the output signal. If the base current is reduced, for example by increasing 
R,, the base becomes positively charged, and this reduces the movement of 
positive holes to the collector. In a typical transistor, a change in the base 
current can produce a change 50 times as great in the collector current, 
blving a current amplification factor of 50. A small change in input current 
to the base produces a much larger change in the collector current, so the 
Original signal is amplified. 

In practice the bias for both the base and the collector are often obtained 
from one battery by having the resistance of R, much greater than that of 
R: (Figure 3.22b). 

a) (b) 
Figure 3 . : 22 Common emitter amplifier circuits. e = emitter. b = base. e = collector. 



Finally, z p a transistors work 1n a similar way, except that the polarity 

of the bias voltages 1s reversed so the collector and base are positive with 

respect to the emitter 

MICRO MINATURIZED SEMICONDUCTOR DEVICES 

INTEGRATED CIRCUITS 

It 1s now possible to manufacture computer chips with the equivalent of 

many thousands of single crystal transistor junctions on a smail wafer of 

silicon, only a few millimetres square (Memory chips for computers are 

readily available which store 64K 256K 1 megabyte and even 4 megabytes 

of data on a single chip } 
The steps 1n the manufacture of such chips is 

1 A famly large single crystal of $1 1$ doped to make it an n type semi 

conductor, and then it 1s carefully cut into thin slices 
2 Aslice is heated tn atr to form a thin surface layer of SiO, 
3 The oxide layer is then coated with a photosensitive film, sometimes 

called a photoresist 
4 A mask is placed over the photoresist and the slice is exposed to UV 

light Those parts of the photoresist exposed to light are changed and 
are removed by treatment with acid but the unexposed parts remain 
protected by the photoresist 

5 The slice is then treated with HF, which etches (removes) the exposed 
areas of S10, After this, the unchanged photoresist 1s removed 

6 The surface is exposed to the vapour of a Group 13 element Some ol 
the surface ıs covered by a film of S10;, and some has exposed silicon 
The parts covered by a $10; film are unaffected, but 1n the parts where 
the silicon itself is exposed, some Si atoms are randomly replaced, 
forming a layer of p type semiconductor 

7 The steps (2) to (5) are repeated using a different mask, and the exposed 
areas of S: exposed to the vapour of a Group 15 element, to produce 
another layer of n type semiconductor 

8 Steps (2) to (5) are repeated using a mask to produce the openings 
into which metal can be deposited to ‘wire together’ the various sem 
conductors so produced into an integrated circuit 

9 Finally the chip is packaged in plastic or ceramic, connecting pins ate 
soldered on so that it may be plugged in to a socket on a circuit board 

and the chip is tested. A significant number turn out to be faulty Faulty 
chips cannot be repaired, and are discarded 
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PROBLEMS 

I. Relate the tendency of atoms to gain or lose electrons to the types of 
bonds they form. 

2. Indicate to what extent the following will conduct electricity, and give 
the mechanism of conduction in each case: 
(a) NaCl (fused) 
(b) NaCI (aqueous solution) 
tc) NaCl (solid) 
(d) Cu (solid) 
(e) CCl, (liquid). 

- Why are ionic compounds usually high melting, whilst most simple covalent compounds have low melting points? Explain the high 
melting point of diamond. 
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How are the minimum values of radius ratio armved at for various 

coordination numbers, and what are these limits? Give examples of 

the types of crystal structure associated with each coordination 

number 

Show by means of a diagram, and a simple calculation, the mimmum 

value of the radius ratio r*/r^ which permits a salt to adopt a caesium 
chloride type of structure 

Give the coordination numbers of the 1ons and describe the crystal 
structures of zinc blende, wurtzite and sodium chloride in terms of 
close packing and the occupancy of tetrahedral and octahedral holes 

CsCl CsI, TIC] and TH all adopt a caestum chloride structure The 
inter rome distances are Cs~Cl 306A, Cs-1 341A TI-CI 2 55À 
and TI-12 90À Assuming that the 10ns behave as hard spheres and 
that the radius ratio 1n. TII has the limiting value, calculate the ionic 
radu for Cs*, Th*, CI^, I7 in eight coordination 

Write down the Born—Lande equation and define the terms in it Use 
the equation to show why some crystals, which according to the radius 
ratio concept should adopt a coordination number of 8, in fact have a 
coordination number of 6 

Outline 4 Born- Haber cycle for the formation of an Ionic compound 
MCI Define the terms used and state how these might be measured ot 
calculated How do these enthalpy terms vary throughout the periodic 
table? Use these variations to suggest how the properties of NaC! 
might differ from those of CuCl 

Explain the term lattice energy as applied to an ionic solid. Calculate 
the lattice energy of caesium chloride using the following data 

Cs(s) — Cs(g) AH -— 479 9kI mol^' 
Cs(g) — Cs*(g) AH = +374 05k] mol! 
Cl;(g) — 2Ci(g) AH = +241 84kJ mol™' 
Cl(g) *- e — Cl (g) AH = —397 90kJ mol! 
Cs(s) + 3Cl; — CsCl(s)— AH - —623 00 KJ mol? 

(a) Draw the structures of CsCI and T:O., showing clearly the 
coordination of the cations and anions (b) Show how the Bom- 
Haber cycle may be used to estimate the enthalpy of the hypo 
thetical reaction 

Ca(s) + Cl (g) — CaCI(s) 
Explam why CaCl(s) has never been made even though the 
enthalpy for this reaction is negative 

The standard enthalpy changes AH" at 298 K for the reaction 

MCls(s) + 3Cls(z) — MCh(s) 
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are given for the first row transition metals: 

Sc Ti V Cr Mn Fe Co Ni Cu 

AH"*IkJ mol"! —339 —209 —138 —160 422 —59 --131 4280 +357 

Use a Born- Haber cycle to account for the change in AH" as the 
atomic number of the metal increases. Comment on the relative 

stabilities of the +I] and +III oxidation states of the 3d metals. 

13. List the types of defect that occur in the solid state and give an example 
of each. Explain in each case if any electrical conduction is possible 
and by what mechanism. 



The covalent bond 

INTRODUCTION 

There are several different theories which explain the electronic structures 
and shapes of known molecules, and attempt to predict the shape of 
molecules whose structures are so far unknown Each theory has its own 
virtues and shortcomings. None is rigorous. Theories change in the light of 
new knowledge and fashion If we knew or could prove what a bond was 
we would nat need theories, which by definition cannot be proved The 
value of a theory lies more in its usefulness than in its truth. Being able to 
predict the shape of a molecule is important 1n many cases all the theones 
give the correct answer 

THE LEWIS THEORY 

The octet rule 

The Lewis theory was the first explanation of a covatent bond in terms of 
electrons that was generally accepted If two electrons are shared between 
two atoms, this constitutes a bond and binds the atoms together For many 
light atoms a stable arrangement 1s attained when the atom 1s surrounded 
by eight electrons This octet can be made up from some electrons which 
are ‘totally owned’ and some electrons which are ‘shared’ Thus atoms 
continue to form bonds until they have made up an octet of electrons This 
is called the ‘octet rule’ The -ctet rute explains the observed valencies 1n a 
large number of cases There are exceptions to the octet rule, for example, hydrogen is stable with only two electrons Other exceptions are discussed 
later A chlorine atom has seven electrons im its outer shell, so by sharing 
one electron with. another chlorine atom both atoms attain an octet and form a chlonne molecule Cl, 

CI CI — CI CI 

A fou carbon atom has four electrons in its outer shell, and by sharing all 
ns and forming four bonds it attains octet status in CCl, 



CI 

esaf a: jaa: c:a 

CI 

In a similar way, a nitrogen atom has five outer electrons, and in NH; 

it shares three of these, forming three bonds and thus attaining an octet. 
Hydrogen has only one electron, and by sharing it attains a stable arrange- 
ment of two electrons. 

ee 

H 

In a similar way an atom of oxygen attains an octet by sharing two 
electrons in HO and an atom of fluorine attains an octet by sharing one 
electron in HF. 

H:O: H:F: 

H 

Double bonds are explained by sharing four electrons between two 
atoms, and triple bonds by sharing six electrons. 

c2).0:|-:oicio: 

Exceptions to the octet rule 

The octet rule is broken in a significant number of cases: 

]. For example, for atoms such as Be and B which have less than four 
outer electrons. Even if all the outer electrons are used to form bonds 
an octet cannot be attained. 

Becta] P: |>. F: Be: F: 

: F: 

Besar: [ors Bek: 

2. . = E rule is also broken where atoms have an extra energy level 
cn ts close in energy to the p level, and may accept electrons and be 
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used for bonding PF; obeys the octet rule, but PFs does not PF; has 

ten outer electrons, and uses one 3s, three 3p and one 3d orbitals Any 

compound with more than four covalent bonds must break the octet 

rule, and these violations become increasingly common in elements 

after the first two periods of eight elements in the periodic table 

3 The octet rule does not work in molecules which have an odd number 

of electrons, such as NO and ClO;, nor does it explam why QO 1s para 

magnetic and has two unpaired electrons 

Despite these exceptions, the octet rule is surprisingly reliable and did a 
great deal to explain the number of bonds formed 1n simple cases. How 

ever, it gives no indication of the shape adopted by the molecule 

SIDGWICK--POWELL THEORY 

In 1940 Sidgwick and Powell (see Further Reading) reviewed the struc 
tures of molecules then known They suggested that for molecules and 
ions that only contain single bonds, the approximate shape can be pre 
dicted from the number of electron pairs in the outer or valence shell of 
the central atom The outer shell contains one or more bond pars of 
electrons, but it may also contain unshared pars of electrons (lone pairs) 
Bond pairs and lone pairs were taken as equivalent, since all electron pairs 
take up some space, and since all electron pairs repel each other Repul 
sion is minimized 1f the electron pairs are orrentated in space as far apart as 
possible 

1 If there are two pairs of electrons in the valence shell of the central 
atom, the orbitals containing them will be oriented at 180° to each 
other It follows that if these orbitals overlap with orbitals from other 
atoms to form bonds, then the molecule formed will be linear 

2 If there are three electron pairs on the central atom, they will be at 
120° to each other, giving a plane tnangular structure 
For four electron pairs the angle 1s 109°28', and the shape ts tetrahedral 
For five pairs, the shape is a trigonal bipyramid 
For six pairs the angles are 90° and the shape is octahedral Ch fe to 

VALENCE SHELL ELECTRON PAIR REPULSION (VSEPR) 
THEORY 

In 1957 Gillespie and Nyholm (see Further Reading) improved the Sidg 
wick—Powell theory to predict and explain molecular shapes and bond 
angles more exactly The theory was developed extensively by Gillespie as 
the Valence Shell Electron Pair Repulsion (VSEPR) theory This may be 
summarized 

1 ‘The shape of the molecule ss determined by repulssons between all of 
the electron pairs present in the valence shel! (This 1s the same 45 the 
Sidgwick - Powell theory ) 
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VALENCE SHELL ELECTRON PAIR REPULSION (VSEPR) THEORY 

Table 4.1 Molecular shapes predicted by Sidgwick- Powell theory 
raa d UE E E 

————————————
 M 

Number of electron Shape of molecule Bond angles 

pairs in outer shell 

2 linear 180° 

120° 

4 tetrahedron a> 109°28' 

5 trigonal bipyramid <7 120° and 90° 

6 octahedron Z7 90° 

1 pentagonal bipyramid ats 72° and 90° 

3 plane ‘tangle 

2. A lone pair of electrons takes up more space round the central atom 
than a bond pair, since tue lone pair is attracted to one nucleus whilst 
the bond pair is shared by two nuclei. It follows that repulsion between 
two Jone pairs is greater than repulsion between a lone pair and a bond 
pair, which in turn is greater than the repulsion between two bond 
pairs. Thus the presence of lone pairs on the central atom causes slight 
distortion of the bond angles from the ideal shape. If the angle between 
a lone pair, the central atom and a bond pair is increased, it follows that 
the actual bond angles between the atoms must be decreased. 

. The magnitude of repulsions between bonding pairs of electrons de- 
pends on the electronegativity difference between the central atom and 
the other atoms. 

- Double bonds cause more repulsion than single bonds, and triple bonds 
cause more repulsion than a double bond. 

Effect of lone pairs 

E with four electron pairs in their outer shell are based on a 
i : Lm CH, there are four bonding pairs of electrons in the outer 
MEN p atom, ang the structure is a regular tetrahedron with bond 
E GR E of 109°28’. In NH; the N atom has four electron pairs in 
the long ell, made up of three bond pairs and one lone pair. Because of 
a the bond angle H—-N—H is reduced from the theoretical 
oe i of 109 28’ to 107°48’. In H,O the O atom has four 
us on in the outer shell. The shape of the HO molecule is based 
D ee with two corners occupied by bond pairs and the other 
the bond ata ee The presence of two lone pairs reduces 

ie MM SF, has six bond pairs in the outer shell and is a regular outer pairs of ol ond angles of exactly 90°. In BrFs the Br also has six 
electrons, made up of five bond pairs and one lone pair. The 
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lone parr reduces the bond angles to 8430 Whilst it might be expected 
that two lone pairs would distort the bond angles ın an octahedron stili 
further, in XeF, the angles are 90° This ts because the lone pairs are trans 
to each other in the octahedron, and hence the atoms have a regular 
square planar arrangement 

Molecules with five pars of electrons are all based on a trigonal bipy 
ramud Lone pairs distort the structures as before The lone pairs always 

occupy the equatorial positions {in the triangle), rather than the apical 
positions (up and down) Thus in the 1; 10n the central I atom has five 
electron pairs in the outer shell, made of two bond pairs and three lone 
pars The fone pairs occupy all three equatorial positions and the three 
atoms occupy the top muddle, and bottom positions in the trigonal bipy 
ramid, thus giving a linear arrangement with a bond angle of exactly 180 

(Table 4 2) 

Effect of electronegativity 

NF; and NH; both have structures based on a tetrahedron with one corner 
occupied by a lone pair. The high electronegativity of F pulls the bonding 
electrons further away from N than in NH; Thus repulsion between 
bond pairs 1s less in NF3 than in NH; Hence the lone pair in NF, causes 
a greater distortion from tetrahedral and gives a F—-N—-F bond angle of 
102°30’, compared with 107°48 1n NH, The same effect ıs found in H;O 
(bond angle 104727") and F;O (bond angle 102^) 

Table 4 2 The effects of bonding and lone pairs on bond angles 

Orbitals on Shape Number of Number of Bond 
central atom bond pars lone pairs angle 

BeCl, 2 Linear 2 0 180° ae LE LLL LLL 

BF, 3 Plane triangle 3 0 120° 
ae LLL LL u 

CH, 4 Tetrahedral 4 0 10928 
NH, 4 Tetrahedral 3 l 107°48 
NF; 4 Tetrahedral 3 ] 102730 
IO 4 Tetrahedral 2 2 104727 
F;O 4 Tetrahedral 2 2 102° 

—————Á————JÜ rar ye a O o m 

PCI 5 ‘Fngonal bipyramid 5 0 120° and 
90° 

SF, 5 Trigonal bipyramid 4 l 101736 and 
86°33 

CIF, 5 Tngonal bipyramid 3 2 87°40 
I, 5 Trigonal bipyramid 2 3 180" 

SF. 6 Octahedral 6 0 90° 
BrF, 6 Octahedral 5 l 84°30 
XcF, 6 Octahedral 4 2 00 
™ ra yy ner 



SOME EXAMPLES USING THE VSEPR THEORY 

Isoelectronic principle 

Isoelectronic species usually have the same structure. This may be ex- 

tended to species with the same number of valence electrons. Thus BF; , 

CH, and NH; are all tetrahedral, CO$^, NO; and SO; are all planar 

triangles, and CO2, Ny and NO¥ are all linear. 

SOME EXAMPLES USING THE VSEPR THEORY 

BF; and the (BF4] ̂ ion 

Consider BF; first. The VSEPR theory only requires the number of 
electron pairs in the outer shell of the central atom. Since B is in Group 
13 it has three electrons in the outer shell. (Alternatively the electronic 
structure of B (the central atom), is 1s” 2s? 2p', so there are three electrons 
in the outer valence shell.) If all three outer electrons are used to form 
bonds to three F atoms, the outer shell then has a share in six electrons, 
that is three electron pairs. Thus the structure is a planar triangle. Though 
this gives the correct.shape, its bonds are actually shorter than would be 
expected for single bonds, and the reason for this is discussed under 
‘Trihalides’ in Chapter 12. 
The [BF,]~ ion may be regarded as being formed by adding a F ion to 

a BF; molecule by means of a coordinate bond. Thus the B atom now 
has three electron pairs from the BF; plus one electron pair from the F^ 
There are therefore four electron pairs in the outer shell: hence the BF; 
ion has a tetrahedral structure. l 

Ammonia NH;- à E 
! 

N is the central atom. It is in Group 15 and has five electrons in the outer 
valence shell. (The electronic structure of N is 15? 2s? 2p?.) Three of these 

electrons are used to form bonds to three H atoms, and two electrons take 
no part in bonding and constitute a 'lone pair'. The outer shell then has a 
share In eight electrons, that is three bond pairs of electrons and one lone 
pair. Four electron pairs give rise to a tetrahedral structure and in this 
Case three positions are occupied by H atoms and the fourth position is 
i the lone pair (Figure 4.1). The shape of NH, may either be 
S : tetrahedral with one corner occupied by a lone pair, or 

E vey as pyramidal. The presence of the lone pair causes slight 
lon from 109°28’ to 107°48’. 

Ly 
Water H,O 

-- 
1 

O is the central ato à i m. It is in Group 16 and hence has six outer electrons. 
€ electronic st bonds with tw "opi of O is 1s* 2s* 2p*.) Two of these electrons form 

eke, atoms, thus completing the octet. The other four outer 
electrons (four em non-bonding. Thus in HzO the O atom has eight outer 

ea e ectron pairs) so the structure Is based on a tetrahedron. 
Wo bond pairs and two lone pairs. The structure is described as 

72» Like 

Figure 4.2 Structure of HO. 
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cl 

cl 

C1 

Figure 4 3 Structure of PCI, 
molecule 

2 

tetrahedral with two positions occupied by ione pairs The two lone pars 

distort the bond angle from 109°28’ to 104°27’ (Figure 4 2) 

Any triatomic molecule must be either linear with a bond angle of 180° 
ar else angular that is bent In H,O the molecule ts based on a tetrahe 
dron and is therefore bent 

Phosphorus pentachloride PCI; 

Gaseous PCI, 1s covalent P {the central atom) ts in Group 15 and so has 

five electrons in the outer shell (The electronic structure of P 1s 157 25° 2p° 
3s? 3p' ) AI five outer electrons are used to form bonds to the five Ci 
atoms In the PCI, molecule the valence shell of the P atom contains five 
electron pairs hence the structure 1s a tngonal bipyramd There are no 
lone pairs. so the structure 15 not distorted. However, a trigona! bipyramid 
is not a completely regular structure. since some bond angles are 90° and 
others 120° Symmetrical structures are usually more stable than asymme 
incalones Thus PCI, 15 highly reactive. and in the solid state it splits mto 
[PCi,]* and [PC] 10ns, which have tetrahedral and octahedral struc 
tures respectively 

Chlorine trifluoride CIF, 
4 

The chlorine atom 1s at the centre of the molecule and determines its 
shape Clisin Group 17 and so has seven outer electrons (The electronic 
structure of Clis 157 257 2p° 35* 3p* } Three electrons form bonds to F, and 
four electrons do not take part in bonding Thus 1n CIF, the CI atom has 
five electron pairs in the outer shell hence the structure i5 a trigonal 
bipyramid. Thete are three bond pairs and two lone pairs 

[t was noted previously that a trigona! bipyramid is not a regular shape 
since the bond angles are not all the same It therefore follows that the 
comers are not equivalent. Lone pais occupy two of the corners, and F 
atoms occupy the other three corners Three different arrangements are 
theoretically possible as shown in Figure 4 4 

The most stable structure will be the one of lowest energy, that ts the 
one with the minimum repulsion between the five órbitals The greatest 
repulsion occurs between two lone pairs Lone pair -bond pair repulsions 
are next strongest. and bond pair-bond pair repulsions the weakest 

ae E F 

F F F : : F 

F F . 

.. T F 

(9 (2) (3) 
Figure 4 4 Chlonne taifluonde molecule 
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Groups at 90° to each other repel each other strongly, whilst groups 120° 

apart repel each other much less. : EN | 

Structure 1 is the most symmetrical, but has six 90 repulsions between 

lone pairs and and atoms. Structure 2 has one 90° repulsion between two 

lone pairs, plus three 90* repulsions between lone pairs and atoms. Struc- 

ture 3 has four 90° repulsions between lone pairs and atoms. These factors 

indicate that structure 3 is the most probable. The observed bond angles 

are 87°40’, which is close to the theoretical 90". This confirms that the 

correct structure is (3), and the slight distortion from 90° is caused by the 

presence of the two lone pairs. | | | 

As a general rule, if lone pairs occur in a trigonal bipyramid they will 

be located in the equatorial positions (round the middle) rather than 

the apical positions (top and bottom), since this arrangement minimizes 

repulsive forces. 

Sulphur tetrafluoride SF, 

S iš in Group 16 and thus has six outer electrons. (The electronic con- 
figuration of S is 1s? 2s? 2p? 3s? 3p*.) Four outer electrons are used to form 
bonds with the F atoms, and two electrons are non-bonding. Thus im SF; 
the S has five electron pairs in the outer shell: hence the structure is based 
on a‘trigoral bipyramid. There are four bond pairs and one lone pair. To 
minimize the repulsive forces the lone pair occupies an equatorial position, 
and F atoms are located at the other four corners, as shown in Figure 4.5. 

The triiodide ion I3 
| | i 

If iodine is dissolved in aqueous potassium iodide, the triiodide ion I5 is 
formed. This is an example ofa polyhalide ion, which is similar in structure 
to BrICI" (see Chapter 15). The I3 ion (Figure 4.6) has three atoms, and 
must be either linear or angular in shape. It is convenient to consider the 
Structure in a series of stages — first an I atom, then an I; molecule, and 
then the I; ion made up of an I, molecule with an I~ bonded to it by means 
of a coordinate bond. 

I, tl — [I—I—l] T 

lodine is in Group 17 and so has seven outer electrons. (The electronic 
configuration of I is 15? 2s? 2p 3s? 3p$ 3419 452 459 410 5s? 5p?.) One of the 
outer electrons is used to bond with another I atom, thus forming an I, molecule. The I atoms now have a share in eight electrons. One of the I atoms in the I, molecule accepts a lone pair from an I~ ion, thus forming 
E : ion. The outer shell of the central I atom now contains ten electrons, at is five electron pairs. Thus the shape is based on a trigonal bipyramid. T ; 
E E two bond pairs and three lone pairs. To minimize the repulsive 
cus » ia lone pairs occupy the equatorial positions, and I atoms are 

€ centre and in the two apical positi ion i linear in shap pical positions. The ion i 
| 

S therefore 
€, with a bond angle of exactly 180°. 

Figure 4.5 Sulphur tetrafluoride 
molecule. 

I 

Figure 4.6 The triiodide ion. 



F Sulphur hexafluoride SFe 

F F Sulphur is in Group 16 and thus has six outer electrons. (The electronic 

structure of S is 1s? 2s? 2p? 35? 3p* ) All six of the outer electrons are used 
to form bonds with the F atoms Thus ın SFs the $ has six electron pairs in 

the outer shell hence the structure ts octahedral There are no fone pairs 

so the structure ts completely regular with bond angles of 90° 

F 

ure 47 Sulphur hexafluonde lodine heptafluoride IF; 
tecule This 1s the only common example of a non transition element using seven 

orbitals for bonding giving a pentagonal bipyramid (See Chapter 15 ) 
The total numbers of outer orbitals, bonding orbitals and lone pairs are 

related to the commonly occurring shapes of molecules in Table 4 1 

VALENCE BOND THEORY 

This theory was proposed by Linus Pauling who was awarded the Nobel 
Prize for Chemistry in 1954. The theory was very widely used in the period 
1940-1960 Since then it has to some extent fallen out of fashion How 
ever it 1$ Still much used by orgamc chemists and nt provides a basis for 
simple description of small inorganic molecules 

Atoms with unpaired electrons tend to combine with other atoms winch 
also have unpatred electrons In this way the unpaired electrons are pated 
up and the atoms involved all attain a stable electromic arrangement This 
ts usually a full shell of electrons (1e a noble pas configuration) Two 
electrons shared between two atoms constitute a bond The number of 
bonds formed by an atom 1$ usually the same as the number of unpaired 
electrons 1n the ground state 1¢ the lowest energy state However, in 
some cases the atom may form more bonds than this This occurs by exci 
tation of the atom (1e providing it with energy) when electrons which 
were paired in the ground state are unpaired and promoted into suitable 
empty orbitals "Thus increases the number of unpaired electrons, and 
hence the number of bonds which can be formed 

The shape of the molecule ıs determined prnmanly by the directions in 
which the orbitals point Electrons in the valence shell of the ongina! atom 
which are paired are called lone pairs 
A covalent bond results from the pairing of electrons (one from each 

atom) The spins of the two electrons must be opposite (antiparallel) 
because of the Pauli exclusion pnnciple that no two electrons 1n one atom 
can have all four quantum numbers the same 

Consider the formation of a few simple molecules 

1 In HF, H has a singly occupied s orbital that overlaps with a singly 
filled 2p orbital on F 

2 In H;O the O atom has two singly filled 2p orbitals each of which 
overlaps with a singly occupied s orbital from two H atoms 
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3. In NH3, there are three singly occupied p orbitals on N which overlap 

with s orbitals from three H atoms. 

4. In CH4, the C atom in its ground state has the electronic configuration 

is?, 25°, 2pŁ, 2p} and only has two unpaired electrons, and so can form 

only two bonds. If the C atom is excited, then the 2s electrons may be 

unpaired, giving 1s*, 2s', 2pł, 2p;, 2p:. There are now four unpaired 

electrons which overlap with singly occupied s orbitals on four H atoms. 

2p 
2D. 2p, 2p, 

1s 2s 

Electronic structure of 

carbon atom — ground T4 TL T |f 

state 
1s 2s 2p 

see — WE excited state T 

Carbon atom having gained m hes [e] 

four electrons from H Ts 

atoms in CH, molecule 

The shape of the CH, molecule is not immediately apparent. The 
three p orbitals p,, p, and p, are mutually at right angles to each other, 
and the s orbital is spherically symmetrical. If the p orbitals were used 
for bonding then the bond angle in water should be 90°, and the bond 

angles in NH; should also be 90°. The bond angles actually found differ 
appreciably from these: 

| CH, | H—C-—H - 109*28' 
NH, H—N—H = 10748' 
HO H—O—H - 10427 

ll 

Hybridization 

The chemical and physical evidence indicates that in methane CH, there 
are four equivalent bonds. If they are equivalent, then repulsion between 
electron pairs will be a minimum if the four orbitals point to the corners of 
à tetrahedron, which would give the observed bond angle of 109°28’. 
Each electron can be described by its wave function wp. If the wave 

functions of the four outer atomic orbitais of C are Wass W2p.> Wap,, and Pap’, 
then the tetrahedrally distributed orbitals will have wave functions Psp? 
made up from a linear combination of these four atomic wave functions. 

Wsps = CiWas + C2Wap, + CzWap, + Carp 
There are four different combinations with different weighting constants 
Cy, C>, C3 and C4. 

asd l l I Psa = Was H Pap, + Wap + 3 Pap 
— ] f l l 

Wsp 42) = Fo, + 2Wop. e 2p. = 5p ` 



THE COVALENT BOND 

Yea = NIS 7 has t Wp — s 

Ysp u = jus — Pap - fp + hp 

Combining or mixing the wave functions for the atomic orbitals in this way 
i5 called hybridization Mixing one 5 and three P orbitals in this WAy gives 

four sp? hybnd orbitals The shape of an sp” orbital ts shown in Figure 4 8 
Since one lobe is enlarged st can overlap more effectively than an s orbital 

or a p orbital on itsown Thus sp” hybrid orbitals form stronger bonds than 

the onginal atomic orbitals (See Table 4 3 ) 

25 2p, sp 
Atom c orbital Atomic orbital Hybrid orbital 

Figure 4 8 Combination of s and p atomic orbitals to. give an sp? hybrid orbital 
(a) 2s atomic orbital. (b) 2p, atomic orbital and (c) sp? hybrid orbital 

Table 4 3 Approximate strengths of bonds 
formed by various orbitals 

Orbital Relative bond strength 

$ 10 
p 173 
sg [ 93 
sp ] 99 
3p 2 00 

EE EE n Üü ÜÉ sd» eg M» "—— 

It 1s possible to mix other combinations of atomic orbitals in a similar 
way The structure of a boron tnfluonde BF, molecule is a planar tnangke 
with bond angles of 120° The B atom ts the central atom in the molecule 
and it must be excited to give three unpaired electrons so that in can form 
three covalent bonds 

is 23 2p 
Boron atom — ground state 

Boron atom — excited state 
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BF, molecule having gained a 

share in three electrons by [n [r] mInE 

bonding to three F atoms Mn] 
td 

sp? hybridization of the three orbitals 
in outer shell, hence structure is a planar triangle 

Combining the wave functions of the 2s, 2p, and 2p, atomic orbitals gives 

three hybrid sp? orbitals. 
l 2 

Ppa = y3 Pas + y6 Pap, 

1 1 1 
Wsp2(2) E y3 Wo, + V6 Wap, T y2 V2». 

Í l l 
Pa = y3 Past y6 Pp, 7 y2 Wp, 

These three orbitals are equivalent, and repulsion between them is mini- 
mized if they are distributed at 120° to each other giving a planar triangle. 
In the hybrid orbitals one lobe is bigger than the other, so it can overlap 
more effectively and hence form a stronger bond than the original atomic 
orbitals. (See Table 4.3.) Overlap of the sp? orbitals with p orbitals from F 
atoms gives the planar triangular molecule BF; with bond angles of 120°. 
Though this gives the correct shape, the bonds are actually shorter than 
would be expected for single bonds. and the reason for this is discussed 
under Trihalides in Chapter 12. 

Figure 4.9 (a) sp? hybrid orbitals and (b) the BF; molecule. 

The structure of a gaseous molecule of beryllium fluoride BeF; is linear 
i Be is the central atom in this molecule and determines the 
S E : hr molecule formed. The ground state electronic configuration 
ins s 2s". This has no unpaired electrons, and so can form no bonds. 
Mini. IS "CN an excited state will be formed By unpairing and 
SR £ à zs electron to an empty 2p.level, giving 1s? 2s! 2p. There are 

wo unpaired electrons, so the atom can form the required two bonds. 
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(a) (b) 

F Be F T 

(d) 
Figure 4 10 (a) s orbital. (b) p orbital. (c) formation of two sp hybrid orbitals and 
(d) their use im forming berylirum difluonde 

ls 

Beryllium atom — around state 

25 

Beryiiium atom — excited state tl ty 

Bek, molecule having gamed a 

share in two electrons by 
bonding to two F atoms 

— 

Sp hybridization of the two orbitals in 
the outer shell hence structure i$ linear 

A vy ondizing the 2s and 2p, atomic orbitals gives two equivalent sp hybrid 
orbitals 

1 l 
Von) 7 Va War + y2 Wp, 

1 ] 
V sp(2) = y2 Pis — y2 Wap, 

Because of their Shape these sp orbitals overlap more effectively and result 
in Stronger bonds than the original atomic orbitals Repulsion 1s minimized 
if these two hybrid orbitals are onented at 180° to each other If these 
orbitals overlap with p orbitals on F atoms, a linear BeF; molecule i5 
obtained 

It should in principle be possible to calculate the relative strength of bonds formed using 5, p Or various hybrid orbitals However, the wave equation can only be solved exactly for atoms containing one electron, that 1s hydrogen like species H, He*, Li?*, Be?* etc Attempts to work out the relative bond strengths involve approximations, which may or may not be valid On this basis it has been suggested that the relative strengths of 



THE EXTENT OF d ORBITAL PARTÍCIPATION IN MOLECULAR BONDING 

Table 4.4 Number of orbitals and type of hybridization 
eS
 nee 

Number of Type of Distribution in space 

outer orbitals hybridization of hybrid orbitals 
ee aa 

2 sp Linear 
3 sp* Plane tríangle 
4 sp? Tetrahedron 
5 sp 'd Trigonal bipyramid 
6 sp^d? Octahedron 
7 sp°d' Pentagonal bipyramid 
(4 dsp*) Square planar 

bonds using s, p and various hybrid atomic orbitals may be as shown in 
Table 4.3. ` 

Hybridization and the mixing of orbitals is a most useful concept. Mixing 
of s and p orbitals is well accepted, but the involvement of d orbitals is 
controversial. For effective mixing, the energy of the orbitals must be 
nearly the same. 

It is a common misconception that hybridization is the cause of a par- 
ticular molecular shape. This is not so. The reason why any particular 
shape is adopted is its energy. It is also important to remember that the 
hybridized state is a theoretical step in going from an atom to a molecule, 
and the hybridized state never actually exists. It cannot be detected even 
spectroscopically, so the energy of hybrid orbitals cannot be measured and 
can only be estimated theoretically. 

THE EXTENT OF d ORBITAL PARTICIPATION IN MOLECULAR 
BONDING 

The bonding in PCl5 may be described using hybrids of the 3s, 3p and 3d 
atomic orbitals for P — see below. However, there are doubts as to whether 
d orbitals can take part and this has led to the decline of this theory. 

Electronic structure of full d = T phosphorus atom ~ inner LIT ETÀ ground state shell | 
Phosphorus atom — 
excited state 

ARNE 
Phosphorus havin g gained five electrons : from chlorine atoms in PCls molecule "lll. 

Land 

sp’d hybridization, trigonal bipyramid 

However, d Orbitals are in completely with s and : general too large and too high in energy to mix 
orbitals. The difference in size is illustrated by 
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the mean values for the radial distance for different phosphorus orbital; 
3s = 047A, 3p = 0 55A and 3d = 24A The energy of an orbital 
proportional to tts mean radia} distance, and since the 34 orbital 1s much 
larger it 1$ much higher in energy than the 3s and 3p orbitals It would at 
first seem unlikely that hybridization involving 5, p and d orbitals could 
possibly occur 

Several factors affect the size of orbitals The most important ıs the 
charge on the atom Ifthe atom carnes a formal positive charge then al 
the electrons will be pulled in towards the nucleus The effect ts greatest 
for the outer electrons. If the central P atom is bonded to a highly elec 

tronegative element such as F, O or CI, then the electronegative element 
attracts more than its share of the bonding electrons and the F or CI atom 
attains a 6—- charge This leaves a ô+ charge on P, which makes the 
orbitals contract Since the 3d ortal contracts in size very much more 

than the 3s and 3p orbitals, the energies of the 3s, 3p and 3d orbitals may 
become close enough to allow hybridization to occur in PCI, Hydrogen 
does not cause this large contraction, so PT does not exist i 

Ia a similar way the structure of SE& can be described by mixing the 3; 
three 3p and two 3d orbitals, that 1s sp°d? hybridization 

35 3p 3d 
Electronic structure of full 
sulphur atom — ground inner ILLI] 

state shell 

Electronic structure ol 
i 

sulphur atorn — excited st ll. 
State 

Sulphur atom having gained 

see nen lel ——— — 

Se^ 0* hybndization. octahedral structure 

The presence of six highly electronegative F atoms causes a large con 
traction of the d orbitals, and lowers their energy. so mixing may be 
possible 
A second factor affecting the size of d orbitals is the number of d orbitais 

occupied by electrons. 1f only one 3d orbital is occupied on an S atom the 

Table 45 Sizes of orbitals 
a ay a a 

Mean radial distance (A) 

(sp'd* configuration) 35 Ap 3d 

35 atom (neutral no charge) 0 88 094 ] 60 
S atom (charge +0) 4) 0 87 UE 1 40 
— TERI PR P PPP nn 



SIGMA AND PI BONDS 
1 

average radial distance is 2.46 À, but when two 3d orbitals are occupied 

the distance drops to 1.60 A. The effect of changing the charge can be seen 

in Table 4.5. 
A-further small contraction of d orbitals may arise by coupling of the 

spins of electrons occupying different orbitals. | 

Jt seems probable that d orbitals do participate in bonding in cases 

where d orbital contraction occurs. 

SIGMA AND PI BONDS 

All the bonds formed in these examples result from end to end overlap of 

orbitals and are called sigma o bonds. In: o bonds the electron density is 

concentrated in between the two atoms, and on a line joining the two 

atoms. Double or triple bonds occur by the sideways overlap of orbitals, 
giving pi x bonds.’ In x bonds the electron density also concentrates be- 
tween the atoms, but on either side of the line joining the atoms. The 
shape of the molecule is determined by the o bonds (and lone pairs) but 
not by the x bonds. Pi bonds merely shorten the bond lengths. 

Consider the structure of the carbon dioxide molecule. Since C is 
typically four-valent and O is typically two-valent, the bonding can be 
simply represented 

O-—C-—O 

Triatomic molecules must be either linear or angular. In CO;, the C 
atom must be excited to provide four unpaired electrons to form the four 
bonds required. 

Electronic structure of 

carbon atom ~ ground 
state 

ls 2s 2p 

LJ 

zx bonds 

Electronic structure of. : 
Carbon atom — excited 
State. 

P 

Carbon atom having gained four 
electrons from oxygen atoms by 
forming four bonds . 

) i 

o bonds 

ee two ø bonds and two x bonds in the molecule. Pi orbitals are 
a x etermining the shape of the molecule. The remaining s and p 

oe E to form the o bonds. (These could be hybridized and the 
ie : itais will point in opposite directions. Alternatively VSEPR 
nas: a that these two orbitals will be oriented as far apart as 
x Í M two orbitals overlap with p orbitals from two O atoms, 

Ue inear molecule with a bond angle of 180°. The 2p, and 2p: 
S on C used for x bonding are at right angles to the bond; and 

87] 

-COO 
(a) 

(b) 

Figure 4.11 Sigma and pi 
overlap: (a) sigma overlap (lobes 
point along the nuclei); (b) pi 
overlap (lobes are at right angles 
to the iine joining the nuclei). 
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NY 

* o 

"igure 4 12 Sulphur dioxide 
nolecule 

overlap sideways with p orbitals on the O atoms at either side This x 
overlap shortens the C—O distances but does not affect the shape 

The sulphur dioxide molecule SO; may be considered in a stmilar way $ 
shows oxidation states of (FII), (--IV) and (-* VI), whilst O is two valen: 

The structure may be represented 

O=S=0 

Triatomic molecules are either hnear or bent ‘The S atom must be exerted 
to provide four unpaired electrons 

4 3 
Electronic structure of full 3s P 1 
sulphur atorn -- ground inner iT 
state sheli 

Electroma structure of 35 ?P ~ roma structure o 

sulphur atom — excited BENEN 
state 

1s ip id 
Sulphur atom having gained 
four electrons from four bonds -m lll 
to oxygen atoms in SO. molecule i a 

two o bonds two 7 bonds 
and one lone pair 

The two electron pairs which form the x bonds do not affect the shape 
of the molecule The remaining three orbitals point to the corners of a 
triangle, and result m a planar triangular structure for the molecule with 
two corners occupied by O atoms and one corner occupied by a lone pair 
The SO; molecule is thus angular or V shaped (Figure 4 12) 

The z bonds do not alter the shape but merely shorten the bond lengths 
The bond angle ts reduced from the ideat value of 120° to 119730 because 
of the repulsion by the tone pair of electrons Problems arise when we 
examine exactly which AOs are involved in x overlap If the o bonding 
occurs in the xy plane then x overlap can occur between the 3p orbital on 
S and the 2p orbital on one O atom to give one x bond The second a 
bond involves a d orbital, Though the 3d orbital on S ts in the correct 
orientation for zt overlap with the 2p orbital on the other O atom the 
symmetry of the 3d 2 orbital is wrong (both lobes have a + sign) whilst for 
à p Orbital one lobe is + and the other — Thus overlap of these orbitals 
does not result in bonding The 3d, orbital on S is in the correct often 
tation, and has the carrect symmetry to overlap with the 2p. orbital on the 
second O atom and could give the second n bond It ts surprising that X 
bonds involving p and d orbitals both have the same energy (and bond 
length) This calls into question whether it is correct to treat molecules 
with two zt bonds as containing two discrete s bonds A better approach Is 
to treat the x bonds as being delocalized over several atoms Examples of 
this treatment are given near the end of this chapter 



MOLECULAR ORBITAL METHOD 

In the sulphur trioxide molecule SO; valency requirements suggest the 

structure 

O 

| 
p 
O 

The central S atom must be excited to provide six unpaired electrons to 

form six bonds. 

3s 3p 3d 
Electronic structure of 

sulphur atom — excited Thlll. 

state 

Sulphur atom having gained 3s 3p 3d 

six electrons from six bonds m mef 

to oxygen atoms in SO; Te refr l 

molecule Ll Leeus 

three o bonds three x bonds 

The three x bonds are ignored in determining the shape of the molecule. 
The three o orbitals are directed towards the corners of an equilateral 
triangle, and the SO, molecule is a completely regular plane triangle 
(Figure 4.13). The x bonds shorten the bond lengths, but do not affect the 
shape. This approach' explains the o bonding and shape of the molecule, 
but the explanation of x: bonding is unsatisfactory. It presumes: 

1. That one 3p and two 3d orbitals on S are in the correct orientation to 
overlap sideways with the 2p, or 2p, orbitals on three different 
O atoms, and 

2. That the x bonds formed are all of equal strength. 

This calls into question the treatment of x bonds. In molecules with more 
than one x bond, or molecules where the x bond could equally well exist in 

r 

more than one position, it is better to treat the x bonding as being de- 
localized over several atoms rather than localized between two atoms. 
This approach is developed near the end of this chapter. 

MOLECULAR ORBITAL METHOD | 
In Pl valence bond (electron pair) theory, a molecule is considered to be 
n e up of atoms. Electrons in atoms occupy atomic orbitals. These may 
r mày not be hybridized. If they are hybridized, atomic orbitals from the 

San * d 
. * a te atom combine to produce hybrid orbitals which can overlap more , Then oly with orbitals from other atoms, thus producing stronger bonds. 

ME alone orbitals (or the hybrid orbitals) are thought to remain 
When the atom is chemically bonded in a molecule. 

In the molecular orbital theory, the valency electrons are considered to 

LN 
Figure 4.13 Sulphur trioxide 
molecule. 

O 
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be associated with all the nucle: ın the molecule Thus the atomic arbitals 

from different atoms must be combined to produce molecular orbitals 
Electrons may be considered either as particles or waves An electron in 

an atom may therefore be described as occupying an atomic orbital. or by 
a wave function y which ts a solution to the Schrodinger wave equation 
Electrons in a molecule are said to occupy molecular orbitals The wave 
function describing a molecular orbital may be obtaimed by one of two 
procedures 

] Linear combination of atomic orbitals (LCAO) 
2 United atom method 

LCAO METHOD 

Consider two atoms A and B which have atomic orbitals described by the 
wave functions Wa, and Yg; Tf the electron clouds of these two atoms 
overlap when the atoms approach then the wave function for the molecule 
(molecular orbital w,ap)) can be obtamed by a hnear combination of th 
atomic orbitals yaj and yya) 

Wan = Niena + OYP) 

where N is a normahzing constant chosen to ensure that the probability 
of finding an electron in the whole of the space is unity. and c; and c; at 
constants chosen to give a minimum energy for Wany If atoms A and B 
are similar. then c, and c4 will have similar values [f atoms A and B afé 
the same then c, and c+ are equal 
The probability of finding an electron in a volume of space dv 18 pd? 

so the probability density for the combination of two atoms as above !5 
related to the wave function squared 

> 2 L2a42 
Pian = (epia Ze ecnpa + cya) 

if we examine the three terms on the neht af the equatoa the fest term 
CiW{a) 1s related to the probability of finding an electron on atom Alf A'S 
an isolated atom. The third term cya, is related to the probability of 
finding an electron on atom B i£ B is an isolated atom. The middle ter 
becomes increasingly :mportant as the overlap between the two atom 
orbitals increases and this term is called the overlap integral This term 
represents the main difference between the electron clouds tn individual 
atoms and in the molecule The larger this term the stronger the bond 

$—5s combinations af orbitals 

Suppose the atoms A and B are hydrogen atoms. then the wave functio 

UA; ànd vs, describe the Ls atome orbitals on the two atoms Two com 
binations of the wave functions WPa and Yia are possible 

] Where the signs of the two wave functions are the same 
2., Where the signs of the two wave funcuons are different 



(If one of the wave functions a) is arbitrarily assigned a +ve sign, the 

other may be either +ve or —ve.) Wave functions which have the same 

sign may be regarded as waves that are in phase, which when combined 

add up to give a larger resultant wave. Similarly wave functions of different 

signs correspond to waves that are completely out of phase and which 

cancel each other by destructive interference. (The signs -- and — refer to 

signs of the wave functions, which determine their symmetry, and have 

nothing to do with electrical charges.) The two combinations are: 

Yo = Niya) + Yw)? 

and 

Yo = Mya + [7we]) 9 Nolo) 7 96 

The latter equation should be regarded as the summation of the wave 

functions and not as the mathematical difference between them. 

Atomic orbitals Molecular orbitals 

Bonding orbital 

l 
O(g) 

S S Wig) 

nas i Antibonding orbital 

d | 
| O(u) 

S S Wu) 

Figure 4.14 s—s combinations of atomic orbitals. 

í 

When a pair of atomic orbitals Y;a) and Yg) combine, they give rise to a 
d orbitals Yig) and sj. The number of molecular orbitals 

The "Mee y a LM be equal to the number of atomic orbitals involved. 
ud: nn — to increased electron density in between the nuclei, 
idol E a c molecular orbital. It is lower in energy than the 

Phi, ` I Conversely Wu) results in two lobes of opposite 

nudei ine ae €— giving zero electron density in between the 
(Figure 4.15), ing molecular orbital which is higher in energy 

The molecu i : tais or ead ev) made msi ated Men 8 A is oe u tor ungerade (odd). g and u refer to the 
MED orbital about its centre. If the sign of the wave function 1s 
a ged when the orbital is reflected about its centre (i placed by —x. —y and — ee €. X. y and z are 

y and —z) the orbital is gerade. An alternative method 
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distance between atóms 

Figure 4 15 Energy of Yig and Yiu molecular orbitals 

for determining the symmetry of the molecular orbital 1s to rotate the 
orbital about the hne joining the two nucle: and then about a line perpen- 
dicular to this If the sign of the lobes remains the same, the orbital 1 
gerade, and if the sign changes, the orbital 15 ungerade 

The energy of the bonding molecular orbital i; passes through a 
minimum (Figure 4 15), and the distance between the atoms at this point 
corresponds to the internuclear distance between the atoms when they 
form a bond Consider the energy levels of the two 1s atomic orbitals, and 
of the bonding Yeg and antibonding Yiu) orbitals (Figure 4 16) 

The energy of the bonding molecular orbital 1s Jower than that of the 
atomic orbital by an amount A This is known as the stabilization energy 

} 

Atomic Molecular Atomic 
orbitals orbitals orbitals i 

Energy 
arom (A) atom (B) 
1 s orbital 1 5 orbital 

Figure 4 16 Energy levels of s-s atomic and molecular orbitals 
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Similarly the energy of the antibonding molecular orbital is increased by 

A. Atomic orbitals may hold up to two electrons (provided that they have 

opposite spins) and the same applies to molecular orbitals. In the case of 

two hydrogen atoms combining, there are two electrons to be considered: 

one from the 1s orbital of atom A and one from the Is orbital of atom B. 

When combined, these two electrons both occupy the bonding molecular 

orbital Yg). This results in a saving of energy of 2A, which corresponds to 

the bond energy: It is only because the system is stabilized in this way that 

a bond is formed. 
Consider the hypothetical case of two He atoms combining. The 1s 

orbitals on each He contain two electrons, making a total of four electrons 

to put into molecular orbitals. Two of the electrons occupy the bonding 
MO, and two occupy the antibonding MO. The stabilization energy 2A 
derived from filling the bonding MO is offset by the 2A destabilization 
energy from using the antibonding MO. Since overall there.is no saving of 
energy, He; does not exist, and this situation corresponds to non-bonding. 
Some further symbols are necessary to describe the way in which the 

atomic orbitals overlap. Overlap of the orbitals along the axis joining the 
nuclei produces o molecular orbitals, whilst lateral overlap of atomic 
orbitals forms x molecular orbitals. 

s ~p combinations of orbitals 

An s orbital may combine with a p orbital provided that the lobes of the p 
orbital are pointing along the axis joining the nuclei. When the lobes which 
overlap have the same sign this results in a bonding MO with an increased 
electron density between the nuclei. When the overlapping lobes have 

Atomic Molecular 
orbitals orbitals 

; o overlap 
bonding orbital 

node 

| 
| 

— »»- | o* overlap 
antibonding orbital 

: 
| 

m ? Piu) Figure 4.17 $-p combination of atomic orbitals, 
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opposite signs this gives an antibonding MO with a reduced electron 
density in between the nuclei (Figure 4 17) 

p—p combinations of orbitals 

Consider first the combination of two p orbitals which both have lobes 
pointing aiong the axis joining the nucle: Both a bonding MO and af 

antibonding MO are produced (Figure 4 18) 
Next consider the combination of two p orbitals which both have lobes 

perpendicular to the axis joining the nucle: Lateral overlap of orbitals walt 

Atomic orbitals Molecular orbitals 

oo Go — zs bonding orbital 

P Pe 

eo 6o =Q 

M n 

: 
a” overlap 
ant bonding orhital 

"UE ge ee ee ee umo une m 

V tuy 

Pigure 4 18 p—-p combination of atomic orbitals 

Atomic orbitals Molecular orbitals 

+ 
x nodal x overlap 

——á— ~ Tra — = oF 

Py Py V ia} 

nodal plane 
| 
l 

| x overlap 
———— Pe — a me + nodal plan€ = ankbond ng orbital 

P, P, Vie 

Figure 4 19 p- p combinations gig n bonding 



occur, resulting in zt bonding and x* antibonding MOs being produced 

(Figure 4.19). 
| 

There are three points of difference between these molecular orbitals 

and the o orbitals described previously: 

. For zt overlap the lobes of the atomic orbitals are perpendicular to the 

line joining the nuclei, whilst for o overlap the lobes point along the line 

joining the two nuclei. 

2. For x molecular orbitals, w is zero along the internuclear line and 

consequently the electron density sj? is also zero. This is in contrast to o 

orbitals. 
. The symmetry of x molecular orbitals is different from that shown by 

orbitals. If the bonding x MO is rotated about the internuclear line 

a change in the sign of the lobe occurs. The x bonding orbitals are 

therefore ungerade, whereas all o bonding MOs are gerade. Conversely 

the antibonding x MO is gerade whilst all o antibonding MOs are 

ungerade. 

[d 

o3 

Pi bonding is important in many organic compounds such as ethene 

(where there is one o bond and one x bond between the two carbon 

atoms), ethyne (one o and two x), and benzene, and also in a number of 
inorganic compounds such as CO; and CN^ 

Ethene contains a localized double bond, which involves only the two 
carbon atoms. Experimental measurements show that the two C atoms and 
the four H atoms are coplanar, and the bond angles are close to 120°. Each 
C atom uses its 2s and two 2p orbitals to form three sp* hybrid orbitals that 
form o bonds to the other C atom and two H atoms. The remaining p 
orbital on each C atom is at right angles to the o bonds so far formed. In 
the valence bond theory these two p orbitals overlap sideways to give a x 
bond. This sideways overlap is not as great as the end to end overlap in a 
bonds so a C=C, though stronger than a C—C bond, is not twice as strong 
(C—C in ethane 346kJ mol^!, C—C in ethene 598kJ mol^!). The mol- 
ecule can be twisted about the C—C bond in ethane, but it cannot be 
twisted in ethene since this would reduce the amount of x overlap. In 
the molecular orbital theory the explanation of the x bonding is slightly 
different. The two p orbitals involved ìn x bonding combine to form two x 
molecular orbitals, one bonding and one antibonding. Since there are only 
two electrons involved, these occupy the x bonding MO since this has the 
lower energy. The molecular orbital explanation becomes more important 
in cases where there is non-localized x bonding, that is where x bonding 
covers several atoms as in benzene, NO; and CO?". 
uL each C atom uses sp hybrid orbitals to form a bonds to the 
Each C : €— : H ern These four atoms form a linear molecule. 
Sonet ruban wn Sear at right angles to one another, and these 
id quivalent p orbitals on the other C atom, thus 
rming two x bonds. Thus a C=C triple bond is formed, which is 
Ee than a C=C double bond (C==C in ethyne 813kJ mol" !). 

he majority of strong x bonds occur between elements of the first short 



period in the periodic table, for example C==C, C==N, C==0, C=C and 

C-—O This is mainly because tlie atoms are smaller and hence the orbitals 

involved are reasonably compact, so it 15 possible to get substantial overlap 

of orbitals There are a smaller number of cases where a bonding occurs 
between different types of orbitals, for example the 2p and 3d arbitals 
Though these orbitals are much larger, the presence of nodes may con 

centrate electron density in certain parts of the orbitals 

p—d combinattons of orbitals 

A p orbital on one atom may overlap with a d orbital on another atom as 
shown, giving bonding and antibonding combinations Since the orbitals 
do not point along the line jouung the two nucler, overlap must be of the a 
type (Figure 4 20) This type of bonding ts responsible for the short bonds 
found in the oxides and oxoacids of phosphorus and sulphur. It also occurs 
in transition metal complexes such as the carbonyls and cyarudes 

Atomic orbitals Molecular orbitals 

(+) CY + C rn overlap 
eS CA n DS bonding orbiial 

Oey D, iu} 

© CY C) o(*) z* overlap 
antibonding orbita 

GAZ O eL 
dzy Py Pig! 

Figure 4.20 p-d combinations of atomie orbitals 

op d-d combinations of orbitals 

X Ít is possible to combine two d atomic orbitals, producing bonding and 

| a 

antibonding MOs which are called 0 and &* respectively On rotating these 
© orbitals about the tnternuclear axis, the sipn of the lobes changes four 

times compared with two changes with zx overlap and no change for o 
d. 2 dy Overlap 

rure 4.21 ó bonding by d | 
utals (sideways overlap of two Non bonding combinations af orbitals 
-y OFbifals 

All the cases of overlap of atomic orbitals considered so far have resulted 

ina bonding MO of lower energy. and an antibonding MO of higher 
energy To obtain a bonding MO with à concentration of electron density 
in between the nuclei, the signs (symmetry) af the lobes which overlap 



RULES FOR LINEAR COMBINATION OF ATOMIC ORBITALS 

i 
Q a 

h j 
f ji 

5 Dy Dx dy; 

Figure 4.22 Some non-bonding combinations of atomic orbitals. 

must be the same. Similarly for antibonding MOs the signs of the over- 

lapping lobes must be different. In the combinations shown in Figure 4.22 

any stabilization which occurs from overlapping + with + is destabilized 

by an equal amount of overlap of + with —. There is no overall change in 

energy, and this situation is termed non-bonding. It should be noted that 

in all of these non-bonding cases the symmetry of the two atomic orbitals is 

different, i.e. rotation about the axis changes the sign of one. 

RULES FOR LINEAR COMBINATION OF ATOMIC ORBITALS 

In deciding which atomic orbitals may be combined to form molecular 
orbitals, three rules must be considered: 

1. The atomic orbitals must be roughly of the same energy. This is im- 
portant when considering overlap between two different types of atoms. 

2. The orbitals must overlap one another as much as possible. This implies 
that the atoms must be close enough for effective overlap and that the 
radial distribution functions of the two atoms must be similar at this 
distance. 

3. In order to produce bonding and antibonding MOs, either the sym- 
metry of the two atomic orbitals must remain unchanged when rotated 
about the internuclear line, or both atomic orbitals must change sym- 
metry in an identical manner. 

In the same way that each atomic orbital has a particular energy, and 
^ed be defined by four quantum numbers, each molecular orbital has a 
efinite energy, and is also defined by four quantum numbers. 

]. +e . 
. 4 =o Re quantum number n has the same significance as in atomic 

The subsidiary quantum number / also has the same signific i 
atomic orbitals. isa 
in Magnetic quantum number of atomic orbitals is replaced by a 
a number A. In a diatomic molecule, the line joining the 

lis taken as a reference direction and À represents the quantization à ; dd a angular momentum in f/2x units with respect to this axis. À takes the 
ame vaiues as m takes for atoms, i.e. 

2. 

3; 



L=- ,-3,—2,—1,0, 41,42, 43, , 

When À = 0, the orbitals are symmetrical around the axis and are 
called o orbitals When A = XI they are called m orbitals and when 

= +2 they are called 6 orbitals 
4 The spin quantum number ts the same as for atomic orbitals and may 

have values of +4 

The Pauli exclusion principle states that et a given atom no two electrons 
can have all four quantum numbers the same The Pauli pnnciple also 
applies to molecular orbitals No nvo electrons in the same molecule can 
have all four quantum numbers the same 

The order of energy of molecular orbitals has been determined manly 
from spectroscopic data In simple homonuclear diatomic molecules, the 
order 1s 

n2p,, n*2p,, o°2p, 
* * ols, o*1s, o25, o*2s, o2p,, n2p,, | n*2p, 

increasing energy 

Note that the 2p, atomic orbital gives zt bonding and * antibonding MOs 
and the 2p, atomic orbital gives 1 bonding and 2° antibonding MQs The 
bonding z2p, and 132p, MOs have exactly the same energy and are said t$ 
be double degenerate In a similar way the antibonding x*2p, and x°2p, 
MOs have the same energy and are also doubly degenerate 
A sunilar arrangement of MOs exists from a3s to a*3p,, but the energies 

are known with less certainty 
The energies of the o2p and x2p MOs are very close together The order 

of MOs shown above is correct for oxygen and heavier elements, but for the 
lighter elements boron, carbon and nitrogen the x2p, and x2p, are probably 
lower than o2p, For these atoms the order is 

nap, * d 

xZp,, Das, O* 2D, n*2p, 

increasing enerpy 

cls, o*1s. 025, c*25, | 

EXAMPLES OF MOLECULAR ORBITAL TREATMENT FOR 
HOMONUCLEAR DIATOMIC MOLECULES 

In the binid vp of atoms, electrons are fed into atomic orbitals The 

Aufbau principle is used 

] Orbitals of lowest energy are filled first 
2 Each orbital may hold up to two electrons, provided that they have 

Opposite spins 

Hund 5 rule states that when several orbitals have the same energy 
(that 1s they are degenerate), electrons will be arranged so as to give the 
maximum number of unpaired spins 



S OF MOLECULAR ORBITAL TREATMEN
T 

In the molecular orbital method, we consider the whole molecule 
rather 

than the constituent atoms, and use molecular orbitals rather than atomic 

‘orbitals. In the build-up of the molecule, the total number of electrons 

from all the atoms in the molecule is fed into molecular orbitals. The 

Aufbau principle and Hund's rule are used as before. 

For simplicity homonuclear diatomic molecules will be examined first. 

Homonuclear means that there is only one type of nucleus, that is one 

element present, and diatomic means that the molecule is composed of 

two atoms. 

Ht molecule ion 

This may be considered as a combination of a H atom with a H* ion. This 

gives one electron in the molecular ion which occupies the lowest energy 

MO: 
gls’ 

The electron occupies the als bonding 
MO. The energy of this ion is thus 

lower than that of the const
ituent atom and ion, by an amount A, so there 

is some stabilization. This species exists but it is not common since Hz 1S 

much more stable. However, H3 can be detected spectroscopically when 

H; gas under reduced pressure is subjected to an electric discharge. 

H; molecule 

There is one electron from each atom, and hence there are two electrons 

in the molecule. These occupy the lowest energy MO: 

cis? 

This is shown in Figure 4.23. The bonding ols MO is full, so the stabiliza- 

tion energy is 2A. A o bond is formed, and the Hz molecule exists and is 

well known. 

Energy orbitals orbitals orbitals Energy 

ois 

Hə 
molecule 

Fi = = 

igure 4.23 Electronic configuration, atomic and molecular orbitals for hydrogen. 



He? molecule 10n 

This may be considered as a combination of a He atom and a He* ion 
There are three electrons in the molecular 10n, wInch are arranged in MOs 

g1s*, o* 5! 

The filled ols bonding MO gives 2A stabilization, whilst the half filled 
als* gives A destabilization Overall there ıs A stabilization Thus the 
helium molecule ion can exist It :5 not very stable, Dut it has been 
observed spectroscopically 

He; molecule 

There are two electrons from each atom, and the four electrons are 

arranged in MOs 

als^, o* Is? 

The 24 stabilization energy from filling the 02s MO is cancelled by the 24 
destabization energy from filing the o*1s MO Thus a bond js not 
formed, and the molecule does not exist 

Lt; molecule 

Each Là atom has two electrons in its inner shell, and one in its outer sheli, 
givitig three electrons Thus there 1s a total of six electrons in the molecule, 
and these are arranged in MOs 

, 
3157, o* 157, 0257 

This is shown in Figure 4 24 The inner shell of filled ols and c*1s MOs do 
not contnbute to the bonding in much the same way as in He, They are 
essentially the same as the atomic arbitals fram wiuch they were formed, 
and are sometimes written 

KK, 025° 

However, bonding occurs from the filling of the o2s Jevel, and Li, mal 
ecules do exist in the vapour state However, in the solid rt 1s energetically 
more favourable for lithium to form a metathe structure Other Group | 
metals such as sodium behave in an analogous way 

Na» KK, LL, o3s* 

Be; molecule 

A beryllium atom has two electrons in the first shell plus two electrons in 
the second shell Thus in the Be; molecule there are eight electrons These 
are arranged im MOs 
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EXAMPLES OF MOLECULAR ORBITAL TREATMENT 101 

Atomic Molecular Atomic 

Energy orbitals orbitals orbitals Energy 
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Figure 4.24 Electronic configuration, atomic and molecular orbitals for lithium. 

015^, o*1s^, o2s5?, o*25? 

or 

KK, 0257, o*2s° 

ignoring the inner shell as before, it is apparent that the effects of the 
bonding o2s and antibonding o*25 levels cancel, so there is no stabilization 
and the molecule would not be expected to exist. 

B; molecule 

Each boron atom has 2 + 3 electrons. The B; molecule thus contains a total of ten electrons, which are arranged in MOs: 

1 
ols*, oF Is”, 0257, o*252, | py 

n2p} 
= may be shown diagrammatically (Figure 4.25). Note that B i$ 4 
= i atom and the order of energies of MOs is different from the ‘usual’ 
E Thus the 2p orbitals are lower in energy than the o2p,. 
2s Le and x2p, orbitals are degenerate (identical in energy), 

rule applies, and each is singly occupied. The inner shell does not 
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Atomic Molecular Energy orbitals orbitals 

^ “~~, ~, ^w ~ ——— ee md — we ^ M. O20, 

"JL 
^ 

*e x2n, 

` “ ois 

w 
ty ose 7 

ais 
B E, 

atom molecute 

Participate in bonding The effects of bonding and antibonding o2s orbitals cancel but Stabilization occurs fram the fillyng of the np orbitals and hence a band js formed and B> exists 

C; molecule 

A cathan atom has? + 4 electrons A Cs molecule v Guld contain a totaf of 12 electrons. and these would be arranged in MO, 



l Molecular Atomic 

Energy orbitals orbitals orbitals Energy 
Atomic 

* er $0 e" o te bee a". 
99939999 9»28a5?2099 

ee + 8s $5» 9 9 9, 0 P0 TP Pateta e a aeo" e Te 
acets5 u$ 6 9 9 à 6 9 9 * 9 9 6 » * V o « 6 9$ e o » 9 9 » 6 eeeveaesea 

« € 9 * tota oe e n qa € e 0 0 6 0 9 9 9 4 6 ees 9» 9 9 e 9 9 à € 5 9 «€ * € 9 9 9 » 9 5 9 $ 4 9 9 ie oe 8 ete eee eae Be eee » € » à € € 5 3 9.8 * "e « € 9 « e o * 9^ 6 «5 t4 
e c 9 9 Pa ole P 9 a b c à 5 ó o 9 9 P P 9 $ 9 ^ * & à e à € € « & 9 b 6 e o € 9 € € 9 » 9 € 9 € 
e ee € & 9 9 à 6 ^ & Ota o a e e a 9 * ret ete* eu" e o o" o", a i est erata a aaa 

E E A E eee — —— Hà mU €. a "9 «"."a e » € € e € € 6$ & 6 9 9» € » 9 5 o 9 9 € 8 
€ e 4 w P B oaa a a B à » à à à à * & 5 6 B e à 9 9 « à e e € 9 à 9 & 49 6 * € € 6 é € «a e » a € e e e voe a a q qe e 9 b 6 € 9 6 B B e e € a * * S eS a ato oe eto a a o e eto o aoa o o o o o eT o" ao 
te ee 6 6 8 fo 8 6 0 6 4 8 6 Oe et oe Jt 9  * e e e 0 e 6 € à 9 s € « 6 B à € 9 à v 6 » 9 € Ota es $ » * 9 a 6 6 » e e € Z EERROR OO 
ue a e € n 6 9 a 0 9 b à 9 9 GO P 9 9 a'a « a e e t » € € 9 € à 09 G e € € 9 « 9 9» € 9 à «4 
95a 44 9 9 4 09 e € a o va Pa* o uta" e 9 9 4 9 6 6 * v * 9 9 e € 9 & 9 6 & 6 * s e v 9 9 

* e" > e*se€ 9 €68 € 9 b» a à ubt t 7 — ^^ / w—Jj C 992999 * à 6 6 5 8 à 9 » *? 9 6 » 6 e » & 9 e € 
e e € € 9 9 6 8 9 €* * 9 9 9.9 & 9 6 € e 9 9? e & e « 9  ó 9 9 à €" 6 o 6 t O0 «* 9 e 9 9 a € 
Otte es s à e o e 9 9 o & & D$ RO & e 0 P em ® evo e e € 0 9 9 & à 0 4 O 9 9 9 9 5 » a 9 6 € 
KAP e * 5 é e « o 9 Poo ee e" ue" * * » à 9 4 6 » 95 9" 4 € a otote eT o Poo" oT o? 

* è * 9 e e e NI tares . . 

A etaeta 
2p, | 2p, 2p, xxm 

* see 

oe 
aa 

* a 
. 
^. 
a 

b 
-= 
4 €9 
. 
s + 
* 
. 
2 
. € 
* 
. 9 
* 

e. 
*. * 

. 
* 
* 

. 
ea 

. » 
s 6 
. 
b 

* 

> + 
® 

© >» 

a 

ee 

*. 
* 
5 
* 
* 

. 
s 
4 
* 
* 
ee 
* 
.* «4 

. 
+» 
* 

. 
* 2 

ea 
+ 

s 
é è 
+ è 
a 
* 9 
a 
a 
. è 
a6 
* * ee 

. . 
. 9 
es 
. >è 

s 

eo 
ae 

eaor é 

. 
* 

= 
+ 
+ 
- 
* . 

-* * 
s 
+ 

æ o + * 9 
e 
. *. 

. + e 

» + 

p + * * .. y. * 
a es 
=æ 
* 
. 9 e æ 

* a 
* 
» e * $ . 

* 
* * ee 

* 
. * 

LJ 
+ + 
> 
> 
* € 
+ o 64 
e.» * 8 
5 a 

* » 
* 
+ 

X 
+ 

e e 

s 
e 
. * 

+ 
> * + 

* 
. * 

. . 
* 

bd 
*. e 

a 

. * * 
. 
* 
. * 
* 

* . * 
sos oe bie es 2 6 8 ^ o 9 2 9 » o c 
* ? * 6e 9 9 9 6 9? 9 9 9 9 à 5» lo 

+ 

Pd a 
* 

5 
* * 

* oa 
ef a + . 

* ` * 
& ^ 9 * . * p a è 

rr e a i o a 8 o o e e e "v. i ste" ? ee 
MAURIS a" o" s" o a" aln e$ e a e & cl 9 92,0, 939539 o 5 * o" o o e" a" aT" 
$9299 9 89 » 8 95 9 9 $ 9 9 9 4 v & 9 9 5» * 5 € 9 & » R 8 $Ó 9 9 9 5 9? f? ? * 9 P *" 9 » 9 €$ 
€$1€€e6€9$9-*€4442449$«4«4*446€96€»42e62942*€422€ * 8 e $ € 9 6 9» $ 9 9 à * o 43 € 9 » € 4 

« 9 & * 9 " » « €* *& 9 & € 9 9 9 9 9 e +b o € 9* 9$ $ € » 9 n 9 6 b 9» 9» b 9 à 9 à 5» Beep 
$ 9 9 9 4 9 & 5 & & 9 9 € » 9 4 à 5» *,9 $ €* * a . 9 úk * 9" 9 6 € 9 5 6 a wo s e » 9 t $ à « a9 $ 9 9 » € " 9 à & » » e Se a a ata a a" ot °° 
Waa a a ate a tata ae ee be ee ete ne” eno hata ane bra ee eng elas tee ee a a o" - 

* 9 * 4 * 5 WV V ^ a hh * * 9 9 + = 8 *9»* 9a99 
915... 55 9*4 19555 5 5,7 7*5 9 5*4 * Tu" e^o in a a o a o a e ora a utar s » 

., 9 a a . * . a * . * r . 
a ` e sot." "ss .ọ e . . 

*. ° . € . 
a + a » 

* + * 
+ 

* * 
* 

+% è 

ef. 

* 
. 
a 
* 
. * 

*? 9 @ @ 

* 

e 
* 

, 9 
‘on 

ae 
* s 

s$ * * 

<e 
ae 

* 
» a 

€ & & € 9 € 6 4 $ 5 e 9 € 9" 9 * 9 $ $4985 
* à 9 à 6 4 4 59 ** 94 
$9 9 9 9 & à 6 $ € q 6 6 8 à & 4 € à & à € 9 
ete aetgwanane *$ 9 9^ & & ^ * 9 9 » & a «* 
9 * 9 € 4 9 9 6 » 9 € 9 9 9 89 6 ee bebes 

9 9 9 € € à 0 8 4 & & 6 à « ó 6 € 5 9 e 6 b + 
9 4 € 8 9 h 9 € 9 « $4 9 à € 9 9 $ à e e 9? * Hl 
V & à 40699 5*»«452-49589529248a4249292€ 
"*$999222292425 * € 9 * € 8 9 @ 5» » 6 » * 

* e+ so 

4> t 
eee ¢ ee 
esoe as 
ee . 

5 * * 9 & & *" **9* 99484959? 994*4* 5 
M, * * e e a" a" a enu? are ote" * "tSt 

. es eeeeesean 
$9 9 8 € 9 B V À 4 » * €" 5 9 € 5 5 &à » $ . 9 

* e 9 9 9 & u & 9 5 » +a a 
9 à &o€$ € $ 9 » 9 9 b 9 9 4à 9 $9 se 

* 9 9 8 948064*9*9.09€9-*2428229229 9 
* * 99069 48$9€4299968329€*9»282292595€9 

Aen e e e a"n, S t A S o o Mw oa 
* e e o eS e a e e o a e o" uuu" 

o1s^, o*1s?, o25?, o*25?, f 2p; | "2p? 
This is shown diagrammatically in Figure 4.26. 
war should be stable, since the two n2p bonding orbitals 

o stabilization energy, giving two bonds. In fact carbon exists macromolecule in graphite and diamond, since these are an even more S Muri arrangement (where each carbon forms four bonds): hence diamond nd graphite are formed in preference to C;. 

4 
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N32 molecule 

À nitrogen atom has 2 4-5 — 3 electrons Thus the N; molecule contains 14 electrons "These are arranged in MOs 

2 cis g*1s2 0237, 0'232, | nZp > op, 
R2p; 



EXAMPLES OF MOLECULAR ORBITAL TREATMENT 

This is shown diagrammatically (Figure 4.27). | 

Assuming that the inner shell does not participate in bonding, and that 

the bonding and antibonding 2s levels cancel, one o and two 7 bonding 

pairs remain, giving a total of three bonds. This is in agreement with the 

valence bond formulation as N==N. 

O; molecule 

Each oxygen atom has 2 + 6 = 8 electrons. Thus the O, molecule contains 

a total of 16 electrons. These are arranged in MOs: 

712p;, n*2p, 
2 * 1.42 257, "2s. o2 b 

ols*, 0 15^, O o P n2p?, n*2p! 

This is shown diagrammatically in Figure 4.28. 

The antibonding x*2p, and x*2p, orbitals are singly occupied in accor- 

dance with Hund’s rule. Unpaired electrons give rise to paramagnetism. 
Since there are two unpaired electrons with parallel spins, this explains 
why dioxygen is paramagnetic. If this treatment is compared with the 
Lewis electron pair theory or the valence bond theory, these do not 
predict unpaired electrons or paramagnetism. 

.-O.+-0:>: 0:0: 

This was the first success of the molecular orbital theory in successfully 
predicting the paramagnetism of O;, a fact not even thought of with a 
valence bond representation of O—O. 

As in the previous examples, the inner shell does not participate in 
bonding and the bonding and antibonding 2s orbitals cancel each other. A 
o bond results from the filling of o2p2. Since x*2p! is half filled and there- 
fore cancels half the effect of the completely filled 112p; orbital, half of a x 
bond results. Similarly another half of a x bond arises from 712p? and 
1*2p;, giving a total of 1 + 4 + 4 = 2 bonds. The bond order is thus two. 

Instead of working out the bond order by cancelling the effects of filled 
bonding and antibonding MOs, the bond order may be calculated as half 
the difference between the number of bonding and antibonding electrons: 

number of electrons E ( number of electrons 
Bond _ LN bonding orbitals in antibonding orbitals 
order 2 

In the case of OQ, the bond order calcula tes as (10 — 6)/2 = 
corresponds to a double bond. ( ) 2, which 

OF ion 

The com pound potassium superoxi i ide i OF. The p peroxide KO; contains the superoxide ion 
O: ion has 17 electrons, and has one more electron than the O, 
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Figure 4 28 Electromc configuration, atomic and Molecular orbitals for oxygen 

du ecule This extra electron occupies either the n"2p, OT n*2p, orbital k Dol matter which yt occupies since they are the same energy 

als?, o* ts? 0252, oO" 252, 02p?, f "2p; { n* 2p? 

1252, | a*2p! ms ner shell of electrons does not take part in bonding The bonding and antibonding 6*2s2 cancel The 02p orbital is filled and forms 3 



EXAMPLES OF MOLECULAR ORBITAL TREATMENT 

a bond. The effects of the bonding 2p; and antibonding z2p; orbitals 

cancel, and the completely filled bonding 712p? is half cancelled by the half 

filled antibonding 12pl, thus giving half a x bond. The bond order is thus 

| 4 1 1H. Alternatively the bond order may be calculated like this: 

(bonding — antibonding)/2, that is (10 — 7)/2 — 15. This corresponds to a 

bond that is intermediate in length between a single and a double bond. 

The superoxide ion has an unpaired electron and is therefore para- 

magnetic. (A bond order of 13 is well accepted in benzene.) 

O2" ion 

In a similar way sodium peroxide Na;O; contains the peroxide ion 0O57. 
This ion has 18 electrons, arranged: 

x2p3, l n*2p; 
ols?, o*1s?, o2s?, o*257, O2p*, Í n2p?, n*2p? 

Once again the inner shell takes no part in bonding. The bonding and 
antibonding 2s orbitals completely cancel each other. One o bond forms 
from the filled 2p, orbital. Both the bonding 2p, and 2p, orbitals are 
cancelled out by their corresponding antibonding orbitals. Thus the bond 
order is one, that is a single bond. Alternatively the bond order may be 
calculated as (bonding — antibonding)/2, that is (10 — 8)/2 = 1. 

F; molecule 

Fluorine atoms have 2 + 7 electrons, so an F, molecule contains 18 elec- 
trons. These are arranged: 

2 *^5,2 

c1s?, o*1s?, 025?, o*2s?, o2p?, | 1 | : ^P; 
712p;, V x*2p; 

This is shown diagrammatically in Figure 4.29. 
The inner shell is non-bonding; and the filled bonding 2s, 2p, and 2p, 

are cancelled by the equivalent antibonding orbitals. This leaves a o bond 
from the filled o2p? orbital, and thus a bond order of one. Alternatively 
7 BC n may be calculated as (bonding — antibonding)/2, that is 

= = Í. 
It should be noted that Cl, and Br2 have structures analogous to F,, 

except that additional inner shells of electrons are full. 
The F—F bond is rather weak (see Chapter 15) and this is attributed to 

the Small size of fluorine and repulsion between lone pairs of electrons on 
adjacent atoms. 

eee OF MOLECULAR ORBITAL TREATMENT FOR 
TERONUCLEAR DIATOMIC MOLECULES 

The same i principles apply when combini 
different at Pply bining atomic orbitals from two 

oms as applied when the atoms were identical, that is: 

| 107 
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Figure 4 29 Electronic configuration, atomic and molecular orbitals for fluonne 

-k un 4 

"ow C 44 

1 Only atomic orbitals of about the same energy can combine effectively 
2 They should have the maximum overlap 
J They must have the same symmetry 

Since the two atoms are different, the encrpies of their atamic arhitals 
are shghtly different A diagram showing how they combine to form molecular orbitals 1s given in Figure 4 30 
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Molecular 

Atomic orbital orbitals Atomic orbital 

Figure 4.30 The relative energy levels of atomic orbitals and molecular orbitals for 
a heteronuclear diatomic molecule AB. 

The problem is that in many cases the order of MO energy levels is not 
known with certainty. Thus we will consider first some examples where the 
two different atoms are close to each other in the periodic table, and 
consequently it is reasonable to assume that the order of energies for the 

MOs are the same as for homonuclear molecules. 

NO molecule 

The nitrogen atom has 2 + 5 = 7 electrons, and the oxygen atom has 
2+ 6 = 8 electrons, making 15 electrons in the molecule. The order’ of 
energy levels of the various MOs are the same as for homonuclear 
diatomic molecules heavier than C, so the arrangement Is: 

; 2 
o1s?, o*1s?, 025^, o*2s, 02p? T2p;, n*2p. 

| m "2p, X *2p9 

This is shown in Figure 4.31. 
The inner shell is non-bonding. The bonding and antibonding 2s orbitals 
— nd a c bond is formed by the filled c2p? orbital. A x bond is 
zo by the filled 12p; orbital. The half-filled z*2p! half cancels the : i 2p, orbital, thus giving half a bond. The bond order is thus 25, 
iat Is in between a double and a triple bond. Alternatively the bond order 
E be LS out as (bonding — antibonding)/2, that is (10 — 5)/ = 23. 
ee E roe iS paramagnetic since it contains an unpaired electron. In 
T s a significant difference of about 250kJ  mol^! in the energy 
ed involved, $o that combination of AOs to give: MOs is less 

gud nae In Or or No. The bonds are therefore weaker than might 
expected. Apart from this the molecular orbital pattern (Figure 4.31) 
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Atomic Molecular 
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molecule atorn i 

lecular orbitals for 
Figure 4 31 Electronic configuration, atomic orbitals and mo niinc oxide (This diagram is essentially the same as that for homonuclear datom molecules such as Nz, Oz or F} The difference is that the atomic energy leve ; N and O are not the same The als and c*1s MOs are omitted for simplicity 

'5 Similar to that for homonuclear diatomic molecules Removal of one electron to make NO* resuíts In à shorter and stronger bond because t electron is removed from an antibonding orbital, thus increasing the bond order to 3 

CO molecule 

The carbon atom has 2 * 4 — 6 electrons and the O atom has 2 + 6 » electrons, so the CO molecule contains 14 electrons In this case we e rather less certam of the order of energies of the MOs since they different for C and O Assume the order is the same as for light atoms like C 
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Figure 4.32. Electronic confi i io 
| guration, atomic orbitals and molecular orbitals for 

carbon monoxide. (The ols and c*1s MOs are omitted for simplicity.) 

« 2 

ois), o*15?, 025", o*2s^, | = * O2p; 

This is shown in Figure 4.32. 

d o 1> non-bo
nding, and the bonding and antibonding 2s 

3. Altern 2 . leaving one o and two X bonds - and thus a bond order of 

(bondin B la the bond order may be calculated using the formula 

2 ——
 that is (10 — 4)/2 = 3. This simple picture is 

pan he m if co is ionized to give CO* by removal of one 

3} and the E 2px orbital then the bond order should be reduced to 

and in CO* it ing p In fact the bond length in CO is 1.128À 

expected it to ie 
er Thus 

the bond length decreases when we 

E rease, and it indica
tes that the electron must have been 

rom an antibonding orbital. The problem remains if we assume 
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the order of energy for the MOs ts the same as for atoms heavier than C, 
since this only reverses the position of the o2p, and the (22p, and z2p,) 

MOs The most likely explanation of the bond shortening when CO ıs 
changed to CO* ts that the o2s and o*2s molecular orbitals differ in 
energy more than is shown in the figure This means that they are wider 

apart, and the o*2s MO 1s higher in energy than the o2p, m2p, and x2p 
MOs This illustrates very plainly that the order of MO energy levels for 
simple homonuclear diatomic molecules used above ts not automatically 
applicable when two different types of atoms are bonded together, and itis 
certainly incorrect in this particular heteronuclear case 

HCI molecule 

With heteronuclear atoms it 1s not obvious which AOs should be combined 
by the LCAO method to form MOs [n addition because the energy levels 
of the AOs on the two atoms are not identical some MOs will contain a 
bigger contribution from one AO than the other This js equivalent to 
saying that the MO 'bulges more towards one atom, or the electrons in the 
MO spend more time round one atom than the other Thus some degree of 
charge separation ó+ and ó— occurs resulting in a dipole Thus partial 
ironic contributions may play a significant part in the bonding 

Consider the HCI molecule Combination between the hydrogen is AO 
and the chlorine Is, 25, 2p and 3s orbitals can be ruled out because their 
energies are too low If overlap occurred between the chlorine 3p, and 3p, 
orbitals it would be non bonding (see Figure 4 22) because the positive 
lobe of hydrogen will overlap equally with the positive and negative lobes 
of the chlorine orbitals Thus the only effective overlap is with the chlorine 
3p, orbital The combination of H 1s! and CI 3p gives both bonding and 
antibonding orbitals, and the two electrons occupy the bonding MQ, 
leaving the antibonding MO empty It1s assumed that all the chlorine AOs 
except 3p, are localized on the chlorine atom and retain their original AO 
status, and the 3s, 3p, and 3p, orbitals are regarded as non bonding lone 
pairs 

This over simplification ygnores any 10mc contribution such as can be 
shown with the valence bond resonance structures 

H*CI^ and H^CI* 

The former would be expected to contnbute significantly, resulting in 4 
stronger bond 

! 
EXAMPLES OF MOLECULAR ORBITAL TREATMENT 
INVOLVING DELOCALIZED x BONDING 

Carbonate ion CO? 

The structure of the carbonate ion 1s à planar triangle with bond angles of 
120° The C atom at the centre uses sp? orbitals All three oxygen atoms 



EXAMPLES OF MOLECULAR ORBITAL TREATMENT 113 

are equivalent, and the C—O bonds are shorter than single bonds. A 

single valence bond structure such as that shown would have different 

bond lengths, and so fails to describe the structure adequately. 

O 
| 

AEn 
—O O- 

The problem is simply that an electron cannot be represented as a: dot, or a 

pair of electrons as a line (bond). The fourth electron pair that makes 

up the double bond is not localized in one of the three positions, but is 

somehow spread out over all three bonds, so that each bond has a bond 

order of 14. 
Pauling adapted the valence bond notation to cover structures where 

electrons are delocalized. Three contributing structures can be drawn for 

the carbonate ion: 

O O- O- 
| 
ae 5s — e g^ — 

-O O-  -O O- 

These contributing structures do not actually exist. The CO$^ does not 
consist of a mixture of these structures, nor is there an equilibrium be- 
tween them. The true structure is somewhere in between, and is called a 
resonance hybrid. Resonance was widely accepted in the 1950s but is now 
regarded at best as clumsy and inadequate, and at worst as misleading or 
wrong! 
_ Delocalized x bonding is best described by multi-centre bonds, which 
involve x molecular orbitals. The steps in working this out are: 

1, Find the basic shape of the molecule or ion, either experimentally, or 
from the VSEPR theory using the number of o bonds and lone pairs on 
the central atom. 

. Add up the total number of electrons in the outer (valence) shell of all 
the atoms involved, and add or subtract electrons as appropriate to 
form ions. 

. Calculate the number of electrons used in o bonds and lone pairs, and 
by subtracting this from the total determine the number of electrons 
which can participate in x bonding. 
Count the number of atomic orbitals which can take part in x bonding. 
Combine these to give the same number of molecular orbitals which are 
delocalized over all of the atoms. Decide whether MOs are bonding 
non-bonding or antibonding, and feed the appropriate number of x 
electrons into the MOs (two electrons per MO). The orbitals with 
lowest energy are filled first. The number of z bonds formed can easily 
be determined from the MOs which have been filled. 
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The structure of the CO" will be examined in this way. lhere are 24 

electrons in the valence shell (four from C, six from each of the three O 

atoms and two from the charges on the ton}. 
Of these, six are used to form the o bonds between C and the three O 

atoms Each O has four non-bonding electrons, This leaves six electrons 
available for m bonding 
The atomic orbitals available for xt bonding are the 2p, orbital on C and 

the 2p, orbitals from the three O atoms. Combining these four atomic 
orbitals gives four four-centre 1 molecular orbitals. Each of these covers 
all four atoms in the ion. The lowest energy MO is bonding, the highest 
is antibonding, and the remaining two are non-bonding (and are also 
degenerate, i.e. the same in energy). The six x electrons occupy the MOs, 
of lowest energy. Two electrons fill the bonding MO and four electrons fill 
both of the non-bonding MOs and thus contribute one x bond to the 
molecule. Each of the C—O bonds has a bond order of 14, 1 from the o 
bond and 4 from the zt bond. 

Nitrate ion NOF 

The structure of the nitrate ion is a planar triangle, The N atom at the 
centre uses sp? orbitals All three oxygen atoms are equivalent, and the 
bond lengths N—O are all a little shorter than for a single bond, This 
cannot be explained by a valence bond structure: 

i ^ 

There 24 electrons in the valence shell (five from N, six from each of the 
three O atoms and one from the charge on the ion). ` 

Of these, six are used to form the o bonds between N and the three O 
atoms. Each O has four non-bonding electrons. This leaves six electrons 
available for x bonding. 

The atomic orbitals used for 2 bonding are the 2p, orbitals on N and 
the three O atoms. Combining these four atamic orbitals gives four four- 
centre x molecular orbitals The lowest in energy is bonding, the highest is 
antibonding, and the remaimng two are degeneiate (the same in energy) 
and are non-bonding The six x electrons fill the bonding MO and both of 
the non-bonding MOs and thus contribute one zt bond to the molecule. 
Each of the N—O bonds has a bond order of 14, 1 from the a bond and 1 
from the x bond 

Sulphur trioxide SO, 

The structure of SO, is a planar triangle.’The S atom at the centre uses sp’ 
orbitals. All three oxygen atoms are equivalent, and the S—O_ bonds are 
much shorter than single bonds. The valence bond structure is: 
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O 

l 

ó^ œ 
The multi-centre x MO explanation is as follows. There are 24 electrons in 

the valence shell (six from S and six from each of the three O atoms). 

Of these, six are used to form the o bonds between S and the three O 

atoms. Each O has four non-bonding electrons. This leaves six electrons 

available for zx; bonding. 
SO, has 24 outer electrons like the NO3 ion. If SO; followed the same 

pattern as the NO; ion and used the 3p, AO on S and the 2p, AOs on 

the three O atoms, four MOs would be formed, one bonding, two non- 

bonding and one antibonding, and the six x electrons would occupy the 
bonding and non-bonding MOs, thus contributing one x bond to the 
molecule and giving a S—O bond order of 14. The bonds are much shorter 
than this would imply. Though SO; has the same number of outer elec- 
trons as NO; , the two are not isoelectronic. The S atom has three shells of 
electrons, so there is the possibility of using d orbitals in the bonding 
scheme. 

The six atomic orbitals available for x bonding are the 2p, orbitals on 
the three O atoms and the 3p,, 3d,, and 3d,, orbitals on S. Combining one 
2p, AO with the 3p, AO gives two MOs, one bonding and the other 
antibonding. Similarly, combining the second 2p, AO with the 3d,, AO 
gives one bonding MO and one antibonding MO, and combining the third 
2p; AO with the 3d,, AO gives one bonding MO and one antibonding 
MO. Thus we obtain three bonding MOs and three antibonding MOs. The 
six electrons available for x bonding occupy the three bonding MOs, and 
thus contribute three x bonds to the molecule. Each of the S—O bonds 
has a bond order of approximately 2, 1 from the o bond and approximately 
| from the x bond. The reason why the bond order is approximate is that 
the extent of d orbital participation depends on the number of electrons 
and the size and energy of the orbitals involved. This involves detailed 
calculation. 

Ozone O; 

Ozone O; forms a V-shaped molecule. Both bond lengths are 1.278 À, 
and the bond angle is 116?48'. We assume that the central O atom uses 
E sp orbitals for o bonding. The valence bond representation of 
| apis is inadequate Since 1t suggests that the bonds are of different 
engths, though it could be explained in terms of resonance hybrids. 

O 

d N single valence bond structure 
O 

O O 
dl » e = NV resonance hybrids 



The double bonding in the structure 1s best explained by means of 

delocalized three centre x bonding There 1s a total of 18 electrons im the 

valence shell made up of six from each of the three O atoms 

The central O atom forms a o bond with each of the other O atoms, 
which accounts for four electrons The central O atom uses sp? orbitals, 
one of which is a lone pair. If the ‘end’ O atoms also use sp* atomic orbi 

tals, each O contains two non bonding pairs of electrons Thus lone pairs 
account for 10 electrons Sigma bonds and lone pairs together account for 
14 electrons, thus leaving four electrons for x bonding 

The atomic orbitals involved tn zt bonding are the 2p, orbitals on each of 
the three O atoms These give rise to three molecular orbitals These are 
three centre x molecular orbitals The lowest energy MO 1s bonding, the 
highest energy MO ts antibonding, and the middie one 1s non bonding 
There are four x electrons and two fill the bonding MO and two fill the 
non bonding MO, thus contributing one zx bond over the molecule This 
gives a bond order of 1 5 for the O—-O bonds The z system is thus a 
four electron three centre bond 

Nitnte ion NO; 

The nitrite ion NOF 1s V shaped This is based on a plane triangular 
structure, with N at the centre, two corners occupied by O atoms, and 
the third corner occupied by a lone pair. Thus the N atom rs roughly sp? 
hybridized 

In the NO; ion there are 18 electrons in the valence shell These are 
made up of five from N, six from each of the two O atoms, and one from 
the charge on the jon 

The N atom forms o bonds to each of the O atoms, which accounts 
for four electrons, and the N atom has a lone pair accounting for two 
electrons If the O atoms also use sp* atomic orbitals (one for bonding 
and two for lone pairs), the lone pairs on the O atoms account for eight 
more electrons A total of 14 electrons has been accounted for, leaving 
four electrons for x bonding 
Three atomic orbitals are involved in x bonding the 2p, orbitals on the 

N atom and on both of the O atoms These three atomic orbitals form 
three molecular orbitals These are three centre x molecular orbitals The 
lowest in energy is bonding, the highest 1s antibonding, and the middle one 
Is non bonding Two of the four x electrons fill the bonding MO and two 
fill the hon bonding MO, thus contributing one x bond over the molecule 
The bond order of the N—O bonds is thus 1 5, and the N—O distances are 
in between those for a single and double bond 

Carbon dioxide CO, 

The structure of CO, is linear O—C—O, and the C atom uses sp hybrid 
orbitals for o bonds Both C—O bonds are the same length, but are much 
shorter than a single bond. This is best explained by delocalized a bonding, 
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and involves multi-centre x molecular orbitals. The molecule contains 

16 outer shell electrons, made up from six electrons from each of the two 

O atoms and four electrons from the C atom. 

The C atom forms o bonds to both the O atoms, thus accounting for four 

electrons. There are no lone pairs of electrons on the C atom. If the O 

atoms also use sp hybrid orbitals then there is one lone pair of electrons on 

each O atom, accounting for a further four electrons. This accounts for 

eight electrons altogether, leaving eight electrons available for xt bonding. 

If the c bonding and lone pairs of electrons occupy the 2s and 2p, atomic 

orbitals on each O atom, then the 2p, and 2p, atomic orbitals can be used 

for x bonding. Thus there are six atomic orbitals available for x bonding. 

The three 2p, atomic orbitals (one from C and one from each of the O 

atoms) form three three-centre x molecular orbitals which cover all three 

atoms. The MO with the lowest energy is called a bonding molecular 

orbital. The MO with the highest energy is called an antibonding MO, and 
the remaining MO is non-bonding. In a similar way, the three 2p, atomic 
orbitals also form bonding, non-bonding and antibonding three-centre zx 
molecular orbitals. Each of these MOs covers all three atoms in the mol- 
ecule. The eight 2 electrons occupy the MOs of lowest energy, in this case 
two electrons in the bonding 2p, MO, two electrons in the bonding 2p, 
MO, then two electrons in the non-bonding 2p, MO and two electrons in 
the non-bonding 2p, MO. This gives a net contribution of two x bonds to 
the molecule, in addition to the two o bonds. Thus the bond order C—O is 

thus two. 

Azideion N3 

The N3 ion has 16 outer electrons (five from each N and one from the 
charge on the ion). It is isoelectronic with CO;, and is linear N—N—N 
like CO2. We assume the central N uses sp hybrid orbitals for o bonding. 

Four electrons are used for the two o bonds. Each of the end N atoms 
has one non-bonding pair of electrons, accounting for four more electrons. 
This leaves eight electrons for x bonding. 

If the bonding and non-bonding electrons are assumed to use the 2s 
and 2p, orbitals, this leaves six atomic orbitals for x bondifig. These are 
three 2p, AOs and three 2p, AOs. The three 2p, Orbitals form three three- 
centre = molecular orbitals. The lowest in energy is bonding, the highest 
is antibonding, and the remaining MO is non-bonding. In a similar way 
the three 2p. atomic orbitals give bonding, non-bonding and antibonding 
MOs. The eight x electrons fill both of the bonding MOs, and both of the 
non-bonding MOs. Thus there are two o and two x bonds, giving a bond 
order of 2. Thus both N—N bonds are the same length, 1.16À. 

SUMMARY OF MULTI-CENTRE x BONDED STRUCTURES 
Isoelectronic s 
(Table 4.6). pectes have the same shape and the same bond order - 



Table 4 6 Multi-centre bonded structures 
Ims ———— )————————————S———————/á——— Á——eüà€"Á———— üÓN!—€—"v('ll 

Spectes Number of outer Shape Bond 
electrons order 

CO, 16 Linear 2 

N, 16 Linear 2 

O, 18 V-shaped 15 

NO; 18 V-shaped L5 

COi- 24 Plane triangle 133 

NOF 24 Piane tnangle 133 

UNITED ATOM METHOD 

The LCAO method described above is tantamount to bringing the atoms 
from infimty to their equilibrium positions in the molecule. The united 
atom method ts an alternative approach It starts with a hypothetical 
‘united atom’ where the nucie: are superimposed, and then moved to their 
equilibrium distance apart The united atom has the same number of 
orbitals as a normal atom, but it contains the electrons from two atoms 
Thus some electrons must be promoted to higher energy levels tn the 

united atom molecule | separate atoms 
p m= 
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Figure 4 33 Mulliken correlation far lie atoms forming a diatomic motecule 
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united atom. Further, the energy of the united atom orbitals differs from 

that of the atomic orbitals because of the greater nuclear charge. Thus the 

molecular orbitals are in an intermediate position between the orbitals in 

the united atom and those in the separate atom. If lines are drawn between 

the energies of the electrons in the separate atoms and in the united atom 

(that is a graph of internal energy against the distance between the nuclei 

from r = 0 to r = ©), a correlation diagram is ‘obtained (Figure 4,33). 
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Supplement) 

PROBLEMS 

L Show by drawings how an s orbital, a p orbital or a d orbital on one 
atom may overlap with s, p or d orbitals of an adjacent atom. 

> List three rutes for the linear combination of atomic orbitals. 

3. Show how the LCAO approximation gives rise to bonding and anti- 
bonding orbitals Illustrate your answer by reference to three different 
diatomic molecules. 

4. Use the molecular orbital theory to explain why the bond strength in a 
Nz molecule ts greater than that in a F2? molecule. 

5. Use the MO theory to predict the bond order and the number of 
unpaired electrons in O37, Oy, O2, OF, NO and CO. ' 

6. Draw MO energy level diagrams for C;, O; and CO. Show which 
orbitals are occupied, and work out the bond orders and magnetic 
properties of these molecules. 

7. Name the three types of hybrid orbital that may be formed by an atom 
with only s and p orbitals in its valence shell. Draw the shapes and 
stereochemistry of the hybrid orbitals so produced. 

8. What are the geometric arrangements of sp?d?, sp*d and dsp? hybrid 
orbitals? 

9. Predict the structure of each of the following, and indicate whether 
the bond angles are likely to be distorted from the theoretical values: 
(a) BeCl,; (b) BCI3; (c) SiCl,; (d) PCI, (vapour); (e) PFa; (f) F:0; 
(g) SF,; (h) IF,; () 505; (]) SFe. 

10 How and why does the cohesive force in metals change on descending 
a group, or on moving from one group to another? What physical 
properties follow these changes in cohesive force? 

11. Use energy level diagrams and the band theory to explain the dif- 
ference between conductors, insulators and semiconductors 



The metallic bond 

GENERAL PROPERTIES"OF METALS 

All metals have characteristic physical properties: 

|. They are exceptionally. good conductors of electricity and heat. 

2. They have a characteristic metallic lustre — they are bright, shiny and 

highly reflective. 
3. They are malleable and ductile. 
4. Their crystal structures are almost always cubic close-packed, hexag- 

onal close-packed, or body-centred cubic. 
3. They form alloys readily. 

Conductivity 

All metals are exceptionally good conductors of heat and electricity. 
Electrical conduction arises by the movement of electrons. This is in 
contrast to the movement of ions which is responsible for conduction in 
aqueous solution or fused melts of ionic compounds like sodium chloride, 
where sodium ions migrate to the cathode, and chloride ions migrate to 
the anode. In the solid state, ionic compounds may conduct to a very small 
extent (semiconduction) if defects are present in the crystal. There is an 
enormous difference in the conductivity between metals and any other 
type of solid (Table 5.1). 

Table 5.1 Electrical conductivity of various solids 

Substance Type of bonding Conductivity 
(ohm cm^!) 

Silver Metallic 6.3 x 
t Metallic 6.0 x ios 

2m Metallic 24x10 ` inc Metallic 1.7 x 10° Sodium chloride lonic 1077 
Ou Covalent giant molecule 107 

Covalent giant molecule 10-4 
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Most of the elements to the left of carbon in the periodic table ar, 
metals A carbon atom has four outer electrons If these are all used ty 
form four bonds, the outer shell 1s complete and there are no electrong 
free to conduct electricity 

full 25 ?P 

Carbon atom — excited state inner 

shell 

Carbon atom having gained a full 

share m four more electrons inner ti Tite 

by farming faur bonds sheil 

Elements to the left of carbon have fewer electrons, and so they must 
have vacant orbitals Both the number of electrons present in the outer 
shell, and the presence of vacant orbitals i the valence shell, are import 
ant features in explaining the conductivity and bonding of metals 
The conductivity of metals decreases with increasing temperature 

Metals show some degree of paramagnetism, which indicates that they 
possess unpaired electrons 

Lustre 

Smooth surfaces of metals typically have a lustrous shiny appearance All 
metals except copper and gold are silvery in colour (Note that when finely 
divided most metals appear dull grey or black ) The shininess i5 rather 
special, and ts observed at all viewing angles, in contrast to the shininess of 
4 few non metallic elements such as sulphur and iodine which appear shiny 
when viewed at low angles Metals are used as mirrors because they reflect 
light at all angles. This i5 hecause of the. free electrons in the metal which 
absorb energy from light and re-emit it when the electron drops back from 
Its excited state to us original energy level Since light of all wavelengths 
(colours) is absorbed, and is immediately re emitted, practically all the 
hght is reflected back — hence the lustre The reddish and golden colpurs 
of copper and gold occur because they absorb some colours more readily 
then others 
Many metals emit electrons when exposed to hght — the photoelectnc 

effect Some emit electrons when irradiated with short wave radiation 
and others emit electrons on heating (thermionic emission) 

Malleability and cohesive force 

The mechanical properties of metals are that they are typically malleable 
and ductile This shows that there ts not much resistance to deformation of 
the structure. but that a large cohesive farce holds the structure together 

AH 
M eeyatal or Ms 
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Table 5.2 Enthalpies of atomization AH? (kJ mol~!) (Measured 

at 25°C except for Hg) 

Metal AH* Melting point Boiling point 

CC) (°C) 

o etl
 

Li 162 181 1331 

Na 108 98 890 

K 90 64 766 

Rb 82 30 701 

Cs 78 20 685 

Be 324 1277 2477 

Mg 146 650 1120 

Ca 178 838 1492 

Sr 163 768 1370 

' Ba 178 714 1638 

B 565 2030 3027 

Al 326 660 2447 

Ga 272 30 2237 

ONE ' 376 1539 2480 

Ti 469 1668 3280 

V 562 1900 3380 

Cr 397 1875 2642 

Mn 285 1245 2041 

Fe 415 1537 2887 

Co 428 1495 2887 

Ni 430 1453 2837 

Cu 339 1083 2582 
Zn 130 420 908 
re cma iA Te A A 

Enthalpies of atomization from Brewer, L.. Science, 1968, 161, 
115, with some additions. — 

The cohesive force may be measured as the heat of atomization. Some 
numerical values of AH°, the heats of atomization at 25°C, are given in 
Table 5.2. The heats of atomization (cohesive energy) decrease on de- 
scending a group in the periodic table Li-Na-K-Rb- Cs, showing that 
they are inversely proportional to the internuclear distance. 
- cohesion energy increases across the periodic table from Group 1 to 
: pe ta Group 13. This suggests that the strength of metallic bonding 

d E e number of valency electrons. The cohesive energy in- 
eed : on crossing the transition series Sc- Ti- V as the number of 
napi ectrons increases. Continuing across the transition series the 
VE ectrons per atom involved in metallic bonding eventually falls, 
- electrons become paired, reaching a minimum at Zn. 

ss x M e to an even greater extent the boiling points 
RE ow the trends in the cohesive energies. The cohesive 
E y over an appreciable range, and they approach the magnitude 

lice energy which holds ionic crystals together. The cohesive 



124 | THE METALLIC BOND 

energies are much larger than the weak van der Waals forces which hold 

discrete covalent molecules together in the solid state 

There are two rules about the cohesive energy and structure of metals 

(or alloys}, and these are examined below 

Rule] The bonding energy of a metal depends on the average number of 
unpaired electrons available for bonding on each atom 
Rule 2. The crystal structure adopted depends on the number of s and p 
orbitals on each atom that are involved with bonding 

Consider the first rule - Group 1 metals have the outer electronic con 
ficuration as', and so have one electron for bonding In the ground state 
(lowest energy), Group 2 elements have the electronic configuration ns*, 
but tf the atom ıs excited, an outer electron is promoted, giving the con 
figuration ns’, np' with two unpaired electrons, which can form two 
bonds Similarly Group 13 elements in the ground state have the con 
figuration ns”, np', but when excited to ns’, np’, they can use three elec 
trons for metallic banding 
The second rule attempts to relate the number of s and p electrons 

available for bonding to the crystal structure adopted (Table 5 3) Apart 
from Group 1 metals, the atoms need to be excited, and the structures 
adopted are shown in Table 5 4 

Table 5 3 Prediction of metal structures from the number of 5 
and p electrons involved in metallic bonding 

Number of s and p Structure 
electrons per atom 
invalved in bonding 

Less than 1 5 Body centred cubic 
17-2 1 Hexagonal close packed 
25-32 Cubic close packed 

Approaching 4 Diamond structure - not metallic 

Group 1 elements have a body centred cubic structure, and follow the 
nile In Group 2, only Be and Mg have a hexagonal close-packed struc 
ture and strictly follow the rule In Group 13, Al has a cubic close packed 
structure as expected However, not all the predictions aré correct. There 
is no Obvious reason why Ca and Sr form cubic close packed structures 
However, the high temperature forms of Ca and Sr, and the room tem 
perature form of Ba, form body centred cubic structures (ke Group 1), 
instead of the expected hexagonal close packed structure "The explanation 
is probably that the paired s electron i5 excited to a d Jevel instead of a p 
level and hence there is only onc s or p electron per atom participating 1n 
metallic bonding This also explains why the first half of the transition 
metals also form body centred cubic structures. In the second half of the 
transition senes, the extra electrons may be put in the p level, 10 avoid 
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THE METALLIC BOND 

painng d electrons, and so allow the maximum participation of d orbitals 
in metallic bonding This increases the number of s and p electrons in 
volved tn metallic bonding, and for example 1n Cu, Ag and Au the excited 

electronic state involved in bonding i5 probably d, s!, p, giving a cubic 
close packed structure and five bonds per atom (two d, one s and two p 
electrons) Át Zn the d orbitals are full, and the excited state used for 
bonding is 3d'?, 451, 4p!, giving two bonds per atom and a body centred 
cubte structure The enthalpres of atomization are in general agreement 
with these ideas on bonding 

Crystal structures of metals 

Metallic elements usually have a close-packed structure with a coordina- 
tton number of 12 There are two types of close packing depending on the 
arrangement of adjacent layers in the structure cubic close packing 
ABCABC and hexagonal close packing ABAB (see Metallic bonds and 
metallic structures in Chapter 2} However, some metals have a bady- 
centred cubic type of structure (which fills the space shghtly less efficiently) 
where there are eight nearest neighbours, with. another six next nearest 
neighbours about 15% further away If this smail difference in distance 
between nearest and next-nearest neighbours :s disregarded, the coor- 
dmation number for a body-centred cubic structure may be regarded 
loosely as 14. The mechanical properties of malleability and. ductility 
depend on the ease with which adjacent planes of atoms can glide over 
each other, to give an equivalent arrangement of spheres These properties 
are alsa affected by physical imperfections such as gram boundaries and 
dislocations, by point defects in the crystal lattice and by the presence of 
traces of impunty in the lattice. The possibility of planes gliding is greatest 
in cubic close-packed structures, which are highly symmetrical and have 
possible shp planes of close-packed layers in four directions (along the 
body diagonals), compared with only one direction 1n the hexagonal close- 
patito simtur Tms epams why come cose packed sirutinits ait 
generally softer and more easily deformed than hexagonal or body centred 
cubic structures Impurities may cause dislocations in the normal metal 
lattice, and the localized bonding increases the hardness Some soft metals 
like Cu become work hardened - it 1s harder to bend the metal a second 
tme This is because dislocations are caused by the first bending, and these 
disrupt the ship planes. Other metals such as Sb and Bi are brittle This 15 
because they have directional bonds, which pucker layers, preventing one 
layer from slipping over another 
The type of packing vanes with the position of the element in the 

periodic table (Table 5 4), which is related to the number of s and P 
electrons on each atom that can take part in metallic bonding This has 
been described eacher 

Metallic elements commonly react with other metallic elements, often 
Over a wide range of composition, forming a variety of alloys which look 
hke metals, and have the properties of metals 
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Table 5.5 Interatomic distances in M; mole- 

cules and metal crystals 

Distance in Distance in 
metal M> molecule 

(A) (A) 

Li 3.04 2.67 
Na 3.72 3.08 
K 4.62 3.02 
Rb 4.86 4.22 
Cs 5.24 4.50 

' Bond lengths 

If the valence electrons in a metal are spread over a large number of 
bonds, each bond should be weaker and hence longer. The alkali metals 
exist as diatomic molecules in the vapour state, and the interatomic dis- 
tances in the metal crystal are longer than in the diatomic molecule (Table 
5.5). 
Though the bonds in the metal are longer and weaker, there are many 

more of them than in the M, molecule, so:the total bonding energy is 
greater in the metal crystal. This can be seen by comparing the enthalpy 
of sublimation of the metal crystal with the enthalpy of dissociation of the 
M» molecules (Table 5.6). 

THEORIES OF BONDING IN METALS 

The bonding and structures adopted by metals and alloys are less fully 
understood than those with ionic and covalent compounds. Any successful 
theory of metallic bonding must explain both the bonding between a large 
number of identical atoms in a pure metal, and the bonding between 
widely different metal atoms in alloys. The theory cannot involve direc- 
tional bonds, since most metallic properties remain even when the metal is 
In the liquid state (for example mercury), or when dissolved in a suitable 

Table 5.6 Comparison of enthalpies of subli- 
mation and dissociation í 
S 

a 

Enthalpy of l enthalpy of 
sublimation dissociation 
of metal of M; molecule 
(kJ mol!) (kJ mol!) a Ree e 

Li 161 54 
Na 108 38 
K 90 26 
Rb 82 24 
Cs 78 21 ———— M— rr € 
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L—ti bt 

L—L Hos 

(b) 

L—Li LAL 
| 

U’ U~ Li 

(c) 

UG tebe 
| 
uuu 

(d) 
Figure $ 1. Representations of 
same bonding possibilities in 
ttum 

solvent (for example solutions of sodium 1n liquid ammonia). Further, the 
theory should explain the great mobility of electrons - 

Free electron theory 

As early as 1900, Drude regarded a metal as a lattice with electrons moving 
through it in much the same way as molecules of a gas are free to move 
The idea was refined by Lorentz in 1923, who suggested that metals com- 

prised a lattice of rigid spheres (positive 10ns), embedded in a gas of free 
valency electrons which could move in the interstices This model explains 
the free movement of electrons, and cohesion results from electrostatic 
attraction between the positive tons and the electron cloud Whilst it does 
explain in a rough qualitative way why an increased number of valency 
electrons results 1n an increased cohesive energy, quantitative calculations 
are much less successful than simular calculations for the lattice energies of 
ionic compounds 

Valence bond theory 

Consider a simple metal such as lithium, which has a body-centred cubic 
structure, with eight nearest neighbours and six next-nearest neighbours at 
a sitghtly greater distance A lithium atom has one electron in its outer 
shell, which may be shared with one of tts neighbours, forming a normal 
two electron bond The atom could equally well be bonded to any of its 
other eight neighbours. so many different arraügements are possible, and 
Figures 5 1a and b are two examples 3 
A lithium atom may form two bonds if it :onizes, and it can then form 

many structures similar to those in Figures 5 lc and d Pauling suggested 
that the true structure ts a mixture of al] the many possible bonding forms 

The more possible structures there are, the lower the energy This means 
that the cohesive force which holds the structure together i5 large, and ín 
metalic diiio Ore cohesive energy is three ames greater than m a Li 
molecule The cohesive energy increases from Group 1 to 2 to 13, and this 
Is explained by the atoms being able to form an increased number of 
bonds, and give an even larger number of possible structures The pres 
ence of ions could explain the electrical conduction, but the theory does 
not explain the conduction of heat 1n solids, or the lustre, or the retention 
of metallic properties in the liquid state or in solution 

Molecular atbual or band theory 

The electronic structure of à lithium atom ts 

1s 25 2p 

LE IJ 
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The Li; molecule exists in the vapour state, and bonding occurs using the 

2; atomic orbital. There are three empty 2p orbitals in the valence shell, 

and the presence of empty AOs is a prerequisite for metallic properties. 

(Carbon in its excited state, nitrogen, oxygen, fluorine, and neon all lack 

empty AOs in the valence shell and are all non-metals.) 

The valence shell has more AOs than electrons, so even if the elec- 

trons are all used to form normal two-electron bonds, the atom cannot 

attain a noble gas structure. Compounds of this type are termed ‘electron 

deficient’. 
Empty AOs may be utilized to form additional bonds in two different 

ways: 

1. Empty AOs may accept lone pairs of electrons from other atoms or 

ligands, forming coordinate bonds. 
2. Cluster compounds may be formed, where each atom shares its few 

' electrons with several of its neighbours, and obtains a share in their 
electrons. Clustering occurs in the boron hydrides and carboranes, and 
is a major feature of metals. 

The molecular orbital description of an Li; molecule has been discussed 
earlier in Chapter 4, in the examples of MO treatment. There are six 
electrons arranged in molecular orbitals: 

ols*, o* 157, 02s” 

Bonding occurs because the o2s bonding MO is full and the corresponding 
antibonding orbital is empty. Ignoring any inner electrons, the 2s AOs on 
each of the two Li atoms combine to give two MOs - one bonding and one 
antibonding. The valency electrons occupy the bonding MO (Figure 5.2a). 
Suppose three Li atoms joined to form Li4. Three 2s AOs would com- 

bine to form three MOs — one bonding, one non-bonding and one anti- : 
bonding. The energy of the non-bonding MO is between that for the 
bonding and antibonding orbitals. The three valency electrons from the 
three atoms would occupy the bonding MO (two electrons) and the non-, 
bonding MO (one electron) (Figure 5.2b). 
uu z four AOs would form four MOs - two bonding, and two anti- 

m he presence of two non-bonding MOs between the bonding and 
Moin mg orbitals reduces the energy gap between the orbitals. The four 
bo ye ectrons would occupy the two lowest energy MOs, which are 
"T bonding orbitals, as shown in Figure 5.2c. 
i ecd rune of electrons in the cluster increases, the spacing between 
a id eve : of the various orbitals decreases further, and when there 

i MET ae er of atoms, the energy levels of the orbitals are so close 
The numb ey almost form a continuum (Figure 5.2d). 

constituent I I must by definition be equal to the number of 
lilius acd; Lr there is only one valence electron per atom in 
Os A ; can hold two electrons, it follows that only half the 

€ 2s valence band are filled — i.e. the bonding MOs. It requires 
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Atomic orbitals Molecular orbitals 

Antibonding 
(a) Lio 

Atom Atom 
1 2 

Bonding 

Antibonding 
(b} Lig 

Nonbonding 

Atom Atom Atom 
1 2 3 

Bonding 

fc) Lig 

2s 2s 25 25 || 

EU ALALAL AL. 
4 

Many closely spaced 
MO levels constituting 
& band (Note that 
there are n energy 
levels and ^ electrons 
SO the band is only 
half filled) 

[d] Li, (meta!) 

5 

r—,— 
Atom Many Atom 

atoms n 

Figure 5 2 Development of molecular orbitals into bands in metals 

MD “ minute amount of energy to perturb an electron to an unoccupied 

The MOs extend in three dimenstons over all the atoms in the crystal, so electrons have a high degree of mobility The mobile electrons account for the high thermal and electrical conduction of metals If one end of a piece of metal 15 heated, electrons at that end gam energy and move to an unoccupied MO where they can travel rapidly to any other part of the metaf, which ın turn becomes hot In an analogous manner, electrical conduction takes piace through a minor perturbation in energy 
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Atomic Molecular 

orbitals orbitals 

Atomic Molecular 
orbitals orbitals Empty 

levels 

Empty 

levels 

Occupied 

levels - : 
Occupied 

levels 

(a) (b) 

Figure 5.3 Two methods by which conduction can occur: (a) metallic molecular 
orbitals for lithium showing half-filled band; (b) metallic molecular orbitals for 
beryllium showing overlapping bands. 

promoting an electron to an unfilled level, where it can move readily. In 
the absence of an electric field, equal numbers of electrons will move in all 
directions. If a positive electrode is placed at one end, and a negative 
electrode at the other, then electrons will move towards the anode much 
more readily than in the opposite direction; hence an electric current flows. 

Conduction occurs because the MOs extend over the whole crystal, and 
because there is effectively no energy gap between the filled and unfilled 
MOs. The absence of an energy gap in lithium is because only half the 
MOs in the valence band are filled with electrons (Figure 5.3a). 

In beryllium there are two valence electrons, so the valence electrons 
Would just fill the 2s valence band of MOs. In an isolated beryllium atom, 
the 2s and 2p atomic orbitals differ in energy by 160kJ mol~!. In much the 
same way as the 2s AOs form a band of MOs, the 2p AOs form a 2p band 
E E The upper part of the 2s band overlaps with the lower part of the 
Z n (Figure ?.3b). Because of this overlap of the bands some of the 2p 
E 5 big and some of the 2s band is empty. It is both possible and 
se ane electrons to an unoccupied level in the conduction band, 
an y can move throughout the crystal. Beryllium therefore behaves 

metal. It is only because the bands overlap that there is no energy gap, 
SO perturbatio l a P n from the filled valence band to the empty conduction band 

CONDUCTORS, INSULATORS AND SEMICONDUCTORS 
In electrical conductors ull, or the valence nie (metals), either the valence band is only partly 

conduction bands overlap. There is therefore no 
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significant gap between filled and unfilled MOs, and perturbation can 
occur readily 

In msulators (non metals), the valence band 1s full, so perturbation 
within the band is impossible, and there is an appreciable difference tn 
energy (called the band gap) between the valence band and the next empty 
band Electrons cannot therefore be promoted to an empty ievel where 
they could move freely 

intrinsic semiconductors are basically insulators, where the energy gap 

between adjacent bands is sufficiently small for thermal energy to be able 
to promote a small number of electrons from the full valence band to the 
empty conduction band Both the promoted electron in the conduction 
band and the unpaired electron left in the valence band can conduct elec- 

maty The conductivity of semiconductors increases with temperature 
because the number of electrons promoted to the conduction band in 
creases as the temperature increases Both n-type and p-type semucon 
ductors are produced by doping an insulator with a suitable impurity The 
band from the impurity [res in between the valence and conduction bands 
in the insulator, and acts as a bridge, so that electrons may be excited from 

the insulator bands to the impurity bands, or vice versa (Figure 5 4) 
(Defects and semiconductors are discussed at the end of Chapter 3 ) 

ALLOYS 

When two metals are heated together, or a metal 1s mixed with a non 
metallic element then one of the following will occur 

1 An tonic compound may be formed 
2 An interstitial alloy may be formed s 
3 A substitutional alloy may be formed 
4 Asimple mixture may result 

F 

Nen oi Tnese occurs depends on the chermeca) nature of The iwo temers 

concerned and on the relative sizes of the metal atoms and added atoms 

lonic compounds 

Consider first the chemical nature of the two elements If an element of 

high electronegativity (eg F40, C1300r 03 5) is added to a metal of 
low electronegatvity (e g L1 0, NaO 9) the product will be 19nic. nol 
metallic 

Interstitial alloys and related compounds 

Next consider the relative sizes of the atoms The structure of many metals 
I$ à close-packed lattice of spherical atoms or ions. There are therefore 
many tetrahedral and octahedral hales If the element added has small 
atoms, they can be accommodated in these holes without altering the 
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Figure 5.4 Conductors, insulators, impunty and intrinsic semiconductors 

J 

Structure of the metal. Hydrogen is small enough to occupy tetrahedral 
holes, but most other elements occupy the larger octahedral holes. 
_ The invading atoms occupy interstitial positions in the metal lattice, 
Instead of replacing the metal atoms. The chemical composition of com- 
snap this type may vary over a wide range depending on how many 

ae LA Such alloys are called interstitial solid solutions, and 
Aurken and : : wide range of metals with hydrogen, boron, carbon, 
invading at er elements. The most important factor is the size of the 

& atoms, For octahedral holes to be occupied, the radius ratio of 
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Evtectic 

y + Eutectic + 
Fe4C 

Temperatura °C} 

Eutectic 
+ 

FEC 

0 1 e a 4 5 G 
Fe Fe4C 

% Carbon (by weight) 

Figure 5 5 Part of the iron-carbon phase diagram (X = eutectic, Y = eutectoid 

P = pearlite) 

the smaller atom/larger atom should be in the range 0 414-0732 The 
invasion of interstitial sites does not significantly alter the metal structure 
lt still looks lıke a metal, and still conducts heat and electricity However, 
filling some of the holes has a considerable effect on the physical pro- 
perties, particularly the hardness, malleability and ductility of the metal 

This 1s because filling holes makes st much more difficult for one layer of 
metal :ons to slip over another 

Interstitial bordes, carbides and nitrides are extremely inert chemically, 
have very high melting points, and are extremely hard. Interstitial carbides 
of tron are of great importance in the various forms of steel 
The iton-carbon phase diagram 15 of great importance m the ferrous 

metal industry, and part of this is shown in Figure $ 5. The most important 
part 1s from pure Fe to the compound tron carbide or cementite, Fes 
Pure Fe exists as two allotropre forms one ts a-ferrite or austentte, with a 
bedy-centred cubie structure, which 15 stable up to 910°C, above this 
temperature 1t changes to y ferrite with a face centred-cubic structure 
Above 1401*C y-fernte changes back to a body-centred cubic structure, 
but is now called 3 fernte * 
The upper part of the curve is typical of two solids which are only partly 

miscible, and a eutectic point occurs at X, between y-ferrite, iron carbide 
and liquid A similar tnple point occurs at Y, but since it occurs qn 2 
completely solid region it is called a eutectoid point A solid with the 
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eutectoid composition (a mixture of y-ferrite and iron carbide) is called 

pearlite. This is a mixture, not a compound, and is marked P in the dia- 

gram. The name pearlite refers to the mother-of-pearl-like appearance 

when examined under a microscope. The various solid regions a, y, ô are 

the different allotropic forms of iron and all contain varying amounts of 

carbon in interstitial positions. 

Steel contains up to 2% carbon. The more carbon present, the harder 

and more brittle the alloy. When steel is heated, the solid forms austenite, 

which can be hot rolled, bent or pressed into any required shape. On 

cooling, the phases separate, and the way in which the cooling is carried 

out affects the grain size and the mechanical properties. The properties of 

steel can be changed by heat treatment such as annealing and tempering. 

Cast iron contains more than 2% carbon. Iron carbide is extremely hard, 
and brittle. Heating cast iron does not produce a homogeneous solid 
solution (similar to austenite for st€el), so cast iron cannot be worked 
mechanically, and the liquid must be cast into the required shape. 

Substitutional alloys 

If two metals are completely miscible with each other they can form a 
continuous range of solid solutions. Examples include Cu/Ni, Cu/Au, 
K/Rb, K/Cs and Rb/Cs. In cases like these, one atom may replace another 
at random in the lattice. 
In the Cu/Au case at temperatures above 450°C a disordered structure 

exists (Figure 5.7c), but on slow cooling the more ordered superlattice may 
be formed (Figure 5.7d). Only a few metals form this type of continuous 
solid solution, and Hume-Rothery has shown that for complete miscibility 
the following three rules should apply. 

Temperature (°C) 

0 10 20 30 40 50 60 70 80 90 100 
Cu Ni 

, % nickel Figure 5.6 UNES (by weight) 

Physical Chemistry.) Continuous series of solid solutions. (After W.J. Moore, 
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(a) pure metal lattice (b) interstitial alloy (X. atoms occupy 
triterstitial positions} 
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(c) random substitutional alloy (d) superlatuce (ordered substitutional alloy) 

Figure 5 7 Metal and alloy Structures. (a) pure metal lattice, (b) interstitial alloy 
(X atoms occupy interstitial positions), (c) random substitutional wlloy and (d) 
superlattice (ordered substitutional alloy) 

1 The two metals must be similar in size — their metallic radii must not 
differ by more than 14-15% 

2 Both metals must have the same crystal structure 
3 The chemical properties of the metals must be similar — 1n particular the 

number of valency electrons should be the same 

Consider an alloy of Cu and Au The metallic radu differ by only 12 555, 
both have cubic close packed structures, and bath have simtlar properties 
since they are in the same vertical group in the periodic table The two 
metals are therefore completely miscible The Group 1 elements are 
chemically similar, and all have body centred cubic structures The size 
differences between adjacent pairs of atoms are Li-Na 22 4%, Na~K 
22 0%, K-Rb 93% and Rb-Cs 69% Because of the size difference, 
complete miscibility ts found with K/Rb and Rb/Cs alloys, but not with 
Li/Na and Na/K alloys 

If only one or two of these rules 1s satisfied then random substitutional 
Solid solutions will only occur over a very limited range at the two extremes 

of composition 
Consider alloys of tin and lead The radu differ by only 8 0%, and they 

are both in Group 14, and so have similar properties However, thes 
Structures are different, so they are only partly miscible (See Figure 5 8) 
Solder ss an alloy of Sn and Pb with typically about 30% Sn, but st may 
have 2-63% Sn The phase diagram is shown in Figure 5 8 There are (wo 
small areas of complete miscibility, labelled a and B, at the extremes of 
composition at the extreme left and right of the diagram With olumbers 
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Figure 5 8 Phase diagram for Sn/Pb showing partial miscibility and only a limited range of solid solutions (The eutectic occurs at 62% Sn and eutectord Points occur at 195% Sn and 97 4% Sp ) 

solder (30% Sn 70% Pb) the Itquid and solid Curves are far apart so that there 1s a temperature interval of nearly i00°C over which the solder ts Pasty with solid solution suspended in liquid When in this part solid part liquid state a solder joint can be ‘wiped’ smooth Similar behaviour 1s found with the Na/K alloy, and the Al/Cu alloy The metallic radu of Na and K differ by 22 0%, so despite their structural and chemital similarities they Only form sold solutions over a limited range of composition 
In other cases where only a limited range of solid solutions are formed the tendency of the different metals to form compounds instead of solu tons is important One or more intermetallic phases may exist. each of Which behaves as a compound of the constituent metals though the exact Stoichiometry may vary over a limited range For example tn the Cu/Zn System the metallic rad: differ by only 70% but they have different Structures (Cu is cube Close packed and Zn is hexagonal close packed) and they have a different number of valence electrons Only a limited range of solid solutions ts expected but the atoms have a strong tendency to form compounds and five different structures may be distinguished. a5 shown in Table 5.4 
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Table 5.8 Table of intermetallic phases 
rea PS 

—— ———
———— 

Phase Zn Composition Structure 
Um d ronad a M I eL AM eU LE Li 

a 0-35% Random substitutional solid solution of Zn in Cu 

p 45-50% Intermetallic compound of approximate 
stoichiometry CuZn. 

Structure body-centred cubic 

Y 60-65% Intermetallic compound of approximate 
stoichiometry CusZng. 

Structure complex cubic 

E. . 82-88% Intermetallic compound of approximate 
stoichiometry CuZn3. 

Structure hexagonal close-packed 

n 97— 10076 Random substitutional solid solution of Cu in Zn 
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Table 5 9 Some intermetallic compounds with various 
ratios of valency electrons to number of atoms 

Ideal formula No of valency electrons 

No of atoms 

CuZn 3/2 

Cun 6 = 32 Uus = 

AgZn 32 f P phases 
Cui 9/6 = 3/2 
AP Al 6/4 = 3/2 
CoZm 32" 

COAT 215 Uo/A Ta 
Naz Pha 2n3 |" phases 
CasZ nj 21/13 

CuZn, Vid 

CusSi 7H 

ABAR [4/g - 7j4 | t Phases 
AAI; 14/8 - 7/4 

* Metals of the Fe Co and Ni groups are assumed to 
have zero valence electrons for metalhe bonding 

The relation between the various phases ts shown in the phase diagram 
(Figure 59) Each phase can be represented by a typical composition or 
ideal formula even though tt exists over a range of composition Hume 
Rothery studied the compositions of the phases formed and found that the 
P phase always occurs in alloys when the ratio of the sum of the valency 
electrons to the number of atoms 1s 3 2 In a similar way the y phase 
always occurs when the ratio ts 21 13 and the yn phase always occurs when 
the ratio 1s 7 4 irrespective of the particular metals involved (Table 5 9) 

The explanation of why similar binary metallic phases are formed at 
similar electron to atom ratios rs not fully understood but seems to lie m 
filing the electronic bands in such a way as to give the minimum energy 

SUPERCONDUCTIVITY 

Metals are good conductors of electneity and their conductivity mereases 
as the temperature 1s lowered In 1911 the Dutch scientist Heike Kamer 
lingh Onnes discovered that metals such as Hg and Pb became supercon 
ductors at temperatures near absolute zero A superconductor has zero oF 
almost zero electrical resistance. It can therefore carry arn electric current 
without losing energy. and in principle the current can flow for ever There 
IS a critical temperature. T, at which the resistance drops sharply and 
superconduction occurs. Later Meissner and Ochsenfeld found that some 
Superconducting materials will not permmt a magnetic field to penetrate 
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their bulk. This is now called the Meissner effect, and gives rise to ‘levi- 

tation’. Levitation occurs when objects float on air. This can be achieved 

by the mutual repulsion between a permanent magnet and a supercon- 

ductor. A superconductor also expels all internal magnetic fields (arising 

from unpaired electrons), so superconductors are diamagnetic. In many 

cases the change in magnetic properties is easier to detect than the in- 

creased electrical conductivity, since the passage of high currents or strong 

magnetic fields may destroy the superconductive state. Thus there is also a 

critical current and critical magnetization which are linked to T}. 

A superconducting alloy of niobium and titanium, which has a T. of 

about 4K and requires liquid helium to cool it, has been known since the 

1950s. Considerable effort has been put into finding alloys which are 

superconductors at higher temperatures. Alloys of Nb3Sn, Nb3Ge, Nb;AI 

and V;Si all show superconductivity and have T; values of about 20 K. It is 

interesting that these alloys all have the same p-tungsten structure. The 

Nb;Sn and and Nb3Ge alloys have T; values of 22 K and 24 K respectively. 

These alloys are used to make the wire for extremely powerful electro- 
magnets. These magnets have a variety of uses: 

1. In linear accelerators used as atom smashers for high energy particle 
physics research 

2. In nuclear fusion research to make powerful magnetic fields which act 
as a magnetic bottle for a plasma 

3. For military purposes 
4. For nuclear magnetic resonance machines in chemical Jaboratories and 

for imaging (which is used in diagnostic medicine). 

An extremely high current can be passed through a very fine wire made 
of a superconductor. Thus small coils with a large number of turns can be 
used to make extremely powerful high field electromagnets. Because the 
superconductor has effectively zero resistance, the wire does not get hot. 
Since there is no current loss, once the current is flowing in the coil it 
continues indefinitely. For example, in large superconducting magnets 
used in plasma research, the current used by a Nb/Ta superconducting 
alloy at 4K was only 0.3% of the current used in an electromagnet of 
similar power using copper wire for the metal turns. A major obstacle to 
the widespread use of these low temperature superconductors has been the 
very low value of the transition temperature T.. The only way of attaining 
these low temperatures was to use liquid helium, which is very expensive. 
The first non-metallic superconductor was found in 1964. This was a 

metal oxide with a perovskite crystal structure and is a different type of 
aa from the alloys. It was of no practical use since the T. is 

The perovskite structure is formed by compounds of formula ABOs, where the oxidation states of A and B add i | up to 6. Examples include ZR CaTiO; and NaNb"O,. The perovskite crystal structure is cubic. © . v a lon Is located at the body-centred position (at the centre of the = n cube i^* i ), the smaller Ti** ions are located at each corner, and the O% are Figure 5.10 Perovskite. 
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Figure 5 11 The 1-2-3 
structure of YBa,Cu,0, , 

located half way along each of the edges of the cube Thus the Ca’ has 

a coordination number of 12 since it 1s surrounded by 12 O atoms, and 
the Ti** are surrounded octahedraliy by 6 O atoms This structure is 

illustrated :5 Figure 5 10 

Superconductivity has also been observed in certam orgamc materials 

with flat molecules stacked on top of each other, and im certan sulphides 
called Chevrel compounds 

In 1986 Georg Bednorz and Alex Muller (who were working for IBM in 
Zunch, Switzerland) reported a new type of superconductor with a T, 
value of 35 K This temperature was appreciably higher than that for the 
alloys This compound is a mixed oxide in. the Ba-La-Cu-O system 
Though orginally prven a different formula, it has now been reformulated 
as Lap -,Ba,CuOq.,, where x is between Q 15 and 0 20 and y ts small 
This compound has a perovskite structure based on La,CuQ, Though 
La;CuO, itself is non conducting, superconductors can be made by re 
placing 7 5-10% of the La** 1ons by Ba** There ts a small deficiency of 
Q^- It seems reasonable that the oxygen loss from the lattice 15 balanced 
by the reduction of an easily reducible metal cation, in this case Cu’* 

Ofan ce) ^? 502 + 2e 

2Cu** + 2e — 2Cu** 

The publication of this paper stimulated enormous interest in ‘ceramuc’ 
superconductors and a flood of papers was published in 1987. Different 
laboratones prepared similar compounds, replacing Ba** with Ca’* or 
Sr**, substituting different lanthanides, and varying the preparative 
conditons to contro) the amount of oxygen In the main syntheses stot 
chometne quantities of the appropriate metal oxides or carbonates are 
heated in air, cooled, ground, heated in dtoxygen and annealed Com 
pounds were made with 7, values of about 50K Bednorz and Muller were 
awarded the Nobel Prize for Physics m 2987 

Another very significant superconducting system based on the Y-Ba- 
Cu-O system was reported in March 1987 by Wu, Chu and coworkers 
This was important because it was the first report of a superconductor 
which worked at 93K This ‘temperature was significant for practical 
reasons It allows liquid nitrogen (boiling point 77 K) to be used as coolant 
rather than the more expensive liquid helium. The compound is formu 
lated as YBa;Cu;O;.., This ts called the 1-2-3 system because of the 
ratio of the metals present Like the previous LapCuO, system, the 1-2-3 
Structure contains Cu and is based on a perovskite structure This com 

pnises three cubic perovskite units stacked one on top of the other, giving 
an elongated (tetragonal) untt cell 
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The upper and lower cubes have a Ba?* ion at the body-centred position 

and the smaller Cu?* ions at each corner. The middle cube is similar but 

has a Y?* ion at the body centre. A perovskite structure has the formula 

ABO3, and the stoichiometry of this compound would be YBa?Cu30s. 

Since the formula actually found is YBa;Cu4O; ,, there ijs a massive 

oxygen deficiency, and about one quarter of the oxygen sites in the crystal 

are vacant. In a perovskite cube, O^" are located half-way along each of 

the 12 edges of the cube, Neutron diffraction shows that the O vacancies 

are ordered. All the O which should be present at the same height up 

the z axis as the Y atom are absent: half of the O atoms around Cu and 

between the Ba planes are also missing. 

Several lanthanides,, including Sm, Eu, Nd, Dy and Yb, have been 

substituted for Y in 1-2-3 structures. Values of T, up to 93K are well 

established, These are called warm superconductors. 

In 1988 new systems were reported using Bi or Tl instead of the lan- 

thanides. For example, in the system Bi?Sr;Ca(,.. i Cu,O 2,4; compounds 
are known where n is 1, 2, 3 and 4. These all have a perovskite structure 

and have T, values of 12K, 80K, 110K and 90K respectively. A similar 
range of compounds Tb; Bas;Ca,,. ;jCu,O(2,,4); are known with T, values 
of 90K, 110K, 122K and 119K respectively. There are claims that the 
compound Bi, ;Pbo ;Sbo ,Sr;Ca;Cu» &O, has a T. value of 164K. 
BaBiO, has a perovskite structure, but is not a superconductor. How- 

ever, replacing some of the Ba sites with K, or replacing some of the Bi 
sites with Pb, gives other superconducting phases such as K,Ba,;_,,BiO3 
and BaPb,;_,)Bi,O3. These compounds have relatively low T; values, but 

are of theoretical interest because they do not contain Cu or a lanthanide 
element. 

The race to discover superconductors which work at higher tempera- 
tures continues. ‘The prospect of making superconductors which work at 
room temperature will continue to attract attention, since its technical 
applications have great financial benefits. What are these potential 
uses? i 

1. The possibility of power transmission using a superconductor is highly 
attractive. There are obvious difficulties about making long cables from 
a ceramic material. However, low loss transmission of DC through 
resistanceless cables from electricity generating power stations rather 
than AC through normal wire is economically attractive. 
Use in computers. One of the: biggest difficulties in further minia- 
‘tunzation of computer chips is how to get rid of‘ unwanted heat. If 
superconductors were used, the heat problems would be dramatically 
reduced. The greater speed of chips is hindered by the time it takes to 
charge a capacitor, due to the resistance of the interconnecting metal 
film. Superconductors could lead to faster chips. 

3. Powerful electromagnets using superconducting windings are already 
: E It would be much easier to do this at higher temperatures. 
 ^evitation — much pioneering work was done by Eric Laithwaite at 

2: 
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Imperial College on linear motors, and à prototype of a tram which 
floats on a magnetic field has been built in Japan. 

Superconductivity of metals and alloys is thought to involve two elec. 

trons at a time (Bardeen et al , 1957, Ogg. 1946) There is no one accepted 
explanation of how high temperature superconduction occurs in these 

mixed oxide (ceramic) systems However, 1t seems appropriate to draw 

together the apparent facts at thus time 

] Many, but not all, warm superconductors contam Cu Two features of 

Cu chemistry aré that it exists in three oxidation states, (+1), (+11) and 

(+111), and that Cu(II) forms many tetragonally distorted octahedral 
complexes Both of these factors may be important In the La;CuO, 
compounds some Ba?* 10ns are substituted for La^* To balance the 
charges some Cu(II) atoms change mto Cu(II) Superconductiuity tà 
this systern 1s thought to involve the transfer of electrons from Cu(II) to 
Cu(IID, but if the process involves two electrons as in the metal super- 
conductors it could involve electron transfer from Cu(1) to Cu(1II) 

2 It 3s also sigmificant that these superconductors are all related to the 
perovskile structure 

3 Another common feature 15 that the oxygen deficiency seems to be 
critical There ts strong evidence from neutron diffraction that the 
vacancies left by missing O are ordered It seems reasonable to sup- 
pose that, since Cu is normaliy octahedrally surrounded by six Q 
atoms, when an O vacancy occurs (that is when an O is omitted), then 
two Cu atoms may interact directly with each other Interactions such 
as Cu-Cu! or Cul-Cu! could occur by transferring an elec 
tron between the two Cu atoms Similarly superconductivity m the 
YBa,Cu,07_, 1s thought to be associated with the ready transfer of 
electrons between Cu(I), Cu(II) and Cu(III) 
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PROBLEMS 

1. 

2; 

3. 

List the physical and chemical properties associated with metals. 

Name and draw the three common crystal structures adopted by metals. 

Aluminium has a face-centred cubic structure: The unit cell length is 
4.05 Á. Calculate the radius of AI in the metal. (Answer: 1.43 À.) 

. Explain why the electrical conductivity of a metal decreases as the 
temperature is raised, but the Opposite occurs with semiconductors. 

Gatline the factors determining which is formed. 
.. What is superconductivity? What uses and potential uses are there for superconductors? What types of materials are superconductors? 

- Describe the structures of interstitial and substitutional alloys and 
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General properties of 
the elements 

SIZE OF ATOMS ANB IONS 

Size of atoms 

The size of atoms decreases from left to right across a period in the periodic 
table For example on moving from lithium to berylhum one extra positive 
charge 1s added to the nucleus, and an extra orbital electron i5 also added 
Increasing the nuclear charge results 1n all of the orbital electrons being 
pulled closer to the nucleus In a given period, the alkali metal is the largest 
atom and the halogen the smallest When a horizontal period contains ten 
transition elements the contraction in size ts larger, and when in addition 
there ate 14 inner transition elements 1n a horizontal penod, the contrac- 

tron in size 1s even more marked 
On descending a group in the periodic table such as that containing 

lithium sodium, potassium, rubidium and caesium, the sizes of the atoms 
increase due to the effect of extra shells of electrons being added this 
outweighs the effect of increased nuclear charge 

5izé of 10ns 

Metals usually form positive rons These are formed by removing one or 
more electrons from the metal atom Metal rons are smaller than the atoms 
from which they were formed for two reasons 

| The whole of the outer shell of electrons is usually iomzed, 1¢ 
removed This ts one reason why cations are much smaller than the 
Original metal atom 

Z A second factor is the effective nuclear charge. [n an atom, the number 
of positive charges on the nucleus 1s exactly the same as the number of 
orbital electrons. When a positive ion is formed, the number of positive 

charges on the nucleus exceeds the number of orbital electrons, and the 
effective nuclear charge (which is the ratio of the number of charges on 
the nucleus to the number of electrons) is increased. This results n the 
remaining electrons being more strongly attracted by the nucleus Thus 
the electeons are pulled in — further reducing the size 
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A positive tan ts always smaller than the corresponding atom and the 

more electrons which are removed (that 15, the greater the charge on the 

ion), the smaller the 10n becomes 

Metalic radius Na. 1 86À — Atomic radius Fe 117A 

lonc radius Na*. 102À — Iomc radius Fe** 0 780 À (high spin) 

lonic radius — Fe** 0.645 A (high spin) 

When a negative 101 1s formed, one or more electrons are added to an 
atom, the effective nuclear charge is reduced and hence the electron cloud 
expands Negative ions are bigger than the corresponding atom 

Covalent radius Cl) O99A 

fonte radius Cl” 184A 

Problems with rome radn 

There are several problems in obtaining an accurate set of sonic radn 

] Though it 15 possible to measure the internuclear distances in a crystal 
very accurately by X ray diffraction, for example the distance between 
Na” and F` in NaF, there i$ no universally accepted formula for 
apportioning this to the two rons Historically several different sets of 
tonic radit have been estimated The main ones are by Goldschmidt 
Pauling and Ahrens These are all calculated from observed inter 
nuclear distances, but differ in the method used to split the distance 
between the ions The most recent values, which are probably the most 
accurate, are by Shannon (1976) 

2 Corrections to these radu are necessary if the charge on the jon i5 
changed 

J Corrections must also be made for the coordination number, and the 
geometry 

4 The assumption that 10ns are sphencal rs probably true for sons from 
the s- and p blocks with a noble gas configuration, but 1s probably 
untrue for transition metal ions with an incomplete d sheil 

5 In some cases there is extensive delocalization of d electrons for 
example in TYO where they give rise to metallic conduction, or in cluster 
compounds This also changes the radnu 

Thus 10mc radi are not absolute constants, and are best seen as a working 
approximation 

Trends in ionic radu 

irrespective of which set of rome radn are used, the foliowmng trends at 
observed 

l| In the main groups, radu increase on descending the group, e E 
Lit = 076A, Nat = 102A, K* = 138A, because extra shells of 
electrons are added 



IONIZATION ENERGIES 

?. The ionic radii decrease moving from left to right across any period in 

the periodic table, e.g. Na” = 1.02 A, Mg?* = 0.720A and APt = 

0.535 À. This is partly due to the increased number of charges on the 

nucleus, and also to the increasing charge on the ions. 

3. The ionic radius decreases as more electrons are ionized off, that is as 

the valency increases, e.g. Cr^* — 0.80 Á (high spin), C?* = 0.615A, 

Crt 2 0.55 À, CD* = 0.49 À and Ci$* — 0.44 À. 
4. The d and f orbitals do not shield the nuclear charge very effectively. 

Thus there is a significant reduction in the size of ions just after 10d or 

14f electrons have been filled in. The latter is called the lanthanide con- 

traction, and results in the sizes of the second and third row transition 

elements being almost the same. This is discussed in Chapter 30. 

IONIZATION ENERGIES 

If a small amount of energy is supplied to an atom, then an electron may 
be promoted to a higher energy level, but if the amount of energy supplied 
is sufficiently large the electron may be completely removed. The energy 
required to remove the most loosely bound electron from an isolated 
gaseous atom is called the ionization energy. 

Jonization energies are determined from spectra and are measured in 
kJmol^!. It is possible to remove more than one electron from most 
atoms. The first ionization energy is the energy required to remove the first 
electron and convert M to M*; the second ionization energy is the energy 
required to remove the second electron and convert M* to M?*; the third 
ionization energy converts M?* to M?* , and so on. 

The factors that influence the ionization energy are: 

1. The size of the atom. 
2. The charge on the nucleus. 
3. How effectively the inner electron shells screen the nuclear charge. 
4. The type of electron involved (s, p, d or f). 

. These factors are usually interrelated. In a small atom the electrons are 
tightly held, whilst in a larger atom the electrons are less strongly held. 
Thus the ionization energy decreases as the size of the atoms increases. 

Table 6.2 Ionization energies for Group 1 and 2 elements (kJ mol^!) 

Ist 2nd Ist 2nd 3rd 

S. A 7296 Be 899 1757 14847 
- = 4563 Mg 737 1450 773] 
E = 3069 Ca 590 1145 4910 = 3 2650 Sr 549 1064 4207 E 376 2420 Ba 503 965 

Ra 509 979 3281* 
* Estimated value. 
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This trend 1s shown for example by Group | and Group 2 elements (see 

Table 6 2) and also by the other matn groups — s 

Comparison of the first and second ionization energies for the Group 1 

elements shows that removal of a second electron involves a great deal 
more energy, between 7 and [4 times more than the first tonization energy 

Because the second ionization energy is so high, a second electron is noi 

removed The large difference between the first and second 10nization 

energies 1$ related to the structure of the Group 1 atoms These atoms have 

just one electron in their outer shell Whilst it is relatively easy to remove 

the single outer electron, it requires much more energy to remove a second 
electron, since this involves breaking mto a filled shell of electrons 
The 1omzation energies for the Group 2 elements show that the first 

ionization energy 16 almost double the value for the corresponding Group | 
element This 1s because the increased nuclear charge results in a smaller 
size for the Group 2 element Once the first electron has been removed 
the ratio of charges on the nucleus to the number of orbital electrons (the 
effective nuclear charge} 15 increased, and this reduces the size For 
example, Mg” ss smaller than the Mg atom Thus the remaining electrons 
in Mg* are even more tightly held, and consequently the second iomzaton 
energy 15 greater than the first Removal of a third electron from a Group 
2 element 1s very much harder for two reasons 

| The effective nuclear charge has increased, and hence the remaining 
electrons are more tightly held 

2 Removing another electron would involve breaking a completed shell of 
electrons 

The 1onuzation energy also depends on the type of electron which is 
removed s, p, dand f electrons have orbitals with different shapes Ans 
electron penetrates nearer to the nucleus, and is therefore more tightly 
held than a p electron For similar reasons a p electron is more tightly held 
than & d electron, and a d electron s more ughtly held than an f 
electron Other factors being equal, the ionization energies are in the order 
52 pdf Thus the increase in tonization energy js not quite smooth 
on moving from left to night in the penodic table. l'ór example. the first 
ionization energy far a Group 13 element (where'a p electron 1s being 
removed) 1s actually less than that for the adjacent Group 2 element 
(where an s electron is being removed) 

In general, the ionization energy decreases on descending a group and 
increases on crossing a penod Removal of successive electrons becomes 

Table 6 3 Comparison of some first tonization energies (kJ mol?) 

Li Be C N O F Ne 520 899 1086 1403 1410 1681 2080) 

Na Mp Al SI P CI AT 496 731 577 786 1012 1255 1521 
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Figure 6 1 First ionization energies of the elements 

more difficult and first romization energy < second ronization energy < third ionization energy There are a number of deviations from these generalizations 
The variation in the first ionization energies of the elements are shown in Figure 6 1 The graph shows three features 

! The noble gases He, Ne, Ar, Kr, Xe and Rn have the highest romization energies in their respective periods 
2 The Group I metals Li, Na, K and Rb have the lowest ionization energies in their respective periods 
3 Thereisa general upward trend in ionization energy within a horizontal period, for example from Li to Ne or from Na to Ar 
The values for Ne and Ar are the highest in their periods because 2 great deal of energy is required to remove an electron from a stable filled shell of electrons 
The graph does not increase smoothly The values for Be and Mg are high, and this ts attributed to the stability of a filled s level The values for N and P are also high, and this indicates that a half-filled p level ts also particularly stable The values for B and AI are lower because removal of 
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one electron leaves a stable filled s shell, and similarly with O and S a stable 

half-filled p shell is left. 

Electronic arrangements with extra stability 

s 

Filled s level 

s p 
Halt-filled p level 

s p 
Completely full — noble gas structure 

In general the first ionization energy decreases in a regular way on 

descending the main groups. A departure from this trend occurs in Group 

13, where the expected decrease occurs between B and Al, but the values 
for the remaining elements Ga, In and TI do not continue the trend, and 
are irregular. The reason for the change at Ga is that it is preceded by ten 
elements of the first transition series (where the 3d shell is being filled). 
This makes Ga smaller than it would otherwise be. A similar effect is 
observed with the second and third transition series, and the presence of 
the three transition series not only has a marked effect on the values for 
Ga, In and TI, but the effect still shows in Groups 14 and 15. 

Table 6.5 Ionization energies for Group 13 
elements (kJ mol!) 

Ist 2nd 3rd 

B 801 2427 3659 
Al 577 1816 2744 
Ga 579 1979 2962 
In 558 1820 2704 

i TI 589 1971 2877 

The ionization energies of the transition elements are slightly irregular, 
ut the third row elements starting at Hf have lower values than would be 

expected due to the interpolation of the 14 lanthanide elements between 
La and Hf. 

ELECTRON AFFINITY 

2 energy — when an extra electron is added to a neutral gaseous 
e: H the electron affinity. Usually only one electron is added, 
ane negative lon. Since energy 1s evolved these terms have a e sign. Electron affinities depend on the size and effective nuclear 
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Table 6 7 Comparison of theoretical and experimental lattice energies 

Theoretical lattice Born- Haber 70 difference 
energy lattice energy 

(kJ mol’) (kJ mol~') 
e a rr ee aaam 

Lici -825 -817 08 
NaCl ~ Tod —Té4 00 
KCl — 686 —679 LU 

KI —617 ~ 606 18 

CaF; — 2584 —2611 Iu 

Cdl, — 1966 - 24160 22 6 
a eo eee erm eee 

The ‘noble behaviour’ of many transition metals, that 1s their resistance 
to chemical attack, is related to a simular series of energy changes Noble 
character 1s favoured by a high heat of sublimation, high ionization energy 
and Jow enthalpy of solsation of the ions 

Lattice energies may also provide some information about the sonic/ 
covalent nature of the bonding If the lattice energy is calculated theoreti 
cally assuming 10nic bonding then the value can be compared with the 
experimental value for the lattice energy obtained from the experimentally 
measured quantities in the Born- Haber cycle. Close agreement indicates 
that the assumption that bonding is 1oniC is 1n fact true, whilst poor agree 
ment may indicate that the bonding 15 not 10nic. À number of lattice 
energies are compared in Table 67 The agreement 1s good for all the 
compounds listed except for Cdl, confirming that these are ionic The 
large discrepancy for Cdl, inthcates that the structure 1s not ionic, and in 
fact it forms a layer structure which is appreciably covalent 

POLARIZING POWER AND POLARIZABILITY — FAJANS’ RULES 

Consider making a bond theoreucally by bringing two ions A* and B- 
together to their equilibrium distance Wili the bond remain ionic, or vallit 
become covalent? Tome and covalent bonding are two extreme types of 
bonding, and almost always the bonds formed are intermediate in type 
and this 1s explained in terms of polanzing (that 1s deforming) the shape of 
the tons 

The type of bond between A* and B~ depends on the effect one ion has 
on the other The posttrve ion attracts the electrons on the negative 10n and 

at the same trme it repels the nucleus, thus distorting or polanzing the 

negative ion The negative ton will also polarize the positive ron, but since 
anions are usually large, and cations small, the effect of a large yon on à 
small one will be much less pronounced If the degree of polarization 5 

quite small, then the bond remains largely tome Hf the degree of polanza 
tion rs large, electrons are drawn from the negative ion towards the positive 
ton, resulting in a hi gh concentration of electrons between the two nuclei 

and a large degree of covalent character results 
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The extent to which ion distortion occurs depends on the power of an ion 

to distort the other ion (that is on its polarizing power) and also on how 

susceptible the ion is to distortion (that is on its polarizability). Generally 

the polarizing power increases as ions become smaller and more highly 

charged. The polarizability of a negative ion is greater than that of a 

positive ion since the electrons are less firmly bound because of the dif- 

ferences in effective nuclear charge. Large negative ions are more polariz- 

able than small ones. 

Fajans put forward four rules which summarize the factors favouring 

polarization and hence covalency. 

1. A small positive ion favours covalency. 

In small ions the positive charge is concentrated over a small area. This 

makes the ion highly polarizing, and very good at distorting the negative 

ion. 
2. A large negative ion favours covalency. 

Large ions are highly polarizable, that is easily distorted by the positive 

ion, because the outermost electrons are shielded from the charge on 

the nucleus by filled shells of electrons. 
3. Large charges on either ion, or on both ions, favour covalency. 

This is because a high charge increases the amount of polarization. 
4. Polarization, and hence covalency, is favoured if the positive ion does 

not have a noble gas configuration. 
Examples of ions which do not have a noble gas configuration include 
a few main group elements such as TI*, Pb^* and Bi^*, many transi- 
tion metal ions such as Ti?^*, V?*, Cr^*, Mn?* and Cu*, and some 
lanthanide metal ions such as Ce?* and Eu?*. A noble gas configuration 
Is the most effective at shielding the nuclear charge, so ions without the 
noble gas configuration will have high charges at their surfaces, and thus 

be highly polarizing. 

ELECTRONEGATIVITY 

: z as Pauling defined the electronegativity of an atom as the tendency 
2 atom to attract electrons to itself when combined in a compound. 

ia. x this is that wher a covalent bond is formed, the 
M Nds : onding need not be shared equally by both atoms. If 

rcc I € jun spend more time round one atom, that atom will 
ms ioni, an dapes ange the other atom will have a 6* charge. 

iiec: qe owe where the bonding electrons are round one atom all of 
ilio ee a n Pauling and others have attempted to relate 
DE gativity difference between two atoms to the amount of ionic 
5s er in the bond between them. 
a M MN attract electrons more strongly than large ones, 

shells of electrons " ju more electronegative. Atoms with nearly filled 
sparsely occupied tl li higher electronegativities than those with 

- Hlectronegativity values are very difficult to 

157 
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measure Even worse, a particular type of atom :n different molecules may 

weil be ın a different environment It 1s unlikely that the electranegatwyty 
of an atom remains constant regardless of its environment, though it is 

invariably assumed that it 15 constant. Some of the more important ap- 
proaches to obtaining electronegativity values are outlined below 

Pauling 

Pauling pointed out that since reactions of the type 

A>, + B} — 2AB 

are almost always exothermic the bond formed between the two atoms 
A and B must be stronger than the average of the single bond energies 
of A—A and B—B molecules For example 

Hips) + Frigas) — 2HFq) AH = —45393k] mot"! 

Haga * Chga — 2HClga4.— AH - —1852kI mol"! 
Hugs) + Bragas) — 2HBregas) AH = 727k] mol ' 

The bonding molecular orbital for AB (dap) ts made up from contn 
butions from the wave functions for the appropriate atomic orbitals (py, 
and We) 

as = (pa) + constant (Ya) 
lf the constant rs greater than 1. the molecular orbital is concentrated on 
the B atom which therefore acquires a partial negative charge and the 
bond is partly polar 

ôt 67 
A B 

F 
Conversely if the constant is less than 1 atom A gains a partial negative 
charge Because of this partial sonic character the A—B bond 1s stronger 
than would be expected for a pure covalent bond The extra bond energy 1s 
called delta A 

A = (actual bond energy) — (energy for 100% covalent bond) 

The bond energy can be measured but the energy of a 100% covalent 
bond must be calculated Pauling suggested the 100% covalent bond 
energy be calculated as the the geometric mean of the covalent energtes of 

A—A and B—B molecules 

E as c Sal nt A—B 77 (Eaa Ep...n) 

The bond energy in A—-A and B—B molecules can be measured and so 

A = (actual bond energy) — Y(Ex_a Ep—e) 
Pauling states that the electronegativity difference between two atoms 15 
equal to 0208yA where A is the extra band energy in kcal mol"! 
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(Converting the equation to SI units gives 0.1017/A, where A is measured 

in kJ mol" !.) 

Pauling evaluated 0.208/A for a number of bonds and called this the 

electronegativity difference between A and B. Repeating Pauling's cal- 

culation with SI units for energy, we can evaluate 0.1017yA: 

err m P nn ———M—M——————————— 

Bond A(kJ mol!) 0.1017VA 

C—H 24.3 0.50 i.e. yC — xH = 0.50 

H—CI 102.3 1.02 i.e. XCl — xH = 1.02 
N—H 105.9 1.04 i.e. yN — XH = 1.04 

(x (chi) = electronegativity of atom) 

If YH = 0 then the electronegativity values for C, Cl and N would be 0.50, 
1,02 and 1.04 respectively. Pauling changed the origin of the scale from yH 
= 0 to yH = 2.05 to avoid having any negative values in the table of values, 
and this made the value for C become 2.5 and the value for F become 4.0. 
At the same time the values for a number of other elements approximated 
to whole numbers: Li = 1.0, B = 2.0, N = 3.0. Thus by adding 2.05 to the 
values calculated in this way we can obtain the usually accepted 
electronegativity values (Table 6.8). 

If two atoms have similar electronegativities, that is a similar tendency to 
attract electrons, the bond between them will be predominantly covalent. 
Conversely a large difference in electronegativity leads to a bond with a 
high degree of polar character, that is a bond that is predominantly ionic. 

Rather than have two extreme forms of bond (ionic and covalent), 
Pauling introduced the idea that the ionic character of a bond varies with 

Table 6.8 Pauling's electronegativity coefficients (for the most 
common oxidation states of the elements) 

H 

2.1 wu a a a uii sa eru 
Li Be B C N O F ; 
1.0 1.5 2.0 2.5 3.0 3.5 4.0 == aa ee, 
Na Q3 Y 
B 

a 2.8 e eee cu ccu C LL esa it Lene E E C 
Rb 
0.8 

p: poete eee E Rl LE D ee e i Moran N 
Cs 
0.7 
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OO — 

percentage ionic character 

un © 

O 
O 1 2 |. 

electronegativity difference 

Figure 6.3 Electronegativity difference. 

the difference in electronegativity as shown in Figure 6.3. This graph 1s 

based on the ionic characters HI 4% ionic, HBr 11%, HCl 19% and HF 

45%, which are known from dipole measurements. Fifty per cent ionic 
character occurs when the electronegativity difference between the atoms 
is about 1.7, so for a larger difference than this a bond is more ionic than 
covalent. Similarly, if the electronegativity difference is less than 1.7, the 
bond is more covalent than ionic. It is better to describe a bond such as one 
of those in BF; as 63% ionic, rather than just ionic. 

Mulliken 

In 1934, Mulliken suggested an alternative approach to electronegativity 
based on the ionization energy and electron affinity of an atom. Consider 
two atoms A and B. If an electron is transferred from A to B, forming ions 
A" and B^, then the energy change is the ionization energy of atom A (7A) 
minus the electron affinity of atom B (Eg), that is /4 — Eg. Alternatively, 
if the electron was transferred the other way to give B* and A^ ions, then 
the energy change would be /5 — EA. If A* and B^ are-actually formed, 
then this process requires less energy, and 

(/4 — Eg) < Up — Ea) 
Rearranging 

(Ia + Ea) < (Is + Ep) 
- Mulliken Suggested that electronegativity could be regarded as the 

rage of the ionization energy and the electron affinity of an atom. 

(I + E) 
2 

E asured in electron volts, and the values 
© times larger than the Pauling values. We now measure / and 

Electronegativity — 

Mulliken used / and E 
Were about 2 E 



GENERAL PROPERTIES OF THE ELEMENTS 

E in. kJ mol^! The energy leV/molecule - 96 48kJ mol", so the 
commonly accepted Pauling values are more nearly obtained by perform 
ing this calculation (7. £)/(2 x 28 x 96 48) or (1 -- E)/540 

This method has a simple theoretical basis, and also has the advantage 
that different values can be obtained for different oxidation states of the 
same element it suffers from the limitation that only a few electron 
affinities are Known Itis more usual to use the approach based on bond 

energies Y 

Allred and Rochow 

In 1958 Allred and Rachow considered electranegativity ina different way 
and worked out values for 69 elements (See Further Reading } They 
defined electronegativily as the attractive force between a nucleus and an 
electron at a distance equal to the covalent radius This force Fi 
electrostatic, and is given by 

2 
c Letfective 

F i —— MM 

where e 1$ the charge of an electron, r 1s the covalent radius, and Zettective 
is the effective nuclear charge The latter is the nuclear charge modified 
by screening factors for the orbital electrons The screening factors vary 
depending on the princtpal quantum number (the shell that the electron 
occupies), and the type of electron, s, p, d orf. Screening factors have been 
worked out by Slater, so this provides a convenient method of calculating 
electronegativity values These F values may be converted to electronega 
tivity values on the Pauling scale of values using an empinical relationship 

0 359Z ettecuve y 7.0744 4. — M 

The electronegativity values so obtained agree quite closely with those 
obtained by Pauling and Mulliken 

As the oxidation number of an atom increases, the attraction for the 
electrons increases, so the electronegativity should also increase Allred 
and Rochow's method gives'slightly different values 

Mo(il) 218 Fe(II) 183 THI) 162  Sn(lI) 180 

Mo(lI) 219  Fe(II) 196  Ti(lii 204  Sn(IV) 196 
Mo(IV) 224 
Mo(V} 227 
Mo(VI) 235 

Alired and Rochow s method depends on measuring covalent radi: (2nd 
these are obtained with great accuracy by X-ray crystallography) $0 it 

might be expected to yield very accurate electronegativity values. This i5 
not so, because although the interatomic distances can be measured very 
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precisely, covalent radii are much less well known because the multiplicity - 

of the bond is not known for certain, that is the bond may possess some 

double bond character. 

The electronegativity values given in this book are those due to Pauling, 

but others have been calculated from different theoretical assumptions by 

Mulliken, Allred and Rochow and Sanderson. For details of these and 

_ several modern reviews of electronegativity values see Further Reading. 

It is now considered that attempts to measure very accurate values for 

electronegativity are unjustified, and it is better to retain a loose definition of 

electronegativity, and use it for a more qualitative description of bonds. For 

this purpose, it is worth remembering a few electronegativity values (see 
Table 6.8). From these it is possible to make a reasonable guess at the 
values for other elements, and hence predict the nature of the bonds 
formed. Bonds between atoms with similar electronegativity values will be 
largely non-polar (covalent), and bonds between atoms with a large elec- 
tronegativity difference will be largely polar (ionic). Predictions using 
electronegativity in general agree with those made using Fajans’ rules. 

The basic properties of elements are inversely related to the electro- 
negativity. Thus on descending one of the main groups, the electro- 
negativity decreases, and basic properties increase. Similarly, on going 
across a period the elements become more electronegative, and less basic. 

METALLIC CHARACTER 

Metals are electropositive and have a tendency to lose electrons, if 
supplied with energy: 

M M* +e7 

The stronger this tendency, the more electropositive and more metallic an 
element is. The tendency to lose electrons depends on the ionization 
energy. It is easier to remove an electron from a large atom than from a 
small one, so metallic character increases as we descend the groups in the 
periodic table. Thus in Group 14, carbon is a non-metal, germanium shows 
I Lm properties, and tin and lead are metals. similarly, metallic 
ip spate from left to right across the periodic table because the 
sities a atoms decreases and the ionization energy increases. Thus 
bin aaa are more metallic than silicon, which, in turn, is 
d an chlorine. The most electropositive elements are found a ower left of the periodic table and the most non-metallic in the Op right. 

‘acon really the converse of electronegativity, but it is 
ME = the concept of electropositivity when describing metals. 
MERE p elements give Ionic compounds. Metallic oxides 

re basic since they ionize, and give hydroxyl ions: 

NaOH ~+ Nat + OH7 

CaO + H.0 — Ca^* -- 20H^ 
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Oxides which are insoluble in water cannot produce OH™ in this way and 

these are regarded as basic if they react with acids to form salts Thus in the 
main groups of the penodic table, basic properties increase on descending 
a group because the elements become more electropositive and more ionic 

However, this generalization does not hold for the 4 block, and parti 
cularly for the central groups of transition elements (Cr, Mn Fe, Co Ny) 

where basicity and the ability to form simpie 10ns decreases on descending 
the group 

The degree of electropositivity 1s shown in a variety of ways Strongly 
electroposttive elements react with water and acids They form strongly 
basic oxides and hydroxides, and they react with oxoacids to give stable 
saits such a5 carbonates, mitrates and sulphates Weakly electropositve 

elements are unaffected by water and are much less readily attacked by 
acids Their oxides are frequently amphoteric and react with both acids 
and alkalis They are not basic enough to form stable carbonates 

The electropositive nature of a metal 3s also shown in the degree of 
hydration of the ions. In the change M* to [((H,O),, — MI" the positive 
charge becomes spread over the whole complex 1on Since the charge 1s 
no longer localized on the metal, this 1s almost the same as the change 
M* — M Strongly electroposittve metals have a great tendency to the 
opposite change, M — M" so that they are not readily hydrated The less 
electropositive the metal. the weaker the tendency M — M" and the 
stronger the degree of hydration. Thus the elements 1n Group 2 are fess 
electropositive than those of Group 1, and Group 2 1ons are more heavily 
hydrated than those in Group 1 The degree of hydration also decreases 
down a group, e g MgCl, 6H,O and BaCl; 2H,0 

Salts of strongly electropositive metals have little tendency to hydrolyse 
and form oxosalts Since the metal ion is large, it has little tendency to form 

complexes On the other hand, salts of weakly electropositive elements 
hydrolyse and may form oxosalts Because they are smaller, the metal 1005 

have a greater tendency to form complexes 

VARIABLE VALENCY AND OXIDATION STATES 

In the s block the oxidation state is always the same as the group number 
For p block elements, the oxidation state 1s normally (the group number — 
10) or (18 — the group number) Variable valency does occur to a limited 
extent in the p-block In these cases the oxidation state always changes by 
two,e g TiCi; and TIC], SnCl, and SnCl,, PCI; and PCI. and is due to à 
patr of electrons remaining paired and not taking part in bonding (the inert 
pair effect) The term oxidation state ts preferred ta valency The oxidation 
state may be defined as the charge left on the central atom when ali the 
other atoms of the compound have been removed in their usual oxidation 
States. Thus TJ shows oxidation states of (--1]I) and (4-1). Sn of (-1V) and 
(1I), and P of (+V) and (+101) The oxidation number can be calculated 
equally well for ionic or covalent compounds and without knowing the 
types of bonds The oxidation number of S in H5SOQ, can be worked out as 
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follows. O usually has an oxidation state of (—II) (except in Oz and O37). 

Husually has an oxidation state of (+I) (except in H, and H~}. The sum of 

the oxidation numbers of all the atoms in H2SQz is zero, so: 

(2x 1) + (S) + (4x -2 =0 

Thus x, the oxidation state of S, is (+ VI). In the case of the oxidation state 

of Mn in KMnO,, the compound ionizes into K* and MnO; ions. In 

MnO; the sum of the oxidation states is equa) to the charge on the ion, so: 

Mn* + (4 x -2) = -1 

Thus x, the oxidation state of Mn, is 7, i.e. (+VII). 

One of the most striking features of the transition elements is that the 

elements usually exist in several different oxidation states. Furthermore, 
the oxidation states change in units of 1, e.g. Fe?* and Fe?^*, Cu^* and 
Cu*. This is in contrast to the s-block and p-block elements. The reason 
why this occurs is that a different number of d electrons may take part in 
bonding. 
Though the oxidation number is the same as the charge on the ion for 

ions such as TI* and TI^*, the two are not necessarily the same. Thus Mn 
exists in the oxidation state (-- VII) but Mn’* does not exist, as KMnO, 
ionizes into K" and MnOj. 

STANDARD ELECTRODE POTENTIALS AND 
ELECTROCHEMICAL SERIES 

When a metal is immersed in water, or a solution containing its own ions, 
the metal tends to lose positive metal ions into the solution. Thus the metal 
acquires a negative charge. 

M" * (hydrated) + ne = M(solid) 

The size of the electric potential E set up between the two depends on the 
particular metal, the number of electrons involved, the activity of the ions 
in solution, and the temperature. E? is the standard electi.de potential, 
Which is a constant for any particular metal and is in fact the electrode 
potential measured under standard conditions of temperature and with 
unit activity. These terms are related by the equation: 

RT 
E=E° +o In (1/ayn 4-) 

bis is the gas constant, T the absolute temperature, ayn + the activity 91 the ions in solution, n the valency of the ion and F the Faraday). For most 
À: = LE the activity, aun-- , may be replaced by the concentration of ions 

ution, 
The potential of a sin 

electrode of known 
ference between the 
Which all electrode 

gle electrode cannot be measured, but if a second 
potential is placed in the solution, the potential dif- 
two electrodes can be measured. The standard against 
potentials are compared is the hydrogen electrode. 
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Table 6 10 Standard electrode potentials 
(volts at 25°C) 
——————— J JJ—n 

Li* | Là —3 05 
K* ik —2 93 

Ca^* | Ca —2 RÀ AI'* [AI -1 66 
Mn** | Mn -) 08 
Z7n** | Zn -0 76 Fe?* | Fe -Ü 44 Cd?* | Ca -0 40 
Co^* | Co —( 27 
Ni2t | Ni -0 23 
Sn^* | Sn —D 14 Pb^*|Pb -013 
H* | H, 0 (X) Cu^* | Cu +0 35 Ag" | Ag +0 80 

Aut | Au +1 38 ——————————————ÉÁ 

Table 6 11 Standard electrode potentials (V) 

O- | OH- +0 40 
I, {17 +0 57 

Br; | Br 
+107 

Ch | Ci7 
+136 

F: | F- 
+2 85 — m n 

(This comprises a platinized platinum electrode, which is saturated with hydrogen at one atmosphere pressure and immersed in 2 solution of H,O* al unit activity. The potential developed by this electrode is arbitrarily fixed as zero ) 
If the elements are arranged in order of increasing standard electrode potentials, the resulting Table 6 10 1s called the electrochemical senes Electrode potentials can also be measured for elements such as oxygen and the halogens which form negative ions (Table 6 11) In the electrochemical series the most electropositive elements are at the top and the least electropositive at the bottom The greater the negative value of the potential, the preater is the tendency for a metal to ionize Thus a metal high in the electrochemical series wil] displace another metal lower down the series from solution. For example, iron is above copper in the electrochemical Enes, and scrap iron is sacrificed to displace Cu** ions from solution of CuSO, tn the recovery of metallic copper 

Fe + Cu?* s Cu + Fe*t 
In the Daniell cel] zinc displaces copper from copper salts m solution This causes the potential difference between the plates 
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Table 6.12 Some standard reduction potentials in acid solution at 25°C (volts) 

Group I 

bt te Li 

Kt +e—>K 

Rb*t +e ~ Rb 

Cyt +e Cs 

Na* 4 e — Na 

Group 2 

Ba 4 2e — Ba 

Sr* * 2e Sr 

Cat + 2e > Ca 

Mg" 4 2e > Mg 
Be*t 4 2e — Be 

Group 13 

AI + 3e— AJ 

Ga" + 3e 2 Ga 

In'* -- 3e > In 
T * e— TI 

TI* 4 2e 5 TI* 

Group 14 

SiO, + 4e — Si 

PbSO, + 2e — Pb 

CO, + 4e — C 

GeO, + 4e + Ge 
Sn*t + 2e = Sn 

Pb^* 4 2e —, pb 
Si + de — SIH, 

C + 4e > CH, 
Smt 2e > Sn-t 

PbO, + 2e— Phso, 

E" 

—3.05 

—2.93 

cds 

22:07 

ed 

xit 

—2.89 

—2.87 

—2.37 

— 1.85 

— 1.66 

—0.53 

—0.34 

—0.34 

+1.25 

~().86 

—().36 

—~().20 

-0.15 

—0.14 

~().13 

+0.10 

+().13 

+0).15 

+1.69 

Group 15 

As + 3e > AsH, 

Sb + 3e — SbH, 

H,PO,+e-—>P 

HPO, + 2e — H,PO, 

H;PO, + 2e — H,PO, 

IN, + 3e > NH,* 
IN, + 2e > 4N2H,* 
P + 3e — PH, 

ISb,O, + 3e — Sb 
HASO- + 3e — As 

HAsO, + 2e — HASO, 

HN, + 8e — 3NH,* 

NO,” + 3e > NO 

HNO; + e— NO 

tN,.O, + 2e > NO 
IN,Hi 4 2e > NH,* 
NH4OH + 2e 5 NH,* 

Group 16 

Te + 2e — H2Te 

Se t 2e — H5Se 

S,Od + 2e 5 28:04 

S T 2e —^ H5S 

HSO, + 2e —^ H;SO4 

H,SO, + 2e > 45,0,?- 
H-SO, + 4e > S 

4H5SO, + 6e > S,0,77 

S2067 + 2e > 2H2S0, 

O, + 2e — H,O, 

H5SeO, 4 4e — Se 

SeO,7- - 2e O H;SeO, 
10, + 2e + HO 
H-0; + 2e — 2H;O 

S:0,°" + 2e — 2S0,- 
O; + 2e > O, 

E? 

— (0.60 

0.51 

—0.51 

—0.50 

—0.28 

—0.27 

—0.23 

+0.06 

+0.15 

+0.25 

+0.56 

+().69 

+().96 

+ 1.00 

+1.03 

+1.28 

+135 

—0.72 

—(.40 

+0.08 

4-0.14 

T0.17 

--0.40 

+().45 

+0.51 

+0.57 

+0.68 

+().74 

+1.15 

+1.23 

+1.77 

+2.01 

+2.07 

Group 17 

h + 2e — 317 

Bry; + 2e — 3Br^ 

2ICl; * 2e Lh 

Br; * 2e —^ 2Br- 

21O3 + 10e > I, 

Cl; * 2e — 2Cl^ 

2HOI + 2e > I, 

HIO, + 2e — IOF 

2HOCI + 2e — Cl, 

F, + 2e — 2F- 

Transition Metals 

La'* + 3e > La 

Sc'* + 3e — Sc 

Mn?* 4- 2e — Mn 

Zn^* + 2e ^ Zn 

Cr'* - 3e — Cr 

Fe^* 4 2e — Fe 

Crt +e 5 Crt 

Cd^* 4 2e —5 Cd 

Ni^* 4 2e > Ni 

Cu^** + e— Cut 

Hg oCl, + 2e — 2Hg 

Cu?* + 2e — Cu 

[Fe(CN)]'^ 4 e 2 [Fe(CN)4]^7 
Cu* - e— Cu 

Cu2t + e > CuCl 

MnO; 4 e— MnO- 
Fe'* - e — Fe?* 

Hg5* + 2e — 2Hg 
2Hg^' 2e — Hg3* 

MnO, + 2e — Mn?2+ 

ICr,02- + 3e = Crt 

MnO; + 5e — Mn^* 

NiO, + 2e — Ni^* 
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4-0.54 

+1.05 

+1.06 

+1.07 

+ 1.20 

+ 1,36 

+1.45 

+1.60 

+1.63 

4-2.65 

—2.52 

—2.08 

—1.18 

—0.76 

—0.74 

—0.44 

—0.41 

—0.40 

—(.25 

4-0.15 

40.27 

4-0.35 

T0.36 

0.50 

0.54 

4- 0.56 

+0.77 

+().79 

+().92 

+ 1.23 

+1.33 

+1.54 

+1.68 
MnO; + 3e — MnO, +1.70 
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Table 6 12 is a table of standard reduction potentials. From this table we 
can see that the standard reduction potential for Cu^* /Cu 1s 0 35 V. What 
does thts mean’ 

Cu2*/Cu ts referred to as a redox couple and as written tt refers to the 
half reaction (or electrode reaction) 

Cu** + 2e7 > Cu 

In general redox couples are written ox/red where ox 1s the oxidized form 
and ys written on the left and red 1s the reduced form and ts written on 

the right 
Standard reduction potential values are determined relative to a 

hydrogen electrode, that is the redox couple H*/H; at 25°C for 1M 
concentrations (or one atmosphere pressure) of all chemical species in the 
equations. (The concentration of water is included in the constant ) 

Thus, Cu?^*/Cu E? — 40 35V really means that the standard reduction 
potential of the reaction 1$ Q 33 V 

Cu?^^ -H,— 2H* ^ Cu £?^- +035V (6 1) 

Similarly the standard reduction potential ofthe couple Zn?*/Zn rs —0 76 V 

Zn^* + H, = 2H* 4 Zn E° = —076V (6 2) 

Subtracting equation (6 2) from (6 1) gives 

Cutt + Zn— Cu + Zn** — E?- «035 — (-076) 2 &110V 

Both of the standard potentials are relative to the H*/H, couple and 
therefore H* and H; disappear when the Cu?*/Cu couple 15 combined with 
the Zn^*/Zn couple 

From experience the oxidized forms of couples of high positive poten 
vial for example MnO, -- 5e — Mrm^* E° = +} 54V, are termed strong 
oxidizing agents Conversely the reduced forms of couples of high negative 
Penal, is: example Lat + ¢ = ba EP = —BOSN, me vermed Sob 
reducing agents It follows that at some intermediate potential the oxidiz 
ing power of the oxidized form and the reducing power of the reduced form 
are similar. What is the value of this potential at which there is a change 
over from oxidizing to reducing properties? The first point to note i5 that il 
Is not at ÜV, the value assigned arbitrarily to the H*/H couple hydrogen 
known to be a reducing agent A group of chemical species which are used 
in classical (analytical) chemistry as weak reducing agents (e g sulphite 
and tin(II)) are the reduced forms of couples with potentials between Ü and 

about +0 6 V. On the other hand VO?* is the stable form of vanadium and 
VOZ is a weak oxidizing agent the potential VOZ /VO7* ts +1 00 V 
Thus from experience as a general rule of thumb we can say that if 
E" 2 08V then the oxidized and reduced forms are of about equal 
Stability in redox processes 

It 1s not very discrimmating to term a metal a reducing agent most 
metals may be called reducing agents Itis useful to divide metals into four 

groups in regard to the ease of reduction of their metal ions 
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1. The noble metals (with E? more positive than 0 V). 

. Metals which are easily reduced (e.g. with coke) (E* 0 — (—0.5) V). 

3. Typically reactive transition metals (E? (—0.5) — (—1.5) V) which are 

often prepared by reduction with electropositive metals. 

4. The electropositive metals (E? more negative than —1.5 V) which can 

be prepared by electrochemical reduction. 

M 

When a solution is electrolysed the externally applied potential must 
overcome the electrode potential. The minimum voltage necessary to 
cause deposition is equal and opposite in sign to the potential between the 
solution and the electrode. Elements low down in the series discharge first; 
thus Cu?* discharges before H* , so copper may be electrolysed in aqueous 
solution. However, hydrogen and other gases often require a considerably 
higher voltage than the theoretical potential before they discharge. For 
hydrogen, this extra or over-voltage may be 0.8 volts, and thus it is possible 
to electrolyse zinc salts in aqueous solution. 

Several factors affect the value of the standard potential. The conversion 
of M to M* in aqueous solution may be considered in a series of steps: 

1. sublimation of a solid metal 
2. ionization of a gaseous metal atom 
3. hydration of a gaseous ion 

These are best considered in a Born—Haber type of cycle (Figure 6.4). 
The enthalpy of sublimation and the ionization energy are positive since 

energy must be put into the system, and the enthalpy of hydration is 
negative since energy is evolved. Thus 

E = +AH, + I AH, 

Mo + e 

+ lonization energy 

(/) 

Mig) 

Ener gy + Enthalpy of sublimation 
AH, Enthalpy of 

hydration M* 

Electrode potential 

(E) 

| Minyarateay + @ | ecu c Re c e el uL | 

Figure 6.4 Energy cycle for electrode 
associated with clectrode potential) 

potentials. (Strictly E is the free energy change 
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Consider first a transition metal Most transition metals have hiph 

melting points hence the enthalpy ot sublimation is high Similarly they 

are fairly small atoms and have high ionization energies Thus the value for 

the electrode potential E 15 low, and the metal has little tendency to form 

ions hence if 1s unreactive or noble. 

In contrast the s block metals (Groups 1 and 2) have low melting points 

(hence low enthalpies of sublimation), and the atoms are large and there- 
fore have low ionization energies Thus the electrode potential E is high 
and the metals are reactive 

Electrons are lost when a substance is oxidized and electrons are gained 
when itis reduced A reducing agent must therefore supply electrons, and 

elements having large negative electrode potentials are strong reducing 
agents The strengths of oxidizing and reducing agents may be measured by 
the size of the potential between a solution and an inert. electrode 
Standard reduction potentials are obtained when the concentrations of 
oxidized and reduced forms are 1 M, and the potential developed 15 meas 
ured against a standard hydrogen electrode The most powerful oxidizing 
agents have a large positive oxidation potential and strong reducing agents 
have a large negative potential. Standard oxidation potentials aliow us to 
predict which tons should oxidize or reduce other rons The potentials 
indicate 1f the energy changes for the process are favourable or unfavaur- 
able It is important to realize that though the potentials may suggest that a 
reaction ts possible, they do not give any kinetic information concerning 
the rate of the reaction The rate of the reaction may be very fast or slow, 
and im some cases a catalyst may be required for it to occur at all - for 
example in the oxidation of sodium arsenite by cenc sulphate 

OXIDATION- REDUCTION REACTIONS 

Oxidation is the removal of electrons from an atom, and reduction 15 the 
addition of electrons to an atom The standard electrode potentials given in 
Table 6 10 are written by convention with the oxidized species on the left, 
and the reduced species on the right 

Li*lLi E^ - —3 05 volts 

or 

Li% + e — Li E° = -—305 volts 

The potential developed by the half cell is therefore written as a reduction 
potential, since. electron(s) are being added A fuller list of reduction 
potentials 1n acid solution is given in Table 6 12 

Oxidation- reduction (redox) potentials can be used to great advantage 
in explaining oxidation-reduction reactions in aqueous solution The 
reduction potential is related to energy by the equation 

AG = —nFE? 

(where AG is the change in Gibbs free energy, n the valency of the ton F 
the Faraday and E° the standard electrode potential) This ts really an 
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application of thermodynamics. Ultimately whether a reaction occurs or 

not depends on energy. A reaction will not proceed if the free energy 

change AG is positive, and thus thermodynamics saves us the trouble 

of trying the reaction. If AG is negative, then the reaction is thermo- 

dynamically possible. It does not follow that because a reaction is thermo- 

dynamically possible, it will necessarily occur. Thermodynamics does not 

give any information on the-rate of a reaction, which may be fast, slow, 

or infinitely slow, nor does it indicate if another reaction is even more 

favourable. 

Consider the corrosion that may occur when a sheet of galvanized iron is 

scratched. (Galvanized iron is iron which has been coated with zinc to 
prevent rusting.) Half reactions and the corresponding reduction potentials 

are shown below. 

Fe^* 4 2e —5 Fe E? 

Zn^* + 2e > Zn E°? 

—0.44 volts 

—0.76 volts 

When in contact with water, either metal might be oxidized and lose metal 
ions, so we require the reverse reactions, and the potentials for these are 

called oxidation potentials, and have the same magnitude but the opposite 
sign to the reduction potentials. 

Fe + Fe** +2e E° 

Zn— Zn?* +2e E° 

Il 

+0.44 volts 

+0.76 volts 

Plainly, since Zn — Zn?* produces the largest positive E? value, and since 
AG = —nFE^, it will produce the largest negative AG value. Thus it is 
energetically more favourable for the Zn to dissolve, and hence the Zn will 
corrode away in preference to the Fe. 
It 1s possible that when the galvanized steel is scratched, the air may 

oxidize some iron. The Fe** so produced is immediately reduced to iron by 
the zinc, and rusting does not occur. 

? 

Zn + Fe2* — Fe + Zpn?* 

DN applications in which one metal is sacrificed to protect another are 
the attaching of sacrificial blocks of magnesium to underground steel 
— and the hulls of ships to prevent the rusting of iron. 
MD ir pera. of zinc serves two purposes — first it covers the iron and 

nts its oxidation (rather like a coat of paint) and second i ; it 
anodic protection. "M provides 
= table of standard reduction potentials (Table 6.12) may be used to 

predict if a reaction is possible, and what the equilibrium constant will be. 
Consider for exam * ee * a BS 

ple if the triiodide ion I3 wi idi . 
arsentous acid HAsO, into As(V). TO HN RNC 

HAsO, + I3 T 2H;0 ~} H4AsO, + 317 + 2H* 

ar Z table lists reduction potentials, we must find the half reactions for 
348.4 t 26 — products, and I3 -- 2e — products, 
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H4AsO, -- 2e -- 2H* —^ HAsO; + 2H:0 E°” = +0 56 volts 

ly * 2e 5 317 E? — 40 54 volts 

The reaction we are investigating requires the first half reaction tn the 
reverse direction, added to the second half reaction. E? values for half 

reactions must not be added together, since they do not take account of the 

number af electrons involved. However, E? values may be converted to the 
corresponding AG values which may be added to give AG for the overall 
reaction 

HAsO, + 2H;0 — H;AsO, + 20 +2H™ E* 2 -056V AG = +(2 x Fx 056) 

I; + 2e — 317 E?- 4054V | AG-—- -(2XFX054) 

HAsO, + Ij 4 2H;0 9 H;AsO, - 32V. - 2H* AG = +0 HF 

The AG free energy change so calculated 1s positive, which 1adicates that 
the reaction will not proceed spontaneously in the forward direction, and 
suggests that tt rs energetically feasible for the reaction to proceed in the 
reverse direction it should be noted that the value of AG 1s very small 
and thus tt s unwise to draw very firm conclusions The E" values relate to 

standard conditions, and stnce AG ts small, a small change m conditions 

such as varying the concentration, or the pH, or the temperature, could 
change the potentials arid hence change AG sufficiently to make the 

reaction proceed in either direction There are volumetric methods of 
analysis for reducing arsenic acid with iodide tons in 5M acid, and for 
oxidizing arsemous acid by tmodide 10n at pH 7 

THE USE OF REDUCTION POTENTIALS 

Enormous use may be made of reduction potentials for summarizing wht 
species will oxidize or reduce something else, what the products of the 
reaction will be, and what oxidation states are stable with respect to the 

solvent, and also with respect to disproportionation This topic is often 
insufficiently understood, so a number of examples are given 
A great deal of useful information about an element can be shown by thé 

appropriate half reactions and reduction potentials Consider some halt 

reactions involving iron 

Fett + 2e — Fe E? — —0 47 volts 

Fe)* 4+ 3e — Fe E* = -0 057 

Fe?* + e—» Fe2+ E° = 4077 
FeOi- -3e-- 8H*— Fe)* c 4H,O — E? — 4220 

Where an element exists in several different oxidation states (an this Case 

Fe(VI), Fe(III), Fe(II), and Fe(0)), it is convenient to display all of the 
reduction potentials for the half reactions in a single reduction potential 

diagram In this the highest oxidation state 1s written at the left, and the 
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lowest state at the right, and species such as electrons, H* and HO are 

omitted. 

oxidation state V] t! II 0 

j . —0.47 
od FeOj PAE qoc go ge 

Lc diii 

The potential for the reduction of FeO?” to Fe?* is +2.20 volts. Since 

AG = —nFE?, it follows that AG for this change will be large and 

negative. This means that the reaction is thermodynamically possible since 

it releases a large amount of energy, and FeO3" is a strong oxidizing agent. 

Standard electrode potentials are measured on a scale with 

Ht +e~H E° = 0.00 volts 

Since hydrogen is normally regarded as a reducing agent, reactions with 

negative value for E? are more strongly reducing than hydrogen, that is 

they are strongly reducing. Materials which are generally accepted as 
oxidizing agents have E° values above +0.8 volts, those such as Fe?* — 
Fe** of about 0.8 volts are stable (equally oxidizing and reducing), and 
those below +0,8 volts become increasingly reducing. 

For the change Fe^* /Fe^*, E? is 4-0.77 V. This is close to the value of 
0.8 V, and therefore Fe?* and Fe^* are of almost equal stability with 
respect to oxidation and reduction. The E° values for the changes Fe? — 
Fe and for Fe^* — Fe are both negative: hence AG is positive, so neither 
Fe^* nor Fe?* have any tendency to reduce to Fe. 

One of the most important facts which can be obtained from a reduction 
potential diagram is whether any of the oxidation states are unstable with 
regard to disproportionation. Disproportionation is where one oxidation 
state decomposes, forming some íons in a higher oxidation state, and some 
in a lower oxidation state. This happens when a given oxidation state is a 
Stronger oxidizing agent than the next highest oxidation state, and this 
situation occurs when a reduction potential on the right is more positive 
than one on the left. In the diagram of iron reduction potentials, the values 
become progressively more negative on moving from left to right, and 
hence Fe** and Fe?* are stable with respect to disproportionation. 
At first sight the potential of —0.057 V for Fe?* — Fe seems wrong since 

the potentials for Fe?* — Fe?* and Fe?* — Fe are 0.77 V and —0.47 V 
MM mL a p Nei does not give —0.057. Potentials 
npe D M e adde — there are no electrons left Over 
tidie au fen er eos not be a ded for half reactions since the 

eiu DE Z — poteauals can always be converted 
Bde d c E : p ion AG = -nFE where n is the number 

€ Faraday. Since the Gibbs free energy G is : thermodynamic function, free energies may be added, and the final total [ec energy converted back to an E? value: 
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e+ Felt Fe * — E*—- 4077V | AG 7 -1(4*0 77)F - -0mF 
ze + Fe^* — Fe E? zx -0 47Y AG = —2(—-0 47)F = +0 94F 

addıng AC = +0 17F 
3e + Fe'*t — Fe 

Hence E? can be calculated for the reaction Fe** — Fe 

>. AG _GOIIF | 
E = —aF ^ F Ü 057 V 

The reduction potential diagram for copper 1n acid solution i5 

oxidation state I! I Ü 

EV) Cu2+ +0 15 Cut +0 30 cu 

L9 35-——3 
* Disproportionates 

The potential, and hence the energy released when Cu?* is reduced to 
Cu*, are both very small, and so Cu?* is not an oxidizing agent but 1s 
stable On moving from left to right the potentials Cu?* —Cu* - Cu become 
more positive. Whenever this is found, the species in the middle (Cu* in 
this case) disproportronates, that 15 tt behaves as both a self oxidizing and 
self reducing agent because it 15 energetically favourable for the following 
two changes to occur together 

Cu*  —Cu*4e Ejus 7-015 AG = +0 15F 
Cu” t e— Cu Ereduenon = +0 50 AG = -Ü SOF 

overall 2Cu*  — Cu?* + Cu AG = —035F 

Thus in solution Cu* disproportionates into Cu?* and Cu. and hence Cu* 
Y, SS fount m the soht stalt 

The reduction potential diagram for oxygen 15 shown 

oxidation state Ü —] — JI 

EWV . (V) o. --0 682 LO, +1776 HO, 

+{ 229 ^ 

" Disproportionates 

On moving from [eft to right, the reduction potentials increase, and hence 
H:O; i5 unstable with respect to disproportionation 

-] 0 -il 

2H,0, — D, + H-0 

it must be remembered that the solvent may impose a limitation on what 
species are stable orexist at all. Very strong oxidizing reagents will oxidize 
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water to O;, whilst strong reducing agents wili reduce it to H}. Thus very 

strong oxidizing or reducing agents can not exist in aqueous solution. The 

following half reactions are of special importance: 

Reduction of water 

neutral solution HO +e” OH” 4 4H; E? 2 —0.414 V 

10M acid solution — H3O* 4 e^ — HO + 3H, E° = 0.000V 

1.0M base solution H,O +e ~ — OH™ + 3H, E° = —0.828V 

Oxidation of water 

neutral solution lO, -- 2H* 42e — HO E? — 40.185 V 

1.0M acid solution 40, + 2H* + 2e7 — H20 E° = +1.229V 

1.0M base solution +40- + H,O + 2e7 — 20H87 E? 40.401 V 

These reactions limit the thermodynamic stability of any species in aqueous 

solution. 

Thus the minimum reduction potentials required to oxidize water to 

dioxygen is E° > +0.185 V in neutral solution, E? 2 41.229 V in 1.0M 

acid solution and E? » +0.401 V in 1.0M basic solution. 
In the same way half reactions with E° potentials less than zero (that is 

negative values) should reduce water to H2 in 1.0M acid solution, whilst an 

E? « —0.414 V is required in neutral solution, and E? « —0.828 V in 1.0M 
basic solution. 

Often when the E? values are just large enough to supgest that a reaction 
is thermodynamically possible, we find that it does not appear to happen. 
It must be remembered that a substance may be thermodynamically un- 
stable, but kinetically stable, since the activation energy for the reaction 
is high. This means that the rates of these reactions are very slow. If the 
potentials are appreciably more positive or negative than these limits then 
reaction with the solvent is usually observed. 
The reduction potentials for americium show that Am^* is unstable with 

regard to disproportionation. . 1 

+V] +V +IV £n 0 
TL : * = 

* Disproportionates 

The potential for the couple AmO7 — Am?* can be calculated by 
converting the values of 0.86 and 2.62 volts into free energies, adding 
them, then converting back to give a potential of 1.74 volts. When this step 
is added to the diagram it becomes apparent that the potentials do not decrease from AmO2* to AmO;z to Am^*, and hence AmO% is unstable 
With regard to disproportionation to AmO2* and Am?*. Finally. the potential for the couple AmO2* — Am?* can be worked out to be : 726 volts. Thus considering AmO2* — Am?^* => Am, Am** is stable: | 
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4- VÍ +V +IV Hill 0 

* 086 *,. +2 62 —-2 07 
AmO;* 3179 amO? +P BA amit DEEE Am Am 

an 

* Disproportionates 

It is important to include all the possible half reactions in a reduction 
potential diagram, or incorrect conclusions may be drawn. Examination of 
the incomplete diagram for chlorine in basic solution would indicate that 
CIO; should disproportionate into CIO; and OCI, and that Cl; should 
disproportionate into OCI” and CI” Both of these deductions are correct 

t VII +V t Hii +I 0 ~| 
! 

* 6 -040,* 4 
CIO; +0 36 CIO; +0 33 CIO; +0 6 oc- 39:39 0 ic), tLe 36 Ci^ 

i 

* Disproportionates 

The incomplete data also suggest that OCI” should be stable with regard to 
disproportionation, but this 1s not true The species which disproportionate 
are ‘ignored’, and a single potential calculated for the change CIO; — 
OCI to replace the values +033V and +066V Similarly a single 
potential is calculated for OCI” -> GIT 

TVH TIN tli +] 0 -] 

036 * 24033.* 4066 * 40,*. 4136 
19 36 00; 5522 cip, 19 66 gc- 9 "ACI, 13 a- 

L +o so—— L40 88 —— 

* Disproportranates 

ClO, 

When the complete diagram 1s examined, it 1s apparent that the potentials 
around OCI^ do not decrease from left to nght, and hence OCT is 
unstable with respect to disproportionation into CIOx and CI 

+0 50 +0 88 CIO; —————————- OC ———————- CH 

In the same way, the potentials round CIOx do not decrease from left to 
nght 2 

- 0 36 Co; ———9 | cor. 199 | gg 
Similarly CIOF should disproportionate into CIO; and OCI^, and OCI” 
should disproportionate to give CI7 and more CIOz 

Reduction potential diagrams may also be used to predict the products 
of reactions mm which the elements have several oxidation states Consider 
for example the reaction between an acidified solution of KMnO, and KI 
The reduction potential diagrams are 
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+VII +VI +IV +1] +1 0 

T +0.95. *_ +1.51 —1.19 

MnO; ou MnO2^ eee MnO, n?* ——— Mn?t —— Mn 

Loci dibus Wer 
m 

+1.51 

+VII +V +III +] 0 —]l 

Te 

6 +1.34 * 4144, 40.54 
(Ope Op e HOT JL(s) —— I 

H;O,— +1.60— — +0.99 

* Disproportionates 

If we assume that the reactions are thermodynamically controlled, that is 

equilibrium is reached fairly quickly, then since MnO? ̂, Mn^* and HOI 
disproportionate, they need not be considered. The half reaction Mn?* > 

Mn has a large negative E? value, and hence AG will have a large positive 

value, so this will not occur, and can be ignored. Thus the reduction 

potential diagrams may be simplified: 

+VII +V +IV +I 0 -I 
| +1.70 +1. 

Mno, = MO; 1-25 Mn?* 

|... «1.65 - +1.19 +0.5 
IO; —————— 103; —— s) ti- 

H;10,— + 1.60— 

If the reaction is carried out by adding KI solution dropwise to an 
acidified solution of KMnO,, the products of the reaction must be stable in 
the presence of KMnO,. Thus Mn?* cannot be formed, since KMnO, 
would oxidize it to MnO». In a similar way, I, cannot be formed, since 
KMnO, would oxidize it. The fact that the half reaction potentials for 
10;  IO3 and HsIO4— 105 are close to the MnOz — MnO; potential is 
a complication, and it is not obvious whether IO5, IO; or H3IO; will be 
the product. In fact I^ is oxidized to a mixture of IO; and IO}. 

2MnOz + I~ + 2H* — 2MnO, + IOF + HO 

8MnOz + 317 + 8H* — 8MnO, + 310; + 4H,O 

: If the reaction is carried out in a different way, by adding the KMnO, 
ropwise to the KI solution, then the products formed must be stable in the 

presence of I~. Thus MnO; cannot be formed, since it would oxidize I^ to 
2 Similarly, IO; cannot be formed since it would oxidize any excess I^ to 
?. The reaction which takes place is 

2MnO, + 1017 + 16H* — 2Mn** + 51, + 8H5O 

177 
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Since there 1s an excess Of I tons any I’ formed will dissolve as the 

trnodide 10n 1, but thts does not affect the reaction 

Lt Ty 

Note that the products formed depend on which reactant is in excess 

THE OCCURRENCE AND ISOLATION OF THE ELEMENTS 

The most abundant elements 1n the earth s crust (by weight) are shown in 
Table 6 13 It is worth noting that the first five elements comprise almost 

92*5 by weight of the earth s crust that the first ten make up over 99 5% 

and the first twenty make up 9997% Thus a few elements are very 
abundant but most of the elements are very scarce 

Table 6 13 The most abund int eicments 
p E ae 

Parts per mullion f of earth s crust 
of earth s crust 

| oxygen 455 000 43 5 
2 silicon 272000 27 2 
3 aluminium 83000 83 
4 iron 62 (HX) 62 
$5 citium 46000 4 66 
6 magnesuum 27 40 2 764 
7 sodium 22 700 227 
hb potisaum 18 400 ] 84 
Q ttinium 6 320 0 632 
I0 hydrogen 1520 D 152 
li phosphorus ] 120 0 112 
i? manginese ] 060 0 106 

A full tible of bund inces is given imn Appendix A 

Other very bund nt elements are mtrogen (78% of the atmosphere) 
and hydrogen which occurs s water in the oceans. The chemistry of these 
HHundant clemenis 15 weil known but some elements which are rare are 
alsa well known because they occur in concentrated deposits - for 
example lead as PbS (galena) and baran as Na B,0, 10H>O (borax) 

The different methods for separating and extracting elements may be 
divided into five classes (see Ives DJG 1n Further Reading) 

Mechanical separation of elements that exaust in the native form 

A surprisingly large number of elements occur in the free elemental state 
They have remained in the native form because they are unreactive Only 
the least reactive of the metals those of Group 11 (copper/silver/gold) and 
the platinum metals occur in significant amounts as native elements 

l Gold ts found ın the native form as grains ın quartz as nuggets and in 
the silt of river beds Gold has a density of 19 3gem™’? which is very 
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much higher than that of the rocks or silt it is mixed with, and gold can 

be separated by ‘panning’. (In recent times it has been more commonly 

extracted by amalgamating with mercury.) Silver and copper are some 

times found in the native form as ‘nuggets’. All three metals are noble 

or unreactive, and this is associated with their position in the electro- 

chemical series below hydrogen, and with the non-metals. 

2. Palladium and platinum are also found as native metals. In addition 

natural alloys of the Pt group are found. 

The platinum metals are Ru Rh Pd 

Os Ir Pt 

The names of these natural alloys indicate their composition: os- 

mididium, iridosmine. 

3. Liquid droplets of mercury are found associated with cinnabar Hgs. 

Non-metals which occur as native elements in the earth's crust are from 

the carbon and sulphur groups, but the atmosphere comprises N2, O2 
and the noble gases. 

4. Diamonds are found in the earth, and are obtained by mechanical 
separation of large amounts of earth and rock. The largest deposits are 
in Australia, Zaire, Botswana, the USSR and South Africa. Diamonds 
are mostly used for making cutting tools, and some for jewellery. 
Graphite is mined mainly in China, South Korea, the USSR, Brazil and 
Mexico. It is used for making electrodes, in steel making, as a lubricant, 

and in pencils, brake linings and brushes for electric motors. It is also 
used as the moderator in the cores of gas cooled nuclear reactors. 

3. Deposits of sulphur are also found deep underground in Louisiana 
(USA), Poland, Mexico and the USSR. These are extracted by the 
Frasch process. Small amounts of selenium and tellurium are often 
present in sulphur. 

6. The atmosphere is made up of about 7896 nitrogen, 2296 oxygen and 
traces of the noble gases argon, helium and neon. These may be 
separated by fractional distillation of liquid air. Helium is also obtained 
from some natural gas deposits. 

Thermal decomposition methods 

A few compounds will decompose into their constituent elements simply 
by heating. 

1. A number of hydrides will decompose in this way, but since hydrides 
are usually made from the metal itself, the process is of no commercial 
Significance. The hydrides arsine AsH; and stibine SbH. are produced 
In Marsh’s test, where an arsenic or antimony compound is converted to 
the hydride with Zn/H2SO, and the gaseous hydrides are decomposed 
> E a silvery mirror of metal by passing the hydride through a heated 

- Sodium azide NaN, decomposes to give sodium and pure dinitrogen on 
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gentle heating Considerable care 1s needed as azides are often explosive 
This method ss not used commercially, but it is useful for making small 
quantities of very pure dinitrogen in the laboratory 

2NaN,— 2Na + 3N; 

3 Nickel carbonyl Ni(CO), ts gaseous and may be produced by warming 
Ni with CO at 50?C. Any impurities in the. Ni sample remain solid and 
the gas is heated to 230°C, when it decomposes to g've pure metal and 
CO which 1s recycled This was the basis of the Mond process for 
purifying nickel which was used in South Wales fram 1899 unti! the 
1960s A new plant in Canada uses the same principle but uses 150°C 

and 20 atmospheres pressure to form Ni{CO), 

Ni + 4CO 5 w( c0), 2 Nr + 4CO 
4 The 1odides are the least stable of the halides, and the van Arkel de 

Boer process has been used to purify small quantities of zirconium and 
boron The impure element ts heated with iodine, producing a volatile 
iodide Zrl, or BJ], These are decomposed by passing the gas over an 
electrically heated filament of tungsten or tantalum which ts white hot 
The element is deposited on the filament and the todine 1s recycled The 
filament grows fatter, and 15 eventually removed "The tungsten core 1s 
drilled out of the centre, and a small amount of high purity Zr or B is 
obtained 

> Most oxides are thermally stable at temperatures up to 1000 7C but the 
metals below hydrogen in the electrochemical sertes decompose fairly 
easily Thus HgO and Ag,O decompose on heating The mineral ¢inna 
bar HgS 1s roasted in air to give the oxide, which then decomposes on 
heating Silver residues from the laboratory and photographic pro 
cessing are collected as AgCI and treated with NaCO, giving Ag,CQ;, 
which decomposes on heating, first to Ag;O and then to Ag 

2HgO — 2Hg + O; 

Ag; CO; — CO, + Ag;Q0 — 2Ag + IO, 

6 Dioxygen may be produced by heating hydrogen peroxide H30;, bar- 
tum peroxide BaQ,, silver oxide Ag,O or potassium chlorate KCIO; 

2H,05 — 2H;0 “+ O- 

2Ba0> = 2BaO + O; 

2Ag5,0 — 2Ag + O, 

2KCIO; — 2KCIl 4 30, 

Displacement of one element by another 

In principle any element may be displaced from solution by another 
element which is higher in the electrochemical series The method 15 12 
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applicable to elements which react with water, and to be economic must 

involve sacrificing a cheap element to obtain a more expensive element. 

|. Copper ores which are too lean in CuS for the Cu to be extracted by 

roasting in air are left to be weathered by air and rain to form a solution 

of CuSO,. The Cu^* ions are displaced as Cu metal by sacrificing scrap 

iron which turns into Fe^* because iron is above copper in the electro- 

chemical series. 

Fe 4- Cv?*  Fe^* 4 Cu 

2. Cadmium occurs in small amounts with zinc ores. The Zn is recovered 
by electrolysing a solution of ZnSO, which contains traces of CdSO,. 
After a time the amount of Cd** has concentrated, and since Zn is 
above Cd in the electrochemical series some Zn metal is sacrificed to 
displace the Cd?* from solution as Cd metal. The Zn which was 
sacrificed is subsequently recovered by electrolysis. 

Zn 4 Cd?* — Zn27 + Cd 

3. Sea water contains Br^ ions. Chlorine is above bromine in the 
electrochemical series, and bromine is obtained by passing chlorine into 
sea water. 

Ch + 2Br^ — 2CI^ 4 Br, 

High temperature chemical reduction methods 

A large number of commercial processes come into this group. Carbon can 
be used to reduce a number of oxides and other compounds, and 
because of the low cost and availability of coke this method is widely 
used. The disadvantages are that a high temperature is needed, which is 
expensive and necessitates the use of a blast furnace, and many metals 
combine with carbon, forming carbides. Some examples are: 

Reduction by carbon 

blast furnace 
Fe,0, + C — Fe 

Zn delude Li 

Ca4(PO,), +C electric furnace p 

2000*C MgO 4 C —— —— —Às Mg (process now obsolete) 
electric furnace 

PbO + C —-—________, ph 
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Reduction by another metal 

If the temperature needed for carbon to reduce an oxide is too high for 
economic or practical purposes, the reduction may be effected by another 
highly electropositive metal such as aluminum, which liberates a large 
amount of energy (1675 kJ mol!) on oxidation to Al;Os This is the bass 
of the Thermite process 

3Mn4O, 4 8AL- OMn + 4AUQO, 

B20, + Al — 2B + ALO, 

CrO + Al- 2Cr + ALO 
í 

Magnesium is used in a similar way to reduce oxides. Ín certain cases where 
the oxide is too stable to reduce. electropositive metals are used to reduce 
hahdes 7 

= 

+ 

Kroll proccss 
VIS LIS 
— 

IMI process 
-È TıCh -- 4Na Th + ANaCI 

Self reduction 

A number of metals occur as sulphide ores (for example PbS, CuS and 
Sb.54) which may be roasted first in arr to partially convert them to the 
oxide and then further roasted in the absence of am, causing self 
reduction 

CuO 
Tarasi TE n Ter asd 

Cus ——___— > 4OLISM 05 Cu SO. 
Cus withoy) Hf 

Reducton of ovides with h drogen 

Ca,Q, + 4H, — 3Ca + 4H-0 

GeO + IH 5 Ge 4 2H;0 

NH,IMoO,! e 2H, — Mo - 4H;O t NH 
NH WO,] - 2H. W 4HAO + NG, 

Thus method ts not widely used, because many metals react with hydrogen 
at elevated temperatures, forming hydndes There is also a risk of ex 
plosion from hydrogen and dioxypen in the air. 

Electrolytic reduction 

The strongest possible reducing agent is an electron. Any tonic materil 

may be electrolysed and reduction occurs at the cathode This is an ex 
cèehent method, and eyes ver pure products but electricity 15 expensive 
Electratveas mav he performed 
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[n aqueous solution 

Provided that the products do not react with water, electrolysis can be 

carried out conveniently and cheaply in aqueous solution. Copper and zinc 

are obtained by electrolysis of aqueous solutions of their sulphates. 

In other solvents 

Electrolysis can be carried out in solvents other than water. Fluorine reacts 

violently with water, and it is produced by electrolysis of KHF; dissolved in 

anhydrous HF. (The reaction has many technical difficulties in that HF is 

corrosive, the hydrogen produced at the cathode.must be kept separate 

from the fluorine produced at the anode or an explosion will occur, water 

must be rigorously excluded, and the fluorine produced attacks the anode 

and the reaction vessel.) 

In fused melts 

Elements that react with water are often extracted from fused melts of 

their ionic salts. These melts are frequently corrosive, and involve large 
fuel bills to maintain the high temperatures required. Aluminium is 
obtained by electrolysis of a fused mixture of AlO, and cryolite 
Na;(AIF,]. Both sodium and chlorine are obtained from the electrolysis of 
fused NaCl: in this case up to two thirds by weight of CaCl, is added as an 
impurity to lower the melting point from 803°C to 505°C. 

Factors influencing the choice of extraction process 

The type of process used commercially for any particular element depends 
on a number of factors. 

I. Is the element unreactive enough to exist in the free state? 
2. Are any of its compounds unstable to heat? 
3. Does the element exist as an ionic compound, and is the element stable 

in water? If both are true, is there a cheap element above it in the elec- 
trochemical series which can be sacrificed to displace it from solution? 

. Does the element occur as sulphide ores which can be roasted, or oxide 
ores which can be reduced — using carbon is the cheapest whilst the use 
of Mg, Al and Na as reducing agents is more expensive. 

- If all other methods fail, electrolysis usually works for ionic materials, 
but is expensive, If the element is stable in water, electrolysing aqueous 
solutions is cheaper than using fused melts. 

Thermodynamics of reduction processes 
Th i ir oxi i € extraction of metals from their oxides using carbon or other metals 
and bv thermal d nsn. ecomposttion, involves a number of point N ; ` SW detailed discussion. P nich merit 
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Table 6 14 Reduction potentials and extraction methods 

Element E? (V) Materials Extractton method 

Lithium L*|Li -305 LCI Electrolysis of fused 
Potassum — K*[K  -293 KCL[KCI MgCl; 6H,O] | Salts, usually 

h Calcium Ca^*|Ca -284 CaCl chlorides 
Sodium Na*|Na -271 NaCi 

Magnesium. Mg'* |Mg —237 MgCl, MgO Electrolysis of MgC), 
High temperature 

reduction with C 
Alummmum | AP* | AI. —166 ALO, Electrolysis of Al,0, 

dissolved in molten 
Na,[AIF,} 

Manganese Mn^*|Mn ~108 MnO; MnO; | renee with Al 
Chromium | CP*[Cr -074 FeCr,0, Thermite process 
Zine Zn?*{Zn -076 ZnS Chemical reduction 
Iron Fe^*|Fe  -044 Fe;O, Fe;O, S decal C 

ulphides are Cobalt Co^*[|Co -027 Cos converted to 
Nickel N?N -023 NiS, NIAS, oxides then 
Tin Sn/*|Sn -014 SnO, reduced by C or Lead Pb?*|Pb -013 PbS sometimes H 
Copper Cu^*iCu +035 Cu(metal) CuS Found as native 
Silve Ag*|Ase +0 ÎL ARS, A metal, or M Ed E S9 Aglmetal), AgS, AgCI compounds easily ercury— Hg'*[Hg +085 Hes decomposed by 
Gold Au** | Au. 41 38 Au(metal) heat (Also 

cyanide extraction) 
ere aaa 

For a spontaneous reaction, the free energy change AG must be 
nepative 

ACG = AH — TAS 
AH 1s the enthalpy change during the reaction, T is the absolute 
temperature, and AS 1s the change in entropy during the reactton Consider a reaction such as the formation of an oxide 

Dioxygen is used up in the course of this reaction. Gases have a more random structure (less ordered) than liquids or solids Consequently gases have a higher entropy than liquids or solids In this reaction 5 the entropy or randomness decreases, and hence AS is negative Thus sf the 
temperature i$ raised then TAS becomes more Negative Since TAS 1s subtracted in the equation, then AG becomes less negative Thus the free energy change increases with an increase of temperature The free energy changes that occur when One gram molecule of 2 
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Figure 6.5 Ellingham diagram showing the change in free energy AG with tem- 
perature for oxides (based on 1 g mol of dioxygen in each case). 

common reactant (in this case dioxygen) is used may be plotted graphically 
against temperature for a number of reactions of metals to their oxides. 
This graph is shown in Figure 6.5 and is called an Ellingham diagram (for 
oxides). Similar diagrams can be produced for one gram molecule of 
sulphur, giving an Ellingham diagram for sulphides, and similarly for 
halides. 
The Ellingham diagram for oxides shows several important features: 

1. The graphs for metal to metal oxide all slope upwards, because the free 
energy change increases with an increase of temperature as discussed 
above. 

. The free energy changes all follow a straight line unless the materials 
melt or vaporize, when there is a large change in entropy associated 
with the change of state, which changes the slope of the line (for 
example the Hg-HgO line changes slope at 356°C when Hg boils, and 
similarly Mg-MgO changes at 1120°C). 
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3 When the temperature 1s raised a point will be reached where the 
eraph crosses the AG = O line Below this temperature the free enerpy 
of formation of the oxide is negative, so the oxide ts stable Above this 
temperature the free energy of formation of the oxide ts positive and 
the oxide becomes unstable, and should decompose tnto the metal and 

dioxygen 
Theoretically all oxides can be decomposed to give the metal and 

dioxygen if a sufficiently high temperature can be attained. In practice 
me oxides of Ag, Au and Hg are the only oxides which can be decom 
posed at temperatures which are easily attainable, and these metal 
can therefore be extracted by thermal decomposition of their oxides 

4 {pn a number of processes, one metal is used to reduce the onde of 
another metal Any metal will reduce the oxide of other metals which 
ne above it in the Ellingham diagram because the free energy will 
become more negative by an amount equal to the difference between 
the two graphs at that particular temperature Thus Al reduces Fe? 
CrO and NiO ın the well known Thermite reaction, but AI wil not 
reduce MgO at temperatures below 1500°C 

[n the case of carbon reacting with dioxygen two reactions are possible 

C +0; — CO, 

In the first reaction, the volume of CO, produced ts the same as the 
volume of O, used so the change tn entropy ıs very small and AG hardly 
changes with temperature Thus the graph of AG against T is almost 
horizontal 

200 

,C*03-- C07 400 

600 

800 

Change n Free Enargy AG* kJ mol | 
l c © e 

500 710 — 1000 1500 2000 2500 
Temperature *C 

Figure 6 6 Ellingh im di LT tm far c irhon (The comperta Curve 1s the «olid line 
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The second reaction produces two volumes of CO for every one volume 

nf dioxygen used. Thus AS is positive, and hence AG becomes increasingly 

negative as T increases. Consequently the line on the Ellingham diagram 

slopes dównwards (Figure 6.6). The two lines for C ^ CO; and C —^ CO 

cross at about 710°C. Below this temperature the reaction to form CO; is 

energetically more favourable, but above 710*C the formation of CO is 

preferred. 
Carbon is extensively used to reduce iron oxide in the extraction of iron, 

but it may also be used to reduce any other of the oxides above it on the 

Ellingham diagram. Since the AG line slopes downwards it will eventually 

cross and lie below all the other graphs for metal/metal oxide. Thus in 

principle carbon could be used to reduce any metal oxide if a sufficiently 

high temperature were used. At one time MgO was reduced by C at 

2000°C, followed by shock (i.e. rapid) cooling, though this process is now 
obsolete. Similarly the reduction of very stable oxides like TiO2, Al;O, 
and MgO is theoretically possible, but is not attempted because of the high 
cost and practical difficulties of using extremely high temperatures. A 
further limitation on the use of carbon for extracting metals is that at high 
temperatures many metals react with carbon, forming carbides. 
Many metals occur as sulphide ores. Though carbon is a good reducing 

agent for oxides, it is a poor reducing agent for sulphides. The reason why 
carbon reduces so many oxides at elevated temperatures is that the AG°/T 
line for CO has a negative slope. There is no compound CS analogous to 
CO with a steep negative AG"/T line. Thus sulphides are normally roasted 
in air to form oxides before reducing with carbon. 

2MS 4- 30; — 2MO + 250, 

In a similar way hydrogen is of limited use as a reducing agent for 
extracting metals from their oxides since the AG"/T line has a positive 
slope, and runs parallel to many metal oxide lines. 

2H; -- [O5] ^ 2H;0 

Thus only those metals with metal — metal oxide lines above the hydrogen 
line will be reduced, and this does not change with temperature. A further 
problem with Hz is that many metals react with hydrogen, forming 
hydrides, and if hydrogen remains dissolved in the metal (interstitial 
hydrides) it significantly affects the properties of the metal. 
Thermodynamic arguments about what wil! reduce a given compound 

have two limitations. They-assume that the reactants and products are in 
equilibrium, which is often untrue, and they indicate whether a reaction is 
possible but do not predict the rate of reaction, or if some alternative 
reaction is even more favourable. 

Further details of extraction processes and Ellingham diagrams for 
halides and sulphides are given in Furth i Ellingham, H.J.T.), 8 urther Reading (see Ives D.J.G., and 
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HORIZONTAL, VERTICAL AND DIAGONAL RELATIONSHIPS 

HORIZONTAL, VERTICAL AND DIAGONAL RELATIONSHIPS 

IN THE PERIODIC TABLE 

On moving across a period in the periodic table, the number of electrons in 

the outer shell increases from one to eight. Thus Group 1 elements all 

have one electron in their outer shell. When they react they are univalent, 

because the loss of one electron leaves a noble gas structure. Similarly 

Group 2 elements have two electrons in their outer shell and are divalent. 

The valency of an s-block element is the group number. For p-block 

elements, the valency is normally (the group number — 10) or (18 — the 

group number). This is the same as the number of s and p electrons in the 

outer shell, or (8 — this number of electrons). Group 15 elements (e.g. 

nitrogen) have five outer electrons. If three of these are shared in covalent 

bonds with other atoms, the nitrogen atom has a share in eight electrons 

and has a stable configuration. Thus nitrogen is trivalent, for example in 

ammonia NH3. The halogens are in Group 17 and have seven outer 
electrons. The valency should be 18 — 17 — 1. A stable structure is 
attained by gaining one electron either by forming an ionic or a covalent 
bond. The number of outer electrons thus determines the valency of the 
element. 

On moving from left to right across a period, the size of the atoms 
decreases because of the additional nuclear charge. Thus the orbita] 
electrons are more tightly held, and the ionization energy increases. The 
metallic character of the element also decreases, and the oxides of the 
elements become less basic. Thus NaO is strongly basic; ALO, is 
amphoteric and reacts with both acids and bases; SO; is an acidic oxide 
since it dissolves in water to form sulphurous acid (H,SOQ3) and reacts with 
bases to form sulphites. Generally, metallic oxides are basic, whilst non- 
metallic oxides are acidic. 
On descending a group in the periodic table, the elements all have the 

same number of outer electrons and the same valency, but the size in- 
creases. Thus the ionization energy decreases and the metallic character 
increases, This is particularly apparent in Groups 14 and 15, which begin 
With the non-metals carbon and nitrogen and end with the metals lead and 
bismuth. The oxides become increasingly basic on descending the group. 
On moving diagonally across the periodic table the elements show cer- 
mc These are usually weaker than the similarities within a 

p. but are quite pronounced in the following pairs of elements: 

t 

L Be B C 

re 
Na Mg AI Si 

oe a period, the charge on the ions increases and the size 
us a. -o the polarizing power to increase. On moving down a 

diagonally "n ara eran the Polarizing power decreases. On moving 
marked : se two effects partly cancel each other, so that there is no Change in properties. The type and strength of bond formed and 
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the properties of the compounds are often similar, although the valency is 

different Thus lithium 18 similar to magnesium in many of its properties 

and beryllium 1s similar to aluminium. These similarities are examined in 
more detail 1n the chapters on Groups ], 2 and 13. Diagonal similarities 

are most important among the lighter elements, but the line separating the 

metals from the non metals also runs diagonally 
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PROBLEMS 

1. (a) How does the size of atoms vary from left to right in a period, and 
on descending a group in the periodic table? What are the reasons 
for these changes? 

(b) Can you explain the large atomic radii of the noble gases? 
(c) Why is the decrease in size between Li and Be much greater than 

that between Na and Mg or K and Ca? 

Ut . Explain what is meant by the ionization energy of an element. How 
does this vary between hydrogen and neon in the periodic table? 
Discuss how the variation can be related to the electronic structure of 
the atoms. 

J. (a) What is the correlation between atomic size and ionization 
energy? 

(b) Account for the fact that there is a decrease in first ionization 
energy from Be to B, and Mg to AI. 

(c) Suggest the reason for the decrease in first ionizatio 
N to O, and P to S. 

(d) Explain why the substantial decrease in first ionization energy 

n energy from 

19] 
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10 

I. 

13 

Observed between Na and K, and Mg and Ca, ts not observed 
between A and Ga 

(e) Whats the significance of the large increase in the third 1onization 
energy of Ca and the fifth ionization energy of 517 

(f) Why is the first 10nization. energy of the transition. elements 
reasonably constant? 

(a) What ts electronegativity, and how is it related to the type of bond 
formed? 

(b) What are Fajans' rules? 
(c) Predict the type of bonds formed in HCl, CsCt, NH, CS, and 

GeBr, 

(a) List the different scales of electronegativity and briefly describe 
the theoretica) basis behind each 

(b) Give four examples to show how electronegativity values may be 
used to predict the type of bond formed in a compound 

Use a modified Born-Haber cycle suitable for the estimation of 
electrode potentials to explain 
(a) Why Li is as strong a reducing agent as Cs 
(D) Why Ag 15 a noble metai and K a highly reactive metal 

(a) What are the standard electrode potentials, and how are they 
related to the electrochemical series? 

(b) Explain the recovery of copper from solution using scrap tron 
(c) How is it possible to preferentially deposit metals electrolytically, 

eg Cu, Ni, and Zn from a solution containing all three? 
(d) Why 1s 1t possible to obtain zinc by electrolysis of an aqueous 

solution even though the electrode potentials would suggest that 
the water should decompose first? 

(a) Explain why Cu” disproportionates in solution 
(b) Explain why the standard reduction potentials for Cu^ — Cu* and 

Cu* — Cu are +0 15 and +0 50 volt, respectively, yet that for 
Cu** -> Cu ıs + 0 34 volt 

Name the etght most abundant elements in the earth's crust and place 
them im the correct order 

Describe the following named metailurgtcal processes (a) Bessemer, 

(b) BOP, (c) Kroll, (d) Van Arkel, (e) Hall-Héroult, (f) Parkes 

Which elements occur in the native state? 

List five ores which are smelted, and give equations ta show whal 

occurs during smelting 

Describe the exiraction of three different elements using carbon as the 
reducing agent 

Draw an Eilngham diagram for metal oxides and explain what 
information can be obtained from it In addition explain why most © 
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15. 

16. 

17. 

18. 

the lines slope upwards from left to right, why the lines change in 

slope, and what happens when a line crosses the AG = 0 axis.. 

Use the Ellingham diagram for oxides to find: 
(a) if Al will reduce chromium oxide 
(b) at what temperature C will reduce magnesium oxide, and 
(c) at what temperature mercuric oxide will decompose into its 

elements. 

Explain in detail the processes involved in the production of pig iron 
and steel. 

Describe the extraction of two metals and two non-metals by 
electrolysis. 

Describe the extraction of magnesium and bromine from sea water. 



Coordination compounds 

DOUBLE SALTS AND COORDINATION COMPOUNDS 
Addition compounds are formed when Stoichiometric amounts of two or more stable compounds Jom together For example 

KCl 4 MgCl -- 6H.0 => KCI MgCi;.6H.O 
(carnallite) 

K5SO, 4 Ab(SO4) -- 24H,0 K-50, Ab(SO;) 24H,O 
(potassium alum) 

CuSO, + 4NH, + H,O — CuSO, ` 4NH; . HO 
(tetrammine copper(II) sulphate 
monohydrate) 

Fe(CN); + 4KCN Fe(CN), 4KCN 
(potassium ferrocyamde) Addition compounds are of two types 

I Those which lose their identity in solution (double salts) 2 Those which retain their Identity in solution (complexes) When Crystals of carnallite are dissolved in water, the solution shows the Properties of Kt. Mg^* and Cl^. ions Ina similar way, a solution of Potassium alum shows the Properties of K*, AI** apg SO?}" ions These are both examples of double salts which exist only tn the crystalline state When the Other two examples of coordination compounds dissolve they do not form simple 10ns — Cw^*. or Fe^* and CN-^ - hut instead their complex ions remain intact Thus the cuproammontum 108 (Cu(H:O) NH ),?* and the ferrocyanide ton [Fe(CNI, ̂. exit as 
distinct entities both in the solid 4nd in solution Complex tons ure shown 
by the use of Square brackets Compounds containing these rons are called Coordination compounds The chemistry of metal tons in volution ts essen tall, the chemistry Of their complexes Transition metal tons, im particular form many stable complexes In solution "free: metal rons are coordinated either to water or to other ligands Thus Cu** exists as the pale hlue complex ion [Cu(H;O)]'* in aqueous solution (and also in hydrated 
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crystalline salts). If aqueous ammonia is added to this solution, the familiar 

deep blue cuproammonium ion is formed: 

[Cu(H20)g^* + 4NH3 = [Cu(H2O).(NH3),}°* + 4H2O0 

Note that this reaction is a substitution reaction, and the NH; replaces 
water in the complex ion. 

WERNER'S WORK 

Werner’s coordination theory in 1893 was the first attempt to explain 
the bonding in coordination-vomplexes. It must be remembered that this 
imaginative theory was put forward before the electron had been dis- 
covered by J.J. Thompson in 1896, and before the electronic theory of 
valency. This theory and his painstaking work over the next 20 years won 
Alfred Werner the Nobel Prize for Chemistry in 1913. 
Complexes must have been a complete mystery without any knowledge 

of bonding or structure. For example, why does a stable salt like CoCl, 
react with a varying number of stable molecules of a compound such as 
NH; to give several new compounds: CoCl;-6NH;, CoCl,-5NH; and 
CoCl;-4NH,? What are their structures? At that time X-ray diffraction, 
which is the most powerful method of determining the structures of 
crystals, had yet to be discovered. Werner did not have at his disposal any 
of the modern instrumental techniques, and all hís studies were made using 
simple reaction chemistry? Werner was able to explain the nature of bonding 
in complexes, and he concluded that in complexes the metal shows two dif- ferent sorts of valency: 

]. Primary valencies. These are non-directional. The modern explanation would be as follows, The complex commonly exists as a positive ion. The primary valency is the number of charges on the complex ion. In compounds, this charge is matched by the same number of charges from negative ions. Primary valency applies equally well to simple salts and fo complexes. Thus in CoCl; (Co?* 4 2CI7) there are two primary valencies, 1.€. two ionic bonds. The complex [Co(NH3),]Cl; actually exists as [Co(NH3),)"* and 3CI~. Thus the primary valency is 3, as there are three ionic bonds. 
- Secondary valencies. These are directional. In modern terms the number 0i secondary valencies equals the number of ligand atoms coordinated to the metal. This is now called the coordination number. Ligands are commonly negative ions such as CI”. or neutral molecules a n NH;. Less commonly, ligands may be Positive ions such as m ach metal has a characteristic number of secondary valencies. nus in [Co(NH.3)sICl the three CI" are held by primary valencies. The 5X NH; groups are held by secondary valencies. | 
Secondary 

ücular shape, 
deduced the s 

tJ 

valencies are directional, and Sọ a complex ion has a par- ce the complex ion [Co(NH;),J^* is octahedral. Werner apes of many complexes. He did this by preparing as many 
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different isomeric complexes of a system as was possible He noted the 
number of somers formed and related this number to the number of 
isomers predicted for different geometric shapes The most common co. 
ordination number in transition metal complexes 1s 6, and the shape is 

usually octahedral The coordination number 4 ts also common, and this 
gives rise to either tetrahedral or square planar complexes 

Werner treated cold soluttons of a series of coordination complexes with 
an excess of silver nitrate, and weighed the silver chloride precipitated 
The sto:ichiometries of complex - AgCI formed were as follows 

CoCl, 6NH, — 3AgCI 
CoCl, SNH; — 2AgCI 
CoCh 4NH, — 1AgCI 

Werner deduced that in CoCl, 6NH, the three chlorines acted 
as primary valencies. and the six ammonias as secondary valencies 
In modern terms the complex 1s written [Co(NH,),JCi, The three Cl” are 
ionic ånd hence are precipitated as AgCI by AgNO, The sıx NH; ligands 
form coordinate bonds to Co'* forming a complex 10n [Co(NH3]* 
(Figure 7 1a) 

Werner deduced that loss of one NH; from CoCl; 6NH, should give 
CoC]; SNH, and at the same time one Cl changed from being a pri 
mary valency to a secondary valency Thus this complex had two primary 
valencies and six secondary valencies In modern terms the complex 
[Co(NH3)sCHCI, 10nizes to give [Co(NH3)<Cl}** and two CI^ tons Thus 
oniy two of the three chlorine atoms are iome and thus only two are 
precipitated as AgCI wuh AgNO, Five NH, and one CI form coordinate 
bonds to Co?^*, forming a complex 10n (Figure 7 1b) 

similarly in CoCl, 4NH, Werner deduced that one Cl formed a primary 
valency, and that there were six secondary valencies (two Cl and four 

NH) In modern terms the complex [Co(NH;),Cl;]Cl 10nizes to give 
[Co(NH3),Cl;]* and CI^ and so only one CI7 can be precipitated as AgCI 
The coordination number of Co?^* is 6, in this case four NH; and two CI 
form coordinate bonds to Co** The old and modern ways of writing the 
formulae of these complexes are shown in Table 7 1 
Thus Werner established that the number of secondary valencies (that i5 

the coordination number) was 6 1n these complexes He then attempted to 

NH, J+ NH, 14 

HN. | NH, HN. | d 
o uL 3Cl- ey 2cr 

H,N NH, H,N j NH, 
NH, NH, 

(a} (b) 
Figure 7 1 Structures of (a) ICo(NH3)ySJCIH, and (b) [Co(NH3).CI]CI; 
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Table 7.1 Formulae of some cobalt complexes 
ca ee 

Old New 

CoC, : 6NH, [Co(NH3),]** 3Cl^ 

CoCHh : SNH; [Co(NH3)sCl]?* 2Cl^ 

CoCl, : 4NH, [Co(NH4),CL]* CI 

4 

find the shapes of the complexes. The possible arrangements of six groups 

round one atom are a planar hexagon, a trigonal prism, and an octahedron 

(Figure 7.2). Werner then compared the number of isomeric forms he had 
obtained with the theoretical number for each of the possible shapes 
(Table 7.2). 

Table 7.2 Number of isomers predicted and actually found 

Complex Observed Predicted 

Octahedral Planar hexagon Trigonal prism 

[MX] ] ] l 
[MX;Y] J l ] ] 
[MX,Y;] 2 2 3 3 
[MX:Y;] 2 2 3 3 

These results strongly suggested that these complexes have an 
octahedral shape. This proof was not absolute proof, as it was just possible 
that the correct experimental conditions had not been found for preparing 
all the isomers. More recently the X-ray structures have been determined, 
and these establish that the shape is octahedral (Figure 7.3). 

X 

MX, x X 

eg Only one form 
[Co iN Hy?" X 
[Fe (CN1)3 i 

Y X 

e AM ^ x A s Only one form 
9 -— [PIMNH CI] = as all six corners 

ICo" (NH Ci?" X X are equivalent 

X X 

: Y 
MX,Y 

eg : X Y x X 

IPIMNHCh)?* Two isomers 
(Co" IN Hat,CL]* X X Z crs and trans 
PIMN IPT'INHSSCUI x i 

Cis Trans 

Y Y 

E MX3Y š 7 j : 
Two tsomers 

[PIN Has C) and facial Fac- 
ICONK CL} X Y X Y meridianal Mer 

X Y 
Fac. Mer- 

Planar hexagon 

Trigonal prism 

BV 
Octahedron 

Figure 7.2 Possible geometric 
shapes for six-coordination. 

Figure 7.3 Isomers in 
octahedral complexes. 



NH, Ci 
trans 

Figure 7,5 Isomensm in square 
planar complexes 
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More recently, with a bidentate ligand such as ethylenediamine (12 
diaminoethane}, two optically active somers have been found (Figure 7 4) 

Mien), 

d form | form 
Mirror 
plane 

Figure 7.4 Optical somerism im octahedral complexes 

In a similar way. Werner studied a range of complexes which included 
[Pt"(NH,)2.Cl,} and [Pd (NH4);Ch] The coordination number is 4, and 
the shape could be either tetrahedral or square planar Werner was able to 
prepare two different isomers for these complexes A tetrahedral camplex 
can only exist in one form, but a square planar complex can exist yn two 
isomeric forms This proved these complexes are square planar rather than 
tetrahedraj {Figure 7 5) 

MORE RECENT METHODS OF STUDYING COMPLEXES 

The electrical conductivity of a solution of an tonic material depends on 

1 The concentration of solute 
2 The number of charges on the species which are formed on dissolution 

Molar conductivities relate to a IM solution and thus the concentration 
factor rs removed The total number of charges on the spectes formed when 
Abe noyer chssalver aar be deduced dy aanynansad af ats malay cop 
ductivity with that of known simple omic materials (Table 73) These 
conductivities suggest the same structures for the cobalt/ammoma/chlorne 

Table 7,3 Conductivties of salts and complexes (molar conductivities 
measured at 0 001M concentration) 

ohm" 'cm mol"! 

LC ~ Lit cr {total of 2 charges) 1120 
CaCl, — Ca'* 2CI7 (total of 4 charges) 260 8 
CoCI, SNH, 26] 3 

CoBr; 5NH, 2357 6 

LaCl; -» La'* 3C] (total of 6 charges) 393 5 
CoCh 6NH; 431 6 
CoBr, 6NH, 426 9 
E aa ssa ER NR RR RR RR NR m RR Rl 
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Table 7.4 Number of charges related to modern and Werner structures 

Charges Primary valency Secondary valency 
ionizable chlorines 

ee D cdi e Aio l ce leue D Li c e teme iau immueeenii di deiner rue e 

[Co(NH)]"*.— 3CI^ 6 3 6NH, = 6 
[Co(NH3).CI* 2Cl- 4 2 5NH, + ICl^ - 6 
[Co(NH3)Ch]* CI^ 2 ] 4NH;, + 2CI = 6 
a 

———— —]— 

complexes mentioned earlier, as do the results from Werner's AgCI experi- 

ments, shown in Table 7.4. 
The freezing point of a liquid is lowered when a chemical substance is 

dissolved in it. Cryoscopic measurements involve measuring how much the 
freezing point is lowered. The depression of freezing point obtained de- 
pends on the number of particles present. Cryoscopic measurements can 
be used to find if a-molecule dissociates, and how many ions are formed. If 
a molecule dissociates into two ions it will give twice the expected 
depression for a single particle. If three ions are formed this will give three 
times the expected depression. Thus: 

LiC] —-Li* + C (2 particles) [(2 charges) 

MgCl, — Mg^* —- 2CI^ (3 particles) | (4 charges) 

LaCl,; > La** 4 3CI^ . (4 particles) |(6 charges) 

The number of particles formed from a complex molecule determines the 
size of the depression of freezing point. Note that the number of particles 
formed may be different from the total number of charges which can be 
obtained from conductivity measurements. The two types of information 
can be used together to establish the structure (Table 7.5). 

The magnetic moment can be measured (see Chapter 18 — Magnetic 
properties). This provides information about the number of unpaired elec- 
tron spins present in a complex. From this it is possible to decide how the 
electrons are arranged and which orbitals are occupied. Sometimes the 
structure of the complex can be deduced from this. For example, the 
compound Ni! (NH;),(NO4), -2H;O might contain four ammonia mol- 

Table 7.5 Establishing the structure of complexes 

Formula Cryoscopic Molar Structure 
measurement conductivity 

eo S 4 particles 6 charges [Co(NHj4]* —3CI- 
Core ON, 3 particles 4 charges | [Co(NH3),CIP* 2CI- 
Conr el 2 particles 2 charges | (Co(NH3),Cl]* CI^ 

1 3 l particle O charge — [Co(NH3)4CH,] 
CONO: KNO;-2NH; 2 particles 2chargs | K*. [Co(NH3)(NO;.]- 

Co(NOs), NOQ2-NH; 3 particles 4charges 2K* [Co(NH3)(NO;),]^- 

"E 4 particles — 6charges 3K* [Co(NOj)]"- - 
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ecules coordinated to Ni in a square planar [Ni(NH4)4E* 10n and two 
molecules of water of crystallization and have no unpaired electrons 

Alternatively the water might be coordinated to the metal, giving an 
octahedral [Ni(H20)2(NH3),)°* complex with two unpaired electrons 
Both these complex 10ns exist and their structures can be deduced from 
magnetic measurements 

Dipole moments may also yreld structural information but only for non 
ionic complexes For example, the complex [Pt(NH4);CU;] is square planar 
and can exist as cis or trans forms The dipole moments from the various 

metal--irgand bonds cancel out in the frans configuration However, a finite 
dipole moment is given by the cs arrangement (Figure 7 5) 

Electronic spectra (UV and visible) also provide valuable information on 
the energy of ihe orbitals, and onthe shape of the complex By this meensit 
is passible to distinguish between tetrahedral and octahedral complexes, 
and whether the shape 1s distorted or regular 

The most powerful method, however, 1s the X-ray determination of the 
crystal structure This provides details of the exact shape and the bond 
lengths and angles of the atoms rn the structure 

EFFECTIVE ATOMIC NUMBERS 

The number of secondary valencies in the Werner theory ts now called the 
coordination number of the central metal in the complex This ss the 
number of ligand atoms bonded to the central metal 10n Each ligand 
donates an electron pair to the metal ion, thus forming a coordinate bond 
Transition metals form coordination compounds very readily because they 
have vacant d orbitals which can accommodate these electron pairs The 
electronic arrangement of the noble gases is known to be very stable 
Sidgwick, with his effective atomic number rule, suggested that electron 
pairs from ligands were added until the central metal was surrounded by 
the same number of electrons as the next noble pas Consider potassium 

hexacyanoferrate(1l) K,{Fe(CN),| (formerly called potassium ferrocyan 
ide) An iron atom has 26 electrons, and so the central metal jon Fe^* has 
24 electrons The next noble gas Kr has 36 electrons Thus the addition of 
six electron pairs from six CN^ ligands adds 12 electrons, thus ratsing the 
effective atommc number (EAN) of Fe?* in the complex {[Fe(CN),}*~ to 36 

[24 + (6 x 2) = 36] 

Further examples are given 1n Table 7 6 
The EAN tule correctly predicts the number of ligands ın many com 

plexes There are however, a significant number of exceptions where the 
EAN is not quite that of a noble gas. If the original metal jon has an odd 
number of electrons for example, the adding of electron pairs cannot 
result in a noble gas structure The tendency to attain a noble gas con 
figuration 1s a significant factor but not a necessary condition for complex 
formation [t is also necessary to produce a symmetrical structure (tetra 



Table 7.6 Effective atomic numbers of some metals in complexes 

Atom Atomic 
number 

Cr 24 

Fe 26 

Fe 26 
Co 27 

Ni 28 
Cu 29 
Pd 46 
Pt 78 

Fe 26 
NI 28 
Pd 46 
Pt 78 

SHAPES OF d ORBITALS 

Complex 

[Cr(CO);] 

[Fe(CN)4^" 
[Fe(CO);] 
[Co(NH3)g^* 
[Ni(CO)4] 
[Cu(CN)4] 
[Pd(NH3),]** 
[PtCl]^7 

[Fe(CN)s]'- 
[Ni(NH3)6]?* 
[PdCl4]?~ 
[Pt(NH3)4]?* 

Electrons lost 

in lon 
formation 

NmwNNW Rh SWONM 

Electrons 

gained by 
coordination 

een a a ar 

12 
12 
10 
12 
8 
8 

12 
12 

12 
12 
8 
8 

EAN 

36 
36 
36 
36 
36 
36 
54 
86 

35 
38 
52 
84 

(Kr) 

(Xe) 
(Rn) 

hedral, square planar, octahedral) irrespective of the number of electrous 
involved. 

SHAPES OF d ORBITALS 

Since d orbitals are often used in coordination complexes it is important 
to study their shapes and distribution in space. The five d orbitals are not 
identical and the orbitals may be divided into two sets. The three to, 
orbitals have identical shape and point between the axes, x, y and z. The 

orbitals 

(de) 

e 

orbitals 

(dy) 

dyy 

x 

dy2 y2 
Figure 7.6 Shapes of d orbitals. 
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two e, orbitals have different shapes and point along the axes (Figure 7 6) 
Alternative names for 15, and e, are de and dy respectively 

BONDING IN TRANSITION METAL COMPLEXES 

There are three theories of metal to ligand bonding in complexes, all dating 

back to the 1930s 

Valence bond theary 

This theory was developed by Pauling Coordination compounds contain 
complex sons, m which hgands form coordinate bonds to the metal Thus 
the ligand must have a lone parr of electrons, and the metal must have an 
empty orbital of suitable energy available for bonding The theory fon 
siders which atomic orbitals on the metal are used for bonding From this 
the shape and stability of the complex are predicted The theory has two 
main Itmitations Most transition metal complexes are coloured, but the 
theory provides no explanation for their electronic spectra Further, the 
theory does not explain why the magnetic properties vary with tempera: 
ture. For these reasons it has largely been superseded by the crystal field 
theory However, it is of interest for study as it shows the continuity of the 
development of modern ideas from Werner's theory 

Crystal field theary 

‘This theory was proposed by Bethe and van Vieck The attraction between 
the central metal and ligands in the complex is considered to be putely 
electrostatic Thus bonding 1n. the complex may be ton-ion atteaction 
(between positive and negative tons such as Co?* and C17) Alternately 
ion- dipole attractions may give rise to bonding (if the ligand is a neitral 
matceute such as NH; 01 CO) NE, hasa dipole moment sih a f- Ue 
on N and 54 charges on H Thus tn [Co(NH;),]°* the 8— charge or the 
N atom of each NH, points towards the Co** Thus theory is simple. ?! 
has been remarkably successful ;n explaining the electronic spectra 2^ 
Magnetism of transition metal complexes, particularly when allowance 6 
made for the possibility of some covalent interaction between the orbitals 
on the metal and ligand When some allowance is made for covalency the 
theory 1s often renamed as the ligand field theory Three types of inter 
action are possible o overlap of orbitals, x overlap of orbitals or d*~P* 
bonding (back bonding) due to x overlap of full d orbitals on the metal 
with empty p orbitals on the ligands 

Molecular orbital theory A 
Both covalent and ome contributions are f ully allowed for tn this theory 
Though this theory is probably the most important approach to chemical 

bonding it has not displaced the other theories This !s because the qU2" 
(tative calculations mvolved are difficult and lengthy, involving thé use 
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of extensive computer time. Much of the qualitative description can be 

obtained by other approaches using symmetry and group theory. 

VALENCE BOND THEORY 

The formation of a complex may be considered as a ce of hypothetical 

steps. First the appropriate metal ion is taken, e.g. Co E A Co atom has 

the outer electronic structure 3d74s?. Thus a Co^* ion will have the 

structure 3d°, and the electrons will be arranged: 

full 
3d 4s 4p 4d 

me D) ELE ELECE 

If this ion forms a complex with six ligands, then six empty atomic orbitals 

are required on the metal ion to receive the coordinated lone pairs of 

electrons. The orbitals used are the 4s, three 4p and two 4d. These are 

hybridized to give a set of six equivalent sp°d? hybrid orbitals. A ligand 
orbital containing a lone pair of electrons forms a coordinate bond by 
overlapping with an empty hybrid orbital on the metal ion. In this way a 
o bond is formed with each ligand. The d orbitals used are the 4d,2_,, 
and 4d,2. In the diagrams below, electron pairs from the ligands are shown 
de $i. 

full 3d 4p 4d 

inne E 
i—mar 

(sp?d? hybridization) 
octahedral shape 
outer orbital complex 
high-spin complex 

Since the outer 4d orbitals are used for bonding this is called an outer 
orbital complex. The energy of these orbitals is quite high, so that the 
complex will be reactive or labile. The magnetic moment depends on the 
number of unpaired electrons. The 3d level contains the maximum number 
of unpaired electrons for a dô arrangement, so this is sometimes called a 
high-spin or a spin-free complex. An alternative octahedral arrangement is 
possible when the electrons on the metal ion are rearranged as shown 
below. As before, lone pairs from the ligands are shown as ^i. 

inner : me nmulnujuls[s [TTT Se ee ea ere o) 
(d?sp? hybridization) 
octahedra! shape 

inner orbital complex 
low-spin complex 
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Since low energy mner dsorbitals are used this 1s called an inner orbital 
complex Such complexes are more stable than the outer orbital com 
plexes The unpaired electrons in the metal jon have been forced to par 
up and so this js now a low spin complex In this particular case all the 
electrons are paired so the complex will be diamagnetic 

The metal son could also form four coordinate complexes and two dif 

ferent arrangements are possible Jt must be remembered that hybnd 
orbuals do not actually exist Hybridization is à mathematica] manipulation 
of the wave equations for the atomic orbitals involved 

Full 
ad 4s áp 4d 

mne [e] LLILI] 
————— Shell 

(sp? hybrid zat on) 
tetrahedral shape 

ful Ad 4s 4n ad 

me frat fr} fA BEBE 
—À—— —— M—— 

(dsp? hybr dizat on) 
square planar shape 

The theory does not explain the colour and spectra of complexes The 
theory shows the number of unparred electrons From this the magnetic 
moment can be calculated (see Chapter 18) However it does not explain 
why the magnetic moment varies with temperature 

CRYSTAL FIELD THEORY 

The crystal field theory i$ now much more widely accepted than the valence 
bond theory It assumes that the attraction between the central metal and 
the ligands 1n a complex is purely electrostatic The transition metal which 
forms the central atom in the complex 1s regarded as a positive 10n Ol 
charge equal to the oxidation state. This is surrounded by negative ligands 
or neutra] molecules which have a lone pair of electrons If the ligand i52 
neutral molecule such as NH, the negative end of the dipole in the 
molecule 1s directed towards the metal ion The electrons on the central 
metal are under repulsive forces from those on the ligands Thus the 
electrons occupy the d orbitals furthest away from the direction of ap 

proach of hgands In the crystal field theory the following assumptions 
are made 

l Ligands are treated as point charges 
2 There r no interaction between metal orbitals and ligand orbitals 
3 The d orbitals on the metal all have the same energy (that 1s degenerate) 

in the free atom) However, when a complex ıs formed the ligands 
destroy the degeneracy of these orbitals re the orbitals now have 
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different energies. In an isolated gaseous metal ion, the five d orbitals 

do all have the same energy, and are termed degenerate. If a spherically 

symmetrical field of negative charges surrounds the metal ion, the d 

orbitals remain degenerate. However, the energy of the orbitals is 

raised because of repulsion between the field and the electrons on the 

metal. In most transition metal complexes, either six or four ligands 

surround the metal, giving octahedral or tetrahedral structures. In both 

of these cases the field produced by the ligands is not spherically 

symmetrical. Thus the d orbitals are not all affected equally by the 

ligand field. 

Octahedral complexes 

In an octahedral complex, the metal is at the centre of the octahedron, and 
the ligands are at the six corners. The directions x, y and z point to three 
adjacent corners of the octahedron as shown in Figure 7.7. 

The lobes of the e, orbitals (d,2_,: and d,2) point along the axes x, y and 
z. The lobes of the t, orbitals (d,,, d,, and d,,) point in between the axes. 
It follows that the approach of six ligands along the x, y, z, —x, —y and —z 
directions will increase the energy of the d,: ,: and d;: orbitals (which 
point along the axes) much more than it increases the energy of the dy, dyz 
and d,, orbitals (which point between the axes). Thus under the influence 
of an octahedral ligand field the d orbitals split into two groups of different 
energies (Figure 7.8). 

Rather than referring to the energy level of an isolated metal atom, the 
weighted mean of these two sets of perturbed orbitals is taken as the zero: 
this is sometimes called the Bari centre. The difference in energy between 
the two d levels is given either of the symbols A, or 10 Dq. It follows that 

Eg 

Ener 
9y d orbitals are 

split into two 

groups 

log 

Free metal ion Metal ion 
(five degenerate in octahedral 
d orbitals) field 

Figure 7.8 Crystal field splitting of energy levels in an octahedral field. 

YV A 
WY 
Figure 7.7 The directions in an 
octahedral complex. 

x 
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ĉg 

Energy Ap 
SJL oO Average energy level 

CO (Bari centre} 

izg 

Average energy Metal ion 
of meta! ion m octahedral 

Mm spherical field 

field 

Figure 7.9 Diagram of the energy levels of d orbitals in an octahedral field 

the e, orbitals are +0 6A, above the average level, and the £, orbitals are 
-0 4A, below the average (Figure 7 9) 
The size of the energy gap A, between the ty, and e, levels can be 

measured easily by recording the UV-visible spectrum of the complex 
Consider a complex hike [¥1{H,0),)** The Tr°* 10n has one d electron In 
the complex this will occupy the orbital with the lowest energy, that ts one 
of the fz, orbitals (Figure 7 10a) The complex absorbs light of the correct 
wavelength (energy) to promote the electron from the f level to the ê, 

level (Figure 7 106) 
The electronic spectrum for [Ti(H,O)]** is given in Figure 7 11 The 

steep part of the curve from 27 000 to 30000 cm ' (sn the UV region) is due 
to charge transfer The d-d transition ts the single broad peak with 2 
maximum at 20300cm^! Since 1 kJ mol^! — 83 7cm^!, the value of & 

(a) (b) 
Figure 7.10 4! configuration. (a) ground state, (b) excited state 
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OQ 

Wavelength (A) 

3000 4000 5000 7000 

10 

Molar absorbance 

cn 

30,000 20,000 10,000 

Frequency (cm7 ') 

Figure 7.11 Ultraviolet and visible absorption spectrum of (Ti(H;O)gP*. 

for [Ti(H,O)]^* is 20300/83.7 = 243kJ mol^!. This is much the same as 

the energy of many normal single bonds (see Appendix F). 

The above method is the most convenient way of measuring A, values. 

However, A,, values can also be obtained from values of observed lattice 

energies and those calculated using the Born-Landé equation (see 

Chapter 3). 
Solutions containing the hydrated Ti^* ion are reddish violet coloured. 

This is because yellow and green light are absorbed to excite the elec- 
tron. Thus the transmitted light is the complementary colour red- violet 
(Table 7.7). 

Because of the crystal field splitting of d orbitals, the single d electron in 
[Ti(H;O)P* occupies an energy level 2/5A, below the average energy of 
the d orbitals. As a result the complex is more stable. The crystal field 
stabilization energy (CFSE) is in this case 2/5 x 243 = 97kJ mol™'. 

Table 7.7 Colours absorbed and colours observed 

Colour absorbed Colour observed Wavenumber 
observed (cm7') 

yellow—green red- violet 24 000-26 000 
yellow indigo 23 000-24 000 
orange blue 21 000-23 000 
red blue-green 20 000-21 000 
purple green 18 000-20 000 
red-violet yellow-green 17 300-18 000 
indigo yellow 16 400— 17 300 
blue orange 15 300-16 400 
blue-green red 12 800—15 300 Ru om a 
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Table 78 Crystal field splittings by various itgands 

Complex Absorption peak 

(cm^!) (kJ mol!) 

[Cr "CR 13640 163 
[Cr  (H;0]?* 17 830 213 
ICr' (NHAU 21680 259 
[Cr (CN) 26 280 314 

The magnitude of A, depends on three factors 

| The nature of the ligands 
2 The charge on the metal :on 
3 Whether the metal ts in the first, second or third row of transition 

elements 

Examination of the spectra of a senes of complexes of the same metal 
with different ligands shows that the position of the absorption band (and 
hence the value of A,) varies depending on the ligands which are attached 
(Table 7 8) 

Ligands which cause only a small degree of crystal field splitting are 
termed weak field ligands Ligands which cause a large splitting are called 
strong field ligands Most A values are m the range 7000cm ! to 
30000em™' The common I1gands can be arranged in ascending order of 
crystal field splitung A The order remains practically constant for different 
metals, and thus senes 15 called the spectrochemical senes (see Further 
Reading Tsuchida, 1938, Jorgensen, 1962) 

Spectrochemical series 
weak field ligands 
P«Br «S^ «CI «NO; «F^ « OH^ « HOH < oxalate < H,O 

< EDTA < (NH; and pyridine) < ethylenediamine « dipyridyl 
< o phenanthroline < NO7 « CNT < CO 

strong field ligands 

The spectrochemuical series is an experimentally determined series. $t 5 
difficult to explain the order as it incorporates both the effects of o and ® 
bonding The halides are in the order expected from electrostatic effects 
In other cases we must consider covalent bonding to explain the order A 
pattern of increasing c donation is followed 

halide donors < O donors « N donors « C donors 

The crystal field splitting produced by the strong field CN7 Irgand i$ about 

double that for weak field hgands like the halide 1ons This is attributed [0 
z bonding tn which the metal donates electrons from a filled 15, orbital into 

a vacant orbital on the ligand. In a similar way, many unsaturated N donors 
and C donors may also act as x acceptors 

The magnitude of A, increases as the charge on the metal ion increases 
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Table 7.9 Crystal field splittings for hexa-aqua complexes of M^* and M" 

Oxidation Ti V Cr Mn Fe Co Ni Cu 

state 
Sae —MMM——— 

(+I) Electronic d^ d d’ d d* d Ë d 

configuration 
Asin cm"! — 12600 13900 7800 10400 9300 8500 12600 

A,inkJmol!  - 151 (1660 93 124 111 102 (151) 

(III) Electronic d d d? d^ d  d* qd' d 
configuration 
A,incm™! 20300 18900 17830 21000 13700 18600 - - 
A,inkJmol~! . 243 226 213 (251) 164 222 - - 
a a T ——Ó————

————— A 

Values for d* and d? are approximate because of tetragonal distortion. 

Table 7.10 A, crystal field splittings in one group 

cm”! kJ mol7! 

[Co(NH3),]** 24 800 296 
[Rh(NH3),}°* 34.000 406 
[Ir(NH3)g?* 41 000 490 

For first row transition metal ions, the values of A, for M’* complexes are 
roughly 5096 larger than the values for M^* complexes (Table 7.9). 
The value of A, also increases by about 3096 between adjacent members 

down a group of transition elements (Table 7.10). The crystal field stabiliz- 

ation energy in [Ti(H;O)s]^* , which has a d! configuration, has previously 
been shown to be —0.4A,. In a similar way, complexes containing a metal 
ion with a d^ configuration will have a CFSE of 2 x —0.4A, — —0.8A, by 
singly filling two of the t», orbitals. (This is in agreement with Hund's rule 
that the arrangement with the maximum number of unpaired electrons 
Is the most stable.) Complexes of d? metal ions have a CFSE of 3 x 
—0.4A, — —1.2A,. 
Complexes with a metal ion with a d* configuration would be expected 

to have an electronic arrangement in accordance with Hund's rule (Figure 
7.12a) with four unpaired electrons, and the CFSE will be (3 x —0.4A,) + 
(0.6A,) = —0.6A,. An alternative arrangement of electrons which does 
not comply with Hund’s rule is shown in Figure 7.12b. This arrangement 
has two unpaired electrons, and the CFSE is (4 x —0.4A,) = —1.6A 
The CFSE is larger than in the previous case. However, the energy P ised 
to pair the electrons must be allowed for, so the total stabilization energy is 
SL * P. These two arrangements differ in the number of unpaired 
c ectrons. The one with the most unpaired electrons is called *high-spin' or 
E ; and the other one the ‘low-spin’ or 'spin-paired' arrangement. 
E Via cipis have been found to exist. Which arrangement occurs 

y particular complex depends on whether the energy to promote an 
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Small Ag 

value 

(a) 

Figure 7.12 High and low spin complexes (a} d* tigh smn arrangement (weak ligand field), (b) d* low spin arrangement (strong ligand field) 

Table 7.11 CFSE and pairing energy for some complexes 

Complex Configuration Ay P Predicted Found 
(cm^!) — (cm!) 

Fe (H;0)g?* d$ 10400 — 17600  hughspm — hugh spin Fel'(CN),]*- d? 32850 — 17600  lowspm low spi Col!!g ]1- d? 13000 — 21000 Hhighspm — high spin Co (NH), 3* d? 23000 — 21000  lowspm low spin 

clectron to the upper eg level (that is the crystal field splitting A,) 1s greater than the energy ta pair electrons (that is P) in the lower fo level Fora given metal ion P ts constant Thus the amount of crystal field splitting 1s determined by the Strength of the ligand field A weak field ligand such as . Will only cause a small Splitting of energy levels A, Thus st will be more favourable energetically for electrons to occupy the upper e, level and have a high-spin complex, rather than to pair electrons In a similar Way, strong field ligands such as CN cause a large splitting A, In this case It requires less energy to pair the electrons and form a low-spin complex Similar arguments apply to high- and Jow spin complexes of metal rons With d^, d and d? configurations These are summarized in Table 7 12 

EFFECTS OF CRYSTAL FIELD SPLITTING 
In octahedral complexes, the filling of fz, orbitals decreases the energy of a complex, that is makes it more stable by —0 4A, per electron Filling ¢, 
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Table 7.12 CFSE and electronic arrangements in octahedral complexes 

Number Arrangement in weak ligand field Arrangement in strong ligand field 

of d Se ee 

electrons ton e, CFSE Spinonly ftx e, CFSE Spin only 

A, magnetic A, magnetic 

moment moment 

us (D) us (D) 

d! [[]-o4 1.73 [L]-o4 1.73 

[]]-o8 2.83 | | | -o:8 2.83 

à [1]-12 3.87 [ [ ]-12 3.87 

£u 
t 

=12 
d’ +06 . 4.90 [[]-16 2.83 

~1.2 
d’ +12 5,92 [ [| | -2.0 1.73 

- -0.0 

-1.6 
d +12 4.90 |_| | -2.4 0.00 

= —0.4 

2.0 - aod 
d’ +1.2 3.8 t | | +0.6 1.73 ~J 

—2.4 —2.4 
d* +1.2 2.83 $1.2 2.83 

= —].2 = —].2 

: 20d -24 
d 1.8 1.73 1.8 1.73 

— —0.6 — —().6 

-2.4 aA 
a” t24 0.00 424 0.00 

= 0, = 0.0 

orbitals increases the energy by +0.6A, per electron. The total crystal field 
Stabilization energy is given by 

CFSE octahedral) m -0.4n,, , T 0.6ri. ; 
where Na.) and ny. are the number of electrons occupying the >, and e orbitals respectively. The CFSE is zero for ions with d° and d™ con. figurations in both strong and weak ligand fields. The CFSE is also zero for d^ configurations in a weak field. All the other arrangements have some 
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Table 7 13 Measured and caleulated lattice energies 
mp ERREUR ERU QR. RE RR RR m m LP RR RR 

Compound Structure Measured Calculated Difference 
lattice lattice (measured - 
energy energy calculated) 

(kImol ^ (kJImol ‘y (kJ mol ' 
Á —— M Ó — BÀ i i——————————— Ly ee mas 

NaCi Sodium chloride +764 ~764 0 

ALCI Sodium chloride -4916 — 784 -132 

AgBr Sodium chloride — 908 -759 -149 

MeF Rutile —2908 -2915 +7 
MnF Rutile — 2770 —2746 -2 
FeF; Rutile —2912 -21352 -16 
NF Rutile — 3046 —2917 -129 
CuF; Rutile -3042 —2R85 ~ 15 

CFSE which increases the thermodynamic stability of the complexes 
Thus many transition metal compounds have a higher measured lattice 
energy (obtained by calculations using the terms in the Born— Haber cycle} 
than 1s calculated using the Born—Lande Born—Meyer or Kapustinsky 
equations In contrast the measured (Born- Haber) and calculated values 
for compounds of the main groups (which have no CFSE) are in close 
agreement (Table 7 13) There is also close agreement 1n MnFE; which hasa 
d° configuration and a weak field ligand hence there is no CFSE 
A plot of the lattice energies of the halides of the first row transition 

elements tn the divalent state 1s gtven in Figure 7 13 In the sold the 
coordination number of these metals 1s 6 and so the Structures are 
analogous to octahedral complexes The graphs for each halide show a 
minimum at Mn?* which has a d? configuration. In a weak field this has a 
high spin arrangement with zero CFSE The configurations d? and d^? also 
have zero CFSE. The broken line through Ca?*, Mn** and Zn?* repre 
sents zero stabilization. The heights of other points above this [ine are the 
crystal field stabilization energies 

The hydration energies of the M** ions of the first row transition 
elements are plotted in Figure 7 14a 

Mi - excess H0 — [MH Oh] 

The 10ns Ca^*. Mn?* and Zn?* have d", 45 and d'? configurations. and 
have zero CFSE An almost straight line can be drawn through these 
points The distance of the other points above thus line corresponds to the 
CFSE Values obtained in this way agree with those obtained spectroscop! 
cally A simular graph of the M?* ions ıs shown in Figure 7 14b here the 
d", d? and d'* species are Sc"*, Fe?* and Ga?* 
The 10mc radi for M2* ions might be expected to decrease smoothly 

from Ca?* to Zn** because of the increasing nuclear charge, and the poor 
shielding by d electrons A plot of these radu is gwen in Figure 7 15 The 
change in size is not regular 
A smooth (broken) line is drawn through Ca?*, Mn?* and Zn^* These 
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Figure 7.13 CFSE of dihalides of the first transition series. (After T.C. Wadding- 
ton, Lattice energies and their significance in inorganic chemistry, Advances in 
Inorganic Chemistry and Radiochemistry, 1, Academic Press, New York, 1959.) 
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Figure 7.14 Enthalpies of hydration for M?* and M?*. in kJ mol"! 
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Figure 7 15 Octahedral tome radn of M?* for first row transition elements 

have d", d^ and d configurations as the d orbitals are empty, halí full or 
full These arrangements constitute an almost spherical field round the 
nucleus 1n Tr^* the d electrons occupy orbitals away from the ligands 
providing little or no shielding of the nuclear charge Thus the ligands are 
drawn closer to the nucleus The increased nuclear charge has an even 
greater effect in the case of V-* At Cr’* the e, level contains one electron 
This ss concentrated in the direction of the ligands, thus providing very 
good shielding Thus the ligands can no longer approach so closely and the 
ionic radius increases This increase in si7e is continued with the filling of 

the second e, orbital at Ma?” The screening by the e, orbitals is so good 
that the radtus of Mr?* is slightly smaller than it would be i£ it were m a 
truly spherical field The same sequence af size changes 15 repeated in the 

second half of the series ^ 

TETRAGONAL DISTORTION OF OCTAHEDRAL COMPLEXES 
(JAHN- TELLER DISTORTION| 

The shape af transition metal complexes is determined by the tendency of 
clectron p urs to occupy positions as far away from each other as possible 
This ts the same as for the main group compounds and complexes ln 
addition the shapes of transition metal complexes are affected by whethef 
the d orbitals are symmetrically or assmmetricalls filled i 

Repulsion by si& ligands in an octahedral complex splits the d orbitals 

on the central metal into fx, and e, levels. [t follows that there Is 4 
corresponding repulsion between the d electrons and the ligands If the 
electrons are symmetrically arranged thes will repel all six ligands equal 
Thus the structure will be à completely regular octahedron. The svmmetri 
cal arrangements of d electrons are shown in Table 7 14 

Al other arrangements have an asymmetrical arrangement of d elec 
trons Tf the @ eleurons are asymmetrically arranged thes will cope 
some higands in the complex more thin others Thus the structure v 
chstorted bec ise same ligands are prevented from approaching the mete 
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Table 7.14 Symmetrical electronic arrangements 

Nature of Examples i t Electronic 2g ligand field 

configuration 

Ti O;, [Ti Fe} 
d" Strong or weak — [Ti VC], - 

Cg 

EBENEN 

a? [1] 
M HE 4— 

d Weak peiie P- 

EN 

[Cr'! (oxalate)4]^ 
Strong or weak [Cr (H0) * 

[Fe (CN) 
d* Strong Co! (NH; P* 

[Ni" FA^ 

a Weak [Ni"(H,0),]2* 

Zn'(NH4j* 
q?" Strong or weak aT 

as closely as others. The e, orbitals point directly at the ligands. Thus 
asymmetric filling of the e, orbitals results in some ligands being repelled 

more than others. This causes a significant distortion of the octahedral 
shape. In contrast the f2, orbitals do not point directly at the ligands, but 
point in between the ligand directions. Thus asymmetric filling of the t, 
orbitals has only a very small effect on the stereochemistry. Distortion 
caused by asymmetric filling of the ft, orbitals is usually too small to 
measure. The electronic arrangements which will produce a large distor- 
tion are shown in Table 7.15. 

The two e, orbitals d,:_,: and d,: are normally degénerate. However, if 
they are asymmetrically filled then this degeneracy is destroyed, and the 
two orbitals are no longer equal in energy. If the d,: orbital contains one 

Table 7.15 Asymmetrical electronic arrangements 

Electronic De A Nature of Examples 
configuration ligand field Mee ps OU 

1 Weak field d irit (high-spin complex) Cr(+11), Mn(+111) 
? S 

d a o Co(EHD, Ni( IH) 

d iw | aa a e a 
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more electron than the d, -, orbital then the ligands approaching alang 
+z and —z will encounter greater repulsion than the other four hgands 

The repulsion and distortion result in elongation of the octahedron along 
the z axis. This is called tetragonal distortion. Strictly jt should be called 
tetragonal elongation This form of distortion 1s commonly observed 

If the d,2-,: orbital contains the extra electron, then elongation will 
occur along the x and y axes This means that the ligands approach more 
closely along the z axis Thus there will be four tong bonds and two short 
bonds This ıs equivalent to compressing the octahedron along the z axs 
and ıs called tetragonal compression Tetragonal elongation ıs much more 
common than tetragonal compression, and it 1s not possible to predict 
which will occur 

For example, the crystal structure of CrF2 15 a distorted rutile (T:0,) 
structure Cr** 4s octahedrally surrounded by six FT, and there are fou 
Cr—F bonds of length. 1 98-2 01 À, and two longer bonds of length 
243A The octahedron Is satd to be tetragonally distorted The electronic 
arrangement in Cr^* is d^. F^ is à weak field figand, and so the 15, level 
contains three electrons and the e, level contains one electron. The di. 
orbital has four lobes whilst the d: orbital has only two lobes pointing at 
the lhgands To minimize repulsion with the ligands, the single e, electron 
will occupy the d. orbital This 1s equivalent to splitting the degeneracy of 
the e, level so that d; 1s of lower energy, 1 e more stable, and d,:_,. ss of 
higher energy 1€ less stable Thus the two ligands approaching along the 
+z and ~z directions are subjected to greater repulsion than the four 
ligands along +x —x, +y and ~y This causes tetragonal distortion with 
four short bonds and two long bonds In the same way MnF, contains 
Mn°* with a d* configuration, and forms a tetragonally distorted octa 
hedral structure 
Many Cu(- If) salts and complexes also show tetragonally distorted 

octahedral structures Cu** has a d? configuration 

[^r Ep 

To minimize repulsion with the ligands, two electrons occupy the d, 

orbital and one electron occupies the di, Orbital. Thus the two hgands 
along —z and —z are repelled more strongly than are the other four ligands 
(see Chapter 27, under +II state for copper) 

The examples above show that whenever the d, and d, -, orbitals are 

unequally occupied, distortion occurs This ts known as Jahn-Teller dis 
tortion The Jahn-Teller theorem states that ‘Any non linear molecular 
system in a degenerate electronic state will be unstable, and will undergo 
some sort of distortion to lower its symmetry and remove the degeneracy 
More simply, molecules or complexes (of any shape except linear). whic 
have an unequally filled set of orbitals (either ¢, or e,), will be distorted If 

: be octahedral complexes distornons from the 15, level are too small to 



SQUARE PLANAR ARRANGEMENTS 

detected. However, distortions resulting from uneven filling of the ej 

orbitals are very important. 

Energy 

Energy 

d,; and d,, 

(a) (b) 

Figure 7.17 d? arrangement in very strong octahedral field. Tetragonal distortion 
splits (a) the e, level; and (b) also splits the fz, level. The d,, orbital is higher in 
energy than the d,. or d,,. (For simplicity this is sometimes ignored.) 

SQUARE PLANAR ARRANGEMENTS 

if the central metal ion in a complex has a d? configuration, six electrons 
Will occupy the fo, orbitals and two electrons will occupy the e, orbitals. 
The arrangement is the same in a complex with weak field ligands. The 
electrons are arranged as shown in Figure 7.16. The orbitals are symmetri- 
cally filled, and a regular octahedral com i va c plex is formed, for example b 
[Ni (11,0) ?* and [Ni (NH3X]^*. m 
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The single electron in the d,:—.,: orbital i$ being repelled by four ligands 
whulst the electron in the dz orbital is only being repelled by two ligands 

Thus the energy of the do: increases relative to that of d.i If the ligand 
field 1s sufficiently strong, the difference in energy between these two 
orbitals becomes larger than the energy needed to pair the electrons 
Under these conditions, a more stable arrangement arises when both the ê, 
electrons pair up and occupy the lower energy d;; orbital This leaves the 
day: orbital empty (Figure 7 17) Thus four ligands can now approach 
along the 4x, —x, ty and —y directions. without any difficulty as the 

z day: orbital 1s empty However, ligands approaching along the +z and 
—z directions meet very strong repulsive forces from the filled d,» orbital 
(Figure 7 18) Thus only four ligands succeed in bonding to the metal A 
square planar complex is formed, the attempt to form an octahedral com 
plex being unsuccessful 

The amount of tetragonal distortion that occurs depends on the par 
ticular metal ion and ligands Sometimes the tetragonal distortion may 
become so large that the d; orbital i5 lower in energy than the d,, orbital as 
shown in Figure 7 19 In square planar complexes of Cot, Ni” and Cu” the 
d, orbital has nearly the same energy as the d,, and d,, orbitals In 

Figure 7 18 d" arrangement [PtCl]?" the d, orbital 1s lower in energy than the d,, and d,, orbitals 
an field (Thed orbitals Square planar complexes are formed by d? i0ns with strong field ligand: 
ull the diy empty ) for example (NI (CN),J^" The crystal field splitting A, 15 larger for second 

and third row transition elements, and for more highly charged species Al 
the complexes of Pt(-- 1I) and Au(-- III) are square planar - including those 
with weak field hgands such as hahide rons 

PASS 
rere \ 
M 

x 

Energy 

| 

Figure 7 19 Tetragonal distortion 

| de 
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Table 7.16 lons that form square planar complexes 

: i Ions Type of Number of 

s field unpaired 
electrons 

D pe ip ee eL eee ed 

d’ Cr(+II) Weak 4 

d^ Fe(+II) (Haem) 2 

d' Co(- IT) Strong 1 

d Ni(--II), Rh(--1), Ir(--I) Strong 0 
Pd(-HII), Pt(--II), Au(-III) — Strong and weak 0 

d" Cu(*ID), Ag(--1I) Strong and weak 1 
rer PP EUR ERU  —————e 

Square planar structures can also arise from d^ ions in a weak ligand 
field. In this case the d: orbital only contains one electron. 

TETRAHEDRAL COMPLEXES 

A regular tetrahedron is related to a cube. One atom is at the centre of the 
cube, and four of the eight corners of the cube are occupied by ligands as 
shown: in Figure 7.20. 

The directions x, y and z point to the centres of the faces of the cube. 
The e, orbitals point along x, y and z (that is to the centres of the faces). 
The t5, orbitals point between x, y and z (that is towards the centres of the 
edges of the cube) (Figure 7.21). 
The direction of approach of the ligands does not coincide exactly with 

yz 
Figure 7.21 Orientation of d orbitals relative to a cube. 

Figure 7.20 Relation of a 
tetrahedron to a cube. 
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log 

Energy d orbitals are 
split into two 
groups 

Eso 

Free metal ion Metal ron 
(five degenerate in tetrahedra! 
d orbitals) field 

Figure 7.22 Crystal field splitting of energy levels in a tetrahedral field 

either the eg or the f orbitals The angle between an eg Orbital, the central metal and the hgand is half the tetrahedral angle = 109°28'/2 = 54°44 The angie between a fz, orbital, the central metal and the ligand 1s 35°16’ Thus the fz, orbitals are nearer to the direction of the ligands than the es orbitals (Alternatively the fag orbitals are half the side of the cube away from the approach of the ligands, whilst the €, Orbitals are half the diagonal of the cube away ) The approach of the ligands raises the energy of both sets of orbitals The energy of the f2 orbitals ıs raised most because they are closest to the ligands This crystal field splitung ıs the opposite way round to that in octahedral complexes (Figure 7 22) 
The t2, orbitals are 0 4A, above the weighted average energy of the two groups (the Bart centre) and the e, Orbitals are 0 6A, below the average (Figure 7 23) 
The magnitude of the crystal field splitting A, in tetrahedral complexes i5 considerably less than in octahedral fields There are two reasons for this 

| There are only four ligands instead of 51X, SO the ligand field ts only two thirds the size hence the ligand field splitting 1s also two thirds the size 2 The direction of the orbitals does not coincide with the direction of the ligands This reduces the crystal field splitting by roughly a further two thirds 

Thus the tetrahedral crystal field splitting A, i5 roughly 2/3 x 2/3 = 4M of the octahedral crystal field splitting A, Strong field ligands cause a bigger energy difference between 1, and €, than weak field ligands. However, the tetrahedra] splitting A, is always much smaller than the octahedral splitting A, Thus it ts never energetically favourable to pair electrons, and all tetrahedral complexes are high spin 
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Figure 7.23 Energy levels for d orbitals in a tetrahedral field. 

The CFSE in both octahedral and tetrahedral environments is given in 
Table 7.17. This shows that for d°, d? and d!? arrangements the CFSE is 
zero in both octahedral and tetrahedral complexes. For all other electronic 
arrangements there is some CFSE, and the octahedral CFSE is greater 
than the tetrahedral CFSE. It follows that octahedral complexes are generally mote stable and more common than tetrahedral complexes. This is partly because there are six bond energy terms rather than four, and partly because there is a larger CFSE term. Despite this some tetrahedral complexes are formed, and are stable. Tetrahedral complexes are favoured: | 
1. Where the ligands are large and bulky and could cause crowding in an octahedral complex. 
2. Wheré attainment of a regular shape is important. For tetrahedral Structures d°, d*, d>, d? and d!@ configurations are regular. Some tetra- hedral complexes which are regular are: Ti' VC], (e0, 2a), [Mn "!O,]- 

(es. lg), [Fe* 10,}?- (ež, t5), [Fe C] C (5.), [Co! Clap (es, t5.) and [Zn''CL?7 (e, /6) Io fe 
3. When. the ligands are weak field, and the loss in CFSE is thus Jess important, 

. Where the central metal has a low oxidation state. This reduces the magnitude of A. 
3. Where the electronic configu 

as there is no CFSE. 
6. Wheré the loss of CFSE is small, e.g. d' and d® is 0.13, or d? and d7 where the loss is 0.27A, Many transition metal ch Structures, 

ration of the central metal is d?, d? or d?! 

where the loss in CFSE 

lorides, bromides and iodides form tetrahedral 
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Table 7.17 CFSE and electronic arrangements in tetrahedral complexes 

Number Arrangement Spin only Tetrahedral 
of d of electrons magnetic CFSE 
electrons moment 

es De kRCD) A, A, = phy 

d' 175 ~06 -027 ~04 

d 387  -12404--08 

d 490 — -12408-2 —04 

d, 59  —-}24+12=00 

d 490 — -18412- 06 

dy 387  -24412--12 
Jn 

28 — -24416--08 

d 173  -24420--04 

ae Ü 00 -24424-200 

CHELATES 

Tetrahedral 
CFSE scaled 

for comparison 
with octahedral 

values, 
assuming 

-0 53 

-Ü 36 

—( 18 

0 00 

-0 27 

-0 53 

-Ü 36 

—-0 18 

0 00 

Octahedral 
CFSE A, 

Weak 
field 

—0 6 

00 

—— — 

Strong 
field 

00 

Some of the factors that favour complex formation have already been mentioned 

l Small highly charged ions with suitable. vacant orbitals of the right cnergy 

Lad fi 

The attainment of à noble gas structure (effective atomic number rule) The attainment of a symmetrical shape and a high CFSE 
In some complexes a ligand occuptes more than one coordination position Thus more than one atom in the ligand 1s bonded to the central metal For example. ethylenediamine forms a complex with copper ions 
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CH;-:NH; CH;—NEH? NH2—CH, |** 

"4 
Cu^* 42 id "a 

JN 
CH,-NH, |CH,—NH, NH;—CH, 

In this complex the copper is surrounded by four —NH,» groups. Thus each 

ethylenediamine molecule is bonded to the copper in two places. For this 

reason ethylenediamine is called a bidentate group or ligand. (Bidentate 

means literally two teeth!) A ring structure is thus formed (in this case a 
pair of five-membered rings) and such ring structures are called chelates. 
(Chelos is the Greek word for crab.) Chelated complexes are more stable 
than similar complexes with unidentate ligands, as dissociation of the 
complex involves breaking two bonds rather than one. Some common 
polydentate ligands are listed in Figure 7.24. 
The more rings that are formed, the more stable the complex is. Chelat- 

ing agents with three, four and six donor atoms are known and are termed 
tridentate, tetradentate and hexadentate ligands. An important example of 

the latter is ethylenediaminetetraacetic acid. This bonds through two N 
and four O atoms to the metal, and so forms five rings. Due to this 

Ch 
O 

~ FA X% OS fF > 

ta C M Ne C20 J CQ! / Kg i CH, 
Acetylacetonato ion Oxalate ion N,N"-Diethylthiocarbamate 

ion 1 

c 
No 

A = — 
`o” es za e s " 

Salicylaldehyde anion 2,2'-Dipyridyl 1,10-Phenanthroline 
(o-phenanthroline) 

ae 

urs SEITE ACH sla ul xA N Z^ (c 
^Y -0 ^s As(CH,), 

9- 

8-Hydro inolinol i i i y Aa ion Dimethylglyoxime o-Phenylenebisdimethyl- 
anion 

. 
arsine (diarsine) 

Iure 7.24 Some common polydentate ligands. 
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HOOC CH, |^ CH; COOH 
N—CH;—CH,—N 

HOOC CH, a ~N CH; COOH 

(* — donor atorn) 
Figure 7 25 EDTA 

CH3 CHÎ 

Resonance in acetylacetone chelate Porphyrin complex 
Figure 7 26 Some chelate complexes 

bonding EDTA can form complexes with most metal ions. Even com plexes with large 10ns such as Ca?* are relatively stable (The Ca?* -EDTA complex is only formed completely at pH 8 not at lower pH) Chelate compounds are even more stable when they contain a system of alternate double and single bonds This 1s better represented as a system in which electron density is delocalized and spread over the ring Examples o! this include acetylacetone and porphyrin complexes with metals (Figure 26) 
Several chelate compounds are of biological importance Haemoglobin in the red blood cells contains an ron-porphyrin complex Chlorophyll in green plants contains a magnesium -porphyrin complex Vitamin B, i5 à cobalt complex and the cytochrome oxidase enzymes contain iron and copper The body contains several materials which will form chelate Compounds with metals for example adrenaline citric acid and cortisone Metal porsoning by lead copper iron chromium and nickel results in these materials forming unwanted complexes thus preventing normal metabolism For this reason dermatitis from chromium or nickel salts i5 treated with EDTA cream Lead and copper poisoning are treated bv drinking an aqueous solution of EDTA This complexes with the unwanted lead or copper rons Unfortunately it also complexes with other metal tons which are needed particularly Ca’* The metal- EDTA complexes are excreted 1n the urine (The problem of excreting Ca’ mas be parth overcome by using the Ca-EDTA complex rather than EDTA itself ) 
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MAGNETISM 

The magnetic moment can be measured using a Gouy balance (see Chapter 
18). If we assume that the magnetic moment arises entirely from unpaired 
electron spins then the ‘spin only’ formula can be used to estimate n, 
the number of unpaired electrons. This gives reasonable agreement for 
complexes of the first row of transition metals. 

us = yn(n + 2) 

Once the number of unpaired electrons is known, either the valence bond 
or.the crystal field theory can be used to work out the shape of the 
complex, the oxidation state of the metal, and, for octahedral complexes, 
whether inner or outer d orbitals are used. For example, Co(--1II) forms 
many complexes, all of which are octahedral. Most of them are diamagne- 
tic, but [CoF,]*~ is paramagnetic with an observed magnetic moment of 
5.3 BM. Crystal field theory explains this (Figure 7.27). 

Co(- II) forms both tetrahedral and square planar four-coordinate com- 
plexes. These can be distinguished by magnetic measurements (Figure 
1.28). 
However, orbital angular momentum also contributes to a greater or 

lesser degree to the magnetic moment. For the second and third row 
transition elements not only is this contribution significant, but spin orbit 
coupling may occur. Because of this, the ‘spin only’ approximation is no 
longer valid, and there is extensive temperature-dependent paramagne- 
tism. Thus the simple interpretation of magnetic moments in terms of the 
number of unpaired electrons cannot be extended from the first row of 

Co** octahedral complex with strong field ligands 

Gg 

-— fF 
bs Strong field ligands, e.g. [Co(NH3)s? ' 

nO unpaired electrons 
alternatively hence diamagnetic 

Co?* octahedral complex with weak field ligands 

Weak field ligands, e.g. [CoF,]® 
four unpaired electrons 
hence paramagnetic 

ASSUMING tis = YAN + 2) = 44 F 2) = 4.90 BM 

Energy 

E 

Fi > w 34 a + = “ Rure 7.27 Co" in high-spin and low-spin complexes. 
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Co** in a tetrahedral fietd 

Energy 

Cy 

3 unpaired electrons p = V3(3 4 2) « Vis 3 87 BM 

Co** in square planar complex 

Energy Fa y 

! unparred electron u - Vi(T 3 2j — y3 « 1 7a BM 
Figure 7 28 Co?* in tetrahedral and square planar complexes 

transition elements to the second and third rows The temperature de pendence ts explained by the spin orbit coupling This removes the degeneracy from the lowest energy level in the ground state Thermal energy then allows a variety of levels to be populated 

EXTENSION OF THE CRYSTAL FIELD THEORY TO ALLOW FOR SOME COVALENCY 
The crystal field theory is based on purely electrostatic attraction. At first sight this seems to be a most improbable assumption Nevertheless, the theory is remarkably successful in explaining the shapes of complexes their spectra and their Magnetic properties Calculations can be carried out quite simply The disadvantage of the theory 1s that it ignores evidence that some covalent bonding does occur in at least some transition metal complexes 

I Compounds in the Zero oxidation state such as nickel carbonyl IN (CO) hase no electrostatic altracuion between the metal and the hgands Thus the bonding must be covalent 2 The order of ligands in the spectrochemical series cannot be explained solely on electrostatic grounds 
ere ts some evidence from nuclear magnetic resonance and electron 
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spin resonance that there is some unpaired electron density on the 

ligands. This suggests the sharing of electrons, and hence some 

covalency. 

The Racah interelectron repulsion parameter B is introduced into the 

interpretation of spectra. This makes some allowance for covalency arising 

from the delocalization of d electrons from the metal onto the ligand. If B 

is reduced below. the value for a free metal ion, the d electrons are 

delocalized onto the ligand. The more B is reduced the greater the delo- 

calization and the greater the amount of covalency. In a similar way an 

electron delocalization factor k can be used in interpreting magnetic 

measurements. 

MOLECULAR ORBITAL THEORY 

The molecular orbital theory incorporates covalent bonding. Consider a 
first row transition element forming an octahedral complex, for example 
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igure 7.29 Molecular orbital diagram for (Co (NH3),* 
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[Co (NHi)]" The atomic orbitals on Co'* which are used to make 
molecular orbitals are 3d, _,, 3dy, 48, 4p,, 4p, and 4p, A 2p atome 
orbital from each NH, contaimng a lone pair is also used to make 
molecular orbitals Thus there are 12 atomic orbitals, which combine to 
give 12 molecular orbitals (sıx bonding MOs and six antibonding MOs) 
The 12 electrons from the six ligand lone pairs are placed in the six bonding 
MOs This accounts for the sıx bonds The transition metal Co‘* has other 
d orbitals, which have so far been ignored These are the 3d,,, 3d,, and 

3d, orbuals These form non bonding MOs, and in Co** they contam six 
electrons, but contribute nothing to the bonding The antibonding MQs 
are all empty The arrangement is shown in Figure 7 29. We would predict 
that the complex should be diamagnetic as all the electrons are paired The 

complex should be coloured since promotion of elettrons from the nan 
bonding MOs to the antibonding eg MOs ts feasible The energy jump A, 
is 23000 cm"! The six non bonding d electrons are paired in this complex 
because A,, Is larger than the pairing energy of 19000cm™' 
A simiar MO diagram can be drawn for the complex [Co'"F,}' 

Antibonding MOS 

e 

eX th CS 
2x VM 

f i | ao NY Six 
3a - A donor 

xXt-y? 30 7M Xy xf yz 
y ~ Non bonding MOs x orbitals 

"rad 1 (6F ) 
Bm — 
Y i. | 4 each contain ng 2 electrons 

X S ^ 
Y* jf . 
y! rd \ sf 

V i} B MO Ya pi ending MOS 

\ { 

eS 
Atorree ortxtals 
in metal ion Molecutar orbitals Atomic orbitals 

im gands 
igure 7 30 Molecular orbital diagt im for ICoE,I' 
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However, the energies of the 2p orbitals on F^ are much lower than the 
energy of the corresponding orbital on N in NH.. This alters the spacing of 
the MO energy levels (Figure 7.30). Spectroscopic measurements show 
that A, is 13000cm7'. Thus the gap between the non-bonding MOs and 
the antibonding eý MOs is less than the pairing energy of 19000 cm !. 
Thus the non-bonding d electrons do not pair up as in the [Co(NH;}s]** 
complex because there is a net gain in energy if electrons are left unpaired. 
Thus [CoF4]^" has four unpaired electrons and is a high-spin- complex, 
whilst [Co(NH4)s]^* has no unpaired electrons and is a low-spin complex. 

Thus the MO theory explains the magnetic properties and spectra of 
complexes equally as well as the crystal field theory. Both theories rely on 
spectra to measure the energy of Ao. Either theory may be used depending 
on which is the most convenient. 

The MO theory is based on wave mechanics and so has the disadvantage 
that enthalpies of formation and bond energies cannot be calculated 
directly. So far we have considered o bonding between ligands and the 
central metal. The MO theory has the great advantage that it is easily 
extended to cover x bonding. Pi bonding helps to explain how metals in 
low oxidation states (e.g. [Ni'(CO),]) can form complexes. It is impossible 
to explain any attractive force in such a complex using the crystal field 
theory because of the lack of charge on the metal. Pi bonding also helps to 
explain the position of some ligands in the spectrochemical series. There 
are two cases: 

l. Where the ligands act as t acceptors, by accepting electrons from the 
central metal. Examples include CO, CN^, NO* and phosphines. 

. Where the ligands act as x donors and transfer charge from ligand to 
metal in z interactions as well as o interactions. Pi bonding of this kind commonly occurs in oxoions of metals in high oxidation states, e.g. [Mn "O,]- and [Cr"!O,-. 

2 

t acceptors 

Ligands such as CO, CN~ and NO* have empty x orbitals with the correct symmetry to overlap with the metal fo, Orbitals, forming x bonds. This is often described as back bonding. Normally the x orbitals on the ligands are of higher energy than the metal (2, orbitals. No more electrons are added to the scheme as the ligand x orbitals are empty, but the x interaction Micteases the value of A,. This accounts for the position of these ligands aS “strong field ligands’ at the right of the spectrochemical series. 

t donors 

Meer has filled x orbitals which overlap with the metal fo, orbitals, aoe = ond. Thus electron density is transferred from the ligand to the iini e € bonding also transfers charge to the metal. This type of P'eX is favoured when the central metal has a high oxidation state, 

229 | 
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and ‘is short of electrons’ The ligand x orbitals are lower in energy than 
the metal £j, orbitals Delocalizing x electrons from the ligand to que 
metal in this way reduces the value of A It 1s not always clear if x donor 

bonding has occurred, but tt 1s most likely with ligands at the left of ie 
spectrochemical series 

NOMENCLATURE OF COORDINATION COMPOUNDS 

The International Union of Pure and Applied Chemistry (IUPAC) pubi 
cation Nomenclature of Inorganic Chemistry (1989), Blackwell Scientific 

Publishers, contains the rules for the systematic naming of coordinar 
compounds The basic rules are summarized here 

l 
2 

3 

The positive 10n ıs named first followed by the negative 10n 
When writing the name of a complex, the ligands are quoted i 
alphabetical order, regardless of their charge (followed by the metal) 
When writing the formula of complexes, the complex ton should be ef 
closed by square brackets The metal is named first, then the coord 
ated groups are listed in the order negative ligands, neutral ligand’ 
positive ligands (and alphabetically according to the first symbol with!9 
each group) 

(a) The names of negative ligands end in -o, for example 

F ̂  fluoro H hydndo HS'  meicapto 

Cl” choro | OH" hydroxo 5^ tho 
Br bromo O^  oxo CN' cyano 

D — 1ado 0$  peroxo NO; nitro 

(b) Neutral groups have no special endings Examples include NH 

ammine H;O aqua, CO carbonyl and NO nitrosyl The hgands 1°? 
and Q2 are called dinitrogen and dioxygen Orgame ligands a! 
usually given their common names, for example phenyl meth)! 
ethylenediamine, pyridine, triphenylphosphine 

(c) Positive groups end in. tum, e g NH;—NH;g hydrazimum 
Where there are several ligands of the same kind, we normally use 
prefixes di, tn tetra, penta and hexa to show the number of ligands "^ 
that type An exception occurs when the name of the hgand include? 4 

number, e g dipyndyl or ethylenediamine To avoid confusion 1 su 
cases, bis. tris and tetrakis are used instead of di, tri and tetra and! 

name of the hgand ys placed in brackets 
The oxidation state of the central metal is shown by a Roman nume 

in brackets mmmediately following its name (e no space, * 
titanium Tt} 
Complex positive ions and neutral molecules have no special ending 
complex negative tops endin -ate d 
If the complex contains two or more metal atoms, w !$ tert 
polynuclear The bridging hgands which link the two metal atoms ng 
gether ace indicated by the prefix pp If there are two or more bride! 

dhe 

ral 

put 
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groups of the same kind, this is indicated by di-p-, tri-p- etc. Bridging 

proups are listed alphabetically with the other groups unless the 

symmetry of the molecule allows a simpler name. If a bridging group 

bridges more than two metal atoms it is shown as ps, pa, Hs OT He tO 

indicate how many atoms it is bonded to. 

8. Sometimes a ligand may be attached through different atoms. Thus 

M—NO, is called nitro and M—ONO is called nitrito. Similarly the 

SCN group may bond M—SCN thiocyanato or M—NCS isothiocyanato. 

These may be named systematically thiocyanato-S or thiocyanato-N to 

indicate which atom is bonded to the metal. This convention may be 
extended to other cases where the mode of linkage is ambiguous. 

9. If any lattice components such as water or solvent of crystallization are 
present, these follow the name, and are preceded by the number of 

these groups in Arabic numerals. 

These rules are illustrated by the following examples: 

Complex anions 
{(Co(NH3).}Cl3 Hexaamminecobalt(III) chloride 

[CoCI(NH3)j]^* | Pentaamminechlorocobalt(1II) ion 

(CoSO,(NH3)4]NO3 Tetraamminesulphatocobalt(III) nitrate 

[Co(NO3)3(NH3)3] Triamminetrinitrocobalt(IIT) 

[CoCI- CN: NO;- (NH3),]  Triamminechlorocyanonitrocobalt(IIT) 

[Zn(NCS),]^* Tetrathiocyanato-N-zinc(II) 

[Cd(SCN),]** Tetrathiocyanato-S-cadmium(II) 

Complex cations 
LifAlH,] Lithium tetrahydridoaluminate(III) 

(lithium aluminium hydride) 
Na3[ZnCl] Sodium tetrachlorozincate(IT) 
Ki[Fe(CN)g] Potassium hexacyanoferrate(II) 
K3[Fe(CN)sNO] Potassium pentacyanonitrosylferrate(II) 
Ko[OsCIsN] Potassium pentachloronitridoosmate(VI) 
Na[Ag(S203),] sodium bis(thiosulphato)argentate(I) 
K2[Cr(CN).02(02)NHg] Potassium amminedicyanodioxoperoxo 

chromate(VI) 

Organic groups 
[Pt(py);][ PtCL] Tetrapyridineplatinum(II) - 

tetrachloroplatinate(II) 
[Cr(en)]CI; d or | Tris(ethylenediamine)chromium(II) 

chloride * 
[(CuCl(CH3NH3)5] Dichlorobis(methylamine)copper(II) 
Fe(CsH;); Bis(cyclopentadienyl)iron(II) 
[Cr(CgH,) 9] Bis(benzene)chromium(0) 
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Bridging groups 
[(NH,);Co NH> u amidobis[pentaamminecobalt(Il])] nitrate 

Co(NHi)](NO)« 

{(CO),Fe(CO),Fe(CO),I Trip carbonyl bis(tricarbonyliron(Q)) 
(di tron enneacarbony l) 

[Be,0O(CH4COO),] Hexa y acetato(O Q') i, oxo 
tetraberyllium(1T) 
(basic beryllium acetate) 

Hy drates 
AIK(SO), 12H;0 Alumimum potassium sulphate 12 water 

ISOMERISM 

Compounds that have the same chemical formula but different structural 
arrangements are called isomers Because of the complicated formulae oi 
many coordination compounds the variety of bond types and the number 
of shapes possible many different types of rsomerrsm occur  Werners 
classification into polymerization, ionization, hydrate linkage. coordina 
ton coordinahon position and geometric and optical isomensm is Sil 
generally accepted 

Polymerization isomerism 

This 1s not true somensm because it occurs between compounds hà 
ing the same empincal formula but different molecular weights Ths 
(Pt(NH,)},Clo] [P(NH3)I[PtCL], IP(NH uJ PNH; Chh and 

(Pt(NH,),CIL[PtCl] all have the same emp:ncal formula Polymenzatien 
lsomerism may be due to a different number of nucle: in the complex 4 
shown in Figure 7 31 

3 5 

OH. OH 
^ x M 

(NH4. Co^ OH = CoN Ha) and JC CHN Hala 

Non OH 3 

Figure 7 31 Polymeriz ition womers 

fontzation isamerism 

This type of isomerism ıs due to the exchange of groups between the 
complex ion and the tons outside t [Co(NH;).Br]SO, is red - violet Af 

aqueous solution gives a white precipitate of BaSO, with BaCt solu 
uon thus confirming the presence of free SO2- 10ns In contras 

[Co(NH,)<SO,JBr is red A solution of this complex does not £*? 
positive sulphate test with BaCl, It does gwe a cream coloured precipi’ 
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of AgBr with AgNO3. thus confirming the presence of free Br" ions. Note 

that the sulphate ion occupies only one coordination position even though 

it has two negative charges. Other examples of ionization isomerism are 

{Pt(NH3)4Cl2]Br2 and [Pt(NH3)4Br2JCh, and [Co(en);NO; : CI]SCN, 

[Co(en);NO; - SCNJCI and [Co(en);Cl - SCN]NO;. 

Hydrate isomerism 

Three isomers of CrClz-6H,O are known. From conductivity measure- 

ments and quantitative precipitation of the ionized chlorine, they have 

been given the following formulae: 

[Cr(H20)g]Cl; violet (three ionic chlorines) 

[Cr(H;O)sCI]CLl; - H20 green (two ionic chlorines) 

[C(H;O),Cl]: CI-2H;0 dark green (one ionic chlorine) 

Linkage isomerism 

Certain ligands contain more than one atom which could donate an elec- 
tron pair. In the NO; 1on, either N or O atoms could act as the electron 
pair donor. Thus there is the possibility of isomerism. Two different 
complexes [Co(NH3)5NO;]Cl; have been prepared, each containing the 
NO; group in the complex ion. One is red and is easily decomposed by acids 
to give nitrous acid. It contains Co—-ONO and is a nitrito complex. The 
other complex is yellow and is stable to acids. It contains the Co—NO, 
group and is a nitro compound. The two materials are represented in Figure 
7,32, This type of isomerism also occurs with other ligands such as SCN7. 

3 2+ NH, 2+ 

H,N | ONO HN | NO, 
Co and Co 

p wt HN | ^N, HN | ~NH, 
3 NH, 

red yellow 

nitritopentamminecobalt(III) nitropentamminecobalt(III) 
ion ion 

Figure 7.32 Nitrito and nitro complexes. 

Coordination isomerism 

ipei both the positive and negative ions are complex ions, isomerism may caused by the interchange of ligands between the anion and cation, for 
E [Co(NH3);][Cr(CN),] and [Cr(NH3)s][ Co(CN);]. Intermediate 

ypes between these extremes are also possible. 
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NH, y 
(NH),Có, ^ "co(NHj,CI, | c1, 

`o, 

Nh; 
CI(NH,),Co Co(NHjACI | CI af) No A j i 

a 

Figure 7 33 Coordination position isomers 

Coordination position tsomertsm 

In polynuclear complexes an interchange of ligands between the different metal nucle: gives rise to positional isomerism An example ts given in Figure 7 33 

Geometric tsomertsm or stereoisomensm 

In disubstituted complexes, the substituted groups may be adjacent or opposite to each other This gives nse to geometric isomerism Thus square planar complexes such as [Pt(NH3);Cl;] can be prepared tn two forms es and trans lf the complex ts prepared by adding NH4OH to a solution of [PtCl,]** ions, the complex has a finite dipole moment and must therefore be cis The complex prepared by treating [Pt(NH3)s]°* with HCI has no dipole, and must therefore be trans The two complexes are shown in Figure 7 34 The same sort of isomerism can also occur in square planar chelate complexes if the chelating group is not symmetrical An example of CIS —Irans isomerism 1s found in the complex between glycine and platinum (Figure 7 35) 
In a simular way disubstrtuted octahedral complexes such s 

[Co(NH3),CI;]* exists in cis and trans forms (Figure 7 36) (This method of drawing an octahedral! complex might suggest that the positions i the Square are different from the up and down positions This 1s not the case as all six positions are equivalent ) 

P 
Mi Pt | and Pt 

x f 
CO O O——CO Co— o^ ^ NH,—CH, 

Figure 7 35 Cis and trans glycine complexes 

Optcal isamerism 

At pne lime it was thought that optical isomerism was assocrated only wit carbon compounds It exists in Inorganic molecules as well If a molecules 



Cl Ci 

NH; H3 NH; NH; 

NH; Ci 

cis trans 
(violet) (green) 

Figure 7.36 Cis and trans octahedral complexes (geometric isomerism). 

asymmetric, it cannot be superimposed on its mirror image. The two forms 
have the type of symmetry shown by the left and right hands and are called 
an enantiomorphic pair. The two forms are optical isomers. They are 
called either dextro or laevo (often shortened to d or /). This depends on 
the direction they rotate the plane of polarized light in a polarimeter. (d 
rotates to the right, / to the left.) Optical isomerism is common in octahe- 

dral complexes involving bidentate groups. For example, [Co(en);CL]* 

Ct mirror Ct Ct 
| 

Ct Ct 

en | en | i eh 
| 

en en 
c ; Ct 

enantiomorphic pair trans dichloro bis(ethylenediamine) 
d and l cis dichloro bis 

(ethylenediamine)cobalt(IIT) ion 

Figure 7.37 Isomers of [Co(en);Cl;]*. 

cobalt(III) ion 

NO, 4+ 

(en),Cd "^c 
NX H Z 

2 

o(en), 

en NO9 en 

Figure 7.38 

(0 2 
< X n NH 

en ? Ven 

d and 1 forms meso form 
Figure 7.39 d, ! and meso forms. 



COORDINATION COMPOUNDS | 

shows cis and trans forms (geometric isomersm) fn addition the crs formis 

optically active and exists in d and f forms making a total of three isomers 
(Figure 7 37) Optical activity occurs also m polynuclear complexes such 

as that shown in Figure 7 38. This has been resolved into two optically 
active forms (d and /) and an optically inactive form which Js internally 

compensated and is called the meso form (Figure 7 39) 
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PROBLEMS 

l List and explain the factors which affect the stability of coordination 
complexes 

2 Desenbe the methods by which the presence of complex i0n$ m iy ne 
detected 10 solution 



3. Draw all of the isomers of an octahedral complex which has six 
unidentate ligands; two of type A and four of type B. 

4. Draw all of the isomers of an octahedral complex which has three 
unidentate ligands of type A and three unidentate ligands of type B. 

5, Draw all of the isomers of an octahedral complex which has three 
identical bidentate ligands. 

6. Draw all of the isomers of both tetrahedral and square planar com- 
plexes which have two unidentate ligands of type A and two unidentale 
ligands of type B. 

7. Draw each of the possible stereoisomers of the octahedral complexes 
listed: (a) Masbcd, (b) Masbcde and (c) M(AA)(AA)cd. The lower 
case letters a, b, c, d. and e represent monodentate ligands, and upper 
case letters (AA) represent the donor atoms of a bidentate ligand. 
Indicate which isomers are optically active (chiral). 

8, Draw the shapes of the various d orbitals, and explain why they are 
split into two groups fa, and e, in an octahedral ligand field. 

9. Draw a diagram to show how the d orbitals are split into groups with 
different energy in an octahedral ligand field. Some electronic con- 
figurations may exist in both high-spin and Jow-spin arrangements in 
an octahedral field. Draw all of these cases. and, suggest which metal 
ions and which ligands might give rise to each. 

I0. Draw an energy level diagram to show the lifting of the degeneracy of 
the 3d orbitals in a tetrahedral ligand field. 

11. Draw energy level diagrams and indicate the occupancy of the orbitals 
in the following complexes: 
(a) d^. octahedral. low-spin. 
(b) d”, octahedral with tetragonal elongation 
(c) d^. square planar 
(d) d^. tetrahedral. 
Calculate in units of A, the difference in crystal field stabilization energy between complexes (a) and (d) assuming that the ligands are strong field ligands. | 
oo octahedral ~2.4A,. tetrahedral —0.27A^,. difference EIS, 

= Calculate the crystal field stabilization energy for a d^ ion such as N!* in octahedral and tetrahedral complexes. Use units of A, in both cases. Which is the most stable? State any assumptions made. 
13. Calculate the spin only magnetic moment for a d" ion in octahedral. square planar and tetrahedral ligand fields. 
14. ., , : 2 by means of a diagram how the pattern of d orbital splitting ds ae as an octahedral complex undergoes tetragonal distortion and cnlually becomes a square planar complex. 
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COORDINATION COMPOUNDS 

Why are d-d electronic transitions forbidden? Why are they weakly 
absorbing and why do they occur at all? 

Why are compounds of Ti** and Zn** typically white? Why are Mn?* 
compounds very pale in colour? What d—d transttions are spin allowed 
for a d? ion? 

What :s the spectrochemical series, and what is its importance? 

Given that the maxtmum absorption in the d-d peak for [T(R O 
occurs at 20300cm™', predict where the peaks will occur for 

el (TX(CN)4?^^ and (T1(CI) 

Describe how A, changes as the charge on the central metal changes 
from M^* to M**, and how it changes i a vertical group or triad 
between a first row, second row or third row transition element 

— 

What would you expect the crystal field stabilization energy to be 
and what value of magnetic moment would you expect, for the fol 
lowing complexes (2) [CoF;] , (b) [Co(NH3)g]^*, (c) [Fe(H40]02*, 

(d) [Fe(CN)s]7 and (e) [Fe(CN4'7 
In the crystal structure of CuF,, the Cu?* is six coordinate with four 
F^ at a distance of 1 93 A and two F^ at 2 27A Explain the reason for 
this 

Describe and explain the Jahn-Teller effect un octahedral complexes 
of Cr** and Cu** 

The complex [Ni{CN),}°~ 1s dclamagnetic, but [NrCl,]?7 15 paramagne 
tic and has two unparred electrons Explain these observations and 
deduce the structures of the two complexes 

What methods could be used to distinguish. between cus and (rans 
isomers of a complex? 

Name the individual tsomers of each of the following 

(a) [Pt(NH3);CI;] 
(b) CrClL6H;O 

(c) [Co(NH3);NO;](NO;); 
(d) Co(NH3)5(SO,)(Cl) 
(e) NH; 

(en),Co Co(en); | Br, 

NO 
(t) Co(en NHSBrSO, 
(g) [Pt(NH3)(H,O)(CsHsN)(NO,)]CI 
Account for the following 
(a) Ni{CO), 1s tetrahedral 
(b) [Ni(CN),]*~ 1s square planar 
(c) [Ns(NH3)q]** 1s octahedral 
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27. What is the oxidation number of the metal in each of the following 

complexes: 

. (a) [Co(NH3)g]Cl; 

(b) [CoSO4(NH3)4]NO; 

(c) [Cd(SCN),]°* 
(d) [Cr(en)3]Cl3 
(e) [CuCb(CH3NH»);| 
(f) [AIH4]" 
(g) [Fe(CN)«]*~ 
(h) [OsCl;N]*~ 

(i) [Ag(S203)2]*- 

28. Write the formula for each of the following complexes: 

29. 

(a) hexamminecobalt(11I) chloride 
(b) potassium iron(II) hexacyanoferrate(II) 
(c) diamminedichloroplatinum(II) 
(d) tetracarbonylnickel(0) 
(e) triamminechlorocyanonitrocobalt(IIT) 
(f) lithium tetrahydridoaluminate(IIT) 
(g) sodium bis(thiosulphato)argentate(I) 
(h) nickel hexachloroplatinate(IV) 
(i) tetraammineplatinum(II) amminetrichloroplatinate(II) 

Write the formula for each of the following complexes: 
(a) tetraamminecopper(II) sulphate | 
(b) potassium tetracyanonickelate(0) 
(c) bis(cyclopentadienyl)iron(II) 
(d) tetrathiocyanato-N-zinc(IT) 
(e) diamminebis(ethylenediamine)cobalt(IIT) chloride 
(f) tetraamminedithiocyanatochromium(IIT) 
(B) potassium tetraoxomanganate(VII) 
(h) potassium trioxalatoaluminate(III) 
(i) tetrapyridineplatinum(II) tetrachloroplatinate(IT) 



S Hydrogen and the hydrides 

ELECTRONIC STRUCTURE 

Hydrogen has the simplest atomic structure of ail the elements, and 
consists of a nucleus contaimng one proton with a charge +1 and one 
orbital electron The electronic structure may be written as ts' Atoms of 

hydrogen may attain stability in three different ways 

] By formine an electron pair (covalent) bond with another atom 
Non-metals typically form this type of bond with hydrogen, for example 
He H0, HCig or CH4, and many metals do so too 

2 Hy losing an electron to form H* 
A proton is extremely small (radius approximately 1.5 x 1075 À, com- 
pared with 0 7414 À for hydrogen, and 1-2 Å for most atoms} Because 
H* m so small, it has a very high polarizing power, and therefore 
distorts the electron cloud on other atoms Thus protons are always 
associated with other atoms or molecules For example, in water or 

aqueous solutions of HCI and H;SQ,, protons exist as H3O *, H5? or 
KHCULQ «ess Free protons do not exist under ‘sotmvad candiians . 

though they are found in low pressure gaseous beams, for example 1n a 
mass spectrometer 

3 By gauung an electron to form H^ 
Crystalline salids such as LiH contain the H7 100 and are formed by 
highly electropositive metals (all of Group 1, and some of GrovP 2) 
However, H^ ions are uncommon 

stnce hydrogen has an electronegativity of 2 1, 1t may use any of the 
three methods, but the most common way 1s forming covalent bonds 

POSITION IN THE PERIODIC TABLE 

Hydrogen 1s the first element in the periodic table. and 15 unique There 
are only two elements in the first period, hydrogen and helium Hydrogen 
is quite reactive, but helium is inert There 1s no difficulty relating the 

structure and properties of helium to those of the other noble gases d 
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Group 18, but the properties of hydrogen cannot be correlated with any 

of the main groups in the periodic table, and hydrogen is best considered 

on its own. 
The structure of hydrogen atoms is in some ways like that of the alkali 

metals. The alkali metals (Group 1) also have just one electron in their 

outer shell, but they tend to lose this electron in reactions and form posi- 

tive ions M* Though H* are known, hydrogen has a much greater ten- 

dency to pair the electron and form a covalent bond. 

The structure of hydrogen atoms is in some ways like that of the halogens 

(Group 17), since both are one electron short of a noble gas structure. In 

many reactions the halogens gain an electron and so form negative ions 

X". Hydrogen does not typically form a negative ion, although it does 

form ionic hydrides M*H" (e.g. LiH and CaH;) with a few highly electro- 

positive metals. 
In some ways the structure of hydrogen resembles that of the Group 14 

elements, since both have a half filled shell of electrons. There are a 

number of similarities between hydrides and organometallic compounds 
since the groups CH;— and H— both have one remaining valency. Thus 
the hydride is often considered as part of a series of organometallic com- 
pounds, for example LiH, LiMe, LiEt; NH3, NMe3, NEt3; or SiH,, 

CH3SiH;, (CH3)2SiCh, (CH3)3SiCl, (CH3),4Si. However, hydrogen is 
best treated as a group on its own. 

ABUNDANCE OF HYDROGEN 

Hydrogen is the most abundant element in the universe. Some estimates 
are that 92% of the universe is made up of hydrogen, and 7% helium, 

leaving only 1% for all of the other elements. However, the abundance of 
H2 in the earth’s atmosphere is very small. This is because the earth’s 
gravitational field is too small to hold so light an element, though some H; 
is found in volcano gases. In contrast, hydrogen is the tenth most abundant 
element in the earth’s crust (1520 ppm or 0.152% by weight). It also occurs 
in vast quantities as water in the oceans. Compounds containing hydrogen 
are very abundant, particularly water, living matter (carbohydrates and 
proteins), organic compounds, fossil fuels (coal, petroleum, and natural 
gas), ammonia and acids. In fact hydrogen is present in more compounds 
than any other element. 

PREPARATION OF HYDROGEN 

Hydrogen is manufactured on a large scale by a variety of methods: 

l. Hydrogen is made cheaply, and in large amounts, by passing steam 
Over red hot coke. The product is water gas, which is a mixture of CO 
E H;. This is an important industrial fuel since it is easy to make and it 
urns, evolving a lot of heat. 
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c+H,0-25, co +H, 
Ta, a!" 

water gas 

CO 4 H; * Q;- COQ, + H,0 + heat 

It 15 difficult to obtain pure Hz from water gas, since CO 1s difficult to 
remove The CO may be liquified at a low temperature under pressure, 
thus separating it from Hz Alternatively the gas mixture can be mixed 
with steam, cooled to 400°C and passed over Iron oxide tn a shift 

converter, giving Hz and CO, The CO; so formed is easily removed 

either by dissolving in water under pressure, or reacting with KCO, 
solution, giving KHCOA, and thus giving H5 gas 

CO 4 H; —, 2H, + CO; 
— — A430" C 

water gas FeO 

+y 

2 Hydrogen is also made in large amounts by the steam reformer 

process The hydrogen produced in this way is used in the Haber 
process to make NH3, and for hardening o's Light hydrocarbons such 
as methane are mixed with steam and passed over a nickel catalyst at 
800-900°C These hydrocarbons are present in natural gas, and ate also 
produced at onl refinenes when ‘cracking’ hydrocarbons 

CH, + HO — CO 43H, 
CH, + 2H;0 — CO; 4 4H; 

The gas emerging from the reformer contains CO, CO,, Hz and excess 
steam The gas mixture is mixed with more steam, cooled to 400°C and 
passed into a shift converter This contains an iron/copper catalyst and 
CO is converted into CO; 

CO + H,O — CO; + H; 

Finally the CO; is absorbed in a solution of KCO, or ethanolamine 
HOCH;CH;NH; The K;CO, or ethanolamime are regenerated by 
heating 

K,CO; + CO, + H,0 2 2KHCO, 
2HOCH;CH;NH,; T CO, + H,O => (HOCH,CH>NH;),COs 

3 Inott refinenes, naturat hydrocarbon mixtures of high molecular weight 
such as naphtha and fuel oil are ‘cracked’ to produce lower mofeculat 
weight hydrocarbons which can be used as petrol Hydrogen ts 2 valy 
able by product 

4 Very pure hydrogen (99 995 pure) is made by electrolysis of water ef 
solutions of NaOH or KOH This i5 the most expensive method Water 
does not conduct electricity very well, so it 15 usua) to elecirolyse 
aqueous solutions of NaOH or KOH in a cell with nickel anodes an 
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iron cathodes. The gases produced in the anode and cathode compart- 

ments must be kept separate. 

Anode ^A 20H- > H,O + 50, + 2e7 

Cathode 2H;0 *2e — 20H c H; 

Overall H-O —> H, + 40, 

5. A large amount of pure hydrogen is also formed as a by-product from 

the chlor-alkali industry, in which aqueous NaCl is electrolysed to 

produce NaOH, Cl; and H;. | | 

6. The usual laboratory preparation is the reaction of dilute acids with 

metals, or of an alkali with aluminium. 

Zn + H5SO, — ZnSO, T H, 

2Al + 2NaOH + 6H,O  2Na[AI(OH),] - 3H; 

7. Hydrogen can be prepared by the reaction of salt-like hydrides with 

water. 

LiH + H,O > LiOH + H, 

PROPERTIES OF MOLECULAR HYDROGEN 

Hydrogen is the lightest gas known, and because of its low density, it is 
used instead of helium to fill balloons for meteorology. It 1s colourless, 
odourless and almost insoluble in water. Hydrogen forms diatomic mol- 
ecules H}, and the two atoms are joined by a very strong covalent bond 
(bond energy 435.9 kJ mol! ). 
Hydrogen is not very reactive under normal conditions. The lack of 

reactivity is due to kinetics rather than thermodynamics, and relates to the 
strength of the H—H bond. An essential step in H, reacting with another 
element is the breaking of the H—H bond to produce atoms of hydrogen. 
This requires 435.9 kJ mol^!: hence there is a high activation energy to 
such reactions. Consequently many reactions are slow, or require high 
temperatures, or catalysts (often transition metals). Many important 
reactions of hydrogen involve heterogeneous catalysis, where the catalyst 
first reacts with H; and either breaks or weakens the H—H bond, and thus 
lowers the activation energy. Examples include: 

]. The Haber process for the manufacture of NH; from N, and H, using a 
catalyst of activated Fe at 380—450?C and 200 atmospheres pressure. 
The hydrogenation of a variety of unsaturated organic compounds, 
(including the hardening of oils), using finely divided Ni, Pd or Pt as 
catalysts. 

- The production of methanol by reducing CO with H, over a Cu/Zn 
catalyst at 300°C. 

2. 

Thus hydrogen will react direct n y with most elements under the appropriate 
conditions. 
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Hydrogen burns in air or choxygen, forming water, and hberates q large 
amount of energy This is used in the oxy hydrogen flame for welding and 
cutting metals Temperatures of almost 3000°C can be attained Care 
should be taken with these gases since mixtures of H- and O- close toa 

> t ratio are often explosive 

2H, + 0,— 2H;Q AH = ~485k] mol! 

Hydrogen reacts with the halogens The reaction with fluonne ts violent 

even at low temperatures The reaction with chlorine ts slow in the dark 
but the reaction 1s catalysed by light (photocatalysis), and becomes faster 

in daylight, and explosive ın sunlight Direct combination of the elements 
ts used to produce HCI 

H- T Fə — 2HE 

A number of metals react with H2, forming hydrides The reactions are 
not violent, and usually reqjutre a high temperature These are described 
in a later section 

Large quantities of H5 are used in the industrial production of ammonia 
by the Haber process "The reaction is reversible, and the formation of 
NH; 3s favoured by high pressure, the presence of a catalyst (Fe) and 
a low temperature In practice a high temperature of 380—450*C and a 
pressure of 200 atmospheres are used to get a reasonable conversion in a 
teasanable time 

N, + 3H, = 2NH, AGo8x = —33 4kJ mol”! 

Large amounts of H, are used for hydrogenation reactions, m which 
hydrogen ts added to a double bond in an organic compound Anim 
portant example 3s the hardemng of fats and os Unsaturated fatty acids 
are hydrogenated with H» and a palladium catalyst, forming saturated fatty 
acids which have higher melting points. By removing double bonds m the 
carbon chain in this way. edible ois which are [quid at room temperature 

may be converted into fats which are sohd at room temperature The 
reason for doing this i5 that solid fats are more useful than oils, for example 

in the manufacture of margarine 

CH; (CH;), CH-—CH COOH * H;— CH, (CH;), CH: CH, COOH 

Hydrogen ts also used to reduce mitrobenzene to amine (dyestuffs 
industry), and in the catalytic reduction of benzene (the first step im the 

production of nylon 66) It also reacts with CO to form methyl alcohol 

CO 4 2H; 25 CHOH 
The hydrogen molecule is very stable, and has httle tendency to disso- 

ciate at normal temperatures, since the dissociation reaction 35 high 
endothermic 

H;— 2H AH = 435 9k} mol™ 
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However, at high temperatures, in an electric arc, or under ultraviolet 

light, Hz does dissociate. The atomic hydrogen produced exists for less 

than half a second, after which it recombines to give molecular hydrogen 

and a large amount of heat. This reaction has been used in welding metals. 

Atomic hydrogen is a strong reducing agent, and is commonly prepared in 

solution by means of a zinc-copper couple or a mercury—aluminium 

couple. 
There has been much talk of the hydrogen economy. (See Further 

Reading.) The idea is that hydrogen could replace coal and oil as the major 

source of energy. Burning hydrogen in air or dioxygen forms water and 

liberates a great deal of energy. In contrast to burning coal or oil in power 

stations, or petrol or diesel fuel in motor engines, burning hydrogen 

produces no pollutants like SO; and oxides of nitrogen that are responsible 
for acid rain, nor CO; that is responsible for the greenhouse effect, nor 
carcinogenic hydrocarbons, nor lead compounds. Hydrogen can be pro- 
duced readily by electrolysis, and chemical methods. Hydrogen can be 
stored and transported as gas in cyliriders,.as liquid in very large cryogenic 
vacuum flasks, or 'dissolved' in various metals. (For example, the alloy 

LaNis can absorb seven moles of hydrogen per mole of alloy at 2.5 atmos- 
pheres pressure and room temperature.) Liquid hydrogen is used as a fuel 
in space rockets for the Saturn series and the space shuttle in the US space 
programme. Car engines have been modified to run on hydrogen. Note 
that the use of hydrogen involves the risk of an explosion, but so does the 
usé of petrol. 

ISOTOPES OF HYDROGEN 

If atoms of the same element have different mass numbers they are called 
isotopes. The difference in mass number arises because the nucleus con- 
tains a different number of neutrons. Naturally occurring hydrogen con- 
tains three isotopes: protium į}H or H, deuterium 7H or D, and tritium 7H 
or T. Each of the three isotopes contains one proton and 0, 1 or 2 neutrons 
respectively in the nucleus. Protium is by far the most abundant. 
Naturally occurring hydrogen contains 99.986% of the JH isotope, 

0.014% of {D and 7 x 107995 T, so the properties of hydrogen are 
essentially those of the lightest isotope. 

These isotopes have the same electronic configuration and have essen- 
ually the same chemical properties. The only differences in chemical 
LM are the rates of reactions, and equilibrium constants. For 
example: . 

I. H is more rapidly adsorbed on to surfaces than D>. ^ $ š 2. H» reacts over 13 times faster with Cl; than D5, because H, has a lower 
energy of activation. 

i CMM in properties which arise from differences in mass are called Lm effects. Because hydrogen IS so light, the percentage difference in etween protium jH, deuterium ?H and tritium iH is greater than 

] | | 
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Table 8 1. Physical constants for hydrogen deuterium and tritium 
——————— — nap nó ———— —— —— — — ——— — A AU — 

Physica! constant H, D T 
rr T E E E e E T I P a P e E EH E 

Mass of atom (amu) 1 0078 20141 ^ 0160 
Freezing point (^C) —259 0 —254 3 -252 4 
Borling point Co) —252 6 —-249 3 —248 0 
Bond length (À) 0 7414 0 7414 (0 7414) 
Heat of dissociation! (kJ mol" ? 435 9 443 4 446 9 
Latent heat of fusion (kJ moi” ") 0117 0 197 0250 

Latent heat of vaponzation (kJ mol!) 0 904 1 226 1 393 
Vapour pressure* (mm Hg) 54 58 - 

* Measured at —259 1"C 
* Measured at 25°C 

between the isotopes of any other element Thus the tsotopes of hydrogen 
show much greater differences in physical properties than are found 
between the isotopes of other elements Some physical constants for Hy, 
D; and T? are given in Table 8 1 

Protium water H,O dissociates to about three times the extent that 
heavy water DO does The equilibrium constant for the dissociation of 
H:O 1s 1 0 x 107" whilst for D-0 ıt ts 3 0 x 107" 

H-0 = H* + OH^ 

D-O = D* + ODT 

Protium bonds are broken more readily than deuterium bonds (up to 
18 trmes more readily in some cases) Thus when water is electrolysed, H; 
1s liberated much faster than Dz, and the remaining water thus becomes 

enriched in heavy water D,0 If the process 1s continued until only a small 
volume remains then almost pure D5O ts abtained About 29 000 Litres of 
water must be electrolysed to give 1 litre of D,O that 1s 99% pure This ıs 
the normal way of separating deuterium Heavy water D,O undergoes all 
of the reactions of ordinary water, and ys useful in the preparation of other 
deuterium compounds Because D4,O has a lower dielectric constant, ronic 

Table 8 2 Physical constants for water and heavy water 
 —áÁÓ A — HR RÓ (à P —Po— a a  ———5——— À——TRQÀÓ In 

Physical constant H;O D;O wee LL LLL 

Freezing point (°C) 0 382 
Boiling potnt (^C) 100 101 4Z 
Density at 20°C (gcm^?) 0917 1 017 
Temperature of maximum density (C) 4 116 
fonic product K, at 25°C 10x10 M 30x10 " 
Dielectric constant at 20°C 82 80 5 
Solubility g NaCI/100 g water at 25°C 35 9 30 5 
Solubility g BaCi,/100g water at 25°C 357 28 9 
u———————X———— ——— "UU S SA ——— "———————'EO—" M M ll d 
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compounds are less soluble in it than in water. Some physical properties of 
H,O and D,O are compared in Table 8.2. | 
Deuterium compounds are commonly prepared by ‘exchange’ reactions 

where under suitable conditions deuterium is exchanged for hydrogen in 
compounds, Thus Dz reacts with H at high temperatures, forming HD, 
and it also exchanges with NH; and CH, to give NH5D, NHD;, ND; and 
CH3;D-—-CDzy, It is usually easier to prepare deuterated compounds using 
D,O rather than D2. The D2O may be used directly in the preparation 
instead of H20, or exchange reactions may be carried out using D;O. 

Exchange reactions 

NaOH + D,0 — NaOD + HDO 

NH4CI -- D;O —^ NHj4DCI 4- HDO 

Mg3N. + 3D,0 —> 2ND; + 3MgO 

Direct reactions 

SO; + D20 > D,SO, 

P4010 + 6D20 — 4D3PO, 

Tritium is radioactive and decays by B emission. 

iT — 2He + _% 

It has a relatively short half life time of 12.26 years. Thus any T present 
when the earth was formed has decayed already, and the small amount 
now present has been formed recently by reactions induced by cosmic rays in the upper atmosphere. | 

‘IN + in 4C 4 iT 
"N + {H — 1T + other fragments 
iD + 2D > iT + H 

Tritium only occurs to the extent of one part T, to 7 x 10!” parts Hp. It was first made by bombarding D3PO, and (ND,)2SO, with deuterons D+ 
iD 4 7D 5 1T « 1H 

It is now produced on a large scale by irradiating lithium with slow neu- trons in a nuclear reactor. 

SLi + jn + $He + 37 
Tritium Is used to make thermonuclear devices, and for research into denn reactions as a means of producing energy. The gas is usually stored Da Uis, which on heating to 400 "C releases T5. Tritium is widely iot v - eris irs since it is relatively cheap, and it is easy to EZ : EN y emits low energy p radiation, with no y radiation. The f ca Stopped by 0.6 cm of air, so no shielding is required. It is non-  &xcept if labelled compounds are swallowed. T ++ 

nated compounds are made from T» gas, T20 is made as follows: 
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h SUA 

OO 
(a) 

O O 
Figure 8 1 Ortho and para 
hydrogen (a)ortho parallel 
spins (b) para. opposite 

Ta + CuO — T;O 4 Cu 

OT 

2T; 4 Q, ™, 2720 
Many tritiated organic compounds can be made by storing the compound 
under T; gas for a few weeks, when exchange of H and T occurs Many 
compounds can be made by catalytic exchange in solution using either T, 
gas dissolved in the water, or T20 

NH4CI + T20 (or HTO) = NH;TCI 

ORTHO AND PARA HYDROGEN 

The hydrogen molecule H; exists in two different forms known as ortho 
and para hydrogen The nucleus of an atom has nuclear spin, 1n a similar 
way to electrons having a spin. In the H5; molecule, the two nuclei may be 
spinning in either the same direction, Orin opposite directions This gives 
rise to spin isomensm, that is two different forms of H, may exist These 
are called ortho and para hydrogen Spin tsomerism is also found in other 
symmetrical molecules whose nucle: have spin momenta, e g D- Nz, F 
Cl; There are considerable differences between the physical properties 
(e g boiling points, specific heats and thermal conductivities) of the ortho 
and para forms, because of differences in their internal energy There are 
also differences in the band spectra of the ortho and para forms of Hy 
The para form has the lower energy, and at absolute zero the gas con 

tuns 100% of the para form As the temperature 1s raised, some of the 
para farm changes mto the ortho form At high temperatures the gas 
contains about 75% ortho hydrogen 

Para hydrogen ts usually prepared by passing a mixture of the two forms 
of hydrogen through a tube packed with charcoal cooled to liquid air 
temperature Para hydrogen prepared in this way can be kept for weeks at 
room temperature in a glass vessel, because the ortho- para conversion 
is slow in the absence of catalysts Suitable catalysts include activated 

charcoal, atomic hydrogen, metals such as Fe, Ni, Pt and W and para 
magnetic substances or 10ns (which contain unpaired electrons) such as 

O,, NO, NO», Co?* and CrO; 

HYDRIDES 

Binary compounds of the elements with hydrogen are called hydrides The 

type of hydride which an element forms depends on its electronegativily 

and hence on the type of bond formed Whilst there 1s not a sharp division 
between sontc, covalent and metallic bonding it 1s conventent to consider 

hydrides in three classes (Figure 8 2) 

1. ionic or salt like hydrides 
2 covalent or molecular hydrides 
3 metallic or interstitial hydrides 
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Figure 8.2 Types of hydride and the periodic table. 

lonic or salt-like hydrides 

At high temperatures the metals of Group 1 (alkali metals) and the heavier 
Group 2 metals (alkaline earth metals) Ca, Sr and Ba form ionic hydrides 
such as NaH and CaH;. These compounds are solids with high melting 
points, and are classified as ionic (salt-like) hydrides. The evidence that 
they are ionic is: 

1. Molten LiH (m.p. 691°C) conducts electricity, and H, is liberated at 
the anode, thus confirming the presence of the hydride ion H7 

; The other ionic hydrides decompose before melting, but they may be 
dissolved in melts of alkali halides (e.g. CaH, dissolves in a eutectic 
mixture of LiCI/KCI), and when the melt is electrolysed then H; is 
evolved at the anode. 
The crystal structures of these hydrides are known, and they show no 
evidence of directional bonding. 

bo 

Crd 

Lithium is more polarizing and hence more likely to form covalent compounds than the other metals. Thus if LiH is largely ionic, the others 
must be tonic, and thus contain the hydride ion H` 
um bai of these hydrides is greater than that of the metal from 
ELS ey were formed. This IS explained by H™ ions occupying holes in 
he E of the metal, without distorting the metal lattice. Ionic hydrides 
dd igh heats of formation, and are always stoichiometric. 

Is type of hydride is only formed by elements with an electronega- 
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tivity value appreciably lower than the value of 2 1 for hydrogen thus 
allowing the hydrogen to attract an electron from the metal, forming M* 
and H^ 
Group 1 hydndes ate more reactive than the corresponding Group 2 

hydrides, and reactivity increases down the group 
Except for LIH, iome hydrides decompose into their constituent ele- 

ments on strong heating (400-500 °C) 
The hydride i00. H^ is not very common, and it 1s unstable in water 

Thus ionic hydrides all react with water and liberate hydrogen 

Lilt + HO — LOH + H, 

CaH; + 2H,O — Ca(OH); + 2H; 

They are powerful reducing agents, especially at high temperatures 
though their reactivity towards water limits their usefulness 

2CO + NaH > H COONa +C 

SiCl, + 4NaH — SiH, + 4NaC!} 

PbSO, t 2CaH, — PbS  2Ca( OH). 

NaH has a number of uses as a reducing agent in synthetic chemistry. [t 
is used to produce other important hydrides, particularly lithium alum 
nium hydride Li[AIH,] and sodium borohydnde Na[BH;], which have 
important uses as reducing agents 1n both organic and inorganic syntheses 

4LIH + AlCh — Li[AIH,] 4- 3LiCI 
4NaH 4 B(OCH4), — Na[BH,] 4- 3NaOCH; 

Covalent hydrides 

Hydrides of the p block elements are covalent This would be expected 
since there is only a small difference in electronegativity between these 
atoms and hydrogen The compounds usually consist of discrete covalent 
molecules with only weak van der Waals forces holding the molecules 
together and so they are usually volatile, and have low melting and baring 
points They do not conduct electricity The formula of these hydrides 's 

XH, or XH, where n ts the group in the periodic table to which X 
belongs These hydrides are produced by a variety of synthetic methods 

1 A few may be made by direct action 

Group 13 14 15 16 17 
B C N O F 
Al $i P S Cl 
Ga Ge As 5e Br 
In Sn Sb Te | 

Pb Bi Po 

Figure 8.3 Elements which form covalent hydrides by direct action 
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3H, + Nz — 2NH; (high temperature and pressure 
+ catalyst, Haber process) 

2H; 4 O; 5 2H50 (spark - explosive) 

H, + Cl 2 2HCI (burn - preparation of pure HCl) 

2. Reaction of a halide with Li[ AlH,| in a dry solvent such as ether. 

4BCl; -- 3Li[AIH4] —^ 2B;H, -* 3AICIH, 4 3LiCl 

SiCl4 4- Li[AIH4] — SiH, + AlCl} + LiCl 

3. Treating the appropriate binary compound with acid. 

2Mg;3B2 + 4H3PO,; — B4H,, * 2Mgi(PO4); + He 

ALC; 4 12HCl  3CH, 4 4AICH 

FeS 4- H5SO, — H5S + FeSO, 

Ca;P; 4- 3H;SO,  2PH, + 3CaSO, 

4. Reaction of an oxoacid with Na[BH,] in aqueous solution. 

4H4AsO4 T 3Na[BH,] s% 4AsH, T 3H3BO, + 3NaOH 

5. Converting one hydride into another by pyrolysis (heating). 

BsHio > B2H6 + other products 

6. A silent electric discharge or microwave discharge may produce long 
chains from simple hydrides. 

GeH, — Ge;Hs — Ge4Hg — up to GesgH»5, 

Table 8.3 Melting and boiling points of some 
covalent hydrides 
ec e un 

Compound m.p. (°C) b.p. (°C) n a a M 00d 
BH, —165 —90 
CH; —183 —162 
SiH, — 185 | —]111 
GeH, X 166 — 88 

SnH, —150 —52 
NH; —78 — 33 
PH, — 134 —88 
AsH, —117 —62 
SbH, —88 —18 
H;O 0 +100 
HS —86 —60 
HF —83 +20 
HCl —]15 —84 
HBr —89 —67 
HI =S] —35 a LE 
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The Group 13 hydrides are unusual in that they are electron deficient 
and polymenic, although they do not contain direct bonds between the 
Group 13 elements The simplest boron hydride ts called diborane B,H,, 
though more complicated structures such as BsHio, BsHy, Bs5H,,, B,H,, 
and B,oH,, are known Aluminium hydride ts polymere (AIH), In 
these structures, hydrogen appears to be bonded to two or more atoms, 
and this ts explained in terms of multi-centre bonding This 15 discussed in 
Chapter 12 

In addition to the simple hydrides, the rest of the lighter elements 
except the halogens form polynuclear hydrides The tendency to do this 
is strongest with the elements C, N and O, and two or more of the non 
metal atoms are directly bonded to each other The tendency 1s greatest 
with C which catenates (farms chains) of several hundreds of atoms These 
are grouped into three homologous senes of aliphatic hydrocarbons, and 

aromatic hydrocarbons based on benzene 

CHa, C;H,, C,H,, Caio C,H3,.z (alkanes) 

CoH, , C4H,, C4Hg . . C H5, (alkenes} 

C2H3, CsHy, CyHe . C,H»,-2; (alkynes) 

C.H, (aromatic) 

The alkanes are saturated. but alkenes have double bonds, and alkynes 

have triple bonds Si and Ge only form saturated compounds, and the 
maximum chain length 1s Si;pH2. The longest hydride chains formed by 
other elements are Sn.H,, N2H,y and HN4, P4H«, As,H5, H50; and H;O; 
and HS, H35;, H-S, H5;54 and H»2S, 

The melting point and boiling point of water stand out 1n Table 8 3 as 
being much higher than the others, but on closer examination the values 
for NH, and HF also seem higher than would be expected in their respec: 

uve groups This 1s due to hydrogen bonding. which is discussed later in 
this chapter 

Metallic (or interstitial) hydrides 

Many of the elements in the d-block, and the lanthanide and actinide 

elements in the f-block, react with Ha and form metalle hydrides How- 
ever, the elements in the middle of the d-block do not form hydrides The 
absence of hydrides in thts part of the periodic table 1s sometimes called 
the hydrogen gap. (See Figure 8 2 ) 

Metallic hydrides are usually prepared by heating the metal with hydro 

gen under high pressure (If heated to higher temperatures the hydrides 

decompose, and this may be used as a converieat method of making very 
pure hydrogen ) 

These hydrides generally have properties similar to those of the paren! 
metals they are hard, have a metallic lustre, conduct electricity, and have 

magnetic properties The hydrides are less dense than the parent metal 

because the crystal lattice has expanded through the inclusion of hydrogen 
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This distortion of the crystal lattice may make the hydride brittle. Thus 

when the hydride is formed a solid piece of metal turns into finely powdered 

hydride. If the finely powdered hydrides are heated they decompose, 

giving hydrogen and very finely divided metal. These finely divided metals 

may be used as catalysts. They are also used in metallurgy in powder 

fabrication, and zirconium hydride has been used as a moderator in 

nuclear reactors. 

In many cases the compounds are nonstoichiometric, for example 

LaH,, TiH, and PdH,, where the chemical composition is variable. 

Typical formulae are LaH g;, YbH, ss, TiH, s, ZrH; 9, VHi$, NbHo7 

and PdH, ;. Such compounds were originally called interstitial hydrides, 

and it was thought that a varying number of interstitial positions in the 

metal lattice could be filled by hydrogen. | 
The nonstoichiometric compounds may be regarded as solid solutions. 

Metals which can 'dissolve' varying amounts of hydrogen in this way can 

act as catalysts for hydrogenation reactions. The catalysts are thought to 
be effective through providing H atoms rather than H, molecules. It is not 
certain whether the hydrogen is present in the interstitial sites as atoms of 
hydrogen, or alternatively as H* ions with delocalized electrons, but they 
have strongly reducing properties. 

Even small amounts of hydrogen dissolved in a metal adversely affect its 
strength and make it brittle.: Titanium is extracted by reducing TiCl, with 
Mg or Na in an inert atmosphere. If an atmosphere of Hz is used, the TI 
dissolves H2, and is brittle. Titanium is used to make supersonic aircraft, 
and since strength is important, it is produced in an atmosphere of argon. 
The bonding is more complicated than was originally thought, and is still 

the subject of controversy. 

I. Many of the hydrides have structures where hydrogen atoms occupy 
tetrahedral holes in a cubic close-packed array of metal atoms. If all of 
the tetrahedral sites are occupied then the formula is MH;, and a 
fluorite structure is formed. Generally some sites are unoccupied, and 
hence the compounds contain less hydrogen. This accounts for the 
compounds of formula MH, s.» formed by the scandium and titanium 
groups, and most of the lanthanides and actinides. 
Two of the lanthanide elements, europium and ytterbium, are unusual 
in that they form ionic hydrides EuH; and YbH,, which are stoichio- 
metric and resemble CaH»?. The lanthanides are typically trivalent, but 
Eu and Yb form divalent ions (associated with stable electronic struc- 
tures Eu(-- IT) 4f" (half filled f shell), and Yb(4- 1H) 4f'* (filled f shell)). 

; The compounds YH; and LaH,, as well as many of the lanthanide and 
actinide hydrides MH», can absorb more hydrogen, forming compounds 
of limiting composition MH. Compositions such as LaH;;& and 
CeH; sy are found. The structures of these are complex, sometimes 
cubic and sometimes hexagonal. The third hydrogen atom is more 
loosely held than the others, and r isi i ; ather octahedral hole. surprisingly it may occupy an 
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4 Uranium 1s unusual and forms two different crystalhne forms of UH; 

that are stoichiometric 

§ Some elements (V, Nb, Ta, Cr, Ni and Pd) form hydndes approxmat 

ing to MH. Formulae such as NbH, ; and PdH, a are typical These are 
less stable than the other hydrides, are nonsto:ciometnce and exist over 
a wide range of composition 

The Pd/H, system 1s both extraordinary and interesting. When red hot 
Pdis cooled in Hz it may absorb or occlude up to 935 times its own volume 
of H, gas This may be usec to separate H2 or deuterium D, from He or 
other gases The hydrogen rs given off when the metal is heated, and this 
provides an easy method of weighing H; The limiting formula 15 PdH, s 
but neither the structure mor the nature of the interaction between Pd 
and H are understood As hydrogen is absorbed, the metallic conductiv 
tty decreases, and the material eventually becomes a semiconductor. The 
hydrogen is mobile and diffuses throughout the metal [t 1s possible that 
the erroneous reports of producing energy by ‘cold fusion’ by electrolysis 
of D-O at room temperature between Pd electrodes was really energy from 
the reaction between Pd and D; rather than nuclear fusion of hydrogen 
ot deuteruum to gwe helium. (See Chapter 31 ) 

Intermediate hydrides 

A few hydrides do not fit easily into the above classification. Thus (BeH;)s 
is polymeric, and is thought to be a chain polymer with hydrogen bridges 
MgH; has properties in between those of tonic and covalent hydrides 
CuH, ZnH; CdH; and HgH; have properties intermediate between 

metaliic and covalent hydndes They are probably electron deficient hke 
(AlH,), CuH 1s endothermic, that is energy must be put in to make the 
compound. and 1s formed by reducing Cu?* with hypophosphorous acid 
The hydrides of Zn, Cd and Hg are made by reducing the chlorides wilh 
EAU] 

THE HYDROGEN ION 

The energy required to remove the electron from a hydrogen atom {i ¢ 
the ionization energy of hydrogen) is 1311 kJ mol^! This 15 a very large 
amount of energy, and consequently the bonds formed by hydrogen in the 
gas phase are typically covalent Hydrogen fluonde 1s the compound most 
hkely to contain tome hydrogen (1e H*), since it has the greatest dif 
ference in electronegativity, but even here the bond 1s only 45% tonic 

Thus compounds containing H* will only be formed :£ the ionization 
energy can be provided by some other process Thus if the compound !5 
dissolved, for example in water, then the hydration energy may offset the 
very high 1onization energy In water H* are solvated, forming H,O* and 
the energy evolved is 1091 kJ mol^! The remainder of the 131] kJ mol 
romzatian energy comes (rom the electron affinity (the energy evolved "t 
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forming the negative ion), and also the solvation energy of the negative 

jon. 
Compounds which form solvated hydrogen ions in a suitable solvent are 

called acids. Even though the ions present are H3O* (or even H9Oj ), it is 

customary to write the ion as H^, indicating a hydrated proton. 

HYDROGEN BONDING 

In some compounds a hydrogen atom is attracted by rather strong forces 

to two atoms, for example in [F—H—F]~. (Sometimes hydrogen is 

attracted to more than two atoms.) It was at first thought that hydrogen 

formed two covalent bonds, but it is now recognized that, since hydrogen 

has the electronic structure 1s!, it can only form one covalent bond. The 
hydrogen bond is most simply regarded as a weak electrostatic attraction 
between a lone pair of electrons on one atom, and a covalently bonded 
hydrogen atom that carries a fractional charge 6+. 

Hydrogen bonds are formed only with the most electronegative atoms. 
(Of these, F, O, N and CIl are the four most important elements.) These 
bonds are very weak, and are typically about 10 kJ mol !, though hydro- 
gen bonds may have a bond energy from 4 to 45 kJ mol !. This must be 
compared with a C—C covalent bond of 347 kJ mol" !. Despite their low 
bond energy, hydrogen bonds are of great significance both in biochemical 
systems and in normal chemistry. They are extremely important because 
they are responsible for linking polypeptide chains in proteins, and for 
linking pairs of bases in large nucleic acid-containing molecules. The 
hydrogen bonds maintain these large molecules in specific molecular 
configurations, which is important in the operation of genes and enzymes. 
Hydrogen bonds are responsible for water being liquid at room tempera- 
ture, and but for this, life as we know it would not exist. Since hydrogen 
bonds have a low bond energy, they also have a low activation energy, and 
this results in their playing an important part in many reactions at normal 
temperatures. 
Hydrogen bonding was first used to explain the weakness of trimethy- 

lammonium hydroxide as a base compared with tetramethylammonium 
hydroxide. In the trimethyl compound the OH group is hydrogen bonded 
to the Me3NH group (shown by a dotted line in Figure 8.4), and this makes 
It more difficult for the OH group to ionize, and hence it is a weak base. In 
the tetramethyl compound, hydrogen bonding cannot occur, so the OH 
group ionizes and the tetramethyl compound is thus a much stronger base. 

P CH, + 

| 
T 4 O—H CH;—N—CH, | O—H- 

| 
CH; 4 CH, 

i 

Figure 8.4 Structures of trimethyl and tetramethyl ammonium hydroxide. 
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Figure 8 5 Structures of ortho, 
meta and para mtrophenol 

In a similar way the formation of an intramolecular hydrogen bond mn 
o nitropheno| reduces its acidity compared with m mitrophenol and p- 

mtrophenol, where the formation of a hydrogen bond 1s not possible 
(Figure 8 5) 

Intermolecular hydrogen bonding may also take place, and it has a 

striking effect on the physical properties such as melting points, bailing 
points, and the enthalpies of vaporization and sublimation (Figure 8 6) In 
general the melting and boiling points for a related series of compounds 
increase as the atoms get larger, owing to the increase 1n dispersive force 
Thus by extrapolating the boiling points of FT;Te, H5Se and H55 one would 
predict that the boring point of HO should be about —100?C, whilst it is 
actually +100°C Thus water boils about 200°C higher than st would in the 
absence of hydrogen bonding 

In much the same way the boiling point of NH; is much higher than 
would be expected by comparison with PH, AsH; and SbH;, and similarly 

HF boils much higher than HCI, HBr and HI The reason for the higher 
than expected boiling points 1s hydrogen bonding Note that the borling 
points of the Group 14 hydrides CH4, SiH,, GeH, and SnH, change 
smoothly, as they do not jnvolve hydrogen bonding 
The hydrogen bonds in HF link the F atom of one molecule with the H 

atom of another molecule, thus formng a zig-zag chain (HP), in both the 
liquid and also in the solid (Figure 87) Some hydrogen bonding also 
occurs in the gas, which consists of a mixture of cyche (HF), polymers, 
dimeric (HF),, and monomeric HF (The hydrogen bondin F—H = F 1s 
29 kJ mol! in HF. ) 
A similar pattern can be seen in the melting potnts and the enthalpies of 

vaponzation of the hydrides, indicating hydrogen bonding in NH3, HO 
and HF, but not in CH, (Figure 8 6c) 

Strong evidence for hydrogen bonding comes from structural studies 
Examples include ice, which has been determined both by X-ray and 
neutron diffraction, the dimeric structure of formic acid (determined in 
the pas phase by electron diffraction), X-ray structures of the sohds 
for sodium hydrogencarbonate and boric acid (Figure 8 8), and many 
others 
Another technique for studying hydrogen bonds 1s infra-red absorption 

spectra imm CCl, solution, which allows the O—H and N—H stretching 

frequencies to be studied 

ACIDS AND BASES 

There are several so called theories of acids and bases, but they are not 
really theortes but merely different definitions of what we choose to call an 

acid or a base. Since it is only a matter of definition, no theory 15 more nght 
or wrong than any other, and we use the most convement theory for a 
particular chemical situation Which is the most useful theory or definition 

of acids and bases? There is no simple answer to this The answer depends 
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t 

on whether we are considering ionic reactions in aqueous solution, in non- 

aqueous solution, or in a fused melt, and whether we require a measure of 

the strengths of acids and bases. For this reason we need to know several 

theories. 

(a) 100 (b) 109 
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Figure 8.6 (a) Boiling points of hydri i i . des. (b) Melting points of hvdrid Enthalpies of va iati ides tL "M porization of hydrides. (Adapted from Laegowski Inorganic Chemistry, Marcel Dekker, New York, p. 174.) pun M 
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(c) 

AH vaponzation (kJ mol!) 

Penod 
Figure 8 6 continued 
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Figure 87 Hydrogen bonded chain in solid HF 

Arrhenius theory 

In the early Stages of chemistry, acids were distinguished by their sour laste and their effect on certain plant pigments such as litmus Bases were substances which reacted with acids to form salts Water was used almost exclusively for reactions in solution, and in 1884 Arrhenius suggested the theory of electrolytic dissociation and proposed the self-tomzation of water 



ACIDS AND BASES 

(b) 

(c) 
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ae oe bonded structures. (a) Formic acid dimer, (HCOOH), (b) Cornett Univer eines The Nature of the Chemical Bond, 3rd cd., pp. 449 50i versity Press, Ithaca. 1960.) (c) A layer of crystalline H;BO,. 
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HQ = H* + OH™ 

Thus substances producing H* were called acids, and substances pro 
ducing OH™ were called bases A typical neutralization reaction 1s 

HCl] + NaOH — NaCl + H20 
acid base salt walter 

or simply 

H* - OH" —^ HO 

In aqueous solutions the concentration of H™ 1s often given in terms of 
pH, where 

} 
pH = logie r - —logiofH*] 

where [H +] ıs the hydrogen ion concentration More strictly the activity of 
the hydrogen ions should be used. This logarithmic scale was introduced by 
SPL S¢rensenin 1909 It then ts very useful for expressing concentrations 
over several orders of magnitude (eg 1M H^ is pH 0, 107 MH" is 
pH 14) 

Until the turn of the nineteenth century it was thought that water was 
the only solvent in which sonic reactions could occur Studies made by 
Cady in 1897 and by Franklin and Kraus in 1898 on reactions in liquid 
ammonia, and by Walden in 2899 on reactions in liquid sulphur didxtde, 
revealed many analogies with reactions in water, These suggested that the 
three media were ionizing solvents and could be useful for 10nc reactions, 
and that acids, bases and salts were common to all three systems 
Although water 15 st. the most widely used solvent, tts exclusive use 

limited chermustry to those compounds which ace stable in its presence 
Non-aqueous solvents are now used increasingly in inorganic chemistry 
because many new compounds can be prepared which are unstable in 
water, 3nd some anhvdcous campauads can be prepared, such as anhy 
drous copper nitrate, which differ markedly from the well known hydrated 
form The concepts of acids and bases based on the aqueous system need 
extending to cover non aqueous solvents 

Acids and bases in proton solvents 

Water self-ionizes 

24,0 = H,0O* + OH 

The equilibrium constant for this reaction depends on the concentration 

of water [H3O], and on the concentrations of the i0ns [H4O * ] and [OH ] 

.. [H5O*][OH 7] 
o OF 

Since. water i5 in large excess, 1ts concentration i5 effectively constant, 80 

the ionic product o£ water may be written 

K,, = [H,O* OH7] = 10 "mali? 

Kı 
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The value of Ky is 1.00 x 107!* mol?17? at 25?C, but it varies with tem- 

perature. Thus at 25°C there will be 1077 mol^! of H4O* and 1077 mol^'! 

of OH" in pure water. 

Table 8.4 Ionic product of water at various 
temperatures 

Temperature (°C) Kw(mol^ 17?) | 

0 0.12 x 10^ 
10 0.29 x 107^ 
20 0.68 x 10-4 
25 1.00 x 107! 
30 1.47 x 1074 
40 2.92 x 107^ 
100 47.6 x 10^ 

Acids such as HA increase the concentration of H3O *: 

HA + H,O = H;,07 + AW 

. [H30*][A ] 
*» ^ THAJTH;O] 

In dilute solution water is in such a large excess that the concentration of 
water is effectively coristant (approximately 55 M), and this constant can 
be incorporated in the constant at the left hand side. Thus: 

- Hso7 [A] K i [HA] | 

Table 8.5 Relation between pH, [H*] and [OH] c LL E 

pH [H*] (mol17!) [OH] (mol1*!) 
po n m rM 
0 10? 107 4 

l 107! 10733 
2 107? 107? 
3 107? 107! Acidic 
4 1074 10719 
5 107^ 107? 
6 1076 1078 
7 1077 107 «Neutral 
8 1078 1076 
2 107? 1075 
10 10719 107* 
1 107! 107? Basic 
12 10- 107? 

13 19733 107! 
14 190734 10° 

i E i EE 
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The pH scale ıs used to measure the activity of hydrogen ions (pH — 
—log[H*]) and it refers to the number of powers of ten used to expiess 
the concentration oPhydrogen tons In a similar way the acid dissociation 
constant K, may be expressed as a pA, value 

pk, = log x. = —log K, 

Thus pA, is a measure of the strength of an acid If the acid tonizes ajrost 
completely (high acid strength) then A, will be large and thus pK. will be 
small The pK values given below show that acid strength increases on 
moving from left to nght in the penodic table 

CH, NH: HO HF 

DK, 46 35 16 3 

Acid strength also increases on moving down a group 

HF  HCI  HBr HI 

pK, 3 -7 -9 —10 

With oxoacids contaming more than one hydrogen atom successive M!S 
sociation constants rapidly become more positive 1e the phosphate 
species formed on successive removal of H* become less acidic 

H4PO,; = H*® + H>PO, DA, = 215 

H PO; = H* + HPO,” pă- = 7 20 

HPO; =H? + PO} pK, = 12 37 

If an element forms a series of oxoacids then the more oxygen atoms 
present the more acidic it will be The reason for this is that the elec 
trostatic attraction for the proton decreases as the negative charge P 
spread over more atoms thus ficritating ionization 

vern neak act neak acid strong acti tent strong acid 

MNO pA =3%3% HNO; pA --14 

HSO;p& —19 H SO,;p&A, - (-1) 
HOCIp& —7? HCIO pK 220 HCIOip& 2-1  HCIO,pA -(-10 

Bronsted—Lowry theory 

In 1923 Bronsted and Lowry independently defined acids as proton 
donors and bases as proton acceptors 

2H.0 z HiO* + OH 
w | nt J af ba 

For aqueous solutions this definition does not differ apprecinbly from the 

Arrhenius theory Water self iomzes as shown above Substances M 
increase the concentration of [H,O]* m an aqueous solution above ine 



value of 1077 mo217? from the self-ionization are acids, and those that 

decrease it are bases. : 

The Bronsted—Lowry theory is useful in that it extends the scope of 

acid~base systems to cover solvents such as liquid ammonia, glacial acetic 

acid, anhydrous sulphuric acid, and all hydrogen-containing solvents. It 

should be emphasized that bases accept protons, and there is no need for 

them to contain OH™ 
In liquid ammonia: 

NH4CI + NaNH> => Na*Cl7 + 2NH,; 
acid base salt solvent 

or simply: 

acid base solvent 
(donates (accepts 
a proton) a proton) 

Similarly in sulphuric acid: 

H4SO£ + HSO; — 2H5SO, 
acid base solvent 

Chemical species that differ in composition only by a proton are called ‘a 
conjugate pair'. Thus every acid has a conjugate base, which is formed 
when the acid donates a proton. Similarly every base has a conjugate acid. 

A2 B™ + Ht 
acid conjugate 

base 

BH S A 
base conjugate 

acid 

In water 

HCI + H,O = H;0* + CI- 
acid base conjugate conjugate 

acid base 

In the above reaction, HC is an acid since it donates protons, and in doing 
so forms CI^, its conjugate base. Since H;O accepts protons it is a base, 
and forms H3O*, its conjugate acid. A strong acid has a weak conjugate base and vice versa. 

In liquid ammonia: 

+ oe z NH; + S^ = HS + NH; 
acid base conjugate conjugate 

acid base 

Porta ammonia all ammonium salts act as acids since they can donate 
ns, and the sulphide ion acts as a base since it accepts protons. The 
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reaction is reversible, and 1t will proceed in the direction that produces the 

weaker species, m this case HS^ and NH; 
A limitation of the Bronsted-Lowry theory ts that the extent to which a 

dissolved substance can act as an acid or a base depends largely on the 
solvent The solute only shows acidic properties if its proton donating 
properties exceed those of the solvent This sometimes upsets our tradi 
tional ideas on what are acids, which are based on our experience of what 
happens rn water Thus HCIO, ıs an extremely strong proton donor If 
liquid HCIO, i5 used as a solvent, then HF dissolved in this solvent 1s 
forced to accept protons, and thus act as a base 

HCIO, + HF z H;F* 4- CIO; 

In a similar way HNOy i5 forced to accept protons and thus act as a base in 
both HCIO, and liquid HF as solvent 
Water has only a weak tendency to donate protons The mineral acids 

(HCI, HNO;, H;SO, etc ) all have a much stronger tendency to donate 
protons Thus in aqueous solutions the mineral acids ali donate protons 
to the water, thus behaving as acids, and in the process the mineral acids 
ionize completely 

In liquid ammonia as solvent, the acids which were strong acids in water 
all react completely with the ammonia, forming NH7 

HCIO, + NH —^ NH4 -- CIO; 

HNO, + NH;— NH7 + NOY 

Acids which were sitghtly less strong m water also react completely with 
NH, forming NH; 

H;50, -- 2NH;, —^ 2NH4 + SO; 

Weak acids in water, such as oxahc acid, also react completely with NH; 

(COOH); + 2NH; 2 2NH; - (COO 

The acid strengths have all been levelled by the solvent liquid ammonta 
hence liquid ammonia ts called a levelling solvent It even makes some 
molecules, such as urea, which show no acidic properties in water, behave 
as weak acids 

NH;CONH; + NH; —> NHI + NH;CONH 

Differentiating solvents such as glacral acetic acid emphasize the dif 
ference 1n acid strength, and several mineral actds are only partially ton 

ized in this solvent This is because acetic acid itself 15 a proton donor, 
and if a substance dissolved tn acetic acid ys to behave as an acid, 1t must 
donate protons more strongly than acetic acid. Thus the dissolved material 
must force the acetic acid to accept protons (1 e. the acetic acid behaves as 

a base) Thus the solvent acetic acid makes it more difficult for the usual 
acids to 10nize, and conversely it will encourage the usual bases to 10nize 
completely It follows that a differentiating solvent for acids will act a5 a 
levelling solvent for bases, and vice versa 
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Lewis theory 

Lewis developed a definition of acids and bases that did not depend on the 

presence of protons, nor involve reactions with the solvent. He defined 

acids as materials which accept electron pairs, and bases as substances 

which donate electron pairs. Thus a proton is a Lewis acid and ammonia ts 

a Lewis base since the lone pair of electrons on the nitrogen atom can be 

donated to a proton: 

H* + :NH; — [H<:NH3]* 

Similarly hydrogen chloride is a Lewis acid because it can accept a lone 

pair from a base such as water though this is followed by ionization: 

H-O + HCl — [H50:5HCI] ~ H307 + CIT 

Though this is a more general approach than that involving protons, it has 
several drawbacks: 

1. Many substances, such as BF; or metal ions, that are not normally 

regarded as acids, behave as Lewis acids. This theory also includes 
reactions where no ions are formed, and neither hydrogen ions nor any 
other ions are transferred (e.g. Ni(CO),). 

acid base 

BF; +NH3 — [H3N:-BF3] 

Ag' c 2NH;- [H3N:>Ag<:NH3]* 

Co?* 4 6Cl^ — [CoClg^- 

Ni +4CO — Ni(CO), 

O + CsHs —> CsH;N:-O (pyridine oxide) 

2. There is no scale of acid or basic strength, since the strength of an acid 
or a base compound is not constant, and varies from one solvent to 
another, and also from one reaction to another. 

3. Almost all reactions become acid—base reactions under this system. 

The solvent system 

Perhaps the most convenient general definition of acids and bases is due 
to Cady and Elsey, and can be applied in all cases where the solvent un- 
dergoes self-ionization, regardless of whether it contains protons or not. 
_ Many solvents undergo self-ionization, and form positive and negative 
lons in a similar way to water: 

2H,0 = H;0* + OH7 

ANH; — NH; 4 NH; 

2H,SO, = H3;SO7 + HSOF 
2POCĖĠ = POCI} + POCI 
2BrF; = BrF> + BrF; 

N,O, = NO? + NO3 

t 
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Acids are defined as substances that increase the concentration of the 

positive ions characteristic of the solvent (H5O" in the case of water, NH; 
in liquid ammonia, and NO* in N;0,) Bases are substances that increase 
the concentration of the negative 10n5 characteristic of the solvent (OH* 

in: water, NHz in ammonia, NO3 in N04) 

There are two advantages to this approach. First, most of our traditional 

ideas on what are acids and bases 1n water remain unchanged, as do 
neutralization reactions Second, :t allows us to consider non aqueous 
solvents by analogy with water 
Thus water i0nizes, giving H,O* and OH™ ions Substances providing 

H,0* (e g HCl, KNO; and H;SO,) are acids, and substances providing 
OH'* (e g NaOH and NH4OH) are bases Neutralization reactions are of 
ihe type acid + base — salt + water 

HCI + NaOH — NaCl -- H;O 
base acid salt water 

Similarly hquid ammonia romzes, gpving NHj and NH; 10ons Thus 
ammonium salts are acids since they provide NH4  10ns, and sodamide 
NaNH; is a base since it provides NHz 10ns. Neutralization reactions are of 
the type acid 4- base — salt t solvent 

NH4CI -- NaNH; — NaCl + 2NH; 
acd base salt solvent 

N30, self ionizes into NO* and NO3 ions Thus in N50, as solvent, NOCI 
t$ an acid since it produces NO”, and NaNO, is a base since it produces 
NO 

NOCI + NaNO; — NaCl + N50, 
acid base sal solvent 

Clearly this definitton. applies equally well to proton and non proton 
systems This broader definition also has advantages when considering 
protonic solvents, since 1t explains why the acidic or basic properties of a 
solute are not absolute, and depend in part on the solvent We normally 
regard acetic acid as an acid, because in water it produces H4O* 

CH;,COOH 4- H;O ^ H4O0* 4 CH4COO^ 

However, acetic acid behaves as a base when sulphuric acid is the solvent 
since H5SO, 1s a stronger proton donor than CH4COOH [In a simular vay 
HNO; ıs forced to behave as a base in H,SO, as solvent, and this i5 
important 11 producing niüronium jons NOT m ihe nitration of organe 
compounds by a mixture of concentrated H;SO, and HNO; 

H;SO, -- CH,COOH — CH,COOH£ 4 HSOà 
H;SO, - HNO, — [H;NO,]* -- HSO? 

[H;NO;]* + H,O + NOS 



The Lux — Flood definition 

Lux originally proposed a different definition of acids and bases which was 

extended by Flood. Instead of using protons, or ions characteristic of the 

solvent, they defined acids as oxides which accept oxygen, and bases as 

oxides which donate oxygen. Thus: 

CaO + CO, — Ca**[CO3]*7 

SiO, +CaO — Ca?*[SiO3]?~ 
6Na O + P4O1 > 4Nat [PO.]* 

acid base 

This. system is very useful in dealing with anhydrous reactions in fused 

melts of oxides, and other high temperature reactions such as are found in 

metallurgy and ceramics. 

This theory has an inverse relationship to aqueous chemistry, since 

Lux-Flood acids are oxides which react with water, giving bases in water, 

and Lux-Flood bases react with water, giving acids. 

NaO + H-O — 2NaOH 

P4030 T 6H-0 A 4H4PO, 

The Usanovich definition 

This defines an acid as any chemical species which reacts with bases, 
gives up cations, or accepts anions or electrons. Conversely a base is any 
chemical species which reacts with acids, gives up anions or electrons, or 
combines with cations. This is a very wide definition and includes all the 
Lewis acid-base type of reactions, and in addition it includes redox 
reactions involving the transfer of electrons. 

Hard and soft acids and bases 

Metal ions may be divided into two types depending on the strength of 
their complexes with certain ligands. 

Type (a) metals include the smaller ions from Groups 1 and 2, and the 
left hand side of the transition metals, particularly when in high oxidation 
States, and these form the most stable complexes with nitrogen and oxygen 
d M, amines, water, ketones, alcohols), and also with F^ 

Type (b) metals include ions from the right hand side of the transition 
series, and also transition metal complexes with low oxidation states, such 
as the carbonyls. These form the most stable CO as 1”, SCN and CN- mplexes with ligands such 

Nus IN classification was useful in predicting the relative stabi- 
ci ds complexes. Pearson extended the concept into a broad range of ase interactions. Type (a) metals are small and not very polariz- 
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Table 8 6 Some hard and soft acids and bases 
—————À—————

— — ——— —— — ÁÁ—— e! 

Hard acids Soft acids 

H* Pd?*, Pt’? Cut, Ag*, Au* Hp?* 
Lit, Na* K*, (Hg: +., TIt 

Be?* Mgt, Catt, Srt, B(CH,);, B2H, Ga(CH,),, Gad), 
Al'*, BF;, AI(CH;):, AICh, GaBr,, Gal, 
Sett, TH+, Zit, VO +t, Crt, [Fe(COX, (Co(CNY]'" 
MoO"*, WO**, 
Ce* Lu?* 

CO;, SO, 

Hard bases Soft bases 

NH;, RNH; N;H, H~ CN7~,SCN7,S,077,17, RS”, 

H4O, ROH, R;O R;,S CO, BH, C,H, R&P, P(ORJ, 
OH^ NO;,CIO;, COZ.SOT. 

POi^,CH4COO- F^ CI* 

able, and these prefer ligands that are also small and not very polarizable 
Pearson called these metals hard acids, and the ligands hard bases In à 
simular way, type (b) metals and the ligands they prefer are larger and 
more polarizable, and he called these soft acids and soft bases He stated 
the relationship hard acids prefer to react with hard bases, and soft acids 
react with soft bases This definition takes in the usually accepted actd~ 
base reactions (H* strong acid, OH™ and NH, strong bases), and tn 
addition a great number of reactions involving the formation of simple 
complexes, and complexes with x bonding ligands 
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PROBLEMS 

]. Suggest reasons for and against the inclusion of hydrogen in the main 

groups of the periodic table. 

2. Describe four ways in which hydrogen is produced on an industrial 

scale. Give one convenient method of preparing hydrogen in the 

laboratory. 

3. Give an account of the main uses of hydrogen. 

4. Give equations to show the reaction of hydrogen with: (a) Na, (b) Ca, 

(c) CO, (d) N, (e) S, (£) CI, (g) CuO. | 
5. Describe the different types of hydrides which are formed. 

6. Give examples of six proton solvents other than water, and show how 
they self-ionize. 

7. What species are characteristic of acids and of bases in the following 
solvents: (a) liquid ammonia, anhydrous acetic acid, (b) anhydrous 
nitric acid, (c) anhydrous HF, (d) anhydrous perchloric acid, (e) an- 
hydrous sulphuric acid, (f) dinitrogen tetroxide. 

8. Describe how the various physical properties of a liquid affect its 
usefulness as a solvent. 

9. How are the properties of HO, NH; and HF affected by hydrogen 
bonding? 

10. Explain the variation in boiling points of the hydrogen halides (HF 
20°C, HC] —85°C, HBr —67°C and HI —36°C. 

11. Discuss the theoretical background, practical uses and theoretical 
limitations of liquid hydrogen fluoride as a non-aqueous solvent. List 
materials which behave as acids and bases in this solvent, and explain 
what happens when SbF; is dissolved in HF. 

12. Discuss the theoretical background, practical uses and limitations of 
liquid ammonia non-aqueous solvent. Explain what happens when 
*NH&CI is dissolved in unlabelled liquid ammonia and the solvent 
evaporated. 
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Group 1 — the alkali metals 

Table 9.1 Electronic structures 

Element Symbol Electronic structure 
mnc AU aaa a a 

Lithium Li 15225! or [He] 2s! 

Sodium Na 1s?2s?2p°3s' or [Ne] 3s! 

Potassium K 15225?2p53s?3p64s! or [Ar] 4s! 

Rubidium Rb 1522s?2p°35?3p°3d '°4s74p°5s" or [Kr] 5s! 

Caesium Cs 1522522 p93s?3p93d P 4s?4p94d V! 5s?5pÉGs! or [Xe] 6s' 

Francium Fr [Rn] 75! 
a a a 

INTRODUCTION 

The elements of Group 1 illustrate, more clearly than any other group of 
elements, the effects of increasing the size of atoms or ions on the physical 
and chemical properties. They form a closely related group, and probably 
have the least complicated chemistry of any group in the periodic table. 
The physical and chemical properties of the elements are closely related to 
their electronic structures and sizes. The elements are all metals, excellent 
conductors of electricity, and typically soft and highly reactive. They 
have one loosely held valence electron in their outer shell, and typically 
form univalent, ionic and colourless compounds. The hydroxides’ and 
oxides are very strong bases, and the oxosalts are very stable. 

Lithium, the first element in the group, shows considerable differences 
from the rest of the group. In all of the main groups the first element shows 
a number of differences from the later elements in the group. 
Sodium and potassium together make up over 4% by weight of the 

earth's crust. Their compounds are very common, and have been known 
- used from very early times. Some of their compounds are used in very 
von amounts. World production of NaCl was 183.5 million tonnes in 
Es A sas was used to make NaOH and Cl,); 38.7 million tonnes of 
: ee produced in 1994. About 31.5 million tonnes/year of Na CO, 
wt A NaSO, and NaOCl are also of industrial import- 
m production of potassium salts (referred to as ‘potash’ and 
vd as K3O) was 24.5 million tonnes in 1992. Much of it was used 

crulizer, but KOH, KNO; and K;O are also important. In addition 
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sodium and potassium are essential elements for animal life The metat 
were first isolated by Humphrey Davy in 1807 by the electrolysis of Koy 
and NaOH 

OCCURRENCE AND ABUNDANCE 

Despite their close chemical similarity, the elements do not occur together 
mainly because their ions are of different size 

Lithium ts the thirty-fifth most abundant element by weight and y 

Table 9.2 Abundance of the elements 1n the earth s crust, 
by weight 

Abundance in carth s crust Relative 
r abundance 

(ppm) (%) 

Li 18 O0 0018 35 
Na 22 700 227 7 
k 18 400 ] 84 8 
Rb 78 0 0078 23 
Cs 26 0 000265 46 

mainly obtained as the silicate. minerals, spodumene LiAI(S10:);, and 
lepidolite Li; Al; (81)0,),(FOH); World production of lithium minerals 
was 8900 tonnes in 1992 The main sources are the Soviet Union 36%, 
Australia 3495, China 1295, Zimbabwe 1095, Chile 995, and Canada 855 

Sodium and potassium are the seventh and eighth most abundant 
elements by weight :n the earth's crust NaCl and KCI occur in large 
amounts 1n sea water The largest source of sodium is rock salt (NaCl) 
Various salts including NaCl — Na;B4O; I0H;O (borax) | (Na;CO, 
NaHCO, 2H;O) (trona) NaNO; (saltpetre) and Na;SO, (mirabilite] 
are obtained from deposits formed by the evaporation of ancient seas 
such as the Dead Sea and the Great Salt Lake at Utah USA Sodium 
chloride is extremely important and ıs used in larger tonnages than ary 
other chemical. World production was 183 5 million tonnes in 1992 The 
main sources are the USA 1995, China 1095, the Soviet Union 925, India 
7%, Germany 8%, Canada 6%, the UK and Australia 5% each, and 
France and Mexico 4% each In most places itis mined as rock salt In the 
UK (the Cheshire salt field) about 75% 1s extracted in solution as brine. 
and similarly in Germany over 70% ts extracted as brine ‘Solar’ salt is 
obtained by evaporating sea water in some hot countries Ninety to per 
cent of the salt produced in India is by evaporation, and 26% of that from 
spain and France. This method is also used in Austraha 

Potassium occurs mainly as deposits of KCI (sylvite), a mixture of KCi 
and NaC} (sylvinite), and the double salt KC] MgCl, 6H;O (carnallue) 
Soluble potassium salts are collectively called ‘potash’ World production 
of potash was 345 million tonnes in 1992, measured as K,O The main 
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; sources are from mined deposits (the Soviet Union 35%, Canada 25%, 
| Germany 18%, France and the USA 5% each and Israel 4%). Large ] 
‘ amounts are recovered from brines such as the Dead Sea (Jordan) and 
| the Great Salt Lake (Utah USA), where the concentration may be 20-25 
| times higher than in sea water, but it is not economic to recover potassium 
| salts from 'normal' sea water. 

There is no convenient source of rubidium and only one of caesium 
and these elements are obtained as by-products from lithium processing. 

All of the elements heavier than bismuth (atomic number 83) g3Bi are 
radioactive. Thus francium (atomic number 89) is radioactive, and as it 
has a short half life period of 21 minutes it does not occur appreciably 
in nature. Any that existed when the earth was formed will have dis- 
appeared, and any formed now from actinium will have a transitory 
existence. 

99% 
"Ac —— _fe + *23Th (beta decay) 

1% 
| sHe + °33Fr (alpha decay) 

rii a APP in aE pc rr 

half hfc 21 min 
"Fr ——— e *aaRa (beta decay) 

EXTRACTION OF THE METALS 

The metals of this group are too reactive to be found in the free state. 
Their compounds are amongst the most stable to heat, so thermal de- 
composition is impractical. Since the metals are at the top of the elec- trochemical series they react with water, so displacement of one element from solution by another higher in the electrochemical series will be unsuccessful. The metals are the strongest chemical reducing agents known, and so cannot be prepared by reducing the oxides. Electrolysis of aqueous solutions in order to obtain the metal is also unsuccessful unless a mercury-cathode is used, when it is possible to obtain amalgams, but recovery of the pure metal from the amalgam is difficult. The metals may all be isolated by electrolysis of a fused Salt, usually the fused halide, often with impurity added to lower the melting point. Sodium is made by the electrolysis of a molten mixture of about 40% NaCl and 60% CaCl, in a Downs cell (Figure 9.1). This mixture melts at about 600°C compared with 803°C for pure NaCl. The small amount of "alcium formed during the electrolysis is insoluble in the liquid sodium, and dissolves in the eutectic m ! ixture. There are three advantages to clectrolysing à mixture. 

- It lowers the melting point and so reduces the fuel bill. : The lower temperature results in a lower vapour pressure for sodium, Which is important as sodium vapour ignites in air. : At the lower temperature the liberated sodium metal does not dissolve in the melt, and this is important because if it dissolved it would short- Circuit the electrodes and thus prevent further electrolysis. 
continued overleaf 
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Molten sod um Chone Molten sodium 
out out out 

I 

Molten 
electrolyte 

Cathode 

Metal gauze 
TLL IL. 

Figure 9 1 Downs celi for the production of sodium 

A Downs cell comprises a cylindrical steel vessel Imed with firebrick 
measunng about 2 5m in height and 1 5 m in diameter The anode tsa 
graphite rod in the middle and ts surrounded by a cast steel cathode A 
metal gauze screen separates the two electrodes and prevents the Na 
formed at the cathode from recombining with Cl; produced at the anode 
The molten sodium mses as it is less dense than the electrolyte, and 
it 4s collected in an inverted trough and removed and packed into steel 
drums 
A similar cell can be used to obtatn potassium by electrolysing fused 

KC! However, the cell must be operated at a higher temperature because 
the melting point of KCl is higher, and this results in the vaporization of 
the liberated potasstum Since sodium ts a more powerful reducing agent 
than potassium and :s readily available, the modern method ıs to reduce 
molten KCI with sodium vapour at 850°C in a large fractionating tower 
This gives K of 99 5% purity 

Na + KCl —» Nacl + K 

Rb and Cs are produced in a similar way by reducing the chlorides with Ca 
at 750°C under reduced pressure 

USES OF GROUP 1 METALS AND THEIR COMPOUNDS 

Lithium stearate C\7HyCOOL1 1s used in making automobile grease 
Li;CO, 15 added to bauxite in the electrolytic production of aluminium 
as st lowers the melting pomt LiyCO, 1s also used to toughen glass Jt also 
has uses in medicine, as it affects the balance between Na* and K* and 
Mg and Ca?* m the body Lithium metal ıs used to make alloys for 
example with lead 10 make white metal’ bearings for motor engines 
with aluminium to make aircraft parts which are hght and strong, and 
with magnestum to make armour plate There is great interest in lithium 
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for thermonuclear purposes, since when bombarded with neutrons it 

produces tritivm (see the section on Nuclear Fusion in Chapter 31). 

Lithium is also used to make electrochemical cells (both primary and 

secondary batteries). Primary batteries produce electricity by a chemical 

change, and are discarded when they ‘run down’. These have Li anodes, 

carbon cathodes and SOCI, as the electrolyte. There is interest in Li/S 

batteries which could power battery cars in the future, and in secondary 

cells, which may provide a practical way of storing off-peak electricity. 

LiH is used to generate hydrogen, and LiOH to absorb CO;. 

Caustic soda NaOH is the most important alkali used in industry and 

is used for a wide variety of purposes including making many inorganic 

and organic compounds, paper making, neutralizations, and making 

alumina, soap and rayon. Soda ash Na;CO; may be used interchangeably 

with NaOH in many applications such as making paper, soap and deter- 

gents. Large amounts are used in making glass, phosphates, silicates, 

and cleaning preparations and removing SO; pollution from the flue gases 
at coal-fired electricity generating stations. Large amounts of NaSO, are 
used to make soap and detergents, paper, textiles and glass. NaOCl is 
used as a bleach and a disinfectant, and production was about 950000 

tonnes (chlorine equivalent) in 1990. NaHCO; is used in baking powder. 
The use of sodium metal is declining, but about 80000 tonnes were 
produced in 1994. The largest use of sodium is to make a Na/Pb alloy 
needed to make PbEt, and PbMe,. These organolead compounds are 
used as anti-knock additives to petrol, but this use of sodium continues to 
decrease as more cars use lead-free petrol. Another important use is to 
reduce TiCl, and ZrCl, to the metals. Other uses are making Na;O; and 
NaH, and in sodium street lights. Liquid sodium metal is used as,a 
coolant in fast breeder nuclear reactors. It transfers heat from the reactor 
to turbines, where the heat produces steam which is used to generate 
electricity. A fast breeder reactor is still operational at Grenoble (France), 
but another at Dounray (Scotland).has now been decommisioned. These 
reactors operate at a temperature of about 600°C; being a metal, sodium 
conducts heat very well, and as its boiling point is 881?C it is ideal for this 
purpose. Small amounts of the metal are used in organic synthesis, and 
for drying organic solvents. | 

Potassium is an essential element for life. Roughly 95% of potassium 
compounds are used as fertilizers for plants - KCl 9096, K,SO, 995, KNO, 
- m" salts are always more expensive than sodium salts, usually 
= TPN of 10 or more. KOH (which is prepared by electrolysing aque- 
"um n potassium phosphates and also soft soap, e.g. 
used in explosive c E m: m. in liquid detcrgents. KNO; is 
oxidizing a oe a 41s used in the manufacture of saccharin, as an 
ube and = or titrations. KCO; IS used in ceramics, colour TV 
ipe uorescent light tubes. Potassium superoxide KO»; is used in 

E apparatus and in submarines, and KBr is used in photograph 
| Not much potassium metal is produced, and ERA E KO I most of it is used to make 

>. 
~ 
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ELECTRONIC STRUCTURE 

Group | elements all have one valency electron in their outer orbital -ans 
electron which occupies a spherical orbital Ignoring the filled inner shells 

the electronic structures may be written 25', 3s', 4s', 5s', Gy’ and 7st ‘The 
single valence electron is a Jong distance from the nucleus 1s only weakly 
held and ts readily removed Ín contrast the remaining electrons are closer 
to the nucleus, more tightly held, and are removed only with great tif 
ficulty Because of similarities in the. electronic structures. of these £k 

ments many similarities in chemical behaviour would be expected 

SIZE OF ATOMS AND IONS 

Group | atoms are the largest in their horizontal periods in the periodë 

table When the outer electron is removed to give a positive ion, the sz 
decreases considerably There are two reasons for this 

] The outermost shell of electrons has been completely removed 
à Having removed an electron, the positive charge on the nucleus is now 

greater than the charge on the remaing electrons, so that each of the 
remaining electrons is attracted more strongly towards the nucleus This 
reduces the size further 

Positive ions are always smaller than the parent atom Even so the 1975 
are very large, and they increase in size from Li* to Fr* as extra shellè of 
electrons are added 

The L:* is much smaller than the other ions. For this reason Li on} 
mixes with Na above 380°C, and it 1s immiscible with the metals K Rb 

and Cs even when molten, nor will Li form substitutional alloys with 
them In contrast the other metals Na K Rb and Cs are miscible with 
each other in all proportions 

DENSITY 

The atoms are large so Group 1 elements have remarkably low den 
Lithium metal 1s only about half as dense as water, whilst sodium ?” 
potassium are slightly less dense than water (see Table 9 3). It is unus" 

«is 

Table 93 Size and density 

Metallic lone Density 

radius radius M* 
sıx coordinate 1 

(À) (À) (gem) 

I: 1 52 Ü 76 0 54 
Na 1 86 1 02 0 97 
k 227 1 38 0 86 
Rb 2 48 142 ] 53 
Cs 2 65 | 67 ] 9U 

gg eg a a E RR ia E RR i O 
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for metals to have low densities. and in contrast most of the transition 

metals have densities greater than 5gcm"", for example iron 7.9gcm™, 

mercury 13.6gcm™*, and osmium and iridium (the two most dense ele- 

ments) 22.57 and 22.61 gcm ̂ respectively. 

IONIZATION ENERGY 

The first ionization energies for the atoms in this group are appreciably 

lower than those for any other group in the periodic table. The atoms are 

very large so the outer electrons are only held weakly by the nucleus: 

hence the amount of energy needed to remove the outer electron is not 

very large. On descending the group from Li to Na to K to Rb to Cs, the 
size of the atoms increases: the outermost electrons become less strongly 
held, so the ionization energy decreases. 
The second ionization energy - that is the energy to remove a second 

clectron from the atoms — is extremely high. The second ionization energy 
is always larger than the first. often by a factor of two, because it involves 
removing an electron from a smaller positive ion, rather than from a larger 
neutral atom. The difference between first and second ionization energies 
is much larger in this case since in addition it corresponds to removing an 
electron from a closed shell. A second electron is never removed under 
normal conditions, as the energy required is greater than that needed to 
ionize the noble gases. The elements commonly form M* ions. 

Table 9.4 Ionization energies 

First Second 
ionization ionization 
energy energy 

(kJ mol^!) (kJ mol*!) 

Li 520.1 7296 
Na 495.7 4563 
K 418.6 3069 
Rb 402.9 2650 
Cs 375.6 2420 

ELECTRONEGATIVITY AND BOND TYPE 

The electronegativity values for the elements in this group are very small — 
in fact the smallest values of any element. Thus when these elements react 
With other elements to form compounds, a large electronegativity dif- terence between the two atoms is probable, and ionic bonds are formed. 

Na electronegativity 0.9 
CI electronegativity 3.0 

Electronegativity difference 2.] 
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Table 9 5 Electronegativity values 

Pauling's 
eiectronegativity 

Li 10 
Na 09 
K 08 
Rb 08 
Cs 07 

An electronegativity difference of approximately 1 7-1 8 corresponds to 
50% 10nic character The value 2 1 exceeds this, so the bonding in NaCl is 

predominantly iome Similar arguments apply to other compounds for 
example, the electronegativity difference in LiF ts 3 0, and in KBr is 20 
and both compounds are iome 
The chemistry of the alkali metals is largely that of theit tons 

BORN-HABER CYCLE: ENERGY CHANGES IN THE 
FORMATION OF IONIC COMPOUNDS 

When elements react to form compounds, AG (the free energy of forma 
tion) 15 negative. For a reaction to proceed spontaneously, the free energy 
of the products must be lower than that of the reactants 

Usually the energy changes are measured as enthalpy values AH, and 
AG 1s related to AH by the equation 

AG = AH — TAS 

in many cases enthalpy values are used instead of free energy values and 
the two are almost the same if the term TAS issmall At room temperature 
Tis almost 300K, so AG and AH are only similar when the change in 
entropy AS is very small Entropy changes are large when there is a 
change in physical state, e g solid to liquid, or liquid to gas. but otherwise 
entropy changes are usually small 
A whole series of energy changes is involved when one starts from the 

elements and finishes with an ionic crystal These changes are shown in the 

Born- Haber cycle (Figure 9 2) The cycle serves two purposes First tt 
explains how these various energy changes are related. and second, i£ all 
but one of the terms can be measured, then the remaining value can be 

calculated There is no direct way of obtaining electron affinity values and 
these have been calculated from this type of energy cycle 
Hess s Jaw states that the energy change occurmng during a reaction 

depends only on the energy of the initial reactants and the energy of the 
final products and not on the reaction mechanism, or the route taken 

Thus, by Hess's law, the energy change for the reaction of solid sodium 
and chlorine gas to form a sodium chloride crystal by the direct route 
(measured as the enthalpy of formation) must be the same as the sum of 
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Naim + Cho Na + Clo 
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Figure 9.2 Born- Haber cycle for the formation of NaCl. 

all the energy changes going round the cycle by the long route, 1.e. by 
producing first gaseous atoms of the elements, then gaseous ions, and 
finally packing these to give the crystalline solid. This may be expressed as: 

AH, = + AH, + 1+ 4AH, + E+ U 

Details of these energy terms are shown in Table 9.6. A considerable 
amount of energy (the enthalpies of sublimation and dissociation, and 

Table 9.6 Enthalpy (AH) values for MCI (all values in kJ mol~?) 

Sublimation 2 enthalpy of Ionization Electron Lattice Total = 
energy issociation energy affinity energy enthalpy of 

M(g-Mq IC1,-Cl M-M* CI-ClI^ EO 

Li 161 121.5 ; 520 —355 —845 *«397 
E a 121.5 496 —355 -TIO 7399.5 
Rb 121.5 419 5335 —703 -427.5 
Cs : 121.5 403 —355 ~674 422.5 

8 121.5 376 355 —644 —423.5 
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Energy 

the jonization energy) 1s used to produce the 10ns, so these terms are 
positive Ionic solids are formed because an even larger amount of energy 
is evolved, mainly coming from the lattice energy and to a smaller exten 
from the electron affinity, resulting 1n a negative value for the enthalpy 
of formation AA, 

AN the halides MC) have negative enthalptes of formation, which 
indicates that thermodynamically (that ts 1n terms of energy) it i5 feasible 
to form the compounds MCI from the elements The values are shown in 
Table 9 7 Several trends are apparent in these values 

1 The most negative enthalpies of formation occur with the fluorides For 
any given metal, the values decrease in the sequence fluoride > chlonde 
> bromide > iodide Thus the fluondes are the most stable, and the 
iodides the least stable 
The enthalpres of formation for the chlorides, bromides and iodides 
become more negative on descending the group This trend is observed 
with most salts, but the opposite trend is found in the fluorides 

t3 

fonic compounds may also be formed in solution, when a similar cycle 
of energy changes must be considered, but the hydration energies of the 
positive and negative ions must be substituted for the lattice energy 

The energy cycle shown in Figure 9 3 1s very similar to the Born—Haber 
cycle The enthalpy of formation of hydrated ions from the elements in 
their natural state must be equal to the sum of all the other energy changes 
zomg round the cycle 

Mi * Xu Min t Xip 

+ 3 Enthalpy of — Electron 

dissociation affinity (E) 

verto | Mg * Xg à I 
M ig * Kag ————— — 

Ul) — Enthaipy ot 

hydration M* 

| + lonization energy 

Mig + 2X igi t 2^zgl 

rated) + 
| + Enthalpy of sublimation Minyaraneds iai 
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Table 9.7 Standard enthalpies of formation for Group 1 

halides (all values in kJ mol) 
EI a Me Led ME 

MF MCI MBr MI 
aD DM o 

Li —612 —398 —350 -— 

Na —569 —400 —360 —288 

K —563 —428 —392 —328 

Rb —549 —-423 —389 —329 

Cs —531 —424 —395 —337 
rr RR RR REAPER PME 

c 

STRUCTURES OF THE METALS, HARDNESS AND COHESIVE 

ENERGY 

At normal temperatures all the Group 1 metals adopt a body-centred 
cubic type of lattice with a coordination number of 8. However, at very 
low temperatures lithium forms a hexagonal close-packed structure with 
a coordination number of 12. 
The metals are all very soft, and can be cut quite easily with a knife. 

Lithium is harder than the others, but is softer than lead. Bonding in 
metals is discussed in Chapters 2 and 5 in terms of delocalized molecular 
orbitals or bands, extending over the whole crystal. 
The cohesive energy is the force holding the atoms or ions together in 

the solid. (This is the same in magnitude, but the opposite in sign, to the 
enthalpy of atomization, which is the energy required to break the solid up 
into gaseous atoms.) The cohesive energies of Group 1. metals are about 
half of those for Group 2, and one third of those for Group 13 elements. 
The magnitude of the cohesive energy determines the hardness, and it 
depends on the number of electrons that can participate in bonding and 
on the strength of the bonds formed. The softness, low cohesive energy 
and weak bonding in Group 1 elements are consequences of these metals 
having only one valency electron which can participate in bonding (com- 
pared with two or more electrons in most other metals), and of the large 
size and diffuse nature of the outer bonding electron. The atoms become 
larger on descending the group from lithium to caesium, so the bonds 
are weaker, the cohesive energy decreases and the softness of the metals 
Increases. 

Table 9.8 Cohesive energy 

Cohesive energy 
(enthalpy of atomization) 

(kJ mol!) 

Li 161 
Na 108 | 
K 90 
Rb 82 
Cs 78 
n -—! Á—À———Á———————— MON 
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MELTING AND BOILING POINTS 

The generally low values for cohesive energy are reflected in the very 

low values of melting and boling points in the group The cohesive 

energy decreases down the group, and the melting points decrease 

correspondingly 

The melting points range from lithium 181°C to caesium 28 5°C These 

are extremely low values for metals, and contrast with the melting points 

of the transition metals, most of which are above 1000 C 

The melting point of lithium is nearly twice as high (in °C) as that for 
sodium, though the others are close together With many properties i s 

found that the first element in each group differs appreciably from the rest 
of the group {Differences between hthium and the other Group 1 ele 
ments are discussed near the end of this chapter ) 

Tahle 9 9 Melting and boiling points 

Melting point Boring point 
(°C) (°C) 

Li 181 1347 
Na 98 881 
K 63 766 
Rb 39 688 
Cs 28 5 105 

FLAME COLOURS AND SPECTRA 

A result of the low tontzation energies 1s that when these elements are 

irradiated with light, the light energy absorbed may be sufficient to make 
an atom lose an electron Electrons emitted in this way are called photo 

electrons and this explains the use of caesium and potassium as cathodes 
in photoelectric cells 

Electrons may also be quite readily excited to a higher energy level for 
example in the flame test To perform this test, a sample of the metal 

chloride, or any salt of the metal morstened with concentrated HC]. (5 

heated on a platinum or nichrome wire in a Bunsen burner flame The heat 
from the burner excites one of the orbital electrons to a higher energy 

Table 9 10 Flame colours and wavelengths 

Colour Wavelength Wavenumber 
(nm) (ecm^ ) 

Li crimson 670 8 14 908 
Na yellow 589 2 16972 
K * hlag 7665 13046 
Rb red - violet 180 0 12821 
Cs blue 455 5 2] 954 



COLOUR OF COMPOUNDS 

level. When the excited electron drops back to its original energy level it 

gives out the extra energy it obtained. The energy E is related to the wave 

number v by the Einstein relationship: i 

E = hv (where h is Planck's constant) 

For Group 1 metals, the energy emitted appears as visible light, thus 

giving the characteristic flame colorations. 

The colour actually arises from' electronic transitions in short-lived 

species which are formed momentarily in the flame. The flame 1s rich in 

electrons, and in the case, of sodium the ions are temporarily reduced to 

atoms. 

Na* + e— Na 

The sodium D-line (which is actually a doublet at 589.0 nm and 589.6 nm) 

arises from the electronic transition 3s! — 3p! in sodium atoms formed in 

the flame. The colours from different elements do not all arise from the 

same transition, or from the same species. Thus the red line for lithium 

arises from a short-lived LiOH species formed in the flame. 
These characteristic flame colorations of the emission spectra are used 

for the analytical determination of these elements by flame photometry. A 
solution of a Group 1 salt is aspirated into an oxygen- gas flame in a flame 
photometer. The energy from the flame excites an electron to a higher 
energy level, and when it falls back to the lower energy level the extra 
energy is given out as light. The intensity of the flame coloration 1s mea- 
sured with a photoelectric cell. The intensity depends on the concentration 
of metal present. A calibration graph is produced by measuring intensities 
with known standard solutions, and the exact concentration of the un- 
known solution can be found by comparison with the standard graph. 

Alternatively atomic absorption spectroscopy may be used to estimate 
Group 1 metals. Here a lamp that emits a wavelength appropriate for a 
particular electronic transition is used to irradiate the sample in the flame. 
Thus a sodium lamp is used to detect sodium in the sample: other lamps 
are used to detect other elements. The amount of light absorbed, this time 
by the ground state atoms, is measured, and is proportional to the amount 
of the particular element being tested for. 

COLOUR OF COMPOUNDS 

Colour arises because the energy absorbed or emitted in electronic transi- 
tions corresponds to a wavelength in the visible region. The Group ] metal 
ions all have noble gas configurations in which all the electrons are paired. 
Thus promoting an electron requires some energy to unpair an electron 
some to break a full shell of electrons and some to promote the Slectrón 
toa higher level. The total energy is large: hence there are no suitable 
oo E the compounds are typically white. Any transitions which 

than ; ; 5 : of high energy, will appear in the ultraviolet region rather 
in the visible region. and will be invisible to the human eye. Com- 
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pounds of Group 1 metals are typically white, except those where the anion 
is coloured, for example sodium chromate Na;[CrO,] (yellov ), potasstum 
dichromate K;[Cr;O;] (orange), and potassimm permanganate K[MnO,] 
(deep purple) In these cases the colour comes from the amans [CrO], 
[Cr;O;P^ or [MnO,]" and not from the Group 1 metal 10n 
When Group | elements form compounds (usually tonic, but there are a 

few covalent compounds) all the electrons are patred Because of this 
Group 1 compounds are diamagnetic There is one notable exception - 
the superoxides, which are discussed later 

CHEMICAL PROPERTIES 

Table 9 11 Some reactions of Group 1 metals 

Reaction Comment 

M + H0O- MOH +H: The hydroxides are the strongest bases known 

with excess dioxygen 
Li + 0O.—LeQO Monoxide is formed by Li and to a small extent 

by Na 
Na -- O— Na,0, Peroxide formed by Na and to a small extent 

by Lt 
K - 0,;— KO, Superoxide formed by K, Rb, Cs 

M + H,— MH Ionic salt hike hydrides 

Li - N;— LuN Nitride formed only by Li 

M -FPM;P All the metals form phosphides 
M * As MAS A the metals form arsenides 
M 4 Sb — M,Sb All the metals form stibnides 

M * 52 M;S All the metals form sulphides 
M 4 Se — M;Se All the metals form selentdes 
M + Te — M;Te All the metals form tellurides 

M + F= MF Ali the metals form fluorides 
M * Cl; MCI All the metals form chlorides 
M * Br;  MBr All the metals form bromides 
M +I, MI All the metals form iodides 

M + NH,-+ MNH, All the metals form amides 

Reaction with water 

Group 1 metals all react with water, liberating hydrogen and forming the 
hydroxides The reaction becomes increasingly violent on descending 
the group Thus lithium reacts gently, sodium melts on the surface af the 
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water and the molten metal skates about vigorously and may catch fire 

(especially if localized), and potassium melts and always catches fire. 

2Li 4 2H;0 — 2LiOH + H: 

2Na + 2H20 — 2NaOH + H 

2K 4 2H;0 —9 2KOH + Hp 

The standard electrode potentials E° are Li*|Li = -—3.05 volts, 

Na*|Na = ~2.71, K*|K = —2.93, Rb*|Rb = —2.92, Cs™|Cs = —2.92. 

Lithium has the most negative standard electrode potential of any element 

in the periodic table, largely because of its high hydration energy. Standard 

electrode potentials E° and Gibbs free energy AG are related by the 

equation: 

AG = —nFE? 

where n is the number of electrons removed from the metal to produce the 
ion, and F is the Faraday constant. 
The reaction Li*^ + e — Li has the largest negative E? value, and hence 

the largest positive AG value. Thus the reaction does not occur. However, 
the reverse reaction Li — Li* -- e has a large negative value of AG, so 
lithium liberates more energy than the other metals when it reacts with 
water. In view of this it is at first sight rather surprising that lithium reacts 
gently with water, whereas potassium, which liberates less energy, reacts 
violently and catches fire. The explanation lies in the kinetics (that is the 
rate at which the reaction proceeds), rather than in the thermodynamics 
(that is the total amount of energy liberated). Potassium has a low melting 
point, and the heat of reaction is sufficient to make it melt, or even vapor- 
ize. The molten metal spreads out, and exposes a larger surface to the 
water, so it reacts even faster, gets even hotter and catches fire. 

Reaction with air 

Chemically, Group | elements are very reactive, and tarnish rapidly in dry 
air. Sodium, potassium, rubidium and caesium form oxides of various 
types, but lithium forms a mixture of the oxide and the nitride. Li3N. 

Reaction with dinitrogen 

Lithium is the only element in the group that reacts with dinitrogen to form 
: nitride. Lithium nitride, Li,N, is ionic (3Li* and N3-), and is ruby red. 
Wo reactions of the nitride are of interest. First, on heating to a high 

temperature it decomposes to the elements, and second, it reacts with Water, giving ammonia. 

is Grane 
Li3N + 3H,0 > 3LiOH + NH; 
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OXIDES, HYDROXIDES, PEROXIDES AND SUPEROXIDES 
1 

Reaction with air 

The metals all burn in air to form oxides, though the the product varies 
depending on the metal Lithium forms the monoxide LiO (and some 
peroxide Li;O;), sodium forms the peroxide Na;0; (and some monoxide 
Na,O), and the others form superoxides of the type MO; 

All five metals can be induced to form the normal oxide, peroxide or 
superoxide by dissolving the metal in liquid ammonia and bubbling in the 
appropriate amount of dioxygen 

Normal oxides ~ menoxides 

The monoxides are 10nic, for example 2Li* and O?^^. Li0 and NajO are 
pure white solids as expected, but surprisingly K,O is pale yellow, Rb;O 
is bright yellow and Cs;O :s orange Metallic oxides are usually basic The 
typical oxides MO are strongly basic oxides, and they react with water, 
forming strong bases 

^. L50 * H;O > 2L:10H 

NaO + H,O — 2NaOH 

The crystal structures of LeO, NaO K,O and Rb;O are anti fluonte 
structures "The anti-fluorite structure is like that for fuorite CaF», except 
that the positions of the positive and negative 10ns are interchanged Thus 
Lit fill the sites occupied by F^, and O^- fill stes occupied by Ca^. Cs;O 
has an anti CdCl, layer structure 

Hydroxides 

sodium hydroxide NaOH 1s often called caustic soda, and potassium 
hydroxide ıs caled caustic potash, because of therr corrosive properties 
(for example on glass or on skin) These caustic atkalts are the strongest 
bases known in aqueous solution The hydroxides of Na, K, Rb and Cs are 
very soluble in water. bur LiOH is much less soluble {see Table 9 12) At 

1 

Table 9,12 Solubuity of Group 1 hydroxides 

Element Solubility 
(p/Mg H-O) 

Li 130 (25*C)" 
Na 108 5 (25*C) 
K 112 8 (25°C) 
Rb 197 6 (30°C) 
Cs 385 6 (15*C) 
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25°C a saturated solution of NaOH is about 27 molar, whilst saturated 

LiOH is only about 5 molar. 

The bases react with acids to form salts and water, and are used for 

many neutralizations. 

NaOH + HCI — NaC! + H,O 

The bases also react with CO», even traces in the air, forming the car- 

bonate. LIOH is used to absorb carbon dioxide in closed environments 

such as space capsules (where its light weight is an advantage in reducing 

the launching weight). 

2NaOH + CO; = NaCO, T H,O 

They also react with the amphoteric oxides, Al;O; forming aluminates, 
SiO; (or glass) forming silicates, SnO; forming stannates, PbO; forming 
plumbates and ZnO forming zincatts. f I 
The bases liberate ammonia from both ammonium salts and coordina- 

tion complexes where ammonia is attached tosa transition metal ion 
(ammine complexes). 

NaOH + NH,Cl > NH; + NaCl + H,O 
6NaOH + 2{Co(NH;),]Cl; > 12NH; + Co,0, + 3NaCl + 3H,O 

hexammine 
cobalt(III) chloride 

NaOH reacts with H2S to form sulphides S*~, and hydrogen sulphides 
SH”, and it is used to remove mercaptans from petroleum products. 

NaOH + HS — NaSH — NaS 

The hydroxides react with alcohols, forming alkoxides. 

NaOH + EtOH — NaOEt + H,O 
sodium ethoxide 

KOH resembles NaOH in all its reactions, but as KOH is much more 
expensive it is seldom used. However, KOH is much more soluble in 
alcohol, thus producing OC;H; ions by the equilibrium 

C;H.OH 4 OH" - OCH; + H,O 

This accounts for the use of alcoholic KOH in organic chemistry. Group 1 
hydroxides are thermally stable, illustrating the strong electropositive 
nature of the metals. On heating, many hydroxides decompose, losing 
water and forming the oxide. 

Peroxides and superoxides 

The peroxides all contain the [—O—0O-—]?- ion. They are diamagnetic (all the electrons are paired). and are oxidizing agents. They may be regarded as salts of the dibasic acid H5O;, and they react with water and acid, giving hydrogen peroxide H-0». 
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NaO, + 2H,0 — 2NaOH 4 H;0, 

Na,O, 15 pale yellow m colour [t is used industrially for bleaching wood 
pulp paper and fabnes such as cotton and linen. ftis a powerful oxidant, 
and many of its reactions are dangerously violent, particularly with mat 
enials that are reducing agents such as aluminium powder, charcoal, 
sulphur and many organic liquids. Because it reacts with CO; in the air it 
has been used 1o purify the oir in submarines and confined spaces, as it 
both removes CO, and produces O, Potassium superoxide KO, ts even 
better for this purpose. Some typical reactions are 

Na,Q, + Al— ALIO, 

Na;O; 4 Cr* — CrOZ7 
Na;O, * CO — Na,CO, 

2Na;0, -- 2CO, ^ Na;CO, 4- O, 

The industnal process for forming sodium peroxide is a two Stage reaction 
in the presence of excess air 

2Na + 40, — Na;O 

Nad + 40, — NaO, 

The superoxides contain the jon [O5] ̂ , which has an unpaired electron, 
and hence they are paramagnetic and are all coloured (LiO; and NaO; 
yellou, KO; orange, RbO, brawn and CsQ, orange} 
NaO; has three different crystal structures, the marcasite structure at 

liquid ajr temperatures, the pyntes structure FeS, between —77°C and 
-50°C, and a calcium carbide CaC; structure at room temperature Both 
the pyrites and calcium carbide structures are related ta the NaCl structure 
in that the metal ions occupy the Na* sites, and Oz, S27 and C3™ rons are 
centred on the CI” sites Since the negative ions contain two atoms, their 
shape is an elongated rod rather than a sphere. 1n the CaC;z structure, the 
Ci" tons are all oriented along one of the cubic axes, and thus the unit 
ceil :s elongated in that direction. hence the unit cell 15 cubic in NaCl but 
tetragonal in CaC; The pyrites structure i5 similar, but the C$^ tons arè 
not ali m alignment, and the cubic structure is retained 

Superoxides are even stronger oxidizing agents than peroxides, and 
give both H-0; and O, with either water or actds 

KO, T 2H;0.—5 KOH + H-O- + iO, 

KO), ts used in space capsules, submarines, and breathing masks, because 
it both produces dioxygen and removes carbon dioxide Both functions 
are important in life support systems 

4KO; + 2CO,; 2K,CO, + 30, 

4KO; + 4CO; -- 2H0— 5? , 4KHCO, + 302 



SULPHIDES 

Sodium superoxide cannot be preparea vy burning the metal in dioxygen 

at atmospheric pressure, but it is made commercially and in good yields 

by reacting sodium peroxide with dioxygen at a high temperature and 

pressure (450*C and 300 atmospheres) in a stainless steel bomb. 

Na;O05 T O, — 2NaO; 

The bonding in peroxides and superoxides is described in the 

examples of molecular orbital treatment in Chapter 4. The peroxide ion 

[—-O—O—]?~ has 18 electrons, which occupy the molecular orbitals as 

shown: 
2 * 2 

2 * 2 | M2py, Ju" 2py ols’, o*1s°, 625°, *2s°, o2p;. Lr ee 

Increasing energy 

Thus the bond order is one, corresponding to a single bond. 
The superoxide ion [O5]" has only 17 electrons, which give a bond 

order of 1.5. 

2 *^5,42 

c1s?, c* 152, o2s^, o*2s?, o2p?, m f7 Pv 
n2p;, \n*2p; 

Generally, large atoms or ions form weaker bonds than small ones. The 
peroxide and superoxide ions are large, and it is noteworthy that the 
stability of the peroxides and superoxides increases as the metal ions 
become larger. This shows that large cations can be stabilized by large 
anions, since if both ions are similar in size the coordination number will 
be high, and this gives a high lattice energy. 

SULPHIDES | 

The metals all react with sulphur, forming sulphides such as NaS, and 
polysulphides NaS, where n = 2, 3, 4, 5 or 6. The polysulphide ions are 
made from zig-zag chains of sulphur atoms. 

S S $— 
/ N £N 

=o $- —§ S 

Sodium sulphide can also be made by heating sodium sulphate with 
carbon, or by passing H;S into NaOH solution. 

Na SO, + 4C > NaS + 4CO 

NaOH 4- HS —> NaHS + H,O 
NaOH + NaHS > NaS + H,O 

Group 1 sul MES phides hydrolyse appreciably in water, giving strongly alkaline 

S S S S S- 
IANS N /NZN/ 

-S $ S- -S S S 
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Na;5 + H0 — NaSH + NaOH 

Na;S 1s used to make organic sulphur dyestuffs and tn the leather industry 
to remove hair from hides Naj2S is readily oxidized by air to form sodium 
thiosulphate which 15 used in photography to dissolve siiver halides and 
as a laboratory reagent for iodine titrations 

2Na,S + 20; 4- HO — Na;S,0. 4- 2NaOH 
2Na33304 + 1; -— Na2340& + 2Nal 

SODIUM HYDROXIDE 

Sodium hydroxide ıs the most important alkali used in industry Its 
produced on a large scale (38 7 millton tonnes in 1994) by the electrolysis 
of an aqueous solution of NaCl (brine) using either a diaphragm cell ot 
a mercury cathode cell At one time ıt was afso made from Na CO, by the 
lime-caustic soda process but this 15 only used a little nowadays as other 
methods are cheaper Details of the industrial methods uses and ton 
nages are given in Chapter 10 

SODIUM HYDROGENCARBONATE (SODIUM BICARBONATE) 

About 900000 tonnes of NaHCO, were produced in 1991 of which 40% 
ts used for baking powder 15% to make other chemicals 12% im pharma 
ceutical products including anti acid preparations for indigestion and 
1076 1n fire extinguishers An increasing use is flue gas desulphurization 
NaHCO, can be used on tts own to make cakes or bread rise since tt 

decomposes between 50°C and 100°C giving bubbles of CO, 

2NaHCO, SE", NaCO, + H-O + CO, 
Baking powder 1s more commonly used and contains NaHCO; 
Ca(H;PO,). and starch. The Ca(H-PO,)» 1s acidic and. when moni 
ened it reacts with NaHCO, giving CO. The starch :s a filler. Àn 1m 

proved combination baking powder contains about 40% starch 30% 
NaHCO, 20% NaAl(SO}), and 10% Ca(H>PO,), The NaAl(S0:) 
slows the reaction down so the CO. is given off more slowly 

SODIUM SULPHATE 

About 4 3 million tonnes of Na;SO, were used 1n 1993 About 55% of 
this is made synthetically as a by product from the manufacture of Á 
and also from many neutralization processes that use H SO, About 45% 
maniy Glauber s salt Na,SOQ; JOH O 15 mined 
The major use of NaSO — some 7095 — is in the paper industry and 

about 1076 is used in detergents and 1096 in glass manufacture In the 

Kraft paper making process a strong alkaline solution of Na SQ, 1s 0% 
to dissolve the Itgnin that holds the cellulose fibres together in wood ch 



Group 1 nitrates are fair! 
stable nitrates know 

OXOSALTS — CARBONATES, BICARBONATES, NITRATES AND NITRITES 

The cellulose fibres are then turned into corrugated cardboard and brown 

OXOSALTS — CARBONATES, BICARBONATES, NITRATES AND 

NITRITES 

Group 1 metals are highly electropositive and thus torm very strong 

bases, and have quite stable oxosalts. 

The carbonates are remarkably stable, and will melt before they even- 

tually decompose into oxides at temperatures above 1000?C., Li;CO; is 

considerably less stable and decomposes more readily. 

Because Group 1 metals are so strongly basic, they also form solid 

bicarbonates (also called hydrogencarbonates). No other metals form 

solid bicarbonates, though NH4HCO. also exists as a solid. Bicarbonates 

evolve carbon dioxide and turn into carbonates on gentle warming. This 

is one test for bicarbonates in qualitative analysis. The crystal structures of 
NaHCO, and KHCO; both show hydrogen bonding, but are different. 
In NaHCO, the HCO;j ions are linked into an infinite chain, whilst in 
KHCO, a dimeric anion is formed. 

| O—H---O e 
/ X 

O—C C—O 

O---H—O 

Lithium is exceptional in that it does not form a solid bicarbonate, though 
LiHCO, can exist in solution. All the carbonates and bicarbonates are 
soluble in water. 

Over 50000 tonnes of LizCO; are produced annually. Most of it is 
added as an impurity to Al,O; to lower its melting point in the extraction 
of aluminium by electrolysis. Some is used to toughen glass (sodium in the 
glass is replaced by lithium). Na;CO. is used as washing soda to soften 
water in hard water areas, and NaHCO, is used as baking powder. 

The nitrates can all be prepared by the action of HNO; on the corre- 
sponding carbonate or hydroxide, and they are all very soluble in water. 
LINO; is used for fireworks and red-coloured distress flares. Large de- 
posits of NaNO, are found in Chile, and are used as a nitrogenous fer- 
ülizer. Solid LiNO; and NaNO, are deliquescent, and' because of this 
KNO; is used in preference to NaNO, in gunpowder (gunpowder is a 
mixture of KNO;, sulphur and charcoal). KNO; is usually obtained from 
synthetic nitric acid and K5COA4, but at one time it was made from NaNO;: 

2HNO, + K,CO; —- 2KNO,; + CO, + H-0 

NaNO, + KCI — KNO, + NaCl : 

y low melting solids, and are amongst the most 
n. However, on strong heating they decompose into 
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nitrites, and at higher temperatures to the oxide LiNO, decomposes more 
readily than the others, forming the oxide 

2NaNO, €. JNaNO, 4- O; 

4NaNO; == 2Na,.0 + 50, + 2N, 

Alkal: metai nitrates are widely used as molten salts as a solvent tn which 
to carry out high temperature oxidations, and also as a heat transfer 
medium They are used up. to around 600°C, but molten salt baths are 
often used at much Jower temperatures For example, a 1 1 muxture of 
LiNOwWKNO, melts at the surprisingly low temperature of 125°C 

Nitrites are important tn the manufacture of organonitrogen com 
pounds, the most important being the azo dyes Small amounts of NaNO, 
are used in molten salt baths with NaNO, and some ts used as a food 
preservative Nitrites are easily recognized tn the laboratory, because on 
treatment with dilute acids they produce brown fumes of NO; 

2NaNO, + 2HCI -+ ZNaCi - H0 + NO, + NO 

NaNO, is manufactured by absorbing oxides of nitrogen in NaCO; 
solution 

Na,;CO; + NO, + NO — 2NaNO; + CO; 

They can also be made by thermal decomposition of nitrates and the 
chemical reduction of nitrates 

2NaNO, + C— 2NaNO, + CO, 
KNO, + Zn — KNO; + ZnO 

or by reacting NO with a hydroxide 

2KOH 4 4NO 5 2KNO, -- N,O -. H;O 
4KOH + 6NO > 4KNO, +N, + 2H,O 

HALIDES AND POLYHALIDES 

Since Li* is the smallest :0n in the group, ıt would be expected to form 
hydrated salts more readily than the other metals LiCi, LiBr and Lil form 
tnhydrates L:X 3H,O0 but the other alkali metal halides form anhydrous 
crystals 

All the halides adopt a NaC! type of structure with a coordination 

number of 6 except for CsCl, CsBr and CsI The latter have a CsCl type of 

structure with a coordination number of 8 Rather more compounds adopt 
the NaCl type of structure than would be expected from the radius ratios 

Of the tons r*/r^ , and the reason for thus structure being adopted i5 that it 

gives the highest lattice energy (see the sections on Ionic compounds © 
the type AX, and Lattice energy in Chapter 3) 



HYDRIDES 

The alkali metal halides react with the halogens and interhalogen 

compounds forming ionic polyhalide compounds: 

KI + I; — K[E] 
KBr + ICI — K[BrICI] 

KF + BrF3; — K[BrF;] 

HYDRIDES 

Group 1 metals all react with hydrogen, forming ionic or salt-like hydrides 

M*H". However, the ease with which they do so decreases from lithium 

to caesium. These hydrides contain the H^ ion (which is not commonly 

found, since hydrogen usually forms H* ions). It can be proved that H^ 

ions exist because on electrolysis hydrogen is liberated at the anode. — . 

The hydrides react with water, liberating hydrogen, and lithium hy- 

dride is used as a source of hydrogen for military purposes and for filling 

meteorological balloons. 

LiH 4 HO — LiOH + H; 
Lithium also forms a complex hydride Li[AIH,], called lithium aluminium 
hydride, which is a useful reducing agent. It is made from lithium hydride 
in dry ether solution. 

4LiH 4 AICI — Li[AIH;] + 3LiCl 

Lithium aluminium hydride is ionic, and the [AIH4]" ion is tetrahedral. 
Li[AlH4] is a powerful reducing agent and is widely used in organic. 
chemistry, as it reduces carbonyl compounds tó alcohols. It reacts violently 
with water, so it is necessary to use absolutely dry organic solvents, for 
example ether which has been dried over sodium. LifAlH,] will also 
reduce a number of inorganic compounds. 

BCI, T Lif AIH, ] — B2Hg diborane 

PCl, * Li(AIH;] — PH, phosphine 

SfCla F LI[AIH4] — SiH, silane 

Sodium tetrahydridoborate (sodium borohydride) Na[BH4] is another 
hydride complex. It is ionic, comprising tetrahedral [BH,]~ ions. It is best 
obtained by heating sodium hydride with trimethyl borate: 

4NaH + B(OCH3;)3—---—» Na[BH,] + 3NaOCH, 
Other tetrahydridoborates for Group 1 and 2 metals, aluminium and 
ie transition metals can be made from the sodium salt. These tetra- 
ydridoborates are used as reducing agents, and the alkali metal com- 
ne (particularly those of Na and K) are becoming increasingly used 
ae y a much less sensitive to water than Li[AIH,]. Thus Na[BH,4] 

€ crystallized from cold water, and K[BH4] from hot water, so they 
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have the advantage that they can be used in aqueous solutions. The other. 
react with water (See Group 13 ) 

[BH,]~ + 2H;Q j BO; + 4H, 

SOLUBILITY AND HYDRATION 

All the simple salts dissolve in water, producing rons, and consequently 
the solutions conduct electricity Since Lt” rons are small, it might be 
expected that solutions of lithium salts would conduct electricity better 
than solutions of the same concentration of sodium, potassium, rubidum 
or caesium salts The small ions should migrate more easily towards the 
cathode, and thus conduct more than the larger rons However, tone 

mobility or conductivity measurements in aqueous solution (Table 9 13) 
give results in the opposite order Cs* > Rb* > K* > Na* > Lit The 
reason for this apparent anomaly ts that the tons are hydrated in solution 
Since L:* ts very small, it is heavily hydrated This makes the radius of 
the hydrated 10n large, and hence it moves only slowly In contrast, Cst 
t$ the least hydrated, and the radius of the hydrated Cs* on ts smaller 
than the radius of hydrated Li, and hence hydrated Cs* moves faster 
and conducts electricity more readily 

Table 9 13 fone mobilities and hydration 

lomc tonic Approx radius Approx Hydration terms 
radius mobility hydratedicn hydration. —————————— 
(A) at infimte (A) number | AH? AS AG 

dilution (kJ mol ') 

Li’ 0 76 33 5 3 40 25 3 —$44 -13  -506 
Nat 102 43 5 2 76 16 6 -435 -100 -4% 
K* 1 38 64 5 2 32 10 5 -352 -67 -330 
Rb' 152 67 5 2 28 10 0 —326  -54 310 
Cs* t 47 68 Q 2 28 9g -293  -S0 -27% 

The hydration number 1s the average number of water molecules associated with 
the metal ion The values need not be whole numbers and are obtained by 
measuring the transference of water in a conductivity cell 

Some water molecules touch the metal 1on and bond to it. forming a 
complex These water molecules constitute the primary shell of water 
Thus Li” 1s tetrahedrally surrounded by four water molecules This may 
be explained by the oxygen atoms of the four water molecules using a lone 
pair to form a coordinate bond to the metal ton. With four electron pair 
in the valence shell the VSEPR theory predicts a tetrahedral structure 
Alternatively, using valence bond theory the 2s orbital and the three 2p 
orbitals form four sp' hybrid orbitals which are filled by the lone pais 
from the oxygen atoms 



' SOLUBILITY AND HYDRATION 
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With the heavier ions, particularly Rb* and Cs*, the number of water 

molecules increases to six. VSEPR theory predicts an octahedral structure 

Valence bond theory also indicates an octahedral arrangement using one s 

orbital, three p orbitals and two d orbitals for bonding. 

3d 45 4p 

Electronic structure of full IL TLLLI CIT) 

potassium atom in the inner T 

ground state shell 
3d As 4p 

Electronic structure of 

' 3d 4s 4p 

Electronic structure of 

K' bonded to six | LE lajs 

molecules of water 

six orbitals — octahedral 

(d^sp? hybridization) 

A secondary layer of water molecules further hydrates the ions, though 
these are only held by weak ion-dipole attractive forces. The strength of 
such forces is inversely proportional to the distance, that is to the size of 
the metal ion. Thus the secondary hydration decreases from lithium to 
caesium, and accounts for Li* being the most heavily hydrated. | 

Note that the d orbitals comprise a group of three (called to, orbitals), 
and a group of two (called e, orbitals). Only the group of two is used 
for bonding. 
c size of the hydrated ions is an important factor affecting the passage 
a I - through cell walls. It also explains their behaviour on cation- 

nge columns, where hydrated Li* ions are attached ! 
hence eluted first. E "—— 
"os decrease in hydration from Li* to Cs* is also shown in the crystal- 
nin salts, for nearly all lithium salts are hydrated, commonly as trihy- 

ates. In these hydrated Li salts Li* is coordinated to 6H5O, and the 
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octahedra share faces forming chatns Many sodium satts are hydrated 
eg NaCO, 10H;0, Na;CO; 7H;O and Na;CO; H3O Few potassium 
salts and no rubidium or caesum salts are hydrated 

The simple salts are all soluble in water, and so tn qualitative analysis 
these metals need to be precipitated as less common salts Thus Na‘ 3s 
precipitated by adding zinc (or copper) uranyl acetate solution and pré 
cipitating NaZn(UOQ,)(Ac)y HzO sodium zine uranyl acetate K* 3 
precipitated by adding a solution of sodium cobaltinitrite and precipitating 
potassium cobatftinitrite K3[Co(NO5)4] or by adding perchloric acid and 
precipitating potasstum perchlorate KCIO, Group 1 metals can be ed 
timated gravimetrically, sodium as the uranylacetate, and potassium! 

rubidium and caesium as tetraphenylborates However modern instr 
mental methods such as flame photometry and atomic absorption sper 
trometry are much quicker and easter to use and are now used in pre 
ference to gravimetric analysis 

K* 4 Nax[Co(NO;)g] ^ Na* 4 K3(Co(NO;)s] potassium cobaltintrrt® 

K" * NaCIO, — Na* + KCIO, potassium perchlorate 

K* + Na[B(CsHs)4] — Na* + K[B(C,Hs)4] potassium 
tetraphenylborate 
quantitative precipitate 

If a salt ts insoluble its lattice energy 1s greater than the hydration energy 
K[B(C.Hs).4] ts insoluble because the hydration enerpy ts very small as 4 
result of the large size of its jons 
The solubility of most of the salts of Group 1 elements im water decrease? 

on descending the group For a substance to dissolve the energy evalve 
when the tons are hydrated (hydration energy) must be larger than th* 
energy required to break the crystal lattice (lattice energy} Conversely, | 
the solid 1s insoluble the hydration energy is less than the lattice energy 

Strictly ın the two cycles shown in Figure 9 4 we should use Gibbs fre* 
energy AG values In particular, the lattice enerpy i5 2n enthalpy 
term and we should use AG? the standard free energy for converti6 
the crystalline salt into gaseous ions an infinite distance apart Howevel 
the two terms differ only by a small term for the entropy of vaporizati” 

Table 9 14 Hydration and lattice energy values for Group 1 halides at 25°C 

Free energy Lattice energy (kJ mol^ 7) 
of hydration í 

AG" MF MCI MBr M 
(kJ mol !) ee LLL M 

Lat — 506 —1035 -B45 — 800 -1 
Na* —406 —908 —770 ~736 -6 
K* —330 —803 ~703 -674 IT 
Rb* —310 —770 —674 —653 I 
Cs* -276 -720 —644 ~623 ^ pe 
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Figure 9.4 Solubility related to lattice energy and hydration energy. (a) The solid. 
dissolves, (b) the solid is insoluble. 

of the ions. It should in principle be possible to predict solubilities from 
lattice energies and hydration energies. In practice there are difficulties in 
predicting solubilities because the values for the data are not known very 
— and the result depends on a small difference between two large values. 
The reason why the solubility of most Group 1 metals decreases on descending the group is that the lattice energy only changes slightly, but the free energy of hydration changes rather more. For example, the difference in lattice energy between NaCl and KC! is 67 kJ mol^!, and yet the difference in AG hydration) for Na* and K* is 76kJ mol~!. Thus KCl is less soluble than NaCl. 
The Group 1 fluorides and carbonates are exceptional in that their solubilities increase rapidly on descending the group. The reason for this is that their lattice energies change more than the hydration energies on descending the group. The lattice energy depends on electrostatic attrac- tion between ions, and is proportional to the distance between the ions, that is proportional to I/(r* + r~). It follows that the lattice energy will 
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Table 9 15 Solubilities of Group 1 halides 
—— ——— ————————— A———————!À——— —— n——— — SIRÜIMERMM. 

Solubility 
(Molar value first, g/'100g H;O gen in brackets) 

Lm s —Á— —X— À———— — —— ——— — PA Ju! 

MF MCI MBr MI 

Li 0 1 (0 27) 19 6 (830) 20 4 (177) B 8 (165) 
Na ] 0 (4 22) 6 2 (36) 8 8 (91) 11 9 (172) 
K 15 9 (92 3) 48 (34 7) 7 6 (67) 87 (144) 
Rb 12 5 (130 6) 7 5 (91) 6 7 (110) 72 52) 
Cs 24 2 (367 0) 11 0 (186) 5 1(108) 3 0 (79) 

vary most when r^ 15 small, that s with F^, and will vary least when r* 1s 
large (with I”) The weight of solute dissolving does not provide a very 
useful comparison of the solubilities, because the molecular weights dif 
fer The easiest way to compare the number of ions is to compare the 
solubilities as molar quantities 

SOLUTIONS OF METALS IN LIQUID AMMONIA 

In the presence of impurities or catalysts such as Fe, the alkali metals react 
with liquid ammonia to form a metal amide and hydrogen 

M -- NH; — MNH; - 1H; 

Jf all catalysts and impurities are absent, then Group 1 metals, and te 4 
lesser extent the elements Ca, Sr and Ba 1n Group 2 and the lanthamde 
elements Eu and Yb, dissolve directly in very high concentratron in liquid 
ammonia The metal can be recovered simply by allowing the ammonia fo 
boil off 

Dilute solutions at alkali metals we Laud ammanta are dark blue M 
colour, and the main species present are solvated metal rons and solvated 
electrons If the blue solutton ts allowed to stand, the colour slowly fades 
until it disappears owing to the formation of a metal amide At concen 

Table 9 16 Solubilities in !tquid ammonia 

Element Solubility 
(g metal/100 g NH3) 

-334*C 0°C 

Li 109 113 
Na 251 239 
K 47 1 48 5 

Note that —33 4*C is the boiling point 
of hgud ammonia at one atmosphere 
pressure The O°C data were measured 
under pressure 
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trations above 3M, solutions are copper-bronze coloured and have a 

metallic lustre because metal ion clusters are formed. 

These solutions of metals in liquid ammonia conduct electricity better 

than any salt in any liquid, and the conductivity is similar to that of pure 

metals (specific conductivity of Hg = 10*ohm™'; Na/NH3 = 0.5 x 

10 ohm^!; K/NH; = 0.45 x 10*ohm™~’). Conduction is due mainly to 

the presence of solvated electrons. 

The metals are also soluble in other amines and these solutions are used 

in organic and inorganic syntheses. These solutions of metals in liquid 

ammonia act as powerful reducing agents for the elements of Groups 14, 

15 and 16, for many compounds and coordination complexes, and they 

will even reduce an aromatic ring. 
These reductions can be carried out in liquid ammonia, but not in water, 

because the alkali metals are stronger reducing agents than is hydrogen, 

and so will react with water and liberate hydrogen. The metals can exist 

for some time in liquid ammonia. 

Bi + Na/NH; — Na3Bi (Bi reduced from oxidation state 0 to —III) 

S -- Na/NH; — Na;5$ (S reduced from oxidation state 0 to —II) 

[Ni(CN)4]°~ + 2e — [Ni(CN)4]^* (Ni reduced from +II to 0) 

COMPOUNDS WITH CARBON 

If lithium is heated with carbon, an ionic carbide Li;C, is formed. The 
other metals do not react with carbon directly, but do form similar carbides 

when heated with ethyne (formerly called acetylene), or when ethyne is 
passed through a solution of the metal in liquid ammonia. 

2Li 4 2C > LC 

Na + C-H, —> NaHC; — Na3C5 

These compounds contain the carbide ion [C=C]? or hydridocarbide ion 
[C=C—H]". The most important reaction of carbides is with water, when 
they give ethyne (acetylene). Thus they are termed acetylides. 

NaC, T 2H,O — 2NaOH + C-H, 

LiC,H is used in the industrial manufacture of vitamin A. 
. The metals potassium, rubidium and caesium react with graphite by 
invading the space between the layers of carbon in the graphite lattice. 
They form highly coloured interstitial carbides that are nonstoichiometric 
(that is of variable composition), ranging from CggK (grey), to CK 
(blue), to a maximum invasion corre di o C t Chapter 12.) sponding sK (bronze). (See 

ORGANIC AND ORGANOMETALLIC COMPOUNDS 
The alkali metals re ; place hydrogen in organic acids, forming salts su sodium acetate (sod c à vas ium ethanoate) CH4COONa and potassium benzoate 
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C;H,COOK Soap is a mixture of the sodium salts of palmitic, oleic and 
stearic acids. (Palmitic and Cr Hy COOH occurs in palim œt oleic acid 
C,4H3,. COOH occurs in olive oil and stearic acid Cu4H 4 * COOH occurs 
in beef and mutton fat and tallow ) Soap is made by the saponification 

(hydrolysis) of naturally occurring fats and oils These fats and oils are 
esters of glycerol, and their hydrolysis with NaOH first breaks the ester to 
glycerol and fatty acids. nieutraltzing the fatty acid to give the sodium salts 
re the soap World production of soap was 7 4 million tonnes in 199] 

CH, O OC CysHa; Ta OH 

| . 
CH O OC CisH3i -*3NaOH — CH OH + 3C 5H COOH 

| | 
CH: O OC CHa CH, OH 

glyceryl! tripalmitate glycerol palmutic acid 
(palm oil) 

C,SH4 COOH - NaOH — C,SH4 COONa + H,0 

Lithium stearate is also a ‘soap’, andis made from LiOH and some natural 
fat such as tallow It is widely used to thicken hydrocarbon oils used 25 
lubricants (the so called detergent oils), and tt 1s also used to make greases 
for motor vehicles I 

Lithium shows a stronger tendency to covalency than the other alkali 
metals Lithium also. shows a diagonal relationship. with magnesium 
Magnesium forms a number of alkyl and ary] compounds called Grignard 
compounds which are very important in making organometallic com 
pounds lt m not surprising that lithium also forms a number of covalent 
alkyls and aryls which are of great importance im the preparation at 
organometallic compounds For example, (LiCH;), 15 typical of a range of 
compounds it 1s covalent, soluble in organic solvents, and can be sublimed 
or dishiled These compounds are frequently ieirament or hexamer 
They are made from the alkyl or ary! halide, usually the chloride, m 2 
solvent such as light petroleum, cyclohexane, toluene or ether 

RCI + Ia— LiR + Lit) 

The structure of the (LiCH4), cluster is unusual The four Lt gtoms occupY 
the corners of a tetrahedron Each methyl C atom is above a face of she 
tetrahedron, and forms a triple bridge to the three Li atoms that make 
up the face of the tetrahedron The intramolecular Li—C distance '§ 
231À The C is bonded to the three H atoms in the methyl group. The 
C is also bonded to a Li atom in another tetrahedron (with an intermole 
cular Li-C distance of 236A) The coordination number for the C atom 
is therefore 7 This cannot be explained by classical bonding theories 4° 
the C atom has only one s and three p orbitals available for bonding The 

simplest explanation involves a four centre two electron bond covering 
the three Li atoms at the corners of a face and the C atom above it [02 

simular way the coordination number of La ts also 7, made up by three Li 
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in the tetrahedron, three C at the centres of faces of the tetrahedron, and 

one Li in another tetrahedron. 

Lithium ethyl is tetrameric in the solid (LiEt);. but is hexameric (LiEt), 

when dissolved in hydrocarbons. The solid is similar in structure to 

(LiCH3),. and the hexamer is thought to comprise an octahedron of Li 

atoms with Et groups above six of the eight faces, involving multi-centre 

bonding. 
n-Butyl lithium is also tetrameric in the solid (LiBu),. It is commercially 

available. Production is about 1000 tonnes/year. The main uses are as a 

polymerization catalyst and for alkylation. It is a very versatile reagent in 

the laboratory for the synthesis of aromatic derivatives and unsaturated 

derivatives such as vinyl and allyl lithium. Many of these reactions are 

similar to those using Grignard reagents. 

LiBu + Arl — LiAr + Bul (Bu = butyl, Ar = aryl) 

4LiAr + Sn(CH=CH), — 4LiCH=CH, + Sn(Ar), 

From these an extremely wide range of organometallic and organic com- 
pounds can be prepared. 

(R = alkyl or aryl) 

JLiR + BCI, — BR, + 3LiCl — (organoboron compounds) 

4LiR + SnCl, — SnR, + 4LiCl (organotin compounds) 

3LIR + P(OEt); — PR, + 3LiOEt (organophosphorus 
. compounds) 

2LiR 4 Hgl; — HgR; +2Lil,  (organomercury  , 
compounds) 

LIR + R’I — R-R' tLil (hydrocarbon) 

LIR + H* — R-H + Lit (hydrocarbon) 

LiR + Cl, > R-CI +LiCl  (alkyl/aryl halide) 
LiR - HCONMe; — R- CHO  « LiNMe; (aldehydes) 
LiR -- 3CO — R;CO T 2LiCO (ketenes) 

LIR + CO, — R-COOH + LIOH (carboxylic acids) 

Alkyls of Na, K, Rb and Cs are usually prepared from the corresponding 
organomercury compound. 

2K + HgR; — Hg + 2KR 

o compounds are ionic MR", and are extremely reactive. They catch 
re im air, react violently with most compounds except dinitrogen and 

saturated hydrocarbons, and are consequently difficult to handle. 

COMPLEXES, CROWNS AND CRYPTS 
2 1 metals stand out from the other groups in their weak tendency to tm complexes. This is predictable because the factors favouring complex 
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formation are small size, high charge, and empty orbitals of low enerpy tor 
forming the bonds. and Group 1 metal ions are very large and have a low 
charge (+1) 
A number of aqua complexes are known such as [Li(H,0),]* and a 

primary hydration shell of four H;O molecules arranged tetrahedrally is 
found in various crystalline salts Na* and K* also have the same primary 
hydration shell, but Rb* and Cs* coordinate six H,O molecules Staple 
complexes are formed with phosphine oxides, for example complexes of 
formula [LiX 4Ph;PO], [LiX  SPh,;PO] and [NaX 5Ph;PO] are known 
where X ts a large anion such as CIO; , I, NO3 or SbEg There is a shght 
tendency to form ammine complexes such as [L1(NH3);]l Weak com 
plexes of sulphates, peroxosulphates and thiosulphates and also heya 
cyanoferrates, are known in solutton 

However, some organic chelating agents (particularly salicaldehyde and 
§ diketones) are extremely strong complexing agents and Group 1 1005 
form complexes with these These ligands are very strong complenng 
agents because they are multidentate that is they have more than one 
donor group so they form more than one bond to the metal, and also 
because they form a ring or chelate compound by bonding to the metal 
Examples include salicaldehyde, acetylacetone, benzoylacetone, methyl 
salicylate o mtrophenol, and o nitrocresol. The metal usually attains 4 
coordination number of 4 or 6 (sce Figure 9 5) 
An tmportant development in the chemistry of the alkali metals is the 

discovery of complexes with polyethers, and ‘cryptate complexes with 
macrocyclic molecules with nitrogen and oxygen 
The crown ethers are an interesting class of complexing agents frst 

synthesized by Pedersen in 1967 An example is dibenzo 18 crown-6 (7 
Figure 9 6), and the name indicates that there are two benzene rings in the 
compound, 18 atoms make up a crown shaped nng, and six of the n^£ 

atoms are oxygen These six oxygen atoms may complex with a metal 1c25 
even with large ions like Group 1 10ns that are not very good at formis 
complexes The organic part of the molecule 1s puckered to give the crown 

arrangement, and the oxygen atoms with their lone pairs are nearly plana 
about the metal ion at the centre of the ring The bonding of the metal s°" 
to the polyether 1s largely electrostatic, and a close fit between the size of me 
metal to and the size of the hole in the centre of the polyether 1s essent 

Cyche polyethers can have varying sizes of ong, for example, benzo J 
crown 4 has a ring of 12 atoms, four of which are oxygen The polyethers 
form complexes selectively with the alkali metal 1ons The size of the rn 

Opening 1n the crown determines the size of the metal ion which may be 
accommodated Thus a crown-4 (a cyclic polyether with four oxygens) 5 
selective for Li+, Na* prefers crown-5, and K * prefers crown 6 Itis pos 
ble to get complexes with the unusual coordination number of 10, for exam 
ple K* (dibenzo 30-crown 10) Crown ethers form a number of crystal 
complexes, but more :mportantly they are sometimes added to orgasuc 
solvents to make them dissolve inorganic salts which, being sonic, would $9 
normally dissolve Polyethers of this type act as ron carners inside lw"? 
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Figure 9.5 Salicaldehyde and acetylacetone complexes. 

cells to transport ions across cell membranes, and thus maintain the balance 
between Na* and K* inside and outside cells. 
The cryptates are three-dimensional equivalents of the crown ethers, but 

contain nitrogen atoms which provide branching and act as extra donor 
sites in addition to the oxygen atoms to bond to the metal ion. They are 
called cryptates because they wrap round and hide the cation. A typical 
Crypt is the molecule N(CH,CH,OCH,CH,0CH?2CH,|3N. This is called 
(cryptand-222) and forms a complex [Rb(crypt)]CNS - H5O in which six 
Oxygen atoms and two nitrogen atoms in the crypt molecule bond to 
the metal ion, giving the metal ion a coordination number of 8. The 
lipand completely wraps round the metal ion. hiding it: hence the name 
crypt. The complex presents a hydrocarbon exterior, and so is soluble 
i Organic solvents. Such complexes are used for solvent extraction, stabil- 
izing uncommon oxidation states, and promoting otherwise improbable 
reactions, 
An unusual compound [Na(cryptand-222)]*Na^ can be formed by 
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cooling a solutton of Na in ethylamine with cryptand 222 This i5 a 
golden yellow, diamagnetic solid which is only stable below —10°C The 
interesting feature ts that 1t contains Na”, the sodide ton Crystallographic 
studies show that the radius of Na^ is about 23À Electron transfer has 
occutred between two sodium atoms, forming Na^ and Na^ The latge 

crypt [:gand completely shields the Na* ton and prevents it recombining 
PA with. Na7 Other alkalide compounds containing. K7— potasside, Rb^ 

Oo Oo rubidide and Cs~ caeside ions have been made 1n a similar way They are 

all yellow—brown tn colour, and are less stable P 7 

[so OM If the reaction 15 carned out with an excess of cryptand some unusual 
Oo Do complexes called electtides are formed. These are black solids and are 

paramagnetc, so they contain unpaired electrons They have formulae 

Figure 97 Cryptand 222 such as [Cs*(cryptand 222)] [(cryptand 222) &7] in which an electron is 

ligand trapped 1n a hole of radius approximately 2 4 

BIOLOGICAL IMPORTANCE 

Living organisms require at least 27 elements, of which 15 are metals 
Metals required in major quantities are K, Mg Na and Ca Minor quan 

unes of Mn Fe, Co, Cu Zn and Mo., and trace amounts of V, Cr. $n M 

and Al, are required by at least some organisms 
Bulk quantities of Group 1 and 2 metals are required, mainly to balance 
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the electrical charges associated with negatively charged organic macro- 

molecules in the cell, and also to maintain the osmotic pressure inside the 

cell, to keep it turgid and prevent its collapse. 

In view of the close similarity of chemical properties between Na and K, 

it is surprising that their biological functions are very different. Na* are 

actively expelled from cells, whereas K* are not. This ion transport ts 

sometimes called a sodium pump, and it involves both the active expulsion 

of Na* and the active take-up of K*. Analysis of the fluids inside and 

outside animal cells shows that ion transport really does occur. In animal 

cells the concentration of K* is about 0.15 M and the concentration of 

Na* is about 0.01 M. In body fluids (lymph and blood) the concentrations 

of K* and Na* are about 0.003 M and 0.15 M respectively. The transport 

of ions requires energy, and this is obtained by the hydrolysis of ATP. It is 

estimated that hydrolysis of one ATP molecule to ADP provides enough 
energy to move three Na* ions out of the cell, and two K* and one H^ 
ions back in to the cell. The mechanism for ion transport involves poly- 
ethers natural to the organism. 
The different ratio of Na* to K* inside and outside cells produces an 

electrical potential across the cell membrane, which is essential for the 
functioning of nerve and muscle cells. The movement of glucose into cells 
is associated with Na* ions; they enter the cell together. This is favoured 
by a high concentration gradient. The Na^ ions entering the cell in this 
way must then be expelled. The movement of amino acids is similar. K* 
ions inside the cell are essential for the metabolism of glucose, the syn- 
thesis of proteins, and the activation of some enzymes.: 

- The 1987 Nóbel Prize for Chemistry was awarded to C.J. Pedersen, J.M. 
Lehn and D. Cram for their work on the discovery and applications of 
crown ethers and cryptates. | | 

DIFFERENCES BETWEEN LITHIUM AND THE OTHER 
GROUP 1 ELEMENTS 
The properties of lithium and its compounds differ far more from those of 
the other Group 1 elements than the other Group 1 elements and com- 
pounds differ among themselves. Apart from having the same oxidation 
number as the rest of Group 1, lithium compounds may show closer 
similarities with Group 2 elements (particularly magnesium) than they 
show towards their own group. Some of the differences are set out below: 
l. The melting and boiling points of lithium metal are much higher than 

those for the other Group 1 elements. 
2. Lithium is much harder than the other Group 1 metals. 
3. Lithium reacts the least readily with oxygen, forming the normal 

oxide. It forms a peroxide only with great difficulty, and the higher 
oxides are unstable. | | 

- Lithium hydroxide is less basic than the other hydroxides in the group. 
and therefore many of its salts are less stable. Li,CO,. LiNO, and 
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LiOH all form the oxide on gentle heating, though the analopgy: 
compounds of the rest of the group are stable Another example of the 
less basic nature i$ that though lithium forms a bicarbonate in solute 
it does not form a sold bicarbonate, whereas the others all form stable 
solid bicarbonates 

5 Lithium forms a nitride Li3;N None of the other Group 1 element 
forms a nitride, but Group 2 elements form nitrides 

6 Lithium reacts directly with carbon to form an ionic carbide None of 
the other Group 1 elements do this, but Group 2 elements all reac 
similarly with carbon 

7 Lithtum has a greater tendency to form complexes than have the 
heavier elements, and ammomiated salts such as [Lt(NH3),]f exist as 
solids 

8B LyCOy, LuPO, and Lif are all insoluble wn water, and LiOH as only 
sparingly soluble The rest of Group 1 form soluble compounds, py 
the corresponding magnesium salts are insoluble or sparingly soluble 

9 The hahdes and alkyis of lithium are far more covalent than the 

corresponding sodium compounds, and because of this covalency they 
are soluble 1n organic solvents. Similarly, lithium perchlorate and tga 
lesser extent sodium perchlorate resemble magnestum perchlorate in 
their high solubility in acetone (propanone) 

I0 The lithium ton itself, and also :ts compounds. are more heavily 
hydrated than those of the rest of the group 

Several generahzations may be drawn from ths apparently anomalous 
behaviour of Mhrum 

The first element in each of the main groups (Li, Be, B, € N © and Fi 
differs from the rest of the group This s partly because the first element is 
much smaller than the subsequent elements. and consequently it 1$ more 
likely to form covalent compounds (Fajans rules) and complexes 

The first element tn a group can form a maximum of four conventional 
electron pair bonds Thus is because the outer shell of electrons contains 
only one s orbital and three p orbitals The subsequent elements can use d 
orbitals for bonding they can attain a coordination number of 6 by using 
ones three pand two d orbitals For this reason the coordination number 
attained by a complex or a covalent compound of the first element ina 
group is commonly 4 and for the subsequent elements the coordination 
number is commonly 6 This simple concept 1s based on a bond consisting 
of two electrons shared between two atoms Exceptions occur when mult 
centre bonds are formed (as an Lu (CH4);) 
The similarity between lithium. (the. first member of Group 1) and 

magnesium (the second element in Group 2) is called a diagonal rela 
tionship Diagonal relationships also exist between other pairs of elements 
Be and Al B and Si as shown 

Li Be B C 

NN 
Na Mg Al Si 



n 
The diagonal relationship arises because of the effects of both size and 

charge. On descending a group, the atoms and ions increase In size. On 

moving from left to right in the periodic table, the size decreases. Thus on 

moving diagonally. the size remains nearly the same. For example, lithium 

is smaller than sodium, and magnesium is also smaller than sodium, and 

hence lithium and magnesium are similar in size. The sizes of Lit = 0.76 À 

and Mg?* = 0.72 A are close, and so in situations where size is important 
their behaviour should be similar. 

Beryllium and aluminium also show a diagonal relationship. In this case 

the sizes are not so close (Be?* — 0.45 À and AP* = 0.535 A), but the 
charge per unit area is similar (Be^* 2.36 and Al** 2.50) because the 

charges are 2+ and 3+ respectively. 

(ionic charge). 
Charge per unit area — 4———.— — —..——3 

ï. m- {ionic radius) 

[t is sometimes suggested that the diagonal relationship arises because 
of a diagonal similarity in electronegativity values. 

Li Be B C 

1.0 1.5 2.0 2.5 

No 3 CM 
Na Mg Al Si 

0.9 1.2 1.5 1.8 

Since ionic size and electronegativity are closely related, this is part of the 
same picture. 
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PROBLEMS 

1 Why are Group 1 elements 

(a) univalent 
(b) largely ionic 
(c) strong reducing agents 
(d) poor complexing agents? 
(e) Why do they have the lowest first qonization energy values in thelf 

penods? 

2 Why are the Group 1 metals soft low melting and of low density’ 
(Refer back to Chapter 5 ) 

3 Lithium is the smallest oa tx Graup 0. It would therefare be expected 
to have the highest ionic mobility, and. hence solutions of its salts 
would be expected to have a higher conductivity than solutions 
caesium salts Explain why this ts nat so 

4 What is the reason for lithium having a greater tendency to form 
covalent compounds than the other elements in the group? 

5 The atomic radius for lithium is 123A When the outermost 25 

electron ts 10mzed off the tonic radius of Lit ts 076A Assuming that 

the difference tn radu relates to the space occupied by the 2s electroft 

calculate what percentage of the volume of the lithium atom ? 
occupied by the single valence electron Is this assumption farr? 
(Volume of a sphere is 4 ar’) (Answer 76 4% ) 

& Why and in whit ways does hthium resemble magnesium? 

7 What products are formed when each of the Group 1 metals 15 burnt © 

dioxygen? How do these products react with water? Use the molecular 



sn 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

orbital theory to describe the structure of the oxides formed by sodium 

and potassium. 

. Explain the difference in reactivity of the Group 1 metals with water. 

. The ionization energies of Group 1 elements suggest that caesium 

should be the most reactive, but the standard electrode potentials 

suggest that lithium is the most reactive. Reconcile these two 

observations. 

Describe how you would make lithium hydride. Give equations to 

show two important properties of lithium hydride. The compound 

contains the isoelectronic ions Li* and H^. Which ion is the larger 

and why? 

Give equations to show the reactions between sodium and: (a) H20, 
(b) H;, (c) graphite, (d) N5, (e) O2, (f) Ch, (g) Pb, (h) NH3. 

Group 1 elements generally form very soluble compounds. Name 
some insoluble or sparingly soluble compounds. How are these 
elements detected and confirmed in qualitative analysis? 

Describe the colour and nature of the solutions of Group 1 metals 
in liquid ammonia. Give an equation to show how these solutions 
decompose. 

Draw the crystal structures of NaCl and CsCl. What is the coordination 
number of the metal ion in each case? Explain why these two salts 
adopt different structures. 

Do the alkali metals form many complexes? Which of the metal ions 
in the group are best at forming complexes? Which are the best 
complexing agents? 

Draw the complexes formed by Lit, Na* and K* with acetyl acetone 
and with salicaldehyde. Why do the coordination numbers differ? 

What is a crown ether, and what is a crypt? Draw examples of Group 1 
complexes with these molecules. In what way is this type of complex 
of biological importance? 

Which of the following methods would you use to extinguish a fire of 
lithium, sodium or potassium metals? Explain why some of these are 
unsuitable, and give the reactions involved. 
(a) water 
(b) dinitrogen 
(c) carbon dioxide 
(d) asbestos blanket 

The four general methods of extracting metals are thermal decom- 
position, displacement of one element by another, chemical reduction, 
and electrolytic reduction. How are Group 1 metals obtained and why : are the other methods unsuitable? 
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20. 0.347g of a metal (A) was dissolved in dilute HNQOs. This solution 
gave a red coloration to a non-luminous Bunsen burner flame, and on 
evaporation gave 0,747g of metal oxide (B). (A) also reacted with 
dinitrogen, forming a compound (C), and with hydrogen, forming 
(D). On reacting 0.1590¢ of (D) with water, a gas (E) was evolved 
and a sparingly soluble compound (F) formed, which gave a strongly 
basic reaction and required 200 ml of 0.1000 M hydrochloric and to 
neutralize it. Identify the substances (A) to (F) and explain the 
reactions involved. 



The chlor-alkali industry 

The chlor-alkali industry includes the production of three main chemicals: 

sodium hydroxide (sometimes called caustic soda), chlorine, and sodium 

carbonate (sometimes called soda ash). All three chemicals are made from 

sodium chloride. 
NaOH and Cl, are produced simultaneously by the electrolysis of an 

aqueous solution of NaCl. NaOH is the most important alkali used in in- 
dustry, and Cl, is also an extremely important industrial chemical. Sodium 
carbonate is included with the other two chemicals for two reasons - first 
because in many applications such as making paper, soap and detergents it 
can be used interchangeably with sodium hydroxide, and second because 
NaCO; can quite easily be converted into NaOH (or vice versa) using 
the lime-caustic soda process. In this process, the reaction is reversible, 
and depending on the relative demands and cost of sodium carbonate and 
sodium hydroxide it may be used in either direction. Before 1955 Na CO, 
was used very extensively for water softening as it prevented the formation 
of scum when using soap in hard water. Soap is discussed under ‘Organic 
and organometallic compounds’ in Chapter 9, and hard water is discussed 
In Chapter 11. Thus before 1955 it was economic to make NaCO, from 
NaOH. More recently the use of soap has declined as detergents have 
become more widely used, and with this the demand for Na,CO; has 
declined. Nowadays the reverse reaction is carried out on a limited scale, 
converting NasCO; to NaOH. 

Na,CO; + Ca(OH), = CaCO, + 2NaOH 
E three chemicals are classed as ‘heavy inorganic chemicals’ because of 

€ very large tonnages involved. A list of the chemicals produced in the 
largest quantities is shown in Table 10.1. 

LEBLANC PROCESS 

C.W. Scheele discove ine ] idizi 'ered chlorine in 1774 by oxidizi res we 
with manganese dioxide. y oxidizing hydrochloric acid 

4HCI + MnO, Ed 2Cl, T Mn?^* + 2H2O 

10 
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Table 10.1 Some figures for tonnes of heavy chemicals 
produced in 1991, 1992, 1993 and 1594 

Chemical Millions of tonnes 

World USA UK 

t HSO 145 5^ 42 3^ 17 
7 CaO {27 9° [8 4* 2 5h 
3 NH, 110" 17 3° 12 
4 Os (100)" 23 3° 25 
5 NH,NO, (75)° 84 - 
6 N; (60)" 32 6f - 
7 ethene 47 5* 20 6* ] 8 
8 NaOH 38 74 129° - 
9 Ch 35 34 (2 0 ( gg 
10 NaCO; 31 5° 9 9t - 
li propylene 25 9° 11 2° D 79? 
12 HNO, 24 7* 8 5° - 
13 methanol 20 6* 53 0 49 
14 benzene 20 4* 62* 0 91" 
15 HPO, 20 3* 11 5° - 
16 ethanol 15 8^ 0 9^ 0 24" 
17 wnyl chlonde 14 94 6 9° 0 16 
18 HCl 12 3* 32 0 15% 

71991 value, > 1992 value, ©1993 value, “1994 value 

He also described the bleaching properties of chlorine, and these even 
tually led to demand for both chlorine and sodium hydroxide on an jn 
dustrial scale for use in the textiles industry At that time there was no 
chemical industry, so people had to make their own chemicals The first 
problem was to make the HCI This was produced by the Leblanc process 

Though the process is now obsolete, 1t warrants description because it was 

the first Jarge scale industna) process 1 Europe, s) fasted for most of the 
nineteenth century, and it illustrates the need to consider what raw m3 
tenals are needed how they can be obtained, and the commercial need to 
sell everything produced (At this time Europe led the world mndustrially 

and the process was imported into the USA from Europe ) 

hi dil 
NaC! + concentrated H,SO,-—> NaHSO, + HCl 

NaHSO, ++ NaCl “5 Naso, + HCI 
The HCI was then oxidized to give Cl; 

HCl + MnO, - Cl, + Mn** 

The Na;SO, was used either to make glass, or to make Na, CO and 

NaOH 

Na;SO0, 4 C + CaCO, > NaCO, + CaSO, 

Na,CO, + Ca(OH}, — 2NaOH + CaCO; 
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In this process, the chemicals used are H?S5O4, NaCl, CaCO and C, and 

the products are NaOH and Cl; (and to a lesser extent Na5SO,). The raw 

materials were obtained: 

S or FeS, + Or => SO; => SO, — H5SO, 

NaCI - mined or extracted as brine solution 

CaCO, — mined as limestone 

heat H,O 
CaCO,——> CaO —— Ca(OH), 

In 1874 world production of NaOH was 525000 tonnes, of which 94% 

was produced by the Leblanc process. Production of NaOH had risen: 
to 1800000 tonnes by 1902, but by then only 8% was produced by the 

Leblanc process. The Leblanc process became obsolete because cheaper 
methods were found. It was replaced in turn by the ‘Weidon process, the 
Deacon process, and eventually by electrolysis. 

WELDON AND DEACON PROCESSES 

The Leblanc process used MnO, to oxidize the HCI, but the MnCl, formed 
was wasted. The Weldon process (1866) recycled the MnCb, and was 
therefore cheaper. 

In the Deacon process (1868), air was used to oxidize the HCI instead 
of using MnO;. A gas phase reaction was performed between HCI and 
air on the surface of bricks soaked in a solution of CuCl, which acted as 
a catalyst. The reaction is reversible, and a conversion of about 65% is 
possible. 

CuCl: catalyst 
4HCl + O, 2Cl, + 2H2O + heat 

440°C 

Nowadays about 90% of the world supply of chlorine comes from the 
electrolysis of an aqueous solution of sodium chloride (brine). Most of 
the remainder is produced by the electrolysis of molten NaCl in the pro- 
duction of sodium metal, electrolysis of aqueous KCI in the production of 
KOH, and electrolysis of molten MgCl, in the extraction of magnesium 
metal. However, a small amount is made by the oxidation of HCI with 
air, in a slightly modified Deacon process. This started in 1960, and uses 
a didymium promoted catalyst of Dm203 and CuCl, at a slightly lower 
temperature of 400°C. (Didymium is an old name and means ‘twin’. It was 
Once thought to be an element, but was later resolved into two lanthanide 
elements, praseodymium and neodymium. The catalyst is a finely powdered 
e of solids which flows like a liquid, and this is termed a fluidized 

ed.) 

ELECTROLYTIC PROCESSES 

Electrolysis of brine was first described in 1800 by Cruickshank, but it was not until 1834 that Faraday put forward the Laws of Electrolysis. At that 
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time electrolysis was Strictly limited because primary batteries were the 
only source of electricity This changed in 1872 when Gramme invented 
the dynamo The first commercial electrolytic plant was started in Frank 
furt (Germany) in 1891, where the cell was filled, electrolysed, emptied 
then refilled and soon This was therefore a discontinuous or batch 
process Clearly a cell which could run continuously, and did not need 
emptying, would produce more and cost less to operate Many develop 
ments and patents attempting to exploit the commercial possibilities ap 
peared over the next twenty years The first commercially operated plant 
to use a coniimuous diaphragm cell was probably that designed by le Seur 

at Romford (Maine) tn 1893, followed by Castner ceils at Saltville (Vir 
gina, USA) in 1896 The first in the UK was set up by Hargreaves and 
Bird in 1897 at Runcorn In all of these (and also in many modern dia 
phragm cells), asbestos was used as the diaphragm to separate the anode 
and cathode compartments Brine was constantly added, and NaOH and 
Cl; were produced continuously 
About the same time, Castner (who was an American working in Birm 

ingham, England) and Kellner (an Austrian working m Vienna) developed 
and patented similar versions of the mercury cathode cell in 1897 Ther 
combined patents were used by the Castner Kellner Alkali Company, alse 
at Runcorn, and also 1n 1897 

The same two types of cell, diaphragm and mercury cathode | still re 
main in use The early electrolytic plants produced about 2 tonnes of 
chlorine per day, but modern plants produce 1000 tonnes per day 

In the electrolysis of brine, reactions occur at both the anode and the 
cathode 

Anode 2C — Ch 4 2e 

Na* 4- e — Na 

2Na + 2H,O — 2NaOH + H; 

Side reactions may also occur if the products mix 

2NaQOH + Cl, — NaCi + NaOCl + H,0 

or 20H- * Cl 2 20CI~ + H, 
hypochlorite 

Cathode | 

and also another reaction may occur to a small extent at the anode 

40H" -5 OQ. 4- 2H3O0 - 4e 

DIAPHRAGM CELL 

A porous diaphragm of asbestos ts used to keep the H; and Ch gases (pre 
duced at the electrodes) separated from one another If H, and Ch gases 
mix they react. and the reaction may be explosive. In daylight (and more 
so tn sunlight) a photolytic reaction takes place which produces chlorine 
atoms These lead to an explosive chain reaction with hydrogen 



MERCURY CATHODE CELL 

Chlorine out Hydrogen out 

Brine in : : | 

Carbon nu 
anode j 

Carbon 

Asbestos cathode 
diaphragm 

» JE» i zz—— Sodium hydroxide out 

Figure 10.1 A diaphragm cell. 

l 

The diaphragm also separates the anode and cathode compartments. 

This reduces the chance that NaOH produced in the cathode compartment 

can mix and react with Cl; produced in the anode compartment. This 

reduces the chance of the side reaction producing sodium hypochlorite, 

NaOCl. However, some sodium hydroxide or OH" may diffuse into the 
other compartment, and this is inhibited by maintaining the level of elec- 
trolyte higher in the anode compartment than in the cathode compartment, 
so there is a small positive flow from the anode to the cathode compart- 
ment. Traces of dioxygen are produced in a side reaction. This reacts with 
the carbon electrodes, gradually destroying them and forming CO2. 

There is considerable interest in using thin synthetic plastic membranes 
for the diaphragm instead of asbestos. These membranes are made of a 
polymer called nafion, supported on a teflon mesh. (Nafion is a copoly- 
mer of tetrafluoroethylene and a perfluorosulphonylethoxy ether.) Plastic 
membranes have a lower resistance than asbestos. 

Less than half the NaCl is converted to NaOH, and a mixture of about 
11% NaOH and 16% NaCl is usually obtained. This solution is concen- 
trated in a steam evaporator, when a considerable amount of NaCl cry- 

stallizes out, giving a final solution containing 50% NaOH and 1% NaCl. 
It is important to note that NaOH made in this way always contains some 
NaCl. This may or may not matter, depending on how the NaOH is to be 
used. For most industrial purposes, the product is sold as a solution, as 
the cost of evaporating it to give the solid exceeds the increased cost of 
transporting the solution. 

MERCURY CATHODE CELL 

During the electrolysis of brine, Na* ions migrate towards the cathode, 
and when they get there the ions are discharged. 

+ 
Na” + e— Namea 

If the cathode is made of mercury, the Na atoms produced dissolve in the 
od and form an amalgam, or loose alloy. The amalgam is pumped to 

a different compartment called the denuder, where water trickles over 

319 
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Figure (0 2 Commercial diaphragm cell for CI and NaOH 

lumps of graphite (here acting as an inert solid} The water and the Na in 
the amalgam react and in this way pure NaOH at 50% strength is 
obtained 

Na, im. [p im) + H,O — NaOH H 3H; + He 

The clean mercury 1s recycled bach to the electrolysis tank Originally the 
anodes were made of graphite but because traces of dioxygen are pro 
duced in a side reaction they become pitted owmg to the formation of 
CO, The anodes are now made of steel coated with titanium Titanium 1s 

Anode coated nn Brine in 4- Chionne out with titanium 

| Hydrogen out 

Ld. LLL d ee | 
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Figure 10 3 Mercury cathode cell for Cl» and NaOH 
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very resistant to corrosion, and this not only overcomes the problem of 

pitting and forming CO», but also lowers the electrical resistance. 

QUANTITIES 
In both electrolytic processes (diaphragm cell and mercury cathode cell) 

equimolar amounts of Cl and NaOH are produced. Since Cl has an atomic 

weight of 35.5, and NaOH has a molecular weight of 40, it follows that 

electrolysis yields 40 parts by weight of NaOH to 35.5 parts of Clo. This 

corresponds to 1.13 tonnes of NaOH for 1 tonne of Clo. In 1994 world 

production of Cl; was 35.3 million tonnes. 
Prior to 1965 demand for NaOH exceeded that for Ch, so Cl, was 

cheap. Since then the position has reversed, largely due to the use of 
large amounts of Cl, in making plastics such as polyvinyl chloride. (World 
production of PVC was 14.9 million tonnes in 1991.) 

SODIUM CARBONATE 

World production of NazCO3 in 1993 was 31.5 million tonnes, and 49% 
of this was used in the glass industry. Smaller amounts were used to make 
various sodium phosphates and polyphosphates which are used for water 

Table 10.2 Chlorine production (million tonnes/year) 

World production 35.3 
USA 12.0 (34%) 
Soviet Union 8 (23%) approx. 
Western Germany 3.5 (10%) 
Canada 1.4 (4%) 
France 1.4 (4%) 
UK 10 (3%) 
Japan 0.93 (2.6%) 
Italy 0.92 (2.6%) 
Spain 0.51 (1.4%) 
= SP ei teehee MN 

Table 10.3 Major uses of chlorine 

EEC USA a 
I aT 

Vinyl chloride monomer (CH;—CHCI 
7 0 Organic intermediates j 16% Chlorinated solvents 

14% 22% (CHCl approx. 40000 tonnes/year, CH2Cl - CHCl etc.) . Propylene oxide 
8% 5% Bleaching wood pulp and paper 

11% hloromethanes (CCl, CHCI; etc.) 
10% iren materials 
8% caching powder, sodi i 

| 
bike ee ium hypochlorite) 

31% 26% 
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Table 10 4 Major uses of caustic soda 

USA 

[Inorganic chemicals 2]' 
Organic chemicals i7 4 
Wood pulp and paper making LFO 
Neutralizations 12 75 
Alumina production Tin 
Soap 4"n 
Rayon Vo 
Other uses 21% 

Table 10.5 Major uses of sodium carbonate 

USA 

Glass - bottles 34% 
Sodium phosphates 1275 
Glass — sheets and glass fibre 1176 
Sodium sihicate 5% 
Alkaline cleaners 5% 
Wood pulp and paper making 4 %o 
Other uses 29% 

softening (being added to various cleaning powders), and in wood pulp 

and paper making The increased awareness of the effect of ‘acid rain’ on 
plants and buildings has led to a new use for Na,CO, in treating the flue 
gases from coal- and oil fired power stations, to remove SO, and H;S0, 
This use may eventually account for a large tonnage of Na;CO: 

The main producing countries are the USA (30%), the Soviet Union 
(1976), China (896), Western Germany (596), Japan (495), Bulgana (479) 
and Poland (4%) Most of the Na;,CO is produced synthetically by 
the Solvay (ammonta—soda) process However, since prehistone times 
a natural deposit called Trona, Na;CO;- NaHCO;-2H;0, has been ob- 
tained from dried-up fake beds in Egypt Large amounts are now mined, 

particularly im the USA and Kenya in the USA 9 9 million tonnes of 
NaCO, were used in 1993 About 6 million tonnes/year of Na;COs 3 
made from Trona Trona 1s sometimes called sodium sesquicarbonate 
(sesqui means one and a half), and this 1s converted to sodium carbonate 
by heating 

2(Na.CO, NaHCO, 2H,0)—2+ 3NasCO, + CO, + SHO 

In the desenption of the chlar-atkalt industry at was mentioned that 
sodium carbonate (soda ash) can be used instead of NaOH in appheatons 

such as making paper. soap and detergents and that sodium ¢€ bon ite or 

bc used to make NaOH by the lime-caustic soda process. Howewr. 2 

NaOH is at. present cheap and plentiful, not much: sodium carbonate P 
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used for these purposes. With the increased use of detergents, there has 

been a decline in the use-of ‘washing soda’ NazCO3-10H2O for water 

softening. 

THE SOLVAY (OR AMMONIA-SODA) PROCESS 

There have been many attempts to make Na,CO; more cheaply than by 

the Leblanc process, by using the overall reaction: 

2NaCi + CaCO; — NaCO; + CaCl, 

The reaction was first studied by Freshnel in 1811, and several commercial 

plants were built but were quickly abandoned because they failed to make 

a profit, or they encountered technical problems such as corrosion of the 
plant, contamination of the product and blocked pipes. Ernest Solvay was 
the first to operate a commercial plant successfully, in Belgium (1869). 

The process is much more complicated than the overall equation im- 
plies, and to make things worse the reaction is reversible and only 75% of 
the NaCI is converted. The first stage in the process is to purify saturated 
brine, and then react it with gaseous ammonia. The ammoniated brine 
is then carbonated with CO;, forming NaHCOA4. This is insoluble in the 
brine solution because of the common ion effect and so can be filtered off, 
and on heating to 150°C it decomposes to anhydrous NaCO; (called light 
soda ash in industry because it is a fluffy solid with a low packing density 
of about 0.5gcem7"). Next CO, is stripped (removed) by heating the sol- 
ution, and the CO, is reused. Then the NH; is driven off by adding alkali 
(a slurry of lime in water), and the ammonia is reused. Lime (CaQ) is 
obtained by heating limestone (CaCO), and this also provides the CO; 
required. When lime is mixed with water it gives Ca(OH)». 

NH, T H-O F CO, A NH, : HCO, 

NaCl + NH, : HCO, — NaHCO, T NH,Cl 

2NaHCO,-—» Na,CO, + CO; + H,O 
1100?C in 

CaCO, ———-> CaO + CO, 
lime kiln 

. CaO + H-O — Ca(OH), 

2NH,CI -- Ca(OH); — 2NH; 4 CaCl, 4- 2H,O 
Thus the materials consumed are NaCl and CaCOA, and there is one 

useful product, Na»CO., and one by-product, CaCl. There is little re- 
quirement for CaCl,, so only a little is recovered from solution, and the fes I5 wasted. The largest use of Na CO; is for glass making (Table 10.5) and this requires *heavy ash’. which is Na3CO,- H50. To obtain this. o 
light ash i vav S ous Na5CO4A) is 

Bütash produced in the Solva process {which is anhyd l 
ne \ r recrystallized from hot water. 

m 
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PROBLEMS 

I What chemicais are óbt uned industrially from sodium chloride? Out 
line the processes 

2 Describe in detail the industriil clectrolysis of sodium chloride Com 
ment on the purity of the products 

3 What are the main uses of chlorine sodium and caustic soda? Why has 

demand for chlorine increased dramatically? 

4 What 1s Na,CO, used for? Why has its use declined? Explain how at 

different times NaOH has been converted into Na,CO, and at other 
times NaCO; has been converted into NaOH 



Group 2 — the alkaline 

earth elements 

Table 11.1 Electronic structures 

Element Symbol Electronic structure 
Lu e p LM e i Pt IL I 

Beryllium Be 15723 or [He] 2s* 
Magnesium Mg 1522572p'3s or [Ne] 3s: 
Calcium Ca 1572s522p93s^3p^4s^ or [Ar] 4s" 
Strontium Sr 1572572357393 "4574p "55° or [Kr] 5s? 
Barium Ba 15725°2p°3s°3p%3d "4s*4p*4d '"5s°5p%6s* or [Xe] 6s" 
Radium Ra [Rn] 7s~ 

INTRODUCTION 

The Group 2 elements show the same trends in properties as were ob- 
served with Group 1. However, beryllium stands apart from the rest of 
the group, and differs much more from them than lithium does from the 
rest of Group 1. The main reason for this is that the beryllium atom and 
Be** are both extremely small, and the relative increase in size from 
Be^* to Mg?* is four times greater than the increase between Li* and 
Na*. Beryllium also shows some diagonal similarities with aluminium in 
Group 13. Beryllium and barium compounds are all very toxic. 
The elements form a well graded series of highly reactive metals, but are 

less reactive than Group 1. They are typically divalent, and generally form 
colourless ionic compounds. The oxides and hydroxides are less basic than 
those of Group 1: hence their oxosalts (carbonates, sulphates, nitrates) 
are less stable to heat. Magnesium is an important structural metal, and is 
used in large amounts (303000 tonnes in 1993). Several compounds are 
used in vast quantities: limestone (CaCO;) is used to make quicklime 
CaO (127.9 million tonnes in 1993) and cement (1396 million tonnes in 
1993), and 14.2 million tonnes of chalk are also used. Other compounds 
used on a large scale include gypsum CaSO, (88.2 million tonnes in 1992), 
fluorite CaF, (3.6 million tonnes in 1992), magnesite MgCO, (10.8 million 
tonnes in 1992) and barytes BaSO, (4.9 million tonnes in 1992). 
Mg"* and Ca?* are essential elements in the human body, and Mg?* is 

an Important constituent of chlorophyll. 

11 
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ELECTRONIC STRUCTURE 

Al) Group 2 elements have two s electrons in their outer shell Ignonng 
the filled inner orbitals their electronic structures may be written 2s? 34 
4s? 5s? 6s? and 7s? 

OCCURRENCE AND ABUNDANCE 

Beryllium 1s not very famitiar. partly because it 1s not very abundant (2 ppm) 
and partly because it is difficult to extract 1t 1s found in small quantities as 

Table 14 2 Abund ince of the elements in the earths 
crust’ by we ght 

ppm Relative abundance 

Be s 20 5] 
Mg 27 640 6 
Ca 46 600 5 
Sr 384 15 
Ba 390 14 
Ra 13x10^ 

the silicate minerals beryl Be3ALSi9O,4 and phenacite Be,S:O, About 

6700 tonnes of beryl were mined in 1993 mainly 1n the USA (7394) 
Kazakhstan (13%) and the former Soviet Unton (12%) (The gemstone 
emerald has the same formula as beryl but also contains small amounts 
of chromium which make it green in colour ) 
Magnesium is the sixth. most abundant element in the earths crust 

(27640ppm or 2 76?6) Magnesium salts occur to about 0 13% in sea 

water Entire mountain ranges (e g the Dolomites ın Italy) consist of 
the mineral dolomite [MgCO3; CaCO3] Calcined dolomite 1s used as a 
refractory for lining furnaces and dolomite 1s used for road making 
There are also large deposits of magnesite MgCO; 108 millon tonnes 
were mined in 1992 The main sources are China 24% North Korea 
15% Turkey 11% and the Soviet Union 10% There are also deposits of 

sulphates such as epsomite MgSO, 7H2O and kieserite MgSO. H,0 
Carnallite [KC] MgCl, 6H,O] 1s mined as a source of potassium Mg also 
occurs in a wide range of silicate minerals including olivine (Mg Fe)210: 
talc Mg;{OH)S1,0,9 chrysoule Mg;(OH)Su0, (asbestos) and micas 
such as KT[Mg3(OH)2(AIS1,0 49] 

Caicium is the fifth most abundant element in the earths crust 

(46600ppm or 46695) and it occurs throughout the world in many 

common minerals There are vast sedimentary deposits of CaCO; exist ng 
as whole mountain ranges of limestone marble and chalk (the white chiis 

of Dover) and also as coral These originated from the shells of marine 

life "Though hmestane 15 typically white. 1n many places it i5 coloured 

yellow orange or brown owing to traces of ton There are two crystalline 

forms of CaCQ; calcite and aragomite Calcite 1s the more common ff 
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forms colourless rhombohedral crystals. Aragonite ts orthorhombic, and 

is commonly red-brown or yellow in colour, and this accounts for the 

colour of the landscape of the Red Sea area, the Bahamas and the Florida 

keys. Limestone is commercially important as a source of lime CaO. Lime is 

produced on an enormous scale (127.9 million tonnes in 1993), second in 

volume only to H2SO,. Limestone chippings are also used for making roads. 

Fluoroapatite [3(Ca3(PO.)2)-CaF2] is commercially important as a 

source of phosphate. Gypsum CaSO,-2H;O and anhydrite CaSO, are 

major minerals. World production of gypsum was 88.2 million tonnes in 

1992. The major sources were the USA 17%, China 14%, Iran 9%, 

Canada and Thailand 8% each, and France and Spain 6% each. A much 

smaller amount of anhydrite was mined. Gypsum is used in making 

Portland cement, plasterboard and plaster, and in glass making. Its use 

in plaster is not just recent, since in the Valley of the Kings in Egypt the 

walls of the ancient burial tombs of Tutankhamun and those of the other 
kings were plastered with CaSO, and then engraved with hieroglyphics. 
The White Sands National Park and missile range in New Mexico, USA 
(where the first atomic bomb was tested) have an area of 100 miles by 40 
miles of pure white sand dunes composed of gypsum. Fluorite CaF, is 
important as the main source of fluorine. 

Strontium (384ppm) and barium (390 ppm) are much less abundant, 
but are well known because they occur as concentrated ores which are 
easy to extract. Strontium is mined as celestite SrSO, and strontianite 
SrCOs. World production of Sr minerals was 283 100 tonnes in 1993. The 
main producers are Mexico 30%, Turkey 25%, Spain 19%, China 12% 
and Iran 11%. Ba is mined as barytes BaSO,. World production was 4.9 
million tonnes in 1992. It is found throughout the world and the largest 
producers are China 21%, the former Soviet Union 11%, Mexico 8%, 
India 7%, Turkey 6% and USA 6%. Radium is extremely scarce and is 
radioactive. It was first isolated by Pierre and Marie Curie by processing 
many tons of the uranium ore pitchblende. It was used for radiotherapy 
treatment of cancer at one time: other forms of radiation are now used 
(Co, X-rays or a linear accelerator). Marie Curie was awarded the 
Nobel Prize for chemistry in 1911 for isolating and studying radium and 
polonium. 

EXTRACTION OF THE METALS 

The metals of this group are not easy to produce by chemical reduction 
because they are themselves strong reducing agents, and they react with 
carbon to form carbides. They are strongly electropositive and react with 
| water, and so aqueous solutions cannot be used for displacing them with 
| another metal, or for electrolytic production. Electrolysis of aqueous solu- , Hons can be carried out using a mercury cathode, but recovery of the metal 
| 2 the amalgam is difficult. All the metals can be obtained by electrolysis 
| OF the fused chloride, with sodium chloride added to lower the melting 
' Point. although strontium and barium tend to form a colloidal suspension. 

continued overleaf 
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In older processes BeO is extracted from beryl Be3ATD;SiOj, by heat 

treatment or fusion with alkali, followed by treatment with sulphune acid 
to give soluble BeSO, Addition of NH4,OH gives Be(OH); which Pn 
heating gwes BeO BeO has ceramic properties, and is used tn nuclear 
reactors Alternatively beryliium is extracted from the silicate minerals 

by treatment with HF, forming the soluble complex sodium tetrafiuojo- 
beryllate Na.[BeF,], and converting this to the hydroxide and then to the 
oxide Be self is prepared by converting the hydroxide to BeCl; by heat- 
ing with. C and. Cl; followed by electrolysis of the fused chloride Altér- 
natively beryllium 1s obtained by reducing BeF2 with magnesium Be 3s 
used to make alloys with other metals. Addition of about 296 Be to Cu 

metal increases tts strength by a factor of 5 or 6 An alloy of Be with Ni 
is used to make springs and electrical contacts Be has a very low cross- 
section for neutron capture, and 1s used in the nuclear energy industry 
Both Be and BeO have been used in nuclear reactors, and for this purpase 
they must be of extremely high purity. High purity material is obtained by 
making basic beryllium acetate, purifying this by distilling it under reduced 
pressure, and then either decomposing it to the oxide by heating, or con- 
verting it to the chloride and then reducing the chloride with Ca or Mg to 
give the metal The absorption of electromagnetic radiation by a solid 
depends on its electron density Be has a very low electron density aad 
has a smaller absorbing power than any other solid, and for this reason 
t 15 used to make the windows of X-ray tubes 

Magnesium is the only Group 2 metal to be produced on a large scale 
World production was 303 000 tonnes in 1993, "The largest producers were 
the USA 48%, the Soviet Union 12%, Canada 9% and Norway 8% Mg 
[Is an extremely important lightweight structural metal because of 1S 
low density (1 72gcm^? compared with. steel 7 8gcm ̂? or aluminium 
27gcm ^) Mg forms many binary alloys, often containing up to 9% Al, 

3% Zn and 1% Mn, traces of the lanthanides praseodymium Pr abd 
neodymium Nd, and traces of thorum The metal and its alloys can be 
cat, machined and welded quite easily 11 15 used to make the bodies Ui 
aircraft, aircraft parts and motor car engines Up to 5% Me ts usually 
added to Al to improve its properties Chemically it 1s important 1 
Grignard reagents such as C)H,MgBr 
Mg was formerly prepared by heating MgO and C to 2000*C, at which 

temperature C reduces MgO The gaseous mixture of Mg and CO was 
then cooled very rapidly to deposit the metal This ‘quenching’ of 'shock- 
cooling’ was necessary as the reaction ts reversible, and if cooled slowly 
the reaction will come to equilibrium further to the left 

MgO + C = Me + CO 

Magnestum ts now produced by hgh temperature reduction, and by 
electrolysis 

1 In the Pidgeon process Mg ts produced by reducing catcined dojom"é 
with ferrosilicon at 1150°C under reduced pressure 
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ci Fe/Si ] 

|CaCO; - MgCO;] — CaO - MgO ———» Mg -- Ca;SiO, 4- Fe 

2 Electrolysis may be carried out either on fused MgCl, or on partially 

"hydrated MgCl. The MgCl is produced in two ways. 

Dow sea water process 

Gea water contains about 0.1396 Mg^* ions, and the extraction of mag- 

nesium depends on the fact that Mg(OH); is very much less soluble than 

Ca(OH),. Slaked lime Ca(OH) is added to sea water, and the calcium 

ions dissolve and Mg(OH) is precipitated. This is filtered off, treated with 

HCl to produce magnesium chloride, and electrolysed. 

Ca(OH), + MgCl; > Mg(OH), + CaCl 
slaked sca precipitate 
lime waler 

heat 
Mg (OH), + HCI “= MgCl 

Dow natural brine process 

Dolomite [MgCO,-CaCOs] is calcined (heated strongly) to give calcined 
dolomite MgO: CaO. This is treated with HCl, giving a solution of CaCl, 
and MgCl,. This is treated with more calcined dolomite and CQ, is bub- 
bled in. CaCO; is precipitated, leaving a solution of MgCl, which is then 
electrolysed. 

CaCl,-MgCl, + CaO-MgO + 2CO,—> 2MgCl, + 2CaCO; 
precipitated 

Ca metal is used to make alloys with Al for bearings. It is used in the 
iron and steel industry to control carbon in cast iron and as a scavenger for 
P, O and S. Other uses are as a reducing agent in the production of other 
metals - Zr, Cr, Th and U — and for removing traces of Nz from argon. 
Chemically CaH, is sometimes used as a source of Hz. World production 
of Ca is about 1000 tonnes/year. The metal is obtained by electrolysis of 
the fused CaCl, which is obtained either as ‘a waste product from the 
Solvay process, or from CaCO; and HCl. 
The remaining metals Sr and Ba are produced on a very much smaller 

scale by electrolysis of their fused chlorides, or from their oxides by re- 
duction with aluminium (a thermite reaction). 

SIZE OF ATOMS AND IONS 
Group 2 atoms are lar ge, but are smaller than the corresponding Group 1 Clements as the extra charge on the nucleus draws the orbital electrons in w the ions are large, but are smaller than those of Group 1, espec- 
tally because the removal of two orbital electrons increases the effective nuclear charge even further. Thus, these elements have higher densities than Group 1 metals. 
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Table 11 3 Size and density 
Ó————— ss — Q— A ———— ——— "PER Ó—P P ———X' IUD — B 

Met ulte Jome Density 
radtus radius M * 

4X Coordin tte 

(A) (A) (tcm *) 

Be } 12 () 317 | 8^ 
Mt | & Ü 7? 1 74 
Cu ] 97 ] U0 | 58 
Sr 2 ]^ 1 18 263 
Bi 2 22 | 35 362 
Ry | 4^ 55 

* Four eoordin ite radius. six coordinate value = O45A 

Group 2 metals are stlvery white in colour They have two valency 
electrons which may participate tin metallic bonding compared with one 
electron for Group ! metals Consequently Group 2 metals are harder 
have higher cohesive energy and have much higher melung points and 
boiling points than Group 1 elements (see Table 11 4) but the metals are 
relatively soft The melting points do not vary regularly mainly because 
the met ils adopt different crvstal structures (see the section on Metallic 
bonds ind metallic structures in Chapter 2} 

Table 11 4 Melting and borling points of Group 1 and 2 elements 

Melting Bohne Minune Bo n, 
po nt peint point pe ent 

(eC) CC) (C) ( C) 

B« 1287 (2500) Li ihl 1347 
Mi. 619 Hs N | ys AM 
Ci N19 1494 K 63 766 
Sr 708 135] Rb 319 CXS 
Bi 7127 (1&3) Cs 3N N 705 

Ri (C700) (1700) 

Figures iri brickets tre ipprovime ite 

IONIZATION ENERGY 

The third ronization energy 1s so high that M‘* rons are never formed The 
ionization energy for Be * is high and its compounds are typically co 
valent Mg also forms some covalent compounds However the com 
pounds formed by Mg Ca Sr and Ba are predominantly divalent and 
tonic. Since the atoms are-smaller than those in Group 1. the electrons are 
more tightly held so that the energy needed to remove the first electron 
(first ionization energy) 1s greater than for Group 1. Once one electron has 
been removed the ratio of charges on the nucleus to orbital electrons 15 
increased. so that the remaining electrons are more tightly held. Hence the 
energy needed to remove a second electron is nearly double that required 
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for the first. The total energy required to produce gaseous divalent ions for 

Group 2 elements (first ionization energy + second ionization energy) is 

over four times greater than the energy required to produce M* from 

Group 1 metals. The fact that ionic compounds are formed shows that the 

energy given out when a crystal lattice is formed more than offsets that 

used in producing ions. 

Table 11.5 Ionization energies and electronegativity 

Ionization energy Pauling's 
(kJ mol" !) electronegativity 

Ist 2nd 3rd 

Be 899 1757 14 847 1.5 
Mg 737 1450 7 73] 1:2 
Ca 590 1145 4910 1.0 
Sr 549 1064 1.0 
Ba 503 965 0.9 
Ra 509 979 (3281) 

Estimated value in brackets. 

ELECTRONEGATIVITY 

The electronegativity values of Group 2 elements are low, but are higher 
than the values for Group 1. When Mg, Ca, Sr and Ba react with elements 
such as the halogens and dioxygen at the right hand side of the periodic 
table, the electronegativity difference is large and the compounds are 
ionic. 
The value for Be is higher than for the'others. BeF; has the biggest 

electronegativity difference for a compound of Be and so is the most likely 
compound of Be to be ionic. BeF; has a very low conductivity when fused, 
and is regarded as covalent. 

HYDRATION ENERGIES 
The hydration energies of the Group 2 ions are four or five times greater 
than for Group 1 ions. This is largely due to their smaller size and increased 
charge, and AM ydrauon decreases down the group as the size of the ions 
Le In the case of Be a further factor is the very strong complex 
| e(H20)4}?* that is formed. The crystalline compounds of Group 2 con- 
ain more water of crystallization than the corresponding Group 1 com- 
pounds. Thus NaCl and KCl are anhydrous but MgCl; - 6H5O, CaCl; - 6H;O 
and BaCl;-2H4O all have water of crystallization. Note that the num- er iL s molecules of water of crystallization decreases as the ions become 

[. ) 
+ 

Sin > Ì ce the divalent ions have a noble gas structure with no unpaired electr : : a Ons. their compounds are diamagnetic and colourless, unless the 
radical is coloured. 

331 
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Table 11 6 Hydration energies 

Ionic radius AH hydration 
(À) (kJ mol7') 

Be'* Ü 3[* —2494 
Mg * 72 —1921 
Ca * 1 OQ) — 1577 
sr* 118 ~ 1443 
Ba'* 135 ~1305 

*Four coordinate radius 

ANOMALOUS BEHAVIOUR OF BERYLLIUM 

Be differs from the rest of the group for three reasons 

] ltis extremely small and Fajans rules state that small highly charged 
tons tend 10 form covalent compounds 

2 Be has a comparatively high electronegativity Thus when beryllium 
reacts with another atom the difference in electronegativity i5 seldom 
large, which again favours the formation of covalent compounds Even 
BeF, (electronegativity difference 25) and BeO (electronegatmity 
difference 2 0) show evidence of covalent character 

3 Be is in the second row of the periodic table and the outer shell can 
hold a maximum of eight electrons (The orbitals available for bonding 
are one 2s and three 2p orbitais ) Thus Be can form a maximum of four 
conventional electron pair bonds. and in many compounds the maxi 
mum coordination number of Be 1s 4 The later elements can have 
more than eight outer electrons and may attain a coordination number 
of 6 using one 5, three p and two d orbitals for bonding Exceptions 
occur if multi centre bonding occurs as for example in basic berylhum 
acetate, when higher coordination numbers are obtained 

Thus we should expect Be to form mainly covalent compounds and com 
monly have a coordination number of 4 Anhydrous compounds of Be are 
predominantly two covalent and BeX, molecules should be linear 

Electronic structure of is 2s 2p 
beryllium atom in the n] m [II] 
ground state 

is 2s 2p 

Electronic structure of [n] 
beryiuum atom in excited state el | 

two unpa red electrons can form bonds 
with two X atoms = linear molecule 
(sp hybridization) 

In fact linear molecules exist only in the gas phase, as this electronic a 

rangement has not filled the outer shell of electrons In the solid state four 

fold coordination ts always achieved There are several ways by which ths 

can be achieved 
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|. Two ligands that have a lone pair of electrons may form coordinate 

bonds using the two unfilled orbitals in the valence shel] of Be. Thus 

two F^ ions might coordinate to BeF>, forming [BeF4]*~. Similarly 

diethyl ether can coordinate to Be(+II) in BeCl;, forming [BeCl; 

(OEt;);]. 
2. The BeX5 molecules may polymerize to form chains, containing bridg- 

ing halogen groups, for example (BeF;),, (BeCl;),. Each halogen forms 
one normal covalent bond, and uses a lone pair to form a coordinate 
bond (Figure 11.3c). 

3. (BeMe;), has essentially the same structure as (BeCl;),. but the 
bonding in the methyl compound is best regarded as three-centre two- 
electron bonds covering one Me and two Be atoms. 

4. A covalent lattice may be formed with a zinc blende or wurtzite struc- 
ture (coordination number 4), for example by BeO and BeS. 

In water beryllium salts are extensively hydrolysed to give a series of 
hydroxo complexes of unknown structure. They may be polymeric and 
of the type: 

HO OH OH} [HO OH OH OH |? 

2 
Be Be Be Be Be 

\ / ZN ZZN / 
HO OH OH HO OH OH OH 

If alkali is added to these solutions the polymers break down to give the 
simple mononuclear beryllate ion [Be(OH),]?~, which is tetrahedral. 
Many beryllium salts contain the hydrated ion [Be(H2O),]?* rather than 
Be’* and the hydrated ion too is a tetrahedral complex ion. Note that 
the coordination number is 4. Forming a hydrated complex increases the 
effective size of the beryllium ion, thus spreading the charge over a larger 
area. Stable ionic salts such as [Be(H50),]SO,;. [Be(H2O),](NO3)2 and 
[Be(H;O)4]Cl, are known. 

Electronic Structure of Do ls 25 2p 
ryiium atom in the 

1s 2s 2p 
Electronic Structure of 

Electronic structure of 
Be*' ion having gained 
four electron pairs from — 1s 2s 2p four Oxygen atoms in 
Water molecules mj quus 

bd 

four electron pairs — 

tetrahedral 

(sp? hybridization) 
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Beryllium salts are acidic when dissolved in pure water because the hy 
drated ion hydrolyses producing H4O* This happens because the Be—Q 
bond is very strong, and so in the hydrated ton this weakens the O—1] 
bonds, and hence there ts a tendency to lose protons The initial reaction 45 

H,O + [Be(H,0).]** = [Be(H,0),(OH)]* + H,0* 

but fas may be followed by Surther polymenzahnon onvolvimg hydroxo 
bridged structures [Be;?OH]'* (Bei(OH)|* In alkaline solutions 
[Be(QH),P~ ts formed The other Group 2 salts do not interact. so 
Strongly with water, and do not hydrolyse apprecrably 

Beryllrum salts rarely have more than four molecules of water of crystal 
zation associated with the metal ton. because there are only four orbitals 
avaiable in the second shell af electrons whereas magnesium can have 
2 coordinanon number of 6 by using some 3d orbitals as well as 3s and 
3p orbitals 

SOLUBILITY AND LATTICE ENERGY 

The solubility of most salts decreases with increased atomic weight though 
the usual trend is reversed with the fluorides and hydroxides in this group 
Solubility depends on the lattice energy of the solid. and the hydration 
energy of the 10ns as explained below 
Some lattice energy values for Group 2 compounds are listed in Table 

117 The lattice energies are much higher than the values for Group 1 

compounds because of the effect of the increased charge on the ions in 
the Born-Lande equation (See Chapter 3 ) Taking any one particular 
negative ion the lattice energy decreases as the size of the metal increases 

Table 11 7 Lattice energies of some compounds (kJ mol ') 

MO MCO, MF. Ml. 

Me -3923 -3178 -7906 -2292 
Ca -3517 — 2986 —2610 — 058 
Sr — 3412 -27A8 —2459 
Ba ~3120 —2614 -2367 

The hydration energy also decreases as the metal tons become larger 
(Table 11 8) For a substance to dissolve. the hydr ition energy must ex 

Table 11 8 Enthalpies of hydration 

AH (KJ mol. !) 

Be'* -2494 
Mg * — EY? | 
Ca" -1577 
Sr* —]443 
Ba * -]305 
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ceed the lattice energy. Consider a related group of compounds, such as 

the chlorides of all the Group 2 metals. On desending the group the 

metal ions become larger and so both the lattice energy and the hydration 

energy decrease. A decrease in lattice energy favours increased solubility, 

but a decrease in hydration energy favours decreased solubility. These two 

factors thus change in opposite directions, and the overall effect depends 

on which of the two has changed most. With most compounds, on de- 

scending the group, the hydration energy decreases more rapidly than 

the lattice energy: hence the compounds become less soluble as the metal 

gets larger. However, with fluorides and hydroxides the lattice energy 
decreases more rapidly than the hydration energy, and so their solubility 
increases on descending the group. 

SOLUTIONS OF THE METALS IN LIQUID AMMONIA 

The metals all dissolve in liquid ammonia as do the Group 1 metals. Dilute 
solutions are bright blue in colour due to the spectrum from the solvated 
electron. These solutions decompose very slowly, forming amides and 
evolving hydrogen, but the reaction is accelerated by many transition 
metals and their compounds. 

2NH; + 2e > 2NH> + H, 
Evaporation of the ammonia from solutions of Group 1 metals yields the 
metal, but with Group 2 metals evaporation of ammonia gives hexam- 
moniates of the metals. These slowly decompose to give amides. 

M(NH3)g -> M(NH2)2 T 4NH35 + H, 

Concentrated solutions of the metals in ammonia are bronze coloured, 
due to the formation of metal clusters. 

CHEMICAL PROPERTIES 

Reaction with water 

The reduction potential of beryllium is much less than those for the rest of 
the group. (Standard electrode potentials E? of Be^*|Be —1.85, Mg^*|Mg 
~2.37, Ca?*|Ca —2.87, Sr?*|Sr —2.89, Ba?*|Ba —2.91, Ra?*|Ra —2.92 

volts.) This indicates that beryllium is much less electropositive (less met- 
allic) than the others, and beryllium does not react with water. There is 
some doubt whether it reacts with steam to form the oxide BeO, or fails 
to react at all. 
Ca, Sr and Ba have reduction potentials similar to those of the corre- 

Sponding Group 1 metals, and are quite high in the electrochemical series. 
ey react with cold wate it dily. liberating h I 

metal hydroxides. opo pc T ea 

Ca + 2H,0 — Ca(OH), + Hp 
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Table 11 9 Some reactions of Group 2 elements 

Reaction Comment 
e LLL 

M + 2H,0— M(OH), + H» Be probably reacts with steam. Mg with hot 
water and Ca Srand Ba react rapidly with 
cold water 

M + 2HCI— MCl; - H: Ali the metals react with acids liberating 
hydrogen 

Be + NaQH — Na2[Be(OH),] + H; Beisamphoteric 

2M + O, 2 2MO Normal oxide formed by all group members 
with excess dioxygen 
Ba 4 O; — BaO, Ba also forms the peroxide 

M + H,;— MH; fone salt like hydrides formed at high 
temperatures by Ca Scand Ba 

3M + N,— M;N; All form nitrides at high temperatures 

3M + 2P—> M,P, All rhe metals form phosphides at high 
temperatures 

M4 S—MS All the metals form sulphides 
M -- Se— MSe All the metals form selenides 
M + Te — MTe All the metals form tellurides 

M + F,— MF, AM the metals form fluondes 
M + Ci,— MCI, All the metals form chlondes 
M * Br; 5 MBr; Ajl the metals form bromides 
M + L — MI, All the metals form todides 

3M t 2NH3 5 2M(NH;); Allthe metals form amides at high 
temperatures 

Magnesium has an mtermedtate value, and it does not react with cold 

water but tt decomposes hot water 

Mg *- 2H;0 — Mg(OH), t H; 
Ut 

Mg forms a protective layer of oxide, so despite its favourable reduction 
potential it does not react readily unless the oxide layer 1s removed by 

amalgamating with mercury In the formation of the oxide film it resembles 

aluminium 

HYDROXIDES 

Be(OH), ts amphoter'c. but the hydroxides of Mg, Ca, Sr and Ba are 
basic The basic strength increases from Mg to Ba, and Group 2 shows 
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the usual trend that basic properties increase on descending a group. 

Solutions of Ca(OH). and Ba(OH), are called lime water and baryta 

water respectively, and are used to detect carbon dioxide. When CO; is 

bubbled through these solutions, they become 'turbid' or *milky' due to 

the formation of a suspension of solid particles of CaCO, or BaCO}. If 

excess CO; is passed through these 'milky' solutions then the turbidity 

disappears as soluble bicarbonates form with the excess CO». Baryta 

water is rather too sensitive as it gives a positive test for CO; by exhaling 

breath on it, whereas with lime water, breath (or other gas) must be blown 
through the solution as bubbles. 

Excess 

Ca?* (OH7); -- CO; —> CaCO, + H20 = Ca?*(HCO;); 
insoluble soluble - 

white precipitate 

The bicarbonates of Group 2 metals are only stable in solution. Caves 
in limestone regions often have stalactites growing down from the roof, 
and stalagmites growing up from the floor. Water percolating through the 
limestone contains some Ca^*(HCO;); in solution. The soluble bicar- 
bonate decomposes slowly into the insoluble carbonate, and this results 
in the slow growth of the stalactites and stalagmites. 

Ca?*(HCO;), — CaCO, 4 CO, 4 H;O 

HARDNESS OF WATER 

Hard water contains dissolved salts such as magnesium and calcium car- 
bonates, bicarbonates or sulphates. It is difficult to produce lather from 
soap with hard water, and an insoluble scum is formed. The metal ions 
Ca^* and Mg?* react with the stearate ions from the soap, forming an 
insoluble scum of calcium stearate before any lather is produced. Hard 
water also produces scale (insoluble deposits) in water pipes, boilers, 
and kettles. 
‘Temporary hardness’ is due to the presence of Mg(HCO3). and 

Ca(HCO,);. It is called 'temporary' because it can be removed by boil- 
ing, Which drives off CO, and upsets the equilibrium. 

2HCO; = CO3- + CO, + H,O 
Thus the bicarbonates decompose into carbonates, and calcium carbonate 
is precipitated. If this is filtered off, or allowed to settle, the water is free , 
ftom hardness. Temporary hardness can also be removed by adding slaked 
lime to precipitate calcium carbonate. This is called ‘lime softening’, and 
by operating at pH 10.5, temporary hardness due to HCO; can be almost 
completely removed. 

Ca(HCO4); En Ca(OH), — 2CaCO, EE 2H50 

‘Permanent hardness’ is not removed by boiling, and is due mainly to 
850, or CaSO, in solution. Small quantities of pure water are prepared 
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in the laboratory either by distilling the water, or by passing it through ax 
ion-exchange resin, when the Ca^* and Mg?* ions are replaced by Na* 
The sodium salts do not affect the lathering power Ion-exchange method 
are widely used in industry Water may also be softened by adding various 
phosphates, such as trisodium phosphate Na4PO,;, sodium pyrophosphate 
Na,P50;, sodium tripolyphosphate Na«P4O,4, or Grahams salt (Calgon) 
(NaPO), These form a complex with the caletum and magnesium ions 
and 'sequester' them, that is keep them in solution. At one time large 
quantities of sodium carbonate were used in the Irme-soda process t? 
soften water The effect of adding NaoCO; 1s to precipitate CaCO, 

CaSO, + NaCO, — CaCO, T Na335Q4 

REACTION WITH ACIDS AND BASES 

The metals all react with acids and liberate H5, although Be reacts slowly 
Be 1s rendered passive by concentrated HNO4, 1 e it does not react. Thi$ 
is because concentrated HNOY 1s a strong oxidizing agent and it forms 2 
very thin layer of oxide on the surface of the metal, which protects it from 
further attack by the acid. Be is amphoteric, as it also reacts with NaOH: 
geming H and sodium berrylate Mg, Ca, Sr and Ba do not react with 
NaOH, and are purely basic. This ilíustrates that basic properties increase 
on descending the group 

Mg ^ 2HCI — MgCl; + H, 

Be + 2NaQH -* 2H;O — Na;[Be(OH);] - H; 
OT NaBeO, 28,0 T H; 

sodium beryllate 

OXIDES AND PEROXIDES 

AN ior Hemen on ims pipip bom n $5; vo form puies wO Be mera 
relatively unreactive in the massive form, and does not react below 600°C» 
but the powder is much more reactive and burns brilltantly The element 
also burn tn air, forming a mixture of oxide and nitride Mg burns wit 
dazzling brilliance in air, and evolves a fot of heat This ts used to staf 
a thermite reaction. with. aluminium, and also to provide light in flash 
photography using light bulbs, not electronics 

Mg - ait — MgO 4 MgiN, 

BeO ts usually made by ignition of the metal, but the other metal oxide 
are usually obtained by thermal! decomposition of the carbonates MCO; 
Other oxgsalts such as M(NO,). and MSO,, and also M(OH)), all dé 
compose to the oxide on heating The oxosalts are less stable to heat tha? 
the corresponding Group 1 salts because the metals and their hydroxidé> 
are less basic than those of Group 1 
CaO (quicklime) ıs made in enormous quantities (127 9 million tonnés 

m 1993) by roasung CaCO; mn a hme kiin 
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Caco, =, CaO + CO; 

MgO is not very reactive, especially if it has been ignited at high tem- 

peratures, and for this reason it is used as a refractory. BeO is also used 

as a refractory. They combine a number of properties that make them 

useful for lining furnaces. These factors are: 

|. High melting points (BeO approx. 2500°C, MgO approx. 2800°C). 

2. Very low vapour pressures. 

3. Very good conductors of heat. 

4, Chemical inertness. 
5. Electrical insulators. 

All Be compounds should be used with care as they are toxic and dust or 
smoke cause berylliosis. 
CaO, SrO and BaO react exothermically with water, forming hydroxides. 

CaO + H,O > Ca(OH); 

Mg(OH); is extremely insoluble in water (approx. 1 X 107*gl^! at 20°C) 
but the other hydroxides are soluble and the solubility increases down the 
group (Ca(OH), approx. 2g1^!; Sr(OH); approx. 8g1^!; Ba(OH) ap- 
prox. 39g17. Be(OH), is soluble in solutions containing an excess of 
OH”, and is therefore amphoteric. Mg(OH), is weakly basic, and is used 
to treat acid indigestion. The other hydroxides are strong bases. Ca(OH), 
I$ called slaked lime. 
BeO is covalent and has a 4:4 zinc sulphide (wurtzite) structure, but all 

the others are ionic and have a 6:6 sodium chloride structure. 
Attempts to predict the structure using the sizes of the ions and the 

radius ratio are only partly successful (Table 11.10). The correct structure 
is predicted for BeO, MgO and CaO, but for SrO and BaO the predicted 
coordination number is 8, though the structures found are six-coordinate. 
Crystals adopt the structure that has the most favourable lattice energy, 
and the failure of the radius ratio concept in this case leads us to examine 
the assumptions on which it is based. (See Chapter 3 under ‘A more criti- 
cal look at radius ratios’.) Ionic radii are not known with great accuracy 
and they change with-different coordination numbers. Also, ions are not 
necessarily spherical, or inelastic. 

Table 11.10 Radius ratios and coordination numbers 

Oxide Radius Predicted Coordination 
ratio coordination number 

M?*1O?- number found 

BeO 0.32 4 4 
MgO 0.51 6 6 
CaO 0.71 6 6 
SrO 0.84 8 6 
BaO 0.96 8 6 TNR a a A 
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As the atoms get larger, the 10nization energy decreases and the el 
ements also became more basic BeO is insoluble tn water but dissolves 
m acids to give salts. and in alkalis to pive beryllates which on standing 
precipitate as the hydroxide BeO 1s therefore amphoteric MgO reacts 
with water, forming Mg(OH) which 1s weakly basic CaO reacts yery 
readily with water, evolving a lot of heat and forming Ca(OH), which isa 
moderately strong base Sr(OH). and Ba(OQH), are even stronger bases 
The oxides are usually prepared by thermal decomposition of the carbon 
ates nitrates or hydroxides The increase in basic strength is illustrated by 
the temperatures at which the carbonates decompose 

BeCO, MeCO, CaCO, $rCO, BaCO, 
<IUE 540°C 900°C — 12907C  1360*C 

The carbonates are all ionice but BeCO, is unusual because it contains 
the hydrated 10n |Be(H-O),] * rather than Be^* 
CaCO, occurs as two different crystalline forms calcite and aragonite 

Both forms occur naturally as minerals Calcite ts the more stable each 
Ca^* is surrounded by six oxygen atoms from CO,” 10ns Aragoritte 
is a metastable form, and its standard enthalpy of formation 15 about 
5kJ mol^! higher than that of calote In principle aragonite should de 
compose to calcite but a high energy of activation prevents this happen 
ing Aragonite can be made im the laboratory by precipitaung from a fio 
solution Its crystal structure has Ca?* surrounded by nine oxygen atoms 
This is a rather unusual coordination number 

Calcium oxide (ime) 1s prepared on a large scale (127 9 milhon tones 
in. 1993) by heating CaCO, in lime kilns 

CaCO, — CaO + CO, 

Lime is used 

I In stee] making to remove phosphates and stheates as slag 
2 By mixing with $10. and alumina or clay to make cement 
3 For making glass 
4 In the hime-soda process, which is part of the chlor-alkah indus 

converting NaCO, to NaOH or vice versa 

3 For ‘softening’ water 
6 To make CaC, 
7 ‘Fo make slaked lime Ca(OH), by treatment with water 

Bleaching powder is made by passing Cl; into slaked lime, and apout 
150000 tonnes a year are produced Though bleaching powder is offe? 
writter as Ca(OCI), st is really a mixture 

3Ca(OH); + 2Cl, — Ca(OCI), Ca(OH). CaCl, 2H,0 

Soda lime 1s a mixture of NaOH and Ca(OH), and ts made fram quick 
lime (CaO) and aqueous sodium hydroxide. It much easier to han e 
than NaOH 

Peroxides are formed with increasing ease and increasing stability as the 



metal ions become larger. Barium peroxide BaO, is formed by passing air 

over BaO at 500°C. SrO, can be formed in a similar way but this requires 

a high pressure and temperature. CaO} is not formed in this way, but can 

be made as the hydrate by treating Ca(OH), with H20, and then de- 

hydrating the product. Crude MgO has been made using H,O2, but no 

peroxide of beryllium is known. The peroxides are white tonic solids con- 

taining the {[O—O]*~ ion and can be regarded as salts of the very weak 

acid hydrogen peroxide. Treating peroxides with acid liberates hydrogen 

peroxide. 

BaO, - 2HCI BaCh + HO, 

SULPHATES 

The solubility of the sulphates in water decreases down the group, Be > 
Mg > Ca > Sr > Ba. Thus BeSO, and MgSO, are soluble, but CaSO, 
is sparingly soluble, and the sulphates of Sr, Ba and Ra are virtually in- 
soluble. The significantly higher solubilities of BeSO, and MgSO, are 

due to the high enthalpy of solvation of the smaller Be** and Mg?* ions. 
Epsom salt MgSO, - 7H-2O is used as a mild laxative. Calcium sulphate can 
exist as a hemihydrate CaSO,- 3H3O which is important in the building 
trade as plaster of Paris. This is made by partially dehydrating gypsum. 

CaSO,-2H,0 ——^ CaSO,-1H3O 2* s CaSO, "+ CaO + SO, 
Eynum plaster of Paris anhydrite 

When powdered plaster of Paris CaSO, -4H,O is mixed with the the cor- 
rect amount of water it sets into a solid mass of CaSO, -2H2O (gypsuin). 
Plaster of Paris is used for plastering walls. and also to make plaster casts 
(moulds) for a variety of purposes. industrial, sculptural. and in hospitals 
to encase limbs so that broken bones are set straight. Alabaster is a fine 
grained form of CaSO,- 2H5O which is shiny like marble, and is used to 
make ornaments. CaSO, is slightly soluble in water (2gper litre), so ob- 
jects made from alabaster or gypsum cannot be kept outdoors. BaSO, is 
both insoluble in water and Opaque to X-rays, and is used as a ‘barium 
meal’ to provide a shadow of the stomach or duodenum on an X-ray pic- 
ture, which is useful in diagnosing stomach or duodenal ulcers. The sul- 
phates al] decompose on heating. giving the oxides: 

heat 

MgSO, ==> MgO + SO; 
In the same way as with the stability and thermal decomposition of the 
MS. the more basic the metal is, the more stable the sulphate is. 

his is shown by the temperatures at which decomposition Occurs: 

BeSO, MgSO, CaSO,  SrSO, 

500°C 895°C }149°C  1374?C 
Heating the sulphates with C reduces them to sulphides. Most barium 
Ompounds are made from barium sulphide. 
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BaSO, -- 4C — BaS 4- 4CO 

Group Ii elements also form perchlorates MCIO; which have very 
similar structures to the sulphates, and the CIO; ion 1s tetrahedral and 
similar in size to the SOS” ton However, they differ chemically, since 
perchlorates are strong oxidizing agents Magnesium perchlorate ts used 

as a drying agent cafled anhydrone Anhydrone should not be used with 
organic materials because it is a strong oxidizing agent, and accidental 
contact with organic material could cause an explosion 

NITRATES 

Nitrates of the metals can all be prepared in solution ang can be crystal- 
lized as hydrated salts by the reaction of HNO with carbonates, oxides 
or hydroxides Heating the hydrated solids does not give the anhydrous 
mtrate because the sohd decomposes to the oxide Anhydrous nitrates can 
be prepared using quid dinitrogen tetroxide and ethyl acetate Beryilum™ 
is unusual ;n that 1t forms a basic nitrate tn addition to the normal salt 

warm to 50°C BeCl>——» Be(NO1)2 2NsO4 Be(NO,),-———» [Be,O(NO,)s} 
undir vacuum basic 

beryllium 
nirratc 

Basic berylhum mitrate 1s covalent and has an unusual structure (Fipure 
I| Ib) Four Be atoms are located at the corners of a tetrahedron, with six 
NO; groups along the six edges of the tetrahedron, and the (basic) oxy 
gen at the centre The Structure is of interest partly because beryllium 
is unique in. forming a series of stable covalent molecules of formula 
[Be,O(R,}] where R may be NOy, HCOO~, CH,COO”~ C,H,COOo. 
C,H,.COO7~ ete Thus basic beryllium nitrate 1s ane of a series of simildt 
molecules (cf basic beryllium acetate (Figure 115 b)) The structure 1$ 
diso of interest because the NOF groups act as bidentate ligands in form 
ing a bridge between twa Be atoms (See Chelates' in. Chapter 7 for 3 
discussion of multidentate groups ) 

HYDRIDES 

The elements Mg Ca Sr and Ba all react with hydrogen to form hydrides 
MH: Beryllium hydride ts difficult to prepare, and less stable than thé 
others Impure BeH, (contaminated with varous amounts of ether) wa5 
first made by reducing BeCl; with lithium aluminium hydride LÍ AIH] 

Pure samples can be obtained by reducing BeCl, with lithium borohy- 
dnde Li[BH,] to give BeB.H, then heating BeBsH, 1n a sealed tube wnh 
inphenylphosphine PPh, 

2BeCI, À LiAHH, — 2BeH. 4 LiCl 4- AIC 
BeB.Ha + J2PPh| —* ReH, + 2Ph PBH, 
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(a) (b) 

Figure 11.1 (a) A bridging NO} group. (b) Basic beryllium nitrate. 

€ ee SS 
« C OX EK 

Figure 11.2 Polymeric BeH; structure with three-centre bonds. 

BeCl, + 2Li{BH4] —> BeB2Hg + 2LiCl 

Ca + H, — CaH; 

The hydrides are all reducing agents and are hydrolysed by water and 
dilute acids with the evolution of hydrogen. 

CaH, + 2H,O — Ca(OH), + 2H2 

| CaH;, SrH, and BaH; are ionic, and contain the hydride ion H^. Beryl- 
tium and magnesium hydrides are covalent and polymeric. (BeH2)„ pre- 
sents an interesting structural problem. In the gas phase it seems probable 
that several species may be present comprising polymeric chains and rings. 
The solid exists in both amorphous and crystalline forms. Both are thought 
to be polymeric and to contain hydrogen bridges between beryllium atoms. 
Be is bonded to four H atoms, and the H atoms appear to be forming 

two bonds. Since Be has two valency electrons, and H only one, it is ap- 
Parent that there are not enough electrons to form the usual electron pair 
bonds in which two electrons are shared between two atoms. Instead of 
this, three-centre bonds are formed in which a ‘banana-shaped’ molecular 
orbital (or three-centre bond) covers three atoms Be...H...Be, and 
contains two electrons. (This is called a three-centre two-electron bond.) 

IS tS an example of a cluster compound, where the monomeric molecule 
BeH, (formed with normal bonds) would result in only four electrons in 

, 



GROUP 2 — THE ALKALINE EARTH ELEMENTS 

the outer shell of the beryliium atom "This situation i5 termed. electron 
deficient’, and, by clustering, each atom shares tts electrons with several 
neighbours and receives a share in their electrons Ciustering 1s tmportant 

in metals (Chapter 5) and the boron hydrides (Chapter 12}, and in the 
halides of the second and third row transition metals (Chapter 18) 

HALIDES 

Halides MX; can be made by heating the metals with the halogen or by 
the action of halogen acid on either the metal or the carbonate The beryl 
bum hahdes are covalent, hygroscopic and fume in air due to hydrolysis 
They sublime, and they do not conduct electricity Anhydrous berythum 
halides cannot be obtained from materials made 1n. aqueous solutions 
because the hydrated 10n. (Be(H;O),]* is formed, e g (Be(H:OJJCI. 
or [Be(H;O),]F; Attempts to dehydrate result in hydrolysis 

[Be(H.O),]Cl; 5 Be(OH), 4 2HCI 
The anhydrous halides are best prepared by the following reactions. Reac 
tion with CCL, 1s a standard method for making anhydrous chlorides which 
cannot be obtained by dehydrating hydrates (See Chapter 16 ) 

BeO + 2NH, + 4HF — (NH,),[BeF,] 3 — BeF; - 2NH,F 

HRC 
BeO + C+ Ch BecCl, + CO 

2BeO + CCl» 2BeCl, + CO, 
The anhydrous halides are polymeric Beryllium chlonde vapour contains 
BeCl; and (BeCl;);, but the solid ts polymerized Though the structure of 
the (BeCl;), polymer ts similar to that for (BeH;),. the bonding 1s dif 
ferent Both show clustering, but the hydride has three centre bonding 
whereas the halides have halogen bridges 1n which a halogen atom bonded 
to one beryllium atom uses a lone parr of electrons to form a coordinate 
bond to another beryliium atom 

Ci 

Cl—Be—Cl com Be— Cl 

(a) CI 

(b) 

NEN "^x AEN p^ 

x ~N ~ 
He Be Be 

Ci " r ^a^ CI 

(c) 

Figure 11.35 BeCl.struciures (a) monomer. (b) dimer and (c) polymer 



Beryllium fluoride is very soluble in water, owing to the high solvation 

energy of Be in forming [Be(H;O)4]^*. The other fluorides MF; are all 

almost insoluble. 
Fluorides of the other metals are ionic, have high melting points, and 

are insoluble in water. CaF, is a white, insoluble, high melting solid. It is 

very important industrially, and is the main source of both F; and HF. 

CaF, + H5SO, — 2HF + CaSO, 

HF + KF > KHF; electrolysis F> 

World production of fluorite CaF, was 3.6 million tonnes in 1992. The 
main sources are China 42%, the Soviet Union, Mexico and Mongolia 
8% each, and South Africa 7%. CaF, is also used to make prisms and 
cell windows for spectrophotometers. 
The chlorides, bromides and iodides of Mg, Ca, Sr and Ba are tonic, 

have much lower melting points than the fluorides, and are readily soluble 
in water. The solubility decreases somewhat with increasing atomic num- 
ber. The halides all form hydrates, and they are hygroscopic (absorb water 
vapour from the air). Several million tonnes of CaCl, are produced each 

year. Large amounts are discarded in solution as a waste product from the 
Solvay process because it is not economic to recover the solid and demand 
is low. CaCl, is widely used for treating ice on roads, particularly in very 
cold countries, because a 30% eutectic mixture of CaCl,/H,O freezes at 
-33"C, compared with NaCI/H;O at —18?C. CaCl, is also used to make 
concrete set more quickly and to improve its strength, and as ‘brine’ in 
refrigeration plants. A minor use is in laboratories as a desiccant (dry- 

Ing agent). Anhydrous MgCl, is important in the electrolytic method for 
extracting magnesium. 

NITRIDES 

The alkaline earth elements all burn in dinitrogen and form ionic nitrides 
M3N;. This is in contrast to Group I where Li3N is the only nitride formed. 

3Ca + N, — CaN: 

Because the N; molecule is very stable, it requires a lot of energy to con- 
ao into N^" nitride ions. The large amount of energy required comes 
eet dene large amount of lattice energy evolved when the crystalline 
fae m The lattice energy Is particularly high because of the high 
i. B E ions M^* and N- . Li is alone in Group I in forming a 
(See 2 ere the very small size of Li” results in a high lattice energy. 

orn-Landé equation, Chapter 3.) 
zh i IS hes volatile in accord with the greater tendency of Be to 
RS m other nitrides are not volatile. All the nitrides are all 

erating am tds which decompose on heating and react with water, lib- 
omia and forming either the metal oxide or hydroxide, e.g. 

CaN, + 6H;O —> 3Ca(OH); T 2NH3 
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CARBIDES (see ilso Chapter 13) 

When BeO ts heated with C at 1900-2000 "C a brick red cofoured carbide 
of formula BesC is formed This isione ind his an anti fluorite structure 
1€ lke the CaF; structure except that the positions of the metal rons and 
anions are interchanged [t1s unusual because it reacts with water forming 
methane and s thus called a methanide 

BesC + 4H,O — 2Be(OH), + CH, 

Group 2 metals typically form ionie carbides of formula MC, The 
metals Mg Ca Sr and Ba form carbides of formula MC, either when the 
metal ts heated with carbon in an electne furnace or when their oxides are 
heated with carbon CaC, made 1n this way is a grey coloured solid. but is 
colourless when pure BeC» is made by heating Be with ethyne 
On heating MgC: changes into MgC, This contains Ci and tt reacts 

with water to form propyne CH,C==CH (methyl acetylene) 

: 

Ca + 20 T, CaC, 

CaO + 3C, Cals + CO 
The MC, carbides all have 1 distorted sodium chloride type of structure 
M'* replaces Na* and C=C" replaces CIT The C3 ions are elongated 
not spherical the Cl Thus the axis along which the C57 tons lie 1s length 
ened compared with the other two axes and thts is called tetragonal dis 
tortion The structure is shown in Chapter 3 Figure 3 12 At temperatures 
above 450°C the C37 ions adopt random positions rather than being 
aligned in this way and the unit cell then. becomes cubic rather than 
tetragonal 

Calcium carbide 1s the best known It reacts with water liberating 
ethyne (formerly called acetylene) and is thus called an acetylide 

CaCl, + 2H-0 -— Ca( OH); + CH, 

At one time this reaction was the main source of ethyne for oxy acetylene 
welding Production of CaC peaked at 7 million tonnes/year in 1960 but 
had declined to 4 9 million tonnes in 1991 because ethyne ts now obtained 
from processing oil 
CaC; 15 an important chemical intermediate When CaC, is heated in an 

electric furnace with atmospheric dinitrogen at 1100°C, calcium cyanamide 
CaNCN is formed Thus is an important reaction because it is one method 
of fixing atmospheric dinitrogen (The Haber process for NHs is another 
method of fixing dinitrogen ) 

CaC, + Na — CaNCN + C 

The cyanamide ion [N=C=N]*" is isoelectronic with CO and has the 
same linear structure CaNCN is produced on a large scale, particularly m 

locations where there is cheap electricity. At one time about 13 million 

tonnes/year was produced though this 1s now increasing. Cyanamide t$ 



ORGANOMETALLIC COMPOUNDS 

widely used (particularly in SE Asia and the Far East) as a slow acting 

nitrogenous fertilizer, as it hydrolyses slowly over a period of months. 

CaNCN has the advantage over more soluble nitrogenous fertilizers such 

as NH,NO; or urea, in that it is not washed away with the first rainstorm. 

CaNCN + SHO => CaCO; + 2NH,OH 

Other important industrial uses of CaNCN are the manufacture of cyan- 

amide H,NCN which is used to make urea and thiourea, and of melamine 

which forms hard plastics with formaldehyde. 

CaNCN + H,SO,—H2NCN + CaSO, 

CaNCN + CO; T H-O =H, NCN t CaCO, 
cyanamide 

pH <2 or >12 
———————À H,NCN + H,O- H;N- CO: NH, (urea) 

H,NCN 4 H;S — — —— HN: CS- NH; (thiourea) 

HN N NH3 

Muf 
pH 7-9 pyrolysis C C H NCN 5 NCNC(NH,), 9-5, | | 

cyanamide dicyanamide N N 

\ / 
C 
| 

NH 
cyanuric amidc 
(mclaminc) 

It is interesting that BaC, also reacts with N2, but it forms a cyanide 
Ba(CN)>, not a cyanamide (NCN)*~ 

INSOLUBLE SALTS 

The sulphates of calcium, strontium and barium are insoluble, and the 
carbonates, oxalates, chromates and fluorides of the whole group are 
insoluble. This is a useful factor in qualitative analysis. 

ORGANOMETALLIC COMPOUNDS 

"ens Be and Mg form an appreciable number of compounds with M—C 
E but only a few have been isolated for Ca, Sr and Ba. 
NE Grignard, a Frenchman, won the Nobel Prize for Chemistry in 
E m work on organomagnesium compounds which are now called 
EE — These are probably the most versatile reagents in 

alder L emistry, and can be used to make a wide variety of alcohols, 
i Ge a carboxylic acids, esters, amides and alkenes. The use 

s LE reagents and lithium alkyls provide the two general methods 
nd Ing organometallic compounds, and hence Grignard compounds 

y important in inorganic chemistry too. 

347 



348 GROUP 2 — THE ALKALINE EARTH ELEMENTS 

Grignard reagents are made by the slow addibion of an alkyl or aryl 
halide (CI. Br or 1) to a continuously stirred mixture of magnesium turri 
ings in an absolutely dry organic solvent such as diethyl ether Water 
and air must be rigorously excluded The reaction often has an induction 
penod before it starts, and may require the addition of a crystal of iodine 
to penetrate the oxide film on the metal to make it start. Very reactive 
magnesium can be prepared by reducing magnestum halides with potass 
ium in the presence of KI. and the use of this makes it easier to prepare 
Grignard reagents, and extends their uses 

ürv ether 
Mg -- RBr———5  RMgBr {R = alkyl or aryl) 

Grignard rn arcnt 

Grignard reagents are all very reacttve Iod:des are the most reactive, and 
chlorides the least reactive Alkyl Grignard compounds are usually more 
reactive than aryl Grignard compounds 

All Grignard reagents are rapidly hydrolysed by water to give the parent 
hydrocarbon 

2RMgBr -*- 2H:0 — 2RH + Me(OH) + MegBr, 

Grignard reagents are not stored, but are made and used when required 
without isolating them They are normally solvated or polymerized with 
halogen bridges Their structures have long been the subject of contre- 
versy X-ray structures of solid PhMgBr 2E1,0 and EtMgBr 2Et,0 shaw 
that the magnesium 1s tetrahedrally coordmated by bromine, the organi 
group. and oxygen atoms from ether molecules. but in solution several 
species may be present 

ELRO Br ERO Br Br NEL 

X / M / E {/ \ f 
Mg Mg Mg Mg 

INZ 
ELO Él EGO Ph Et;N Br Et 

Figure 11.4 Structures of some Grignard compounds 

Some typical reactions are 

acid 
RMgBr + co +5, R COOH (carboxylic acid) 

RMgBr -- R:C--O— 5. RC OH (tertiary alcohol) 

RMgBr + R- CHO", R;CHOH (secondary alcohol) 

RMgBr + 0, — — ROH (primary alcohol) 
RMgBr 4 um RSH and R-S 

RMgBr - HCHO ——7 5, RCH, OH 
RMgBr T l;——— KI 

RMgBr -- H* —— RH 



RMgBr 4- BeCl; —— BeR; 

RMgBr 4 LiR ——» MgR; 

RMgBr 4 BCl; ——— BR; 

RMgBr + SiCl, ——> RSiCl3, R2SiClz, R3SiCl, R4Si 
alkyl and aryl chlorosilanes 

The alkyl and aryl chlorosilanes are commercially important in the 

manufacturé of silicones (see Group 14). 

BeCl, reacts with Grignard compounds, forming reactive alkyls and 

aryls. The compound Be(Me) is dimerized in the vapour state, and poly- 
merized in the solid. The structure formed is a chain structure which 

resembles that in BeCl;. The bonding is, however, very different. The 
bonding in Be—Me—Be is best described as two electrons forming a 
three-centre bridge bond involving both Be atoms and the CH; group, 
similar to the three-centre bonds in (BeH,),,. This is different from the 
halogen bridging in (BeCl,),, where the bridging chlorine atom forms two 
normal two-electron bonds. 
Though much less studied than Grignard compounds, the other Group 

2 metals also form dialkyl and diaryl compounds. These may be prepared 
using Grignard compounds, lithium alkyls/aryls or mercury alkyls/aryls. 

BeCl, + 2MeMgCl —-> BeMe, - (Et,0), -- 2MgCL 

BeCl, + 2LiEt—-> BeEt,- (Et,0),, 

Be + HeMe, > BeMe, + Hg 

Similar reactions may be used to make dialkyls and diaryls of Mg, Ca, Sr 
and Ba. The Ca, Sr and Ba compounds are much more reactive than the 
corresponding magnesium compound. The beryllium alkyls react with 
BeCl, to form ‘beryllium Grignard’ compounds. 

BeMe; 4 BeCl; — 2MeBeCI 

These are less reactive than the corresponding magnesium (Grignard) 
compounds, 

COMPLEXES 

m 2 metals are not noted for their ability to form complexes. The 
actors favouring complex formation are small highly charged ions with 
E empty orbitals of low energy which can be used for bonding. All 
E Á a in the group form divalent ions, and these are smaller than 
i ponding Group 1 ions: hence Group 2 elements are better at 
the ot & complexes than Group 1 elements. Be is appreciably smaller than 
, n and so Be forms many complexes. Of the others, only Mg and 
n oo tendency to form complexes in solution, and these are 

aly with oxygen-donor ligands. 
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Beryllium fluoride BeF, readily coordinates two extra F~ ions, form- 
ing the [BeF;]^ complex. The tetrafluoroberyllates M;[BeF,] are well 
known complex ions, and resembie the sulphates in properties. In most 
cases beryllium ts four-coordinate in complexes and the tetrahedral ar- 
rangement adopted correlates with the orbitals available for complex 
formation. 

Hiecvorit sinotiore vi ve te tp no phpaired 
bery!hum atom in Mm TT] electrons so 
the ground state "u torm no 

covalent bonds 
1s 23 2p 

Electronic Structure of m NEN two unpaired 
beryllium atom in excited state t 111, electrons, so 

can form two 
covalent bonds 

Electronic structure of 1s 25 ¢p two fluorine atoms 
berylitum atom in gaseous m share electrons 
BaF, molecule H i — with the 

L- unpaired electrons 
two electron pairs — 

linéar molecule 
(sp hybndizabon) 

Electronic structure ot two F^ ions is 2s 2p 

beryllium atom in (BeF,)? m B [reese] each donate an 
complex ion mese electron pair 

e | mio an empty 
tour electron orbital forming 
pairs irom two coordinate 
two covalent and bonds 
two coordinate 
bonds — tetrahedral 
molecule 
ia hybnórzation) 

In a similar way complexes of the type BeCl, - Dz are formed (where D 
is an ether, aldehyde or ketone with an oxygen atom which has a lone pat 
of electrons that can be donated). These complexes, uke [Be(H20),}° 
are tetrahedral, 

Many stable chelate complexes of Be are known, including beryllium 
oxalate [Be(ox):}*~. with B-diketones such as acetylacetone, and with 
catechol. In all of these the Be** son is tetrahedrally coordinated (s¢¢ 
Figure 11.56). 
A complex with an unusual structure called basic beryllium acetate 

[Be,O(CH,COO),) 1s formed if Be(OH), 1s evaporated with acetic acid. 
The structure comprises a central oxygen atom surrounded by four beryl- 
hum atoms located at the corners of a tetrahedron, with six acetate groups 
arranged along the six edges of the tetrahedron (see Figure 11.5a). This 
structure is one of a series with different organic acids replacing the acetate 



Be 

Ac 
AC 

Be 

Be 

AC 

Ac 

Be 

(a) (b) 

Figure 11.5 (a) Basic beryllium acetate BesO(CH;COO),. (b) Beryllium oxalate 
complex [Be(ox)2]77 

group, and it is the same as the structure of basic beryllium nitrate (Figure 
11.1b). Basic beryllium acetate is soluble in organic solvents. It is covalent, 
and thus has a fairly low melting point (285 °C) and boiling point (330°C). 
These are low enough for it to be distilled, which is useful in the purifica- 
tion of beryllium. 
Be compounds are said to taste sweet, but do not test this for yourself as 

they are extremely toxic. This is due to their very high solubility and their 
ability to form complexes with enzymes in the body. Be displaces Mg from 
some enzymes because it has a stronger complexing ability. Contact with 
the skin causes dermatitis, and inhaling dust or smoke causes a disease 
called berylliosis which is rather like silicosis. 
Magnesium forms a few halide complexes such as [NEt,]2[MgCl,], but 

Ca, Sr and Ba do not. 
From the viewpoint of life on this planet the most important complex 

formed by magnesium is chlorophyll. The magnesium is at the centre of 
a flat heterocyclic organic ring system called a porphyrin, in which four 
nitrogen atoms are bonded to the magnesium (see Figure 11.6). Chlo- 
rophyll is the green pigment in plants which absorbs light in the red region 
from sunlight, and makes the energy available for.photosynthesis. In this 
process CO; is converted into sugars. 

chlorophyll 
———À 6CO, -- 6H;O C«H,50, -- 60; 

, sunlight glucose 

Almost all life ultimately depends on chlorophyll and photosynthesis. The 
dioxygen in the atmosphere is a by-product of photosynthesis, and food- 

stuffs are either parts of plants, or animals which feed on plants. Though 
photosynthesis is commonly associated with higher plants, about half 
actually occurs in algae. and certain green. brown, red and purple bac- 
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teria, The photosynthetic bacteria are anaerobic and are poisoned by €. 
These bacteria oxidize H-S to S, or oxidize an organic molecule instead of 
the usual reaction where H-0 is oxidized to QO). 

Calcium and the rest of the group only form complexes with strong com- 
plexingagents Examples include acetylacetone, CH, CO : CH, CO CH; 
(which has two donor oxygen atoms), and ethylenediaminetetraacetic acid, 
EDTA, which has four donor oxygen atoms and two donor nitrogen atoms 
in each molecule. The free acid H4EDTA ts insoluble, and the disodium 
salt Na;H;EDTA is the most used reagent. 

Ca?* 4 (H9EDTAJ- > [Ca(EDTA)]?~ + 2H* 
EDTA will form six-coordinate complexes with most metal ions ín 

solution provided that the pH is suitably adjusted. Since Be is invariably 
four-coordinate it does not complex appreciably with EDTA. In contrast, 
calcium and magnesium complex with EDTA, and titrations are pet- 
formed using EDTA in buffered solutions to estimate the amounts of 
Ca?* and Mg** present to determine the ‘hardness’ of the water. EDTA 

CH= CH, CH, 
! H | 

J NG PIN AAN 
CHG, B l \ C— CH, 

C —C 
2 NZZ Y 
1 Mg / ‘ 

Homey Nac (a) 
| — EN C C — CH; 

H Ne” So Uy C 

CH, COCH, 

CO; C; Hss 

HOOC CH; CH: COOH 
*N—CHz—CH;—N* ' (b) 

HOOC-CH,” “CH2+ COOH 

(° = donor atom) 

Figure 11.6 (a) Chlorophyl] a (b) Ethylenediaminetetraacet.c acid EDTA 
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titrations of Ca?* and Mg?* are carried out at higher pH than those of 

many other metals (e.g. Zn^*, Cd^* and Pb^*) as their complexes are less 

stable, and at lower pH values the EDTA is protonated instead of the 

Ca or Mg complex forming. EDTA is sometimes added to detergents to 

soften the water. Various polyphosphate ions also form complexes in 

solution, and this is also important in water softening. 

Stable solid complexes with crown ethers and crypts have been isolated. 

Details of these are given in 'Complexes crowns and crypts' in Chapter 9. 

BIOLOGICAL ROLE OF Mg?* AND Ca** 

Mg?* ions are concentrated in animal cells, and Ca** are concentrated 
in the body fluids outside the cell, in much the same way that K^ concen- 

trates inside the cell and Na* outside. Mg** ions form a complex with 
ATP, and are constituents of phosphohydrolases and phosphotransfer- 
ases, which are enzymes for reactions involving ATP and energy release. 
They are also essential for the transmission of impulses along nerve fibres. 
Mẹg?* is important in chlorophyll, in the green parts of plants. Ca** is 
important in bones and teeth as apatite Ca,(PO,;)2, and the enamel on 
teeth as fluoroapatite (3(Ca,(PO,)2)-CaF.]. Ca?* ions are important in 
blood clotting, and are required to trigger the contraction of muscles and 
to maintain the regular beating of the heart. 

DIFFERENCES BETWEEN BERYLLIUM AND THE OTHER 
GROUP 2 ELEMENTS 

Beryllium is anomalous in many of its properties and shows a diagonal 
relationship to aluminium in Group 13: 

|. Be is very small and has a high charge density so by Fajans' rules it 
has a strong tendency to covalency. Thus the melting points of its 
compounds are lower (BeF, m.p. 800°C whilst the fluorides of the 
test of group melt about 1300°C). The Be halides are all soluble in 
organic solvents and hydrolyse in water rather like the aluminium 
halides. The other Group 2 halides are ionic. 

2. Beryllium hydride is electron deficient and polymeric, with multi- 
centre bonding, like aluminium hydride. 
The halides of beryllium are electron deficient. and are polymeric, 
with halogen bridges. BeCl; usually forms chains but also exists as the 
dimer. AICI, is dimeric. 

. Be forms many complexes — not typical of Groups 1 and 2. 

. Be is amphoteric, liberating H, with NaOH and forming beryllates. 
Al forms aluminates. 

9. Be(OH), like AI(OH);, is amphoteric. 
- Be, like AL, is rendered passive by nitric acid. 
- The standard electrode potentials for Be and Al, —1.85 volts and 
iei volts respectively, are much closer than the value for Be is to the 
alues for Ca, Sr and Ba (—2.87, —2.89 and —2.90 volts) respectively. 



354 GROUP 2 — THE ALKALINE EARTH ELEMENTS | 

9 Be salts are extensively hydrolysed 
10 Be salts are among the most soluble known 
11 Berylhum forms an unusual carbide Be?C, which. hke ALC; | yields 

methane on hydrolysis 

There 1s plainly a diagonal similarity between beryllrum 1n Group II and 
aluminium in Group III. Just as was the case with lithium and magnesium 
the similarity in atomic and 10nic sizes 1s the main factor underlying thi 
relationship 
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PROBLEMS 

1 Why are Group JJ elements smaller than their Group I counterparts’ 

2 Why are Group II metals harder and why do they have higher melting 
points. than Group 1 metals? 

3 What ts the reason why compounds of Be are much more covalent 
than other Group I] compounds? 

4 What is the structure of BeCl, in the gaseous state and as d solid” 

Why is BeCl. acidi, when dissolved 1n water? 

3 Deseribe the difference in structure between BeHs and Call; 

Why do the halides and hydrides of Be polymerize? 
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PROBLEMS 

. What precautions are necessary when handling beryllium compounds? 

= What are the usual coordination numbers for Be^* and Mg^*? What 

is the reason for the difference? 

. Compare the extent of hydration of Group 1 and Group 2 halides. 

Why do Be salts seldom contain more than four molecules of water 

of crystallization? 

Give equations to show the reactions between Ca and: (d) H:O, (b) 

Hə, (c) C, (d) Na, (e) O». (f) Cl». (g) NH3. 

Compare the reaction with water of Group 1 and Group 2 metals. 
Hów does the basic strength of Group 2 hydroxides vary within the 
group? Is this trend typical of the rest of the periodic table? 

. The hardness of water may be 'temporary' or ‘permanent’. 

(a) What causes each of these conditions, and how is each treated? 

(b) Find (from other literature sources) how naturally occurring 
zeolites, synthetic ion-exchange resins and polyphosphates may be 
used for softening water. 

Do the alkaline earth metal ions form many complexes? Are Group 2 
better or worse than Group 1 at forming complexes? What is the rea- 
son for the difference? Which of the metal ions in the group are best 
at forming complexes? Which are the best complexing agents? Name 
one complex of a Group 2 metal which is of biological importance. 

. Outline the preparation, properties, structure and use of basic beryl- 
lium acetate. 

. Under what conditions do the Group 2 metal ions form stable com- 
plexes with EDTA? How are the amounts of Ca^* and Mg^* present 
in water estimated by titration with EDTA? (Consult a practical text- 
book, e.g. Vogel). Are the EDTA complexes more or less stable than 
those of most other metal ions? Why is the titration performed at a 
high pH? What indicator is used? 

- Describe how you would prepare a Grignard reagent from Mg, and 
list five different uses of the reagent in preparative reactions. (Refer 
also to the section on silicones. ) 

. The four general methods of extracting metals are thermal decom- 
position, displacement of one element by another. chemical reduc- 
uon, and electrolytic reduction. How are Group 2 metals obtained 
and why are the other methods unsuitable? 

- On treatment with cold water, an element (A) reacted quietly, lib- 
Crating a colourless, odourless gas (B). and a solution (C). Lithium 
reacted with (B) yielding a solid product (D) which effervesced with 
Water to give a strongly basic solution (F). When carbon dioxide was 

355 
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bubbled through solution (C) an initial white. precipitate. (G) Wa 

formed b t this re dissolved. forming solution (H) when more carbon 
dioxide was added. Precipitate (G3) effervesced when momntened with 
concentrated hydrochloric acid and pive a deep red coloration to a 

Bunsen burner flame When (G) was heated with carbon at 1000°C 

a caustic white compound (F) was formed which when heated with 
carbon at 1000°C gave a solid (F) of some commercial importance 
Name the substances (A) to (J) and give balanced chemical equation, 
for each of the reactions 

19 When a white substance (A) was treated with dilute hydrochlorte acid 
a colourless gas (B) was evolved which turned most irtmus paper red 
On bubbling (B) through lime water a precipitate (C) was formed 
but passage of further gas resulted in a clear solution (D) A «mali 
sample of (A) was moistened with concentrated hydrochloric acid ang 
placed on a platinum wire and introduced into a Bunsen burner flame 
where it caused a green fiame coloration On strong, heating (Aj de 
composed giving à white solid (E) which turned red litmus paper 
blue 1 9735g of (A) was heuted strongly and gave 1 5334 g of (E) 
The sample of (E) was dissolved in water and made up to 230 ml in 
a standard flask 25 ml afiquots were titrated with acid. and required 
20 30 ml of 0 0985 M hydrochloric acid. Name the compounds (A) to 
(E) inclusive and give equations for all the reactions Calculate the 
gram molecular weight of (A) 
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The group 13 elements 

Table 12.1 Electronic structures and oxidation states 

Element Symbol Electronic configuration Oxidation states" 
Mu REN NEN MQRS UMEN MEEUIMUEM DM ML 

Boron B [He] 25^ 2p! IH 
Aluminium Al [Ne] 3s? 3p! ( Ii 
Gallium > Ga [Ar] 3d'" 4s? 4p! I Ill 
Indium In [Kr] 4d" 55? 5p! |I iU 
Thallium TI [Xe] 4f '* 54" 6s? 6p! I I 

‘The most important oxidation states (generally the most abundant and stable) are 

shown in bold. Other well-characterized but less important states are shown 

in normal type. Oxidation states that are unstable, or in doubt. are given in 

parentheses. 

GENERAL PROPERTIES 

Boron is a non-metal, and always forms covalent bonds. Normally it forms 
three covalent bonds at 120° using sp* hybrid orbitals. There is no 

tendency to form univalent compounds. All BX; compounds are electron 
deficient, and may accept an electron pair from another atom, thus forming 
a coordinate bond. BF; is commercially important as a catalyst. Boron also 
forms a large number of compounds in which the boron atoms form an 
open basket type of structure, and some which are a closed polyhedron. 
Other atoms such as carbon may be included in the polyhedron. The 
bonding in these compounds is of considerable theoretical interest, and 
involves multi-centre bonds. 
Nos A elements Al, Ga, In and TI all form trivalent compounds. The 
‘aa oe show the ‘inert pair effect’, and univalent compounds 

Piel Nap in the order Ga = In ̂  Tl. These four 
MES ‘ le 12.1) are more metallic, and more ionic, than B. They are 
aie ) Teactive metals. Their compounds are on the borderline 
Ma j and covalent. Many of their compounds are covalent when 

À . but they form ions in solution. 

12 
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OCCURRENCE AND ABUNDANCE 

Boron ts 2 fairly rare element, but it i5 well known because it occurs 
as concentrated deposits of borax Na;[B;O;(OH);] 8H;O and kernite 
Na;B,O«(OH),] 2H;O The largest deposits are in the Mojave desèrt 
(in Califorma), and in Death Valley (in Utah) These are desert regions 
Over a long period of time, any rain has leached these alkaline salts from 
the hills into lakes tn the valleys These lakes have long since dred up 
leaving solid deposits on the surface from 10 to 50 metres deep The 
amount of crude borate minerals mined m 1993 - was 5 3 million tonnes 
The largest producers are the Soviet Union. 5325, and the USA and 
Turkey 19% each 

Aluminium 1s the most abundant metal, and the third most abundant 
element (after oxygen and silicon) by wetght in in the earth’s crust I's 
well known and is commercially important Aluminium metal is produced 
on a vast scale Primary production was 19 4 million tonnes in 1992, and 
an additional 5 million tonnes ts recycled The most important ore of 
aluminium 38 bauxite This 1s a generic name for several minerals with 
formulae varying between ALO; H20 and Al,O, 3H,0 World prod 
tion of bauxtte was 108 6 million tonnes in 1992 Aluminium also occurs in 
large amounts tn aluminosilicate rocks such as feldspars, and micas When 
these rocks weather they form clay minerals or other metamorphic rocks 
There 15 no easy or economical method of extracting alummum from 
feldspars, micas or clays 

Table 12 2 Abundance of the elements in the 
earth's crust by weight 

ppm Relative abundance 

B 9 38 
Al 83 000 3 
Ga 19 33 = 
in $25 6> 
Tl 05 60 

Gallium is twice as abundant as boron, but indium and thallium are 

much less common All three elements, Ga, In and TI, occur as sulphides 
Ga, In and Tl are not very well known This 1s partly because they do #0 
occur as concentrated ores, and partly because there are no mayor uses fof 
them Small amounts of Ga are found in the ores of the elements adjacent 
to it in the periodic table (Al, Zn and Ge) Traces of In and TI are found m 

ZnS and PbS ores Production of In was 145 tonnes, Ga 28 tonnes, a’ 
Te 14 5 tonnes in 1993 

EXTRACTION AND USES OF THE ELEMENTS 

Extraction of boron 

Amorphous boron of low purity (called Morssan boron) is obtained Dy 



EXTRACTION AND USES OF THE ELEMENTS 361 

reducing B20; with Mg or Na at a high temperature. It is 95-98% pure 

(being contaminated with metal borides), and is black in colour. 

acid Ci or Na 

Na,[B,0;(OH),]-8H20 “> H;BO; —> B,0,; =" 2B + 3MgO 
bo i rax orthoboric acid 

It is difficult to obtain pure crystalline boron, as it has a very high melting 

point (2180°C), and the liquid is corrosive. Small amounts of crystalline 

boron may be obtained: 

1. By reducing BCl; with H5. This is done on the kilogram scale. 
2. Pyrolysis of BI; (Van Arkel method). 
3. Thermal decomposition of diborane or other boron hydrides. 

red hot W or Ta filament 
2BCl, 4 3H; —— — —— ——————— 2B + 6HCI 

red hot W or Ta filament 
2BI4 ————————————2 2B + 3], 

Van Arkel 

heat 
BH, — —2B 4 3H; 

Uses of boron 

An important use of boron is to make boron steel or boron carbide control 
rods for nuclear reactors. Boron has a very high cross-section for capturing 
neutrons. Control rods made of boron steel or boron carbide may be 
lowered into a reactor to absorb neutrons and thus slow the reactor down. 
Boron carbide is also used as an abrasive. Boron is used to make impact 
resistant steel, as it increases the hardenability (that is the depth to which it 
will harden) of steel. 
Borax Naj[B,O;(OH)]- 8H4O. orthoboric acid HBO, and boron 

sesquioxide B3O; find many uses. The most important uses are making 
fibreglass for insulation and textiles (50% of use in USA) and perborates for 
detergents (35% in Europe). World production of borax was roughly 2.2 
million tonnes in 1992 (USA 45%, Turkey 42%). Borax is used as a flame 
retardant for fabric and wood, and mixed with NaOH and sold as ‘Polybor’ 
and "Timbor' for treating timber and hardboard against attack by wood- 
boring insects, Borax is used as a flux in brazing and in silver soldering. 
ers reacts with oxides (such as Cu;O on the surface of hot brass), 
2 Orates so formed melt. and a clean metal surface is exposed to the 

er. Borax Is also used in making enamel. and in leather tanning. 
un acid is made by treating borate ores with sulphuric acid. 

s ATOW tonnes were made in 1992. Reaction of HBO, with 
t OIBO the mono peroxoboric acid, which probably has the structure 
Md : OH)]. Sodium peroxoborate Na;[B3(O:):(OH)4] - 6H;O is a 
i nt of many detergents and washing powders, particularly in 

Ope, where washing powders may contain 2096 of sodium peroxo- 
continued overleaf 
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borate It is used less in the USA World production 1s 550000 tonnes! 
year Peroxoborates act as brighteners, because they absorb UV light and 
emit visible light This makes both white and coloured fabrics appear 
extra bright If used at temperatures over 80°C, peroxoborates decompose 
to hydrogen peroxide H20;, which acts as a bleach 

Boron sesquioxide B2O, 1s used in making borosilicate (heat resistant) 
glass (e g Pyrex which contains 14% B,O,) Borosilicate glass has a lower 
coefficient of thermal expansion and is easier to work than normal ‘soda 
glass” H4BO4, BO, and calcium borate are used to make soda-free plass 
fibre, which 1s used for thermal insulation in houses 

Extraction of aluminium 

Aluminium i$ obtained from the ore bauxite which may be AIO OH 
(Al,O, H,O) or Al(OH); (Al,0O, 3H;0) One hundred and eight millon 
tonnes were mined in 1992 The largest sources are Australia 37%, Guinka 
15%, Jamaica 10% and Brazil 9% 
The first step 1s to purify the ore In the Bayer process, waste mateng! 

(mainly iron and silicon compounds) are removed because these would 
spoil the properties ot the product. NaOH is added to the ore, and as Al! 
amphotenc it dissolves forming sodium aluminate S1O, also dissolves 8$ 
silicate tons Any insoluble waste materials, particularly irom oxide, até 
removed by filtering Next aluminium hydroxide ts precipitated from (he 
strongly alkaline aluminate solution This may be done either by bubblifé 
in some CO, (an acidic oxide which lowers the pH}, or by seeding the 
solution with AJ,O, The silicate ions remain in solution The Al{OH)s 
precipitate 1s calcined {heated strongly) which converts it 10 punfit? 
ALO, 

Aluminium 1s usually extracted by the Hail - Héroult process. AO, 
melted with cryolite Na4[AIHF4], and electrolysed in a graphite hned steel 
tank, which serves as the cathode The anodes are also made of graphi* 
The cell runs continuously, and at intervals molten aluminum (m P 

660°C) 1s drained from the bottom of the cell and more bauxite 1s add 
Some cryolite 1s mined as a mineral in Greéhldnd, but this is sufficient f? 
meet the demand for it, and most 1s madé’synthetically 

Al(OH), + 3NaOH + 6HF — Naj[AIF;] -- 6H;O 

Cryolite improves the electrical conductivity of the cell as Al,O3 1s a po! 
conductor In addition, the cryolite serves as an added impurity and low 
the melting point of the mixture to about 950°C Other impurities such " 

CaF, and AIF. may also be added. (A typical electrolyte mixture 15 85” 
Na;[AIF.}, 5% CaF,, 5% AIF; and 5% AlO, ) Various products gre 

formed at the anodes, including O;, CO,, F, and carbon compounds Q 

fluorine These erode the anodes, which must be replaced periodically 

The traces of fluorine formed cause serious corrosion Large amounts © 
Li;CO; are now used as an alternative impunty, because this reduce? 

corrosion. Energy consumption is very high, and the process 15 only eco 
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omic where there is a source of cheap electricity, usually hydroelectric 

W 

Uses of aluminium 

Aluminium metal is moderately soft and weak when pure, but is much 

stronger when alloyed with other metals. Its main advantage is its lightness 

(low density 2.73 gcm™?). Some alloys are used for special purposes: 

duralumin which contains about 4% Cu, and several aluminium bronzes 

(alloys of Cu and Al with other metals such as Ni, Sn and Zn). The metal 

produced in the largest quantity is iron/steel (712 million tonnes in 1992) 

but production of aluminium is the second largest. (Total production of Al 

was 24.4 million tonnes in 1991, made up of 19.4 million tonnes primary 
production and 5 million tonnes recycled.) The largest producers of Al 
metal are the USA 21%, the Soviet Union 17%, Canada 10%, and 
Australia, Brazil and China 6% each. There are many uses for aluminum 
and its alloys: 

1. As structural metals in aircraft, ships, cars, and heat exchangers. 

2. In buildings (doors, windows, cladding panels and mobile homes). 
3. Containers such as cans for drinks, tubes for toothpaste etc. and metal 

foil. 
4. For cooking utensils. 
5. To make electric power cables (on a weight for weight basis they 

conduct twice as well as copper). 
6. Finely divided aluminium powder is called ‘aluminium bronze’, and is 

used in preparing aluminium paint. 

It has been assumed for many years that Al?* is completely harmless and 
non-toxic to humans. Al(OH); is widely used as an anti-acid treatment for 
indigestion. Al,(SO,)3 is used to treat drinking water, and cooking utensils 
are made of aluminium. However, there are indications that aluminium 
may not be as harmless as was once thought. Aluminium is acutely toxic to 
people with kidney failure, who are unable to excrete the element. Patients 
suffering from Alzheimer’s disease (which causes senility) have deposits of 
aluminium salts in the brain. This element, though toxic, is normally 
excreted very efficiently. Any abundant element will inevitably be taken up 
Le and then by animals, and in general the biosphere either makes 
B etements (in which case they are classed as essential) or positively 

Jects them. Elements are hardly ever toxicologically neutral. 

Gallium, indium and thallium 
Tr . i . . aces : gallium are found in bauxite, and the ratio of Ga to Al is about 

. Durin 
of Ga i 
extract 

| Minute 

g the Bayer process for purifying alumina the concentration 
n the alkaline solution gradually increases to about 1/250. Ga is 
ed by electrolysis of this solution. Indium and thallium occur in 
quantities in ZnS and PbS ores. These sulphide ores are roasted 

continued overleaf 
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with air in a smelter, to convert them to ZnO and PhO The Ga and In are 
recovered from the flue dust, and they are extracted by electrolysis of 
aqueous solutions of their salts 

The metals are soft, silver coloured and reactive They dissolve in acids 
There are no large scale uses for Ga, In or T], but small amounts of Ga are 
used to dope crystals to make transistors. Semiconductor manufacture 
requires ultra-high purity Ga This 1s obtained by zone refining Gallium is 
also used in other semiconductor devices Gallium arsenide GaAs 1s 150- 
electromc with Ge, and 1s used in hght emmtting diodes (LEDs) and laser 
diodes There is a lot or research into using GaAs to make memory chips 
for computers, since these work 5 to 10 times faster than those made from 
silicon indium 1s used to dope crystals to make p-n-p transistors, and in 
thermistors (InAs and InSb) It is also used 1n low melting point solder 
(commonly used to solder semiconductor chips) and other low melting 
alloys 

OXIDATION STATES AND TYPE OF BONDS 

The (+I) oxidation state 

The elements all have three outer electrons Apart from TI they normally 
use these to form three bonds, giving an oxidation state of {+111} Are the 
bonds ionic of covalent? Covalency 1s suggested by the following 

1 Fajans’ rules — small size of the ions and their high charge of 3+ favours 
the formation of covalent bonds 

2 The sum of the first three ionization energies 1s very large, and thts also 
suggests that bonds will be largely covalent 

3 The electronegativity values are higher than for Groups I and 2, and 
when reacting with other elements the difference is not likely to be 
large 

Boron ts considerably smaller than the other elements and thus has a 
higher ionization energy than the others The ionization energy ıs so high 
that B ıs always covalent 
Many simple compounds of the remaining elements, such as AICI, and 

GaCl, are covalent when anhydrous However, Al, Ga, In and TI all form 
meélal tous in solution The type of bonds formed depends on witch 
is most favourable in terms of energy This change from covalent to 
ionic happens because the ons are hydrated, and the amount of hydra 
tion energy evolved exceeds the :0nization. energy Consider AICI, 
5137 kJ mol"! are required to convert Al to AD*, AHyaauon for AU i5 
—4665 ki mot"! and An dranon for Cl” 1s —381 KI mol"! Thus the total 
hydration energy ts 

—4665 4 (3 X —381) ^ —5808 KI mol! 
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This exceeds the ionization energy, so AICI, ionizes in solution. 
The hydrated metal ions have six molecules of water which are held very 

strongly in an octahedral structure [M(H20),]°*. The metal—oxygen 
bonds are very strong. This weakens the O—H bonds, and protons are 
released to neighbouring water molecules, forming H43O* (hydrolysis). 

H;O -- [M(H;O)g* — [M(H20);(OH)]** + H30* 

The (4-1) oxidation state — the ‘inert pair effect’ 

In the s-block, Group 1 elements are univalent, and Group 2 elements are 
divalent. In Group 13 we would expect the elements to be trivalent. In 
most of their compounds this is the case, but some of the elements show 
lower valency states as well. There is an increasing tendency to form 
univalent compounds on descending the group. Compounds with Ga(I), 
In(I) and TI(I) are known. With Ga and In the (+I) oxidation state is less 
stable than the (+III) state. However, the stability of the lower oxidation 
state increases on descending the group. TI(I) thallous compounds are 
more stable than TI(II) thallic compounds. 
How and why does monovalency occur? The atoms in this group have an 

outer electronic configuration of s?p!. Monovalency is explained by the s 
electrons in the outer shell remaining paired, and not participating in 
bonding. This is called the ‘inert pair effect’. If the energy required to 
unpair them exceeds the energy evolved when they form bonds, then the s 
electrons wil] remain paired. The strength of the bonds in MX3 compounds 
decreases down the group. The mean bond energy for chlorides are 
GaCl, = 242, InCl, = 206 and TICI,; = 153kJ mol7!. Thus the s electrons 
are most likely to be inert in thallium. 

The inert pair effect is not the explanation of why monovalency occurs in Group 13. It merely describes what happens, i.e. two electrons do not participate in bonding. The reason that they do not take part in bonding is energy. The univalent ions are much larger than the trivalent ions, and (+I) compounds are ionic, and are similar in many ways to Group 1 elements. 
The inert pair effect is not restricted to Group 13, but also occurs among the heavier elements in other groups in the p-block. Examples from Group 14 are Sn?* and Pb**, and examples from Group 15 are Sb?* and Bi?*. oe oxidation state becomes more stable on descending the group. IS a reducing agent but Pb?* is stable and Sb?* is a reducing agent but Bi^* is stable. When the electrons remain paired, the oxidation state is always two lower than the usual oxidation state for the group. E MN PEN MA 1l and 2 show ouly the group valency. Groups 

valency also ee 2 valency, differing in steps of two. Variable NOR. : elements in the d-block. This arises from using l electrons for bonding, so in this case the valency can change in steps of one (e.g. Cu* and Cu?*, Fe?* ang Fe^*). 
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The (+11) oxidation state , 

Gallium is apparently divalent in a few compounds, such ,as' GaÇh, 
However, Ga is not really divalent, as the structure of GaCl, has been 
shown to be Ga*{GaCl,]~ which contains Ga(D and Ga(IID). 

& gta f 

1 ag i 

MELTING POINTS, BOILING POINTS AND STRUCTURES °° 

The melting points of the Group 13 elements do not show a regular trend 
as did the metals of Groups 1 and 2. The Group 13 values are not strictly 
comparable because B and Ga have unusual crystal structures; ^^ 5^ - 

Boron has an unusual crystal structure which results in the melting point 
being very high. There are at least four different allotropic forms. Boron 
has insufficient electrons to fill the valence shell even after forming bonds. 
The variety and complexity of the allotropic forms illustrates the number of 
ways in which boron attempts to solve this problem. Other elements solve 
this problem by metallic bonding, but small size and high ionization energy 
make this impossible for boron. Al] four allotropic forms,contain icosa- 
hedral units with boron atoms at all 12 corners. (Note that an icosahedron 
is a regular shape with 12 corners and 20 faces.) In these umts twelve B 
atoms form a regular shape, and each B atom is bonded to five equivalent 
neighbours (at a distance of 1.77 À). The difference between the allotropíc 

Xx XX forms arises in the way the icosahedra are bonded together, The simplest ' 
form is a-rhombohedral boron. In this, half the atoms are bonded to one 

i atom in another icosahedron (at a distance of 1.71 A), and half the atoms 
D are bonded to atoms in two different icosahedra (at a distance of 2.03 À). 

Plainly this is neither a regular structure nor a metallic structure. Only 37% 
of space is occupied by the atoms, compared with 74% for a close-packed 

(b) arrangement. This shows that icosahedra fill up space ineffectively. ‘The 
Figure 12.1 (a) B other allotropes have even more complicated structures. ° 
icosahedron (b) Structy re of The elements Al, In and TI ali have close-packed metal structures. 
n-rhombohedra! boron. Gallium has an unusual structure, Each metal atom has one close neigh- 

bour at a distance of 2.43 A, and six more distant neighbours at distances 
between 2.70A and 2.79A. This remarkable structure tends towards 
discrete diatomic molecules rather than a metallic structure. This accounts 
for the incredibly low melting point of gallium of 30°C. Ga is also un- 
usual because the liquid expands when it forms the solid, i.e. the. solid is 

Table 12.3 Melting and boiling points 

Melting point Doing point 

(CC) (C) 

B 2180 | 3650 
Al 660 2467 
Ga 30 2403 

. In 157 . 2080 
Lue a _- = =- 7 

TI 303 1457 
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less dense than the liquid. This property is unique to Ga, Ge and Bi. 

Though the melting points decrease from Al to In as expected on 

descending a group, it increases again for Tl. The boiling point of B is 

unusually high, but the values for Ga, In and Tl decrease on descending the 

group as expected. Note that the boiling point for Ga is in line with the 

others, whereas its melting point is not. The very low melting point is due 

to the unusual crystal structure, but the structure no longer exists in the 

liquid. 

SIZE OF ATOMS AND IONS 

The metallic radii of the atoms do not increase regularly on descending 
the group (Table 12.4). However, the values are not strictly comparable. 
Boron is not a metal, and the radius given is half the closest approach in the 
structure. Ga has an unusual structure, and the value given is half the 

closest approach. The others have close-packed metal structures. 
The ionic radii for M?* increase down the group, though not in the 

regular way observed in Groups 1 and 2. There are two reasons for this: 

1. There is no evidence for the existence of B?^* under normal conditions, 

and the value is an estimate. 
2. The electronic structures of the elements are different. Ga, In and TI 

follow immediately after a row of ten transition elements. They there- 
fore have ten d electrons, which are less efficient at shielding the 
nuclear charge than the s and p electrons. (Shielding is in the order s 
P > d > f.) Poor shielding of the nuclear charge results in the outer 
electrons being more firmly held by the nucleus. Thus atoms with a d'® 
inner shell are smaller and so have higher ionization energies than 
would otherwise be expected. This contraction in size is sometimes 
called the d -block contraction. In a similar way TI follows immediately 
after 14 f-block elements. The size and ionization energy of TI are 
affected even more by the presence of 14 f electrons, which shield the 
nuclear charge even.less effectively. The contraction in size from these 
f-block elements is called the lanthanide contraction. 

Table 12.4 Ionic and covalent radii. and electronegativity values en E ea e E 
Metallic Ionic radius Pauling's 
radius ——— — ———  electronegativity 

M?* M* 

(À) (A) (A) 

B (0.885) (0.27) -— 2.0 
A] 1.43 0.535 - 1.5 
Ga (1.225) 0.620 1.20 1.6 
In 1.67 0.800 1.40 1.7 
TI 1.70 0.885 1.50 1.8 e cu i E ur 
For values in brackets see text. 
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Table 12 § Standard reduction potentials (volts) 

Oxidation states 

Aod solution Basic solution 
+I] +] OÓ | «III +I] +] 0 +H 

AS(OH); 

H;GaO01 

The large difference tn sıze between B and Al results in many differences 
in properties Thus B is a non metal has a very high melting point, always 
forms covalent bonds and forms an acidic oxide In contrast, Alisa meta! 

has a much lower melting point, and tts oxide 1s amphoteric (It 1s safe to 
generalize in this way, but unsafe to argue quantitatively that AD'* i5 twice 
the size of B?* or that the metallic radu differ by a factor of 16. as B^* 
does not exist, and B is not a metal ) 

ELECTROPOSITIVE CHARACITR 

The electropositive or metallic nature of the elements increases from B 
to Al, but then decreases from Al to Tl This is shown by the standard 
electrode potentials for the reaction 

M'* --3e — M 

The increase in metallic character from B to Al :s the usual trend on 
descending a proup associated with increasing size However, Ga, In and 
Tl do not continue the trend The elements are less likely to lose electrons 
(and are thus less electropositive) because of the poor shielding by d 
electrons described previously 
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Table 12.6 Standard electrode potentials E^ 
Bn E 

M?* | M M* | M 

(volts) (volts) 
ese eee 

B (-0.87*) 
Al — 1.66 +0.55 

Ga —0.56 —0.79* 

In —0.34 —0.18 

TI +1.26 —0.34 
a tt 

* For H3BO; + 3H* + 3e° — B + 3H20) 
* Value in acidic solution. 

. The standard electrode potentials E? for M^*|M become less negative 

from Al to Ga to In and the potential becomes positive for Tl. Since 

AG = —nFE° it follows that AG, the free energy of formation of the 
metal, e.g. AP* + 3e — Al, is positive. Thus it is difficult to make this 
reaction work. (The reverse reaction Al — AP'* + 3e occurs sponta- 
neously.) The standard potential becomes less negative on descending the 
group so it becomes less difficult for the reaction M?^* — M to occur. Thus 
the (--III) oxidation state becomes less stable in aqueous solution on 
descending the group. In a similar way, the E? values for M*|M show that 
the (+I) state increases in stability. With Tl, the (+I) state is more stable 
than the (+III) state. 

It should be remembered that in this type of argument E? and AG 
refer to the reaction with H: 

AP* 4 H; —> Al + 3H+* 

IONIZATION ENERGY 

The ionization energies increase as expected (first ionization energy < 
second ionization energy « third ionization energy). The sum of the first 
three ionization energies for each of the elements is very high. Thus boron 

Table 12.7 Ionization energies 
EDUARD Sg Sy yep ih are ie i fs SD Em 

Ionization energy 
(kJ mol*!) 

eee et et 
lst 2nd 3rd Sum of three B a 

B 801 2427 3659 6887 
Al 571 1816 2744 5137 
Ga 579 1979 2962 5520 
In . 558 1820 2704 5082 
TI 589 1971 2877 5437 
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Figure 12.2 Structure of boron 
utride 

has no tendency to form ions, and always forms covalent bonds The other 
elements normally form covalent compaunds except tn solution 

The ionization energy values do not decrease smoothly down the group 
The decrease from B to AI is the usual trend on descending a group 
associated with increased size. The poor shielding by d electrons and the 
resulting d-block contraction affect the values for the later elements 

REACTIONS OF BORON 

Pure crystalline boron is very unreactive However, it 1s attacked at high 
temperatures by strong oxidizing agents such as a mixture of hot con- 
centrated H,SO, and HNO;, or by sodium peroxide In contrast, finely 
divided amorphous boron (which contains between 2% and 5% of im- 
purities) ıs more reactive It buras in air or dioxygen, forming the oxide It 
also burns at white heat in dinitrogen, forming the ntnde BN This is a 
slippery white solid with a layer structure similar to graphite Boron also 
burns in the halogens, forming trihalides It reacts directly with many 
elements, formtng borides, which are hard and refractory It reduces 
strong HNO, and H,SO, slowly, and also liberates H; from fused NaOH 

Table 12 8 Some reactions of amorphous boron 

Reaction Cammertt 

4B + 30,— 2B,0, At high temperature 

2B + 35 — B,S, At 1200°C 

2B + N, — 2BN At very high temperature 

2B + 3F, — 2BF; At high temperature 

2B + 3Br, — 2BBr3 

2B 4 31 — 2BI, 

2B + 6GNaOH — 2Na,BO4, - 3H, When fused with alkalt 

2B + 2NH;— 2BN + 3H> At very high temperature 

B+M—M,B, Many metals form borides (not Group 1) 
often nonstoichiometnic 

REACTIONS OF THE OTHER ELEMENTS 

Reaction with water and air 

The metals Al, Ga, In and TI are silvery white. Thermodynamically Al 

should react with water and with air, but in fact it 15 stable in both The 
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Table 12.9 Some reactions of the other Group 13 metals 
A ————————————

——————————— 

Reaction Comment 
LLLA LLLLLLLÓÁÁÁA———M M —BMMMM—Ó—————————————————

—————M— 

4M 3430; — M20; All react at high temperature 
203 C, : * Al very strongly exothermic 

Ga only superficially oxidized 
Ti forms some TlO as well 

sa i ellen LL ULM Lise escte iMi eei ALD Deeee iL 

+ 

2Al + Na — 2AIN Only Al at high temperature 
E A ees leiten meti 

2M + 3F;— 2MF3 All the metals 

2M + 3Cl,  2MCE form Ti* also formed 
2M 4 3Br; ^ 2MBr, trihalides 
2M + 3L — 2MI1, Al, Ga, In only 
TI+L—>T L ^ thallium(I) triiodide formed 

2M 4 6HCI 2 2MCI, 4- 3H; All react with dilute mineral acids, Al 
T passivated by HNO particularly when 

Ek. concentrated 
é 

Al + NaOH + H,O-— NaAlO, +H, Aland Gaonly 
E Nas AlO, + H, 

M + NH; > MNH, All the metals form amides 

reason is that a very thin oxide film forms on the surface and protects the 
metal from further attack. This layer is only 107* to 107$ mm thick. If the 
protective oxide! covering is removed, for example by amalgamating with 
mercury, then the metal readily decomposes cold water, forming AlO; 
and liberating hydrogen. 
. Aluminium articles are often 'anodized' to give a decorative finish. This 
is done by electrolysing dilute H,SO, with the aluminium as the anode. 
This produces a much thicker layer of oxide on the surface (107? mm). This 
layer can take up pigments, thus colouring the aluminium. 
Aluminium burns in dinitrogen at high temperatures, forming AIN. The 

other elements do not react. | 

Reaction with acids and alkalis 

Aluminium dissolves in dilute mineral acids liberating hydrogen. 

] 2A] 4- 6HCI 2 2AP* 4 6CI^ 4- 3H; 

However, concentrated HNO; renders the metal passive because it is an 
— agent, and produces a protective layer of oxide on the surface. 
luminium also dissolves in aqueous NaOH (and is therefore amphoteric), 

liberating hydrogen and forming aluminates. (The nature of aluminates is discussed later.) 

| 2ÀV-- 2NaOH + 6H,O — 2NaAl(OH), or (2NaAIO, - 2H20) + 3H2 
sodium aluminate 
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Reaction with dioxygen 

Aluminium burns readily in air or dioxygen, and the reaction 15 strongly 

exothermic This is known as the Thermite reaction 

2Al« t 3054) — Al;O4,, + energy AHS = —1670kJ 

The Thermite reaction evolves so much energy that it can be dangerous 
The aluminium becomes white hot, and often causes fires For this precise 
reason muxtures of Al and an oxide such as FeO, or $10; (to provide 
the oxygen) were used to make incendiary bombs during World War II 
Warships are sometimes made of aluminium alloys to reduce their weight 
A thermite reaction can be started if the ship is hit by a missile. Such fires 
on ships caused considerable casualties in the Falklands Islands conflict 
The very strong affinity of Al for oxygen 38 used :n the metallurgical 
extraction of other metals from their oxides 

8Al+ 3Mn,Q0, - 4AL0, + 9Mn 

ZAI + Cr:0, — ALO, + 2Cr 

Reactton with the halogens and sulphate 

Aluminium reacts with the halogens quite readily, even when cold, 
forming trihalides 
Aluminium sulphate ts used in large amounts (37 million tonnes in 

1991) It is made by treating bauxite with. H25O, Tt ıs used as a coagulant 
and precipitant in treating both drinking water and sewage His also used 
In the paper industry, and as a mordant in dyeing 

/ 

Alums 

Aluminium ions may crystallize from aqueous solutions, forming double 
salts These are called aluminium alums and have the general formula 
[M'(H;OX][AI(H;0X(SO,); M'is a singly charged cation such as Na*, 
K* or NHj The crystals are usually large octahedra, and are extremely 
pure Punty :s especially important in some applications Potash alum 
[K(H;O),][Al(H;O)s](SO;); 1s used as a mordant ın dyeing In this 
application Al** 1s precipitated as Al(QH), on cloth to help the dyes bind 
to the cloth as alumimum complexes It 1s essential that Fe** 1s absent 
in order to obtain the ‘true’ bright colours Double salts break up in 
solution, mto their constituent ons Crystals are made up of [M(H;O),]". 
[AI(H;O),]'* and two SO; ions The ions are simply the right size and 
charge to crystallize together Some M** 10ns other than Al’* also form 
alums of formula (M'(H,0},\[M'"'(H,0},}(SOs}2 The most common tri- 
valent tons are Fe'* and Cr^*. but others include Ti**, V?*, Mn'* 
Co'*. In*. Rh'*, Ir'* and Ga** 
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Cement 

Aluminium compounds, particularly tricalcium aluminate Ca3A],0,, are 

very important as constituents of Portland and high alumina cements. The 

formula of tricalcium aluminate is better written Cao[AlsO1g], because it 

contains 12-membered rings of Si—O—Si—O made by joining six AIO, 

tetrahedra. Portland cement is made by heating the correct mixture of 

limestone (CaCO3) with sand (SiOz) and clay (aluminosilicate) at a 

temperature of 1450-1600°C in a rotary kiln. When mixed with sand and 

water Portland cement sets to give concrete, a hard whitish insoluble solid, 

similar in appearance to Portland stone. (Portland stone is limestone 

quarried on Portland Bill in Dorset, England.) Between 2% and 5% of 

gypsum CaSO, - 2H5O is added to slow down the setting process, as slow 

setting greatly increases the strength. The composition of cement is usually 

given in terms of the oxides. A typical composition for Portland cement is 
CaO 70%, SiO, 20%, ALO; 5%, Fe20; 3%, CaSO,-2H50 27». Total 
world production of cement was 1396 million tonnes in 1993, about 70% 
of which was Portland cement. 

High alumina cement is made by fusing limestone and bauxite with small 
amounts of SiO, and TiO, at 1400—1500?C in either an open hearth 
furnace or a rotary kiln. High alumina cement is more expensive than is 
Portland cement, but has one major advantage over Portland cement - it 
sets much quicker and develops high strength within one day. It is used to 
make beams for bridges and buildings. High alumina cement has good 
resistance to sea water and dilute mineral acids. It withstands temperatures 
up to 1500*C and so may be used with refractory bricks in furnaces. A 
typical analysis of high alumina cement is CaO 40%, Al,O; 40%, SiO, 
10%, Fe203 10%. There has been much publicity over structural failures of 
beams made of high alumina cement. Failure ts due to prolonged exposure 
to hot wet conditions, or using too much water when mixing the sand and 
cement. This latter results in it setting too quickly and thus not having time 
to crystallize properly. 

Reactions of Ga, In and TI 

Gallium and indium are stable in air and are not attacked by water unless 
free Oxygen Is present. Thallium is a little more reactive and is superficially 
oxidized by air. All three metals dissolve in dilute acids, liberating hydro- 
pen. Gallium Is amphoteric like aluminium, and it dissolves in aqueous 
NaOH, liberating H; and forming gallates. The oxides and hydroxides of 
Al and Ga are also amphoteric. In contrast, the oxides and hydroxides of 
In and TI are purely basic. 

All three metals react with the halogens on gentle warming. 

SOME PROPERTIES OF THALLIUM(I) 

ME or thallous compounds are well known. They are typically Clourless. They are also extremely poisonous. When ingested, traces turn 

373 
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the hair very black, but larger doses cause loss of hair and death They are 
toxic because they upset the enzyme systems inthe body, '" — "^ 

In aqueous solution the TI* ion is much more stable than TINY The 
ionic radius of TI* (1.50Á) is between that of K* (1.38 Ay! and 

Rb* (1.52 À). For this reason TI^ resembles Group 1 ions in a Yiumber of 
ways. TIOH and TI;O are both soluble in water, and are strongly basic. 
They absorb CO; from the air, forming Tl3CO;. The solubility of most of 
the salts is slightly lower than for potassium salts. T!” can replace K* jn 
some enzymes, and can thus be used as a biological tracer in the body. 
There are some differences. TIOH is yellow, and on heating to 106°C jt 
turns into black TLO. The coordination number of TI^ is usually 6 or 8, 
compared with 6 for Group 1 ions. TIF is soluble in water, but the other 
halides are almost insoluble. There is also some similarity with Ag*, as 
TIC! is sensitive to light. It darkens when exposed to light rather like AgCI, 
but TIC! is not soluble tn NH,OH whilst AgCl is soluble, 

COMPOUNDS OF BORON AND OXYGEN r 
t } 

Boron sesqutoxide and the borates 

These are the mest important compounds of boron. Sesqui means One and 
a half, so the oxide should have a formula MOyy, or M;O;. All the 
elements in the group form sesquioxides when heated in dioxygen, B.O, 
is made more conveniently by dehydrating boric acid: 

1DO"C ted heat 
H4BO,77————^ HBO; ——— B;O; 
orthabaric melabonc boron 

acid acid scsquioxide 
i 

B40; is a typical non-metallic oxide and is acidic in its properties - It js 
the anhydride of orthoborie acid, and it reacts with basic (metallic) Gxides, 
forming salts called borates or metaborates. In the borax bead test, BO, 
or borax Na.{B,O.(OH),|- 8H.O is heated in a Bunsen burner flame with 
metal oxides on a loop of platinum wire. The mixture fuses to give a plass- 
lke metaborate bead. Metaborate beads of many transition metals have 
characteristic colours, and so this reaction provides a means of idennfying 
the metal. This simple test provided the first proof that vitamin B; 
contained cobalt. s 

CoO 4 B.0,;—— Co(BO;) 
cobalt metaborate (blue colour) 

However, it is possible to force B,O, to behave as a basic oxide by 

reacting with very strongly acidic compounds. Thus with P505 or As;O;, 
boron phosphate or boron arsenate are formed, , tr) T 

a 1 r ty t l m 
j B20; + P20; -— 2BPO, i ^ d 

Yi o 



COMPOUNDS OF BORON AND OXYGEN 375 

Orthoboric acid H4BO» is soluble in water, and behaves as a weak 

monobasic acid. It does not donate protons like most acids, but rather 1t 

accepts OH". It is therefore a Lewis acid, and is better written as B(OH);. 

B(OH); + 2H,O = H;O* * [B(OH)4] pK = 9.25 

[H;BO3] 

OH HO OH |~ 

| Se 
B B 

LN J \ 
HO OH HO OH 

plane triangle tetrahedral metaborate ion 

Polymeric metaborate species are formed at higher concentrations, for 

example: 

3B(OH); = H:O* + [B30;(0H),] 7 + H,O pK = 6.84 
[3H;BO;] 

HO E 

X 
B—O OH 

/ 4 
O B 

\ / N 
B—O OH 

/ 
HO 

Acidic properties of H3BO; or B(OH); 

Since B(OH); only partially reacts with water to form H4O* and 
[B(OH)4]", it behaves as a weak acid. Thus H4BO; or (B(OH)4) cannot be 
titrated satisfactorily with NaOH, as a sharp end point is not obtained. If 
certain organic polyhydroxy compounds such as glycerol, mannitol or 
sugars are added to the titration mixture, then B(OH); behaves as a strong 
monobasic acid. It can now be titrated with NaOH, and the end point 
is detected using phenolphthalein as indicator (indicator changes at pH 
8.3-10.0). 

B(OH); + NaOH = Na[B(OH)4] 
NaBO, + 2H,0 
sodium metaborate 

The added com 
In this wa 
the cis c 

pound must be a cis-diol, to enhance the acidic properties 
y. (This means that it has OH groups on adjacent carbon atoms in 
onfiguration.) The cis-diol forms very stable complexes with the 
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[B(OH),]~ formed by the forward reaction above, thus effectively remov- 
ingit from solution. The reaction i5 reversible. Thus removal of one of the 
products at the right hand side of the equation upsets the balance, and the 
reaction proceeds completely to the night Thus all the B(OH), reacts with 
NaOH in effect 1t acts as a strong acid in the presence of the cis diol 

| | 
—C—OH [HO - —C—O  OH| HO—-C— OH 

x 7 N Z à n -2H O B + 

/N /N 
—C—OH {HO OH —C-O  OH| OH-—C-— 

| | | 

—~C-O | O—Cc— 
mo | M 

/ N 
—C—0 | O—C— 

Structures of borates 

In the simple borates, each B atom i5 bonded to three oxygen atoms, 
arranged at tke corners of an equilateral trangle This would be predicted 
from the orbitals used for bonding 

is 25 2p 

boron atom — ground state n T ia 

Electroruc structure of 
boron atom — excited state EN 

bran 

three singly occupied orbitals form bonds 
with three oxygen ators — shape 
plane triangle (sp? hybridization) 

Thus orthoboric acid contains trrangular BO3~ umts In the soltd the 
B(OH); units are hydrogen bonded together mto two-dimensional sheets 
with almost hexagonal symmetry (See Figure 12 3 ) The layers are quite à 
large distance apart (3 18 A), and thus the crystal breaks quite easily into 
very fine particles At one time orthoboric acid was used as a mildly ante 
septic talcum powder for babies, because it forms a fine powder It 15 no 
longer used since tt sometimes caused a rash 

The orthoborates contain discrete BOX" tons, and examples include 
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5 e 

l l 
’ f 
H H 

Figure 12.3 Hydrogen bonded structure of orthoboric acid. 

Mg;(BO;), and the lanthanide orthoborates Ln! BO,. In the metaborates 
simple units (BO; planar triangular units or BO, tetrahedra) join together 
to form a variety of polymeric chain and ring structures (see Figure 12.4). 

Thus two triangular units join by sharing one corner in Mg?[B;O;] and 
Co"[B,O;]. These are called pyroborates by analogy with pyrophosphates. 
Three triangular units share corners and form a ring in sodium and 
potassium metaborates NaBO; and KBO,; (Figure 12.4b) which are better 
written Na3[B3Oc] and K3[B3O,4]. Many triangular units may polymerize 
- l infinite chain, e.g. as calcium metaborate [Ca(BO;);], (Figure 

.4a). 

In a similar way discrete tetrahedral units are found in Na;[B(OH),]CI 
and Ta"BO,. Two tetrahedra may join by sharing one corner, as in 
Mgl(HO)4B - O - B(OH),]. Other structures form rings, chains, sheets and 
three-dimensional polymers. 
Some interesting structures including both triangular and tetrahedral 

units are formed when polymerization occurs. The spiro compound 
K[B506(0H)4} (Figure 12.4c) contains one tetrahedral unit and four 
triangular units. Borax is usually written as Na2B40; + 10H30 bvut is actually 
made from two tetrahedra and two triangular units joined as shown 
(Figure 12.4d) and should be written Na2[B,0;(OH),] - 8H20. 

Borax 

The most common metaborate is borax Na?[B4Os(OH),] - 8H;O. It is a 
useful primary standard for titrating against acids. 
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td} 

Figure 12 4 Structures of some borates (a) Metaborate chain [Ca(BO;);], made 
up of triangular BO, units {b) Metaborate nng K3[B;O,] made up of triangular 
BO; units. (c) Complex metaborate K([B;O,(OH),] called the spiro anion 1s 
made up of four triangular BO; units and one tetrahedral BO; umit (d) Borax 
(Na;[B,O;(OH),] 8H;O) is made up of two tnangular and two tetrahedral untts 
This ron is (B,0;(OH),)° , and the other water molecules are associated with the 
metal tons 

(Na2[B,05(OH).} 8H:O) + 2HCIl — 2NaCl + 4H,BO; + 5H,O0 

One of the products H,BQ, 1s ttself a weak acid Thus the indicator used 
to detect the end point of this reaction must be one that is unaffected 
by HBO, Methyl! orange 3s normally used, which changes in the pH 
range 3 1-4 4 
One mole of borax reacts with two moles of acid This 1s because when 

borax 1s dissolved in water both B(QH), and [B(OH),]~ are formed, but 
only the {B(OH).,J~ reacts with HC] 
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[BO (OH), 4 5H40 ze 2B(OH), 4 2[B(OH)4]" 

2[B(OH) -+ 2H40* — 2B(OH) + 4H,O 

The last reaction will titrate at pH 9.2, so the indicator must have pK, < 

ca. 8. Borax is also used as a buffer since its aqueous solution contains 

equal amounts of weak acid and its salt. 

Sodium peroxoborate 

Large amounts of sodium peroxoborate are produced, and world produc- 

tion is about 550000 tonnes/year. There are two main preparative 

methods:, 

1. Electrolysis of a solution of sodium borate (containing some Na2COs). 

2. By oxidizing boric acid or sodium metaborate with hydrogen peroxide. 

2NaBO; -- 2H50; + 6H,O — Na2[(OH),B(O—O),B(OH),] - 6H20 
sodium AROME sodium peroxoborate 

HO O—O OH [^^ 

"S A 
B B 

f wo ZN 
HO O—O OH 

peroxoborate ion 

Sodium peroxoborate, is used as a brightener in washing powders. It is 
compatible with enzymes which are added to some ‘biological’ powders. In 
very hot water (over 80°C) the peroxide linkages O—O break down to 
give H50,. 

Isopolyacids of B, Si and P 

Other elements form polymeric compounds similar to the borates; notably 
3i forms silicates and P forms phosphates. These polymeric compounds are 
called .isopolyacids. (The name isopolyacid means that acidic ions are 
polymerized together: Iso means 'the same', and indicates that only one 
type of ion is involved. If two different types of ion polymerize together, 
for example phosphate and molybdate ions, the phosphomolybdate 
polymer Is called a heteropolyacid.) 

The principles underlying the structures of borates have been set out 
by Christ and Clark (see Further Reading). Th inci . The 
summarized as follows: g) se principles may be 

LB often fotms triangular’ BO; units. Sometimes these remain mono- 
, meric, but they may form polynuclear ions by sharing the O atoms at 
corners. This links the triangular units together into chains rings and 

.. two-dimensional flat sheet-like structures 
2. B sometimes forms tetrahedral BO, units. More complex polynuclear 
Le contain both triangular BO; units and tetrahedral BO, units 

cd together by sharing corners. These structures are not flat. 
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3 Hydrated borates may accept protons These are added in the following 

order ()) O^" ions are converted to OHT, (n) tetrahedral O are 
protonated, (m) the O in planar triangles are protonated and (wv) any 
free OH" groups are converted to H;O 

4 Hydrated borates may polymerize by eliminating H20 This may be 
followed by breaking or rearranging B—O bonds 

S H,BO, often extsts tn the presence of more complex polyamons 

These polymeric borate structures tend to break up when dissolved in 
water 

In contrast, the structures of phosphates and silicates are always based 
on tetrahedral PO, and SiO, units The tetrahedra may polymerize into 
chains, rings and three-dimensional] structures These structures are rather 
more stable and do not break up in solution 

Quahtanve analysis of boron compounds 

When borates are treated with HF (or with concentrated H,SO, and CaF;) 
the volatile compound BF, is formed If the BF; gas produced is intro- 
duced into a flame (for example a Bunsen flame) the flame gives a char- 
acteristic green coloration 

cone HS0, + CaF, — 2HF + CaSO, 

H,BO, + 3HF — 2BF, 4 3H;,O 

An alternative test is to make the ester methyl borate B(OCH,), The 
suspected borate sample 1s mixed with concentrated HSO, to form 
H,BQ,, and warmed with methyl alcohol in a small evaporating basin 

B(OH); + 3CH,QH — B(OCH;), + 3H20 

The concentrated H»5O, removes the water formed The mixture 1s then 

set on fire Methyl borate ts volatile, and colours the flame green 

Fluoboric acid 

H,BO, dissolves in aqueous HF, forming fluoboric acid HBF, 

H,BO, + 4HF - H* + [BF,]~ + 3H;O 

Flueboric acid ts a strong acid, and commercial solutions contain 40% acid 
The [BF3}~ 10n 1s tetrahedral and fluoborates resemble perchlorates ClOT 
and suiphates im crystal structure and solubility (KCIO, and KBF, are both 
not very soluble in water} The iBF,|^ and (CIO,]|" tons have a very low 
tendency to form complexes imn aqueous solution, though a few complexes 
are formed tn non-aqueous media 

Bondes 

There are over 200 binary compounds between metals and boron There 
are many different stoichtometries The most common are M;B, MB. 
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MB>. MB, and MB,, though formulae as diverse as M&B and MB,, are 

known. Some of the compounds are nonstoichiometric. The formulae of 

some of the compounds cannot be rationalized by the application of simple 

valency rules, and are best explained by multi-centre bonding. 

They may be prepared by heating the metal with boron, and by a variety 

of other methods. The metal-rich borides are mostly with transition metals. 

iney are hard, and have very high melting points: ZrB?, HfB2, NDB) and 

TaB> all melt over 3000°C. The melting points and the electrical con- 

ductivities are often higher than for the parent metals. Thus TiB2 conducts 

five times as well as Ti metal. Borides are often chemically inert, and they 
have several uses: 

l. Boron carbide is commonly written as B,C. It is produced in quantities 

of tonnes by reducing B,O, with C at 1600°C. It is a useful source of B, 
and is also used as an abrasive for polishing. It is used in brake linings 
for cars. Fibres of B,C have an enormous tensile strength, and are used 
to make bullet-proof clothing. These fibres are made as follows: 

bie ABO Css ———— HG 

Boron carbide should be written B,;C2, but its composition varies and 
may approach B,.C;. The structure comprises a series of B,» icosahedra. 
Each icosahedron is linked to six others through either four B—C—B 
linkages and two B— B linkages, or through six B—C— B linkages. The 
structure is a cluster compound, and can only be explained by multi- 
centre bonding. 

2. Powder fabrication techniques are used to fabricate parts such as 
turbine blades and rocket nozzles from powdered borides such as CrB;, 
TIB;, and ZrB;. 

3. Boron steel is used in the nuclear industry for shielding and for control 
rods in reactors because B has a very high absorption cross-section for 
thermal neutrons. 

THE OTHER GROUP 13 OXIDES 

Alumina ALO; exists principally in two crystalline forms called a-Al,O3 
or corundum, and y-Al,O3, and in addition there is a fibrous form which 
Is made commercially. 
Corundum is found as a mineral. and a-Al;O. is also made by heating 

Al(OH), or y-Al,O0, above 1000°C. Corundum is extremely hard (9 on 
Moh's scale) and is used as ‘jewellers’ rouge’ to polish glass. (See 
Appendix N). An impure form of corundum. contaminated with iron 
oxide and silica, is called emery. This is used to make emery paper 
(‘sandpaper’ used to-polish metals). Corundum is unaffected bv acids. It has a high melting point of over 2000°C. It is used as a refractory to hine furnaces and to make containers for high temperature reactions. The 
crystal structure of corundum is hexagonally close-packed oxygen atoms 
with two thirds of the octahedral holes filled by AD* ions. ' 
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y Ab. O; is made by dehydrating AI(OH), below 450?C and in con 
trast to d ALO, it dissolves in acids absorbs water and :s used for 
chromatography 

Fibrous ALO; 1s made commercially by [Cl and Du Pont Fibres of 

ALO, and (ZrOQ.) are sold under the trade name Saffil These fibres feel 
like silk. are 2-5cm in length and are 1/20th the diameter of a human 
hair The fibres are hollow and are flexible though they have a high 
tensile strength. [n addition they are chemically inert and withstand pra 
longed heating up to 1400°C The fibres can be woven into ropes or 
fabric and are also used for making chemically inert paper. and a support 
for catalysts Fibres are also used to strengthen certain metals {Mg Al 
and Pb) for example Al reinforced by 50% fibre ts five times stiffer than 
pure Al Fibres also have excellent thermal and electrical insulating 
properties 

Alumina ts white but 1t can be coloured by the addition of Cr.O, or 

Fe-O, White sapphires are gem quality corundum Synthetic rubies can be 
made by strongly heating a mixture of Al;O4 and Cr»O4 for example in an 
oxy hydrogen flame Rubies are very hard and are used for Jewellery and 
to make bearings in watches and instruments Thus ruby ts a mixed oxide 
Blue sapphires are another mixed oxide containing traces of Fe’* Fe'* 
and Ti** The mineral spinel MgAI,O, 1s another mixed oxide It gives its 
name to the structure adopted by many M'M'''O, compounds 
Aluminium has a very strong affinity for oxygen The enthalpy of forma 

tion of ALLO, 1s —1670kJ mol |, higher (more negative) than for praet 
cally all other metal oxides Thus Al may be used in the thermite reduction 
of fess stable metal oxides 

3Mn,O, + 8Al— 4AI,0, + 9Mn 

Qualitative analysis of aluminium | 

In qualitative analysis Al(OH); ts. precipitated. as a. white. gelatinous 
substance when NH4,OH 1s added to the solution. (after previously 
removing acid insoluble sulphides with. H;5). Fe(OH), Cr(OH) and 
Zrn{OH), are also precipitated but Fe(OH} t brown Cr(OH) grey- 
green or grey-blue Zn(OH) 1s white like AI(OH), but it is not gela 
tüunous Zn(OH) dissolves in excess NHOH whereas Al(OH); does not 
A confirmatory test for aluminium 1s the formation of a red precipitate 
from Al(OH), and the dye aluminon 

t , 1 

Amphotenc behaviour — aluminates r 

Al(OH); 1s amphoterc ït reacts principally as a base 1e it reacts with 
acids to form salts that contain the [AI(H,O)},1°* 190n However Al(OH); 
shows some acidic properties when it dissolves in NaOH. forming sodium 
aluminate (However, Al(OH), ts reprecipitated by the addition of carbon 
dioxide. showing that the acidic properties are very weak j 
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AKOH), 95:795 NaAI(OH), iu 
NaAIlO;: 2H;0 aluminate 

The formula of aluminates is often written as NaAIO;: 2H2O (which is 

equivalent to [AI(OH)4] ). Raman spectra suggest that the structure of the 

aluminate ion is more complicated than this implies, and the structure 

changes with both pH and concentration: 

1. Between pH 8 and 12 the ions polymerize using OH bridges and each 

aluminium is octahedrally coordinated. 

2. In dilute solutions above pH values of 13, a tetrahedral [AI(OH)4]" ion 

exists. 
3. In concentrated solutions above 1.5 M and at pH values greater than 13 

the ion exists as a dimer: [(HO);Al—O—AI(OH)3]*~ 

Ga;04 and Ga(OH), are both amphoteric like the corresponding Al 
compounds. Ga(OH); is white and gelatinous and dissolves in alkali, 
forming gallates. Tl20O4 and In2O; are completely basic, and form neither 
hydrates nor hydroxides. In contrast, thallous hydroxide TIOH is a strong 
base, and is soluble in water. Thus TIOH differs from the trivalent 

hydroxides and resembles the Group 1 hydroxides. Where an element can 
exist in more than one valency state, there is a general tendency for the 
lowest valency state to be the most basic. 

Thallium(III) acetate and trifluoroacetate can be made by dissolving the 
oxide in the appropriate acid. They are used in the synthesis of organo- 
metallic thallium compounds. ; | 

TETRAHYDRIDOBORATES (BOROHYDRIDES) 

Stable complexes containing the group [BH,]~ are well known. These 
should be called tetrahydridoborates, though the old name borohydride is 
still widely used. The tetrahydridoborate ion [BH,]~ is tetrahedral, and 
the sodium salt Na{BH,] is the most important compound. It is usually 
prepared from trimethylborate. It is ionic, and has a sodium chloride 
structure. 

4B(OMe), + 4NaH PY _, NalBH,] + 3Na[B(OMe),] 
trimethylborate tetrahydrofuran solvent 

Other tetrahydridoborates are made by treating Na[BH,] with the appro- 
priate metal chloride. The alkali metal tetrahydridoborates are white ionic 
solids and react with water with varying ease. Thus Li{BH,] reacts violently 
with water, but Na[BH,] may be recrystallized from cold water with only 
slight decomposition, and K[BH,] is quite stable. 

Li[BH,] + 2H,O — LiBO, + 4H, 
= alkali metal tetrahydridoborates are valuable reducing agents in both norganic and organic chemistry. Na{BH,] is stable in alcoholic and 
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agueous solutions This makes it a useful reagent for reducing aldehydes to 
primary alcohols, and ketones to secondary alcohols It is a nucleophilic 
reagent, and attacks sites of low electran density Thus other functional 
groups such as C=C, COOH and NO; are not normally attacked 

i 

R CHO-E,mR CHOH primary alcohol 
R R 

N N 
C—o XP, CHOH secondary alcohol 

/ / 
R' R' 

Not all tetrahydridoborates are ionic. The berylltum, aluminium and 
transition metal borohydrides become increasingly covalent and volatile 
In these the [BH] group acts as a ligand and forms covalent compounds 
with metal ions One or more H atoms in a [BH4] act as a bridge and bond 
to the metal, forming a three-centre bond with two electrons shared by 
three atoms "The [BH4]^ ligand is unusual in that it may form one, two or 
three such three centre bonds to the metal ion. Thus Be(BH,4), AI(BH4), 
and Zr(BH4)4 are covalent, and react strongly with water In the Al and Zr 
compounds, each BH; forms two hydrogen bridges, whilst in the Be 
compound two of the three BH] form three hydrogen bridges 

Figure 12 5 Structures of AK(BH4); and Be(BH4); (After H J. Eméieus and À G 
Sharpe Modern Aspects of inorganic Chemistry, 4th ed , 1973, Routledge and 
Kegan Paul ) 

The other elements in the group also form electron-deficient hydnides 
(AlH4), 15 a white involatile solid It 1s a reducing agent and reacts violently 
with water It is extensively polymerised by 3-centre hydrogen bridges simu- 
lar to those in diborane (The structure of a ATH; 1s known and each Al 
participates in six bridges) Aluminium hydnde 15 best made from Lif AIH] 
and AICI, It can be made from LiH and AICI, imn either solution, but with 
excess LiH lithium aluminium hydride Li[A]Hj] r5 formed instead 
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LIH + AICh — (AIH;), 97» Li[AIH,] | 

‘Lif AIH] is a most useful organic reducing agent because it will reduce 

functional groups, but in general it does not attack double bonds. It is 

analogous to the borohydrides but cannot be used in aqueous solutions. 

Gallium forms compounds analogous to the borohydrides, e.g. 

Li[GaH,]. Indium forms a polymeric hydride (InH3),, but there is some 

doubt about the existence of a hydride of thallium. 

TRIHALIDES 

All the elements form trihalides. The boron halides are covalent. BF; is 

gaseous, BCl; liquid and BI; is solid. BF; is by far the most important. It is 

a colourless gas, boiling point — 101?C, and is made in large quantities: 

heat 

B20; T 3CaF- + conc. 3H5,SO, — 2BF; T 3CaSO, + 3H;,0 

B,O; -- 6NH,BF,— 8BF; + 6NH; + 3H,O 
Both BF; gas and its complex with diethyl ether (C2Hs)2O —> BF; (a 
viscous liquid) are commercially available. 
The shape of the BF; molecule is a planar triangle with bond angles of 

120°. This is predicted by VSEPR theory as the most stable shape for three 
outer electron pairs round B. The valence bond theory also predicts a 
planar triangle with hybridization of one s and two p orbitals used for 
bonding. However, the B atom only has six electrons in its outer shell and 

this is termed electron deficient. 

Electronic structure of 
1s 2s 2p 

boron atom — excited state Mit] | 
C — 

three singly occupied orbitals form bonds 
with unpaired electrons from three halogen 

atoms — shape plane triangle 
(sp? hybridization) 

The bond lengths in BF; are 1.30 A, and are significantly shorter than the 
sum of the covalent radii (B — 0.80 À, F — 0.72 À). The bond energy is 
very high: 646 kJ mol^!, which is higher than for any single bond. The 
shortness and strength of the bonds is interpreted in terms of a px—pn 
Interaction, that is the bonds possess some double bond character. The 
empty 2p. atomic orbital on B which is not involved in hybridization is 
perpendicular to the triangle containing the sp? hybrid orbitals. This pz 
Orbital may accept an electron pair from a full p. orbital on any one of the 
three fluorine atoms. Thus a dative x bond is formed, and the B atom attains an octet of electrons. If one localized double bond existed, then 
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there would be one short bond and two longer ones However, all meas- 
urements show that the three bond lengths are identical The old valence 
bond explanation of this was resonance between three structures with 

the double bond in different positions “he modern explanation is that the 
double bond 1s delocalized The four p, atomic orbitals from B and the 
three F atoms form a four-centre z molecular orbital covering all four 
atoms which contains two bonding electrons. Delocalized x bonding 3s 

described more fully ın Chapter 4 

F F F 

i—i] 
F Fo Cg. 85 

Figure 12 6 Structure of BF; 

The empty 2p, orbital on the boron dtom in BF, can also be filled by a 
lone pair of electrons from donor molecules such as Et;O, NH3, (CH3), N 

or by rons such as F~ When this occurs, a tetrahedral molecule or ton 1s 
formed 

F OEL F NH4 F NMe»; F Fi 

\ Z NL \ 4 Nd 
B B B B 

ZN ÁN ZN ZN 
F F F F F F F F 

Once a tetrahedral complex has been formed, the possibility for x bonding 
no longer exists In H4N -» BF; the B—F distance 1s 1 38 A, and in MeN 
—» BF, the distance 1s 1 39A, much longer than the 1 30A in BF, Since 
the boron halides will accept electron pairs from numerous atoms and tons 
such as F^, O, N, P and S, they are acting as strong Lewis acids 

The trihalides are tmpartant industrial chemicals, particularly BF, and to 

a lesser extent BC], They are used to prepare elemental boron They are 
also very useful for promoting certain organic reactions. In some cases BF 
i$ used up in the reaction, and in others it acts as a catalyst by forming 
a BF; complex with one or both reactants Forming an ‘intermediate com- 
pound’ tn ths way lowers the activation energy Examples include 

1 Friedel-Crafts reactions such as alkylations and acylations In these the 

BF; 1s used up in the reaction, and so ts not strictly catalytic 

CoH, + C;H«F + BF, -— C.H; C-H; + H* + [BF4]" 

2 It acts as a catalyst 1n several reactions 

" geid + alcohol —» ester + water 

benzéne + alcohol — alkylbenzene + water 



4. Considerable quantities of BF; are also used as a polymerization 

catalyst in the production of polyisobutenes (used to. make viscostatic 

. Jubricating oils), coumarone—indene resins, and butadiene—styrene 

rubbers. 

About 4000 tonnes a year of BF; are produced in the USA from B203 or 

borax: 

B,O; + 6HF + 3H,SO, > 2BF; + 3H2SO,-H2O 

Na2[BsO<(OH),] + 12HF 28S [Na;O(BF),] *2H350, 

4BF; + 2NaHSP, T H-O 

The boror halides are all hydrolysed by water. BF, hydrolyses incom- 

pletely and forms fluoborates. This is because the HF first formed reacts 

with the H3BO,. 

I2HF 4 3H4BO; — 3H* 4 3[BF4]^ * 9H;O 

4BF; -- 3H;0 — H4BO; + 3H* + 3[BF4]^ 

The other halides hydrolyse completely, giving boric acid. 

The fluorides of Al, Ga, In and TI are ionic and have high melting 
points. The other halides are largely covalent when anhydrous. AlCl}, 
AIBr; and GaCl, exist as dimers, thus attaining an octet of electrons. The 
dimeric formula is'retained when the halides dissolve in non-polar solvents 
such as benzene. However, when the halides dissolve in water, the high 
enthalpy of hydration is sufficient to break the covalent dimer into 
[M-6H50]?* and 3X- ions. At low temperatures AlCl; exists as a close 
packed lattice of Cl- with AP * occupying octahedral holes. On heating 
AlCl species are formed and the volume of the solid greatly increases. This 
M how close the bonding in this compound is to the ionic/covalent 

order, 
Group 13 elements have only three valency electrons., When these are 

used to form three covalent bonds, the atom has a share in only six 
electrons. The compounds are therefore electron deficient. The BX; 
halides attain an octet by x bonding. The other elements in the group have 
larger atoms and cannot get effective nm overlap, so they polymerize to 
remedy the electron deficiency. 

AICI; is an important industrial chemical. Production is about 25000 
tonnes/year in the USA alone. Anhydrous AICI, (and to a lesser extent 
AIBr,) is used as the ‘catalyst’ in a variety of Friedel-Crafts type of 
reactions for alkylations and acylations. Large amounts of ethylbenzene 
are made in this way and are used to make styrene. (Polystyrene produc- lion was 8.2 million tonnes in 1991.) 
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C,H, H + CH,CH,CI + AICI, — C,H; CH,CH, + H* + (AICL]- 

This js nat true ‘catalypic’ action, as the AICI, 1s used up, and the formation 
of [AICL] or [A]Br4]" 1s an essential part of the reaction Acylations are 
sumiar 

AÌCh is also used to catalyse the reaction to make ethyl bromide (which ts 
used to make the petrol additive PbEt,) 

CH;—CH. + HBr- (HBr 

AICI, 1s also used in the manufacture of anthraquinone (used in the 
dyestuffs industry), and dodecylbenzene (used to make detergents), and in 
the isomerization of hydrocarbons (petroleum industry) 

THI, 1s an unusual compound It ts tsomorphous with Csl, and NH,h;, 
and contains the finear truodide ron 1; Thus the metal is present as Ti* , in 
the oxidation state (FI) not (+III) 

DIHALIDES 

Boron forms halides of formula B1X, These decompose slowly at room 
temperature B,C, can be made as follows 

chletric d schurgs 2BCh + 2Hg BCl; + Hg»Cl 
vw prossure 

There is free rotation about the B—B bond and in the gaseous and liquid 
states the molecule adopts a non echpsed conformation In the Solid state 
the molecule ts planar because of crystal forces and ease of packing 
Galltum and indium also form 'dihalides' see diagram on page 387 

GaCl, + Ga > 2GaCl. 
In + HCl 2[nct, 

go 

These are more properly written. Ga^[GaCi] and Ón"[InCi] and 
contain M(I) and M(HE) rather than Ga(Il) and In(II) 

MONOHALIDES 

Boron forms several stable polvmenc mónohahdes (BX), 

menari d shteg B.Cl, 
| 

al ou 

aly at ThA i 

L sa BCl, ByaClio B Cl; B pCl 

The compounds B,Cl, B4Cl; and B,Cl, are crystalline solids and their 

BCl, 
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structures (Figure 12.8) have a closed cage or polyhedron of B atoms, 

where each B atom is bonded to three other B atoms and to one Cl atom. 

Since B has only three valency electrons there are not enough electrons to 

form normal electron pair bonds. It is probable that multi-centre o bonds 

cover all the B atoms in the cage. 

Al, Ga and In all form monohalides MX in the gas phase at elevated 

temperatures, e.g. 

AICl, 4- 2A1 — ** — ,3AICI 
tempcrature 

These compounds are not very stable, and are covalent. 

Thallium forms univalent thallous halides which are more stable th — the 

thallium trihalides. This illustrates the inert pair effect, and TIF is tonic. 

COMPLEXES 

Group 13 elements form complexes much more readily than the s-block 
elements, because of their smaller size and increased charge. Tetrahedral 
hydride and halide complexes such as Li[AIH,] and H[BF,] have al- 
ready been mentioned. In addition many octahedral complexes such as 
(Gaci, [InClg?- and [TICl]?" are known. The most important 

gu 
P 

M 2 

0—C v 
/ 

acetyl acet wt wr 

0-. 0 
M | 

LS O O 

3 

oxalate complex 

£a «A 
octahedral complexes are those with chelate groups, for example f- 
diketones such as acetylacetone, oxalate ions, dicarboxylic acids, pyro- 
catechol, and also 8-hydroxyquinoline. (See Figure 12.9.) The latter 
complex has been used in the gravimetric determination of aluminium. 

3 

8 hydroxyquinoline complex 

Figure 12.9 Some complex 

DIFFERENCES BETWEEN BORON AND THE 
OTHER ELEMENTS 

Boron differs significantly from the other elements in Group 13, mainly 
because the atoms are very small. It is always covalent, and it is non- 
metallic. In addition, boron shows a diagonal relationship with silicon in 
Group 14. 

1. B20; is an acidic oxide; like SiO». This is in contrast to AlO}, which is 
amphoteric. 

2. H3BO;, which may be written B(OH), is acidic, whilst AI(OH), is 
amphoteric. 
Simple borates and silicate ions can polymerize, forming isopolyacids. 
Both are built on similar structural principles, namely by sharing oxygen 
atoms. Complicated chains, rings, sheets and other structures are 
formed in this way. Aluminium forms no analogous compounds. 

. The hydrides of B are gaseous, readily hydrolysed and spontaneously in- 
flammable. In contrast aluminium hydride is a polymeric solid (AlH3),,. 
SIH, is gaseous, readily hydrolysed and jnflammable. | 

- Apart from BF3, the halides of B and Si hydrolyse readily and vig- 
orously. The aluminium halides are only partly hydrolysed in water. 

3. 
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BORON HYDRIDES 

Compounds known : 

None of the Group 13 elements react directly with hydrogen but sevéral 
interesting hydrides are known The boron hydrides are sometimes called 
boranes by analogy with the alkanes (hydrocarbons) Almost 20 boranes 
have been reported, and 1I are well characterized They fall into two 
series 

i1 B,H,,.4, (called nido boranes) 
2 A less Stable series B,,Hy,46) (called arachno boranes) 

In cases where the nomenclature is ambiguous, as for example for penta 
borane 11 1s usual to include the number of hydrogen atoms in the name 

Table 12 10 The two series of boranes 

Nido boranes mp bp Arachno boranes mp bp 
B,Ho sa CC) CC) B,Hose CC) (C) 

B,H, diborane -165  -93 
B,Hyy tetraborane —120 I8 

B4H4, pentaborane ¥ -47 60 | BH, peataborane 11 -122 65 
B,H;g hexaborane 10 —62 108 | B,H,z hexaborane 12 -%2 
B4jH;; octaborane 12 dec BH octaborane 14 dec 

B4H,s (nonaborane or 3 
(enneaborane 

B,5H,4 decaborane —100 213 

dec = decomposes 

Preparation 

Diborane 15 the simplest and most studied of the hydrides: It is used to? 
prepare the higher boranes, and is an important reagent in synthetic 
organic chemistry For the latter purpose it 15 normally generated in situ. It 
15 a versatile reagent for the production of organoboranes which are useful 
intermediates in. organic synthesis. Alternatively diborane ts used as a 
powerful electrophilic reducing agent for certam functional groups It 
attacks sites with a high electron density such as N in cyamdes and nitrites 
and O in carbonyl compounds i 

R—NO; — RNH; 1 i 

R—CHO —» RCH2,0H 

Diborane may be prepared by a variety of methods Boranes were first 
prepared by Alfred Stack, who pioneered this branch of, chemistry 
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between 1912 and 1936. He heated Mg and B to give magnesium boride 

Mg:B;, and then treated this with orthophosphoric acid. The reaction gives 

4 mixture of products. There were enormous difficulties with this early 

work because the compounds were highly reactive, flammable, and hydro- 

lysed by water. Stock developed vacuum line techniques, which were pre- 

viously unknown, to handle these reactive compounds. This preparative 

method has now been superseded except for making BgH;o. 

Mg4B; * H;PO, ^ mixture of boranes BH 

magnesium mainly B4Hijo diborane 

boride 

Many other methods have been used: 

, 180°C B,0, y 3H; 4 2Al 750 atmospheres, 15 B.H« 4 ALO, 

2BF,  6NaH 9 B,H, + 6NaF 
gas Bas 

There are several convenient laboratory preparations: 

1. Reducing the-etherate complexes of the boron halides with Li[AIHg]. 

4[Et;O - BF] - 3Li[AIH,] 5 2B;H, *- 3Li[AIF4] + 4Et,0 
2. Reacting Na[BH,] and iodine in the solvent diglyme. Diglyme is a 

polyether CH.OCH;CH;OCH;CH;OCH,. 

in diglyme solution 
2Na[BH,] T I —————— —— B, He T H; + 2Nal 

3. Reducing BF, with Na[BH,] in diglyme. 

4[Et;O - BF;] -- 3Na[BH;] 2-977" ,2p, uH. 4- 3Na[BF;] + 4Et;O 

Method (3) is particularly useful when diborane is required as a reaction 
Intermediary. It is produced in situ, and used without the need to isolate or 
purify it. 
Diborane is a colourless gas, and must be handled with care as it is highly 

reactive. It catches fire spontaneously in air and explodes with dioxygen. 
The heat of combustion is very high. In the laboratory it is handled in a 
Vacuum frame. Since it reacts with the grease used to lubricate taps, special 
laps must be used. It is instantly hydrolysed by water, or aqueous alkali. 
At red heat the boranes decompose to boron and hydrogen. 

BoH, + 302, > 28,0; + 3H,O AH = —2165kJ mol™! 
BH, -- 6H;0 — 2H4BO, + 3H, 

sain syntheses of higher boranes involve heating B2H,, sometimes with 
ycrogen. A complex reaction occurs when BH, is heated in a sealed 
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tube Various higher boranes are formed (B4H,9 B4,Hg,, B,H,; and 
Biokli;,) The BH; molecule probably breaks into the very reactive 
intermediate {BH} which has only a transient existence and reacts with 
B2Hg, giving another intermediate {B3Ho} This loses hydrogen forming 
(B3H35), which reacts with more (BH4) to give B4H,o. In a similar way à 
vartety of higher boranes are formed depending on the exact conditions 

For example 

(5h at 80-90°C, 200 atmospheres) 
BH; — B,Hjo 

(rapid at 200-250 °C) 
BoHs + H> —k B5H; 

(slow pyrolysis in sealed tube 150°C} 
BH, — Biol 

Most of the higher boranes are hquids, but BgHio and BygHy4 are solids As 
the molecular weight increases, they gradually become more stable 1n air, 
and less sensitive to water By H,4 15 inert In air and can be recovered from 
aqueous solutions At one time the boranes were considered as possible 
mgh energy rocket fuels The aim was to replace hydrocarbon fuels in 
military aircraft and mussies Over a tonne of BioHis was made for this 
purpose Interest 1n tliis use disappeared when it was found that combus 
tion to B;O; was incomplete Because of this the exhaust nozzles of the 
rocket became partly blocked with an involatile BO polymer 

REACTIONS OF THE BORANES 

Hydrobaratrion 

A very important reaction occurs between ByH, (or BF; + NaBHy,) and 
alkenes and alkynes 

5B.H, + 3RCH=CHR — B(CH2—CH,R); 
3B,H, + 3RC==R — B(RC==CHR); 

The reactions are carried out in dry ether under an atmosphere of dinitro 
gen because B;H, and the products are very reactive The alkylborane 
products BR; are not usually isolated They may be converted as follows 

| to hydrocarbons by treatment with carboxylic acids, 
2 to alcohols by reaction with alkaline H2O2, or 
3 to ether ketones or carboxylic acids by oxidation with chromic acid 

The complete process is called hydroboration, and results in cu 
hydrogenation, or cis hydration Where the organic molecule is not sym 

metrical, the reaction follows the anti Markovnikov rule, that ıs B attaches 

to the least substituted C atom 

BR, 4 3CH,COOH — 3RH 4 B(CH4COO); 
hydrocarbon 



REACTIONS OF THE BORANES 393 

B(CH;- CH;R). + HO. > 3RCH;CH,OH + H;BO; 
primary alcohol 

R R 
\ \ 

' CH—|-B-——  C—O 
/ 

R' 4 R' ketone 

H;CrO, 
(CH; g CH;aO—B ——M CH4COOH 

carboxylic acid 

(CH; CH;),—B + COM. (CH; - CH;),—CBO], 

2^5 [CHs-CH;-; COH 

Hydroboration is a simple and useful process for two main reasons: 

1. The mild conditions required for the initial hydride addition. 
2. The variety of products which can be produced using different reagents 

to break the B—C bond. 

H.C. Brown won the Nobel Prize for Chemistry in 1979 for work on these 
organoboron compounds. 

Reaction with ammonia 

All the boranes act as Lewis acids and can accept electron pairs. Thus they 
react with amines, forming simple adducts. They also react with ammonia, 
but the products depend on the conditions: 

BoH, T 2(Me)3N —> 2(Me3N : BH] 

BjH, 4 NH4 — —— ">. B, H,. : 2NH z 
low temperature 

excess NH 
` (BN) x boron nitride 

higher temperature 

ratio 2NH, 1B.H x 
——————À B4N4Hg borazine 

higher temperature 

The compound B2H.:2NH; is ionic, and comprises [H;N — BH; — 
NH;] and (BH4]" ions. On heating, it forms borazine. 

Boron nitride Is a white slippery solid. One B atom and one N atom 
together have the same number of valency electrons as two C atoms. Thus 
boron nitride has almost the same structure as graphite, with sheets made 
up of hexagonal rings of alternate B and N atoms joined together. The 
Sheefs are stacked one on top of th ivi ther, 
(Figure 12.10). ` p of the other, giving a layer structure 
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(a) Boron nitride 

; : 
OY gi, "Nee 

g^ Ng N Suc ~y A Soa 
| | 
H H H 

(b) Borazine Benzene 

Figure 12.10 Similarity m structure between (2) boron nitride and graphite, (b) 
borazine and benzene. 

Borazine B4N3Hs is sometimes called ‘inorganic benzene’ because its 
structure shows some forma! similarity with benzene, with delocalized 
electrons and aromatic character. Their physical properties are also 
similar. 

Borazine and substituted borazines are now made: 

Na[RH,] 
—— 3BCl, + 3NH,CI-~" BN HC, B;N3H, 

MeMeBr 

PN H Me), 

Borazine forms m complexes such as B;N,Hg—Cr(CO), with transition 
metal compounds. Borazine is considerably more reactive than benzene, 
and addition reactions occur quite readily: 

B Nag + SHC} B4N4H4CHh 

CI H H H 

NZ N/A 
B—-——N 

Nx / \ 74 
B 

"4 N NA N c 

/ -C 7 » ' 
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If heated with water, borazine hydrolyses slowly. 

B3N3H, EE 9H,O ==> 3NH3 T 3H4BO4 + 3H; 

Some other reactions of boranes 

BH, + 6H»O — 2B(OH); + 6H: 
2H4BO, + 6H, 

B.H, 4- 6MeOH — 2B(OMe), -- 6H; 
_ BH, + 2Et,S > 2[Et;S — BHs3] 

B2H, + 2LiH — 2Li[BH,] 

2B,H, + 2Na — Na[BH,] * Na[B4H4] (slow) 

BH, + HCl ^. B;HsCl 4- H; 
BH, + 3Cl > 2BCl; + 6HCI 
* 

jJ' 

STRUCTURES OF THE BORANES 

The bonding and structures of the boranes are of great interest. They are 
different from all other hydrides. There are not enough valency electrons 

: ; : H H H 
to form conventional two-electron bonds between all of the adjacent pairs S 7 E, 19À 
of atoms, and so:these compounds are termed electron deficient. a err 

In diborane there are 12 valency electrons, three from each B atom and e H aN, 
six from the H atoms. Electron diffraction results indicate the structure shown in Figure 12.11. Figure 12.11 The structure of 

The two bridging H atoms are in a plane perpendicular to the rest of the POERI; 
molecule and prevent rotation between the two B atoms. Specific heat 
measurements confirm that rotation is hindered. Four of the H atoms are 
In a different environment from the other two. This is confirmed by Raman 
Spectra and by the fact that diborane cannot be methylated beyond 
Me,B;H; without breaking the molecule into BMe;. 
The terminal B—H distances are the same as the bond lengths measured 

In non-electron-deficient compounds. These are assumed to be normal 
covalent bonds, with two electrons shared between two atoms. We can 
describe these bonds as two-centre two-electron bonds (2c-2e). 

Thus the electron deficiency must te associated with the bridge groups. 
The nature of the bonds in the hydrogen bridges is now well established. 
Obviously they are abnormal bonds as the two bridges involve only one 
electron from each boron atom and one from each hydrogen atom, making 
a total of four electrons. An sp? hybrid orbital from each boron atom 
overlaps with the ‘1s orbital- of the hydrogen. This gives a delocalized 
molecular orbital covering all three nuclei, containing one pair of electrons 
and making up one of the bridges (see Figure 12.12). This is a three- 

wn 

na, bond (3c-2e). A second three-centre bond is also 
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AO 

(a) Diborans BH, 

(d) Pentaborane-1 1 B-H,; 

Figure 12.12 Uvertap of approximately sp? hybrid orbitals from B with an s 
orbital from H to give a ‘banana-shaped’ three-centre two-electron bond. 

I 

The higher boranes have an open cage structure (Figure 12.13). Both 
normal and multi-centre bonds are required to explain these structures: 

1. Terminal B—-H bonds. These are normal covalent bonds, that is two- 
centre two-electron (2c-2e} bonds. 

2. B—B bonds. These are also normal 2c-2e bonds. 

. 
(e) Decaborane-14 BS Hi, 

Figure 12.13 Structures of some boranes (a) Diborane B;H,, with two three- 
centre D... H.,. B bonds. (b) Tegraborane B4,H,o, with. four ihree-centit 
B...H...B bonds and one B-—B bonlf 4c) Pentaborane-9 B;H;, where the boron 
atoms form a square-based pyramid with four three-centre B...H.. B bonds, and 
multi-centre bonds from the apical B atom to the four B atoms in the square. (d) 
Pentaborane-11 B;H,,, where the boron atoms form a distorted square-based 
pyramid, with three three-centre B . H. .B bonds and three-centre B...B...B 
bonds in two of the tnangular faces. (e) Decaborane-14. (After A G. Massey, The 
Typical Elements, Penguin, 1972.) 
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3. Three-centre bridge bonds including B. ..H.. .B asin diborane. These 

are 3c-2e bonds. 

4. Three-centre bridge bonds including B...B...B. similar to the 

hydrogen bridge in (3). These are called ‘open boron bridge bonds’, and 

are of the type 3c-2e. 

5. Closed 3c-2e bonds between three B atoms. 

B 

p ea 

Decaborane-14 has ten B atoms. This number is two short of being able 

to form a regular icosahedron. An icosahedron has 12 corners and 20 faces. 

[t is a closed cage structure, and is particularly stable. The two extra atoms 
required to complete the cage may be added by reacting ByyHy, with an 
ethyne, forming a carborane (Figure 12.14). 

B,4H44 + RCESCR — B4 GHioR? 

Alternatively two B atoms may be added to complete the cage by reacting 
BioH 4 with Me3N —> BH. 

BigHi4 - 2Me3NOS BH; — 2[Me, NH] [BH] 

ORGANOMETALLIC COMPOUNDS 

Besides the carboranes and the alkylboranes discussed earlier, all the 
Group 13 trihalides will react with Grignard reagents and organolithium 
reagents, forming trialkyl or triaryl compounds: 

BF, + 3C,H;Mgl > B(C2Hs); 
AlCl; + 3CH3MgI — Al(CH;); 

GaCl, + 3C,HsLi ~ Ga(C Hs) 

InBr, + 3C,HsLt — In(C4H«)4 

The aluminium compounds are unusual because they have dimeric struc- 
tures, and appear to have three-centre bonds involving sp* hybrid orbitals 
on Al and C in Al—C—AI bridges (Figure 2.15). 
Another important route to organoaluminium compounds ts from alu- 
ze metal and H». The two elements do not react directly to give 
| h. However, aluminium does take up hydrogen in the presence of 

aluminum alkyl catalysts (Ziegler catalysts). 

Al - 3H; t 2EGAI — 3EGAIH 
Alkenes may be added to Al—H bonds. 

f 

EGAIH + H;C—CH; 2 EG; AI-CH;—CH.4 — ie. EGAI 
cthene 

397 

Figure 12.14 Structure of 
orthocarborane, one of the th 
isomeric forms of the icosahed 
carborane B,pCo2H R32. (After 
A.G. Massey, The Typical 
Elements, Penguin, 1972.) 

3 CH; 
j x w^ 5 Al « 

cu N a N: 

Figure 12.15 Structure of 
aluminium trimethyl dimer. 
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At 90-120°C and 100 atmospheres pressure, ethene molecules are slowly 
inserted into the Al—C bonds 

/ CH, / CH; CH; CH; / (CH; CH), C;H; 
Al -— CH, — Al— CH; — Al-— (CH; CH;), C-H; 

\ GH; \ GH; \ (CH; CHi), GH 

Long chains up to Cz» may be grown Hydrolysis of these fongsh- 
chain aluminium alkyls gives straight chain hydrocarbons called polyeth- 
ylene or polythene Formed in this way these are low molecular weight 
polymers (or oligomers), and are of no commercial use If a transition 
metal catalyst such as TiCl, (Natta catalyst) 1s used then polymerization 
is much quicker Furthermore the reaction does not require a high pres- 
sure and a much higher molecular weight polymer ts praduced These 
high molecular weight polymers are very important as one route to com- 
mercial polythene (see Chapter 20 under ‘Organometallic compounds’) 

Alcohols with chain lengths of about C); are produced from ethene by 
growing suitable alumiıntum alkyls, oxidizing with air and then hydro- 
lysing with water Reaction of these alcohols with SQ, gives sulphonates 
R--SO,H which are then neutralized to make biodegradable detergents 
CH,—(CH;),—OSO; Na* (Detergents are discussed in Group 16 under 

SO; ) 
Aluminium alkyls catalyse the dimerization of propene in the forma- 

tron of isoprene 

2CH, CH=CH,——>CH, CH, CH, c= CH 
propenc 

CH; 

crack Tt, CH=CH C=CH; + CH; 
| 
CH, 

Isi pronc 

The use of alumintum alkyls in. producing alcohols and tsaprene is of 
considerable industrial importance. (Commercial polythene ts made :n 
two ways, either using titamurm catalysts or by a peroxide-induced free 
radical polymerizauon, rather than with aluminium alkyls ) 
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PROBLEMS 

l The first element in each of the main groups tn the periodic table shows 
anomalous properties when compared with other members of the same 
group Discuss this statement with particular reference to the elements 
Li Be and B 

2 What is the main Source of boron? Outline the steps in the extraction 
of boron 

3 Draw ihe structure of the Bj; umt found m the solid structure of 
boron What ts this shape called? 

4 (a) List features which make borax a useful primary standard and 
give a balanced equation to show its use in titrations 
(b) Work out the shape of the BO3~ 10n and explain why it has this 
structure 

5 Orthoboric acid may be written as HBO, or B(OH), How does it 
ionize tn water and which way of writing the formula 1s the most 
helpful? How strong an acid is 1? Why does glycerol enhance its acidic 
properties? Write. a1 balanced equation for a neutralization reaction 
with boric acid 

6 Give an account of isopolyacids with special reference to borates 

7 Give one method for the preparation of diborane B,H, Why 1s tt 
called an eleciron deficient compound? Draw the structure of di 
borane and give the bond lengths What ts unusual about the bonding 
tn this compound? 

8 How does diborane react with (a) ammoma_ (b) boron tribrormde and 
{c) trimethylboron? 

9 Describe the use of diborane in hydroboration 

10 Give the preparation structure and uses of sodium borohydride 

{i Compare the structures of BF, gas AICI, gas and AlCh in aqueous 
solution 

12. Explain the following 
(a) BF, has no dipole moment but PF, has a substantial dipole 
(b) BF, and BrF4 molecules have different shapes 

[3 Describe the preparation and give the structures of the dihalides o£ B 
Ga and In 

14. What is the principal ore of aluminium? How ts the ore purified and 
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16. 

17. 

18. 

21. 

22. 

23; 

24. 

how is the metal extracted? What is the process called? What is the 

function of cryolite in the process? What is aluminium used for? 

From the position of Al in the electrochemical series, would you 

expect it to be stable in water? Why is it stable in air and water? 

Give equations to show the reactions between Al and: (a) Ha). 

(b) NaOH, (c) N;, (d) Oz, (e) CL. 

Give two examples of alums. What species are present when these 

materials dissolve in water? 

How is aluminium chloride prepared? What is its structure when 
anhydrous and when dissolved in water? Give an example of the use of 
AlCl; as a Friedel-Crafts catalyst. 

. How would you prepare LiH and LiAIH,. What are they used for? 

20. Give two different preparations for Et,Al and describe its use as a 
catalyst for polymerizing C,H,. Compare the products formed with 
those described in the section on titanium in Chapter 20. 

Compare and contrast the chemistry of boron and aluminium. 

Give reasons for trivalency and monovalency in Group 13 elements, 
and comment on the validity of divalent compounds such as GaCh. 

Write notes on the chemistry of thallium in the (+1) oxidation state. 

Substance (A) is a yellowish-white deliquescent solid which sublimes 
and has a vapour density of 133. (A) reacted violently with water, 
forming solution (B). A sample of (B) gave a curdy white precipitate 
(C) on addition of dilute HNO; and AgNO; solution, but this readily 
dissolved on the addition of dilute NH,OH, though a gelatinous white 
precipitate was formed in its place. (D) was filtered off and dissolved in 
excess NaOH, forming a clear solution (E). When CO, was passed 
into (E), compound (D) was reprecipitated. 
Substance (A) dissolved unchanged in dry ether, and when this 
solution was reacted with LiH one of two products (F) or (G) was 
formed, depending on whether the LiH was in excess or not. 
Qualitative analysis of solution (B) gave a white gelatinous precipitate 
in Group III. When 0.1333 g of (A) was dissolved in water and treated 
with 8-hydroxyquinoline, 0.4594 g of precipitate was obtained. 
Identify the compounds (A) to (G) and give equations for all of the 
reactions. 
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Table 13,1 Electronic structures and oxidation states 
ida gg RR ERR o o RR WR RR RR Rm WR WR WR S 

Ejement Flectrome structure Oxidation states” 
merae s RR Rs PH B ERR a nee nee RR PUR os RR RR RR RR RR PR RR RR s ETT 

Carbon C [He] 25? 2p? IV 
Silicon St [Ne] 3s? 3p* (ID V 
Germanium Ge [^] 3d!9 4s? 4p? i fv 
Tin Sn [Kr] 4d'" 55? Sp? H IV 
Lead Pb [Xe] 4/'* 5a" 65? 6p? I IV 

* The most important oxidation states (generally the most abundant and stabile) are 
shown in bold Other well characterized but less important states are shown 
in normal type Oxidation states that are unstable or in doubt, are given m 
parentheses 

INTRODUCTION 

Carbon 1s extremely widespread in nature. It is an essential constituent of 
al! living matter, as proteins, carbohydrates and fats Carbon dioxide is 
essential in photosynthesis, and is evolved in respiration Organic chemistry 
is devoted to the chemistry of carbon containing compounds Inorganic 
compounds produced on a large scale include carbon black, coke, graphite, 
carbonates, carbon dioxide, carbon monoxide (as a fuel gas), urea, calcium 
carbide, calcrum cyanamide and carbon disulphide There i5 great interest 
in OTganometallic compounds, carbonyls and x bonding complexes 
The discovery that flint (hydrated S10;) had a sharp cutting edge was 

very important in the development of human technology Nowadays silicon 

s important in a number of materials produced in high tonnages These 
riclude cement, ceramics, clays, bricks, glass and the sicone polymers 
The very pure element ts important in the microelectronics industries 

(transistors and computer chips) 
Germanium rs httle known, but tin and lead are very well known and 

have been used as metals since before Biblical times. Lead sheet was used 
on the floor im the Hanging Gardens of Babylon (one of the wonders of the 
anctent world) to prevent the water escaping 
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OCCURRENCE OF THE ELEMENTS 

The elements are all well known, apart from germanium. Carbon is the 

seventeenth, and silicon the second most abundant element by weight in 

the earth’s crust (Table 13.2). Germanium minerals are very rare. Ge 

occurs as traces in the ores of other metals and in coal, but it is not well 

known. Both Si and Ge are important for making semiconductors and 

transistors. Though the abundances of tin and lead are comparatively low, 

they occur as concentrated ores which are easy to extract, and both metals 

have been well known since before Biblical times. 

Carbon occurs in large quantities combined with other elements and 

compounds mainly as coal, crude oil, and carbonates in rocks such as 

calcite CaCO; and magnesite MgCO; and dolomite [MgCO3-CaCQ3]. 

Table 13.2 Abundance of the elements in the- 
earth's crust by weight 

ppm Relative abundance 

C 180 17 
Si 272 000 2 
Ge 1.5 54 
Sn 2.1 49 = 
Pb 13 36 

Carbon is also found in the native form: large amounts of graphite are 
mined, and extremely small quantities (in tonnage terms) of diamonds are 
mined too! Both CO; and CO are important industrially. CO, occurs in 
small amounts in the atmosphere, but this is important as CO; has a vital 
role in the carbon cycle with photosynthesis and respiration. CO is an 
important fuel, and forms some interesting carbonyl complexes. Silicon 
occurs very widely, as silica SiO; (sand and quartz), and in a wide variety 
of silicate minerals and clays. Germanium is only found as traces in some 
silver and zinc ores, and in some types of coal. Tin is mined as cassiterite 
SnOz, and lead is found as the ore galena PbS. 

EXTRACTION AND USES OF THE ELEMENTS 

Carbon 

Carbon black (soot) is produced in large amounts (4.5 million tonnes in 
1991). It is made by the incomplete combustion of hydrocarbons from 
natural gas or oil. The particle size is very small. Over 90% is used in the 
rubber industry to make car tyres. Its other main use is in newspaper ink. 

Coke is produced in very large amounts (390 million tonnes in 1991). 
Three hundred and thirty-nine million tonnes were produced by high 
temperature carbonization of coal, in which coal is heated in large ovens 
In the absence of air. Fifty-one million tonnes were produced by distilling 
heavier petroleum oils. Coke is extremely important in the metallurgical 

continued overleaf 
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extraction of iron and many other metals The distillation. of coal also 
provides a valuable source of organic chemicals 

In 1992, 930000 tonnes of natural graphite were mined (China 59%, 
South Korea 17%, the Soviet Union 7% and India 5%) ‘This is usually 
found as a mixture with mica, quartz and silicates, which contains 10- 
60% C Graphite is separated from most of the impurities by flotation 
Finally it i$ purified by heating with HCl and HF in a vacuum to remove the 
last traces of silicon compounds as SIF, Sedimentary deposits of carbon 
are mined in Mexico. Thus was once thought ta be amorphous carbon, but 
is NOW regarded as microcrystalline (very finely divided) graphite Nearly 
as much graphite 1s made synthetically as 1s mined 

eat 3C + $10, . SiC 4 2CO 

Graphite is used for making electrodes in steel making and metal foun- 
dries for crucibles asa lubricant. and in pencils, brake linings and brushes 
for electric motors It is also used as the moderator in the cores of gas 
cooled nuclear reactors, where it slows down neutrons 

Activated charcoal is made by beating or chemically oxidizing sawdust or 
peat World production was 864200 tonnes mn 1991 Active carbon has an 
enormous surface area, and 1s used to purify and decolorize gugar and 
other chemicals It ss also used to absorb poisonous gases in gas masks, in 
niter beds at sewage plants and as a catalyst for some reactions 

The largest sources of diamonds are Australia 41%, Botswana 16%, 
gare 14%, the Soviet Union 11%, and South Africa 19% World pro- 
duction of natural diamonds was 98 400000 carats or 19 68 tonnes in 1992 
Large diamonds are cut as gemstones, and therr size ts measured in carats 
(Sg = S carats} About 30% are used as gemstones, and 70% are used for 
moustria] purposes. mainly for making drills. or as an abrasive powder for 
cutting and polishing. as diamond is very hard (I0 on Mohs' scale) - see 
Appendix No It is economic to make small industrial quality diamonds 
synthetically, by high temperature and pressure treatment of graphite 

Cieriphic) + Sit 

Silicon 

More than a miliion tonnes of $1 are produced annually Most of it is added 
to steel to deoxidize tt. "This is important in the manufacture of high sileon 
corrosion resistant steels For this purpose it is convenient to use ferro- 
silicon This is an alloy of Fe and Sı In 1991,3 5 million tonnes of ferro 
silicon were produced It is made by reducing S1O; and scrap iron with 
coke 

SO, + Fe 4 2C 5 Fe& 4 2CO 

The element Sits obtained by reducing SiO; with high purity coke There 
must be an excess of $10. to prevent the formauon of the carbide SiC 51 
is a shiny blue-grey colour and has an almoss metal-hke fustre, but it 
IS 4 Semiconductor, not a metal High purity Si (for the semiconductor 
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industry) is made by converting Si to SiCl,, purifying this by distillation, 

and reducing the chloride with Mg or Zn. 

SiO, + 2C > Si + 2CO 
Si + 2Cl, — SiCl, 

SiCl, + 2Mg — Si + MgCl; 

The electronics industry requires small quantities of ultrapure silicon and 

germanium (with a purity better than 1: 10?). These materials are insula- 

tors when pure, but become p-type or n-type semiconductors when doped 

with a Group 15 or Group 13 element respectively. These are used as 

transistors and semiconductor devices. Very pure Si is also used to make 

computer chips (see Chapter 3 under ‘Micro-minaturised semiconductor 
devices’). To obtain ultrapure Si or Ge, the materials are first purified as 
much as possible. for example by careful fractional distillation of SiCl, to 
get pure Si. For the final stage of purification a process called zone refining 
is used. This is an excellent method for small quantities. A rod of the 
element, which has already been purified extensively, is placed in a long 
quartz tube filled with an inert gas. A heating coil melts a thin disc of the 
rod. The heater moves slowly from one end to the other, and pure Si or 
metal crystallizes from the melt. The impurities are more soluble in the 
liquid, and are carried to the end of the rod, where they are cut off and 
discarded. Semiconductor quality Si can also be made by sodium reduction 
of Na[SiF,], which is a by-product from making phosphate fertilizers from 
fluoroapatite. 

Na,2[SiF,] + 4Na — Si + 6NaF 

Germanium 

Ge has been recovered from coal ash, but it is now recovered from the flue 
dust from smelting Zn ores. A number of steps are required in the recovery 
of Ge from flue dust to concentrate and purify it. These give pure GeO, 
which is reduced by H, to Ge at 500°C. Transistor grade (ultrapure) 
material is obtained by zone refining. World production was about 50 
tonnes in 1993 (20% of it from the USA). It is used mainly for making 
transistors and semiconductor devices. It is transparent to infra-red light 
and IS therefore also used for making prisms and lenses and windows in 
infra-red spectrophotometers and scientific apparatus. 

Tin 

The only important ore is cassiterite SnO;. Mine production was 177 000 
aS (metal content) in 1992. The main supplies now come from China 
25%, Indonesia 17%, and Brazil 15%. In the UK, tin was mined in 
Cornwall from Roman times until this century, but these mines are now 
uneconomic. 
SnO} is reduced to the metal using carbon at 1200~1300°C in an electric 

continued overieaf 
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furnace The product often contamms traces of Fe, which make the metal 
hard Fe is removed by blowing air through the molten mixture to oxidize 
the iron to FeO, which then floats to the surface 

The main uses of Sn are electroplating stec! to make tin-plate, and 
making alloys Tin-plate is extensively used for making cans for food and 
drinks The most important alloy 1s solder (Sn/Pb), but there are many 
others, including bronze (Cu/Sn) gun metal (Cu/Sn/Pb/Zn) and pewter 
(Sn/Sb/Cu) SnO; is used as a glaze in ceramics, and ts often mixed with 
other metal oxides as pigments for pottery SnCl, and Me.SnCl, are used 
to produce very thin films of SnO, on glass This toughens the glass, so 
bottles can be made with thinner walls and glass can be made scratch 
resistant (useful for spectacles) Shghtly thicker films are put on plass 
windows, to reduce heat losses The film allows visible light to pass 
through, but reflects IR radiation, and thus keeps heat inside a room 
A film of SrO is put onto aircraft windows This conducts electricity and 
thus produces heat, and prevents the window from frosting up Large 
amounts of organotin compounds are used (estimated to be aver 40000 
tonnes/year} Compounds R;SnX, (where R i an alkyl group such as 
n-octyl and X is an organic acid residue. such as laurate) are used to 
stabilize halogenated plastics such as PVC. Without a stabilizer, the plastic 
degrades in sunlight, air or on heating and becomes brittle and dis 
coloured The butyl compound Bu,SnxX2 is used to ‘cure’ or yulcanize 
silicone rubber at room temperature Inorganic tin compounds are used as 
flame retardants and smoke suppressants Triorgano compounds such as 
Bu;S5nOH or Ph4jSnOAc are extensively used in agriculture to control fungi 
such as potato blight ( Borryns infestans) and simular fungal attack of vines, 
rice and sugar beet. Similar compounds kill red spider mites which attack 
fruit crops such as apples and pears, and other insects and larvae They are 
also used to preserve wood They make very effective and long lasting 
antifouling paint for boats, preventing the busld-up of barnacles This use 
has now been banned because the heavy metal Sn seems to have entered 
the food chain 

Lead 

The maim ore ıs galena PbS Thuis ts black, shtny and very dense The main 
sources are the USSR 17%, Australia 14%, the USA 10%, Canada 9%. 
and Peru, Mexico and China 6% each Galena 1s mined and separated 
from other minerals by froth flotation There are two methods of extracting 
the element 

| Roast in arr to give PbO and then reduce with coke or CO in a blast 
furnace 

2PhS -+ 303 — 2PbO => 2Pb,, qu d] E CO teas) 

+ SQ, 

2 PbS ts partially oxidized by heating and blowing air through it. After 
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some time the air is turned off and heating is continued, and the mixture 

undergoes self-reduction. 

heat in heat in 

3PbS —— PbS ote 2PbO —— SPB guid) + SO 2(pa5) 
ii absence of air 

The metal contains a number of metallic impurities: Cu, Ag, Au, Sn, As, 

Sb. Bi and Zn. These are removed by cooling to near the freezing point of 

Pb. when first Cu and then Zn containing most of the Ag and Au solidify. 

Preferential oxidation converts As, Sb and Sn to As203, Sb203, and SnO; 

which float on the surface of the molten metal and may be skimmed off. 

World production of Pb was 5.3 million tonnes in 1992. Of this, 3.1 

million tonnes was primary production from PbS. The main sources of 

ores are Australia 19%, the USA 13%, Canada 11% and China 10%. The 
recycling of scrap lead yielded 2.2 million tonnes. About 55% of the 
Pb produced is used to make lead/acid storage batteries. More than 158 
million car batteries were produced in 1985. In these the supporting grid 
for the electrodes is made of an alloy of 91% Pb and 9% Sb. The active 
anode material is PbO;, and the cathode material is spongy Pb. Over 80% 
of ‘battery lead’ is recovered from worn-out batteries and recycled. About 
1576 of lead production is used for lead sheets, lead pipes and solder. The 
manufacture of PbEt, as an additive to petrol at one time used 10-20%, 
but this is declining rapidly. About 10% is used in paints and pigments. 
Red lead paint containing Pb4O, is used for rustproofing metal and white 
lead (PbCO3)2- Pb(OH), was at one time widely used as an opacifier in 
paint. Their use has declined because lead is toxic, and TiO; is a good 
alternative opacifier. Calcium plumbate Ca;PbO, is used for rustproofing 
corrugated steel sheets, and PbCrO, is used as a strong yellow pigment 

for road signs and markings. Lead compounds are also included in crown 
glass and cut glass, and in ceramic glazes. 

STRUCTURE AND ALLOTROPY OF THE ELEMENTS 

Carbon exists in a large number of allotropic forms. These include dia- 
mond, a- and B-graphite, a rare hexagonal form of diamond, and a variety 
of discrete molecules such as Ceo, which are really clusters of carbon 
atoms, and are called collectively fullerenes. 

Si, Ge and Sn also have a diamond type of structure, though Sn exists as 
a metallic form. Pb exists only in the metallic form. Ge is unusual because 
the liquid expands when it forms the solid. This property is unique to Ga, 
Ge and Bi. 

15.2?C 
a-Sn B-Sn 
grey un white tin 

(diamond structurc) (metallic) 

N IS extremely unreactive, and in contrast graphite is quite cactive, 
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Figure 13.2 (a) The structure of 
a graphite sheet. (b) Structure of 
a praphite 

THE GROUP 14 ELEMENTS 

Diamonds are typically colourless, though industrial diamonds are often 

black, Most naturally occurring diamonds contain a trace of nitrogen, but 
‘blue diamonds’ contain a trace of Alinstead Jn diamond each C atom js 
tetrahedrally surrounded by four other C atoms, each at a distance of 
154A The tetrahedra are linked togéther into a three-dimensional giant 

molecule The unit cell ts cubic Strong covalent bonds extend in all 
directions Thus the melting paint is abnormally hugh (about 3930°C) and 
the structure 1$ very hard (see Figure 13 1) (In a rare modification of 
diamond, the tetrahedra are arranged differently to give a wurtzite like 
structure and a hexagonal unit cell ) 

Figure 13.1 The crystal structure of diamond (Wells, A F , Structural Inorganic 
Chemistry, Clarendon Press, Oxford ) 

Graphite is composed of flat two-dimensional sheets of carbon atoms 
Each sheet 1s a hexagonal net of C atoms, and may be regarded as a fused 
system of benzene nngs (Figure 132) The layers are held together by 
relatively weak van der Waals forces In a-graphite the layers are arranged 
inthe sequence ABAB —. with the third layer exactly above the first layer 
In D graphite. the order of layers is ABCABC The two forms ate 
intercorvertible Heating turns B into a, and grinding turns a onto fj. In 
both forms the C—C bond lengths within a sheet are 1 41 A (similar to the 
C—C distance of 140A in benzene) The distance between layers is 
335À This interlayer distance ts large ~ appreciably more than twice the 
covalent radius of carbon (2 x 154A = 308A) Thus bonding between 
layers is weak Graphite cleaves easily between the layers, which accounts 
for the remarkable softness of the crystals (21 on Mohs' scale) (See 
Appendix N for Mohs’ scule } Graphite 1s used as a lubricant, either on 
tts own Or in graphited ail In contrast, diamond 1s hard (10 on Mohs’ scale) 
and has abrasive properties The wide spacing of sheets tn graphite also 
means that the atoms do not pack together to fill space very effectively 
Thus the density of graphite (2 22 2cm7*) is lower than that of diamond 
(3 51gcm^?) 

In graphute only three of the valency electrons of each carbon atom are 
involved in forming.o bonds (using sp? hybrid orbitals) The fourth 
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electron forms a n bond. The z electrons are delocalized over the whole 

sheet, and as they are mobile, graphite conducts electricity. Conduction 

can occur in a sheet, but not from one sheet to another. | 

Graphite is thermodynamically more stable than diamond, and its free 

energy of formation is 1.9 kJ mol! lower at room temperature and 

ordinary pressure. Thermodynamically it is favourable for diamonds to 

turn into graphite. They do not normally do so because there is a high 

energy of activation for the process. If this activation energy is available, 

the change does occur, and diamond tipped drills do burn out and form 

graphite if they get too hot. The reverse process is not thermodynamically 

possible, and it requires Very forcing high energy conditions to convert 

graphite to diamond. Graphite can be converted to synthetic diamonds at 

1600*C by a pressure of 50000—60 000 atmospheres. 

When an electric spark is struck between graphite electrodes, soot is 

produced. (An atmosphere of argon is required to prevent the formation 
of CO; and CO.) This soot is mainly carbon black, but contains significant 
amounts of a Ceo carbon cluster compound sometimes called buckminster 
fullerene. Smaller amounts of other similar fullerenes C32, Cso, C70, C76 
and Cg, may also be produced. The fullerenes are easily extracted from 
the soot by dissolving them in benzene or hydrocarbon solvents, giving a 
wine red solution and finally mustard-coloured crystals. The different 
compounds are separated chromatographically. 

This isomer of carbon differs from diamond and graphite (which form 
lattices), in that the fullerenes form discrete molecules. The Cg molecule 
looks rather like a soccer ball, and is sometimes called ‘a bucky ball’. 
It consists of a fused system of five- and six-membered rings (Figure 
13.3). Fullerenes are covalent; hence their solubility in organic solvents. 
However, they can easily be reduced electrochemically, and react with 
Group 1 metals, forming solids such as K3Cgo. This compound behaves as 
a Superconductor below 18K, which means that it carries an electric 
current with zero resistance. Ceo reacts with OsO,, which adds across one 
of the double bonds in the cage. It also forms platinum complexes. 

DIFFERENCES BETWEEN CARBON, SILICON AND THE 
REMAINING ELEMENTS 

In general, the first element in a group differs from the rest of the group 
because of its smaller size and higher electronegativity. These result in the 
first element having a higher ionization energy, being more covalent,.and 
being less metallic. 
Using the classical theory of bonding, the first atom is limited to forming 

a maximum of four covalent bonds, because only s and p orbitals are 
i tor bonding. This would limit the coordination number to 4 in 
i ompounds. The majority of carbon compounds are either three- or 

coordinate. However, multi-centre bonds are now well established, a ea a number of compounds are known where carbon has higher co- ination numbers, as shown in Table 13.3. 

Figure 13.3 Structure of 
buckminster fullerene. 
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Table 133 Some carbon compounds with 
higher coordination numbers 

Compound Coordination number 

AICH i)a 5 
B&H, R; A 

Lu( CH3), 7 

iCogC(CO) a} 8 

In addition carbon differs from the other elements in its unique ability 
to form pr—-px multiple bonds such as C=C C=C C=O CS and 
C==N The later elements do not form px-pz bonds. principally because 
the atomic orbitals are too large and diffuse to obtain effective overlap but 
they can use d orbitals in multiple bonding, particularly between $1 and N 
or O Thus N{5:H;)} 1s planar and has pr—dx bonding but N(CH3); 1s 
pyramidal and has no x bonding (see Figure 13 18) 

Carbon also differs from the others in tts marked ability to form chains 
(catenation) This is because the C—C bonds are very strong and the 
bonds Sı—$Sı Ge—Ge and Sn—Sn decrease progressively in strength 
{Table 13 4) 

Table 13 4 Bond energies 

Bond Bond energy Remarks 
(kJmol ) 

C—C 34H Forms many chains of great length 
SiS 297 Forms a few chains up to Si H4 1n hydrides 

and Si,F3, Si Cli; SuBr;o with halogens 
Ge—Ge 260 Forms a few chains up to Ge,H a m hydrides 

and Ge;Cl, with Cl 
Sn—Sn 240 Forms dimer Sn H, in hydrides 

Carbon and silicon have only s and p electrons but the other elements 
follow à completed transition. series. with. ten. d. electrons. Thus some 
differences are expected and carbon and silicon differ both from one 
another and from the rest of the group while germanium tin and [ead 
form a graded series 

CARBON DATING 

The technique of carbon dating can be used to measure the age of 
archeological objects Carbon occurs largely as the isotope "^C. but there is 
a small amount of "C which leads to the average atomic weight of 12 011 
In the atmosphere, dinitrogen 1s bombarded by cosmic neutrons, which 

produces the isotope “°C 

UN ^ in WC + TH 
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This carbon reacts with dioxygen, forming CO», which is eventually used by 

green plants in photosynthesis to make glucose sugar. The glucose may be 

used by the plant to build starch, proteins, cellulose and other materials in 

the plant. All plant tissues thus contain traces of '*C. Animals eat plants, 

so they too contain traces of '"C. This isotope of carbon is weakly 

radioactive. It undergoes B-decay, and has a half life of 5668 years. While 

the plant or animal is alive, a natural balance exists between the intake of 

radiocarbon and that lost by decay. This steady state gives 15.3 + 0.1 

disintegrations per minute per gram of carbon. When the plant or animal 

dies the intake of radiocarbon ceases, but B-decay continues. Thus a very 

old sample of wood, cloth, paper, leather etc. will be less radioactive than 

a recent sample. A very small sample is burnt in dioxygen, and the CO; 

produced is introduced into a suitable radiation counter. By carefully 

measuring the present radioactive decay rate, it is possible to calculate how 
long ago the plant or.animal died. This provides an absolute scale for 
dating objects of plant or animal origin between 1000 and 10000 years old. 
The technique has recently been used to determine the age of the Turin 
shroud, and many other objects. W.F. Libby was awarded the Nobel Prize 
for Chemistry in 1960 for developing this technique. 

PHYSICAL PROPERTIES 

Covalent radii 

The covalent radii increase down the group. The difference in size between 
Si and Ge is less than might be otherwise expected because Ge has a full 3d 
shell which shields the nuclear charge rather ineffectively. In a similar way 
the small difference in size between Sn and Pb is because of the filling of 
the 4f shell. ' 

Table 13.5 Radii, melting points and electronegativity values 

Covalent Ionization energies Melting Boiling  Pauling’s 
radius (kJ mol7!) point point electro- 

——————————— negativity 
(À) Ist 2nd 3rd 4th (°C) (°C) values 

C 0.77 1086 — 2354 4622 6223 4100 2.5 Si 1.17 786 1573 3232 4351 1420 3280 1.8 
= 1.22 760 1534 3300 4409 945 2850 1.8 
2 1.40 707 1409 2943 3821 232 2623 1.8 

1.46 715 1447  Á 3087 4081 327 1751 1.8 

lonization energy 

The lonization energies decrease from C to Si, but then change in an irregular way because of the effects of filling the d and f shells. The amount 
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of energy required to form M** ions is extremely large and hence simple 
ome compounds are rare The only elements which will give a large 
enough electronegativity difference ta give sonic character are FP and O 
The compounds SnF2, PbF2, SaF., PbF,, 5nQ2, and PbO, are significantly 
ionic, but the only significant metal :on ts Pb** 

Melting points 

C has an extremely ngh mefting pont Si melts appreciably fower than C, 
but the values for St and Ge are stil! high They all have the very stable 
diamond type of lattice Melting involves breaking the strong covalent 
bonds in this lattice, and so requires a Jot of energy The melting points 
decrease on descending the group because the M—M bonds become 
weaker as the atoms increase 1n size (Table 13 4) 5n and Pb are metallic, 
and have much lower melting points. They do not use all four outer 
electrons for metallic bonding 

Metallic and non-metallic character 

The change from non metal to metal with increasing atomic number is well 
illustrated in. Group 14, where C and S1 are non metals, Ge has some 
metallic properties, and Sn and Pb are metals The increase in metallic 
character shows itself 1n the structures and appearance of the elements, in 
physical properties such as malleability arid electrical conductivity, and in 
chemical properties such as the increased tendency to form M?* 10ns and 
the acidic ar basic properties of the oxides and hydroxides 

Four covalent compounds 

The majority of the compounds are four covalent In this case all four 
outer electrons take part in bonding In the valence bond theory ths 1s 
explamed by promoting electrons from the ground state to an excited state 
The energy needed to unpa and promote the electron 1s more than repaid 
by the energy released on forming two extra covalent bands The distribu 
tion of the four orbitals results in a tetrahedral structure, consistent with 
sp! hybridization 

Electronic structure of s 25 2p 
carbon atom - 

ground state rit] | 

two unpaired electrons thus can only 
form two covalent bonds 

Carbon atom - 
excited state 

——— 

four unpaired electrons. thus can now form 

four covalent bonds giving a tetrahedral 
Structure 
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CHEMICAL REACTIVITY 
: 

The elements in this group are relatively unreactive, but reactivity 

increases down the group. The M" oxidation state becomes increasingly 

stable on descending the group. Pb often appears more noble (unreactive) 

than expected from its standard electrode potential of —0.13 volts., The 

unreactiveness is partly due to a surface coating of oxide, and partly due 

to the high overpotential for the reduction of H* to H» at a Pb surface. 

The production of H» from H* at a lead electrode is kinetically unfavour- 

able. so a much larger potential is required than the standard reduction 

potential. 
C. Si and Ge are unaffected by water. Sn reacts with steam to give SnO» 

and H.. Pb is unaffected by water, probably because of a protective oxide 
film. 

C. Si and Ge are unaffected by dilute acids. Sn dissolves in dilute HNO4, 
torming Sn(NO3)2. Pb dissolves slowly in dilute HCI. forming the sparingly 
soluble PbCl, and quite readily in dilute HNO,, forming Pb(NO3). and 
oxides of nitrogen. Pb also dissolves in organic acids (e.g. acetic, citric and | 
oxalic acids). Pb does not dissolve in dilute HSO, because a surface 
coating of PbSO, is formed. 
Diamond is unaffected by concentrated acids, but graphite reacts with 

hot concentrated HNQO3, forming mellitic acid, and with a mixture of 
hot concentrated HF/HNO,, forming graphite oxide. Si is oxidized and 
fluorinated by concentrated HF/HNO;. Ge dissolves slowly in hot con- 

centrated H.SO, and in HNQ,. Sn dissolves in several concentrated acids. 

Pb does not dissolve in concentrated HCl because a surface coating of 
PbCl, is formed. 

C is unaffected by alkalis. Si reacts slowly with cold aqueous solutions 
of NaOH, and readily with hot solutions, giving solutions of silicates 
[SiO,]*". Sn and Pb are slowly attacked by cold alkali, and rapidly by hot 
alkali, giving stannates Na;[Sn(OH),] and plumbates Na;[Pb(OH),]. Thus 
Sn and Pb are amphoteric. 
Diamond does not react with the halogens, but graphite reacts with F- at 

500°C, forming intercalation compounds or graphite fluoride (CF),,. Si and 
Ge react readily with all the halogens, forming volatile halides Six, and 
GeX,. Sn and Pb are less reactive. Sn reacts with Cl; and Br; in the cold, 
and with F5 and I; on warming, giving SnX4. Pb reacts with F, in the cold, 
forming PbF,, and with Cl, on heating. giving PbCL. 

INERT PAIR EFFECT 

The inert pair effect shows itself increasingly in the heavier members of the 
group. There is a decrease in stability of the (+1V) oxidation state and an 
increase in the stability of the (+II) state on descending the group. 
Ge(+11) I5 à strong reducing agent whereas Ge(--IV) is stable. Sn(4-1I) 
exists as simple ions which are strongly reducing but Sn(--IV) is covalent 
and stable. Pb(--]I) is ionic, stable and more common than Pb(-- IV), 
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which 1s oxidizing The lower valencies are more ronic because the radius 

of M'* is greater than that of M** and according to Fajans rules the 
smaller the ton the greater the tendency to covalency 

STANDARD REDUCTION POTENTIALS (VOLTS) 

Oxidation state 

IV 4i Q +1V TU 0 

gnt HE spt sn [Sn(OH)" —— HSn0; —— $n 

pbO, 2 pp? * 2 Pp PbO.——  — — PbO—— —— Pb 

GRAPHITE COMPOUNDS 

The diutance between layers in graphite 6 large hence the ponding 
between layers is weak Thus a large number of substances can invade the 
space between sheets. formuag intercalation campouads of varying com 
position When atoms, molecules or 10ns imvade the space between the 
layers, they cause an increase in the interlayer distance Provided that the 
graphite sheets remain flat, the new compound retains its graphite like 
character the x electrons continue to be delocalized over the whole layer 
and are thus able to conduct electricity [f the invading atoms add electrons 
to the x system, the electrical conductivity ts increased Reactions af this 
kind (1 e intercalation reactions) are often reversible 
When graphite 1s heated 10 about 300°C with the vapours of the heavier 

Group 1 metals K, Rb and Cs, it absorbs metal, formung a bronze coloured 
compound CaM The bronze colour is due to the formation of metal atom 
clusters at these telatwely high metal concentrations, in the same way as 
clusters are formed in solutions of these metals in bquid ammoma If CaM 
1s heated to 350°C under reduced pressure, metal is lost and a series of 
intercalation compounds are formed ranging from steel blue to blue or 
black in colour, depending on the number of fayers invaded by the metal 
(see Table 13 6) 

C + M — CAM } 

CoM — CuM = C44M -> CiM — Cai 

Intercalation compounds of L: and Na are more difficult to make, but a 
senes of compounds is known CgLt, Cilia, Ci4Lií: CuLi and Caph 

The crystal structure of CRK is known The graphite sheets remain 
intact, but the gap between the sheets increases because of the presence of 
metal atoms The C atoms in one sheet are arranged vertically above those 
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in the sheet below, rather than in the ABAB... arrangement found in 

a-graphite. Since the sheets remain flat, they retain their delocalized x 

electron system. Thus C&4K can conduct electricity, but the electrical 

resistance is appreciably lower than for a-graphite, 1.e. C&M conducts 

better than graphite (resistance at 285K: a-graphite 28.4 ohm cm; C&K 
1.02ohmcm). Graphite is diamagnetic, and CgK is paramagnetic. This 
suggests that bonding between metal and graphite layers involves the 
transfer of an electron from the alkali metal atom to the x system (that is to 
the conduction band) of the graphite sheets (K — K" + e). The presence 
of the invading species forces the graphite sheets apart from their usual 
distance of 3.35 À up to a distance as great as 10 À. These alkali metal 
graphite compounds are highly reactive. They may explode in water, and 
react vigorously in air. 

FeCl, reacts with graphite and forms a different type of intercalation 
compound. Similar behaviour is found with. 

l. the halogens Cl; and Br;; 
2. HF; 

Table 13.6 Idealized representation of graphite compounds showing different 
numbers of layers invaded by metal 

SSS SS si sp shih ss Seite he en ee 

CM C3,M C3, M C44M C4 M 
bronze steel-blue blue black black ae a Lie) 
every layer every second every third every fourth every fifth 
invaded layer invaded layer invaded layer invaded layer invaded a MEN 
eC =C -C =C =Ç 
i ~M -M -M -M 
= =C ~C -C B 
-M 

7 

-C x =C = "E zu 2 C C 

-C uc t -C -C 
-M -M 
-C -C -C -C -C 
-M -M -M 
-C -C -C -C -C —-M -M 

-C -C -C -C -C -M -M -M 
wc -C — d zu C C =C 
-C C 
E -C -C -C 2 -M -M 
Mon -C =C -C -C M -M 
-C 
-M E SC =C —C 
~C -M -C -C a UA 
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3 alarge number of halides including CdCl; CuBr, FeCl, AlCl;, CIFy, 
TrF 4, MoCH., SbF;. UCI, and XeF,, 

4 a number of oxides CrO;, MoO,, SO; N;O; and CI;O;, 
5 and some sulphides FeS., PdS, V4S, 

Some of the invading compounds can act as electron pair acceptors In 
others, for example FeCl,, the compound C,FeCh, 1s formed in which the 
FeCl, forms a Jayer lattice within the host lattice of graphite This ts almost 
the same as the layer lattice formed by FeCl, itself The presence of this 
kind of invading species increases the electncal conductivity of graphite by 
a factor of up to ten times There seems to be a transfer of electrons fram 
graphite to the invading atoms Wo Cl; and Br; the halogen may remove 
bonding electrons from graphite (Cl + ¢ — CT) thus leaving a ‘positive 
hote’ in the valence band The positive hole can migrate, and therefore 
can carry current It is not known how conduction occurs in the halde 
intercalation compounds 
A third class of compounds is formed between O and F with graphite 

These compounds are non conducting Graphite oxide is formed when 
graphite ts oxidized with strong reagents such as concentrated HNO, 
HCIO, or KMnO, Graphite oxide ts unstable, pale lemon coloured and 
nonstorchiametric It decomposes slowly at 70°C, and catches fire at 
200°C, forming H;O, CO;, CO and C The O C ratio approaches } 2, 
but ss often short of oxygen and frequently contains hydrogen: The inter- 
layer spacing ts increased to 6-7À The oxide absorbs water alcohols, 
acetone and a variety of molecules This may increase the interlayer 
spacing up to 19 À X ray diffraction shows a layer structure with puckered 
sheets made up of a hexagonal network of atoms The C, units are mostly 
in the chair conformation, but a few C=C bonds remain The oxygen 
forms bridging {ether-like) linkages C—O—C and C—-OH groups which 
may undergo keto-enol tautomerism =C—QOH to ) C—O The sheets are 
buckled because all four electrons on a C atom are now involved in o 
bonding This destroys the delocalized system of mobile x electrons found 
i the flat sheets in graphite, and this explains the loss of electrical 
conductivity 

Graphite. fluoride i$ formed by heating graphite in F, at 450°C The 
reaction proceeds at a lower temperature in the presence of HF This can 
happen in cells producing F; and not only wall it destroy the electrode, but 
it may also cause an explosion The product CF, ts nonsto:chiometnic, and 
n vanes from 07 to 098 The colour vanes from black through grey to 
silver and white with increasing fluorine content The interlayer spacing 1s 
about 8A The structure 1s thought to be a layer structure with buckled 
sheets. It involves tetrahedral bonding by C atoms CF is non conducting, 
and «ery unreactive 

CARBIDES 

Compounds of carbon and a less electsonegative element are called 
carbides This excludes compounds with N. P. O, S and the halogens from 
this section. Carbides are of three main types 



1. ionic or salt-like 

?. interstitial or metallic 

3. covalent 

The formulae of some of the compounds cannot be rationalized by the 

application of simple valency rules. All three types are prepared by heating 

the metal or its oxide with carbon or a hydrocarbon at temperatures of 

2000°C. 

Salt-like carbides 

It is convenient to group these’ depending on whether the structure 

contains C, C; or C4 'anions . 
Beryllium carbide Be;C is a red solid and may be made by heating C and 

BeO at 2000?C. Aluminium carbide AL,C3 is a pale yellow solid formed by 
heating the elements in an electric furnace. Be;C contains individual C 
atoms/ions, but the structure of Al,C3 is complex. It is misleading to 

formulate the structure as 4AI°* and 3C*~ as such a high charge separation 
is unlikely. Both Be;C and ALC; are called methanides because they react 
with HO, yielding methane. 

Carbides with a C, unit are well known. They are formed mainly by the 
elements in Group 1 (MIC); Group 2 (M'!C5); the coinage metals (Cu, 
Ag, Au); Zn and Cd; and some of the lanthanides (LnC? and Ln4(C?);). 
These are all colourless ionic compounds and contain the carbide ion 
'(—CzC—)* . By far the most important compound is CaC;. This is made 
commercially by strongly heating lime and coke: 

CaO *3C— CaC; 4 CO AH = «466kJ mor! 

The reaction is endothermic, and a temperature of 2200°C is required. 

These carbides react exothermically with water, liberating ethyne (formerly 
called acetylene), so they are called acetylides. 

CaC, + 2H,O > Ca(OH), + HC=CH 
Production of CaC, reached a maximum of 7 million tonnes/year in 1960, 
but has since declined to 4.9 million tonnes in 1991. At one time it 
was the major source of acetylene for oxy-acetylene welding, but ethyne is 
now obtained mainly from oil. CaC; is an important chemical intermediate 
and is used on an industrial scale to produce calcium cyanamide. Cyana- 
mide is used as a nitrogenous fertilizer, and to make urea and melamine. 
(See Chapter 11, under ‘Carbides’.) 

CaC, + N47 Ca(NCN) + C 
The acetylides have a- NaCl type of lattice, with Ca** replacing Na* and 
C replacing CI". In CaC,, SrC; and BaC, the elongated shape of the 
(C=C) ton Causes tetragonal distortion of the unit cell, that is it 
clongates the unit cell in one direction — see Chapter 3 Figure 3.12. 
One of the two carbides of magnesium MgC; contains a C, unit, and on 

hydrolysis with water it yields propyne CH4—CzzCH. 
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[nterstitral carbides 

These are formed mostly by transition elements, and some of the lantha- 

nides and acunides The Cr, Mn, Fe, Co and Ni groups form a Jarge 
number of carbides with a wide range of storchiometnies They are typically 
infusible or are very high melting, and are very hard For example, TaC 
has a melung point of 3900°C, and is very hard (9-10 on Mohs' scale of 
hardness). and WC is also very hard. Both are used to make cutting tools 

for lathes Interstitial carbides retain many of the properties of metals 
Thev conduct electricity by metallic conduction, and have a lustre jike a 
metal 

In these compounds C atoms occupy octahedral holes in the close- 
packed metal latuce, and so do not affect the electrical conductivity of the 
metal Provided that the size of the metal is greater than 135A, the 
octahedral holes are large enough to accommodate C atoms without dis- 
toring the metal lattice (Since we are considering a metal lattice, 12- 
coordinate radu must be used ) If all the octahedral holes are occupied the 
formula is MC Interstitial carbides are generally unreactive They do not 
react with H,O hike sonic carbides Most react slowly with concentrated HF 
or HNO, 

Some metais, including Cr, Mn, Fe, Co and Ni, have radi: below | 35A 

hence the metal fatice 1s distorted Thus the structures are more com 
plicated, for compounds such as VC, MnC, Fe-C, VC, and others 

Cementtte Fe,C 1s an important constituent of steel These carbides are 
more reacttve, and are hydrolysed by dilute acids, and in some cases by 
water, giving a mixture of hydrocarbons and H, 
Some carbides are based on the NaCl structure, with C occupying all of 

the Cl” positions These include carbides of some of the early transition 
metals TiC, ZrC, HiC. VC, NbC, TaC, CrC and MoC, and those of some 
actinides such as ThC, UC and PuC 

Covalent carbides 

SiC and B,C are the most important Silicon carbide 1s hard (9 5 on Mohs’ 
scale), infustble and chemically inert. It 15 widely used as an abrasive called 
carborundum, and about 300000 tonnes are produced annually by heating 
quartz or sand with an excess of coke in an electric furnace at 2000- 
2500°C 

$10, + 2C > Si + 2CO 

St + C SC 

3iC 1$ very unreactive. It rs unaffected by acids (except H,PO,), but st does 
react with NaOH and air, and with CI; at 100°C 

SiC + 2NaOH - 20; ^ Naj$104 + CO, + H,O 
SC + 2C — Sh, 
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SiC is often dark purple, black or dark green due to traces of Fe and other 

impurities, but pure samples are pale yellow to colourless. SiC has a three- 

dimensional structure of Si and C atoms, each atom tetrahedrally sur- 

rounded by four of the other kind. There are a large number of different 

crystal forms based on either the diamond or wurtzite structures. Boron 

carbide is even harder than silicon carbide and is used both as an abrasive 

and as a shield from radiation. It is manufactured in tonne quantities. Its 

formula is more correctly represented by B;4C; (see Chapter 12, under 

‘Borides’). 

OXYGEN COMPOUNDS 

Carbon forms more oxides than the other elements, and these oxides differ 

from those of the other elements because they contain pz-pr multiple 
bonds between C and O. Two of these oxides, CO and CO;, are extremely 

stable and important. Three are less stable: C405, C4O; and C,20s. Others 
which are even less stable include graphite oxide, C,O and C203. 

Carbon monoxide CO 

CO is acolourless, odourless, poisonous gas. It is formed when C is burned 
in a limited amount of air. In the laboratory it is prepared by dehydrating 
formic acid with concentrated H5SOA. 

H-COOH + H,SO, > CO + H,O 

CO can be detected because it burns with a blue flame. It also reduces an 
aqueous PdCl, solution to metallic Pd, and when passed through a solution 
of DO; it liberates I5, i.e. it reduces IO, to I. The latter reaction is used to 
estimate CO quantitatively. The I, is titrated with Na2SO3. 

PdCl, T CO T H,O — Pd + CO, T 2HCIl 

SCO F LO; cv 5CO, T I, 

CO is toxic because it forms a complex with haemoglobin in the blood, 
and this complex is more stable than oxy-haemoglobin. This prevents the 
haemoglobin in the red blood corpuscles from carrying oxygen round the 
body. This causes an oxygen deficiency, leading to unconsciousness and 
then death. CO is sparingly soluble in water and is a neutral oxide. CO is 
a important fuel, because it evolves a considerable amount of heat when it 
urns in air. 

2CO * O0; 2CO, AH? - —S65kJ mol"! 
The following are all important industrial fuels: 
1. Water gas: an equimolecular mixture of CO and Hp. 

- Producer gas: a mixture of CO and No. 
3. Coal gas: a mixture of CO, H2, CH, and CO,, produced at a gasworks 

by distilling coal, and stored in large gas holders. This was the ‘town gas’ 
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supplied to peoples' homes for cooking and heating. In the UK it has 
now been replaced by natural gas (CH), but town gas is still used in 
same countnes 

Water gas is made by blowing steam through red or white hot coke 

red heat 
C + H,O-——-+CO +H, (water gas) — AH? — 131 kJ mol"! 

AS? = +134kJ mol”! 

The water gas reaction is strongly endothermic (AG = AH — TAS) Thus 
the coke cools down, and dt intervals the steam must be turned off and arr 

blown through to reheat the coke It is a particularly good fuel, : e it hasa 
high calorific value, because both CO and H, burn and evolve hent 

Producer gas 1s made by blowing ar through red hat coke 

C+ O, + 4N; — CO, + 4N, 
— 

«lr + 

2CO + 4N, {producer gas) 

The overati reaction 1s exothermic, so the coke dogs not copi down as with 

Waler gas 

2C + 0. 2CO AH? = -221 k] molt and AS? = 4179 kJ mot! 

Producer gas is 4 less efficient fuel than water gas, te it has a lower 
calorific value, as only part of the gas will burn. The approximate composi 
tion of producer gas 1s 70% Ns, 25% CO, 4% CQO, with traces of CH, He 
and Qs 

CO wa good reducing agent and can reduce many metal oxides to the 
metal (See "The occurrence and isolation of the elements and Thermo 

dynamics of reduction processes’ Chapter 6 ) 

hiisi {urn ie 
FeO; + ICO —————>2Fe + 3CO. 

CuO + CO ~— Cu 4 CO. 

CO ts an important hgand [t can donate an electron pair to many 
transition metals, forming carbonyl compounds The number of CO mol 
ecules bonded fo the metal in this way 1s generally in accordance with 
the effective atomic number rule (see Chapter 7) However, the bonding ts 
muore complicated than this implies. A number of different stoichiometries 
are formed (Table 13 7) 

Table 13.7 Binary metal carbonyls formed by the first row transition elements 
———Á—Á— — À——————— Á ————————————Á— e —— n 

Sh V Cr Nin Fe Co N Cu Zn me Oe 

V(CO), Cr(CO), Mn(CO)}ip Fe(CO), CofCO), Ni(CO), 
Fe(CO) Co,(CO),2 
Fei(CO) \* Co, (CO) [^ 
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Carbonyl compounds may be made by a variety of reactions: 

Ni + 4CO ŽŽ Ni(CO), 

200* € under pressure 
REND Hm Fe + 5CO Fe(CO)s 

photolysis 
—— 

CrCl, + 3Fe(CO)s E Cr(CO), 4 3FeCl; 4 9CO 

In the Mond process (now obsolete) for purifying nickel. nickel carbonyl 

Ni(CO), was made from Ni and CO at 50°C. (Water gas was used as the 

source of CO.) Ni(CO), is a gas and can be separated from other metals 

and impurities. The Ni(CO),4 gas was then decomposed at 230°C. Though 

the original process is obsolete, a modified process is used in Canada. 

The bonding in CO may be represented as three electron pairs shared 

between the two atoms: 

-C:0O: or C=O 

It is better represented using the molecular orbital theory (see Chapter 4). 

n2p?, n*2p, 

n2p*, 
increasing energy 

3j j . 

ols*, o* 1s", 6257, o*25°, | o2p;. o*2ps. £2 po 
n 2p; 

The carbon-metal bond in carbonyls may be represented as the donation 
of an electron pair from carbon to the metal M <— C=O. This original 
o bond is weak. A stronger second bond is formed by back bonding, 
sometimes called dative nx bonding. This arises from sideways overlap of a 
full d,, orbital on the metal with the empty antibonding x"2p, orbital of 
the carbon, thus forming a x M — C bond. The total bonding is thus 
M=C=0O. The filling, or partial filling, of the antibonding orbital on C 
reduces the bond order of the C—O bond from the triple bond in CO 
towards a double bond. This is shown by the increase in C—O bond length 
from 1.128 Ain CO to about 1.15A in many carbonyls. 
CO Is the most studied organometallic ligand. Because of the back 

bonding It 15 sometimes called a x acceptor ligand. The drift of x electron 
density from M to C makes the ligand more negative, which in turn 
dns its © donating power. Thus CO forms weak bonds to Lewis acids 
: idi pair acceptors) such as BF, as only o bonding is involved. In 
ae CO forms strong bonds to transition metals where both c and n 
a g can occur. Other z acceptor ligands include CN^, RNC, and 

. Comparing these ligands, the strengths of the c bonds are in the 
order CNT > RNC > CO > NO? . : . 

s h | 
p 

" s 

the reverse order. whilst their z acceptor properties are in 
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Figure 13 4. Schematic of orbital overlaps in metal carbonyls {After NN Green 
wood and A Earnshaw, Chemistry of the Elements, Pergamon, 1984, p 351) 

CO is a very versatile ligand [t may act as a bridging group between the 
two metal atoms, for example in di iron ennea carbanyl Fe;(CO), CO 
may stabilize metal clusters by the C forming a mult: centre bond with 
three metal atoms, and the 2* orbitals in CO may be involved in bonding 
to other metal atoms 

=g 

c^ Ne | A No 

Figure 13 5 Structure of Fe;(CO), 

Carbon monoxide is quite reactive, and combines readily with O, S and 
the halogens F, Ci and Br 

CO + 40, —* CO; 

CO+S-+ COS carbonyl sulphide 

CO + Ch— C OC carbonyl chloride (phosgene) 

The carbonyl halides are readily hydrolysed by water, and react with 
ammonia to form urea 
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COC, + H,0 > 2HCI + CO, 
CI ` NH; 

—Q 4 2NH, 599, C-—O 4 2HCI 
Z 

Cl NH; 
urca 

Carbonyl chloride is extremely toxic, and was used as a poisonous gas in: 
World War I. Nowadays it is produced in quite large quantities to make 
tolylene diisocyanate which is an intermediate in the manufacture of 

polyurethane plastics. 

Carbon dioxide CO; 

CO; is a colourless, odourless gas.. It is a major industrial chemical, with 
5.3 million tonnes produced in the USA and 10 million tonnes worldwide 
in 1993. The main industrial source is as a by-product from the manufac- 
ture of hydrogen for making ammonia. 

CO + H,0 = CO, + Hp 

CH, F 2H-O = CO; T 4H, 

It is also recovered from fermentation processes in breweries, from the 
gases evolved from calcining limestone in lime kilns and from the flue gases 
from coal-burning electric power stations. The CO»; is recovered by ab- 
sorbing it in either aqueous Na5CO or ethanolamine. 

ast unde 
CHO "0 7 .5 20] OE: 260; 

anacrobic conditions 

strong heat 
CaCO, CaO + CO, 

It is obtained in small amounts by the action of dilute acids on carbonates. 
It can also be made by burning carbon in excess of air. 

CaCO, T 2HCI CaCl, + CO- T H-O 

C T O- ==> CO; 

Recovery of CO, 

al 

Na,CO; + CO, + H,O == 2NaHCO, 
hot 

Girbotol process 

30-60°C 2HOCH;CH;NH, -- CO, 4- H;O 
ethanolamine g ^. 100-150*C 

(HOCH;CH;NH3),CO, 

A Pas can be liquified under pressure between —57°C and +31°C. 
bout 80% is sold in liquid form, and 20% as solid. The solid is produced 
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r} 

as white snow by expanding the gas from cylinders. (Expansion causes 
cooling } This ıs compacted into blocks and sold Solid CO; sublimes 
directly to the vapour state (without going through the liquid state) at 
—78*C under atmospheric pressure. Over half the CO; produced is used as 
arefngerant Solid CO; 15 called. dry ice' or 'cardice', and ss used to freeze 
meat frozen foods and ice cream, and in the laboratory as a coolant Over 
a quarter is used to carbonate drinks (Coca Cola, lemonade, beer etc ) 
Other uses include the manufacture of urea, as an inert atmosphere, and 

for neutrahzing alkahs Over 35 million tonnes of urea were produced 
worldwide in 1991 (Urea ts the most widely used nitrogenous fertilizer 
and 1s also for making formaldehyde urea resins ) 

CO, + 2NH, ——— NH,COsNH> > CO(NH>), + H,O 
pre ur mm nim urea 

a rhemaly 

Small scale uses of CO. include use in fire extinguishers blasting in coal 
mines 4s 4n aerosol propellant. and for inflating life rafts 
CO. gas 15 detected by its action on hime water Ca( OH)» or baryta water 

Ba(OH), as a white insoluble precipitate of CaCO, or BaCO, is formed 
[f more CO, ts passed through the mixture the cloudiness disappears as 
the soluble bicarbonate is formed 

Ca(OH), + CO. — CaCO; + HO 
wh te 

pra, P ik, 

CaCO, + CO, + H-O > CAHCO, h 
w Juhk 

CO^ i$ 1n acidic oxide and reacts with bases farming salts [t dissolves in 
water but it is only shghtly hydrated to cirbonic acted HCO, and the 
solution contains few carbonate or bicarbonate rons A hydrate CO- 8H-0 
can be erystalitzed at O°C under a pressure of 50 atmospheres CO, 

CO. + HO = HCO, 

Carbonic acid has never been isolated. but it gives mse to two Series of 
salts hydrogenc irbonates (otherwise called bicarbonates) and carbonates 

NaHCO, sodium bicarbonate 

(acid salt) 
NaOH +ECO) 

N 
NaCO,  sodmm ceirbonate 

{normal salt) 7 

CO, can also act as a ligand. and it form a few complexes such as 

[Rh(CO-JCHPR;)] and [Co{(CO-){PPh,)] In the first complex the C 

atom in CO; is bonded to the metal In the second complex the CO» acts as 



4 bidentate ligand with one C atom and one O atom bonded to the metal, 

and the CO. molecule is bent. 

The structure of CO» is linear O—C—O. Both C—O bonds are the 

same length. In addition to o bonds between C and O, there is a three- 

centre four-electron x bond covering all three atoms. This adds two n 

bonds to the structure in addition to the two o bonds. Thus the C—O bond 

order is two. This is described in more detail in Chapter 4. 

Biologically, carbon dioxide is important in the processes of photosyn- 

thesis. where the green parts of plants manufacture glucose sugar. Ulti- 

mately all animal and plant life depends on this process. 

sunlight 
6CO; + 6H,0 ———> CoH 1206 + 60; 

glucosc 

The reverse reaction. occurs during the process of respiration, where 

animals and plants release energy. 

C&4H,204 "b 60, — 6CO, + 6H,O + energy 

4 

Carbon suboxides 

Carbon suboxide C30; is a foul-smelling gas, boiling point 6°C. It is made 
by dehydrating malonic acid with P40;o. 

HOOC- CH,- COOH "> O=C=C=C=0 4 2H;O0 
malomc acid 150°C 

It is stable at —78?C and the molecule is linear. At room temperature the 
pas polymerizes to a yellow solid, and at higher temperatures to red and 
purple solids. The oxide reacts with HO, giving malonic acid, and with 
HCl! and NH; as follows: 

C,0; * 2HCl^ CH4(COCI) (acid chloride) 
C30, T 2NH, => CH;(CONH;) (amide) 

There are disputed reports that CO; is formed by thermolysis of C302. 
The only other stable suboxide is C}2Oy. This is a white solid, and is the 
anhydride of mellitic acid C«(COOH),. 

CARBONATES 

es — series of salts from carbonic acid H9CO;, namely carbonates 
E hydrogencarbonates HCO;. The CO ion is flat. The CO2- e not exist, even though 81047 does. This is probably because C is 

small, and the situation is analogous to the formation of NO; and 
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PO" in Group 15 The structure of the CO$^ ton may be represented as 
follows 

Electronic structure of 15 2s 2p One orbital 
carbon having gained m m used to 
four electrons by [ries] lorm a 
forming four bonds in x bond 

CO; three orbitals form a bonds hence 
the shape of the ton is a plane triangle 
(5p? hybridization) 

The x bonding in the COÍ- ion is best described using a delocalized g 
molecular orbital covering all four atoms (See Chapter 4 ) 
Many carbonates of formula M''CO, have the same structure as calcite 

but others hase the aragonite structure The structure adopted ıs related to 
the size of the metal 10ns 

Sct Pp? B.* 

118 121 135 

C a* + 

] QU 

Mn2* Mg* Cot zmwj* Fet catt 
0 67 072 O74 074 078 097 

calcite structure 

| — aragonite structure — 

Some carbonates are produced in very large amounts 315 million 
tonnes/year of NaCO;, 900000 tonnes/year NaHCO,, and 50000 tonnes 
year of Li CO, (see Chapters 9 and 10) 

Carbonate 10ris are colourless and hence the carbonates of Group 1 and 
2 metals are white Though Ag* salts are typically white, AgC0; 1s 
yellow due to the strong polanzing effect of Ag* (NH,)},CO, and Group 
1 carbonates are readily soluble in water, except L1,CO, which ıs only 
slightly soluble T1,CO ; 1s moderately soluble, but the other Group 13 
carbonates are sparingly soluble or insoluble Carbonates al] react with 
acids, liberating CO, 

NaCO, -2HCI — 2NaC] + CO, + H;O 

Group 1 carbonates are stable to heat, and melt without decomposing 
Group 2 carbonates all decompose if heated sufficiently strongly Their 
stability increases as the size of the metal ion increases Mast other 
carbonates decompose easily 

heat 
CaCO,—+ CaO + CO, 

BeCO; MgCO, CaCO,  SrCO, BaCO 
Decomposition <100°C  540"C 900°C 129°C BOC 
temperature 

The only sohd bicarbonates known are those of the Group 1 metals and 
of NH}. These are colourless solids, and are somewhat less soluble than 

the corresponding carbonates They decompose easily on heating The 
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solid structures of these contain polymeric chains of HCO3 groups 

hydrogen bonded together. 

THE CARBON CYCLE 

Though carbon is the seventeenth most abundant element in the earth's 

crust, and totals about 2 X 10!^ tonnes, most of this is in the form of 

coal, oil and various carbonates (limestone and dolomite) which are 

immobilized. 
In contrast there is a rapid turnover of CO; in the atmosphere, carbon 

compounds in living matter, CO; dissolved in the oceans, and more slowly 

with carbonate minerals formed on the sea bed. An equilibrium exists 

between them. The proportion of CO; in the atmosphere is approximately 

0.046% by weight, and 0.031% by volume. Though only a small percent- 

age, CO; is essential for life, and amounts to 2500 billion tonnes (2500 x 

10? tonnes). 
Photosynthesis by the.green parts of plants and some brown and blue 

algae removes about 360 billion tonnes of CO; from the atmosphere a year 
- roughly 1596. Glucose sugar is the first product formed. This may be used 
for respiration and energy release by the plant, or incorporated into plant 
cells. These may be eaten by animals, and used for respiration or for 
producing animal cells. Eventually the same amount of CO, is returned to 
the atmosphere either by respiration of the plant or animal, or by death 
and putrefaction of plant or animal remains. 

Combustion of fossil fuels, mainly coal, oil and natural gas, and burning 
tropical rain forests adds about 25 billion tonnes of CO; to the atmosphere 
each year. (Coal production in 1992 was 4545 million tonnes, crude oil 

3034 million tonnes, natural gas 2.1 x 10? m*. Important amounts of CO; 
are released by burning limestone to make lime for making cement. Lime 

` production in 1992 was 127.9 million tonnes so about 100 million tonnes 
of CO; was produced. 

CaCO; > CaO + CO, 
It is estimated that in 1992 the USA added 1.2 billion tonnes of CO, to the 
atmosphere, the USSR 1 billion tonnes and western Europe 0.8 billion 
tonnes. If all of this CO; remained in the atmosphere, it is estimated that 
the CO, content will double by the year 2020. With the ever increasing use 
of fossil fuels the amount of CO, could double even sooner. 

The CO, molecule absorbs strongly in the infrared region, and its 
presence in the atmosphere decreases the loss of heat from the earth by 

radiation. This global warming is called the ‘greenhouse effect’. (Other 
gases, including the oxides of nitrogen from car exhausts, Freons from 
aerosols and refrigerators and methane from bacteria in the soil and in the 
rumen of cows, also add to the greenhouse effect.) The magnitude of this 
effect, and whether it exists at all are controversial. The concentration of 
atmospheric CO; has increased by 10% since 1958, and on the basis of 
measurements of CO, from ice cores is some 25% higher than before the 
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industrial revolution This corresponds to about half the CO, produced 
from burning fossil fuels, and most of the remainder has been absorbed by 
the oceans A United Nations report suggests that if nothing is done the 
mean temperature of the earth will rise by 2 5°C in the next 30 years This 
i$ afl average, varying from 2°C at the equator to 4°C at the poles This 
could have dramatic effects on the climate Some fertile areas like the grain 
belt in the USA would become desert and crops would not grow The 
increased temperature would cause more evaporation of water and hence 
more rain, flooding and tropical storms in certain parts of the world Part 
of the polar ice caps would melt, and this together with the thermal 
expansion of the sea would flood vast areas of [and 

it is by no means certain that these catastrophic changes will occur It 
must be emphasized that there ts a long timescale for the expected warming 
due to greenhouse gases Furthermore in nature one change in the bro 
sphere 1s usually balanced by another with the opposite effect Biological 
and other feedbacks are Itkely to affect the future concentrations of green 
house gases More CO; in the atmosphere may enhance plant growth 
which will use it up. A whole forest can prow in 30 years Since large 
amounts of CO, dissolve in the sea this should make the pH of the 
sea decrease In the extreme this increase in acidity might dissolve the 
calcareous shells of molluscs and other sea life, thus destroying them Thuis 
ts far from certain. since if global warming does occur, the solubility of CO; 
tt water will decrease However, an increase in CO- im the surface 
waters could well lead to an increase in plankton - small marine plants 
which use CO; in photosynthesis In addition slow reactions occur on the 
ocean floor 

CO4 4 CO, 4 H.O — 2HCO; 

The sihcate sediments ón the ocean floor play an important role in 
fixing the composition and pH of the water An increase in pH i5 com 
pensated by the dissolution of certain minerals and the precipitation of 
others Thus silicate rocks may change to carbonates and S10. If the pH 
subsequently changes the other way then these processes are reversed 

The greenhouse debate is a reminder of the limited. evidence, uncer- 
tainty and long timescale of the problems of global warming The author's 
opinion ts that it must be prudent to conserve energy, to improve efficiency 
and to reduce wasteful practices, since there is no immediate alternative in 
sight to using fossil fuels Nuclear power is the only major alternative 
energy source, and at present many people find it unacceptable The 
hydrogen economy is a long way off. and solar power and the power of 
wind and waves can at best provide only a very small fraction of our energy 
requirements 

SULPHIDES 

Carbon disulptude CS. is the most important sulphide of carbon It i5 a 
colourless volatile hgud, b p 46°C Ht i$ dangerous to handle because 
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it is very flammable, it has a very low flash point (30°C ) and it ignites 

spontaneously at 100°C. It is very poisonous, affecting the brain and 

central nervous system. Pure samples smell like ether, but organic im- 

purities frequently give it an extremely foul smell. It is a commercially 

important chemical, and world production was 280 400 tonnes in 1991. At 

one time it was produced by heating charcoal and S vapour at about 850°C. 

Nowadays it is produced mainly from a gas phase reaction between natural 

gas and sulphur, catalysed by Al2Q; or silica gel. 

CH, + 4s Cs, + 2H.S 

The main uses of CS» are as follows: 

|l. The manufacture of viscose rayon (artificial silk) and cellophane. CS» 

reacts with cellulose and NaOH to form sodium cellulose dithio- 

carbonate (cellulose xanthate). 

cellulose—O 

X 
CS, + cellulose—OH + NaOH > C=S 

NaS 
sodium ccllulosc xanthatc 

This is dissolved in lye (aqueous alkali) to give a viscous solution called 
‘viscose’. On acidification, ‘viscose’ is converted back to cellulose in the 

form of fibres (either rayon or cellulose wool), or as a thin film 
(cellophane). 

2. The manufacture of CCl, (see later under ‘Halides’). 
3. Smaller amounts are used as a solvent for S in the cold vulcanization of 

rubber. 

C$, reacts with aqueous NaOH, giving a mixture of sodium carbonate 
and sodium trithiocarbonate: 

3CS, + 6NaOH ~ Na;CO, 4 2Na;CS, 4- 3H;0 

C$» reacts with NH,, giving ammonium dithiocarbamate: 

CS, + 2NH3 =? NH4[H;NCS,] 

C3; is a linear molecule vith a similar structure to CO». CS, forms 
complexes more readily than CO;. The complex [Pt(CS;)(PPh3)] is struc- 
-urally similar to [Co(CO;)(?Ph3*]. The CS; ^cts as a bidc tate "gand 
with one C atom and one S atom bonded to the metal, and the CS; 
molecule is bent. The S atoms may bond to other metal atoms, giving more 
complicated complexes. The bonding cannot be explained by classical 
localized bonds. 

Sunlight changes CS; to CS, which is why CS; is stored in dark coloured 
bottles, A high frequency electric charge also converts CS; vapour to CS. 
CS is unlike CO, and is a highly reative radical even at the temperature of 
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liquid air. Passing an arc through CS»? gives CaS;. This ts thought to have 
the structure S==C=C=-C=5 H ts a red liquid that polymenzes slowly 
(as does C305) 

OXIDES OF SILICON 

Two oxides of silicon, §:0 and §10,, have been reported Silicon monoxide 
is thought to be formed by high temperature reduction of $10, with St, but 
i8 existence at room temperature is in doubt 

SQ, + 8C 280 

Silicon dioxide SiO; ts commonly called silica, and it i5 widely found as 
sand and quartz Group 14 elements typically form four bonds Carbon 
can form px-px double bonds and hence CO; 15 a discrete molecule and is 
agas Silicon cannot form double bonds in tims way using pa-pa orbitals 
(A substantial number of silicon compounds are now known to contain 
pr~dr bands in which the silican atom appears to use of orbitals for 

bonding ) Thus $:O2 forms an infinite three dimensional structure, and 
S103 1s a high melung solid. SiO; exists in at feast 12 different forms The 
main Ones are quartz, tridymite and cristobalite each of which hus 
different structures at mgh and fow temperatures a Quartz ts by far the 
most Common and 1s a major constituent of granite and sandstone Pure 
S102 18 colourless, but traces of other metals may colour it, giving semi 
precious gemstones such as amethyst (violet). rose quartz (pink), smoky 
quartz (brown). citrine (yellow), and non-precious materials such as fint 
{often black due to C), apate and onyx (banded) 

(low 
temp a quartz e tridymite a-cristobalite 
forms) 

570°C 120- 160°C A4 Mw 

(high 
870°C H0 C 1210*C 

temp  B-quartz === fi tridymute f-cristabalite —— kaud 
forms} S10, 

In all of these forms each $115 tetrahedrally surrounded by four O atoms 
Fach corer is shared with another tetrahedron, thus giving an infinite 
array The difference between these structures is the way in which the 
tetrahedral SiO, units are arranged a-Quartz is the mast stable form at 
room temperature and in this the tetrahedra form helical chains These are 
interlinked Since the helix may be left or right handed, they cannot be 
superimposed, so it exists as d and / optical isomers Individual crystals can 
be separated by hand In cristobalité the Si atoms have the same arrange- 
ment as the C atoms in diamond, with O atoms nudway between them The 
relauon between tridymite and cristobalite is the same as that between 
wurtzite and zine blende Heating any solid form of $10, to its softening 
temperature, or slow cooling of molten $10,, mves a glass tke sohid. Thus is 
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amorphous, and contains a disordered mixture of rings, chains and three- 

dimensional units. 

Silica in any form is unreactive. It is an acidic oxide and so does not react 

with acids. However, it does react with HF, forming silicon tetrafluoride 

SiF,. This reaction is used in qualitative analysis to detect silicates: when 

the SiF, comes into contact with a drop of water it is hydrolysed to silicic 

acid. This can be seen as a white solid forming on the surface of the drop of 

water. 

Si(OH), or | FSO: L. +H:O 
HS0, + CaF; 2 HF ——» SiP; dU n :2H50 + HO 

SiO, is an acidic oxide: it dissolves slowly in aqueous alkali, and more rap- 

idly in fused alkalis MOH or fused carbonates M2COs, forming silicates. 

SiO; + NaOH > (Na4S1O4), and Na4S1O0, 

This reaction accounts for ground glass stoppers sticking in reagent bottles 
containing NaOH. Of the halogens, only fluorine attacks SiO2. 

SiO, F 2F- => SIF, + Os 

Quartz is important as a piezo-electric material for the crystals in 
gramophone pickups, for cigarette and gas lighters and for making crystal 
oscillators for radios and computers. There is insufficient natural quartz of 
high enough purity, and so it is made synthetically by hydrothermal growth 
of seed crystals from aqueous NaOH and vitreous silica at 400°C under 
pressure. 

Vitreous silica has a low coefficient of expansion, is quite resistant to 
shock, and is very transparent to visible and ultraviolet light. It is used for 
laboratory glassware, and for optical components such as lenses and prisms 
and cells to hold samples in UV-visible spectrophotometers. 

Silica gel is amorphous and very porous. It is obtained by dehydrating 
silicic acid, and contains about 4% water. It is widely used as a drying 
agent, a catalyst, and in chromatography. The mineral opal, which is used 
as a white or pearl-like gemstone, is hard (amorphous) silica gel. The 
beginnings of ordered structures are shown by various minerals, many of 
which are cut and polished as gemstones: 

agate (often banded colours) 
onyx (often white and black bands) 
carnelian (yellow or red) 
bloodstone (green with red spots) 
Jasper (usually red or brown but sometimes green, blue or yellow) 
flint (colourless-or black if C present) 

These are best written SiO,- nHO. 
Kieselguhr is another form of SiO}. It is a fine white powder, and about 

2 million tonnes/year are obtained by open cast mining in Europe and 
North America. It is used in filtration plants, as an abrasive, and as an inert 
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filler (Gelignite ts a mixture of the explosive nitrobenzene (liquid) and 

inert kieselguhr (solid) ) 

OXIDES OF GERMANIUM, TIN AND LEAD 

The dioxides GeO;, SnO; and PbO; normally adopt a TIO; structure with 
6 3coordination The basicity of the oxides increases down the group this 
is the usual trend Thus CO, and SiO, are purely acidic. GeO, is not a; 
strongly acidic as SiO;, and SnO; and PbO are amphoteric. GeO;, SnQ, 
and PbO, dissolve in alkali to form germanates, stannates and plumbates 
respectively The germanates have complicated structures similar to the 
silicates but the stannates and plumbates contain [Sn(OH),?7~ and 
(Pb(OH),|?~ complex ions There is no evidence of the existence of 
Ge(OH),, Sn(OH), and Pb(OH), and these are better represented as 
MO;S(H;O),, where n 1s about two All three oxides are insoluble in acids 
except when a complexing agent such as F^ or C|^ iS present, when 
complex 10ns such as (GeF&]^^ and (SnCl 7 are formed 

The lower oxides GeO, SnO and PbO have layer fattices rather than the 
typical 10nic structures. They are slightly more basic and ionic than the 
corresponding higher oxides GeO is distinctly acidic, whilst SnO and Pho 
are amphoteric and dissolve in both acids and bases The increased stability 
of the lower valence states on descending a group is illustrated by the fact 
that Ge" and Sn"! are quite strong reducing agents whereas Pb! is stabje 

PbO is commercially important. [t exists as a red form called titharge and 
a yellow form called massicot Litharge 1s used tn large amounts to make 
lead glass, and im ceramic glazes World production ts about 250000 
tonnes/year Black oxide’ of lead ts 4 mixture of PbO and Pb, and is 
extensively used to make the plates in electric storage batteries for motor 
cars The anode is oxidized to PbO, and the cathode ts reduced to spongy 
lead About 700000 tonnes/year are used worldwide 

Lead also forms a mtxed oxide Pb,O, This is called red lead and may be 
represented as 2PbO PbO, clearly it contains Pb(II) and Pb(IV) Pb4O, 
is used in paint to prevent the rusting of tron and steel It 1s also used 
to colour and vulcanize plastic and artificial rubber Smaller amounts 
are used in ceramics and glassmaking World production 1s about 18000 
tonnes/year 

PbO; ts used as a strong oxidizing agent, and is produced in situ in lead 
storage batteries 

SILICATES 

Occurrence in the earth's crust 

About 955 of the earth's crust is composed of silicate minerals, alumno 
silicate clays or silica These make up the bulk of all rocks sands and 
their breakdown products clays and soil Many building materials are 
silicates grafite, slafes bricks, and cement Ceramics and glass are also 
silicates 



SILICATES 

olivine M$2SiO; 

P5 pyroxenes MI(SIO3)z 

amphiboles MI(ALSI)U044: (OH)2 

biotite micas (K,H)2(Mg,Fe")o(Al,Fe'")2(SiO.)s 
orthocase feldspars KAISi40g 

muscovite micas KAI2(AISI5010) - (OH)2 

quartz SiO. 

last zeolites Na.(Al2Si,019)2H20 

(Leaving a small amount of water, SO., S, Pb, Cu, Ag, Sn, As, Sb, Bi and other transition 

melals in solution under a very high temperature and pressure) 

Figure 13.6 Sequence in which minerals are thought to have crystallized. 

The three most abundant elements are O. Si and Al. Together they 

make up 8196 of the earth's crust, that is four out of five atoms are one of 

these. This is a much higher abundance than in the earth as a whole or in 

the universe. During the cooling of the earth the lighter silicate materials 
crystallized and floated to the surface, resulting in the concentration of 
silicates in the earth's crust. 

N.L. Bowen has summarized the sequence in which these crystalline 
minerals appeared as the magma cooled. and this is called Bowen's 
Reaction Series (Figure 13.6). 

Several points arise: 

I. The simpler silicate units crystallized first. 
2. Hydroxyl groups appear in the later minerals, and F may be substituted 

instead of OH. 
3. Isomorphous replacement, i.e. changing one metal for another without 

changing the structure, occurs particularly in the later minerals. 
. The orthoclase feldspars, muscovite mica-and quartz are the major 
minerals of granite. 

. As the silicates cooled further. they shrank and cracked. The hydro- 
thermal (hot water) solution moved through the cracks nearer the sur- 
face to regions of lower temperature and pressure where the elements 
precipitated and then combined with S, forming veins of sulphides. 

Soluble silicates 

Silicates can be prepared by fusing an alkali metal carbonate with sand in 
an electric furnace at about 1400°C. i 

1400*C SiO. Na;CO; — 5 CO; -- Na;0 7—» Na4SiO,, (Na;SiO,), and others 
cre is a soluble glass of sodium or potassium silicate. It is 
see n water under pressure, and is filtered from any insoluble 
Nis " : : composition of the product varies, but is approximately 
u 2Us* 6H52O. In 1991, 2.6 million tonnes of soluble sodium silicates 

re produced (measured in terms of SiO, content). They are used in 

433 
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liquid detergent preparations to keep the pH high, so that grease and fat 
can be dissolved by forming a soap Soluble silicates must not be used if 
the water 1s hard, or they will react with Ca** to form insoluble calcium 
silicate Sodium silicate is also used as an adhesive (for example for 
pasting paper, bonding paper pulp and corrugated cardboard}, tn asbestos 
roof tiles, in fireproof paint and putty, and in making silica gel 

Principles of silicate structures 

The majority of silicate minerals are very insoluble, because they have an 
infinite 1onic structure and because of the great strength of the S:—O 
bond This made it difficult to study their structures and physical proper 
ties such as cleavage and the hardness of rocks were onginally studied The 
structural principles in silicate structures have only become apparent since 
the structures have been solved by X ray crystallographic methods 

| The electronegativity difference between O and $5,35- 18 217 
suggests that the bonds are almost 50% tonic and 50% covalent 

2 The structure may therefore he considered theoretically by both ionic 
and covalent methods The radius ratio S> O°% is 029 which 
suggests that Sits four coordinate. and is surrounded by four O atoms at 
the corners of a tetrahedron Thuis can also be predicted from the use of 
the 3s and three 3p orbitals by Si for bonding Thus silicates are based 
on (S:0,)° tetrahedral units 

3 The $10, tetrahedra may exist as discrete units, or may polymerize into 
larger units by sharing corners that is by sharing O atoms 

4 The O atoms are often close packed or nearly close packed Close 
packed structures have tetrahedral and octahedral holes and metal tons 
may occupy either octahedral or tetrahedral sites depending on therr 
size. Most metal ions are the right size to fit one type of hole though 
AF* can fit ito either Thus Alcan replace either a metal in one of the 
holes, or a silicon atom in the lattice. This is particularly important im 
the aluminosilicates 

Occasionally Li may occupy sites with a coordination number of 6 rather 
than the usual 4, and K and Ca may have a coordination number of 8 rather 
than the usual 6 The radius ratto principle 1s a useful guide, but it 1s only 
strictly applicable to 1onic compounds and silicates are partly covalent In 
these compounds the full charge separation to give Si^* and O^^ does not 
occur, and empirical "effective ionic radi! may be used instead of normal 
ionic radii (see Further Reading, R D. Shannon ) 

CLASSIFICATION OF SILICATES 

The way in which the (S10, tetrahedral units are. linked. together 
provides a convenient classification of the many silicate minerals 
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Orthosilicates (neso-silicates) 

A wide variety of minerals contain discrete (SiO,)*~ tetrahedra, that is 

they share no corners (see Figure 13.7). They have the formula M3'[SiO4), 

where M may be Be, Mg, Fe, Mn or Zn, or M'"[SiO,]. for example 
ZrSiO,. Different structures are formed depending on the coordination 

number adopted by the metal. 

In willemite Zn,[SiOz], and phenacite Be2[SiO,], the Zn and Be atoms 

have a coordination number of 4, and occupy tetrahedral holes. 
In forsterite Mg.[SiO.], the Mg has a coordination number of 6 and 

Table 13.8 Types of holes occupied in close-packed structures 

Oxide Radius Coordination Type of hole 
ratio number occupied 

Be^* : O77 0.25 4 Tetrahedral 
Si^* :O?- 0.29 4 Tetrahedral 
A*t: 0%- 0.42 4 or 6 Tetrahedral or 

Octahedra! 
Me2* : O77 0.59 6 Octahedral 
Fe*t : O77 0.68 6 Octahedral 

occupies octahedral holes.When octahedral sites are occupied, it is quite 
common to get isomorphous replacement of one divalent metal ton by 
another of similar size, without changing the structure. The mineral olivine 
(Mg. Fe)2[SiO,] has the same structure as forsterite, but about one tenth of 
the Mg** ions in forsterite are replaced by Fe?* ions. The ions have the 
same charge and similar radii (Mg?* 0.72 A, Fe?* 0.78 A), and occupy the 
same type of hole. Thus substitution of one metal for another does not 
change the structure. This mineral may also have Mn" in’some octahedral 
sites, thus giving (Mg, Fe, Mn)2[SiO,]. These structures are all related to 
hexagonal close-packing. 

Zircon ZrSiO, is used as a gemstone as it can be cut to look like a 

SiO4* ion 
Q*-0 

~~o- e wo 

Figure 13.7 Structure of orthosilicates. (After T. Moeller.) 
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diamond but is much cheaper Zircon is m. i softer than diamond, and 

the cut edges which make the gem attractive -ventually wear and spot th. 
look of the stone Zircon has a coordination number of 8 The structure is 
not close packed 
The garnets are another important group of minerals with discrete tetra 

hedra Large crystals of garnet are cut and polished and used as a red 
gemstone Much larger amounts (106099 tonnes in 1993) are used to make 
*sandpaper' The formula :s MI'MP'((SiO4),] M" may be Mg, Ca or Fe", 
and these are six coordinate. M! may be Fe!", Cr or Al and these are 
eight coordinate 

Pyrosilicates (soro-silicates, disilicates) 

Two tetrahedral units are joined by sharing the O at one corner, thus 
giving the unit (Si,O;) This is the simplest of the condensed silicate 
ions The name pyro comes from the similarity in structure with pyro 
phosphates such as NaaP207, and these were named because they can be 
made by heating orthophosphates (see Figure 13 8) 

Pyrosilicates are rare One example is,thortseitite Sc;[S150;]. A number 
of lanthanide disilicates have similar formulae Ln;[S1,0;] These are not 
quite the same, as the Si O—Si angle 1s not 180° as in the Sc compound, 
but varies down to 133°, and the coordination number of the metal changes 
from 6 to 7 and then to 8 as the size of the metal increases Hemimorphite 
2n,(OH)(S1,0;] H,0 1s another example, but structural studies show no 
difference in the lengths of the bridging and terminal $:—O bonds Thus 
the representation as a disilicate 10n may be misleading and the structure 
may be better considered as (S104) and [Z7nO;,(OH}| tetrahedra linked to 
give a three-dimensional network 

Figure 13.8 Structure of pyrosihcates OF (After T Moeller ) 

Cycle silicates 

If two oxygen atoms per tetrahedron are shared, ring structures may be 
formed of general formula (S10,)2'~ (Figure 139) Rings containing 
three, four, six and eight tetrahedrai units are known, but those with three 
and six are the most common The cyclic jon Si4O$7 occurs in wollastonite 
Ca;[S$150s] and in benitoite BaTi(S$1,0o]. The Si,OI27 unit occurs in beryl 



CLASSIFI2ATIJN .7 LILICATES 437 

Siop s ion 

Figure 13.9 Structure of cyclic silicates SiO$^ and SigOls . (After T. Moeller.) 

BexAb[Si,O;,]. In beryl the Si;O,, units are aligned one above the other, 
leaving channels. Na*, Li* and Cs* are commonly found in these 
channels, and because of the channels the mineral is permeable to gases 
consisting of small atoms or molecules, e.g. helium. Beryl and emerald are 
both gemstones. Beryl is found with granite and usually forms pale green 
crystals which are six-sided prisms. Emerald has the same formula as beryl 
except that it contains 1-2% Cr which gives it a strong green colour. 

Chain silicates 

simple chain silicates or pyroxenes are formed by the sharing of the O 
atoms on two corners of each tetrahedron with other tetrahedra. This gives 
the formula (SiO3);”~ (see Figures 13.10 and 13.11). A large number of 
important minerals form chains, but there are a variety of different struc- 
tures formed because the arrangement of the tetrahedra in space may vary 
and thus affect the repeat distance along the chain. The most common 
arrangement repeats after every second tetrahedron, for example in spodu- 
mene LiAI[(SIO:);] (which is the main source of Li), enstatite Mg;[(SiO;);], 
and diopsite CaMg[(SiO3)2]. Wollastonite Ca3[(SiO4);] has a repeat unit of 
ae tetrahedra, and others are known with repeat units of 4, 5, 6, 7, 9 
and 12. 

Double chains can be formed when two simple chains are joined 
together by shared oxygens. These minerals are called amphiboles, and 
they are well known. There are several ways of forming double chains, 
giving formulae (Si3O,)2?^7, (Si)O1)*" ^. (SiO1;))^ and others. (See 
Figure 13.12.) 
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/ 

($10,)2^7 
che n 

cross section 
of chgin 

Figure 13.11 Structure of pjroxenes (S103)2"~. (After T. Moeller.) 

The most numerous and best known amphiboles are the asbestos minerals. These are based on the Structural unit (SiyO,,)’~. In this Structure (Figure 13.12) some tetrahedra share two corners, whilst others share three corners. Examples include tremolite, Ca;Mgs[(Si,O,,); (OH). and crocidolite Na;Fel'Fej?'[(Si,O nJal( OH);. Amphiboles always contain hydroxyl groups, which are attached to the metal ions The Si—0O bonds in the chains are strong and directional. Adyacent chains are held together by the metal ions present. Thus pyroxenes and amphiboles cleave readily parallel to the chains, forming fibres. For this reason they are called fibrous minerals, The cleavage angle for pyroxenesis 89", and for amphiboles 56°. This is used as a means of identifying the minerals. These angles are related to the size of the cross-sectional tra- 
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Figure 13.13 Structure of amphiboles (SisO,,)2"". (After T. Moeller.) 

pezium of the chains and the way in which they are packed together (see 
Figure 13.14). 

Asbestos is of considerable commercial importance, and 2.8 million 
tonnes were mined in 1993 (Soviet Union 36%, Canada 19%, Kazakhstan 
14%, and China and Brazil 9% each). It is useful because it is strong, 
cheap, resistant to heat and flames, and also resistant to acids and alkalis. 
Most is used to make asbestos reinforced cement and roofing sheets. 
Smaller amounts are used for brake linings, clutch linings, asbestos paper, 
adding to vinyl floor coverings, and thermal insulation for pipes, and 
flbres may be woven into asbestos cloth to make fire fighting suits. 

Asbestos minerals come from two different groups of silicates: 

I. The amphiboles. 
2. The sheet silicates. 

es amphiboles include crocidolite Na;FellFel[Si,O4,](OH).. which is 
called blue asbestos, and others derived from it by isomorphous replace- 

439 
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Figure 13 14 Cleavage angles in pyroxenes and amphiboles 

ment, for example amosite or brown asbestos (Mg, FeP),[SigO;;](OH); 
Together these make up about 5% of the asbestos used 

The mineral chrysotile Mgi(OHM[SuO;] ts calied white asbestos, and 
this ts denved from serpentine, and 1s a sheet silicate This constitutes 95% 
of the asbestos used 
Though asbestos 1s chemically inert, 1t presents a serious health hazard 

Inhaling asbestos dust causes asbestosis or scarring of the lungs It also 
causes [ung cancer Blue asbestos appears to be the worst hazard The 
disease may have a Jatent period of 20-30 years The best control is to 
minimize asbestos dust, and to handle asbestos wet if possible 

Sheet silicates (phyllo stlicates) 

When SiO, units share three corners the structure formed is an infinite 
two dimensional sheet of empirical formula (Si20.)2"~ (see Figure 13 15) 
‘There are strong bonds within the $1—-O sheet, but much weaker forces 
hold each sheet to the next one Thus these minerals tend to cleave inte 
thin sheets 

Structures with simple planar sheets are rare A large number of sheet 
silicates are important and well known These have slightly more 
comphcated structures, and are made up of either two or three layers 
joined together These include 

| Clay minerals (kaolinite, pyrophylhte, talc) 
2 White asbestos (chrysotile, brotite) 
3 Micas (muscovite and margarite) 
4 Montmorilonites (Fullers earth, bentonite and vermiculite) 

Consider how a two layer structure may be formed If we start with a 
simple silicate sheet then one side of the sheet contains all the unshared 
(singly bound) O atoms The pure hydroxides Al(OH), and Mg(OH)> poth 
crystallize with layer structures (and Al and Mg are six coordinate and 
occupy octahedral sites) The unshared O in a silicate sheet have almost 
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Figure 13.15 Structure of sheet silicates (Si;?Os)7" . (After T. Moeller.) 

the same relative positions as two thirds of the OH groups on each side of 
these hydroxide layers. If a SiO; layer is placed alongside a layer of 
y-gibbsite Al(OH)3, then many of the O atoms will coincide. The OH 
groups in Al(OH); can be removed and an electrically neutral two-layer 
structure is formed. These double layers stacked parallel give the mineral 
kaolinite, which has the formula AL(OH)4[Si20,]. It is a white solid and is 
formed by the decomposition of granite. Large amounts are used for filling 
paper, and as a refractory. World production of kaolinite was 22.5 million 
tonnes in 1992 (USA 41%, UK 11%, and South Korea 8%). China clay or 
kaolin is mined in Cornwall. It is a high grade ‘of kaolinite, and when 
small amounts of SiO; and mica are removed it can be mixed with water 
to give a white or nearly white plastic clay. Small amounts are used for 
making porcelain, china cups and plates, sanitary ware, and other ceram- 
cs, and for chromatography, as treatment for indigestion and for poultices. 
One Al(OH); layer has two equivalent sides. A SiO; layer was com- 

bined with one side in kaolinite, but a second Si,O, sheet can combine 
with the other side thus giving a three-layer structure. This is made up of 
silicate, AI(OH);, silicate. Pyrophyllite AL(OH);[(Si205);] has this three- 
layer structure (Figure 13.16). 
A layer of brucite Mg(OH) may be combined with a SiO; layer to form 

a two-layer structure. This gives the mineral chrysotile Mg3( OH)4[S120;] 
(white asbestos), which is of considerable commercial importance. Alter- 
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AKOHY, Gibste sheet Mg(OH}. Brucite sheet 

Sitcate sheet Silicate sheet 

Silicate sheet 
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Ai(OH)4 Gibbsite sheet 

Figure 13.16 Two and three layer structures 

Silicate sheet 

nainely brucite may combine with two $1.0. layers forming a triple 

sheet structure called tale or soapstone Mg,{OH).[(S120.)5] These triple 
sheets are electrically neutral and there are no metal ions holding one 
sheet to the next so the structure breaks very easily, and i5 very Soft 
Soapstone has a slippery feeling (hence its name). It acts as a dry lubricant 
World production of talc was 8 4 million tonnes in 1992. 1t 15 used mainly in 
making ceramics, paper and paint. Small amounts are used im cosmetics, 
as talc can be ground into a fine powder and used as talcum powder 

Substitution of atoms may occur in the triple-layer structures of the 
pyrophyliste types If $1is parily replaced by Al (in tetrahedral holes) then 
the sheet becomes negatively charged These charges are balanced by 
positively charged metal rons which are placed between the layers This 
gives rise to the mica minerals. These are a group of minerals characterized 
bv the fact that they are readily split into. glisteming transparent flexible 
sheets of varied colour. Muscovite has the formula KAI,(OH),[AISi;0 10) 
andis called white mica. Margarite has the formula CaAL(OH)TAISI O10] 
Substitution of atoms may also occur in tale Mg,(OH)2[SigO,9] Replac 
ing S: by Al + K gives a mica called phlogopite KMg,(OH),[AISn@1] 
Farnal replacement of Mg by Fe! gwes the common mineral monte 
K(MeFe!},(OH)[AISHOwl of black mica Micas are much harder than 
talc and the other minerals in this section. because of the electrostatic 
attraction. between the negatively charged triple sheets and the postlive 
metal ions However this ts still a pomt of weakness in the structure, and 
micas Cleave between the layers quite readily World production of mica 
was 214000 tonnes in 1992. The main sources are the USA 4096, Soviet 
Union 16% and Canada 8% Sheet mica is used as an electrical insulator 
and as a former on which to wind electric heating elements (e f^ 
electric trons) It 15 also used in electrical capacitors and for windows 
furnaces Finely ground mica 15 used as a filler 1n plastics and rubber, 1 
insulating board, and in polychromatic and ghtter paint (e g for moter 
Cars) 
The clay minerals are formed from other silicates by weathering, of by 

hydrothermal processes,t e by the acnon of water under heat and pressUl 
They contain electrically neutral layers, e p. kaohnite, and pyrophyfhte 
The clay minerals also include the montmorillonites. which have negatively 
charged layers but the number of charges is much lower than 1n the m!C25 
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Some, but not all, of the octahedral A!" in pyrophyllite A (OH);[(Si3Os);] 

are replaced by Mg", giving (Mgo.33, Alı 67(OH)[(Si205)2]°™7. The 
triple sheets thus have a small negative charge, and 1/3 M* or 1/6 M?* 

must be incorporated between the layers. These metal ions can be 

hydrated, and the minerals are sometimes called hydromicas. Finely 

divided particles suspended in water have thixotropic properties. The 

particles are small plates with negative charges on the surface, and positive 

charges on the edge. The particles are free to move in water, and they 

arrange themselves + to — and thus give a semi-solid gel-like mass. If, 

stirred the +/— attractions are broken, and the suspension becomes 

watery, that is of lower viscosity. They are used in thixotropic non-drip 

emulsion paints. These minerals can also act as ion exchangers. Fuller's 

Earth is a calcium montmorillonite. It is very absorbant: about 4.2 million 
tonnes were produced in 1992, mainly to decolorize and deodorize veget- 
able and mineral oils, fats and waxes. It is also used to mop up oil spills, 
and as litter for pet animals. It can act as an ion exchanger for Ca**, and 
replacement of Ca^* by Na* gives the mineral bentonite. This has marked 
thixotropic properties and is used as drilling mud, and in water-based 
emulsion paints (9.2 million tonnes of bentonite were produced in 1992). 

If in talc Mg,(OH),[(Si2O;)2] substitution of Mg** in the brucite 
sheet occurs, and if also replacement of Si** with AI'* occurs in the 
silicate sheet, then vermiculites are formed. A typical formula is 
Na,(Mg, Al, Fe),(OH).[((Si, Al)205)2]-H2O. If vermiculites are heated 
they dehydrate in an unusual way by extruding little worms: hence the 
name. These materials are porous and light in weight, and are used for 
packing and insulation, and as ‘soil’ for growing plants by ring culture. 
About half a million tonnes are produced ‘each year. 

Three-dimensional silicates 

Sharing all four corners of a SiO, tetrahedron results in a three- 
dimensional lattice of formula SiO; (quartz. tridymite, cristobalite etc.). 
These contain no metal ions, but three-dimensional structures can form the 
basis of silicate structures if there is isomorphous replacement of some of 
the Si* by AI** plus an additional metal ion. This gives an infinite three- 
dimensional lattice, and the additional cations occupy holes in the lattice. 
Replacing one quarter of the Si** in SiO, with Al** gives a framework ion 
AISiOg . The cations are usually the larger metal ions such as K*, Na*, 
Ca ̂ or Ba^*. The smaller ions Fe'*, Cr^* and Mn?* which were common 
In the chain and sheet silicates do not occur in the three-dimensional 
Silicates because the cavities in the lattice are too large. Replacements of 
on quarter or one half of the Si atoms are quite common, giving structures 
M [AISi,0,] and M''[ALSi;O,]. Such replacements result in three groups 
of minerals: 

. feldspars 
- zeolites 
- ultramarines, kad D) rr 
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The feldspars are the most important rock formmg minerals and con. 
stitute two thirds of the neous rocks For example, granite 1$ made up 
of feldspars wiih some micas and quartz Feidspars are divided into two 
classes 

Orthoclase feldspars Plagioclase feldspars 
orthoclase K[AIS0,] albite Na[AIS0,] 

celstan Ba[ AlS1:0g] anorthite Ca[Al;$120,] 

The orthoclase$ are more symmetrical than are plagiociases as K* and 
Ba^* are just the right size to fit into the lattice whilst Na* and Ca?*, beíng 
smaller allow distortion 

Zeohtes have a much more open structure than the feldspars The anion 
skeleton is penetrated by channels, giving a honeycomb-like structure 
These channels are large enough to allow them to exchange certain tons 
They can also absorb or lose water and other small molecules without 
the structure breaking down Zeolites are often used as son exchange 
materials, and as molecular sieves Natrolite Naj[Al,5140,,]2H20 3s 2 
natural ion exchanger Permutit water softeners use sodium zeolites 
Zeolites take Ca?* rans from hard water and replace them by Na* , thereby 
softening the water The sodium zeolite natrolite gradually becomes a 
calcium zeolite, and eventually has to be regenerated by treatment with a 
strong solution of NaCl wher the reverse process takes place [n addition 
to naturally occurring minerals many synthetic zeolites have been made 
Zeolites also act as molecular sieves by absorbing molecules which are 
small enough to enter the cavities, but not those which are too big to 
enter They can absorb water, CO;, NH, and EtOH, and they are useful 

for separating straight chain hydrocarbons from branched chain com 
pounds Some other zeolites ate heulandite Ca[Al,$170),/6H,O, chabazite 
Ca{Al,S140)2]6H,O and analcite Na[AISi;O4]H;O Molecular sieves can 
be made with pores of appropriate size to remove small molecules 
selectively 

The mineral lapis lazult is a splendid blue colour and was highly prized as 
a pigment for ol paintings in the middle ages Tt contains ultramarine 
Nas[(A18104)«]S2, in which the colour 1s produced by the polysulphide ion 
The ultramarines are a group of related compounds, which contain no 
water, but do contain cations such as Ci— SO 7 and 57 Some examples 
of ultramarines are 

ultramarine Nay[CAIS104)4]S; 

soda'itc Nas[(AISIQ4s]CI; 

nosean Nasl (AISO) ] S04 

The ultramarines are now produced synthetically Ultramarine itself 1s 
made by igniting kaolinite, sodium carbonate and sulphur in the absence of 
air The product may be green, blue or red depending on the particular 
polysulphide species present Typically 11 1s used as a blue pigment in oi 
based paints and ceramics Before the days of detergents with artificial 
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brighteners, synthetic ultramarine was used as a blueing agent (called 

dolly blue) to make domestic washing appear white by masking any 

yellowness. 

SILICATES IN TECHNOLOGY 

Many silicates are used as a direct result of their physical properties. For 

example, clay minerals are used for absorbing chemicals, micas are used 

for electrical insulation. asbestos is used for thermal insulation, agate and 

flint are used as hard or sharp surfaces, and a variety of gemstones are used 

for ornaments and jewellery. : 

Silicates are extremely important because the cement, ceramic and glass 

industries are based on their chemistry. Metallurgical extraction processes 

often produce silicates as waste products or slag. either because the 

minerals are silicates. or because the minerals contain silicate impurities. 
Some of the main technological applications are as follows. 

Alkali silicates 

These are used mainly as glue. as described earlier. 

Cement 

Both Portland and high alumina cement are described in Chapter 12. ` 

Ceramics 

Ceramics are inorganic materials that can be made into a paste and shaped 
at normal temperatures: the shape ts then ‘fired’ at a high temperature. 
Firing gives the product strength, either.by sintering the crystallites 
together, or partly melting the paste. A number of carbides, oxides, and, in 
particular, clays, are treated in this way. The process is important for 
making bricks, tiles and pottery. 

On heating, kaolinite AD (OH)4[Si;O;] loses water at 500-—-600*?C, giving 
AhO; 28105, and at about 950°C forms a solid solution of mullite 
(approximate formula 3A15Q4- 28105) and SiO;. This remains solid till at 
least 1595*C, and then softens only slowly. Since this is an iron-free clay 
the product is white. | | 
The porosity of the product depends on the temperature reached. If the 

firing temperature is high, the product does not absorb liquids. The 
presence of Fe** in the clay imparts a red or purple colour, and clays with a 
high Proportion of CaO give a yellow or buff coloured product. Most 
ioa except bricks and floor tiles are covered with a glassy coating 
x dh E This is done by dipping the article in an aqueous suspension 
E E metal oxide such as SnO or PbO, before firing. Pigments may 
Z led either before glazing (underglaze colour), or after firing and on 

P ol the glaze, when a second firing is required. 
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Glass 

A small amount of glass is made of silica. This has excellent properties, put 
very high temperatures are needed to produce it Silica glass is too 

expensive for general use, but 1s used tn scientific instruments 
The temperature required for melting can be reduced by adding vangus 

oxides to the melt, thus obtaining silicate glass A number of oxides may be 
used including NasO, K,O, MeO, CaO, BaO, B20;, Al,O3, PbO and 
ZnO Glass 1s a solid solution, and so its composition may vary The 
amount of oxide added is not very large, and so the SiO, tetrahedra havé a 
significant role in the structure If only NaxO or KO were used, the glass 
would be water soluble Norma! domestic glass for windows is a calcu 
alkah silicate glass made by fusing the alkali metal carbonate, CaCO, and 
SiO; (The carbonates decompose to oxides on heating ) 1£ Na;CO, is used 
we obtain soda elass, which ts also used for cheap laboratory plasswate 

Using KCO; gives potash glass Most of the CaO may be replaced by 
PbO, giving lead glass, which has a higher refractive index, and is used for 
making optical parts and glass ornaments If Al,O 1s used, AP* may be 
present in the structure as a free metal son, or 1t may replace S1** in $19 
tetrahedra If BO, 15 used B** replaces some Si** m the tetrahedral 
skeleton Borosilicate glasses containing B, and sometimes Al as well, are 
important They have a low coefficient of expansion, and can withstand 
heat changes without cracking. They contain fess alkali and so are [ss 
prone to chemical attack Such glasses are widely used for Jaboratery 
equipment as in Pyrex glassware 

Glass ts produced in very large amounts In 1991, 26 4 million tonnes Of 
glass for bottles was produced, and in addition 7 million tonnes of sheet 

glass was produced This was used mainly as windows 
Additives for fining, for decolonzing and for colouring may be ufed 

when making glass Fining agents such as NaNO, or AsO, are added tO 
remave bubbles The ung agent decanpaes and ques aff large bubtles 
of gases in the melt, which sweep out the small bubbles that are alw4¥5 
formed Decolorizing agents may be added to elintinate impurities and t0 
obtain colourless glass Fe!* gives a yellow-brown colour, 2 mixture € 
Fe^* and Fe?* gives a green colour and Fe?* gives a light blue color 
Other colouring agents may be added ~ Co** gives a deep blue and 
colloidal particles of Cu pive ruby-red colours CaF; 1s sometimes added 45 
a clouding agent to make opal glass 

ORGANOSILICON COMPOUNDS AND THE SILICONES 

Organasilicon compounds 

Si—C bonds are almost as strong as C—C bonds Thus silicon carbide SIC 
ts extremely hard and stable Many thousands of organosilicon compounds 
containing Si—C bonds have been made, most since 1950 Many of these 
are inert, and stable to heat (e g SiPh, can be distilled tn ate at 428° 
However, the vast range of organic compounds 1s not replicated by silicon 
for three main reasons 
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1. Silicon has little tendency to bond to itself (catenate) whilst carbon has a 

strong tendency to do so. The largest chains formed by Si are contained 

in SigFa4 and SigH;a, but these compounds are exceptional. This is 

related to the weakness of Si—Si bonds in contrast to the strength of 

C—C bonds (see Table 13.4). 

2. Silicon does not form px-pz double bonds, whilst carbon does so 

readily. (Note that a disilene Me2Si=SiMeH has been isolated, but 

only by using matrix isolation methods with solid argon. Various 

transient reaction species with Si—C and Si—N bonds are known, and 

(Me3Si)2Si=C(OSiMe3)(CioHy5) exists as crystals at room tempera- 

ture, and is stable in the absence of air. These are rare exceptions.) 

3, Silicon forms a number of compounds containing px—dx double bonds 

in which the silicon atom uses d orbitals (see later). 

Preparation of organosilicon compounds 

There are several ways of forming Si—C bonds: 

1. By a Grignard reaction 

SiCl, + CH;MgCl > CH3SiCl, + MgCl 

CH3SiCl, + CH3;MgCl -> (CH3)2SiCl, + MgCl, 

(CH3).SiICl, + CH3;3MgCl — (CH3)3SiCl + MgCl, 

(CH3)3SiCI + CH3MgCl — (CH3)4Si + MgCl, ° 

This is useful in the laboratory, or on a small scale. 
2, Using an organolithium compound 

4LiR + SiCl, > SiR, + 4LiCl 

This also is useful in the laboratory, and R may be alkyl or aryl. 
3. By the Rochow ‘Direct Process’. Alkyl or aryl halides react directly with 

a fluidized bed of silicon in the presence of large amounts (10%) of-a 
copper catalyst. 

Sid 2CHsCI Cu catalyst 280-300°C (CH3),SiCl, 

This is the main industrial method for making methyl and phenyl 
chlorosilanes which are of considerable commercial importance in the 
production of silicones. The yield is about 70%, with varying amounts 
of other products: MeSiCl, (1096) and Me;SiCI (576), and smaller 
amounts of Me,Si and SiCl, and others such as MeSiHCL. Both 
Orignard and direct methods yield a mixture of products, and very 
careful fractionation is important as the boiling points are close: 
MesSiCI (57.7 *C), MeSiCl; (66.4*C) and Me;SiCl, (69.6°C). 

- Catalytic addition of Si—H to an alkene. This is a useful general 
method, but is not applicable to making the methyl and phenyl silanes 
required by the silicone industry. 
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Except for Ph4SiCl which is solid the products are volatile liquids They 

are highly reactive and flammable and the reaction with water is strongly 

exothermic 

Silicones 

The silicones are a group of organosilicon polymers They have a wide 
variety of commercial uses as fluids, oils, elastomers (rubbers) and resins 
Annual production is estimated as about 300000 tonnes/year They are 
now produced on a latger scale than any other group of organometallic 
compounds 

The complete hydrolysis of SiC], yields S103, which has a very stable 

three dimensional structure. The fundamental research of F S. Kipping on 
the hydrolysis of alkyl substituted chlorosianes led, not to the expected 
silicon compound analogous to a ketone but to long chain polymers called 
silicones 

R Cl R OH R 
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| | | 
HO—S1i-—O—81— O— 8:— OH etc 

| | | | 
R R R 

The starting materials for the manufacture of silicones are alkyl or aryl 
substituted chlorasilanes Methyl compounds are mainly used, though 
some phenyl derivatives are used as well Hydrolysis of dimethyldichloro 
silane (CH4),SIC], gives rise to straight chain polymers and as an active 
OH group i5 left at each end of the chain. polymerization continues and the 
chain increases in length. (CH34)5SiCl; i5 therefore a chain building unit 
Normally, high polymers are obtained 



ORGANOSILICON COMPOUNDS AND THE SILICONES 

CH, ‘CH; CH; CH; CH; " m 
| | | | | epo 

HO—Si—O—Si—O—Si—O—Si—O—Si—O—Si—O—Si—OH: 
| | | | | | | 
CH, CH; CH, CH; CH, CH; CH, 

Hydrolysis under carefully controlled conditions can produce cyclic 

structures, with rings containing three, four, five or six Si atoms: 

Me O Me Me Me 

xc UE NU | | 
Si Si Me—Si—O—Si—Me 

/ | [N | | 
Me O O Me O O 

DNA | 
! Si Me—Si—-O—Si—Me 

YX | | 
Me Me Me Me 

tris cyclo-dimethylsiloxane tetralis evclo-dimethylsiloxane 

Hydrolysis of trimethylmonochlorosilane (CH3)5SiCl yields (CH;);S31OH 
trimethylsilanol as a volatile liquid, which can condense, giving hexa- 
methyldisiloxane. Since this compound has no OH groups. it cannot poly- 

merize any further. 

n CH; CH4 CH; 

(3 | Í | 
CH;—Si—OH 4 HO—Si—CH; — CH;—Si—O-—Si—CH, 

| | | | 
CH; CH; CH; CH, 

hexaumeths ldistloxane 

If some (CH3)3SiC] is mixed with (CH3),SiCl, and hydrolysed, the 
(CH3)SiCI will block the end of the straight chain produced by (CH3)SiCL. 
Since there is no longer a functional OH group at this end of the chain, it 
cannot grow any more at this end. Eventually the other end will be blocked 
in a similar way. Thus (CH;)3SiCI is a chain stopping unit, and the ratio of 
(CH3),SiCI and (CH3),SiCl; in the starting mixture will determine the 
average chain size. 

CH, CH, CH, CH, CH; 
10-$—0-5-0-5-0—5-0n + en E 

CH; ba la is bá 

CH; CH; CH, CH, CH, 

a a ee ee ee 
| | | | | 
CH; CH; CH; CH, CH; 
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The hydrolysis of methyl trichlorosilane RSiCl; gives a very complex 
cross linked polymer 

O R 

| | 
R—S$1—0-—S1— 0— 

| | 
O O R 

| | | 
—0—51—0—5)—0—S1— O— 

| | | 
R R O 

In a similar way addition of a small amount of CH;SiCi; to the hydrolysis 
mixture produces a few cross links. or provides a site for attaching other 

molecules By controlled mixing of the reactants any given type of 

polymer can be produced 
Silicones are fairly expensive but have many desirable properties They 

were originally developed as electrical insulators because they are more 
stable to heat than are organic polymers and if they do break down they 
do not produce conducting materials as carbon does They are resistant to 
heat oxidation and most chemicals They are strongly water repellent are 
good electrical insulators and have non stick properties and ant: foaming 
properties Their strength and inertness are related to two factors 

l! Their stable stlica hke skeleton of Si—OQ—Si—O—S: The S:1—0O 
bond energy is very high (502k3 mol ') 

J The high streneth of the Si—C bond 

Their water repellency arises because a silicone chain ts surrounded by 
organic side groups and looks lke an alkane from the outside Silicones 
may be irquids ols greases elastomers (rubbers) or resins 

Straight chain polymers of 20 to 500 units are used as silicone flyids 
They make up 63% of the silicones used If they are made by hvdrolvsing a 
mixture of (CH,).SiCi> and (CH,),S:Cl_ then the chain lengths vary consid 
erably Commercially they are made by treating a mixture of tetrakis cyclo 
dimethylsiloxane (Me.S:10}, and hexamethyl disiloxane (Me},S:O5 Me}, 
with 100% H»SO, The cyclo compound provides chain building unts and 
the hexamethylsiloxane provides chain stopping groups The average chain 
length 1s determined by the ratio of these reactants The H»SQy, splits 
31.— O—S1 bonds forming S1i--O—SO,H esters and Si——OH The esters 
hydrolyse back to give $1—O— S1 bonds This process goes on repeatedly 
and results tn the size of chains all becoming similar. The boiling point and 
viscosity increase with chain length giving compounds ranging from 
watery liquids to ii5cous oils and greases The fluids are used as water 
repellents for treating masonry and buildings. glassware and fabrics They 
are also included in car polish and shoe polish. Silicone flurds are non toxic 
and have a low surface tension Addition of a few parts per million of 4 



silicone greatly reduces foaming in sewage disposal, textile dyeing, beer 

making (fermentation) and frothing of cooking oil in making potato crisps 

or chips. Silicone oils are used as dielectric insulating material in high 

voltage transformers. They are also used as hydraulic fluids. Methyl 

silicones can be used as light duty lubricating oil, but are not suitable for 

heavy duty applications like gearboxes, because the oil film breaks down 

under high pressure. Silicones with some phenyl groups are better lubri- 

cants. These oils can be mixed with lithium stearate soaps to give greases. 

Silicone rubbers are made of long, straight chain polymers, (dimethyl- 

polysiloxanes) between 6000 and 600 000 Si units long. mixed with a filler — 

usually finely divided SiO. or occasionally graphite. They are usually 
produced by hydrolysis of dimethyldichlorosilane with KOH. Great care 
must be taken to exclude chain blocking and cross-linking groups. Rubbers 
make up about 25% of the silicones produced. Silicone rubbers are useful 
because they retain their elasticity from —90°C to +250°C. which is a 

. much wider range than for natuial rubber. They are also good electrical 
insulators. They may be vulcanized to give hard rubber as follows: 

1. By oxidizing with a small amount of benzoyl peroxide which produces 
occasional cross-links (up to 1% of the Si atoms may be cross-linked). 

2. By building a cross-linking unit into the chain. 

The most heat-stable side groups are phenyl groups, followed by the 
methyl, ethyl and propyl groups in descending order of stability. On heat- 

-ing in air to 350—400°C, silicones are rapidly oxidized and cross-links 
are formed. The-polymer becomes brittle and cracks, and low molecular 
weight polymers and cyclic structures are evolved. Strong heating in the 
absence of air causes silicones to soften and form volatile products. but 
oxidation and cross-linking do not occur. 

Silicone resins are rigid polymers rather like bakelite. They are made by 
dissolving a mixture of PhSiCl, and (Ph),SiCl, in toluene and hydrolysing 
with water. The partly polymerized product is washed to remove HCl, and 
can then be shaped or moulded. Finally the product is heated with a 

‘quaternary ammonium salt as catalyst to condense any remaining OH 
groups in the structure. The final product is extensively cross-linked. 
About 12% of silicones produced are resins. These resins are used as 

„electrical insulators, often mixed with glass fibre for additional strength. 
They are used to make printed circuit boards and to encapsulate integrated 
circuit chips and resistors. They are also used as non-stick coatings for 
pans. and for moulds for car tvres and bread. 

HYDRIDES 

= the elements form covalent hydrides, but the number of compounds ormed and the ease with which they form differs greatly. Carbon forms a 
“ast number of chain and ring compounds including: 
|. The alkanes (paraffins) C,H,- ^ ~- The alkenes (olefines) C, H3, 
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3 The alkynes (acetylenes) C,H2,-2 
4 Aromatic compounds 

These are the basis of organic chemistry. There i$ a strong tendency Io 
catenation (forming chains) because the C—C bond ts very strong 

Sihcon forms a hmited number of saturated hydrides, S:,,H>,42, called 

the silanes These may exist as straight chains or branched chains, cof 
taining up to eight Sr atoms. Ring compounds are very rare. No analogues 
of alkenes or alkynes are known Monosilane SiH, 1s the only silicon 
hydride of importance SIH, and SiH Cl, were first made by treating am 
Al/8i alloy with dilate HCl A mixture of silanes was prepared by hydrd- 
lysing magnesium silicide, Mg,Si, with sulphuric or phosphoric acid These 
compounds are colourless gases or volatile fiquids They are mghly rë- 
active and catch fire or explode in air Apart from SiH, they are thermally 
unstable It only became possibie to study them when A Stock invented a 
method of handling reactive gases in a vacuum frame 

heat i absence of acer 
2Mg + S1 ———— — —— Mgs 

Mes + H250,; — SiH, (40%) 

SuH, (3075) 

SiH, (15%) 

SuHio (10%) 
Md 

yi 
SlsHqa O8) 

More recently monosilane has been prepared by reducing SiCl, with 
LAIH}, LH or NaH imn ether solution at low temperatures This ıs ê 
much better method, as it gives one product rather than à mixture and !! 
gives a quantitative yield 

Cl + Lif AIH] — SIH, + AICI, + LiCl 

SHC, + 6L1H — SuH, 4 6LICI 

SuCl, + SNaH — ShHg + SNaCI 

Silanes may also be prepared by direct reaction by heating Si or ferrosilicon 
with anhydrous HX or RX in the presence of a copper catalyst 

Si + 2HCI — SiHsCh 

St + 3HCI — SIHCI, + H, 

st + 2CH,C} — CH SMC + C + Ha 

The silanes are much more reactive than the alkanes The alkanes até 

chemically unreactive apart from reaction with the halogens, and burnwZ 
in air In contrast the silanes are strong reducing agents, ignite in air and 
explode in Cl. Pure silanes do not react with dilute acids or pure water Il 
sica apparatus, but they hydrolyse readily in alkajine solutions, or eve? 
with the trace of alkali which Jeaches out from glass apparatus 



85]. 
ace of alkali 

SiH, + (4 + n)H20 =", 2810, -nH.O0 + 7H; 

Compounds with Si—H bonds undergo an important hydrosilation 

reaction with alkenes, in the presence of a platinum catalyst. The re- 

action is similar to hydroboration, and the products may be used to make 

silicones. 

RCH=CH, + SiHCl,; ^ RCH;CH;SiCl; 

The difference in behaviour between alkanes and silanes is attributed to 

several factors: 

|. Pauling's electronegativity values are: C = 2.5. Si = 1.8, and H = 2.1. 

Thus the bonding electrons between C and H or Si and H are not 

equally shared, leaving a Ó^ charge on C and a 0” charge on Si. Thus Si 
is vulnerable to attack by nucleophilic reagents. 

ô ôt oO” 67 
C—H Si—H 

. The larger size of Si makes it easier to attack. 
3. Si has low energy d orbitals which may be used to form an intermediate 

compound, and thus lower the activation energy of the process. 

I> 

Several germanium hydrides or germanes Ge,,H2,,42 are known up to 
n = 3. They are straight chain compounds and are colourless gases or 
volatile liquids. They are similar to the silanes, but are less volatile. less 
tlammable and are unaffected by water or aqueous acids or alkalis. GeH, 
can be made: 

: dry cther En 
GeCl, + Li[AlH;] ———» GeH, + LiCl + AICI, 

GeO, -- Na[BH,] 2225? ^, GeH, + NaBO, 
Stannane SnH, is much less stable. It can be made by reducing SnCl, with 
Li[AIH4] or Na[BH,]. It is a strong reducing agent. It is unaffected by 
water and dilute acids and alkali, but it reacts slowly with concentrated 
solutions. Distannane Sn;H, is known and is even less stable. No higher 
Stannanes are known. Plumbane PbH, is even less stable and even more 
difficult to prepare. The preparative methods used for the other hydrides 
fail. It has been made in trace amounts and at low concentrations by 
cathodic reduction and detected using a mass spectrometer. 

CYANIDES 

The alkali metal 
120000 tonnes/ 
by 

cyanides, particularly NaCN, are made in quantity, about 
year. Until about 1965 it was made by the Castner process 

high temperature reactions from sodamide. 

Na + NH; — NaNH, + 4H, 

NaNH; + CS, NaCN + H, 
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Since 1965 hydrogen cyamde HCN has become commercially avail 
able (currently 300000 tonnes/year) NaCN 1s made from this HCN was 
formerly prepared by acidification of NaCN or Ca(CN), 

2NaCN + H250, —- 2HCN ^ Na;SO, 

Ca(CN)- -- H»5O, — 2HCN - CaSO, 

In the modern industrial processes a gas phase reaction occurs between 
CH, and NH; at about 1200°C in the presence of a catalyst 

Degussa process CH, + NH,— HCN + 3H; (Pt catalyst) 

Andrussaw process 2CH, + 2NH, + 30, — 

2HCN 4 6H.Q (PURh catalyst) 

HCN is extremely poisonous Jt has an abnormally high boiling pent of 
26°C because of hydrogen bonding Jt1s one of the weakest acids known 
weaker than HF Over half the HCN produced is used to make the 
polymer methyl methacrylate and the remainder is used ta make NaCN 
(CICN), and various cyanide complexes such as K,{Fe(CN),| and 
Ki[Fe(CN),] and in the extraction of Ag and Au 

(CICN}, + 3NH, > 3HCI + CaN\(NH>), (melamine) 
4Au + 8NaCN + 2H:0 + O,— 4Na[ Au(CN)^] -- 4NaOH 
HCN has been used as a non aqueous ionizing solvent 
The cyanide ion is important in forming stable complexes particularly 

with the metals of the Cr Mn Fe Co Ni Cu and Zn groups 190 
common complexes are ferrocyamdes [Fe(CN),]'" and ferncyanides 
(Fe(CN)?^ The later transition elements form stable cyanide complexes 
because they can use filled d orbitals for dr - pnr backbonding in addition to 
the original c coordinate bond M «— (CN)* The bonding is similar to that 
in the carbonyls, and the CNT won acts as a n acceptor The negative charge 
qn CN7 makes ta straager a danar than CO „bet the charge alea weakens 
the effectiveness of CNT as a x acceptor 
The extreme toxicity of cyanides 1s due to CN~ complexing with metals 

in enzymes and haemoglobin in the body, thus preventing normal metab 
olism Besides forming many complexes analogous to halide complexes 
the cyanide 10n often brings out the maximum coordination numbel ofa 
meta] Thus Fe?* forms (FeCl4]" with chloride 10ns. but [Fe(CN).]- with 
cyanide 10ns. Many metal 10ns such as Cu*, Ni*. Mn^, Au* and Mn 
which are too unstable to exist in solution, are quite stable when com 
plexed with cyanide tons The formation of complexes ts important 1m 
the extraction of silver and gold, as the metals dissolve in a solution of 
NaCN m the presence of air, and form sodium argentocyanide or sodium 
aurocyanide, from which the metal is recovered by reduction with Zine 

4Ag + 8NaCN + 2H,0 4 O; > 4NalAg(CN),] + 4NaOH 

4Au + 8NaCN + 2H;0 + O,— 4Na[Au(CN)2] + 4NaOH 

Cyanide tons may act as both complexing and reducing agents 
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2Cu?* + 4CN~ > (CN), + 2CuCN , [Cu(CN),}° 

In this reaction the cyanide ion is itself oxidized to cyanogen (CN)2 in much 

the same way as I~ is oxidized to I, by Cu2*. In alkaline solution, cyanogen 

disproportionates into cyanide and cyanate ions. 

(CN), + 20H > H,0 + CN~ + NCO™ 

The cyanate ion is isoelectronic with carbon dioxide; hence they have 

similar structures and are both linear. 

O=C=O "N-—C-—O 
? 

COMPLEXES 

The ability to form complexes is favoured by a high charge, small size and 
availability of empty orbitals of the right energy. Carbon is in the second 
period and has a maximum of eight electrons in its outer shell. In four- 
covalent compounds of carbon, the second shell contains the maximum of 
eight electrons. Because this structure resembles that of a noble gas, these 
compounds are stable, and carbon does not form complexes. Four- 
covalent compounds of the subsequent elements can form complexes 
due to the availability of d orbitals, and they generally increase their 
coordination number from 4 to 6. 

SiF, + 2F~ — [SiF,]*~ 

GeF, T 2NMe; ee [GeF, ; (NMe3);] 

SnCl, + 2CI~ — [SnCl,]?7 

The VSEPR theory suggests that because there are six outer electron pairs 
these complexes will be octahedral. The valence bond theory requires that 
four covalent and two coordinate bonds are formed and give an octahedral 
structure; For example, [SiF;]?" : 

. 

3 Electronic structure full : X = of silicon atom in inner tit | Lt TTT ground state shells 

Silicon atom in 

gained a share in four 
electrons from four fluorine 
atoms in the SiF, molecule 

[SF] where two 
F- each donate share eub d [p in electron pair, 
forming two coordi nate 
bonds six electron pairs give 

an octahedral structure 

(sp°d® hybridization) 
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The arguments over hybridizing d orbitals have been discussed in Chapter 
4 The [SiF,]?~ ron is usually formed from SiO; and aqueous HF 

$10, -- 6HF — 2H" 4 [SiF;]^7 + 2H,O 

The [S;F4 ̂ complex 1s stable in water and alkah, but the others in the 
group are less stable [GeF] and [SnF¢}*~ are hydrolysed by alkali, and 
[PbF,]*~ 1s hydrolysed by both alkali and water Ge, Sn and Pb also form 
chloride complexes such as [PbCH]", and oxalate complexes such as 

[Pb(ox);]" 
Lead tetraacetate Pb(CH,COO), can be obtained as a colourless, solid 

by treating Pb,O, with glacial acetic acid: Its water sensitive, and ts widely 
used as a selective oxidizing agent in organic chemistry. Its best known 

application 1s in the cleavage af 1,2-chols (glycols), as present, far example, 
in carbohydrates 

| 
—C—OH C—O —-C=0 

| PMC COON, T, Pb (CH4COO), > + Pb(CH,COO), 
—C—OH —C—O —C-O0 

| | | 

so INTERNAL at BONDING USING d ORBITALS 
The compounds trimethylamine (CH3)4N arid trisilylamine (S1H3);N have 
similar formulae, but have totally different structures (Figure 13 17) In 

HEC CH3 trimethylamine, the arrangement of electrons is as follows 

is 25 2p 
CH, Electronic structura of [n] 

nitrogen atom ~ ground state 
Ls 

Myst SiH3 three unparred electrons form 

bonds mth CH, groups — 
tetrahedral arrangement of 
teo bond pairs and one lone par 
(sp? hybndizabon) 

In trisilylamine, three sp’ orbitals are used for o bonding, giving a plane 
Sik, tnangular structure The lone pair of electrons occupy a p orbital at right 

"ure 13.17 Tnmethylamine angles to the plane tnangle This overlaps with empty d orbitals on each of 
CH3) and trisilylamine the three silicon atoms, and results in x bonding, more accurately 
SICH), descnbed as pn—dn bonding, because it 15 from a full p orbital to an empty 

d orbita]. This shortens the bond lengths N—S: Since the nitrogen no 
longer has a lone parr of electrons, the molecule has no donor properties 

Sumlar px-dnz bonding 15 impossible in (CHy)3N because C does not 
possess d orbitals and hence this molecule is pyramidal About 200 
compounds are now thought to contain pr—dz bonds (Figure 13 18) (see 
Further Reading, Raabe and Mich!) 
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Figure 13.18 pr-dr bonding in trisilylamine. (From Mackay and Mackay, Intro- 

duction to Modern Inorganic Chemistry, 4th ed., Blackie, 1989.) 

TETRAHALIDES 

All the tetrahalides are known except PbI,. They are typically covalent, 

tetrahedral, and very volatile. The exceptions are SnF4 and PbF,, which 

have three-dimensional structures and are high melting (SnF, sublimes at 

705°C, PbF, melts at 600°C). The elements after C have d orbitals 
available, and the Si-F, Si-Cl and Si-O bonds are stronger than the 
corresponding bonds with C. This is thought to be due to the donation of 
electrons from F, CI or O to Si, giving rise to pn—dn bonding. 

Carbon 

Tetrafluoromethane (carbon tetrafluoride) CF, is an exceptionally unre- 
active gas. It can be made as follows: 

CO, T SF, => CF, p SO- 

SiC + 2F, — SiF, + CF, 

CE;CL 4 Fy -— CF, + Cl, (industrial method) 

Other fluorine compounds such as hexafluoroethane C;Fg and tetrafluoro- 
ethylene C;F, are known. Under pressure C;F4 polymerizes to (C;F4),, 
giving polytetrafluoroethylene or PTFE. This is a hard, white solid plastic’ 
with a greasy feel to the touch, and is much heavier (more dense) than one 
would expect. It is a good electrical insulator, and is chemically inert. It is 
expensive, and is used in the laboratory because of its inertness. It has a 
very low coefficient of friction and is used for coating non-stick pans and 
*azor Diades. Fluorocarbons are useful lubricants, solvents and insulators. 

heat CHCl, + HFSS”, chi. CF, 
CF, pressure ( C;F,), 

F Si 

Figure 13.19 px—dn overl 
in SIF 4. 
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Tetrachloromethane (carbon tetrachloride) CCl, 1s manufactured mamly 
from carbon disulphide 

FeCl, catalyst 30°C 
—— CS; ^ 3CL CCl, + S,CL 

CS, + IS Ch oe eS CCL, + 65 

CCl, 18 extensively used as a solvent, and for the preparation of Freons 
It is also used in fire extinguishers, where the heavy vapour excludes 
dioxygen and thus puts the fire out 

anhydrous conditons 
Se CCl, + 2HF CCLF, + 2HCI 

SbCH catalyst 

The carbon halides are not hydrolysed under normal conditions because 
they have no d orbitals, and cannot form a five coordinate hydrolysis 

tntermediate In contrast the silicon halides hydrolyse readily Silicon has 
3d orbitals available, and these may be used to coordinate OH" 10ns or 
water as a first step in hydrolysis In any atom there are always empty 
orbitals, but these are usually too high in energy to be used. If sufficient 

energy is provided by using superheated steam then CCI, will hydrolyse 

superheated CCl, + H;O COCh + 2H! 
steam carbonyl chlonde (phosgene) 

Phosgene 1s highly toxic, and was used as a poisonous gas in World War } 
It 18 now made by combining CO and Cl, with a C catalyst 1n sunlight, and 
is used to make isocyanates for the manufacture of polyurethanes 

Freons 

Mixed chlorofluorocarbons (sometimes called CFCs} such as CFC) 
CF,Ci; and CF4CÍ are known as Freons They are unreactive and non 
toxic and are widely used as refrigeration fluids, as the propellant in 
aerosols, and for washing computer boards At one time, nearly 700000 
tonnes of Freons were produced annually, though production had fallen 
to 100000 tonnes in 1992 Despite being inert they cause environmental 
damage Their use in aerosols was banned in the USA in 1980, and in 
Europe from 1990 They are still used in refrigerators, and a total ban on 
Freons in Europe 1s planned by the year 2000 

Freons are very much more effective ‘greenhouse gases” in the atmos 
phere than ts CO,, though the amount of Freons present 1s extremely 
small Much more seriously, the Freons have penetrated the upper afmos 
phere (5-20 miles high), and are causing damage to the ozone layer There 
has been a loss of about 6% of the ozone between 1980 and 1990 A hole in 
the ozone layer has appeared over the South Pole, and a similar hole seems 
to be developing over the North Pole The ozone layer 1s important as ii 
filters the radiation from the sun and prevents most of the harmful UV 
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radiation from reaching the earth. Excessive exposure to UV radiation 

should be avoided as it causes skin cancer (melanoma) in humans. 

In the upper atmosphere Freons undergo a photolytic reaction and 

produce free chlorine atoms (which are radicals). These react readily with 

ozone. The CIO radicals formed decompose slowly, re-forming chlorine 

radicals, which react with more ozone. . . and so on. The chlorine radicals 

do not recombine to form Cl;, because they need a three-body collision to 

dissipate the energy, and such collisions are extremely rare in the upper 

atmosphere. There is no effective sink for chlorine radicals. Once formed 

they are used again and again, so a small number of radicals make a very 

effective scavenger for ozone. 

CFCl; : 
24 photolysis CI 

CFsCI 

ci + 0,5, o, 4 CIO 
i 
CIO ———. Cl - O 

Overall reaction: 203 — 30, 
Several less harmful aerosol propellants are now in use. Hydrofluoro- 

carbons (HFCs) such as CH2FCF; and hydrochlorofluorocarbons (HCFCs) 
such as CHCI,CF; are being used as substitutes. They are also greenhouse 
gases, and may damage the ozone layer, but they do less damage than 
CFCs because they do not remain in the atmosphere for so long. The H 
atoms are attacked by hydroxyl radicals in the upper atmosphere, forming 
trifluoroacetic acid. The latter is not very toxic, and is eventually decom- 
posed by bacteria in the soil. CO; is an alternative propellant, but when 
cold it has a low vapour pressure and is therefore no use for windscreen 
de-icers. Butane also gives difficulties, since it is lammable, and cannot 
be used with food. 

Silicon 

The silicon halides can be prepared by heating either Si or SiC with the 
appropriate halogen. In marked contrast to the inertness of CFs, CCl, 
and the Freons, SiF, is readily hydrolysed by alkali. 

SiF; + 80H~ — SiO3” + 4F^ -- 4H;O 
The silicon halides are rapidly hydrolysed by water to give silicic acid. 

SICI, -- 4H;0 — Si(OH), + 4HCI 

In the case of the tetrafluoride, a secondary reaction occurs between the 
E HF and the unchanged SiF,, forming the hexafluorosilicate ion 
Fale 
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SiF, 4 2HF  2H* + [SFR] 

SiCl, 1s commercially tmportant Small amounts are used to make ultra 
pure Si for transistors Large quantities of SiCl, are hydrolysed at a high 
temperature (in an oxy hydrogen flame) giving very finely powdered 510, 
rather than §:1(OH), This ultrafine S10; is used as a thixotropic agent m 
polyester and epoxy paints and resins, and as an inert filler ın silicone 
rubber 

Other members of the senes S:,Xz,42 can be produced by pyrolysis 
(strong heating) These are either volatile liquids or solids The longest 
chains known are SiygF44, SigClyq and SizBryg The chains are longer than 
those formed in the hydrides This ıs due to px—dn bonding from full 
halogen p orbitals with d orbitals on S: 

SICI, + $1 — SCl + higher members of the series (SiCl,4) 

Germantum, tin and lead 

Ge, Sn and Ph form two seres of halides, MX, and MX, With Ge the 
(+IV) oxidation state 1s the most stable, but with Pb the (+II) state 15 the 
most stable 

The tetrahalides are all colourless volatile liquids except for Gels and 
Snl; which are bright orange sohds Compounds formed by the main group 
elements are normally white Colour ts associated with electrons betng 
promoted from one energy leve] to another, and absorbing or emittmg the 
energy difference between the two levels This is common in the transition 
elements, where there are often unh'led energy levels in the d shell 
allowing promotion from one d fevel to another. In the main groups, thes 
and p electron shells are normally filled when a compound is formed, 50 
promotion within the same shell is not possible Promotion from one shell 
to another, for example from the 2p to the 3p level, involves so much 
esq So aes pon Wes wow appear yn the wiiravvoles saiher 27.7 
the visible region Thus the tetrahalides would be expected to be white 
colour The orange colour of Snl 1s caused by the absorption of blue light, 
the reflected light thus containing a higher proportion of red and orang? 
The energy absorbed in this way causes the transfer of an electron from 1 to 
Sn (This corresponds to the temporary reduction of Sn(1V) to Sn(lll) ) 
Since transfermng an electron 1o another atom s transfernng a charge 
such spectra are called charge transfer spectra Ths occurs imn Snl, and Gels 
because the atoms have similar energy levels This would be expected 
because they are close tn the periodic table, and have similar sizes Charge 
transfer spectra do not occur with the other halides 

GeCl, and GeBr, are hydrolysed less readily SnCl, and PbCl, hydrolyse 
in dilute solutions, but hydrolysis 1s often incomplete and can be repressed 
by the addition of the appropriate halogen acid 

HC [ Sn(OH), === SnCl, === [SnCh, 2 
H;O H,O 



In the presence of excess acid, halides of Si, Ge, Sn and Pb increase their 

coordination number from 4 to 6, and form complex ions, such as [SiFe]*, 

[GeF,]*", [SnCI ]^ ̂ and [SnCI;] . Pbl, is not known, probably because of 

the oxidizing, power of Pb(+IV) and the reducing power of I~, which 

results in PbI, always being formed. 

Catenated halides 

Carbon forms a number of catenated halides, perhaps the best known 

being Tefion or polytetrafluoroethylene, which is described above. The 

polymers formed have chain lengths of several hundred carbon atoms 

Silicon forms polymers (SiF;), and (SiCl;), by passing the tetrahalide 

over heated silicon. These polymers decompose on heating into low mol- 

ecular weight polymers (or oligomers) of formula Si,,X2,42. The longest 

chains known are SijgF44, SigCli4 and Si4Brio. 
Germanium forms the dimer Ge;Cl&, but Sn and Pb do not form any 

catenated halides. 

DIHALIDES 

There is a steady increase in the stability of dihalides: 

CX, << SIX» < GeX»; < SnXs < PbX; 

SiF; can be made by high temperature reactions, and can be trapped by 
cooling in liquid N-. When the product warms up.'polymerization occurs 
giving a range of compounds up to Si,,F43. 

SiF, + Si = 2SiF; 
GeF, is a white solid made either by heating Ge with anhydrous HF. or 
from GeF, and Ge. It has an unusual fluorine.bridged polymeric structure. 
based on a trigonal bipyramid. GeF; units share two F atoms (giving the 
formula GeF,), and the Ge also forms a weaker interaction to another F. 
with a lone pair in the fifth position. These units are linked into infinite 
spiral chains. SnF; and SnCl, are white solids, and are obtained by heat- 
Ing Sn or SnO with gaseous HF or HCI. Stannous fluoride SnF, was used 
together with tin pyrophosphate Sn;P,O; in the original ‘Crest’ fluoride 
toothpaste. This is surprising as Sn is toxic, and NaF is now used instead. 
The crystal structure of SnF, is made of Sn,Fg, tetramers. These form an 
eight-membered puckered ring —Sn—F—Sn—F—, with weaker inter- 
actions linking the rings together. SnCl, partly hydrolyses in water, 
lorming the basic chloride Sn(OH)CI. SnFE; and SnCL both dissolve in 
solutions containing halide ions. 

snF; + F™ => {SnF3]7 pK ~] 

snCh - CI —[SnCh] pK ~2 
Sn^* ; : . I f : iH tons do occur in perchlorate solutions, but the stannous ion is readily 

Idized by air to Sn!V unless precautions are taken. Sn?* ions are 
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hydrolysed by water mainly to [Sm(OH),* — with. small amounts of 
[SnOH]* and [Sn;(OH);]* The [Sn;(OH)4] * 1on is probably cyclic and 
the compounds [Sni(OH)4]SO, and [Sn;(OH),)(NO4). are known The 
compounds PLX, are much more stable than PbX, Pb is the only element 

in the group with well defined cations The salts PbX; can all be made from 
a water soluble Pb** salt and the corresponding halide 10n or halogen acid 
The plumbous ton ts partially hydrolysed by water 

Pb?* + 2H,O — [PbOH]* + H,0* 

CLUSTER COMPOUNDS 

There 15 a well established tendency for the heavier members of Groups 
]4 15 and 16 to form polyatomic ions These may be chains rings or 
clusters 

Reduction of Ge. Sn and Pb by Na in liquid ammonia gives metal tons 
containing several atoms These have been shown to be metal clusters 
Crystalline compounds containing such ions can be isolated by forming 
complexes with ethylenediamine or with cryptand 222 hgands Examples 
include (Na(cryptand 222) [Sn — [Na(eryptand 222)| (Pb; 
[Na,(en)«Ges] and [Na;(en)Sn;] The shape of Ms clusters is a trigonal 
bipyramid and My clusters are unicapped square anti prisms (The latter 
consists Of a square anti prism 1e a cube with the top face with four 
corners rotated 45? relative to the bottom face Unicapped means an extra 
atom projects from one of the faces } 

REACTION MECHANISMS 

Many inorganic reactions such as double decomposition involve only 
ions. and these occur virtually instantaneously Typically organic reactions 
are slower because they involve breaking covalent bonds and they occur 
either by substituting one. group for another. or by adding on an extra 
group to give an intermediate which then eliminates another group to give 
the product 
The hydrolysis of SCl is rapid because Si can use a d orbital to form a 

five coordinate intermediate and the reaction occurs by an S42 mechan 
ism (Figure 13 20) A Jone pair of electrons from the oxygen ts donated to 
an empty d orbital on S1. forming a five coordinate intermediate which has 
a ingonai bipyramidal structure 

i 

H CI o CI 

add OH ei ct m te 
Ct cl WO ci 

Ci 
yf Line Cl CI C! 
51* 
Figure 13 20 Hydroiysis of 8iCI, 
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3s 3p 3d 

Electronic structure full I+ | It [+ |r |  LLLLE] 

of silicon inner TEES 

excited state shell 

Silicon having gained 

four electrons in 

SiCl, 
four orbitals — tetrahedral molecule 
(sp? hybridization) 

SiCI, having gained 
a lone pair from 

OH' in the 

intermediate five orbitals — trigonal bipyramid 
(sp?d hybridization) 

If the hydrolysis is performed on an asymmetrically substituted, and con- 
sequently optically active, silicon compound such as MeEtPhSi*Cl, then 
Walden inversion will occur, resulting in inversion of the structure from 
d to l or vice versa (Figure 13.21). In a similar way, the reduction of 
RRR; Si*Cl with Li[AIH4] to give R;R2R; Si*H also involves inversion 
of structure. 

Other mechanisms are possible because the conversion of R;R;R5Si*H 

Et H 
o^ Et 

_ |Me Et 
Me OH eliminate Ci” 

CI ——— 
HO Me 

Ph Ph 

Ci Ph 

Figure 13.21 Walden inversion of structure. 

to R; R;R3Si"Cl occurs with the retenion of structure. If R,R»R3Si*Cl is 
dissolved in ether or CCl, it is recovered unchanged, but dissolving in 
CH;CN results in racemization. 

ORGANIC DERIVATIVES 

The elements of this group have an extensive organometallic chemistry. 
The divalent state becomes increasingly stable and important on descend- 
ing the group (the inert pair effect), yet rather surprisingly the organo- 
metallic derivatives of Sn and Pb all contain M'Y and not M”. 
The alkyl silicon chlorides are important as the starting materials for 

the manufacture of silicones. The silicone polymers have already been 
described. Tetra organic derivatives of Si, Ge, Sn and Pb may be prepared 
from the halides using Grignard or organolithium reagents. 

SiCl,; + MeMgCl — MeSiCl,, Me.SiCl,, Me3SiCl, Me,Si 
PbCl, + LiEt > PbEt, — Pb + PbEt, 
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Tetraethyl lead is produced tn large amounts and used an an ‘anti Knock’ 
additive to increase the octane number of petrol The commercial prepara- 
tton uses a sodium/lead alloy 

Na/Pb + 4EtCI — PbEt, -- 4NaCI i 

Lead ts poisonous to man, and burning petrol containing PbEt, releases 
lead into the atmosphere In 1974 about 230000 tonnes of PhEt, was 

produced in the USA, 55000 tonnes in the UK, and an estimated total of 
500000 tonnes worldwide At that time, PbEt, was produced tn larger 
tonnage than any other organometallic compound Production in 1992 
was 150000 tonnes and 13s still declining as a result of legisiation requinng 
that new cars must run on lead free petrol 
About 40000 tonnes/year of organotin compounds R;5nX; and R4SnX 

are used About two thirds are used to stabilize PVC plastics and the 
remainder are used tn agriculture to control fungi, and pests such as insects 
and larvae 

I 
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PROBLEMS 

l 

10 

11 

12 

13 

What are the most common oxidation states of carbon and tin? Why 1s 
there any difference” 

(a) Draw the structures of diamond and graphite 
(b) Explain the difference in density between diamond and graphite 
(c} Explain the difference in electrical conductivity between diamond 

and graphite 
(d) Which ailotropic form of C has the lowest energy? 
(e) Why does the less stable form exist when the other form 3s 

thermodynamically favoured? 

List as many ways as possible of making CO and CO; What are they 
used for, and how are they detected? 

Explain the bonding in CO and CO; 

List the advantages and hmitauons of CO as a reducing agent m the 
extraction of metals fram their oxides 

Give equations to explain what reaction occurs when the following are 
heated (a) CaCQ,, (b) CaCO, and $10, (c) CaCO, and C, (d) CaC, 
and N+ 

Explain what happens when CO, is passed into a solution of Ca(OH); 
What happens with excess CO)? 

Give equations to show what reactions occur between CO and (a) O, 
(b) S, (c) Ch, (d) Ni, (f) Fe. (g) Fe3O; 

Write the formulae for the mononuclear carbonyls formed by V, Cr, 
Fe and Ni. What is the effective atomic number rule? Which of these 
complexes obey the rule? 

Explain with the aid of suitable diagrams how CO forms c and z bonds 
m NCO 

Draw the structures of the polynuclear carbonyls Mna(CO}m 
Fe {COto Kux(CO),. and Rhy(CO},> 

Why does CaCO, dissolve slightly when excess CO 1s passed into an 
aqueous slurry? Write equations to explain the effect of a small 
amount of CO; on lime water, and of an excess of CO; 

Give reasons why CQ) 1s a gas and SiOs is a solid 

Explain the x bonding in CO», CO7, SO; and SO, 
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Why is CCl, unaffected by water whilst SiCl, is rapidly hydrolysed? Is 
‘CCl, unreactive towards superheated steam? 

Compare the shapes of the following pairs of molecules or ions, and 

suggest reasons for the differences in each pair: 
(a) CCl, and TeCl, 
(b) CO; and NO; 
(c) SiF4 and ICI; , 

Why is SnI, an orange coloured solid when CCl, and SiBr, are 
colourless liquids? 

Starting with labelled BaCO; (containing '*C), how would you prepare 
labelled Na;COs, CaCO;, CaC?, CaNCN, C2H2, CHOH, CS, and 
Ni(CO),. 

How is CS; made, and what is it used for? 

How are NaCN and (CN); made? What is NaCN used for? 

Give two preparations for monosilane and compare its chemical 
properties with those of CH4. Explain any differences. 

Give three examples of Freons. How are they made, what are they 
used for, and how do they damage the environment? 

Compare and contrast the structures of trimethylamine and tri- 

silylamine. 

Draw the structures of six different types of silicate and give the name 
and formula of one example of each type. 

Describe the uses of soluble sodium silicates. 

Describe the use of zeolites as water softeners. 

How are silicate impurities removed in the extraction of A] and Fe? 

Describe two commercial methods for manufacturing alkyl substi- 
tuted chlorosilanes. How are the reaction products separated and how 
may polymers with almost any specified properties be prepared from 
them? 

How can silicates be detected in qualitative analysis? 

What are the main ores of Sn and Pb, and how are the metals 

extracted? 

. Give equations to show the reactions between Sn and: (a) Ha, 

(b) NaOH, (c) HNO,. (d) O;, (e) CL. 

What are the main uses of lead? 

What is red lead, and what is it used for? 

What are thc main sotirces of lead pollution, what can be done about 
them, and what are the effects of lead on humans? 

. How would you make lead tetra-acetate? What is its structure, and 
what is it used for? 

Describe the changes in physical and chemical properties which may 
be observed in the elements C, Si, Ge, Sn and Pb. Give reasons for 
these changes. 
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Table 14 E Electronic structures and oxidation states 

Flement Electronic structure Oxidation states* 
PS A a a Se 

Nitrogen N [He] 2s 2p! -I o EEV YV 
Phosphorus p (Nel 35° 3p" moo oy 
Arsenic As [Ar] 34" 4s’ 4p’ i v 
Anumony Sb [Kr 4d" Ss" Sp* i y 
Bismuth Bi [Xe] 4f'" Sd!) 6s" 6p' HI v 

* The most important oxidation states (generally the most abundant and stable} are 
shown un bold) Other well characterized but less important states ure shown 
(A normal type. Quad ition states that are unstable orn doubt are phen m 
p ucntheses 

ELECTRONIC STRUCTURE AND OXIDATION STATES 

The elements of this group all have five electrons in their outer shell They 
exhibil a maximum oxidation state of five towards oxygen by using all five 
outer electrons in forming bonds The tendency for the pair of 5 electrons 
to remain inert. (the inert pair. effect) increases with increasing atomic 
weight Thus only the p electrons are used in bonding and 1rvalency 
results Valencies of three and five are shown with the halogens and with 
sulphur The hydrides are trivalent Nitrogen exhibits a very wide range of 
oxidation states (—111) in ammonta NH, {~1]) in hydrazine N»H, (-])in 
hydroxylamine NH,OH, (0) tn dinitrogen N, (+1) in nitrous oxide N30, 
(+H) imn nitric oxide NO. (TIT) in nitrous acid HNO5, (IV) im nitrogen 
dioxide NO. and (+V) tn nitric acid HNO, The negative oxidation states 
arise because the electronegativity of H = 2 f and thu for N = 30 

OCCURRENCE, EXTRACTION AND USES 

Nitrogen 

Though dinitrogen comprises 78% of the earth s atmosphere, 1t ts not a 
very abundant clement tn the earth's crust (only the thirty-third equal) 
Nitrates are all very soluble in water so they are not widespread in the 
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earth's crust, though deposits are found in a few desert regions. The 

largest is a 450-mile-long belt along the coast of northern Chile, where 

NaNO; (Chile saltpetre) is found together with small amounts of KNO3, 

CaSO, and NaIO; under a thin layer of sand or soil. This provided the 

main source of nitrates prior to World War I, when synthetic processes 

were developed for the manufacture of nitrates from atmospheric dini- 

trogen. A major deposit of saltpetre KNO; occurs in India. 

Nitrogen is an essential constituent of proteins and amino acids. (An 

average composition of a protein is C = 50%, O = 25%, N = 17%, 

H = 7%. S = 0.5%, P = 0.5% by weight.) Nitrates and other nitrogen 

compounds are extensively used in fertilizers and explosives. Earlier this 

century NaNO; was very important as a fertilizer. Bat guano was also 

Table 14.2 Abundance of the elements in the 

earth's crust, by weight 

ppm Relative abundance 

N 19 33 = 
P 1120 , 11 
As 1.8 52 
Sb 0.20 64 
Bi 0.008 71 

important. (This is bat droppings, which were found in large amounts in 
limestone caverns in Kentucky, Tennessee and Carlsbad, New Mexico.) In 
the last 50 years these sources have largely been replaced by NH4 and 
NH,4NO. from the huge synthetic ammonia and nitric acid industries. 

Dinitrogen gas is used in large amounts as an inert atmosphere. This is 
mainly in the iron and steel and other metallurgical industries, and in oil 
refineries for purging catalytic cracking vessels, re-forming vessels and 
pipes. Liquid nitrogen is used as a refrigerant. Large amounts of N; are 
used in the manufacture of ammonia and ‘calcium cyanamide. N, is 
obtained commercially by condensing air to the liquid state, and then 
fractionally distilling the liquid air. N, has a lower boiling point than O; 
and distils off first. Six industrial gases are obtained in this way: Nz, O», 
Ne. Ar, Kr and Xe. A typical analysis of air is shown in Table 14.3. 

World production of Nz is growing rapidly and exceeds 60 million 
tonnes/year. (This is largely because liquid O; is essential for modern steel 
making processes, and N; is produced at the same time.) About two thirds 
of the N, is sold as gas. This may either be compressed in steel cylinders, or 
piped to where it is used. One third is sold as liquid Np. Dinitrogen 
obtained in this way always contains traces of dioxygen and the noble 
gases. Commercial N, normally contains up to 20 ppm of Og, ‘oxy-free’ N3 
contains up to 2ppm Oo, and ultrapure N, h I 5 pure Nz has no O; but may have up to 

A cylinder of N, is the usual s 
of the gas may be obtained b 
nt. Na is also obtained by 

ource of N3 in the laboratory, but samples 
y making ammonium nitrite and then warming 

oxidizing ammonia, for example with calcium 

| | 
| 

continued overleaf 
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Table 14 3 Abundance of different gases in dry air 

% by volume Bp of gas (°C) 

N, 78 08 —195 8 
O, 20 95 —183 I 
Ar 0 934 — 186 0 
CO; 0 025-0 050 —78 4 (sublimes) 
Ne 0 0015 —246 0 
H; 0 0010 —253 0 
He 0 00052 —269 0 
Kr G 000 [1 —153 6 
Xe O 0000087 —108 1 

hypochlonte, bromine water or CuO Small quantities of very pure Nz may 
be obtained by carefully warming sodium azide NaN, to about 300°C 
Thermal decomposition of NaN, is used to inflate the air bags used as 
Safety devices in some cars 

warm 

NH,CI -- NaNO; — NaCl - NH4NO, —— N; t 2H;0 

4NH, + 3Ca(OCl), -> 2N» + 3CaCl; + 6H;O 

&NH, + 3Br; +> N> + 6NH,Br 

2NaN,2——~» 3N> + 2Na 

Phospherus 

Phosphorus ts the eleventh most abundant element in the earths crust 
Phosphorus is essential for life, both as a structural material in. tugher 
animals, and tn the essential metabolism of both plants and animals. About 
60% of bones and teeth are Ca;(PO4); or [3(Ca,(PO,);) CaF;], and an 
average person has 8lbs (3 5 kg) of calcium phosphate in hes body Nucleic 
acids such as DNA and RNA contain the genetic material for each cell 
These nucleic acids are made up of polyester chains of phosphates and 
sugars with organic bases (adenine, cytosine, thymine and guanine) Phos 
phorus, in the form of adenosine triphosphate ATP and adenosine di 
phosphate ADP, is of vital importance for the production of energy in 
cells When water splits a phosphate group off ATP, forming ADP, 
33 kJ mole! of energy 1s released 

Vast amounts of phosphates are used tn fertilizers World production of 
phosphate rack was 145 million tonnes in 1992 (USA 32%, China 18%, 
Soviet Union 1595, and Morocco 13%) Most is mined as fluoroapatile 
[3Ca;(PO4),]- CaF;], but some is found as hydroxyapatite [3Ca,(PO.): 
Ca(OH);] and chloroapatite [3Ca3(PO4); - CaCl;] where OH?" and CV 
are substituted for F7 in the crystal structure About 90% of phosphate 
rock is used directly to make fertilizers, and the remainder 1s used to 
make phosphorus and phosphonic acid 



OCCURRENCE, EXTRACTION AND USES 471 
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Figure 14.1 Structure of adenosine triphosphate ATP. 

World production of elemental P is about one million tonnes/year, but is 
declining. It is obtained by the reduction of calcium phosphate with C in an 
electric furnace at 1400—1500°C. Sand (silica S10.) is added to remove the 
calcium as a fluid slag (calcium silicate) and to drive off the phosphorus as 
P,O,,. The P4O,, is reduced to phosphorus by C. At this temperature 
gaseous phosphorus distils off, mainly as P4 but with some P5. This is 
condensed to white phosphorus P, by passing the gas through water. 

2Ca3(PO,)> F 6S105 — 6CaSiO, T P4O9 

PO + 10C — P, + 10CO 

About 85% of the elemental P produced is used to make very pure 
phosphoric acid H4PO,. About 1096 is used to make P,S,, (used making 

organo P—S compounds) and P,S; (which is used to make matches). 

P, T 50O, a P4O0 T 6H;O0 T 4H4PO, 

P, + 10S => ANTT 

Other uses are for making POC], and phosphor bronze. 

Arsenic, antimony and bismuth 

The elements As, Sb and Bi are not very abundant. Their most important 
source is as sulphides occurring as traces in other ores. They are well 
known because they are obtained as metallurgical by-products from roast- 
ing sulphide ores in a smelter. Care should be taken since As and Sb 
compounds are poisonous. Fhe colours of the sulphide ores are distinctive. 

Arsenic is obtained as As;O, in the flue dust from roasting CuS, PbS, 
FeS, CoS and NiS in air. World production of As;O4 was 47000 tonnes 
in 1992. The oxide may be converted to As by reduction with C. The 
only common ores are arsenopyrites FeAsS (white-grey colour with 
metallic lustre), »algar As,S, (red-orange colour) and orpiment As2S3 
(yellow colour). The last two are found in volcanic areas. The element As 
Is obtained commercially by heating arsenides such as NiAs, NiAs2 or 
| FeAs,, or arsenopyrites FeAsS, to about 700°C in the absence of air, when 
' the As sublimes out. 

continued overleaf 
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4FeAsS — Asay) + 4FeS g 

There are few uses for As metal, but it is used to alloy with lead to make 

the lead harder. Small amounts are used to dope semiconductors and make 

light emitting diodes. Arsenic compounds are generally made from As,0, 
Their main uses, e g. rat porson, in medicine to kill parasites, and for 
preventing wood rot, arise from their porsonous nature. R 

Antimony is obtained as S020; in the flue dust from roasting ZnS ores 

This is easily reduced to the metal with carbon. The most important ore js 

stibmte Sb;S4, (indescent metal-like needles). The metal 15 obtained by 

fusing with iron: 

Sb.S; + 3Fe — 2Sb + 3FeS ' ` 

Antimony metal is used in alloys with Sn and Pb, It is also used to electra- 
plate steel to prevent rusting. World production of Sb was 84000 tonnes in 
1992. Antimony compounds are used as fire retardants in foam fillings for 
furniture and mattresses. a ; 

Bi;O, is obtained from the flue dust from roasting PbS, ZnS and Cus, 
and can be reduced to the metal with carbon. It also occurs as the minerals 
bismuthinite BijS4 and bismite Bi;O4. Because of its low melting point 
bismuth metal can be cast in much the same way as lead. As, Sb and Bi 
metals are all too brittle to work. Bi is used in low melting alloys, (One use 
of these alloys ts as a low melting plug for automatic fire sprinkler systems ) 
Other uses are in batteries, bearings, solder and ammunition. Warld pro- 
duction was 3600 tonnes in 1992. 

GENERAL PROPERTIES AND STRUCTURES OF THE ELEMENTS 

Nitrogen a to] 

The first element differs from the rest as was the case in the previous 
groups Thus dinitrogen is a colourless, odourless, tasteless gas which is 
diamagnetic and exists as diatomic molecules Ny, The other elements 
are solids and exist as several allatropic forms The Nz molecule contaims 

Table 14.4 Melting and boiling points 

Meng point Batting point 
CC) CC) 

N; -21U ~ 195 8 
P, 44 28] 

ÅAS 816* 615 (sublimes) 
a-Sb 631 1587 
a-Bi 271 1564 

+ 

*At 38 6 atmospheres pressure 
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a triple bond N=N with a short bond length of 1.09 A. This bond 

is very stable, and the dissociation energy is consequently very high 

(945.4 kJ mol"!). Thus N; is inert at room temperature, though it does 

react with Li, forming the nitride Li;N. Other isoelectronic species such as 

CO, CN~ and NO* are much more reactive than No, and this is because 

the bonds are partly polar, whilst in N, they are not. At elevated tempera- 

tures N; becomes increasingly reactive, and reacts directly with elements 

from Groups 2, 13 and 14, with H; and with some of the transition metals. 

Active nitrogen can be made by passing an electric spark through N» gas 

at a low pressure. This forms atomic nitrogen, and the process is associated 

with a yellow—pink afterglow. Active nitrogen will react with a number of 

elements, and breaks many normally stable molecules. 

The nitrogen cycle 

There is a continual turnover of nitrogen between the atmosphere, the soil, 

the sea and living organisms, which is estimated to be between 10? and 10? 

tonnes/year. This is called the nitrogen cycle. Consider the combined 
nitrogen in the soil: this is present as nitrates, nitrites and ammonium 
compounds. Losses of combined nitrogen from the soil occur for several 
reasons: 

|. Plants absorb these compounds, and use them to make protoplasm, in 
order to grow. Plants may be eaten by animals, and animals may eat 
animals. Animals excrete nitrogenous wastes usually as urea or uric 
acid, which is returned to the soil. Death and decay eventually return all 
the nitrogen to the soil. 

2. A group of denitrifying bacteria called Denitrificans convert nitrates 
Into Nz or NH; gases, which escape into the atmosphere. (Horse stables 
often smell of ammonia for this reason.) NH; is returned to the soil by 
the first rainstorm, but N2 is not. Examples of denitrifying bacteria 
include Pseudomonas and Achromobacter. 

nitrates > nitrites - NO, — N; — NH, 

QA net loss of nitrogen compounds in the soil occurs through the 
c of surface water into the sea. There it supports marine plant 
ife. 

i There Is a small loss of NO and NO, into the atmosphere from the 
burning of plants and coal, and from car exhausts. Though this may be 
unpleasant and produce smog locally, the amounts are small, and the 
nitrogen is returned to the soil when it rains. 

There are net gains to the' supply of combined nitrogen in the soil: 
I. The largest gain is from nitrifying bacteria which fix N, gas and turn it 

into nitrates OT ammonium salts. This produces over 6095 of the iili gain. It is estimated that approximately 175 million tonnes of 
2 are fixed annually by bacteria. This may be compared with 110 



474 THE GROUP 15 ELEMENTS | 

million tonnes of NH, produced in 1992 by man (mainly by the Haber- 
Bosch process, but some from the distillation of coal) The most 
important genus of bacteria is Rhizobium These live symbiotically in 
the nodules of roots of plants in the family Leguminosae, 1 ¢ peas, 
beans, clover and alder trees Other nitrifying bacteria live free in the 
soil, for example the blue-green bacteria Aneabena and Nostoc, aerobic 

bacteria such as Azotobacter and Beyerinckia, and anaerobic bactetia 
such as Clostridium pastorianum These bacterta require traces of 
certain transition metals such as Mo, Fe, Co and Cu from the soil, and 
also B The nitrogen fixing enzyme ‘nitrogenase’ was isolated from 

Clostridium pastorianum 1n. 1960. the same enzyme system is respon 
sible for nitrogen fixation in the other bacteria too 

Nitrogenase contains two components One 1s a Mo—Fe protein of 
molecular weight 220000, containing 24-32 Fe, two Mo and a labile 
sulphide group, and the other 1s an Fe protein of molecular weight 
60000, containing four Fe and four S Nitrogenase reduces N, to NH, 
and the Nz is thought to form a complex with the Mo-Fe protem 
Bonding in N5 complexes favours end on coordination to the metal 9 
donation from N to the metal is more important than z back bonding 

from the metal to N Nitrogenase also reduces N,Q, RCN and Nj & 

NH, and it also reduces ethyne C,H; to ethene C-H4 
Blue-green bacteria can also fix N5, and this 1s important in growing 

rice 
The number of kilograms of nitrogen fixed :n one acre of fertile soi In 

one year by different orgamsms is. Rhizobium 120, blue-green bacteria 
10, Azotobacter 0 1, Clostridium 0 1 i 
About 2075 comes from NHANOA, which is used in vast quantities a5 a 

artificial fertilizer The Haber—Bosch process 1s used to fix atmospheric 
N, and to make NH,, and the Ostwald process ts used to convert NH, [0 
HNO, Reacting NH; and HNO; gives NHNO, 
Relatively small amounts come from deposits such as Chile saltpetre 
NaNO, which is mined and used as fertilizer 
Minor gains come from the effects of lightning, and from photochem:¢al 
changes Lightning may cause N, and QO, 1n the air to form NO af 
NO, This ts essentiaily similar to the obsolete Birkeland-Eyde 
process The strong UV radiation in the upper atmosphere may cause 
similar photochemical changes, giving oxides of nitrogen. The NO; 
formed forms a very dilute solution of HNO, 1n rain water. 

Phosphorus 

Phosphorus ts solid at room temperature White phosphorus is soft, w*Y 
and reactive It reacts with moist air and gives out light (chemilumie 
scence) It ignites spontaneously in air at about 35°C, and is stored unde! 
water to prevent this It i5 highly toxic. It exists as tetrahedral P, 

molecules, and the tetrahedral structure remains in the liquid and gaseous 
states Above 800°C P, molecules in the gas begin to dissociate into *2 
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GENERAL PROPERTIES AND STRUCTURES OF THE ELEMENTS 

Figure 14.2 The structure of black phosphorus. The atoms are arranged in 

corrugated planes in crystalline black phosphorus (Van Wazer, J.R., Phosphorus 

and Its Compounds, Vol.I, Interscience, New York — London, 1958, p.121). 

à 

molecules, which have a bond energy of 489.6 kJ mol" '. (This is only half 
the value for N, because the orbitals in the third shell are much larger and 
give relatively poor pzxi-pz overlap.) If white phosphorus is heated to 
about 250°C, or a lower temperature in the presence of sunlight, then red 

phosphorus is formed. This is a polymeric solid, which is much less reactive 
than white phosphorus. It is stable in air and does not ignite unless it is 
heated to 400°C. It need not be stored under water. It is insoluble in 
organic solvents. Heating white phosphorus under high pressure results in 
a highly polymerized form of P called black phosphorus. This is 'thermo- 
dynamically the most stable allotrope. It is inert and has a layer structure 
(Figure 14.2). Other more doubtful allotropes have been reported. 

Arsenic, antimony and bismuth 

Solid As, Sb and Bi each exist in several allotropic forms. Arsenic vapour 
contains tetrahedral As, molecules. A reactive yellow form of the solid 
resembles white phosphorus and is thought to contain tetrahedral As, 
units. Sb also has a yellow form. All three elements have much less reactive 
metallic or a-forms. These have layer structures, but the layers are 

i 

Table 14.5 Radii, ionization energies and electronegativity 

Covalent Ionization energies Pauling's 
radius (kJ mol!) electronegativity 

(À) Ist 2nd 3rd a a a ee te T 
: 0.74 1403 2857 4578 3.0 
A 1.10 1012 1597 2910 2.1 
Sh 1.21 947 1950 2732 2.0 
B; 1.41 834 1590 2440 1.9 

! 1.52 703 1610 2467 1.9 

475 
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puckered Another allotrope of Sb that is formed at high pressure has a 
hexagonal close packed structure A high pressure form of Br has a body 
centred cubic structure Bismuth is unusual because the liquid expands 
when it forms the solid This unusual behaviour is also found with. Ga 
and Ge 

Figure 143 Layer structure of bismuth 

BOND TYPE 

The majority of compounds formed by this group are covalent 

d P 

Outer electron c structure 
oi Group 15 element t: [qt jt! 

three unpa red electrons form o bonds with three other atorns 
four etectron pa rs g ve a tetrahedral shape wth one poston 
occup ed by a lone par 

A coordination number of 4 is obtained if the lone pair 1s donated (that is 
used to form a coordinate bond) to another atom or ion. An example is the 
ammomum 1on [H4N — H]* (Figure 14 4) 

Figure 14 4 Structure of ammonia 

$ 

lt requires too much energy to remove all five outer electrons so M' 
ons are not formed However Sb and Bi can lose just three electrons 



METALLIC AND NON-METALLIC CHARACTER 

forming M^* ions, but the ionization energy is too high for the other 

elements to do so. Both SbF; and BiF; exist as ionic solids. The M?* ions 

are not very stable in solution. They can exist in fairly strong acid solutions, 

but are rapidly hydrolysed in water to give the antimony oxide ion or 

bismuth oxide ion SbO* and BiO*. This change is reversed by adding 

5M HCI. 

H,O 
Bit = [BiO]* 

HCl 

BiCl, + H,0 = BiOCI + 2HCI 

Nitrogen atoms may gain three electrons and so attain a noble gas 

configuration, forming ionic nitrides containing the N^" ion. It takes 
2125kJ mol~! of energy to form N°. Thus ionic nitrides are formed only 
by metals which have low ionization energies and can form nitrides with 

high lattice energies (Li3N, Bez3N2, Mg3N2, Ca3N2). Though compounds 
such as Na4P and Na3Bi are known, these are not ionic. l 

Nitrogen cannot extend its coordination number beyond 4 because there 
are only four orbitals available in the second shell of electrons. Thus 
nitrogen cannot form complexes by accepting electron pairs from other 
ligands, but the subsequent elements can form such complexes. Thus the 
other elements may have coordination numbers of 5 or 6 as, for example, 
in PCl; gas and [PCl,]~. The formation of complexes may be explained 
by involving one or two d orbitals in bonding. Thus sp°d or sp°d? 
hybridization may occur. The 3d orbitals of an isolated phosphorus atom 
are much larger than the 3s and 3p orbitals. This might at first sight suggest 
that the use of the 3d orbitals for bonding is improbable. However, when 
electronegative ligands are placed round the phosphorus atom, the 3d 
orbitals contract to nearly the same size as the 3s and 3p orbitals. (The 
extent of d orbital participation in o bonding is controversial and is 
discussed in Chapter 4.) 

Nitrogen also differs from the other elements in that it can form strong 
pr-pz multiple bonds. Because of this it forms several compounds which 
have no counterparts in the other elements. These include nitrates NOF, 
mtrites NOF, azides N3, dinitrogen N3, oxides of nitrogen N-20, NO, 
NO2, N204, cyanides CN-, and azo and diazo compounds. Because nitro- 
gen can form multiple bonds, the oxides N;O4 and N5O; are monomeric, 
whilst the trioxides and pentoxides of the other elements are dimeric. 

METALLIC AND NON-METALLIC CHARACTER 

neis ded qup the usual trend, that metallic character increases on de- 
aa 1 : : D Thus N and P are non-metals, As and Sb are metal- 
Md snow many metallic properties, and Bi is a true metal. The 

casing metallic character is shown by the following: 

477 
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L In the appearance and structures of the elements 
2 By their tendency to form positive rons 
3 By the nature of their oxides. Metallic oxides are typically basic, and 

non metallic oxides are acidic Thus the normal oxides of N and P are 
strongly acidic, whereas those of As and Sb are amphoteric and that of 
Bi 1s largely basic 

4 The electrical resistivity of the metallic forms (a-As 33, a Sb 39 and 
a-Bi 106 uohm em) are much flower than for white phosphorus (1 x 
10 yohm cm), 1ndicating an increase in metallic properties However, 
the resistivity values are higher than the values for a good conductor 
such as Cu, 1 67 ohm cm, and higher than Sn, 11, and Pb, 20 ohm cm 
in the adjacent group (See Appendix J ) 

REACTIVITY 

Dinitrogen 1s relatively unreactive, which 1s why it has accumulated in 
such large amounts in the atmosphere 

White phosphorus catches fire when exposed to ai, burning to form 
PaO, It is stored under water to prevent this Red phosphorus is stable in 
air at room temperature, though it reacts on heating 

Arsenic ts stable in dry air, but tarnishes in morst air, giving first a bronze 
then a black tarnish When heated :n air it sublimes at 615°C and forms 
As,0,, not As,O.,g Strong heating imn dioxygen can give either of these 
oxides, depending on the amount of dioxygen present This reluctance to 
attain the maximum oxidation state for the group 1s found in the elements 
Ga, As, Se and Br, that is in the elements immediately following the filling 
of the first d shell As,O,o and H4AÀsO, are used as oxidizing agents in 
volumetric analysis 

Sb 15 Jess reactive, and 1s stable towards water and to atr at room 
temperature On heating in air n forms Sb,O, SbsOg or SbgO;9 Bi forms 
BuO, on heating 

HYDRIDES 

The elements ali form volatile hydrides of formula MH, which are all 
poisonous, foul smelling gases On descending the group from NH; t9 
Bilt, 

1 The hydndes become increasingly difficult to prepare 
2 Their stability decreases 
3 Their reducing power increases 
4 The ease of replacing the hydrogen atoms by other groups such as Ci or 

Me decreases 
5 Their ability to act as electron donors, using the lone pair of electrons 

for coordinate bond formation, decreases 

f 



Ammonia NH; 

NH; is a colourless gas with a pungent odour. The gas is quite poisonous. It 

dissolves very readily in water with the evolution of heat. At 20°C and one 

atmosphere pressure 53.1 g NH dissolves in 100 g water. This corresponds 

to 702 volumes of NH; dissolving in 1 volume of H,O. In solution ammonia 

forms ammonium hydroxide NH,OH, and behaves as a weak base. 

NH, + HO = NH} + OHT K=1.8 x 10°moll7! 

NH; and NH4OH both react with acids, forming ammonium salts. These 

salts resemble potassium salts in solubility and in their crystal structures. 
Like the Group 1 salts, ammonium salts are typically colourless. There are 
some differences. Ammonium salts are usually slightly acidic if they have 
been formed with strong acids such as HNO;, HCl and H5S0O,, since 
NH4OH is only a weak base. Ammonium salts decompose quite readily on 
heating. If the anion is not particularly oxidizing (e.g. CI, CO$^ or SO?) 
then ammonia is evolved: 

hcat 
NH4CI — NH; 4- HCl 

hcat 
(NH4)jSSO, — 2NH4 T H5SO, 

If the anion is more oxidizing (e.g. NOz , NO5, CIO; , Cr;0$ ) then NH? 
is oxidized to N5 or N5O. 

-Iil 0 

NH4NO, 3, N, 4 2H;O 

-II iow +I 

NH4NO; — N-O T 2H;O 

(NH,);CrO; 5 N; -- 4H;O + Cr,0; 
NH; burns in dioxygen with a pale yellow flame: 

4NH4 T 30, => 2N5 + 3H,O 

The Same reaction occurs in air, but the heat of reaction is insufficient to 
maintain combustion unless heat is supplied, for example in a gas flame. 
Certain mixtures of NH3/O> and NH;/air are explosive. 
NH; is prepared in the laboratory by heating an ammonium salt with 

NaOH. This is a standard test in the laboratory for NH? compounds. 

NH,Cl + NaOH — NaCl + NH; + H-O 

The NH; evolved may be detected: 

1. By its characteristic smell. 
2. By turning moist litmus paper blue. 
3. : — dense white clouds of NH4CI with the stopper from a bottle 

O ; 
4. By forminga yellow-orange- brown precipitate with Nessler's solution. 
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World production of NH; was 110 million tonnes in. 1992. Most wis 

manufactured synthetically from H5 and N; by the Haber—Bosch process 

(see later) but some was obtarned from coal gas purification and during 

coke production from coal Ammonia can also be obtained from the 

hydrolysis of calcium cyanamide, CaNCN Calcium cyanamide ts usually 

used as a fertilizer, and this reaction occurs slowly tn the soil 

CaNCN + 3H,0 — 2NH; + CaCO, 

(CaNCN 1s also used to make melamine, urea and thiourea - See Chapter 
11 ) In the past when town gas was made as a fuel by dry distilling coal in 
the absence of air any nitrogenous compounds in coal were converted imio 
NH, This NH, was obtained as a by product 

Ammonium salts 

Ammonium salts are all very soluble in water. They all react with NaOH, 
lberating NH, The NH4 ion is tetrahedral. Several ammomum salts are 

important 

NH4CI ts well known At one time it was obtamed by heating camel 
dung NH,Ci rs easily purified by sublimation! It can be recovered as a 
by product from the Solvay process Itis used in ‘dry batteries’ of the 
Leclanché type It ts also used as a flux when tinning or soldermg metals; 
since many metal oxides react with NHC forming volatile chlorides thüs 

leaving a clean metal surface 
NH4NO), is used in enormous amounts as a nitrogenous fertilizer It 5 

deliquescent Because it can cause explosions it 18 often mixed with CaCO; 
or (NH4J,5O, to make it safe. It is also used as an explosive, since en 
strong heating (above 300°C) or with a detonator, very rapid decompos! 
tion occurs The solid has almost zero volume and it produces seven 
volumes of gas this causes the explosion 

2NH4NO4 — 2N, 4 O, * 4H4O 

smaller amounts of (NH4);SO, are also used as a fertilizer At one time 
(NH4);SO, was obtained as a by product from making coal gas (town pas) 
since natural gas has become available in developed countries. town gas t5 
no longer made (NH4),SO, is made by passing NH, and CO, gases into 8 
slurry of CaSO, in water 

2NH, + CO, + H,O > (NH,),CO, 

(NH,).CO, + CaSO, — CaCO, + (NH,)S0, 

small amounts of diammonum hydrogen phosphate (NH4)HPO, and 
ammonium dihydrogen phosphate NH4H;PO, are used as fertilizers They 
are also used for fireproofing wood, paper and textiles NH4CIO, is used 25 
an oxidizing agent in solid fuel rocket propellants 



Phosphine PH; 

Phosphine PH; is a colourless and extremely toxic' gas, which smells 

slightly of garlic or bad fish. It is highly reactive. It can be formed either by 

hydrolysing metal phosphides such as Na3P or Ca3P, with water, or by 

hydrolysing white phosphorus with NaOH sofution. 

Ca;P; T 6H;0 => 2PH; E 3Ca(OH) 

P, + 3NaOH + 3H,0 => PH, + 3NaH;PO; 

PH. unlike NHa, is not very soluble in water: aqueous solutions are 

neutral. It is more soluble in CS, and other organic solvents. Phosphonium 

salts such as [PH4]*CI^ can be formed, but require PH; and anhydrous 
HC! (in contrast to the ready formation of NH4X in aqueous solution). 

Pure PH; is stable in air, but it catches fire when heated to about 150°C. 

PH; + 202 > HPO, 

PH; frequently contains traces of diphosphine PH, which cause it to catch 
fire spontaneously. This is the origin of the flickering light called will-o’- 
the-wisp, which is sometimes seen in marshes. 

Arsine AsH3, sttbine SbH; and bismuthine BiH; 

The bond energy (Table 14.6) and the stability of the hydrides both 
decrease on descending the group. Consequently, arsine AsH3, stibine 
SbH; and bismuthine BiH; are only obtained in small amounts. AsH, and 
SbH; are both very poisonous gases. AsH3, SbH; and BiH; can be 
prepared by hydrolysing binary metal compounds such as Zn3As;, MgsSb, 
or Mg;Bi» with water or dilute acid. AsH4 and SbH; are formed in Marsh's 
test for As and Sb compounds. Before the use of instruments for analysis, 
this test was used as a forensic test. Practically all As or Sb compounds 
can be reduced with Zn and acid, forming AsH4 or SbH,. The gaseous 
hydrides are passed through a glass tube heated with a Bunsen burner. 
SbH; is less stable than AsH;: hence it decomposes before passing through 
the flame, and gives a metallic mirror on the glass tube. AsH, is more 
stable, and requires stronger heating to make it decompose. Thus AsH, 
gives a mirror after the flame. 

Structure of the hydrides 

The structure of ammonia may either be described as pyramidal, or 
tetrahedral with one position occupied by a lone pair (Figure 14.4). This 
shape Is predicted using the VSEPR theory since there are four electron pairs in the outer shell. These comprise three bonding pairs and one lone pair. The repulsion between a lone pair and a bond pair of electrons always exceeds that between two bond pairs. Thus the bond angles are reduced 
from 109?27' 0AQ' 2 Filia] 27’ to 107*48', and the regular tetrahedral shape is slightly 
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Electronic structure of ls 25 2p 

nitrogen atom — ground 

Nitrogen having gamed a 
share in threa electrons 
from three hydrogen 
atoms in NH4 molecule 

four orbitals in the outer shell 

{three bond pairs and one jone pair) 
tetrahedral arrangement with one 
position occupied by a lone pair 

The hydrides PH, AsH; and SbB, would be expected to be similar 
However, the bond pais of electrons are much further away from the 
central atom than they are in NH; Thus the lone pair causes even greater 
distortion 10 PHa, AsH; and SbH, The bond angle decreases to 91°18 

(Table 146) These bond angles suggest that 1n PH4, AsH;, SbH, and 
BiH; the orbitals used for bonding are close to pure p orbttals 
The melting and boiling pamts of the hydrides increase from PH, 

through AsH, to SbH; The values for NH; seem out of line with this 
trend one might have expected the boiling point of NH; to be —110°C or 
-120°C The reason why NH; has a higher boiling point and ts much fess 

volatile than expected is that it 15 hydrogen bonded in tbe liquid state. The 
other hydrides do not form hydrogen bonds 

These hydrides are strong reducing agents and react with solutions of 
metal tons to give phosphides, arsenides and stibnides They are flammable 
and extremely poisonous 

Table 14 6 Some properties of the hydrides 

mp bp Bond energy Bond angle Bond length 
CC) (CO {kI mot) (A) 

NH; -778 -345 N-H=389  H-N-H - 10748 1 017 
PH; -1335 -875 P-H « 313 H-P-H = 93°36 1 419 
AsH,  -—1163 -624 As-H=247 H-As-H= 91°48 ] 519 
SbH; -88 -184 Sb-H=255 H-Sb-H= 91°18 1 707 

Donor properties 

NH; can donate its lone parr of efectrons quite strongly to form complexes 
Thus ammonia forms ammonium NH? salts, and also coordination 
complexes with metal ons from the Co, Ni, Cu and Zn groups, for 
example the (Co(NH3)6]° * jon, very readily 
PH, acts as an electron donor and forms numerous complexes such as 

[FB — PH;], [ChA! t- PH;] and (Cr(CO) (PH3)4] A variety of other 



trivalent phosphorus compounds such as PFs, PCl;, PEt,, P(OR), and 

PPh; also form complexes, which in. some ways resemble complexes with 

CO. Thus the lone pair on P is used to form the coordinate bond to an 

empty orbital on the B or metal (a o bond). In the case of metals, this 

original coordinate bond may be reinforced by back bonding from n° 

overlap of a filled d orbital on the metal with an empty d orbital on P. 

The donor properties of the other hydrides are very weak, and they have 

little or no tendency to form coordinate bonds. 

In NH; the lone pair occupies an sp? hybrid orbital. In AsH; and SbH; 
the bond angles become close to 90° which suggests that the orbitals used 

for M—H bonding are almost pure p orbitals. If the three p orbitals are 

used for M—H bonding, the lone pair must occupy a spherical s orbital. 

This is larger, and less directional, and hence less effective for forming 
a coordinate bond. This means that any o bond will be very weak. In 
addition the 4d and 5d orbitals are too large for effective x back bonding. 
These two factors account for the difference in complexing power between 
the hydrides. 

Nitrogen forms several hydrides (see Table 14.7). 

Table 14.7 Hydrides of nitrogen 

Formula Name Oxidation state 

NH; . Ammona ~JI 
N-H4 Hydrazine -II 
NHOH Hydroxylamine =I 

Hydrazine N- H4 

Hydrazine is a covalent liquid, which fumes in air, and smells similar to 
NH;. Pure hydrazine burns readily in air with the evolution of a large 
amount of heat. 

N2Haqy + Ox) > Nagy + 2H20 AH = —621 kJ mol`’ 

The methyl derivatives MeNHNH?; and Me;NNH»; are mixed with NO, 
and used as a rocket fuel in the space shuttle, in guided missiles, and 
(earlier) in the Apollo lunar modules. 
NH, is a weak base and reacts with acids, forming two series of salts. 

The salts are white ionic crystalline solids, and are soluble in water. 

N2oH, + HX — NH? + X7 

N>H, + 2HX  N,H2* — 2X7 

When dissolved in water (in neutral or basic solutions) hydrazine or its 
salts are powerful reducing agents. They are used to produce silver and 
copper mirrors and to precipitate the platinum metals. Hydrazine also reduces I; and O.. 



484 THE GROUP 15 ELEMENTS 

N>H, + Zl, — 4HI + N^ 

NH; T 20, — 2H20, + N3 

NH, + 2CuSO, — Cu + N, + 2H>SO, 

In acidic solutions, hydrazine usually behaves as a miid reducing agent, 
though powerful reducing agents can reduce NH, to NH, thus Causing 
N5H, to be oxidized 

N;H, * Zn 4 2HCI — 2NH; 4- ZnCl, 
(-Il) (- IT) 

Hydrazine may act as an electron donor The N atoms have a lone parr of 
electrons, which can form coordinate bonds to metal sons such as Nett and 
Co?* 

World production of hydrazine is nearly 26000 tonnes/year Most is used 
as rocket fuel Other uses are the manufacture of ‘blowing agents’ (for 
producing blown plastics), as agricultural chemicals, and to treat the boiler 
feed water in power stations to prevent oxidation of the boiler and pipes 
In the laboratory phenylhydrazine is used to characterize carbonyl com 
Pounds and sugars by forming crystalline derivatives called osazones 
Osazones can be identified by microscopic examination of the shape of the 
Crystals, ar by melting point determination 

CH, OH CH, OH 
| 

(CH OH), (CH OH); 

CH OH CH OH 

| | 
CHO + H,N—NHC,H,; CH-N-—NHC&H; -- H;O 

glucose phenylhydrazine glucose phenyfhydrazone 
(an osazane) 

Hydrazine 1s still manufactured by the Raschig process, in whieh 
ammonia ts oxidized by sodium hypochlonte in dilute aqueous solution 

NH; + NaOCl NH.CI 4 NaOH (fast) 
2NH; * NH:CI — NH.NH, + NH,C! (slow) 

A side reaction between chloramine and hydrazine may destroy some or all 
Of the product 

N5H, + 2NH5Cl N+ + ¿NHCl 

This reaction 1s catalysed by heavy metal rons present in solution For ths 
reason distilled water is used (rather than tap water), and glue or pelatin 
I$ added to mask (1€ complex with) the remaining metal rons The use 
Of excess of ammonia reduces the incidence of chloramine reacting with 
hydrazine The use of a dilute solution of the reactants 15 necessary to 
Minimize andther side reaction 

SNHCl + 2NH, — N, + 3NH,Cl 



HYDRIDES 

The modern industrial process runs continuously rather than as a batch 

process. A dilute aqueous solution containing a 30-1 ratio of NH,OH and 

NaOCl and gelatin is passed rapidly at high pressure through a reactor at 

150°C. Conversion is about 60%, and a 0.5% solution of hydrazine is 

obtained. The excess NH; is stripped off and recycled. The hydrazine is 

concentrated by distillation yielding N;2H4 - H2O, or by adding H55O, to 

precipitate the salt N5H,4: H58O,. o 

Electron diffraction and infrared data indicate that the structure of 

hydrazine is related to that of ethane. Each N atom is tetrahedrally 

surrounded by one N, two H and a lone pair. The two halves of the 

molecule are rotated 95? about the N—N bond and oe a gauche (non- 

eclipsed) conformation. The N—N bond length is 1.45 A. | 

Phosphorus forms an unstable hydride P2H,, which has very little 
chemical similarity to N2H.4. 

Hydroxylamine NH;OH 

Hydroxylamine forms colourless crystals that melt at 33?C. It is thermally 
unstable and decomposes into NH3, N2, HNO; and N20 easily. It explodes 
if heated strongly. It is usually handled in aqueous solution, or as one of its 
salts, since these are more stable than free NH5OH, 

Hydroxylamine is a weaker base than is ammonia or hydrazine. Salts 
contain the hydroxylammonium ion [NH3OH]*. 

NHOH + HCI 5 [NH4,OH]*CI- 
NH2OH T H5SO, ze [NH43OH]*HSO; 

The appropriate reduction potentials (see page 490) suggest that hy- 
droxylamine should disproportionate. It disproportionates slowly in acidic 
solutions: 

-I +1 -ill 
4[NH -OH : H]* —> N-O + 2NH; s 2H* + 3H30 

and rapidly in alkaline solutions: 

= 0 —IH 

Both NH;OH and its salts are very poisonous, and they are also strong 
reducing agents. 

Hydroxylamine is manufactured by reducing nitrites, or from nitro- 
methane: 

NHNO, + NHsHSO, + SO; + 2H,O > [NH,OH]*HSO; + (NH4)2SO, 
CH;NO, + H5SO, — [NH;OH]*HSO; 4 CO 

Hydroxylamine has donor properties (like NH3 and NjH,): the N atom can form coordinate bonds, and can complex with metals. In addition it adds 
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easily to double bonds in organic molecules, and thus provides an easy way 
of introducing N atoms into molecules 
NHOH is manufactured in large quantities to make cyclohexanone 

oxime, which 1s converted to caprolactam and then polymerized to gie 
nylon 6 

o 
O NOH el 

20H ^ NH0 Oleum NH 

/ 
CH, 

Cyclohexanone Cyclohexanone Caprolactarn oxime 

CO-{ NH~(CH,),-CO} NP 

Nylon 6 

Figure 145 Nylon-6 

LIQUID AMMONIA AS A SOLVENT 

Ammonta gas 1s easily condensed (boiling point. —33?C) to give liquid 
ammonia Liquid ammoma ts the most studied non aqueous solvent and it 
resembles the aqueous system quite closely Liquid ammonia, like watti 
will dissolve a wide vanety of salts Both water and ammoma undergo self 
ionization 

2H,0 = H,0* + OH” 

2NH; — NH7 + NH; 

Thus, substances which produce H;O* tons in water are acids, and 
ammonium salts are acids tq liquid ammoma Similarly, substances pro 
ducing OHT in water or NHF in ltquid ammonia are bases in that solvent 

Thus acid-base neutralization reactions occur in both solvents, afd 
phenolphthaleimn may be used to detect the end point in either 

HC! + NaOH — NaCl -- H;O (in water) 
acid base salt sven 

NHCl + NaNH; — NaCl + 2NH; {in ammonta) 

In a similar way, precipitation reactions occur in. both solvents 
However, the direction of the reaction is a function of the solvent 

(NH4,4S 4 Cu?* — 2NH4 + CuS} (mn water) 
(NH4&S -- Cu?* — 2NH2 + Cu,SJ (ın ammoma) 

BaCl, + 2AgNO. — Ba(NO4), + 2ApeCi{ (in water) 

Ba(NO4) + 2AgC! — BaCl,! + 2AgNO; — (in ammonia) 

Amfphoteric behaviour ıs observed in bath solvents, for example: 
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Zn(OH) is amphoteric in water and Zn(NH;); is amphoteric in ammonia: 

CXCCSS 

Zn?* 4 NaOH — Zn(OH); + NaOH > Na2[Zn(OH),] (in water) 
insoluble soluble 

excess 

Zn^ * KNH;  Zn(NH;); - KNH; > Ko[Zn(NH2)] (in ammonia) 
insoluble soluble 

Liquid ammonia is an extremely good solvent for the alkali metals and 

the heavier Group 2 metals Ca, Sr and Ba. The metals are very soluble 

and solutions in liquid ammonia have a conductivity comparable to that of 

pure metals. The ammonia solvates the metal ions, but is resistant to 
reduction by the free electrons. These solutions of metals in liquid 
ammonia are very good reducing agents because of the presence of free 
electrons. 

liquid ammonia 
—_— Na [Na(NH3),,]” +e 

Solutions of ammonium salts in liquid ammonia are used to clean the 
cooling systems in some nuclear reactors. Liquid sodium is used to cool fast 
breeder nuclear reactors, such as that at Dounreay in Scotland. Liquid 
ammonia is a good solvent for metals, but the surfaces are left wet with 
NH3. When this evaporates it may leave a trace of finely divided sodium 
which is pyrophoric. Thus it is necessary to destroy the sodium by using an 
acid such as an ammonium salt in liquid ammonia. 

2NH,Br ^ 2Na-2 5, 2NaBr + H + 2NH; 
Because liquid ammonia accepts protons readily, it enhances the 

ionization of so-called weak acids such as acetic acid. 

CH,:COOH 2 CH4- COO- 4 H* 
The NH; removes H* and thus causes the reaction to proceed in the 
forward direction. Thus acetic acid has a pK, value of 5 in water but is 
almost completely ionized in liquid ammonia. Ammonia thus reduces the 
difference between the strengths of acids. In this respect ammonia is called 
a levelling solvent (see Chapter 8, under Acids and bases). 

HYDROGEN AZIDE AND THE AZIDES 

n azide HN; (formerly called hydrazoic acid) is a colourless liquid 
A C, which is highly poisonous and has an irritating odour. Both the 
quid and the gas explode on heating or with a violent shock. 

2HN, MERE H- + 3N> 

: slightly more stable in aqueous solution, but should be treated with 
t dissociates slightly in aqueous solution (pK, = 5). It behaves as a 
acid, of similar strength to acetic acid. It reacts with electropositive 

HN, 

care, 

Weak 
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metals, forming salts called azides, Dut unlike other acid + metal reactions, 
no hydrogen is evolved 

6HN, + 4L1— 4LIN, + 2NH, + 2N> 
hhm azide 

Covalent azides are used as detonators and explosives Ionic azides are 
usually much more stable, and some are used as organic intermediates and 
dyestuffs 

The most important method of making azides 1s by passing nitrous oxide 
gas into fused sodamide at 190°C under anhydrous conditions The water 
vapour produced reacts with more sodamide Alternatively nitrous oxide 
can be passed into a solution of sodamide in [iquid ammonia as a solvent 

N-O + NaiNH; — NaN, + HO 

HO + NaNH, — NH, + NaOH 

N-O + 2NaNH; — NaN, + NH, + NaOH 

The sodium azide sọ obtamed may be converted to hydrogen azide by 
treatment with. H58O, followed by distillation. Lead azide Pb(N5); can be 
precipitated from a solution of sodium azide and a soluble lead salt such as 
Pb(NO4), Pb(N4); is sensitive to shock and 1s used as a detonator to set off 
a high explosive charge ftis particularly reliable, and works even in damp 
conditions Numerous other metal azides are known 

Cyanuric triazide ts a powerful explosive (Figure 14 6) 

N3 N Na 

Me Ne 
|| 
N N 
M 

| 
Na 

Figure 14 6 Structure of cyanurte trazide 

The (N4)" ion i5 considered as a pseudohalide 10n (see Chapter 16). !i 
forms the extremely unstable and explosive compounds fluorazide ENs 
chlorazide CIN,, bromazide BrN, and todazide IN, but the dimer Nq4—Ni 

Is unknown 

Analysis of Ny js by reduction with H-S 

NaN; + H:5 + H:0 — NH, + N; + 5 + NaOH 

The Nj 10n has 16 outer electrons and ss soelectronic with CO; The Ni 
ton 1s hnear (N—N—-N} as is CO, Four electrons are used for the two d 
bonds Each of the end N atoms has one non bonding pair of electrons 

This leaves 16 — 4 — (2 x 2) — 8 electrons for x bonding If the bonding 
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and non-bonding electrons are assumed to occupy the 2s and 2p, orbitals, 

this leaves six atomic orbitals for 1 bonding. These are three 2p, AOs and 

three 2p, AOs. The three 2p, orbitals form three three-centre x molecular 

orbitals. The lowest MO in energy is bonding, the highest is antibonding, 

and the remaining MO is non-bonding. In a similar way the three 2p, 

atomic orbitals give bonding, non-bonding and antibonding MOs. The 

eight x electrons fill both of the bonding MOs and both of the non-bonding 

MOs. Thus there is a total of two c and two x bonds, giving N—N-—N 

and a bond order of 2. Both N—N bonds are the same length, 1.16 Á. 

The hydrogen azide molecule has a bent structure. The addition of the 

extra electron from H means that one electron must now occupy an 

antibonding MO, and hence the two N-N bond lengths are different: 

H 
N 
N N 
124À 1.13À 

The bond angle H—N—N is 112°, and the two N—N bonds are of 
significantly different lengths, and the bond orders are probably 1.5 and 2 
respectively. 

N 

FERTILIZERS 

Plant fertilizers normally contain three main ingredients: 

l. Nitrogen in a combined form (commonly as ammonium nitrate, other 
ammonium salts or nitrates, or as urea). Nitrogen is essential for plant 
growth, particularly of leaves, since it is a constituent of amino acids 
and proteins, which must be made to make new cells. 

2. Phosphorus for root growth, usually as a slightly solub'e form of 
phosphate such as ‘superphosphate’ or ‘triple superphosphate’. These 
are made from phosphate rocks such as fluoroapatite [3Ca4(PO4); 
CaF2] which are mined. Basic slag, which is a by-product from the 
steel industry, is also used as a phosphate fertilizer. 

3. Potassium ions for flowering, often provided as K,SQ,. 

NITROGEN FIXATION 

gris p "a amount of N2 gas in the atmosphere, but plants are unable 
nae 1 N» gas is SO stable and unreactive. Fertile soil 

ammonin sa ined nitrogen, mainly in the form of nitrates, nitrites, 

the soil w - 7 or urea CO(NH)2)2. These compounds are absorbed from 
sail. thank r E roots of the Plants. This reduces the fertility of the 
dea! : s ipa of the nitrogen is eventually returned to the soil due to 

land to "E the plants. It has long been known that using a plot of 
bs HIerent crops in rotation gives a better yield than growing 

© Crop repeatedly. Furthermore, growing clover one year greatly 
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increases the yield of corn the following year. A few species of bacteria and 

cyanobacteria can ‘fix’ atmospheric dinitrogen, that is can convert N2 gas 

into combined forms. These bacteria can have a great effect on the fertility 

of soil by producing ‘combined nitrogen’. The most important nitrogen 

fixing genus of bacteria is called Rhizobium. It lives symbiotically in the 

nodules on the roots of plants in the family Leguminosae, e.g. peas, 

beans, clover and alder trees. Other bacteria exist in the soil near roots, 

and are also able to fix dinitrogen, but in smaller amounts (see ‘Nitrogen 

cycle’). 
Though plants require nitrates, bacteria in the soil will readily convert 

other nitrogenous compounds into nitrates. 

Nitrosomonas 

and Nitrobacter .. Nitrobacter 
NH;—— — —— NO; —> NO5 

Chemical processes involving the fixation of atmospheric dinitrogen 
include the Haber-Bosch process for ammonia, and the formation of 
calcium cyanamide, which both involve the use of high temperatures and 
pressure. Bacteria can fix dinitrogen easily at room temperature and atmos- 
pheric pressure, yet man requires expensive plant with high temperatures 
and pressures to do the same. 

There is considerable research interest into finding transition metal 
catalysed systems which will absorb dinitrogen and produce ammonia for 
fertilizers cheaply and without the necessity for high temperatures or pres- 
sure. The first dinitrogen complex, the pentaammine(dinitrogen)ruthenium 
cation, was made in 1965 by reducing ruthenium trichloride with 
hydrazine. Other methods have now been found, e.g. replacement of a 
labile ligand in a complex by Nz. Dinitrogen complexes have now been 
made for almost all the transition elements. 

[Ru(NH;);H,O?* 4 N- aqueous solution [Ru(NH3)N;* 

The formation of this stable dinitrogen complex led to studies with other 
metals. Complexes with titanium(II) are the most promising, and reduction 
of titanium alkoxides yields either ammonia or hydrazine. A complete 
cycle x reactions for fixing atmospheric dinitrogen to ammonia has been 
reported: 

Ti'"(OR), ————, Til (OR) -- 2NaOR 

MORe [TiI(OR2)N2] 

[Ti(OR) No] ———, [Ti(ORS)N;]" 

[Ti(OR;)N;]6- 297, 2NH, + [TI(OR); 
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teduce -4H* 
[Ti(OR);N;] ——  [T((OR;)N;]* — 9 N:H, * T(OR), 

Cyanamide process 

Production of calcium cyanamide exceeds 1 3 million tonnes/year, and is 
rising [It a used in large amounts as a nitrogenous fertilizer, and as a 
source of organic chemicals such as melamine 

Cac, + N, 95 CaNCN + C 
CaNCN + 5H;O —» CaCO, + 2NH,OH 

Haber—Bosch process 

The most important commercial process is the Haber- Bosch process Fritz 
Haber discovered how to make N; and H; combine directly in the labora 
tory He was awarded the Nobel Prize for Chemistry in 1918. Carl Bosch 
was a chemical engineer who developed the plant to make ammonia using 
tms reaction on an industrial scale He too was awarded the Nobel Prize for 
Chemtstry in 1931 for his work on high pressure reactions 

N, + 3H, = 2NH, + heat 
Maea rura 

4 votumes < Volumes 

The reaction 1s reversible, and Le Chatelter’s principle suggests that a high 
pressure and low temperature are required to drive the reaction to the 
nght, and thus form NH; A low temperature gives a higher percentage 
conversion to NH4, but the reaction is slow in reaching equilibrium, and a 
catalyst s required In practice the conditions used are 200 atmospheres 
pressure, a temperature of 380-—450°C and a catalyst of promoted tron Itis 
more economic to use a higher temperature, so that equilibrium wall be 

reached much faster, even though this gives a lower percentage conver- 
sion Ata temperature of about 400°C a 15% converston is obtained witha 
single pass over the catalyst The gas mixture is cooled to condense liquid 
NH3, and the unchanged mixture of N, and H gases is recycled The plant 
is made of steel alloyed with Ni and Cr 

The catalyst 1s made by fusing Fe;O, with KOH and a refractory 
material such as MgO, SiO, or Al,O; This is broken mto small lumps and 
put into the ammonia convertor, where the Fe;Q, ts reduced to give small 
crystals of iron in a refractory matrix. This is the active catalyst 
The actual plant 1$ more complicated than this one stage reaction 

implies, since the N, and H, must be made before they can be converted to 
NH, The cost of H; 15 of great importance far the economy of the process 

Onginally the H, required was produced by electrolysis of water This was 
expensive, and a cheaper method using coke and water was then used 
(water gas, producer gas) Nowadays the H> ıs produced from hydro 
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carbons, either naptha or CH,, by reacting with steam at 750°C with a Ni 

catalyst. All traces of S must be removed since these poison the catalyst. 

CH, + 2H,O = CO; + 4H; 

CH, + H:O = CO + 3H, 

Some air is added. The O- burns with some of the H3, thus leaving N3 to 

give the required reaction ratio N5: H5 of 1:3. 

(4N- + O2) + 2H, = 4N, 4 2H;0 
alr 

CO must also be removed as it too poisons the catalyst. 

CO + H20 = CO: + H2 

Finally the CO; is removed in a scrubber by means of a concentrated 

solution of K,CO3, or ethanolamine. 
World production of NH; has risen from about 1 million tonnes/year in 

1950 to 110 million tonnes in 1992. This is not quite the largest tonnage of 
any chemical produced, but since NH; has a very low molecular weight it 
constitutes a larger amount of substance (moles) than any other chemical. 
The largest producers are the USSR 27%, China 21%, the USA 18%, 
Canada 4%, Romania 4%, the Netherlands 3%, Mexico 3%, West Ger- 

many, Poland, Italy and East Germany 2% each. 

About 75% of the ammonia is used as a fertilizer (30% direct application 
of NH; gas or NH4OH to the soil, 20% NH,4NO3, urea 15%, ammonium 
phosphate 1076, (NH4);SO, 396). Other uses include the following: 

1. Making HNO,, which can be used to make NHNO; (fertilizer), or 
explosives such as nitroglycerine, nitrocellulose and TNT. HNO; can be 
used for many other purposes. 

2. Making caprolactam, which on polymerization forms nylon-6 (see 
hydroxylamine). 

3. Making hexamethylenediamine which is used in making nylon-6-6, 
polyurethanes and polyamides. 

4. Making hydrazine and hydroxylamine. 
5. Liquid NH; is often used as a cheaper and more convenient way of 

transporting Hz than cylinders of compressed Hz gas. The Hz is 
obtained from NH; by heating over a catalyst of finely divided Ni or Fe. 

. Ammonia has been used as the cooling liquid in refrigerators. It has a 
very high heat of vaporization, and convenient boiling and freezing 
points. With the environmental concern over using Freons in refrigera- 
tors, this use of NH could increase. 

S widespread use of nitrates as fertilizers greatly boosts crop yields. 
Ince nitrates are soluble, the run-off water into lakes and rivers also 

contains nitrates. This causes several problems. 

l. It produces increased growth of algae and other aquatic plants, which 
may clog up rivers and lakes, and may make mudbanks in estuaries turn 
green, 
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2 There is concern that nitrates are harmful in drinking water They cause 
a disease in. babies called methaemoglobinaemia, which reduces the 
amount of oxygen tn the baby’s blood In extreme forms this causes the 
‘blue baby syndrome’ There 1s also concern that nitrates could be 
linked with stomach cancer Because of this, the EEC have set a safety 
limit of 25 ppm for nitrates in drinking water 

3 There is some concern that denitrficaton. to. oxides. of nitrogen 
particularly N20, may harm the ozone layer 

UREA 

Urea is Widely used as a nitrogenous fertilizer itis very soluble, and hence 
quick acting, but it 1s easily washed away 1t has a very high nitrogen 
content (4695) It is manufactured from NH ;, and the reaction proceeds in 
two stages 

180- 200*C 
2NH; + CO, NH,COONH, > NH; CO NH: + H,O 

high pressure a2mmoen:um urea 
carbamate 

In the soil, urea slowly hydrolyses to ammonium carbonate 

NH;CONH; 4 2H;0 — (NH,),CO, 

PHOSPHATE FERTILIZERS 

Phosphate rocks such as fluoroapatite [3Ca;(PO4)»  CaF;| are very in 
soluble, and thus are of no use to plants Superphosphate 1s made by treat 
ing phosphate rock with concentrated H,SO, The acid salt Ca(HzPO,)2 15 
more soluble, and over a period of weeks the superphosphate will dissolve 
in the soil water 

[3(Cax{PO,)> CaF2] + 7H2S0, — 3Ca(H2PO,), + 7CaSO, + 2HF 
err? 

superphosphate 

The CaSQ, 1s an insoluble waste product, and is of no value to plants but 
is not removed from the product sold 

‘Triple superphosphate’ ıs made in a similar way, using H;PO, to avord 
the formation of the waste product CaSO, 

[3(Ca3(PO4); CaF;]-- I4H,PO4 — 10Ca(H;PO,); 4- 2HF 
ie — Un, a — 

inple superphosphate 

HALIDES 

Trhaldes 

All the possible trihalides of N, P, As, Sb and Bi are known The mtrogen 
compounds are the least stable Though NF is stable. NCl, 15 explosive 
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It was formerly sold as ‘agene’ to bleach flour to make white bread. This 

use declined rapidly when it was suspected that bread made from flour 

bleached in this way sent dogs mad! NBr; and NI; are known only as their 

unstable ammoniates NBr3-6NH3 and NI;: 6NH;. The latter compound 

can be made by dissolving I, in 0.880 NH,OH. It detonates unless eXcess 

ammonia is present, and students are warned not to prepare this 

compound. The other 16 trihalides are stable. 

The trihalides are predominantly covalent and, like NH3, have a tetra- 

hedral structure with one position occupied by a lone pair. The exceptions 

are BiF4 which is ionic and the other halides of Bi and SbF; which are 

intermediate in character. 

The trihalides typically hydrolyse readily with water, but the products 

vary depending on the element: 

NCh + 4H,0 — NH,OH + 3HOCI 

PCI, + 3H;0 — H3PO3 + 3HCl 

AsCl, - 3H;0 — H3AsO; 4 3HCI 

SbCl; + H,O — SbO* + 3CI~ 4- 2H* 

BiCl, + H,O — BiO* + 3Cl~ + 2H* 

They also react with NH3. 

e.g. PCI, + 6NH3 — P(NH2)3 + 3NH,C! 

NF, behaves differently from the others. It is unreactive, rather hike CFy, 
and does not hydrolyse with water, dilute acids or alkali. It does react if 
sparked with water vapour. 

PF; is rather less reactive towards water and is more easily handled 
than the other halides. The trihalides, particularly PF5, can act as donor 
molecules using their lone pair to form a coordinate bond, for example in 
Ni(PF;),. In addition to this c bond, there is x backbonding from a filled 
orbital on the metal to an empty d orbital on P, similar to the way CO 
acts as a ligand. Ni(PF3)4 can be made from nickel carbonyl Ni(CO),. 

Many trifluorophosphine complexes of the transition metals are known. 
Much of the work was done by J. Chatt and his group at ICI. Though most 
of the trihalides are made from the elements, PF; is made by the action of 
CaF, (or other fluoride) on PCl3. PF, is a colourless, odourless gas, which 
I5 Very toxic because it forms a complex with haemoglobin in the blood, 
thus starving the body of oxygen. 
NF; has little tendency to act as a donor molecule. The molecule is 

tetrahedral with one position occupied by a lone pair, and the bond angle 
E—N—F is 102°30’. However, the dipole moment is very low (0.23 Debye 
i compared with 1.47D for NH3. The highly electronegative F atoms : ract electrons, and these moments partly cancel the moment from the 

ne pair, and this reduces both the dipole moment and its donor power. The trihalides also show acceptor properties, and can accept an electron 
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pair from another ion such as F^, forming complex 10ns such as [SbF,]* 
and [Sb;F;] They also react with a variety of organometallic reagents 
forming compounds MR, 

PCi, is the most important trihalide and 250000 tonnes/year are 
produced commercially from the elements Some PCI, is used to make 
PCI, 

PCI; + CH (or SCI) — PCI; 

PCi, ıs widely used in organic chemistry to convert carboxylic acids to acid 
chlondes and alcohols to alkyl halides 

PCI, ^ 3RCOOH — 3RCOCI + HPO, 
PCI], + 3ROH — 3RC! + H3PO, 

PCl, can be oxidized by O; or PO to give phosphorus oxochloride 

POC 

2PCh + O, — 2POCh 

PCCh + P40, + 6C, — LOPOCI, 

POCI; 15 used in large amounts in the manufacture of trialkyl and trary! 
phosphates (RO},PO 

OEt 

O==PCl, + 3EtOH —> O==P—OEt  Tnethy!l phosphate 

OEt 

O CH, CH; 
= — Tritolyt 

O-—PCI4 T 3HO—C,H,—CH;-— O-P-—O CH, CH; phosphate 

O C.H, CH; 

Several of these phosphate derivatives are commercially important 

1 Tnethyl phosphate 15 used in producing systemic msecticides 
2 Tritoly] phosphate 1s a petrol additive 
3 Traryl phosphates and triocty! phosphate are used as plasticizers for 

polyvinyl chloride 
4 Tri n butyl phosphate is used for solvent extraction 

Pentahalides 

Nitrogen 1s unable to form pentahahdes because the second sheli contains & 

maximum of eight electrons 1e four bonds The subsequent elements 

have suitable @ orbitals and form the following pentahalides 

PF. PCI, PBr, PH 
ASF. (AsCl<) 

SbF, S$bCk 
BiFs 



HALIDES 

AsCl. is highly reactive and unstable, and has only a temporary existence. 

BiF, is highly reactive, and explodes with water, forming O; and F5O. It 

oxidizes UF, to UF,, and BrF; to BrFs, and fluorinates hydrocarbons. 

The pentahalides are prepared as follows: 

3PCl, + SAsF; — 3PF5 4 5AsCl; 

PCI, + Cl, (in CCly) —^ PCls 

2As,0; + 10F, — 4AsFs + 302 

2Sb.0;3 + 10F, — 4SbF, + 30, 

2Bi + SF, — 2BiFs 

These molecules have a trigonal bipyramid shape in the gas phase 

(see Figure 14.7), as expected from the VSEPR theory for five pairs of 

electrons. 

C1 

Cl 
Ci 

Ci 

Cl 

Figure 14.7 Structure of gaseous phosphorus pentachloride. 

The valence bond explanation of the shape is: 

Electronic structure of 3S 3p 3d 

“am LT TTT | 
excited state tA 

—  — —— —— 

five singly filled orbitals form o bonds 
to five atoms, giving a trigonal bipyramid 

The trigonal bipyramid is not a regular structure. Electron diffraction on 
PFs gas shows that some bond angles are 90° and others are 120°, and the 
axial P—F bond lengths are 1.58 A whilst the equatorial P—F lengths are 
1.53 A. In contrast nmr studies suggest that all five F atoms are equivalent. 
This paradox may.be explained quite simply. Electron diffraction gives 
an instantaneous picture of the molecule, whilst nmr gives the picture 
averaged over several milliseconds. The axial and equatorial F atoms are 
thought to interchange their positions in less time than that needed to 
take the nmr. The interchange of axial and equatorial positions is called 
pscudorotation’. 

Fs remains covalent and keeps this structure in the solid state. 
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However, PCl, is close to the 10nic-covalent borderline, and st 1s covalent 
in the gas and i:qurd States, but is onic in the solid state PCi solid exists as 

[PCL] and (PCL]" the sons have tetrahedral and octahedral structures 
respectively In the solid, PBrs exists as [PBr4|"Br™, and Pls appears to 
be (PI,]* and I7 in solution 

PCI, 1s the most important pentahalide, and it 1s made by passing CI, 
into a solution of PCl m CCl, World production 1s about 20000 tonnes/ 
year Complete hydrolysis of the pentahalides yields the appropriate ic 
acid Thus PC reacts violently with water 

PCI, + 4H;0 — H4PO, 4 5HCI 
phosphone acid 

If equimolar amounts are used, the reaction is more gentle and yields 
phosphorus oxochloride POCIH 

PCI, + H,0 — POC + 2HCI 

PCl; 1: used 1n organic chemistry to convert carboxylic acids to acid 
chlorides, and alcohols to alkyt halides 

PCL + ARCOOH — 4RCOC] 4 HjPO, -- HCl 

PCl; + 4ROH — 4RCI + HPO, + HCI 

It reacts with. P4Ojo, forming POCI and with SO,, forming thionyl 
chloride SOCI, 

6PCl; + PO, > 10POCI, 
PCl; + SO, > POCh + SOCI, 

PCH also reacts with NH,Ci, forming a varety of phosphomtriic chloride 
polymers (see later) 

nPCl; 4- nNH4CI — (NPCI), * 4nHCI (ring compounds n = 3-8) 

and CLP (NPCLh), NPCi, (chain compounds) 

Despite the. existence of pentahalides, no hydndes MH, are known To 
attain the five-valent state, d orbitals must be used Hydrogen ts not 
sufficiently electronegative to make the d orbitals contract sufficiently, 
though PHF, and PH;F; have been isolated 

OXIDES OF NITROGEN 

The oxides and oxoacids of nitrogen all exhibit px-prz muluple bonding 

between the nitrogen and oxygen atoms This does not occur with the 
heavier elements in the group, and consequently nitrogen forms a number 
of compounds which have no P, As Sb or Bi analogues Nitrogen forms å 

very wide range of oxides, exhibiting all the oxidation states from (+I) to 
(+V1} The lower oxides are neutral, and the higher ones are acidic (Table 
14 8) 
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Table 14.8 Oxides of nitrogen 

Formula Oxidation number Name 

N-O +I Nitrous oxide 

NO +II Nitric oxide 
N20; +I Nitrogen sesquioxide | | 

NO;, N;0, HIV Nitrogen dioxide, dinitrogen tetroxide 

N-05 +V Dinitrogen pentoxide 

(NO;, NO) +VI Nitrogen trioxide, dinitrogen hexoxide 

very unstable 

Nitrous oxide N;O 

N.O is a stable, relatively unreactive colourless gas. It is prepared by 

careful thermal decomposition of molten ammonium nitrate at about 

280°C. If heated strongly it explodes. NO can also be made by heating a 
solution of NHNO; acidified with HCI. 

NHNO, — N20 + 2H;0 

NO is a neutral oxide and does not form hyponitrous acid HN20, with 
water nor hyponitrites with alkali. It is important in the preparation of 
sodium azide, and hence also of the other azides: 

NO + 2NaNH, — NaN, + NH; + NaOH 

The largest use of N2O is as a propellant for whipped ice-cream. Because 
it has no taste, and is non-toxic, it meets the strict food and health 
regulations. 
N2O is used as an anaesthetic, particularly by dentists. It is sometimes 

called ‘laughing gas’, because small amounts cause euphoria. It requires a 
partial pressure of 760 mm Hg of N2O to anaesthetize a patient completely. 
Thus if dioxygen is also supplied, the patient may not be completely un- 
conscious. If deprived of dioxygen for long, the patient will die. Plainly 
N20 is unsuitable for long operations. Usually N;O is administered to put 
the patient ‘to sleep’, and Oz to make him recover consciousness. 
The molecule is linear as would be expected for a triatomic molecule 

with 16 outer shell electrons (see also N3 and CO;). However, CO, is 
symmetrical (O—C——O), whereas in N5O the orbital energies favour the 
formation of the asymmetrical molecule N—-N—O rather then the sym- 
metrical molecule N—-O—N. The bond lengths are short, and the bond 
Orders have been calculated as N—N 2.73 and N—O 1.61. 

1.126A_.1.186A N n LIBSA o 

Nitric oxide NO 

NO; ; com : : Is a colourless gas and is an important intermediate in the manufacture 
nitric acid by the catalytic oxidation of ammonia (Ostwald process). It 
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was also important in the obsolete Birkeland - Eyde process which involved 
sparking dimtrogen and choxygen NO is prepared in the laboratory by the 
reduction of dilute HNO, with Cu, or reduction of HNO, wuh E 

3Cu + 8HNO,— 2NO + 3Cu(NO,), + 4H,O 

2HNO, + 217 + 2H* — 2NO + L, + 2H,0 

NO ts a neutral oxide and is not an acid anhydride 
NO has 11 valency electrons [t is impossible for them all to be paired 

and hence this 1s an odd electron molecule and the gas is paramagnetic Itis 

diamagnetic in the Jiquid and solid states, because the molecule dimerizes 
forming O—N—N—O The asymmetrical dimer O—N—O—N has been 

observed to be formed as a red solid in the presence of HCl or other Lewts 
acids 

The bond length N—O is 1 15 À, which is intermediate. between à 
double and a triple bond. Bonding is best described using the molecular 
orbital theory (see Chapter 4) The bonding is similar t0 that in N; and CO 
which both have 10 outer electrons. NO has 11 outer electrons, and the 
extra unpaired electron occupies an antibonding 2" 2p orbital This reduces 
the bond order from 3 in Ns to 25 1n NO IE this electron 1s removed by 
oxidizing NO, the nitrosonium 10n. NO * is formed. In NO* the bond ordet 
is 3, and the N—O bond length contracts from 1 [5 À in NO to 1 06 À 
in NO* 
Odd electron molecules are usually highly reactive and tend to dimerize 

NO is unusually stable for an odd electron molecule Nevertheless i! 
reacts instantly with dioxygen to give NO», and with the halogens it gives 
nitrosy! halides, e g NOCI 

NO readily forms coordination complexes with transition metal rons 
These complexes are called nitrosyls Fe** and NO torm the compex 
[Fe(H,0);NO]**, which is responsible for the colour in the ‘brown ring 
test’ for nitrates Most nitrosyl complexes are coloured Another example ss 
sodium nitroprusside Nas[Fe(CN),NO] 2H,O NO often acts as a three 
electron donor, in contrast to most ligands which donate two electrons 

Thus three CO groups may be replaced by two NO groups 

[Fe(CO).] + 2NO — [Fe(CO)4(NO);] + 3CO 
[Cr(COJ,] - 4NO — [Cr(NO)] - 6CO 

In these complexes the M—N-—0O atoms are imear, or close 10 linear 

However, in 1968 the M—N—O angle in [Ir(CO)(CI)(PPh3)(NO)]* was 
found to be 123°, and since then a number of other complexes have been 

found with bond angles in the range 120-130° These bent bonds whit? 
are weaker than straight bonds, are of considerable theoretical interest 

NO may also act as a bridging hgand between two or three metal atoms in $ 
similar way to CO 
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Nitrogen sesquioxide NO; 

N,Q, can only be obtained at low temperatures. It can be made by 

condensing equimolar amounts of NO and NO» together, or by reacting 

NO with the appropriate amount of O». This gives a blue liquid or solid, 

which is unstable and dissociates into NO and NO; at —30°C. 

NO + NO; — N:O, 

4NO T er — 2N30, 

It is an acidic oxide and is the anhydride of nitrous acid HNO2». With alkali 

it forms nitrites. 

NO, T H-O => 2HNO; 

NO, ^t NaOH — JNaNO; d: H-O 

N-O; reacts with the concentrated acids, forming nitrosyl salts: 

NO, -- 2HCIO, — 2NO[CIO,] -- H:O 
N-O; + 2H,SO, > 2NO[HSO,] + H-O 

The oxide exists in two different forms. These may be interconverted by 
irradiation with. light of the appropriate. wavelength. The N—N bond 
length from microwave spectra is 1.864 À in the asymmetrical form. This is 
exceptionally long and thus the bond is exceptionally weak compared with 
the N—N bond found in hydrazine (length of 1 45 A). 

O O 

\ VA 
N-——N `’ Q-—N N—O 

\ E: 
O () 

UVB Metical terns sv nimetrical torm 

(has a 80 fold rotation avis} 

Nitrogen dioxide NO; and dinitrogen tetroxide N3O, 
f . 

NO» ts a red-brown poisonous gas and is produced on a large scale by 
oxidizing NO in the Ostwald process for the manufacture of nitric acid. In 
the laboratory it is prepared by heating lead nitrate: 

SPb(NO4). — 2PbO 4 4NO. 4 O, 
The gaseous products O, and NO; are passed through a U-tube cooled in 
ice. The NO. (b.p. 21°C) condenses. The Pb(NO4), must be carefully 
dried, «ince INO, reacts with water, The NO; is obtained as a brown liquid 
which turns paler on cooling, and eventually becomes a colourless solid. 
His iS because NO. dimerizes into. colourless. N;O,. NO»; is an odd 
electron molecule, and is paramagnetic and very reactive. It dimerizes to 
NO). paring the previously unpaired electrons. N5O, has no unpaired 
electrons and is diamagnetc. 
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2NO 2 = N-04 
paramagatug diamagnetic 

brawit colouritess 

NO 4 is a mixed anhydnde, because it reacts with water to give a mixture 
of nitric and nitrous acids 

N,O, + H,O — HNO, + HNQ, 

The HNO, formed decomposes to give NO 

2HNO; — NO; + NO + H,O 

2NO, + HO — HNO; + HNO, 

Thus moist NO, or N;O, gases are strongly acidic 
The NO, molecule is angular with an O--N—O angle of 132° The bond 

length O—N of 1 20 À is intermediate between a single and a double bond 
X ray diffraction on solid N5O, shows the structure to be planar 

O O 

\ pean / nidtay 
/ N 

O O 
The N—N bond ıs very long (1 64 Å), and ıs therefore weak It 1s much 
longer than the single bond N-N distance of 1 47 À in N;H,, but there i$ n0 

satisfactory explanation of why it i5 long 
Liquid N,Q, ts useful as a non-aqueous solvent It self-10nizes 

N-O, = NO* + NOF 
acid base 

In N,Q, substances contaming NO* are acids and those containing NOs 
are bases A typical acid-base reaction 15 

MCN ON fa — WHA ^r MAAS, 

acid base sall sols. nt 

Liquid. N,O, i$ particularly useful as a solvent for prepanng anhydfOus 

metal nitrates and also nitrate complexes 

ZnCl, + N30, — Zn(NO;), - 2NOCI 

TiBry + NO,  TI(NOs), * 4NO + 213 

The NO;-N;O, system ts 3 strong oxidizing agent NO, reacts with 

fluorine and chlorine, forming niuryl fluoride NO;F and nitryl chloride 
NO;CI It oxidizes HCI to Cl; and CO to CO, 

2NOQ, + Cis > 2NO;,CI 

2NO: 4- 4HCI — 2NOCI «4 Ch + 2H;0 
NO; 4 CO — CO, + NO 
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Dinitrogen pentoxide N2Os 

N-O; is prepared by carefully dehydrating HNO, with P2Os at low 

temperatures. It is a colourless deliquescent solid, which is highly reactive, 

is a strong oxidizing agent, and is light sensitive. It is the anhydride of 

HNO3. 

N-O; + H2O — 2HNO,;, 

N-O; + Na — NaNO; + NO, 

N50; -- NaCl  NaNO; 4 NO;CI 

N-O; 4- 3HSO, ^ H40* -* 2NO7 -* 3HSO43 

In the gas phase N2Os decomposes into NO5, NO and O;. Nitrogen 

trioxide NO; may be formed by treating N2Os5 with O3. 

X-ray diffraction shows that solid N2Os is ionic NOZ NO3;;: it should in 
reality be called nitronium nitrate. It is covalent in solution and in the gas 
phase, and probably has the structure: 

O O 

N—O—N 
/ N 

O O 

OXOACIDS OF NITROGEN 

Nitrous acid HNO; 

Nitrous acid is unstable except in dilute solution. It is easily made by 
acidifying a solution of a nitrite. Barium nitrite is often used with H2504, 
since the insoluble BaSO, can be filtered off easily. 

Ba(NO;), * H5SO, — 2HNO); - BaSO, 

Group 1 metal nitrites can be made by heating nitrates, either on their 
own or with Pb. 

heat 
2NaNO, — 2NaNO; T O- 

NaNO, 4 Pb, NaNO, + PbO 
Nitrous acid and nitrites are weak oxidizing agents and will oxidize Fe?* to 
Fe", and I^ to I: they themselves are reduced to NO or NO. However, 
HNO, and nitrites are oxidized by KMnQ, and Cls, forming nitrates NOj. 

Large amounts of nitrites are used to make diazo compounds, which are converted into azo dyes, and also pharmaceutical products. 

PhNH; -- HNO; — PhNSCI -- 2H;O 
phenyldiazomum chloride 

Ni . * e “urites are important in the manufacture of hydroxylamine: 
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NH,NO,; 4 NH,HSQ4 + SQ2 + 2H,O > [NH,OH]*HSO; + (NH,),S0, 

Sodium nitrite is used as a food additive in cured meat, Sausages, hot 
dogs, bacon and tinned ham Though an approved additive, its use js 

controversial NaNO. isshehtly potsonaus The tolerance limit for humans 

1s 5-102 per day depending on body weight. NO; sons inhibit the growth 
of bacteria, particularly Clostridium botulinum, which causes botulism (a 

particularly unpleasant form of food poisoning) Reductive decomposttiag 
of NO; gives NO, which forms a red complex with haemoglobin and 
improves the look of meat "There is concern that during the cooking of 
meat, the nitrites may react with amines and be converted into nitrosamines 
R,N-—N==O, which are thought to cause cancer Certainly secondary and 
tertiary aliphatic amines form nitrosamines with nitrites 

EtGNH -- HNO; — Et; NNO 9 H;O 

EtN € HNO; — [EG NH][NO;]-- S Et,NNO + EtOH 
The nitrite ion is a good ligand and forms many coordination complexes 

Since lone pairs of electrons are present on both N and O atoms, etther N 
or OQ can form a coordinate bond This gives mse to isomerism between 
nitro complexes M e NO and nitrito complexes M — ONO, for example 
[Co(NH4(NO;)]?* and [Co(NH4J(ONO)[|^* This is discussed in Chapter 
7, under Isomerism' If a solution of Co** tons 1s treated with NO; 10n5 
hrst Co?* 1ons are oxidized to Co^*, then NO; 10ns form the complex 
[Co(NO;)4]' Precipitation of potassium cobaltinitrite Ka[Co(NO;)4 i5 
used to detect K* qualitatively The NO; 10n may act as a chelating ligand, 
and bond to the same metal twice, or it may act as a bridging ligand Joining 
two metal atoms 

The nitrite 1on NO2 has a plane triangular structure, with N at the 

centre, two corners occupied by O atoms, and the third corner occupicd by 
the lone pair. A three centre bond covers the N and the two O atoms and 
the bond order ts I 5 for the N-—O bonds, which have bond fengths in 

between those for a single and double bond (More details are given in 
Chapter 4, under ‘Examples of molecular orbital treatment involving delo 
calised n bonding’ ) 

Nitric acid HNO, 

HNO, is the most important oxoucid of nitrogen (The three most 
important industrial acids in order of tonnages produced are (1) H2S0, 
(2) HNO, and (3) HCL) Pure nitric acid 1s a colourless Irquid, but on 
exposure to light it turns slightly brown because of slight decomposition 
inta NO; and 0, 

4HNO, — 4NO; 4 O; - 2H,0 
It 1s a Strong acid and 15 100% dissomated in dilute aqueous solutions iilo 
H;O* and NOr. H forms a large number of salts called nitrates which are 

typically very soluble in water 
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The shape of the NO; ion is a planar triangle, like the COS" ion. The 

later elements in both groups form tetrahedral oxoacid ions such as PO;7 

and SiO%~. This difference in shape is probably due to the small size of the 

N and C atoms and their restriction to eight electrons in their outer shell. 

HNO; is an excellent oxidizing agent particularly when hot and concen- 

trated. H* ions are oxidizing, but the NOJ ion is an even stronger 

oxidizing agent in acid solution. Thus metals like copper and silver which 

are insoluble im HC] dissolve in HNO;. Some metals such as gold are 

insoluble even in HNO4, but will dissolve in aqua regia, a mixture of 25% 

concentrated HNO; and 75% concentrated HCl. The enhanced ability to 

dissolve metals shown by aqua regia arises from the oxidizing power of 

HNO, coupled with the ability of Cl” to form complexes with the meta! 
ions. 
HNO; was originally made from NaNO, or KNO, and concentrated 

H3;SO,. The first synthetic method was the Birkeland- Eyde process. This 
sparked N; and O; together in an electric arc furnace, and passed the gas 
into water. The process was started in Norway in 1903, but is now obsolete, 
because of the high cost of electricity. 

spark +O, H:O 
N5 - O;—— NO —— NO;-—— 4HNO4 

The Ostwald process depends on the catalytic oxidation of ammonia to 
NO, followed by oxidation of NO to NO;, and conversion of NO; with 
water to HNO;. The first plant was set up in Germany in 1908, and 
Ostwald was awarded the Nobel Prize in 1909. The method is still used and 
about 24.7 million tonnes/year of HNO; are produced. The overall process 
IS: 

platinum/rhodium catalyst 
5 atmospheres 850°C 

INH ao) + 3O»(g) 4ANO ce) + o6H5O;, 

The NO and air are cooled and the mixture of gases is absorbed in a 
countercurrent of water. 

ZNO) + Orig) = ZNOx~) 

2NOx.) + H20q) ~ HNO3 + HNO, 

2HNO, — H20 + NO, + NO 

3NO, + H,0 — 2HNO, + NO 

overall NH, + 20, — HNO; + HO 
This gives a HNO; solution of concentration 60% by weight. Distillation 
only increases the concentration to 68% since a constant boiling mixture is 
formed. ‘Concentrated’ HNO; contains 98% acid and is produced by de- 
hydrating with concentrated sulphuric acid, or by mixing with a 72% 
Magnesium nitrate solution, followed by distillation. 
When nitric acid is mixed with concentrated sulphuric acid. the nitron- 

tum ion NOF is formed. This is the active species in the nitration of 
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aramalic argamic campounds LA ts an important step tn making EX 

plosives, or the mitro compounds may be reduced to aniline and used for 
making dyestuffs 

HNO,——» NOY 

Q NO,’ CY reduce CY - 
—— € —— P. 

benzene firobenzent annt 

(used for dyestuffs) 

CH, CH; 

NO, Q,N NO, 

—— Jt 

tolutnt NO, 

trimtrotoluene 
{used as an explosive) 

Figure 14.8 Nitration of benzene and toluene 

Covalent nitrates are less stable than iome nitrates (This is a; similar 
behaviour to that af the azules ) Nutroglycerine, nttracellulase, trinutra 
toluene (TNT) and fluorine nitrate (FINO) are all explosive (Figure 14 9) 

World production of explosives i5 quoted as 2 5 million tonnes for 199], 
but the true value may be higher than this 
HNO; is a strong oxidtzing agent, and is used to oxtdize cyclohexanol’ 

cyclohexanone mixtures to adipic acid (which reacts with hexamethylene- 
dramane in the manufacture of nylon-66) 

On coon NH; 

CT LR, (CH2), + (CH), 

| | 
Lyi] whe yan dl COOH NH, 

ur ad pi. hoe thi, 

ind di minc 

O 

- -CO[NH(CH;4NH CO(CH.), COLNH— 
CS] hix neni nylen 6h 

HNO, is abo used to oxidize p-xylene to terephthalic acid for the 
manufacture of terylene 

The structure of the nitrate ion is a planar triangle, All three oxygen 
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CH; OH 

O-N NO» ON NO; 

NOs NO- 

methyl-2.4,6-trinitrobenzene 2,4,6-trinitrophenol 

(trinitrotoluene, TNT) (picric acid) 

CH. oe O —— NO» 

o | 
CH — O —— NO, 

ONO, 
CH» O Z NO; 

n 

cellulose nitrate propane-1,2,3-tnyi trinitrate 
(nitrocellulose-gun cotton) (nitroglycerine) 

Figure 14.9 Some explosives. 

atoms are equivalent, In addition to the o bonds, four-centre x molecular 
orbitals cover the N and the three O atoms. Each of the N—O bonds has a 
bond order of 14, 1 from the o bond and 4 from the x bond. (This is des- 
cribed more fully in Chapter 4, under ‘Examples of molecular orbital 
treatment involving delocalised x bonding .) 

Reduction of nitrates in acid solution gives either NO, or NO, but in 
alkaline solutions with metals such as Devarda's alloy (Cu/Al/Zn), 
ammonia is produced. 

M 3Cu € 8HNO, 7 77 7", 3NO 4 Cu(NO;);  an;O 

Cu - 3HNO, 777 7*, NO. 4 Cu(NO,), + H2O 
Devarda's alloy (Cu/AUZn) - NaOH 5 H 

NO; 4 9H — NH; 4 3H;O0 

NOF + 7H — NH; + 2H,O 

NOY NO; NO NH4 
oxidation state of N (+V) (+IV) (+I) (— HI) 
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OXIDES OF PHOSPHORUS, ARSENIC AND BISMUTH 

The oxides of the rest of the group are listed in Table 13 9 The, form 
fewer oxides than does nitrogen, presumably because of the inahihity of 
these elements to form pri -pr double bonds 

Table 149 Oxides and their oxidation states 

ASQ, ti $b, 0, il] BrO, HI 

P,O; Tl V (SbO3), UL V 
P.O, IF — V 
PO, Ul V 

Voi AsyOiq V | Sb;Oun V 

Trioxides 

Phosphorus trioxide 1s dimeric and should be wnitten P,O,, not PO, FiO: 
has four P atoms at the corners of a tetrahedron, with six O atoms along 
the edges each O being bonded to two P atoms The structures of As, 
and Sb,O, are similar to ths BeO, 15 10ni€. The structure of PaOn 5 

shown in Figure 14 10 Since the P—O—P anele 15 127° the O atorns ar 
strictly above the edges but it ıs more convenient to draw them on the 
edges 

Figure 14.10 Structure of phosphorus trioxide PyO,, 

Because yellow phosphorus 1s more reactive than is No, phospho 
oxides (unlike nitrogen oxides) can all be obtarned by burning phospho” 
In air 

P, + 30; limited supply of air P.O. 

PO, is formed by burning phosphorus in a limied supply of air. it isa ^ 

white sohd (mp 24°C, bp 175°C) Its removed from the reac 

mixture and is purified by distillation (Higher oxides are formed 
plentiful supply of air ) PaO; will burn in atr. forming P40, 

PaO, -+ 20, — P,0,, 

soft 
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As4,O0« and Sb,Os are obtained by burning the metals in air or dioxygen, 

since they have less tendency to form higher oxides. Heating the sulphide 

minerals As4S4 (realgar) or As2S3 (orpiment) in air also gives As,O,. Both 

As4O, and Sb4Og are very poisonous. Bi2QO3 is not dimeric like the others. 

The basicity of oxides and hydroxides usually increases on descending a 

group. P4Ox is acidic and hydrolyses in water, forming phosphorous acid. 

(This is considered in more detail later.) Arsenious oxide As4O, is 

sparingly soluble in water, and Sb4Og is insoluble. As,Og and 5b4O, are 

both amphoteric since they react with alkali, forming arsenites and anti- 

monites, and with concentrated HCl, forming arsenic and antimony tri- 
chlorides. In the past, various copper arsenites were used as brilliant green 
pigments. The best known are Scheele's green Cu?As;O; and Paris green 
[(CH3COO)Cu;(AsO;)]. They are seldom used nowadays because they 
are toxic, and, even worse, in damp places bacteria and moulds can 
produce poisonous volatile substances such as AsH3 and As(CH3)3. BizO3 
is wholly basic. 

P4O0, T 6H;0 — 4H3PO,; 

AssO, + 12NaQH — 4Na3AsO;3 + 6H»O 

As4O¢ + 12HCI —> 4AsCl, + 6H;O 

Pentoxides 

Phosphorus pentoxide is the most important oxide, and is quite common. 
It is dimeric and has the formula P4O,,, not P;O,. Its structure is derived 
from that of PO. Each P atom in P4O, forms three bonds to O atoms. 
There are five electrons in the outer shell of a P atom. Three electrons have 

been used in bonding, and the other two comprise a lone pair, which is 
situated on the outside of the tetrahedral unit. In P4O,, the lone pairs on 
each of the four P atoms form a coordinate bond to an oxygen atom 
(Figure 14.11a). 
Measurement of the P—O bond lengths shows that the bridging bonds 

on the edges are 1.60A but the coordinate bonds on the corners are 
1.43 Á. The bridging bonds compare with those in P4O (1.65 À) and are 
normal single bonds. The bonds on the corners are much shorter than a 
single bond, and are in fact double bonds.. These double bonds are dif- 
ferent in origin from the ‘usual’ double bonds such as that in ethene 
Which arises from pn—pn overlap with one electron coming from each C 
atom. The second bond in P—9O is formed by px-dz back bonding. A full 
p orbital on the O atom overlaps sideways with an empty d orbital on the P 
atom, Thus it differs from the double bond in ethene in two respects: 

l. A p orbital overlaps with a d orbital, rather than p with p. 4 
ag “hi electrons come from one atom, and hence the bond is a ‘dative 

ond’, 

A similar type of back bonding is found in the carbonyls. 
ÀS4O o has a similar structure to P4O in the gas phase. However, the 
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(a) di 

Figure 14 11 Structure of phosphorus pentoxide PaO (a) Formation of o bonds 
(bY Orbitals :rnvolved 1n back bonding 

crystal contains equal numbers of [AsO,] tetrahedra and [AsO;] octahedra 
jomed together by sharing corners As,Oj9 15 a Strong oxidizing agent, and 
oxidizes HCI to Cl, 1t is deliquescent, and very soluble in water 
PaO 15 formed by burning P in an excess of air or dioxygen, but AS 

and Sb require more drastic oxidation by concentrated HNO; to form the 
pentoxides As,Oy9 and Sb,Oj9 lose dioxygen when they are heated, and 
form the trioxides 

P.O,o absorbs water from the arm or from other compounds ard 
becomes sticky Because of this strong affinity for water, PyQ9 18 used a8 4 

Grying agent Finely powdered PeDyg ts sometumes spread over glass wifi 
and used for drying purposes This provides a large drying surface, which 1 
not easily covered by solid hydrolysis products P,O,9 hydrolyses violently 
in water, forming phosphoric acid H;PO, The manufacture of pure HPO. 
by ihis route 15 the largest use of P406, 

P4Ojo + 6H,O -> 4H,PO, 

P,O1o reacts with alcohols and ethers, forming phosphate esters (The 
relation of these esters to phosphoric acid 1s shown by wnting HPO; ® 
O-—P(OH); ) 

P4O,o t 6EtOH — 20==P(OE1)(OH)2 + 20—P(OEt)2(OH) 

P4O,5 + 6Et,O — 40-—P(OEt) 

As,O1p dissolves slowly in water, forming arsenic acid H3AsO, This P 
tribasic, and is a much stronger acid than 1s arsenious acid. Salts such 25 

lead arsenate PbHAsO, and calcium arsenate Ca4( AsO4); are used 25 
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insecticides against locusts, cotton weevils, and fruit moths. SbgQjo Is 

insoluble in water and antimonic acid is not known. Antimonates con- 

taining [Sb(OH)s] , however, are known. 

Bi does not form a pentoxide, showing that the stability of the highest 

oxidation states decreases on descending the group. The usual trend that 

higher oxidation states are more acidic is also observed. 

Other oxides 

The oxides P4O;, P4Og and P4O, are very uncommon. In these oxides one 

molecule contains P atoms in both the oxidation states (+III) and (+V). 

P,O; is best made by dissolving P4O« in tetrahydrofuran and reacting it 
with the correct amount of dioxygen. Heating P4Og under vacuum in a 
sealed tube gives a mixture of red phosphorus and the oxides P407, P4Og 
and P,Os. These oxides have structures in between those of P4Og and 

P,O,, in that they have one, two or three apical O atoms attached to P 
atoms. Hydrolysis with water thus yields a mixture of oxoacids in both 
oxidation states, phosphoric acid P(-- V) and phosphorous acid P(- TII). 

E +H,0 
-———À P.O, H3PO, + H3PO3 

orthophosphoric —_ orthophosphorous 
acid acid 

t 

OXOACIDS OF PHOSPHORUS 
Phosphorus forms two series of oxoacids: 

l. The phosphoric series of acids, in which the oxidation state of P is 
(+V), and in which the compounds have oxidizing properties. 

2. The phosphorous series of acids, which contain P in the oxidation state 
(HI), and which are reducing agents. 

In all of these, P is four-coordinate and tetrahedrally surrounded 
wherever possible. pn—pn back bonding gives rise to P—0O bonds. The 
hydrogen atoms in OH groups are ionizable and are acidic, but the P—H 
bonds found in the phosphorous acids have reducing, not acidic, proper- 
tics. Simple phosphate ions can condense (polymerize) together to give a 
wide range of more complicated isopolyacids or their salts. 

THE PHOSPHORIC ACID SERIES 

Orthophosphoric acids 

1a ay mblest_ phosphoric acid is H3PO, orthophosphoric acid (Figure 
" ^/. 1 fit acid contains three replaceable H atoms. and is tribas; 

undergoes stepwise dissociation: l RN 

1511 
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H,PO,— H* *H;PO;  Kqu-275x10^? 
HPO; = H* + HPO  J— K,-62x107 

HPO?” = H* + PO? Ka = 1 107" 

Three senes of salts can be formed 

1 Duihydrogen phosphates, for example sodium dihydrogen phosphate 
NaH;PO,, which is slightly acidic in water 

2 Monohydrogen phosphates, for example disodium hydrogen phos 
phate NasHPO,, which is slightly basic in water 

3 Normal phosphates such as trisodium phosphate Na,PO,, which ate 
appreciably basic in solution 

NaH;PO, and Na;HPO, are made industrially by neutralizing H4PO, with 
‘soda ash" (Na;CO4), but NaOH is required to make NajPO,4 — AI three 
salts exist m the anhydrous state and also in a number of hydrated forms 
and they are used extensively 

Phosphoric acid also forms esters with alcohols 

(HO),P=O + 3EtOH —, (EtO),P—O 4 3H;0 
acid alcohol ester water 

(trethyl phosphate) 

Phosphates are detected analytically by mixing a solution of the salt wit 
dilute HNO; and ammontum molybdate solution A yellow precipitate of 
a complex ammonium 12-molybdophosphate forms slowly, confirming th 
presence of phosphates Arsenates form a similar precipitate, but only P^ 
heating the mixture 

The orthophosphates of Group 1 metals (except Li) and NHf are soluble 
in water Most of the other metal orthophosphates are soluble in dilute 
HCl or acetic acids. Titanium, zirconium. and. thorium. phosphates ale 
insoluble even mm acids Thus in qualitative analysis a solution of zirconyl 
nitrate s commanly added ta cemove any olasphate ocesent in solution 

Phosphates can be estimated quantitatively by adding a solution contain 
ing Mg^* and NH4OH solution to a solution of the phosphate. Magnesium 

ammonium phosphate ts precipitated quantitatively, and this 1s filtered, 
washed, ignited, and weighed as magnesium pyrophosphate Mg,P,0; 

Mg?* + NH} + PO} —» MgNH,PO, 
2MgNHAjPO, — Mg3;P,0; T 2NH, -+ HO 

O 

HO SY OH H,PO, orthophosphone seid 

OH 

Figure 14 12 Structure of orthophosphoric acid H4PO, 
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Impure orthophosphoric acid H4PO, is prepared in large amounts by 

treating phosphate rock with'H5SO,. This is called the ‘wet process’. The 

CaSO, is hydrated to gypsum CaSO,- 2H50, which is filtered off, and the 

F- is converted to Na?[SiFg] and removed. The H3PO, is concentrated 

by evaporation. Most of the H3PO, made in this way is used to make 

fertilizer. 

Ca4(PO4); T 3H2SO, — 2H4PO, T 3CaSO, 

[3(Ca3( PO4);) CaFE;| T 10H5SO, => 6H3PO, T 10CaSO, + 2HF 

Pure H4PO, is made by the ‘furnace process’. Molten P is burnt in a 

furnace with air and steam. First P4O;, is formed by reaction between P 

and O, and then this is immediately hydrolysed. 

P4 4 50; — P4010 

P4049 T 6H;O = 4H4PO, 

Phosphoric acid is hydrogen bonded in aqueous solution, and because of 
this the ‘concentrated acid’ is syrupy and viscous. Concentrated acid is 
widely used and contains about 85% by weight of H3PO, (100% pure 
(anhydrous) HPO; is seldom used, but it can be prepared as colourless 
deliquescent crystals by evaporation at low pressure). Most of the acid 
(solution) made in this way is used in the laboratory, and in food (Kraft 
cheese Na;HPO,) and pharmaceutical preparations. 
H3PO, may also be made by the action of concentrated HNO; on P. 

Orthophosphoric acid loses water steadily on heating: 

gentle heat strong heat 
H3;PO, H,P207 (HPO3),, 

orthophosphoric 220°C pyrophosphoric 320°C metaphosphoric 
acid acid acid 

Polyphosphates 

A very large number of polyphosphoric acids and their salts, the 
polyphosphates, arise by polymerizing acidic [PO,] units forming isopoly- 
acids. These consist of chains of tetrahedra, each sharing the O atoms at 
one or two corners of the [PO,] tetrahedron, giving simple unbranched 
chains, in a similar way to the formation of pyroxenes by the silicates. 
i» hydrolysis of P4O;o proceeds in stages, and an understanding of 
ese stages leads to an understanding of the wide range of phosphoric 

acids (Figure 14.14). i I TT 

Ps019  6H;0 — 4H;PO, (overall reaction) 

vag Phosphates are straight chain compounds. The basicity of the 
H p aias; that is the number of replaceable H atoms, can be found 

* rawing the structure and counting the number of OH groups. Thus 

1 313 | 
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D 

H, PO 7 

pyrophosphoric acid 

H:P30,a 
tripolyphosphorie aerd 

Figure 14,13 Pyrophosphonc acd H,P;0; and tnpolyphosphone and H,P,0, 

orthophosphoric acid :5 tribasic, pyrophosphortc acid ts tetrabasic, tnpa! 
phosphoric acid ts pentabasic, tetrapolyphosphoric acid 1s hexabasie, 24 
tetrametaphosphoric acid 1$ tetrabasic 

Pii + 6H40 -- 4H4PO,.— (overall rescuon) 

? Oo OH 
S 7 

O O 

( Ho~}—o—}-OH 
E ó o 

de ~ Lip 7 Ho} Bn 

I Z Tetrametaphosnheric 
o^ "ou aad ̂ 

not actually isolated + 
O oO oO 
i l nionl T n an T 

4HO—P—OH  —  2uo— POH «- Ho f-o Pop} -o-F-oH ok dt on ci ok du oh 
orthoph tk nospao prrophosphoric Tetrapolyphosphonic 

Figure 14.14 Scheme for the hydrolysis of P,0,, ° 
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Many polyphosphates are known. Chains of different lengths with up to 

ten [PO4] units have been isolated, but the first four in the series are well 

known. 

H34PO, orthophosphoric acid 

H4P;0; dipolyphosphoric acid (pyrophosphoric acid) 

H;P30,;9 tripolyphosphoric acid 

H.P4013 tetrapolyphosphoric acid 

Some very long chain polymers called Graham’s salt, Kurrol salt and 

Maddrell's salt are also known. These are named after the person who first 

reported them, and they are discussed later. 

Disodium dihydrogenpyrophosphate Na2H2P20; is mixed with NaHCO; 

and used in bread making to leaven the bread, that is to make it rise. They 

react and evolve CO, when heated together. This is an easier way of 

making batches of bread than using yeast, and is used commercially. 

Na,H.P,0, + 2NaHCO; —> Na,P,07 + 2CO, + 2H,O 

Ca;P,0; is used as the abrasive/polishing agent in fluoride toothpaste, and 
Na4P,O; is mixed with starch and flavouring to make ‘instant pudding’ 
mixtures. RP 

At one time sodium pyróphosphate Na4P;O; was added to soap powders 
and solutions as a water softener, to prevenf the formation of scum in hard 
water. For many purposes detergents, e.g. anionic and non-ionic surfac- 
tants (surface active agents), have replaced soap. Also Na4P2O0; has been 
replaced by sodium tripolyphosphate Na5P4O,o. Between 2096 and 4596 of 
NasP3Qy9 is added to solid detergent powders and liquid detergents 
(washing up fluids etc.) used in the home and in industry. (The lower figure 
applies to the USA, where there have been bad experiences of extensive 
pollution of rivers and lakes.) Sodium tripolyphosphate. is called a ‘filler’ 
because it increases the quantity of material inthe packet. Its main useful- 
ness, however, is in serving as a water softener. It does this by forming a 
stable soluble complex with Ca?* and Mg?*. This is called sequestration, 
and results in-the effective removal (masking) of these ions which are 
responsible for hardness in water. Thus Ca?* and Mg?* ions do not form 
precipitates with CO57 ions or with soap in its presence. NasP4O,, also 
makes the solution alkaline which helps dissolve grease and improves the 
action of the detergent. Na;P30,, can be prepared in the following ways: 

1. The most common method of preparation is to fuse the correct 
quantities of Na,HPO, and NaH;PO,. Recrystallization from water 
gives the hexahydrate Na5P3O,6- 6H;O: 

2Na;HPO, -- NaH;PO, 5» Na;P40,, 4- 2H3O 
^? 

* * 3. In Germany it is largely made by fusing Na;O and P4Oo. On cooling, 
the Pyrophosphate Na5P5O; crystallizes out first, but with slow cooling 
this changes into NasP4O o: 

515 



— T —————M— 
aay 

516 THE GROUP 15 ELEMENTS 
e — —— Rr E Ü&i—3— €! ll ar rl A e Hr i cc MM MM 0m €——— € — m-— w— a a 

JONa.O - 3P,O4u— 5 ANa PO HJ 

C Is aly 

Long chain polyphosphates — linear metaphusphates 

The very long chain polyphosphates have caused confusion in the past 

since they were originally called metaphosphates a name used for ring 
compounds When the number of units in the polymer n becomes ven 

large, the formula of a cham polyphosphate (PO,), POs becomes 
indistinguishable from 1hat. of a true metaphosphate, that is a rng 
compound with a formula (PO4), The long chans are sametimes called 
linear metaphosphates 

Graham’s salt is the best known of these long chain polyphosphates and 
is formed by quenching molten NaPO, It forms a glassy solid instead of 
erystallizing In industry tt 1s incorrectly called sodium hexametaphosphate 
This ts wrong because it does not contain six [PO] umts and is a high 
molecular weight polymer (NaPQ;),, which usually has à mean molecular 
weight of 12000~18000, and up to 200 [PO.] untts in the chain Though 
manly made up of long chains, it does contain up to 10% of ring meta 
phosphates and a Jittie cross linked material (Molecular weights of these 
long chain polymeric species can be determined by ttrating the end 
groups, and also from osmotic pressure, diffusion, viscosity, electrophore 
sis, and ultracentrifuge measurements ) Graham s salt i5 soluble th water 
These solutions give precipitates with metal ions such as Ph” and Ag’ 
but not with Ca?* and Mg^* Graham's salt is sold commercially under the 
trade name Calgon It is widely used for softening water It sequesters 
Ca** and Mg?* in a similar way to NasP,O,) Many of these polyphos 
phates are used for water softening and also for descaling boilers and 
pipes 

Heating Na; H;P2O; resuits in dehydration. but three ditferent products 
are formed depending on the vapour pressure of water Hf heated in air (an 
open system), where water can escape then cyche sodium trimetaphos 
phate ss formed Heating in a closed system where the water cannol 
escape, yields esther Maddrell s high temperature or low temperature salt 
These are crystalline, as ts Kurrols salt They consist of chans ol 
tetrahedral [PO] uns. and they differ in the way the tetrahedra art 
onented in the chains Thus Kurrols salt s made up of heheal chains ot 
[PO] unts and the structure contains an equal number of left handed ind 

right handed helices Thus chains may differ in their length and they ma) 
also have different repeat units, as Was found m the chain silicates 

These and other relationships are shown in (Figure 14 15) 
When (cyclic) sodium trimetaphosphate melts at about 625°C long 

chain polyphosphates are formed 1f the hguid is cooled rapid these 

chains remain (Graham s salt} Annealing Grehams salt above 550 C 
gives Kurrol s salt. [his exists in two forms onc fibrous and the oth 

plate khe They have different densities Tho. two. different. forms 4f 
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NaH PO, P4040 

sodium dihydrogen orthophosphate 

hydrolyse 

o with 
|> 160°C Na,CO, 

Na5H;P50; Na4P40;2 

pyrophosphate sodium 

tetrametaphosphate 

(closed system) 230—300?C (rings) 

300°C f- aes 

>300°C 
{(NaPO3)3 (NaPO,), «——————— (NaPO3), 

sodium Maddrell’s high Maddrell's low 

tnmetaphosphate temperature salt temperature salt 

| 380-—450°C 

| 350-500°C 
625°C | { cool 375°C (NaPO3); 

Kurrol's salt ve " 
7 (helical chains) slowly 

580-590°C =| > 550°C 

rapid (NaPO3), 
d cooing. Graham's salt 

Iquid melt (glass) 

Figure 14.15 Relation of various polyphosphates. 

similar to the asbestos minerals in the silicates, some of which are made of 

chains, and others of sheets. Annealing one form of Kurrol salt at 400°C 
gives sodium trimetaphosphate, and the other gives Maddrell’s high tem- 
perature salt. All forms of sodium polyphosphate revert to (cyclic) sodium 
trimetaphosphate near the melting point 625°C, or on annealing (pro- 
longed heating) at 400°C. This is presumably because the trimetaphos- 
phate has the most stable crystal structure. 

Metaphosphates — cyclophosphates 

The metaphosphates form a famiiy of ring compounds. The old name 
of metaphosphates is still widely used even though according to IUPAC 
nomenclature cyclo- should be used to indicate the formation of rings. 
They can be prepared by heating orthophosphates: 

heat 316°C nH,PO,————> (HPQ;),, + nH,O 
e Is no evidence for the existence of free monometaphosphate ions 

+. Or of dimetaphosphate ions. The latter would involve the sharing of 
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Di metaphosphate ion " i 0 Q 

n metaphospnate ion 
(cyclo diphosphate} (cyclo phos phate} Tetra metaphosphate lon 

(cyclo tetraphosphate) 

Figure 14 16 Some polyphosphate ions 

two corners, that is an edge between two [PO,] tetrahedra and would 
impose a great deal of strain on the structure In contrast tri and tetra 
metaphosphates are weil known A few larger rings have been isolated 
with up to eight (PO4] units. that is up to Nas[PgOs4]. These are obtained 
as mixtures. and are conveniently separated by paper chromatography 9t 
thun layer chromatography 

Sodium tometaphosphate Na P QO; is made by heating NaH,PO, (9 
640°C and holding the melt at 500°C for some time to allow the concen 
sation to take place and the water to be evolved The ring structure has 
been estabhshed by X ray analysis of several! salts Hydrolysis of the TMg 
compound sodium tnmetaphosphate by alkah gives the cham compound 
sodium tripoiyphosphate 

3NaH;PO, 3, Na,P40, 4- 3H;O 
Na3P4,0; 4 2NaOH — NasP3O iy + H-0 

Sodium tetrametaphosphate Na,P,0,, 4H;O0 15 formed when P,Qi0 5 
treated with a solution of cold NaOH or NaHCO, 

Hypophosphonc acid H4P;0, 

This contains P in the oxidation state (--IV) and has one less O atom than 

pyrophosphoric acid H4P50; [tis prepared by hydrolysis and oxidaticr of 

H OH OH OH 
l 1d [49 | | 

——>2 11 ——» 20--P—FP--Q 

OH OH OH OH 
hypophosphoric 

acid 

Figure 14 17 Hydrolysis and oxidation of yellow phosphorus 
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red phosphorus by NaOCI, or yellow phosphorus by water and air. There 

are no P—H bonds, and so this acid is not a reducing agent. There are four 

acidic hydrogens, and hence the acid is tetrabasic and can form four series 

of salts, though usually two hydrogens are replaced. It is unusual in that it 

contains a P—P bond. This is much stronger than the P—O-——P bond, so 

hydrolysis is slow. 

OH | OH OH OH 

| H|OH | | 
—=p——_—_—P=0 — O=P—H + HO—P=O 

| | | | 
OH OH OH OH 

HPO, HPO, 

orthophosphorous orthophosphoric 

acid acid 

THE PHOSPHOROUS ACID SERIES 

The phosphorous acids are less well known. They all contain phosphorus in 
the oxidation state (--II1). They have P—-H bonds and are therefore 
reducing agents. 

Hydrolysis of P406 in a manner, analogous to the hydrolysis of P4040 
already described yields pyro- and orthophosphorous acids, which are both 
dibasic and reducing agents. 

H H H 
| 

HO—P—O—P—OH HO-——P—OH 
l | | 
O oO O 

pyrophosphorous orthophosphorous 
acid acid 

Orthophosphorous acid H4PO, 

HPO; contains two acidic H atoms (the OH groups), and one reducing H 
(the P—H hydrogen atom). Consequently only two of the three H atoms 
can ionize, and the acid is dibasic. 

HPO, = H* + H,PO3 Kay = 1.6 x 107? 

H;PO; —cH*--HPOi  Ky527*x107 
Thus HPO; can form two series of salts: 

L. Dihydrogen phosphites; for example NaH;PO,. 
«. Monohydrogen phosphites, for example Na2HPO3. 
The phosphites are very Strong reducing agents in basic solutions. In acid 
Solutions they are converted to HPO}, which is still a moderately strong reducing igent. 
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Metaphosphorous acid (HPO;), 

This can be prepared from phosphine at faw pressure 

PH, + O, 2725, i, 4 HpO, 
If the formula were HPO; the P atom would only form three bonds or else 
form double bonds In fact it polymerizes rather than form double bonds 

The structure 1s not known but by analogy with metaphosphonc aad it 
may wel! be a ring structure 

Hypophosphorous acid HPO, 

HPO; contains P in the oxidation state (-HI) and has one O atom less than 
the orthophosphorous acid Hh 1s prepared by alkaline hydrolysis of 
phosphorus 

P4 + 30H + 3H;Q — PH, + 3H;PO, 

The acid is monobasic and a very strong reducing agent Salts of this acid 
are called hypophosphites. and sodium hypophosphite NaH;PO, i5 used 
industrially to bleach wood and to make paper 

OH 

| i 
HY OH — . ài HO—P—OH — gu Lon 

OHJH `p 

HO” Now 

nypophosphores 
acid 

Figure 14 18 Afkaline hydrolysis of phosphorus 

MAJOR USES OF PHOSPHATES 

Phosphate rock 1s mined on a vast scale (145 million tonnes in 1992) The 
minerals vary bath wn purty and m campasttian Industry expresses the 
production of phosphates tn terms of the P,O; content On this bass 
world production of phosphates 1s about 34 million tonnes per year (Ths 
is equivalent to 469 million tonnes of HyPO, } The mayor commercial 
uses are as follows 

85% For fertilizers such as superphosphate tuple superphosphate and 
ammonium phosphate These do not need to be especially puré 

5% Added to detergents (builders +e fillers) mainly sodium f 
polyphosphate in powders and sodium pyrophosphate in ligute 
preparations 
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3% Used in the food industry to give the acid taste in drinks such as cola 

(pH 2), sarsaparilla and root beer, and as an emulsifier in processed 

cheese, dried milk, sausages etc. 

24% For treating metals. 
(a) Rustproofing, by dipping the hot metal into phosphoric acid, or 

heating the acid to 90-95°C (sometimes with Zn^*, Mn^* 
Cu?* or other ions present) in processes such as Parkerizing 
and Bonderizing. Small metal parts such as nuts, bolts and 
screws are treated in this way, and also motor car bodies, refri- 
gerators etc. before they are painted. 
Pickling metals, that is removing scale and oxide from the 
surface of iron and steel by dipping in an acid bath. 
'Bright dipping' of aluminium parts. The parts are connected to 
the anode and electrolysed in a bath of H4PO, with a small 
amount of HNO, and a trace of Cu(NO3);. This gives a highly 
polished Al surface protected by a clear layer of Al,Q3. 

i% For industrial uses such as water softening (particularly calgon, and 
trisodium phosphate Na;PO,), buffers (NaH;PO, and Na;HPO,), 
paint strippers (Na3PO,), and removing H5S from gases particularly 
in the petroleum industry (K3PO,). 

1% For making phosphorus sulphides (for matches). 
1% For making organophosphorus compounds: plasticizers (triaryl 

phosphates), insecticides (triethyl phosphate) and petrol additives 
(tritoly] phosphate). 

l% For pharmaceutical products such as toothpaste (CaHPO,-2H,0, 
‘or Ca2P,0, in fluoride toothpaste), and combined baking powder 
(Ca(H2PO4)2 which is slightly acidic, mixed with NaHCO;). 

V  Flameproofing fabrics (ammonium phosphates and urea phosphate 
NH;CONH;-H;PO,). 

(b 

anne, 
€ 
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The excessive use of phosphates as water softeners. is criticized by 
environmentalists, since it contributes to water pollution. The phosphates 
in domestic waste water pass through sewage disposal systems into rivers 
and lakes. There they nourish bacteria, which grow excessively and deplete 
the water of dissolved dioxygen, thus killing the fish. The phosphates may 
also produce a massive overgrowth of water plants. When this crop of 
plants dies, there will be excessive decay and putrefaction which may also 
kill the fish. The tendency of the acidic ions of P to condense and give 
tsopolyacids is quite strong. The phosphates and phosphites are similar to 
the arsenates and arsenites. Condensed As anions are much less stable 
than the corresponding P polyanions and they are rapidly hydrolysed in 
Water. Antimonates and antimonites are known, but Sb has a coordination 
number of 6, and these salts contain the octahedral [Sb(OH),]~ ion. . 

SULPHIDES OF PHOSPHORUS 

— P and S are heated together to a temperature over 100°C, P455, 
2s. P4S; and PaSa may be formed depending on the relative amounts of 



THE GROUP 15 ELEMENTS 

P P 

5 ÁN 
S 

P P P5 

S 

P P 
Tetra phosphorus Tetra phosphorus 
trisulphide P,S, pentasulphide P,8, 

| 
P P 

S S 

Pí — S P==§ s= 5 p—$ 
S S 

P P 

Tetra phosphorus | 
heptasulphide P45; Tetra phospho ra phosphorus 
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Figure I4 19 Structures of phosphorus sulphides 

reactants present Two more compounds P4S, and P4S5 have been made 
using other reactions 

PaSio 18 structurally the same as PyQig, but the absence of P,S, is 
surprising The structures of the other sulphides have no counterparts in 
the oxides They are loosely related to the structures of the oxides P4Q¢ 
and PyO.g with a tetrahedron of P atoms, with some § atoms bndgng 
between P atoms and others occupying apical positrons attached to P 
atoms 

PS; 

Phosphorus tnsulphide P,S; ts the most stable sulphide It ts made by 
heating red phosphorus and a hmited amount of sulphur to 180°C im an 
inert atmosphere It is soluble in organic solvents such as toluene and 
carbon disulphide traces of unreacted P can be removed either by te 
crystathzation from toluene or by distillation P4S3 15 used commercially for 
making matches Matches contain P,S;, KCIOs;, fillers and glue The 
fnction between the match and the sandpaper on the side of the box 
mitiaies a violent reaction between the P,S, and KCIO,; Ths generates 

enough heat to make the match burst into flame 



SULPHIDES OF PHOSPHORUS 
a 

P4S10 

P.Si9 is the most important sulphide. It is made by reacting liquified white 

phosphorus at 300 °C with a slight excess of sulphur. World production is 

about 250000 tonnes/year. It hydrolyses in water, forming phosphoric acid 

in a similar way to P4010- 

P4Sio T 16H;O0 ==> 4H3PO, + 10H5S 

The most important reaction of P45o is hydrolysis by alcohols and phenols 

to give dialkyl or diary! dithiophosphoric acids. 

P4Sjo + 8EtOH — 4(EtO)2-P-(S)-SH + 2H2S 

Figure 14.20 Structures of thiophosphoric acids. 

The Zn salts of dialkyl and diary] thiophosphates ((RO); - P - (S)];Zn are 
used as extreme pressure additives in high pressure lubricants such as 
gearbox oil. (EtO),-P-(S)-Na and (EtO),-P-(S)-NH, are used as 
flotation agents for concentrating sulphide ores such as PbS and ZnS 
before smelting. The methyl and ethyl derivatives are used in the manu- 
facture of pesticides such as malathion and parathion. 

(EtO);- P-(S)- SH 4 Cl, 2 (EtO);- P-(S)- CI - HCl * S 
(EtO);- P- (S) - Cl -- NaO - G;SH4- NO; 5 (EtO),- P- (S) O- C$H,- NO; 

parathion 

These Organophosphorus esters are very effective insecticides. They 
ei the nervous system of insects from working properly, thus killing 
the insects very rapidly. Acetylcholine is a chemical neurotransmitter, 
D to transmit nerve impulses across a synaptic junction. Normally 

- enzyme acetylcholinesterase destroys the acetylcholine once the im- 

523 
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pulse has been transmitted These organophosphorus esters inhiby the 
action of acetsicholinester. e Malathion and parathion are not Orre y 
eaten by mammals, since the digestive system breaks the molecule dous 
before it enters the body 

PHOSPHAZENES AND CYCLOPHOSPHAZENES 
(PHOSPHONITRILIC COMPOUNDS) 

Nitrogen and phosphorus show only a shght tendency to catenat, by 
themselves The maximum chain length for nitrogen 1s three tn the and 
Ny ton and two for phosphorus tn a few compounds such as P,H, qi 
(Me2)(S)P—P(S)(Me2) A few ring compounds exist with four, five ar st 
P or As atoms jomed together 

In contrast to this, N and P may bond together, forming a large numbe, 
of phosphazenes In these the P atom is in the oxidation state {+V} andh 
is in the (4 III) state The compounds are formally unsaturated Thy 
monophosphazines may be made by reacting an azide with PCh, POR, or 

P(CsHs); 

PCI, + C,H Ny — ChHP-—NCLH, + N: 

P(C,Hs}3 + CHN, -— (C4H.,P--NC4H4 T N, 

Diphosphazenes can be made as follows 

JPCI, + 2NH4,CI — [CHP-—N—PCI;-N-—PCH]|*CHE 4 8HCI 

However, N and P catenate together forming an interesting sefies of 
polymers 

20 ACU 
— nPCl, + nNH,Cl- (NPC), + 4nHCI 

ínfig xompounóds cel phirsph izcnes) 

and CLP (NPCL), NPCh 
(chain compeunds nolis phar ties) 

This reaction produces a mixture of ring compounds (NPCI,), where n = 
3.4,5,6 — ,andífarriy short linear chains. The most common rings {rt =3 
and 4) contain six or eight atoms The former are flat and the latter existis 

chair' and 'boat' conformations 
A large number of chain compounds are known These range from 

short chains PaNCh, PyNoCl), PaNaCl to those with up to 10° unis 

Ct 
-Ci 

Ct Ci 

Ne” Non xo | 
N i P———— ff P || CN s Y a N 

Ci~ve eC eT "Cl N lc CI L^. 
Ci Ñ CI 

of ‘i Ne 

Figure 1421 Some cyclophosphazene compounds 
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[ -N—PCI»-] linked together. These compounds were originally 

called phosphonitrilic halides, but are now named systematically 

poly(chlorophosphazenes). 

C CI (e Cl CI Ci CI Ci 

| | | | | | | | 
j—Pz—N-— PC Cl— P==N—-P==N— PCI, CI— P= N-— P==N— P 

| | | | | | | | 
CI CI CI Cl Cl Cl Cl Cl 

CI Cl Cl Ci CI 
| | | | | 

Ci — P==N— P= N—— P== N— P==N—-PCI, 

| | | | | 
Cl Cl Cl Cl Cl 

Figure 14.22 Some polyphosphazene chain compounds. 

The chlorine atoms are reactive, and most reactions of chlorophos- 

phazenes involve replacement of Cl by groups such as alkyl, aryl, OH, OR, 
NCS or NR>. Alkyl or aryl groups may be introduced using lithium or 
Grignard reagents. Substitution may be complete, or partial, and in the 
latter case many different isomers are possible. 

(NPCI,], + 6CH3MgI — [NP(CH3)2|, + 3MgCl, + 3Mgl, 

[NPCL] + 6CsHsLi — [NP(C.Hs)2]3 + 6LiCI 
[NPCL] -- 6NaOR — [NP(OR);], 4- 6NaCI 

[NPCI;]; 4- 6NaSCN — [NP(SCN),], -- 6NaCI 

Similar compounds are formed with Br and F. The largest rings formed 
contain 34 atoms in the chlorides and 12 atoms in the bromides. Some of 
the long chain polymers are rubber-like, and those with perfluoroalkoxy 
Side groups [NP(OCH,CF3),],, resemble polythene. 

There are many potential uses for the high molecular weight phos- 
phazenes, as rigid plastics, expanded foam, and fibres, since they are 
Waterproof and fireproof, and are unaffected by petrol, oil, and solvents. 
They also form flexible plastics which are useful for fuel hoses and gaskets 
Since they retain their elasticity at low temperatures. The phosphazenes are 
at present far too expensive for general use. Thin films of poly(aminopho- 
sphazene) are used in hospitals to cover severe burns and other extensive 
wounds since they prevent the loss of body fluids and keep germs out. 

There are two main points of interest in these P—N compounds: 

I. The nature of the bonding is not understood. In all of these phos- 
phazene compounds the (apparent) P—N and P--N bonds are equi- 
valent. Their bond lengths are 1.56—1.59 À, which is much shorter than 
the usual single bond distance of 1.77 A. Thus the bonding in these 
compounds is not adequately represented by a system of alternate single 



and double bonds, nor can 1t be explained by px—pm bonding and 
delocalization similar to that in benzene or graphite It has been 
suggested that a coordinate bond ıs formed between a filled sp? orbital 
on N and the empty 3d,2,2 orbital on P This ts similar to the px-dy 
bonding in the oxides of phosphorus except that in the phosphazenes 
the x bonds are delocalized over the whole molecule, giving pseudo. 

aromatic Character "There are objections to this because of the size and 
energy of the d orbitals Alternatively the singly occupied p, orbital o 
N may form a three centre bond with the d,, and d,, orbitals on the two 
adjacent P atoms 

2 The polyphosphazenes form a very extensive seres of polymer 
Carbon based polymers are the most extensive, then the silicones then 
the phosphazenes 

ORGANOMETALLIC COMPOUNDS 

Nitrogen forms primary, secondary and tertiary amines RNH,;, R;NH and 
R3N which are described fully in organic chemistry texts 
Many organophosphorus compounds are toxic Some have been used as 

pesticides, herbicides, and nerve gases Others play an essentia] part in life 
The halides of P, As, Sb and B: react readily with lithium reagents and 

Gngnatd reagents, forming alkyl and ary! compounds The best known are 
the tertrary phosphine compounds such as triphenyl phosphine 

PC]l + 3LEt — PEt 4 OLCl 
tnethyt phosphine 

PCh + 3PhMgCi —» PPh, + 3MeCi, 
triphenyl phosphine 

The tnimethyl denvatives of P, As, Sb and Bi are all attacked by air, bit 
the trraryl compounds are stable Itis not necessary to substitute all three 
halogen atoms, and mixed halo organo species can be made either by using 
an excess of PCl; or by using a weaker alkylating or arylating agent 

PCI, + LEt > EtPCh + LCI 
Excess 

PCl, - 2HgR; — R;PCI t 2RHgCI 

The structures of MR; derivatives are pyramidal (tetrahedral with on 
position. occupied by a lone pair) hke NH; The trialkyls of P and AS 

possess strong donor properties and consequently form many complexes 
with transition metals In these a & bond is formed using the lone pas 9 
electrons and a x bond 1s formed by 'back bonding', arising from the 
donation of electrons from a full d orbital on the transition metal (o 22 

empty d orbital on P or As This ‘back bonding’ is similar to that discussed 
under the oxides of phosphorus, but since it involves two d orbitals 1t 35 

called dx-dr bonding 
Some MR; derivatives can be made in a similar way, and their structures 



are similar to that of PCls; that is a trigonal bipyramidal structure. It is rare 

to have five organic groups bonded to P. 'ü Eu v ; 

PCi, + CsHsLi — P(C&Hs)CI, 4 LiCl | 

PCl, + 2C6H5Li > P(CeHs)2Cls + 2LiCl 

PCI, + 3CsHsLi > P(C.Hs)3Cl, 4 3LiCl etc. 

Several ions NRZ, PR?, AsRf and SbR7 exist which are tetrahedral 

like the ammonium ion. 

Treatment of POCI, with lithium or Grignard reagents yields trialkyl and 

triaryl phosphine oxides. 

POCI; + 3LiR — POR; + 3LiCl 

* 
J 

Phosphate esters play a vital role in many life processes: 

|. The release of energy in living matter by adenosine triphosphate 

(ATP — ADP + energy) has been described earlier. Nicotinomide 

adenine dinucleotide (NAD) is important in the degradation of citric 

acid in the Krebs’ cycle for the release of energy. Another ester, 

phosphocreatine, is important in the regeneration of ATP, and others 
control the synthesis and storage of carbohydrates such as glycogen in 
animals. 

2. Phosphate esters are also important in the synthesis of proteins and 
nucleic acids. Deoxyribonucleic acids, DNA, are responsible for the 
storage and transfer of genetic information. The sequence of organic 
bases is specific for each nucleic acid. The DNA molecules comprise 
two strands which are hydrogen bonded together and form a double 
helix. Ribonucleic acids, RNA, are similar, but are usually single 
strands, and form a single helix. Their function is to act as a template to 
produce identical nucleic acids, with the same sequence of bases, and 

the same orientation in space. ; 
3. Phosphate esters also play a part in photosynthesis, and the conversion 

of surplus sugar into starch in plants. , 
4. Phosphate esters are also involved in dinitrogen fixation. 
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PROBLEMS 

l. Use the molecular orbital theory to describe the bonding in N4 and 
NO. What is the bond order in each case? | 

n . Explain why nitrogen molecules have the formula Nz, whilst phos- 
phorus has the formula Py: 

- Outline how nitrogen and phosphorus are obtained commercially. 
4. Write balanced equations to show the effect of heat on (a) NaNO,, (b) NH«NOs, (c) a mixture of NH,CI and NaNO., (d) Cu(NO3); -2H;0, (e) Pb(NO,);. and (f) NaN, | | 
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5 Give equations to show how the following materials react with water 

(a) LN, (b) CaNCN, (c) AIN, (d) NO,, (e) N2Os, (f) NCI, 

6 Descnbe the commercial methods for manufacturing NH, and HNO, 
How are the starting materials obtaited? What are their main uses? 
How is HNQ concentrated? 

7 Explain the x bonding ın NO7 

§ Write an account of the chemistry of the oxides of nitrogen Descnibé 
and give equations for the preparation of each, and discuss their 
properties, reactivity structures and bonding 

9 Describe the conditions under which the following react, and give the 
products in each case 
(a) copper and mine acid 
(b) nitrous oxide and sodamide 
(c) calcium carbide and nitrogen 
(d) cyanide 10ns ahd cupnc sulphate 
(e) ammonia and an acidified solution of sodium hypochlorite 
(f) nitrous acid and rodide pons 

10 Describe the production of hydrazine and hydrazine sulphate What 
practical difficulties are involved? What are they used for? 

11 Explain what happens and give equations for the reaction of an 
aqueous solution of hydrazine sulphate with 
(a) an aqueous solution of I, in KI 
(D) an alkaline solution of copper sulphate 
(c) an aqueous solution of potassium ferricyanide K3[Fe(CN}g] 
(d) an ammoniacal solution of silver nitrate 

12. Why is NF, stable whilst NCI, and NI; are explosive? 

13 Why is it that. NF, has no donor properties, but PF; forms many 
complexes with metals? Give examples af such complexes 

14 Give a preparation of NH;OH and describe one of its major uses 

15 What are the main ingredients in fertilizers? How are trey made and 
what use do the plants make of them? 

16 Compare the oxides of nitrogen and phosphorus 

]7 Substance (A) 1s a gas of vapour density 85 On oxidation at high 
temperature with a platinum catalyst it gave a colourless gas (B), 
which rapidly turned brown in air, forming a gas (C) (B) and (C) were 

condensed together to give substance (D), which reacted with water, 
forming an acid (E) On treatment of (E) with an acidified solution oí 
KI, gas (B) was evolved, but when (E) was treated with a solution of 
NHACI, a stable colourless gas (F) was evolved (F) did not support 
combustion, but magnestum continued to burn in it However, (F 
reacted with calcium carbide in an electric furnace, forming a solid 



18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

PROBLEMS 

(G), which was slowly. hydrolysed by. water, forming a solution of 

substance (A), which turned Nessler’s reagent yellow. Identify. sub- 

stances (A) to (G) and explain the reactions involved. 

Compare the structures of the oxides and sulphides of phosphorus. 

Give equations for the reactions of the following compounds with 
water: (a) P4O,, (b) P4O1o, (c) PCs, (d) PCls, (e) Na3P. 

What do you understand by px—dr bonding in the oxides and oxoacids 
of phosphorus? Give examples to show how this may explain some of 
the differences in the chemistry of nitrogen and phospho? 

Explain why the P—O bond length in POCI; is 1.45A whereas the 
sum of the single bond covalent radii of phosphorus and oxygen is 
1.83 A. 

Discuss the uses of phosphates in analysis and in industry. 

Compare and contrast the structures and behaviour of phosphates, 
silicates and borates. 

Suggest reasons why PFs is known but NF; is not. 

Give examples of pHospnazenes, How are they made, and what are 
their structures? 

Give equations for the reactions of the following compounds with 
water: (a) As4Oe, (b) As4O;o, (c) SbCL, (d) Mg3Bi, (e) Na3As. 

t 



15 Group 16 — the chalcogens 

Table 15 1 Electronic structures and oxidation states 
———— a ———— — a —— —— 21,025) 

Elements Electronic structure Oxidation states* 

Oxvgen O [He] 257 2p* -H (-1) 
Sulphur S [Ne] 35! 3p* -li (1) IV v) 
Selenium Se [Ari 3d!9 4s? 4p* (—-1[) tl IV VI 
Tellurium Te [Kr] 4d? 55? $p* H IV VI 
Polonium Po IXe] 4 '* 54? 6s! 6p* ll] iv 

———————— —  ——— D — — o —— Q— Ó — —M——Háá'P——————"—————— «C —I" 

* The most smportant oxidation states (generally the most abundant and stable) are 
shown in bold Other well characterized but less important states are shown 
in pormal type Oxdaton states that are unstable or in doubt are given m 
parentheses 

GENERAL PROPERTIES 

The first four elements are non metals Collectively they are called ‘the 
chalcogens’ or ore forming elements, because a large number of metal 
aries are Oxides oF suipindes 

Several chemicals tn thts group are industnally important HzSQq4 1s the 
most important chemical tn the chemical industry A staggering figure of 
146 million tonnes was produced 1n 1992. One hundred million tonnes/ 
year of O, ts produced and most 1s used in tron and steel making In 
1992, 54 million tonnes of S were produced, most of which 1s used tà 
make H;SO, One million tonnes/year of Na;SO, is used, mostly to bleach 
wood pulp and paper Worldwide, 1018200 tonnes of H;0; were produced 

in 199] 
The elements show the usual increase in metallic character on descending 

the group This is shown by their reactions, the structures of the elements, 
and an mcreased tendency to form M?* tons together with a decrease 
im stability of M?~ 10ns O and § are totally non metallic Non metallic 
character 1s weaker in Se and Te Po rs markedly metallic, and 1s alse 
radioactive and short lived 

Oxygen ts a very important element in morganic chemistry, since it reacts 
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with almost all the other elements. Most of its compounds are covered 

under the other elements. | 

S. Se and Te are moderately reactive and burn in air to form dioxides. 

They combine directly with most elements, both metals and non-metals, 

though less readily than with O. As expected for non-metals, S, Se and 

Te are not attacked by acids except those which are oxidizing agents. Po 

shows metallic properties since it dissolves in H2504, HF, HCl and HNO;, 

forming pink solutions of Po!. However, Po is strongly radioactive, and 

the a-emission decomposes the water, and the Po" solution is quickly 
oxidized to yellow solutions of Po!". 
Oxygen shows several differences from the rest of the group. These are 

associated with its smaller size, higher electronegativity, and the lack of 

suitable d orbitals. Oxygen can use px orbitals to form strong double 
bonds. The other elements can also form double bonds, but these become 
weaker as the atomic number increases. Thus CO, (O==C==Q) is stable, 
CS, less stable, CSe. polymerizes rather than form double bc nds and 
CTe, is unknown. Oxygen also forms strong hydrogen bonds which greatly 
affect the properties of water and other compounds. 

Sulphur shows a much greater tendency to form chains and rings than 
the other elements (see Allotropic Forms). Sulphur forms an extensive 
and unusual range of compounds with nitrogen which are not matched by 
the other elements. 

Whereas O and S have only s and p electrons, Se follows after the first 
transition series and has d electrons too. The filling of the 3d shell affects 
the properties of Ge, As, Se and Br. The atoms are smailer, and the elec- 
trons are held more tightly. This is the reason why Se is reluctant to attaín 
the highest oxidation state of (+ VI) shown by S. Thus HNO; oxidizes S to 
HS0, (S +VI) but only oxidizes Se to H SeO;, (Se --IV). 

All compounds of Se, Te and Po are potentially toxic, and should be 
handled with care. Organo derivatives, and volatile compounds such as 
H;Se and H;Te, are 100 times more toxic than HCN. 

ELECTRONIC STRUCTURE AND OXIDATION STATES 

The elements all have the electronic structure sp‘. They may attain a 
noble gas configuration either by gaining two electrons, forming M?" ions, 
or by sharing two electrons, thus fortiiing two covalent bonds. The electro- 
negativity of O is very high — second only to F. The electronegativity dif- 
ference between-M and O is large. Thus most metal oxides are ionic and 
contain O*~ ions, and the oxidation state of O is (—II). Sulphides, sel- 
enides and tellurides are formed with the more electronegative metals in 
Groups 1 and 2 and the lanthanides, and these compounds are some of 
the most stable formed. Compounds are often written as containing S?^, 
SC" and Te’~. The electronegativity differences suggest that these com- 
pounds are close to the 5095 ionic, 5096 covalent borderline. In the same 
Way as for PCls, these compounds may be covalent in the solid but ionic 
In aqueous solution. 

333 



GROUP16 THE CHALCOGENS 

The elements also form compounds containing two covalent (electron 
pair) bonds such as H:0, F20, ChO, H:S and SCl; Where the chalcogen 

atom 15 the least electronegative atom in the molecule (e g 1n SCL, where 
the electronegativity of S = 2 5 and Cil = 3 5} the S shows an oxidation 
state of (+H) 

In addition, the elements S, Se and Te show oxidation states of IV and 
VI, and these are more stable than the +H state 

ABUNDANCE OF THE ELEMENTS 

Oxygen is the most abundant of all elements it exists ın the free form as 
dioxygen molecules O2 and makes up 20 9% by volume and 2376 by weight 
of the atmosphere Most of this has been produced by photosynthesis 
the process where the chlorophyll in the green parts of plants uses the 
sun’s energy to make foodstuffs such as glucose sugar 

6CO, + 6H,O + energy from the sun — CH0 + 60, 

Oxygen makes up 466% by weight of the earth’s crust, where it 1s the 
major constituent of silicate minerals Oxygen also occurs as many metal 
oxide ores, and as deposits of oxosalts such as carbonates sulphates ni 
trates and borates Oceans cover three quarters of the earth's surface 
and oxygen makes up 89% by weight of the water in the oceans Ozone 
QO; exists in the upper atmosphere, and ıs of great importance This is 
discussed later 

Sulphur is the sixteenth most abundant element and constitutes 0 034% 
by weight of the earth’s crust It occurs mainly in the combined form as 
numerous sulphide ores and as sulphates (particularly gypsum CaSO, 
2H,O) It t$ not economic to mine these to obtain S, although gypsum is 
mined for other uses The native element can be obtained from volcanic 
sources in many places, but these sources are ttle used now except in Japan 
and Mexico From Biblical times up tili the present century volcanic sources 
provided the major source of S. In early times S in the form of brimstone 
(burning rock) was used for fumigation From the thirteenth century until 
the middle of the nineteenth century it was used to make gunpowder In 
the present century the major use has been to make H;SO, 

The other elements Se Te and Po are very scarce 

Table 15 2 Abundance of the elements in the 
earth s crust. by weight 

ppm Relative abundance 

O 455000 ] 
S 340 16 
Se Q 05 68 
Te 0 001 Ti = 

Fo trace 
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EXTRACTION AND USES OF THE ELEMENTS 

Extraction and separation of dioxygen 

Dioxygen is produced industrially by the fractional distillation of liquid air. 

(See Chapter 14, under ‘Occurrence, extraction and uses of Nitrogen'.) 

Most of the O; is used in the steel making industry. Gas produced in this 

way commonly contains traces of N2 and the noble gases, particularly Ar. 

Steel cylinders of compressed Oz are used for many purposes, including 

oxy-acetylene welding, and in the laboratory. O2 1s administered together 

with an anaesthetic for surgical operations. It is sometimes prepared on a 

small scale in the laboratory by thermal decomposition of KCIO; (with 

MnO, as catalyst), though the product often contains traces of Cl; or 

CIO;. Small amounts of O, as an emergency breathing supply in aircraft 

are produced by heating NaCIO;: 

2KCIO, 150°C MnO, catalyst KC] + 30, 

O; can also be made by the catalytic decomposition of hypochlorites: 

2HOCI 5 2HCI + O- 
or by the electrolysis of water with a trace of H2SO, or barium hydroxide 
solution. 

Uses of dioxygen 

Practically all the elements react with dioxygen either at room temperature 
or on heating. (The only exceptions are a few noble metals such as Pt, Au 
and W, and the noble:gases.) Even though the bond energy of O; is high 
(493 kJ mol!) the reactions are generally strongly exothermic, and once 
started often continue spontaneously. 

Dioxygen is essential for respiration (for the release of energy in the 
body) by both animals and plants. It is therefore essential for life. 

respiration 
———À» C6H 1206 + 602 6CO, + 6H,O + energy 

glucose 

The complex formed between dioxygen and haemoglobin (the red pigment 
in blood) is of vital importance since it is the method by which higher 
animals transport dioxygen round the body to the cells which actually use it. 

World production of liquid and gaseous O; is about 100 million tonnes/ 
year. By far the largest consumption of dioxygen (60-80%) is in the iron 
and steel industry. Here pure dioxygen is used to convert pig iron into steel 
in the basic oxygen process which originated as the Kaldo and LD pro- 
n Since the late 1950s these have replaced the Bessemer process 
7 ich used air). Plants to produce dioxygen are frequently located 

adjacent to, or are part of, modern steel making plants, and the O; is Piped from one plant to the other. There are three advantages to the | modern methods-using O,: 
continued overleaf 
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] The converston to steel is quicker 
2 Larger ingots of pig iron can be used (Bessemer 6 tonnes, BOP 100 

tonnes) 

3 The meta! does not form mtndes, which can occur when air 1s used 

In some places dioxygen is introduced with aur into blast furnaces used 
for the reduction of iron oxides to impure pig iron by coke The reason 
for using dioxygen is largely to allow the use of some heavy hydrocarbons 
(naptha) as fuels as a partial replacement for expensive metallurgical coke 
Dioxvgen i$ aiso used for oxy-acetylene welding and metal cutting Other 
important chemical uses of dioxygen include the following 

| The preparation of T10; from DCi, T1015 used as a white pigment in 
paint and paper and as a filler in plastics 

2 Ta exidize NH, in the manufacture of HNO, 
3 In the manufacture of oxirane (ethylene oxide) from ethene 
4 As the oxidant in rockets 

Extraction of sulphur 

World production of $ was 57 milhon tonnes in 1992 The main producers 
are the USA 20%, the former Soviet Union 15%, Canada 13%, China 
[11% and Japan and the former Czechoslovakia 576 each There are 
scveral methods of extracung S 

Recovered from natural gas and petroleum 48% 
Mined by the Frasch process 19% 
From pyrites 17% 
Recovered from smelter gases 12% 
Mined as sulphur ore 4% 
Made from CaSO, 0 0376 

Large amounts of sulphur are obtained from natural gas plants fn 
Canada these plants are the major source (9095) ot S since the natura? gi 
there may contain up to 20% H35S. It 1s essential that all traces of sulphur 
compounds are removed from natural gas, since H5S has an objectionable 
smell Furthermore, burning sulphur compounds forms SOQ, which has 
an acnd smeli and is corrosive In a similar way, large amounts of 5 afe 

obtained from oi refinenes (60% of the USA total and 37% of the USSR 
total) After cracking long cham hydrocarbons, H;S and other sulphur 
derivatives are removed because of ther objectionable smell About 4 
third of the H,S ts oxidized in wr to pive SO;, which i5 subsequently re 

acted with the remaining H»S This provides a second major source of $ 
in the USA and Japan With the enormous increase in the use of natural 
gas and oil, more S ts now obtained from gas and petroleum than is muned 
by the Frasch process (see later) 

Major deposits of native S are found in the USA (the Gulf of Mexico 

States Louisiana, Texas. and Mexico), and in the upper Vistula region ol 
Poland and the Ukraine These deposits of 5 were formed by anaerobe 
bacteria wlhuch metabolize CaSO, to form H-S and S 
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2H-S + 30: — 2S0, + 2H;O 

SO; + 2H-S E 2H-O + 3S 

These underground deposits of S are mined by the Frasch process, and 

yield S in a very high state of purity. In this process, three concentric pipes 

are sunk in a borehole down to the underground deposit. Superheated 

steam is passed down the outer pipe, and this melts the sulphur. Com- 

pressed air is blown down the inner pipe and forces molten sulphur up 

the middle pipe. One bore hole can cover an area of about half an acre. 

This technique was developed to overcome difficulties of mining in swamp 

areas or through quicksand, and for offshore mining in Louisiana. Mining 

in the USA started in the 1890s, and in Poland in the 1950s. 
SO, is obtained as a by-product in the extraction of metals from sulphide 

ores. The most important metal sulphide is iron pyrites (fool's gold) FeS;. 
This is mined in large amounts in the USSR, Spain, Portugal, Japan and 
many other places. Non-ferrous metals such as wurtzite ZnS, galena PbS, 
several forms of copper sulphide and NiS all yield SQ, in smelters. The 
SO; is used to make H;SO,. Because there are a large number of metal 
production processes, this method of producing S currently yields more S 
than the other two methods. However, it is produced as SO, rather than 
S. The metals in the p-block and about half of the transition metals form 
sulphide minerals: all these metals are collectively called chalcophiles. 
Some of the most important sulphide minerals are listed in Table 15.3. 

There are vast amounts of S in the form of sulphates dissolved in the 
oceans, and as mineral deposits such as CaSO,. There are smaller deposits 
of other metals such as FeSO, and AL(SO,),. In Poland SO; is obtained 
by heating CaSO, with coke in a rotary kiln. Production is about 20000 
tonnes/year. The SO; is used for the Contact process for the manufacture 
of H2SO,. Production of elemental S from sulphates is not much used 
since other sources of S are at present cheaper. 

Table 15.3 Some important sulphide ores 

MoS, Molybdenite 
FeS, Pyrites (fool's gold) 
FeS, Marcasite 
FeAsS Arsenopyrites 
(Fe Ni) Sx Pentlandite 
CuS Copper glance or chalcocite 
CuFeS; Copper pyrites or chalcopyrite 
CusFeS, Bornite or peacock mineral 
Ags Silver glance or argentite 
ZnS Zinc blende or sphalerite 
ZnS Wurtzite 
Hgs Cinnabar 
PbS Galena or lead glance 
ASS; Orpiment 

M ASS, Realgar 
Sb; ` Stibnite 
BiS; Bismuthinite 
O russes 

continued overleaf 
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2CaSO, -- C5-—» 280; + 2CaO + CO, 

At one time elemental S was obtained in large amounts as a by-product \n 
the production of coal gas Since natural gas has replaced coal gas (town 
gas) in many developed areas, this source has largely disappeared except 
in less developed areas 

Acid rain and SO, 

Coal typicaily contains 2% S, and may contain up to 4% This represents 
a huge potential source of S, which could be extracted as SO, from the 
flue gases Worldwide about 4530 million tonnes of coal were produced 
in 1992 The largest use ts in coal burmng electricity generating. plant 
Worldwide this produces about 90 million tonnes of S, that 1s 180 million 
tonnes of SO; (in the UK 85 million tonnes of coal are used in power 
Stations producing about 2 4 million tonnes per year of S or 4 8 mikon 
tonnes of SO, ) Because it is uneconomic to remove the SO;, only about 
1*5 of this total tonnage ts recovered as H,SQ, The mayority 1s discharged 
into the atmosphere where tt causes acid rain 

The atmosphere chemistry of acid rain is not fully understoad SO, is 
oxidized by ozone or hydrogen peroxide to SO, This reacts with water of 
hydroxyl radicals to give H2SO, Ammonium sulphate 1s also formed, and 
can be seen as an atmospheric haze (sometimes described as an aerosol ef 
fine particles) Wet deposition. occurs after ramdrops become nucleated 
with aerosol particles of SO, or (NH4);SO,, but SO; does not dissolve 1n 
significant amounts Instead SO; is deposited by dry deposition. and $ 
absorbed directly on both sohd and liquid ground surfaces. In 1982 UK 
deposition was about 50 units (kg hectare! year ^!) of dry and 5 units 
of wet The name 'acid rai is musleading since it refers to both wet and 
dry deposition 

Inevitably power stations are located (and SO, 1s emitted) in. densely 
populated regions Using high chimney stacks to disperse the gas merely 
moves the problem on to someone else For example, 1095 of SO; pollv 
tion in Sweden actually comes from Sweden, but 80% comes from th* 
industrial regions of Europe (East and West Germany, Poland, Czecho 
slovakia) and 10% from Britain Acid rain causes damage to trees, plants: 
fish and buildings, and causes respiratory ailments m man and animals 
About 60% of atmospheric SO, comes from coal fired power stations 
Most of the rest comes from ail refinenes, oi fired power stations an 

smelters 
Total el:mination of SO, pollution is not possible for both economic and 

technical reasons However, we have the technology to reduce pollution t? 

alow figure The methods used are scrubbing the flue gases with a slurry of 

Ca(OH), or reducing the SO; to 5 using H;S and an activated alumina 

catalyst 
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Ca(OH) T SO, — CaSO, T H-O 

2H-S`+ SO, —> 3S + 2H,0 

Uses of sulphur 

S is an essential though minor constituent of certain proteins. It is present 

in the amino acids cystine, cysteine and methionine. 

World production of S was 57 million tonnes in 1992. Almost 90% of 

this is converted to SO». then to SO, and finally to H5SO,. Sixty per cent 

of the H5SO, produced is used to make fertilizers. The remainder is used 

to make a variety of other chemicals. Sulphites SO3", hydrogen sulphites 

HSO; and SO; are important for bleaching. 

The 1096 of S for non-acid purposes is used as elemental S. Some is used 

to make carbon disulphide CS2, which is used to make CCl, and viscose 

rayon. Sulphur reacts with alkenes and forms sulphur cross-links between 
molecules. This is important in the vulcanizing of rubber. Sulphur and 
selenium will dehydrogenate saturated hydrocarbons. Other uses of sul- 
phur are in the manufacture of fungicides, insecticides and gunpowder. 
Gunpowder is an intimate: mixture of saltpetre NaNO; (75%), charcoal 
(15%) and sulphur (10%). It was discovered by Roger Bacon in 1245, and 
was the first explosive which could propel a bullet or cannon ball. It was 
first used for this purpose at the Battle of Crécy in 1346. It was then used 
in land and sea warfare for 500 years until better explosives such as gun- 
cotton, nitroglycerine and cordite were discovered. 

Extraction and uses of selenium and tellurium 

se and Te occur among sulphide ores‘ and are obtained in concentrated 
form from anode sludge after the electrolytic refining of copper. This 
sludge also contains the platinum metals, and Ag and Au. Se and Te are 
also obtained from flue dust produced during the roasting of sulphide ores 
such as PbS, CuS or FeS». The dust is trapped by means of an electrostatic 
precipitator. Both elements also occur in the native form together with S. 

World production of Se metal was 1670 tonnes in 1992. Most is used to 
decolorize glass, though Cd(S.Se) is used to make pink and red coloured 
Blass. Se is used in Xerox-type photocopiers to make the photoreceptor 
to capture the image. The photoreceptor is a thin film of Se on an Al sup- 
port. The photoreceptor is sensitized electrostatically by a high voltage, 
and then an image iş focussed on it as on the film in a camera. Areas ex- 
posed to light lose their electrostatic charge. Toner powder sticks to the 
areas still charged, and the powder is transferred to a sheet of paper and 

M pe to the paper. Thus a copy of the original image 
eed. the photoreceptor is then wiped clean, sensitized again, and 

reused. Selenium is an essential element in the body in trace amounts, 
and ^ 4 component in à number of important enzymes. e.g. glutathione 
Peroxidase. which protects cells against attack by peroxide. However 

: SC is toxic in larger quantities, | | 
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World production of Te metal was 152 tonnes in 1992 The major part 

of this 1s used in making stee/ and non ferrous alloys for example to 
harden lead 

Both Se and Te compounds are absorbed by the human body and are 
excreted as foul smelling organic derivatives in breath and sweat 

Discovery and production of polonium 

Polonium was discovered by Marie Curie by processing very large amounts 
of thorium and uranium minerals and separating the decay products 
Polonium i5 one of the decay products (see Radioactive decay senes in 
Chapter 31) The separation was observed by studying the radioactivity 

iu p a 
732Pb ——> %3 B: —— Po —— "Pb 

half | fe half I fe half l te 
22 3 yea 5 5 0 days 138 4 days 

Marie Curie shared the award of a Nobel Prize for Physics with H A 
Becquerel and Pierre Cune in 1903 for work on radioactivity which was 
then a new techmque in 1911 she was awarded a second Nobel Prize (this 
time for Chemustry) for the discovery of polonium and radium Poloniwm 
is named after Marie Curie s home country Poland Polonium is now made 
artificiaily in gram quantities from bismuth by neutron irradiation in a 
nuclear reactor The metal ıs extracted by sublimation 

Bt -+ n — | Bi — t Po + jc 

All isotopes of polonium are highly radioactive The most stable isotope is 
Po but this i5 an intense a emitter and has a half fife of 138 days The 
a emission decomposes water which complicites any studies of polonium 
compounds in aqueous solutions. Thus the chemistry of palomum ts not 
well known 

STRUCTURE AND ALLOTROPY OF THE ELEMENTS 

All the elements except Te are polymorphic that is they exist irt more than 
ane vlotrapic form 

Oxygen 

Oxygen occurs as two non metalic forms dioxygen O and ozone O; 
Dioxypen O is stable as a diatomic molecule. which accounts for it being 

dds {© Se Fe and Po have more complicated structures eg S, and 
are solids at normal temperatures ) The bond ng in the O molecule ts 
not 4s simple as it might at first appear. If the molecule had two covalent 
bonds then all the electrons would be pured ind the molecule should 
be dirum inetic 

O0 + O o QO Q cr O--O 

Dioxygen 15 paramagnetic and therefore contains unpaired electrons The 
explanation of this phenomenon was one of the early successes of the 
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molecular orbital theory. The structure is described (see ‘Examples of 

molecular orbital treatment’ in Chapter 4). uu 

Liquid dioxygen is pale blue in colour, and the solid is also blue. The 

colour arises from electronic transitions which excite the ground state 

(a triplet state) to a singlet state. This transition is 'forbidden' in gase- 

ous dioxygen.. In liquid or solid dioxygen a single photon may collide with 

two molecules simultaneously and promote both to excited states, ab- 

sorbing red—-yellow-green light, so O2 appears blue. The origin of the 

excited singlet states in Oz lies in the arrangement of electrons in the 

antibonding x*2p, and x*2p, molecular orbitals, and is shown below. 

Second excited state — T Py T^ pz State Eneray/kJ 
(electrons have singlet 2j 15 
opposite spins) 

First excited state m sinalet ‘Ay 92 
(electrons paired) t4 x * 

Ground state Ae 
(electrons have triplet Ls 0 
parallel spins) 

Singlet O, is excited, and is much more reactive than normal ground 
state triplet dioxygen. Singlet dioxygen can be generated photochemically 
by irradiating normal dioxygen in the presence of a sensitizer such as fluor- 
escein, methylene blue or some polycyclic hydrocarbons. Singiet dioxygen 
can also be made chemically: 

_ EtOH l a 
H;O; * OCI —— — O; ((A,) + H20 + Cl 

Singlet dioxygen can add to a diene molecule in the 1,4 positions, rather 
like a Diels-Alder reaction. It may add 1,2 to an alkene which can be 
cleaved into two carbonyl compounds. 

Singlet dioxygen may be involved in biological oxidations. 
Ozone O; is the triatomic allotrope of oxygen. It is unstable, and de- 

composes to O2. The structure of O; is angular, with an O—O—O bond 
angle of 116°48'. Both O—O bond lengths are 1.28 Å, whìch is intermedi- 
ate between a single bond (1.48 A in H,O,) and a double bond (1.21 Å in 
O2). (The structure of O; is described near the end of Chapter 4.) The 
older valence bond representation as resonance hybrids is now seldom 
used. The structure is described as the central O atom using sp^ hybrid 
orbitals to bond to the terminal O atoms. The central atom has one lone 
pair, and the terminal O atoms have two lone pairs. This leaves four elec- 
trons for x bonding. The pz atomic orbitals from the three atoms form 
three delocalized molecular orbitals covering all three atoms. One MO 1s 
bonding, one non-bonding, and one antibonding. The four x electrons fill 
the bonding and non-bonding MOs and thus contribute one delocalized 1 
bond to the molecule in addition to the two o bonds. Thus the bond order 
Is 1.5, and the n system is described as a four-electron three-centre bond. 

Sulphur 

Sulphur has more allot f ropic forms than any other element. These different ‘TMS arise partly from the extent to which S has polymerized, and partly 

54 
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Figure 15 2 Structure of S, 
molecule 

from the crystal structures adopted The two common crystalline forms 
are a or rhombic sulphur which ts stable at room temperature, and f ar 
monoclimc sulphur which is stable above 95 5°C These two forms change 
reversibly with slow heating or slow cooling Rhombie sulphur occurs 
naturally as large yellow crystals in volcanic areas A third modification 
known as y monoclinic sulphur 15 nacreous (looks ke mother of pearl) 
it can be made by chilling hot concentrated solutions of S in solvents such 
as CS, toluene or EtOH Ali three forms contain puckered S, rings with 
a crown conformation (Figure 15 2), and differ only in the overal) packing 
of the rings in the crystal This affects their densities 

a rhombic 2 069g cm 4 
8 monochmc 194—201gcm^? 
y monochimc 2 19gem ? 

Engel s sulphur {e sulphur} is unstable and contains S, rings arranged 
in the chair conformation Itis made by pouring Na5S5,0, solution into 
concentrated HCI and extracting the S with toluene It can aio be made 
as follows 

H,S4 -- S,Cl; — 5, + 2HC] 

Several other rings S5, So, Sios Str, Siz, Sig and Sag have been made by 
Schmidt and his group They are usually obtained by 1 I reactions in dry 
ether between hydrogen polysulphides and polysulphur dichiondes with 
the required number af S atoms, for example 

H,Ss * S,Cl — Sjo + 2HCI 
H-S; + S4Cl; — S12 t 2HCI 

In all of these ring compounds the S—S distance 1s 204-2 06A and the 
bond angle S—-S—S ts tn the cange 102--108° They are all soluble in C52 

Plastic or y sulphur is obtained by pouring liquid sulph sr into water 
Several other forms can be produced by quenching molten $ These may 
be fibrous laminar or rubber like, and a commercial form js called Cry 
stex These are all metastable and revert to the a (cyclo Sg) farm on stand 
mg Their structures contain spiral chains, and sometimes Sg and other 
nngs 

Sulphur melts to form a mobile liquid. As the temperature 1s raised the 
colour darkens At 160°C the Sg rings break, and the diradicals so formed 

polymenze, forming long chains of up to a million atoms This makes all 

the physical properties change discontinuously The viscosity increases 
sharply, and continues to rise up t0 200°C: At higher temperatures chains 
break, and shorter chains and rings are formed, which makes the viscosity 
decrease up to 444°C, the boiling point The vapour at 200°C consists 

mostly of Ss rings, but contains 1-296 of S, molecules At 600*C the gas 
mainly consists of S, molecules 

The S molecule ts paramagnetic and blue coloured like O;, and pre 
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sumably has similar bonding. S? gas is stable up to 2200°C. The stability 

of S; is used in the quantitative analysis of S compounds. They are burnt 

in a reducing flame, and the colour from excited S, is measured spectro- 

photometrically. S and S4 are also known. 

Selenium, tellurium and polonium 

Six allotropes of selenium are known. Interest in these is because Se IS 

used in electronic devices. These include capturing the image in Xerox- 

type photocopiers, as rectifiers (to convert alternating currént into direct 

current), and as light emitting diodes (LEDs). There are four red forms. 

Three different red non-metallic forms are known containing Seg rings. 

They differ in the way the rings are packed in the crystal. An ‘amorphous’ 

red form contains polymeric chains. There are in addition two grey forms. 

The most stable is the grey metallic form, which contains infinite spiral 

chains of Se atoms with weak metallic interaction between adjacent chains. 

A black vitreous form of Se is commercially available, and is made of large 
irregular rings with up to 1000 atoms. 

Tellurium has only one crystalline form, which is silvery white and semi- 
metallic. This is similar to grey Se, but has stronger metallic interaction. 

Polonium is a true metal. It exists as an a-form which is cubic and a 
D-form which is rhombohedral. Both forms are metallic. 
Thus there is a marked decrease in the number of allotropic forms from 

S to Se to Te. There is an increase in metallic character down the group. 
The electrical properties also change from insulators (O and S), to semi- 
conductors (Se and Te), to metallic conduction (Po). The structures change 
from simple diatomic molecules, to rings and chains, to a simple metallic 
lattice, 

Sulphur dissolves in oleum, giving brightly coloured solutions, which 
may be yellow, deep blue. or bright red. These contain cations [S,]^*. 
[S4] is bright yellow, and the X-ray structure shows it is square planar. 
It is isoelectronic with S N2. [Sg]^* is deep blue and the structure is cyclic. 
The red colour was thought to be due to Siel, but has recently been 
shown to be due to [S,s]*. Selenium and tellurium also dissolve in 
Tee forming [Se4]?*, [Te4]^*, [Ses] * and, in addition, [Seio]^* and 

€g : 
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O; is an unstable, dark blue diamagnetic gas, b.p. —112°C. The colour is 
due to intense absorption of red light (4. 557 and 602 nm). It also absorbs 
Strongly in the UV region (A 255 nm). This is particularly important since 
there is a layer of O; in the upper atmosphere which absorbs harmful UV 
radiation from the sun, thus protecting people on the earth. The use of 
chlorofluorocarbons in aerosols and refrigerators, and their subsequent 
scape into the atmosphere, is blamed for making holes in the ozone layer 
Over the Antarctic and Arctic. It is feared that this will allow an excess- 
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we amount of UV light to reach the earth which will cause skin carcer 
(melanoma) in humans Oxides of nitrogen (from car exhausts} and the 
halogens can also damage the QO, layer (See Chapter 13 ) 
O; has a characteristic sharp smell, often associated with sparking electt- 

cal equipment The gas is toxic, and continuous exposure to concentrations 
of 0 1 ppm must be avoided 

O; ıs usually prepared by the action of a silent electne discharge upon 
dioxygen between two concentric metallized tubes in an apparatus called 
an ozonizer Concentrations of up te 10% of O; are obtatned in this way 
Higher concentrations or pure O; can be obtained by fractional liquifac- 
tron of the mixture The pure liquid ts dangerously explosive. Low con- 
centrations of O; can be made by UY irradiation of O2 This occurs in the 
atmosphere when photochemical smog is formed over some cities, for 
example over Los Angeles or Tokyo The photochemical change 1s useful 
for producing low concentrations to sterilize food, particularly for cold 
storage O; can also be made by heating O; to over 2500°C and quench- 
ing In all of these preparations oxygen atoms are produced, and these 
react with O- molecules to form O; 

O, is also used as a disinfectant. For example, it 15 used to purify drink- 
ing water, sifice it destroys bacteria and viruses Its advantage over chlorine 
for this purpose is that it avoids the unpleasant smell and taste of chlonne, 
since any excess O4 soon decomposes to O; For similar reasons it is used 
to treat water in swimming pools 

The amount of O; im a gas mixture may be determined by passing the 
gas into a KI solution buffered with a borate buffer (pH 9 2) The dine 
ihat 1s hberated 1s titrated with sodium thosulphate 

O, + 2K* + 217 + H,0 > I, + 2KOH + O, 

Alternatively the gas may be decomposed catalytically, and the change n 
volume measured 

20, — 30; AG = —163kJ mol™ 
(2 volumes) (3 volumes) 

O4 15 thermodynamically unstable, and decomposes to O; The decom 
position 1s exothermic, and 1s catalysed by many matenals The solid 4nd 
liquid often decompose explosively The pas decomposes slowly, even 
when warmed, providing catalysts and UV ight are absent Qs ts an €X 
tremely powerful oxidizing agent, second only to F; in oxidizing powel, 
and reacts much more readily than dioxygen 

3PbS + 40, — 3PbSO, 

2NO; + O1,— NOs + OF 

S + H;O * O4— H;SO, 

2KOH + 50, — 2KO, + 50, - H;O 

Potassium ozonide KO is an orange coloured solid and contains the patè 
magnetic O, ion. O4 adds to unsaturated organe compounds at room 
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temperature, forming ozonides. These are not usually isolated, but can 

be cleaved to aldehydes and ketones in solution, or oxidized by air to give 

carboxylic acids. 

Table 15.4 Physical properties of the elements 
p 

c ———————————"-
—————— 

Covalent Ionic First Pauling's Melting Boiling 
radius radius ionization electro- point point 

7 energy negativity 

(A) (A) (kJ mol") CC) (C) 

O 0.74 1.40 1314 3:9 —229 —183 
S 1.04 1.84 999 2.5 114 445 
Se 1.14 1.98 941 2.4 221 685 
Te 1.37 2.21 869 2.1 452 1087 
Po 813 2.0 254 962 

Values for covalent radii are for two-coordination. 

STANDARD REDUCTION POTENTIALS (VOLTS) 

Acid solution 

Oxidation state 

TVI TV TIV +UI +115 43H - 0 es 

-0.69  * 
O2 H202 

+1.23 

2:70.22 _ +0.57 +0.51 +0.08 +0.47 +0.14 SOi- ——S,02- —— — SO, S4027 S2037 Ss 

o NRI +0.45 

z TLI i —0.40 
Se0Oż H-SeO, e eee Se 

+0.92 ; —(). H,TeO, TeO, +0.57 Te 0.72 

31.02 — — — Te** ——————— 40.53 — — ——31 

1-0.72 

+1.52 -1. PoO, PoO, +0.80 po?* +0.65 Po 1.00 

£146— — — — — ——1 

* Disproportionates 

The difference in free energy between the different oxidation states of S 
is not very great. PoO, 
(* VI) states of the ot 

(Po(-- VI)) is appreciably more oxidizing than the 
her elements, and selenate SeO4" and tellurate 

HP 
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FcO; have 4 much greater oxidizing power than SO} = The differences 
between the oxidizing power of the (--1V) states of polonite, tellurite, 
selenite and sulphite are smaller The potentials also show the decrease in 
stabilty from H:O to H-S to H2Se to H;Te to H;Po . the last three are 
thermodynamically unstable 

OXIDATION STATES (+11), (+IV) AND (--VI) 

Oxygen 18 never more than divalent because when st has formed two co- 
valent bonds it has attained a noble pas configuration, and there are no 
low energy ormtals which can be used to form further bonds However, 
the elements S, Se. Te and Po have empty d orbitals which may be used for 
bonding, and they can form four or six bonds by unpairing electrons 

s p d 

Ground sate TELL 
two unpaired electrons therefore can form two bonds 
four electron pairs hence tetrahedral structure with 

Iwo positions occupied by lone pairs 

Excited state at td ti 

four unpaired electrons therefore can form four bonds 
ive electron pairs hence trigonal bipyramid with 
one position occupied by lone pair 

Further excited ah fd | state 

Sx unpared electrons. Therefore can form six bonds 
Six electron paws hence octahedral structure 

Compounds of S Se and Te with O are typically tetravalent The (+IV) 
state shows both oxidizing and reducing properties Fluorine brings out 
the maximum oxidation state of (+ VI} Compounds in the (+VI) state 
show oxidizing properties The hipher oxidation states become less stable 
on descending thc group. These compounds are typically volatile because 
they are covalent 

1 

BOND LENGTHS AND px—dx BONDING 
The bonds between S and O, or Se and O, are much shorter than mught 

be expected for a single bond In some cases they ma\ be formulated as 
localized double bonds A o bond ts formed in the usual wav. [n addition 
am bond 1s formed by the sidewavs overlap of a p orbital on the oxygen 
with a el orbital on the sulphur giving a predn interaction This pr-dn 
bonding rs simil ir to that found in the oxides and ovo rads of phosphorus 
and is in contrast to the more common pr-pr type ot double bond tound 
in ethene (Figure 15 4) 

To obtain effective pr—dz overlip thc «ze of thc d orbital must be 
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similar to the size of the p orbital. Thus sulphur forms stronger x bonds 

than the larger elements in the group. On crossing a period in the periodic 

table, the nuclear charge is increased and more s and p electrons are 

added. Since these s and p electrons shield the nuclear charge incom- 

pletely, the size of the atom and the size of the d orbitals decreases from 

Si to P to S to Cl. The decrease in the size of the 3d orbitals in this series 

of elements leads to progressively stronger pn—dx bonds. Thus in the 

silicates there is hardly any pn-dz bonding. Thus SiO, units polymerize 

into an enormous variety of structures linked by Si—O—Si o bonds. In 

the phosphates, 1 bonding is stronger, but a large number of polymeric 

phosphates exist. In the oxoacids of sulphur, x bonding is even stronger 
and has become a dominant factor. Thus only a small amount of pol- 
ymerization occurs, and only a few polymeric compounds are known 
with S—O-—S linkages. For chlorine, pr—dn bonding is so strong that 
no polymerization of oxoanions occurs. 

In cases where there is more than one x bond in the molecule it may 
be more appropriate to explain the x bonding in terms of delocalized 
molecular orbitals covering several atoms. 

DIFFERENCES BETWEEN OXYGEN AND 
THE OTHER ELEMENTS 

Oxygen differs from the rest of the group in that it is more electronegative 
and therefore more ionic in its compounds. 
Hydrogen bonding is very important for O compounds, but it is only 

recently that weak hydrogen bonds involving S have been proved to exist. 
The absence of higher valency states and the limitation to a coordination 

number of 4 are a consequence of the limitation of the second shell to eight 
electrons. The other elements can have a coordination number of 6 by 
using d orbitals. 
Oxygen can use pr orbitals to form strong double bonds. The other 

elements can also form double bonds, but these become weaker as the 
atomic number increases. 

GENERAL PROPERTIES OF OXIDES 

Practically all of the elements react with dioxygen to form oxides. There are 
several ways in which oxides may be classified, depending on their struc- 
ture or their chemical properties. First consider the classification according 
to their geometric structure. In this way oxides are classified as normal 
oxides, peroxides or suboxides. 

Normal oxides 

Z these, the oxidation number of M can be deduced from the empirical 
ra M,O,, taking the oxidation number of oxygen as (—II). These 

oxides, for example H-O, MgO and ALO,;, contain only M—O bonds. 

S 
Q 
O 

Figure 15.4 pz-drz o 
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Peroxides 

These contain mote oxygen than would be expected from the oxidation 

number of M Some are tonic and contain the peroxide won Q^, for 

example those of Group 1 and 2 metals (Na;0; and BaO;) Others ere 

covalently bound and contain —O—O— 1m the Structure, for example 

H,0, (H—O—O—H) peroxomonosulphuric acid and peroxodisulphunc 

acid 
O 2c O Cy le 

| | i 
2H* | O—S—O—O | * 2H* | 0O—S8 —0—0—S —0 

| | | 
O O O 

peroxomonosulphuric acid peroxodisulphune acid 

Peroxo compounds are strong oxidizing agents, and are hydrolysed by 

water to give H,O, 

H3S05 + H-Q -> H50, + H-0- 

Superoxides, ¢ g KO, contain more oxygen than would be expected 

(see Chapter 9) 

Suboxides 

Here the formula contains less oxygen than would be expected from the 
oxidation number of M They involve M—M bonds in addition to M—0 
bonds, for example O--C—C-—C—O 

A second method of classifying oxides depends on their acid —base prop 
erties Thus oxides may be acidic, basic, amphoteric or neutral, depending 
on the products formed when they react with water 

Basic oxides 

Metallic oxides are generally basic Most metal oxides are ionic and con 
tait the O^^ 10n. The oxides of the more electropositive metals, Groups 
| and 2, and the lanthanides are typical A large amount of energy 18 © 
quired to form an ionic oxide This is because the O; molecule must first be 
broken into atoms, and then the enerpy (the electron affimty) required to 
add two electrons to form O?^ i&also large. Thus 10nic oxides are formed 
by compounds with a high lattice energy to offset this Thus rome oxides 
typically have high. melung points (Na,O 1275°C, MgO 28007C, La:9; 
2315°C) When they react with water the O?7 10n 1s converted to OH 

Na;O 4 H,O — 2NaOH 

However, many metal oxides with formulae M;O; and MO;, though rom, 
do not react with water Examples include 11,03, B1;0, and ThO2 These 
react with acids to form salts, and so are basic Where a metal can exist 
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from the most basic to the most acidic, then the further apart two oxides 
arc tn the series, the more stable the compound formed when they react 
together This can be put on a quantitative basis by considering the changes 
in standard free energy 

Na;Oq + H-O — 2NaOH, 

AG? —376 —234 2(--376) AG = —142 kJ mol”! 

CaO + H:0m — Ca(OH) 
AG” ~602 —234 —895 AG = —59kI mal7! 

AlO:i, + 32H20; — 2AX OH); 

AG? —1572 3(—234)  2(-1138) AG= -2kibmol^! 
From the AG values, NaO is the most basic and AL;O, the least basic. In 
fact Na;O is strongly basic and Al;O; is amphoteric From the free energy 
values for the hydroxides, NaOH ıs chemically the most reactive. and 
AI(OH); the most stable This ıs also true in the following reactions 

CaO, + CO) — Cala) 

AG? —602 —393 — 4129 AG = -134kJ mol"! 

Cais) + N-O sia) —> Cah Os)» 

AG? -602 +134 AG = —272k] mal” ' 

CaOq t SO) — CaSO0, 

AG? —602 —368 —1317 AG = -347 kJ mol”! 

From the AG values, SO, 1s the most strongly acidic oxide, N40, i5 the 
next strongest, and CO, ıs the weakest From the free energy values of the 
salts formed, Ca(NO;), is the least stable and the most reactive, whilst 
CaSO, is the most stable and the least reactive 

The order of acidic strength of oxides can be obtained as follows 

K0, CaO, MgO, CuO, H;Q, $103, COs, NOs, SO; 

most basic most acidic 

it 1s possible to predict if à reaction is possible or impossible. 1£ CaO is 
added to a mixture of H;O and SO; (H;SO,), the more stable CaO SO; 
(CaSQ,) will form, that ts 

H,SO, + CaO — CaSO, + HO 

but CuSO, + CO, — no reaction 

Free energy data and acidic power are clearly related Thermodynamics 
allows us to predict if a reaction i5 possible in terms of energy This use of 
AG values 1s not limited to oxides, but applies to all reactions Thermo- 
dynamics does not allow us to predict the rate of a reaction For example, 
the reaction below is thermodynamically possible 

CaO -- $0, — CaSi0, 
The reaction i5 very slow at normal temperatures, though it 1s more rapid 
at high temperatures in a blast furnace 

Much inorganic chemistry consists of remembering which compounds 
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react, and comparing the different stabilities of hydroxides, silicates, 

carbonates, nitrates, sulphates etc. The use of a series such as the one 

above minimizes this memory work. 

For comprehensive lists of standard free energy data see Bard, A.J., 

Parsons, R. and Jordan, J.; and Latimer, W.M. in Further Reading. 

OXIDES OF SULPHUR, SELENIUM, 

TELLURIUM AND POLONIUM 

Table 15.5 Oxides 
D SS D —  — —  —— ' ——— — —— — — á— — — 

Element MO; MO, Other oxides 

S SO; SO, S20 (S20) (SO) (S—-O—O) (SO,z) 
S60, S-70, S0, S40, S0 

Se SeO; SeO, 

Te TeO; TeO; TeO 
Po PoO; PoO 

Dioxides MO; 

SO» is produced commercially on a vast scale: 

l. By burning S in air. 
2. By burning H,S in air. 
3. By roasting various metal sulphide ores with air in smelters (particularly 

FeS,, and to a smaller extent CuS and ZnS). 
4. Large amounts are produced as a waste product by burning coal and, 

to a lesser extent, other fossil fuels, oi] and gas. This undoubtedly 

harms the environment. 

SO; is a colourless gas (b.p. —10°C, m.p. —75.5°C), which has a chok- 
ing smell, and is very soluble in water (39 cm"? of SO; gas will dissolve 
in 1cm^? of water). The SO, in solution is almost completely present as 
various hydrated species such as SO; - 6H5O and the solution contains only 
a minute amount of sulphurous acid H;SO,. SO; levels above 5 ppm are 
poisonous to man, but plants are harmed at appreciably ‘lower levels. 
SO, may be detected in the laboratory: 

l. By its smell. 
2. Because it turns a filter paper moistened with acidified potassium di- 

chromate solution green, due to the formation of Cr?*. 

K;Cr;0; + 380, 4 H5SO, — Cr4(SO4), -- KjS0, - HO 
3. Because it turns starch iodate paper blue (due to starch and I,). 

2KIO; + 5SO, + 4H,O > I, + 2KHSO, + 3H,SO, 
Quantitative methods for measuring SO; in the atmosphere are highly 
LM because of environmental concern over 'acid rain'. Methods 
nclude: 
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1l. Oxidation to. H;8O,, followed by determination of the H3SO, by 

titration (or conductimetric titration) 

50, -+ H-0- — H5SO, 

2 Reaction with KiHgCl,] to give a mercury complex which reacts with 
the dye pararosaniline, and 1s estimated colorimetrically 

K;[HgCh] -- 250; - 2H,0 — K;[Hg(SO;);] + 4HC! 
3 Burning in a hydrogen flame in a flame photometer, and measuring the 

spectrum of S, (See also the discussion of singlet dioxygen ) 

Most of the SO; produced :s oxidized to SO; by the Contact process, 
and used to manufacture H;SO4, Smaller amounts of SO; are used to 
make sulphites SO27, for bleaching, and for preserving food and wine 

285050) + Ostgy z= 2303) AH = —9&kjJ mol! 

The forward reaction is exothermic, and 1s favoured by a low tempera- 
ture Since there is a decrease in the number of moles of gas, the process 
iS favoured by a high pressure In practice the reaction is carned out àt 
atmospheric pressure. The formation of SO; 1s favoured by an excess of 
O;, and removing the SO, from the reaction mixture. A catalyst is used tO 
obtain a reasonable conversion ut a reasonable time In the Contact pro- 
cess a platinum gauze and platinized asbestos were both used at one time 
Pt is an excellent catalyst, and it works at moderately low temperatures 
However, it 15 very expensive and ts susceptible to poisoning, particularly 
by metals such as As Nowadays a VO catalyst activated with K5Q !$ 
used instead, and is supported on kieselguhr or silica. This is much cheaper, 
and is resistant to poisoning The catalyst 1s inactive below 400°C and 
breaks down between 600°C and 650°C Dust may clog the catalyst svi 
face, and impair its efficency To prevent thus the gases are passed through 
an electrostatic precipitator The catalyst may last for over 20 years Mest 
commercial plants are four-stage convertors The gases are passed over 
four beds of catalyst im turn, and are cooled in between each catalyst bed 

SG, D Ternoved alter passing over the first three beds, and again aller "t 
fourth bed 
SO, is used to make other products 

250, + Na; CO, + H-O — 2NaHSO, T CO, 
Socum hydtogen sylphite 

(sodium bisulphute) 

2NaHSO, 4- Na;CO, — 2Na;S50, -- HO + CO, 
sodium sutphite 

Na SO, + gat, Na;3204 
sodyom tmosulphatt 

SO, has also been used as a non-aqueous solvent A wide range of c?" 
valent compounds, both inorganic and organic, are soluble in liquid SO2; 
and it 1s a useful reaction medium At one time it was thought that s0: 
underwent selfaomzabon, with a system of ‘acid—base" reactions in 11's 
solvent, but this is now known to be incorrect 
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eoe 

2SO, = SO?* + S037 Ô: 

SO, gas forms discrete V-shaped molecules, and this structure is re- Z 

tained in the solid state (Figure 15.5). The bond angle is 119*30'. The S 

bonding in SO; is described in Chapter 4. \ 

The dioxides SeO;, TeO; and PoO; are made by burning the element in O: 

air. SeO; is solid at room temperature. The gas has the same structure as ee 

SO,, but the solid forms infinite chains which are not planar (Figure 15.6). pi gure 15.5 Structure of SO. 

TeO, and PoO, both crystallize in two ionic forms. 

o oO o o, 
125° 

se se Se } 90° 

| Ó 
Figure 15.4 Structure of SeO;. 

The reaction of the dioxides with water also differs. SO; is very soluble, 

but largely forms hydrated SO; with only minute amounts of sulphurous 
acid HSO,. (Dissolving SO, in alkali gives sulphites — salts of H2SO3.) 
Pure H5SO, cannot be isolated. SeO; reacts with water and forms sel- 
enious acid, H5SeO;, which may be obtained in a crystalline state. TeO; 
is almost insoluble in water, but dissolves in alkali to form tellurites. It 
also dissolves in acids to form basic salts: this illustrates the amphoteric 
character of TeO>. Thus there is the usual increase in basic character on 
descending a group. SeO; is used to oxidize aldehydes and ketones. 

R—CH,—CO—R + SeO, ~ R—CO—CO—R + Se + H20 

Trioxides MO, 

SO; is the only important trioxide. It is manufactured on a huge scale 
by the Contact process in which SO; reacts with O; in the presence of a 

catalyst (Pt or V3O«). (See under SO; ) The SO, is not usually isolated, 
and practically all of it is converted to H;SO,. SO; reacts vigorously with 
water, evolving a large amount of heat and forming H2SO,;. Commercially 
It Is not possible just to react SO; with water. The SO; reacts with water 
vapour and causes the formation of a dense mist of H2SO, droplets, which 
are difficult to condense and pass out of the absorber into the atmosphere. 
To avoid this, it has been found best to dissolve SO; in 98-9995 H;SO, in 
ceramic packed towers, to give oleum or fuming sulphuric acid. This is 
mainly pyrosulphuric acid H5S,O;. Water is continuously added to keep 
the concentration of H5SO, constant. 

H,S,0, + H,O — 2H5SO, O 

: = the gas phase SO, has a plane triangular structure (Figure 15.7). The l m ing is best described as S forming three o bonds, giving rise to a plane WY Y — and three delocalized n bonds. (See Chapter 4.) iO O: SO Pis temperature SO; is solid and exists in three distinct forms. y- T t 
3 C ike and is a cyclic trimer (SO3)3, m.p. 16.8°C. If SO; is kept  Figure15.7 Structureof SOs£ 
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o^ oOo” So 

Figure 15 8 Structure of SO; 
chains and SO, cychic trimer 

fot a long time, or if a trace of water 1s present, either ( SO, or a SQ, ys 
formed Both look lke asbestos, and comprise bundles of white silky 
needles B SO, (m p 325°C) 1s made up of infinite helical chains of tetra 
hedral [SO,] units each sharing two corners This structure ts similar to 
that of chain phosphates a SO, (m p 622°C) 1s the most stable form 
and ts made of chains cross linked into sheets (Figure 15 8) 
SO, 1s a powerful oxidizing agent, especially when hot Ht oxdizes HBr 

to Br; and P to P4O,, 
Commercially 50; 1$ 1mportant in the manufacture of H;SO, and also 

for sulphonating long chain alkyibenzene compounds The sodium salts of 
these alkylbenzene sulphonates are anionic surface active agents and are 
the active ingredients of detergents 
SO, is used to make sulphamic acid NH;SO,H 

NH» CO NH; + SO,-- HSO, —^ 2NHSO;H + CO, 
urea suJpham c acid 

Sulphamic acid 15 the only strong acid that exists as a solid at room tem 
perature It 1s used for cleaning the plant at sugar refineries and brewenes 
for desalination evaporators, and for destroying any excess nitrites present 
after dyeing with diazo dyestuffs 

SeO; is formed by the action of a silent electric discharge on 5e and Q; 
gases, and TeO, is formed from telluric acid H4TeO, by strong heating 
Both trioxides are acid anhydrides 

SeO, - H;O — H;SeO,  selemc acid 

TeO; --F 3H,0 — HgTeO, telluric acid 

Other oxides 

S,0 1s formed when S and SO; are subjected to a silent electric discharge 
It ıs very reactive attacks metals and KOH, and will polymerize It can 
exist for a few days at low pressures It 1s of interest spectroscopically 
because af tts sumularity tn structure ta, Until recently ut was iacorrectly 
formulated as SO 
A range of oxides from S,O ta §,,0 have been made by dissalving the 

cyclo forms of S., 57, Sg, Sg and Sig in CS; or CH2Clz and oxidizing with 

tnfluoroperoxoacetic acid at — 10°C to —30°C 

cyclo S + CF;C(O—O)OH = S,0 + CF,COOH 
These compounds are all orange—yellow tn colour, and retain the original 
ring of S atoms, but have an oxygen atom double bonded to one of the 
nng $ atoms 
TeO and PoO are obtained by thermal decomposition of a sulphite 

TeSO; — TeO + SO; 

Detergents 

Soap 1s the onginal detergent It 1s excellent for cleamng and i5 100% 

biodegradable (1 e it ıs completely broken down by bacteria 1n sewage 
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disposal plants or rivers). It has a typical formula of Cj4H3,COO Na*. 

[t has two disadvantages: 

|. It forms an insoluble precipitate or ‘scum’ when hard water containing 

Ca^* or Mg^* is used. 
?. ]t-cannot be used for industrial purposes in acidic solut;5ns, since the 

fatty acids are precipitated. 

RCOO™ + H;0* = RCOOH + H,0 

Detergents are surface active agents. They consist of molecules with a 

non-polar organic part, and a polar group. If a non-polar material is placed 

in an ionic solvent containing a detergent, then the detergent molecules 

will arrange themselves on the surface so that the non-polar part of the 
molecule points towards the non-polar material, and the polar group points 
towards the solvent. Thus particles of dirt become surrounded by deter- 
gent molecules, forming a micelle. This effectively ‘dissolves’ the dirt. 
The first new detergents, introduced in about 1950, were branched chain 
alkylbenzene sulphonates (ABS). They are called ‘hard detergents’ and 
a typical formula is: 

CH; CH; CH; 
| 

CH;—CH—CH,— CH—CH,—CH—CH,— CH—CH; 

SO; Na* 

These are excellent detergents, with good surface active and cleaning 
properties. The problem is that waste water containing the detergent 
passes through the drains to the sewage treatment plants. The detergents 
cause problems with frothing in the sewage plants. Bacteria in the treat- 
ment plant break down various waste products, both sewage and the de- 
tergents. However, the detergent is only about 50—6096 biodegradable. 
The bacteria cannot degrade the benzene ring, and they have difficulty 
and are slow at degrading branched chains. Thus much of the detergent 
Is discharged into rivers and foams badly, especially if protein is present 
in the water. 

‘Soft’ detergents also contain a non-polar and a polar part of the mol- 
ecule, but they are linear alkylbenzene sulphonates (LAS) and have an 
oo aliphatic chain. They are 90% biodegradable. The straight 

: yi chain is completely degraded, but the aromatic ring is not. Thus soft 
[^os cause considerably less pollution than do hard detergents. 
a : M chain alcohols such as lauryl alcohol (available from coconut 

gii ipd sulphonated, the product is an excellent detergent, which 
be p z an completely biodegraded. Alcohols of chain length C,4 can 

Produced by the Ziegler—Natta process (see under ‘Organometallic 
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compounds’, Chapter 12) and are useful for making biodegradable deter. 
gents such as Teepol 

At first sight it seems highly desirable to use biodegradable detergents 

However, their use can create other problems The bacteria responsible 

for degrading will grow rapidly, feeding on the degradable detergent In 
growing they may use up all the dioxygen dissolved in the water The lack of 
dioxygen kills all other forms of aquatic life such as fish or plants Under 

extreme anaerobic conditions SOT tons may be reduced to H,5, giving 
unpleasant smells 

OXOACIDS OF SULPHUR 

The oxoacids of sulphur are more numerous and mote tmportant than 
those of Se and Te Many of the oxoacids of sulphur do not exist as free 
acids, but are known as amons and salts Acids ending in -ous have S in 
the oxidation state (+1V), and form salts ending in ate Acids ending in 
-ic have S in the oxidation state (+1V) and form salts ending in -ate 

As discussed previously under bond Jengths and px~dn bonding, the 
oxoanions have strong x bonds and so they have little tendency to polym- 
enze compared with the phosphates and suicates To emphasize structural 
similarities the acids are listed in four series 

1 sulphurous acid series 
2 sulphuric acid series 
3 thionc acid series 
À peroxoacnd series 

] Sulphurous acid series 

HO 

H;SQ; sulphurous acid 25-0 S{+IV) 

HO 

i fl 
H;S5;O, di or pyrosulphurous acid. HO— $ — S —OH S(T V) 

i SCIT) 
O 

7 O 
l 

H:5-0, dithionous acid HO— 8 —— S —OH SCIT) 

2 Sulphuric acid series 

| 
H2S0, sulphuric acid HO— S5 —OH S(4- VI) 

| 
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S 
| 

H,$,0, thiosulphuric acid HO— S —OH S(- VD, 

| S(-II) 
O 

Pod | 
H55,0; di- or pyrosulphuric acid HO —O— i —OH S(-- VI) 

3. Thionic acid series 

O O 

mu 1 | 
H,S,0, dithionic acid HO— S5 — 1 —OH S(+V) 

l 
O 

O O 
| | 

H-S„Os polythionic acid HO— S —(5),— S —OH S(- V) 

(n = 1-12) I S(0) 
O O 

4. Peroxoacid series 

I | 
H.SO; peroxomonosulphuric acid — HO— S —O—OH S(+ VI) 

| 
O 

1 | 
H3S;0, peroxodisulphuric acid HO— § —O—O—S-—~OH  S(+VI) 

| 

Sulphurous acid series 

Though SO; is very soluble in water, most is present as hydrated SO; 
(SO2.-H20). Sulphurous acid HSO; may exist in the solution in minute 
en or not at all, though the solution is acidic. Its salts, the sulphites 

3» form stable crystalline solids. Many sulphites are insoluble or are 
xin soluble in water, e.g. CaSO3, BaSO3 or Ag;SO,. However, 
2 2 - Group 1 metals and ammonium are soluble in water, and in 
Na ange the hydrogen sulphite (bisulphite) ion HSO; is the pre- 

En : species. Crystals of hydrogen sulphites have only been formed 
1a iew large metal ions, e.g. RDBHSO; and CsHSO,. Most attempts to 

isolate hydrogen sulphites | ; | 
of disulphites $027 s lead to internal dehydration with the formation 

~ 

2NaHSO3(aq) = Na2S20, + H20 

557 
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à AS 9 Structure of sulphite 
3 

NaSO, 1s an important industrial chemical, and world production 
exceeds 1 million tonnes/year Its made by passing SQ, into an aqueous 
solution of Na,CO, to give aqueous NaHS, then treating the solution 
with more Na;CO; 

NaCO, + 250, -+ H;O — 2NaHso; + CO; 

2NaHSO; + NaCO, — 2Na,S0 3 + H,O + CO, 

The main use of Na;SO, ts as a bleach for wood pulp in the paper making 
industry Some 1s used to treat boiler feed water (it removes O- and thus 
reduces corrosion of pipes and boilers) Small amounts are used tn photo- 
graphic developer 

Sulphites and hydrogen sulphites liberate SO; on treatment with dilute 
acids: 

Na3SO, - 2HCI — 2NaCl SO; + H,O 

Sulphites and. hydrogen sulphites both. contain S in the oxidation state 
(--1V) and are moderately strong reducing agents Sulphites are deter- 
mined by reaction with Iz, and determination of the excess I, with sodium 
thiosulphate 

NaHSO, - I, 4 H;O — NaHSO, + 2HI 

2Na 3520; + I, — Nazm Os 4 2Na* -- 2I7 

The sulphite 10n exists in crystals and has a pyramidal structure, that i5 
tetrahedral with. one position occupied by a lone pair The bond angles 
O—-S—O are slightly distorted (106°) due to the lone patr, and the bond 
lengths are 151A The x bond 1s delocalized, and hence the S—O bonds 
have a bond order of 1 33 

3s ip ad 

Moms extis STILL 
————— nl 

three unparred electron torm a bonds forms 
x bond with threes oxygen atoms 
four electron pars hence tetrahedral 
with one position occupied by a fone pair 

On heating solid hydrogen sulphites, or treating their solutions with SO», 
disulphites are formed These contain an S—S linkage 

f 

heat 2RbHSO,-—» Rb,S,0, + H;0 
Na ,50;(aq) T 50, — Na25205 

Na2S2Os 1s called sodium disulphite, but in the past it has been called 
sodium pyrosulphite and sodium metabisulphite The free acid H2S29s 
is not known Adding acid to disulphites prves SO; 

Na;8;0, -r HCl -9 NaHSO, + NaCl + SO, 
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On oxidation sulphites form sulphates, and with sulphur they form thio- 

sulphates. 

SOS 4 H;0;— SO; + H20 

SO + S — S,O0$  thiosulphate 

Reduction of sulphite solution plus SO, with Zn dust, or electrolytically, 

yields dithionites. These contain S in the oxidation state (--IIT). 

2HSO; 4 SO, S,02- -- SO2- -- HO 
dithionite 

O O e 

2Na* | d 
O— S — S —O 

sodium dithionite 

The dithionite ion has an eclipsed conformation, with a very long S—5 
bond (2.39A) and S—O bond lengths of 1.51 Å. Sodium dithionite 
Na-S20;, crystallizes out on adding NaCl to the mixture. The parent acid 
does not exist. Na2S,O, is a powerful reducing agent, which has a variety 
of industrial uses. These include bleaching paper pulp and making dye- 
stuffs. It is used to treat water since it reduces many heavy metal ions 
(Pb?*, Cu*, Bi?*) to the metal. In NaOH solution Na2S,O, is used to 
absorb dioxygen in gas analysis. It is also used to preserve foodstuffs and 
fruit squashes. 

Sulphuric acid series 

H2SO, is the most important acid used in the chemical industry. World 
production was 146 million tonnes in 1992. The main producers in millions 
tonnes/year are: USA 42%, China 14%, Morocco 7% and Japan 6%. By 
far the most important commercial process for its manufacture is the 
Contact process, in which SO; is oxidized by air to SO3, using a catalytic 
surface. Formerly a platinum gauze or platinized asbestos was used as 
catalyst. This has now been replaced by vanadium pentoxide, which is 
slightly less efficient but is cheaper and less easily poisoned. The SO; 
could be mixed with water to give HzSO,, but the reaction is violent and 
produces a dense chemical mist which is difficult to condense. Instead, the 
SO; is passed into 98% H,SO,, forming pyrosulphuric acid H5S20;, 
sometimes called oleum or fuming sulphuric acid. (Some trisulphuric acid 
H2S30;0 is also formed.) This solution may be sold as oleum, or diluted 
with Water to give concentrated sulphuric acid which is a 98% mixture 
with water (an 18M solution). 

H,S,0, + H;Oo 2H5SO, 

H2830i9 T 2H;O => 3H5SO, 

(The older lead chamber process is now obsolete. This used NO; as a 
li pad catalyst, to oxidize SO, in the presence of water. The NO 
ormed reacts with air to reform NO3. 
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^ NO. + 50; + H:O — H.SO, + NO 

2NO T D» —2NO: 

The disadvantages of the lead chamber process were that it only pro- 
duced 7895 H,SO,. not concentrated H-SO, and the acid was less pure 
than that from the Contdct process ) 

Table 15.6 Uses of H;:SO4 and oleum in the USA and UK 

USA UR 

Fernhzers 65 7o 3350 
Manufacturing chemicals 8 / 1674 
Paint/pigments 25/5 I5* o 
Detergents 2 ̂  11'4 
Fibres/cellulose film y Us 
Pickling metals S% 3 8*7, 
Refining petrol S 15 

The main uses of H2SO, tn the USA and the UK are compared in Table 
156 The largest use 1s tn converting calcium phosphate into superphos 
phate. which ts used as a ferulizer Fatty acids are sulphonated to make 
detergents TiO; is the most widely used white pigment, and large amounts 
of H,SO, are used to purify the mineral ilmentte (FeTIO;) Pickling ts the 
removal of oxides and scale from the surface af metals H4SO, is used 
as a catalyst in the production of high octane fuels by alkylating unsatu- 
rated hydrocarbons H SO, has an imporant electrochemical use as the 

electrolyte in lead storage batteries 
Pure sulphuric acid melts at 105°C, forming a viscous liquid ft 15 

strongly hydrogen bonded and in the absence of water it does not react 
with metals to produce H» Many metals reduce H;5O, (S 4 VI) to 5O; 
(S IV). especially :f heated If pure H;SO, ıs heated a httle SO, i5 
evolved, and an azeotropic mixture of 98 395. HSO, and 1 7*5 water is 
produced This bdoils at 338°C Pure HSO; is used as a non-aqueous 
solvent and as a sulphonating agent 

Anhydrous H»SO, and concentrated H.SO, mix with water in all 
proportions, and evalve a preat deal of heat (880kJ mol™') If water ts 
poured into concentrated acid, the heat evolved leads to boiling of the 
drops of water and causes violent splashing The safe was to dilute strong 
actds 1s to carefully pour the acid into the water with stirring 

Concentrated HSO., has quite strong oxidizing properties Thus when 
NaBr 1s dissolved in concentrated H;SO,  HBr i5 formed but in addition 
some Br^ :0ns are oxidized to Br. Cu docs not react with acids because 
it i5 lower than Hin the electrochemical series However several notte 
metals such as Cu dissolve in concentrated HSO; due to ats oxidizing 
properties The oxidizing properties of SO;^ convert Cu into Cu^* 

Concentrated. H;SO, absorbs water avidly, arid is an effective drying 
agent for gases It i$ sometimes used as a drying agent in desiceators It 
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dehydrates HNO3, forming the nitronium ion NOZ, which is very im- 

portant in the nitration of organic compounds. 

HNO4 T 2H5SO, P NO; T H;O* T 2HSO4 

H,SO, can also remove the elements of water, for example in the pre- 

paration of ethers. 

2C,H;OH + H5SO, ==> C-Hs OQ: C-H; T H5SO, " H,O 

It removes water so strongly from some organic compounds that they char, 

and only the carbon remains. Paper and cloth are completely destroyed. 

In dilute aqueous solution H2SO, acts as a strong acid. The first proton 

dissociates very readily, and hence hydrogen sulphates HSO; formed. 

The second proton dissociates much less readily, to form sulphates SO? . 

Because of this, solutions of hydrogen sulphates are acidic. 
The SO27 ion is tetrahedral. The bond lengths are all equal (1.49 A) 

and are all rather short. The bond order of the S—O bonds is approxi- 
mately 1.5. The bonding is best explained as four o bonds between S 
and the O atoms, with two nm bonds delocalized over the S and the four 

O atoms. 
Thiosulphuric acid H2S520; cannot be formed by adding acid to a thio- 

sulphate because the free acid decomposes in water into a mixture of S, 
H5S, H58,, SO; and H,SO,. It can be made in the absence of water (e.g. 
in ether) at low temperatures (—78?C). 

H-S T so, H-S20, : (Et;O), 

In contrast, the salts which are called thiosulphates are stable and nu- 
merous. Thiosulphates are made by boiling alkaline or neutral sulphite 
solutions with S, and also by oxidizing polysulphides with air. 

boiling water 
NaSO, +S Na5S504 

heat in air 
2Na484 + 30,——>2Na>S0; + 2S 

En em ion is structurally similar to the sulphate ion (Figure 

Hydrated sodium thiosulphate Na3S5O; - 5H5O is called ‘hypo’. It forms 
very large colourless hexagonal crystals, m.p. 48°C. It is readily soluble 
in water and solutions are used for iodine titrations in volumetric analysis. 
lodine very rapidly oxidizes thiosulphate ions S202" to tetrathionate ions 
3106", and the I, is reduced to I^ ions. 

2Na5S,04 T I, — Na2S,0¢ + 2Nal 
sodium tetrathionate 

A Is used in the bleaching industry to destroy any excess Cl; on 
- fa rics after they have been through a bleach bath. Similarly Na;S20, is 

sometimes used to remove the taste from heavily chlorinated drinking 

O 

O 

O 

e 

O 

Figure 15.10 Structure of 
sulphate and thiosulphate 10 
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water Since Cl; ıs a stronger oxidizing agent than l2, hydrogensulphate 
rans are formed rather than tetrathtonate 1ons 

Na;5.0,; + 4Cl, 4- 5H;0 — 2NaHSO, 4 8HCI 

Hypo is used in photography for ‘fixing’ films and prints Photographic 
emulsions are made of AgNO;, AgCI and AgBr Parts of the film exposed 
to light begin to decompose to Ag, thus forming a negative image The 
process 1s enhanced by the developer solution After developing, the film 
or print is put in a solution of hypo (Na25,0;) This forms a soluble cam 

plex with stlver salts, thus dissolting any unchanged silver salts in the 
photographic emulsion When there 15 no photographic emulsion Jett 
the film or print can safely be exposed to light 

Na;830, + AgBr— Ags$30, — -——5 Na«[Ag(S304)4] 
Pyrosulphates can be made by heating hydrogen sulphates strongly, OF 

by dissolving SO, in H;SO, Some tnsulphunc acid. H4Sq10,,4 i5 also 

formed, but polysulphunc acids higher than this are not known | 

2NaHSO, — Naz520, + H-0 

H,SO, 4- SO, — H,S,0; 
H,s0, + 250, — H3540,, 

Thiome acid sertes 

Dithionic acid. H5S;0,4 15 known only in solution The acid is dibasic, and 
salts called dithtonates are known, e 2 Na 5,0, No acid salts exist. The 
acid and its salts contain S in the oxidation state (7 V). Dithionates car 
be made by oxidizing a sulphite. but on a larger scale they are made »' 
oxidizng a cooled aqueous solution of SO; with MnO, or FeiO4 

2MnO;, -- 380, — Mn'S,0, 4 MnSO, 

Most dithtanates are readily soluble in water They can be isolated as 
BaS,0,, and converted into other salts by double decomposition reactors 
Dithronates are stable to mild oxidizing agents. though strong oxidiZ!ng 
agents, such as KMnO, or the halogens oxidize them to sulphate Sm! 
larly, mild reducing agents have no effect but strong reducing agents reduce 
dithronates to dithionies and suiphites 

2Na-S,0, 4+ 2Na/Hg — Na;$;0, + 2Na.SO, + He 
O O 
| d 

HO—S — S-—OH 
| 

QO oO 
dith acrd , 

The dithionate ron has a structure similar to that of ethane bur the (60 
SO, groups adopt an almost eclipsed conformation The S—S length 1 
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2.15À and the S—O bonds are 1.43 À — again rather short. The bond 
angles S-—-S—O are close to tetrahedral (103°). 

A range of polythionates have been known as Salts since the early work 

of Wackenrodeér on the effect of H2S on aqueous solutions of SO. Ions 

such as trithionate S3047, tetrathionate S4047, pentathionate S.O2" and 

hexathionate SyO$ ̂ are named according to the total number of S atoms 

present. It is only in recent times that the parent acids have been made. 

O O 
| | | 

polythionic acid 

Peroxoacid series 

The name peroxo indicates that the’ compound contains an —O—O— 
linkage. Two peroxoacids of sulphur are known: peroxomonosulphuric 
acid H2SO; and peroxodisulphuric acid H2520$. No peroxoacids of Se and 
Te are known. H5S;O0g is a colourless solid, m.p. 65°C. It is obtained by 
electrolysis of sulphates at high current density. It is soluble in water, and 
is a powerful and useful oxidizing agent. It will convert Mn** to perman- 
ganate and Cr^* to chromate. The most important salts are (NH,)2S2Og 
and K2S203. (NH4);S;Og is used to initiate the polymerization of vinyl 

acetate in the production of synthetic rayon, and of tetrafluoroethylene in 
the formation of PTFE. K2S,O, is used as an initiating agent in the pol- 
ymerization of vinyl chloride to PVC and styrene—butadiene copolymer 
rubbers. ̀ 

Hydrolysis of peroxodisulphuric acid gives peroxomonosulphuric acid, 
HoSO;, which is often called Caro's acid. 

O O O O 
l | 

HO— S —O—0O— S —OH —> HO— S —O—OỌOH 4 HO— S —OH 
| |l | | 
O O .Q O 

HSO; can also be made from chlorosulphuric acid: 

(HO)(CI)SO2 + HO, > (HO)(HOO)SO, + HCl 

It forms colourless crystals, m.p. 45°C, but must be handled with care 
since it may explode. 

OXOACIDS OF SELENIUM AND TELLURIUM 
Seleni : À : ; M forms two oxoacids, selenious acid H;SeO, and selenic acid 
E 4 Selenious acid is formed when SeO; dissolves in water. The solid 

can be isolated and two series of salts (the normal and acid selenites) 

, 263 
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containing Se027 and HSeO; are known The acid is converted to selenic 
acid by refluxing with H-O- Pyroselenates containing 5¢€2057 can be made 
by heating selenates, but the free acid 1s not known 
H,SeO,, hke H2SQs, is a strong acid and selenateés are isomorphous 

with sulphates Both H:SeO, and H,SeO, are moderately strong oxidizing 
agents 

TeO, 16 almost inscluble in water so that tellurous acid has not been 
characterized The dioxide does react with strong bases and forms tel 
lurites, acid tellurites and various polytellurites Telluric acid. H4TeO, is 
quite different from sulphuric and selenic acids and exists as octahedral 
Te(OH), molecules in the solid. It is a fairly strong oxidizing agent, but 
a weak dibaste acid and forms twa series of salts examples of which ate 
NaTeO(OHX and LizFeO:{OH), The acid ts prepared by the action of 
powerful oxidizing agents such as KMnO; on Te or TeO; 

OXOHALIDES 

Thionyl compounds 

Only S and Se form oxohalides These are called thionyl and selenyl 
halides, and the following are known 

SOF, | SOCh SOBrn 
SeOF; SeOCl; SeOBr; 

Thionyl chloride SOCL i5 a colourless fuming liquid, Bp 78°C, and 15 
usually prepared as follows 

PCI, + SO, —5 SOCL 4 POCH, 

Most thionyl compounds are readily hydrolysed by water though SOF; 
only reacts slawly 

SOCI» ıs used by organic chemists to convert carboxylic acids to acid 
chlorides and it 1s also used to make anhydrous metal chlorides 

SOCI; + R—COOH 5 R—COCI + 50; 

Thionvl bromide i5 prepared from the chlonde and HBr, and thionyl 
fluonde is obtained from the chloride by reacting with SbF, 

The structure of these oxohahdes is tetrahedral with one position 0c- 
cupied by a lone pair 

Sulphury! compounds 

The following sulphury! halides are known 

SO.F,  SO,Cl, SO.FCI  SO.FBr 
SeO;F 
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Sulphuryl chloride SO;Cl; is a colourless fuming liquid, b.p. 69°C, and 

is made by direct reaction of SO» and Cl? in the presence of a catalyst. It is 

used as a chlorinating agent. Sulphuryl fluoride is a gas and is not hydro- 

lysed by water, but the chloride fumes in moist air and is hydrolysed by 

water. The sulphuryl halides have a distorted tetrahedral structure. They 

may be regarded as derivatives of H2SO,4, where both OH groups have 

been replaced by halogens. If only one group is replaced, halosulphuric 

acids are obtained. 

FSOH  CISOH  BrSOsH 

Fluorosulphuric acid forms many salts, but chlorosulphuric acid forms 

none and is used as a chlorinating agent in organic chemistry. 

HYDRIDES 

The elements all form covalent hydrides. These are water H2O, hydrogen 
sulphide H.S, hydrogen selenide H2Se, hydrogen telluride H2Te and 
hydrogen polonide H2Po. Water is liquid at room temperature, but the 
others are all colourless, foul smelling toxic gases. All but H2Te can be 
made from the elements. It is easier to make H2S, H2Se and H;Te by the 

action of mineral acids on metal sulphides, selenides and tellurides, or 
hydrolysis: 

FeS + H5SO, — H5S + FeSO, 

FeSe + 2HCI — H.Se + FeCl, 

Al,Se; + 6H:O — 3H.Se  2AI(OH) 
Al,Te; + 6H2O — 3H,Te + 2AKOH), 

H;Te can also be made by electrolysing cooled dilute H5SO, with a Te 
cathode. H;Po has only been obtained in trace amounts from a mixture 
of Mg, Po and dilute acid. 
HS. H2Se and H2Te are all soluble in water and all burn in air with a 

blue flame. 

2H38 4 30, — 2H40 + 250, 
HS is about twice as soluble in water as CO», and 1 volume of water can 
absorb 1.6 volumes of H-S at 0°C and 2.6 volumes at 20°C. A saturated 
solution is used as a laboratory reagent, but it does not keep well since air 
slowly oxidizes it and sulphur is deposited. H.S is a very weak dibasic acid. 
Most metal sulphides can be regarded as salts of H5S. and since it is dibasic 
E series of salts can be derived from it. the hydrogen sulphides. e.g. 
aHS, and the normal sulphides, e.g NaS. 

H25 + NaOH — NaHS + H,O 
H:S + NaHS — NaS + H;O 

The alkali metal sulphides are all soluble in water and hvdrolvse strone (3 1M solution IS ] s Eh about 90% hydrolysed). so they are strongly basic. 
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NaS + HU — matrts + NaOH 

Most of the sulphides of the heavy metals are insoluble in water and so do 
nat hydrolyse 1f a dilute sotutton of ammonia Is Saturated with HS then 
ammonium hydrogen sulphide NHHS ıs formed, not (NHS The lat- 
ter only exists at low temperatures in the absence of water Solutions of 
NH,HS are colourless, and when mixed with an equimolar amount of NH, 
it 1$ used as a laboratory reagent More commonly ‘yellow ammonium 
sulphide’ is used as a laboratory reagent. for example to precipitate metal 
sulphides in qualitative analysis Yellow ammonium sulphide  reully a 
mixture of ammonium polysulphides, and 15 made by dissolving sulphur in 
colourless NH4HS/NH, solution i 

Water 

Water is the Most abundant chemical compound | and the oceans cover 
almost 71% of the earth's surface For this reason we have no need to 
prepare water However, sea water contains many dissolved salts, and less 
than 3% of the earth's water ts fresh water. and most of that is present as 
polar ice The preparation of pure water for drinking and laboratory use 
Is à major industry The human body i$ more tolerant of some impurities 
than 1s mdusiry The EEC have set hmits for ympunities im drinking water 

Table 15.7 EEC limits for contaminants in drinking Water 

(up litre” ') Source of contamimunt and suspected problems 

Al 200 AISO, is added to water in some places 10 
clanfvit Almay be related to Alzheimer 5 
civease (senie dementa) 

Ph ^0 Water pipes made Of lead are the problem Pb 
damages the Grams of children 

NOi so Nitrates are added as fertilizers to make crops’ 
serow This gets into the watersuppls Nitrates ! 
Affect the level of O- in the blood of babies 7 
and cause bue babi syndrome Nitrates mat 
be rel ted to stom ich cancer 

Tnhomcthanes ux W atr supplies are Uo ated with chlonne to Kill 
bacteria. Oxer-chlorination mas alfos 
chiorpform to be formed by reaction with peal 
This 19 a possible cause of cancer of the gut and 
bludder 

Pesticides a) Far individual pesticides 
ü ^ For all pesticides together 

DDT is nov bannedin mans places [ts 
hirmful effects occur because it accumulates 
and underdv)es biological amphfication in (09 
food chain and UV light converts DDT into 
polschlormated tuphenvis which are toxic 
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Very pure Water is required for laboratory and industrial use. The only 

way to remove all solid solutes is distillation. This is expensive since water 

has a high boiling point and high latent heat of evaporation. During dis- 

tillation the water tends to dissolve appreciable amounts of CO; from 

the atmosphere, which make it acidic. A cheaper method is to produce 

deionized water. This is done by passing the water down two different ion- 

exchange columns one after the other. (Alternatively a ‘mixed bed’ may 

be used, i.e. a single column made up of two different ion-exchange ma- 

terials.) Ion-exchange resins are insolubie polymeric solids, containing a 

reactive group. They are manufactured in bead form, and are permeable 

to water. The first column contains a sulphonic acid resin, that is an or- 

ganic resin with acidic groups —SO3H. This removes all metal ions from 
solution and replaces them with H*: 

resin-SO,H + Na* —> resin-SO,Na + H+ 

2 resin-SO4H -- Ca?* 2 (resin-SO4),Ca 4 2H* 

The second column contains a resin with basic groups -NR4OH' , which 
removes negative ions. 

resin-N(CH;); OH™ + Cl” — resin-N(CH;)? CI + OHT 

Water produced in this way usually contains soluble.silicates and CO». 
When all the reactive sites on the resin have been used, the resins can be 
regenerated by treating the first one with dilute H5SO,. and the second 

one with a NaCO, solution. 
Drinking water is usually much less pure, and water with no dissolved 

salts does not taste very nice. The World Health Organization recom- 
mends a maximum desirable content of not more than 0.5 grams of dis- 

solved solids per litre, though the maximum permissible level is three 
times this. If the fresh water source contains silt, this is allowed to settle 
out. Light suspended particles and colloidal particles which discolour the 
water are removed by treating with Al(OH), or Fe(OH)3. These coagulate 
suspended particles, thus clarifying the water. (Alum is the most widely 
used coagulating agent.) If necessary some water softening may be per- 
formed by ion-exchange, or by mixing water from different sources. The 
water is then chlorinated, or treated with ozone to kill bacteria. These are 
present because of drainage from fields into rivers and lakes, and also 
from the disposal of partly treated ard untreated sewage. Failure to treat 
drinking water is the major cause of enteritis. In some underdeveloped 
parts of the world up to half the children under the age of five die from this 
cause or other waterborne diseases. 

Sea water has a high salt content. The production of drinking water and 
Water for crops from sea water is called desalination. It requires a large 
amount of energy, and is therefore expensive. It is only carried out when 
the shortage of fresh water is severe. but it has become increasingly im- 
portant in arid regions like the Persian Gulf. Distillation, ion-exchange, 
CREAN reverse osmosis and the freezing out of ice have all been 

ed. 
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Table 15 8 Some properties of H;O, H;S. H;Se ana H;Te 
— ——«L—— B (Ó(—— ————————Á—————— HB Ra REIR Ha 

Enthalpies of formation Bond angle Boiling point 
(kImol ') (°C) 

H;O — 242 H—O—H = 104°28 100 
2K —20) H—5—H = 92° | — 60 
H,Se +8 H—5e—-H = 91° -42 
Hie +454 -23 

Apart from water, the other hydrides are all poisonous and have un- 
pleasant odours The hydrides decrease in stability from HzO to H;S to 
H,Se to H;Te fThis 1s shown by the decrease in their enthalpies of forma- 
non — Table 15 8 ) They become less stable because the bonding orbitals 
become larger and more diffuse hence overlap with the hydrogen Is 
orbital is less effective 

The H—O-—H bond angle in water ts 104728', 1n accordance with the 
VSEPR prediction of slightly less than tetrahedral due to the presence of 
lone pairs of electrons Thus the orbitals used for bonding by O are close 
to sp hybrids In HS, H;Se and H;Te the bond angles become close to 
90° This suggests that almost pure p orbitals on Se and Te are used for 
bonding to hydrogen 

In a series of similar compounds, the boiling points usually increase a5 
the atoms become larger and heavier If the boiling points increase, then 
the volatility decreases. This trend 15 shown by the boiling points of HS, 
H;Se. H;Te and H;Po, but the boiling pomt of water is anomalous 

Water has an abnormally low volauhty because its molecules are as- 
sociated with each other by means of hydrogen bonds in both the solid 
and liquid states. "The structure of liquid water is not known for certain, 
but probably consists of groups of two or three molecules hydrogen bonded 
together The structure of ordinafy hexagonal ice is known At high press- 
ures Other more dense structures are formed A total of nine different 
forms of ice are known X-ray studies do not often reveal the positions of 
H atoms In this case the H positions were found by neutron diffraction on 
solid deuterrum oxide DQ The structure 1s similar to wurtzite ZnS (see 
Chapter 3), with O atoms occupying both the Zn?* and the S*~ positions 
The H atoms are located just off the line joining two © atoms, and the 
O-—H  O angle 1s 104°28" The strength of a hydrogen bond is about 
20kJ mol~' This association is responsible for the abnormally high boiling 
pomt and melting point of water 

The H bonding i5 the main reason why covalent compounds have a very 
low solubility in water When two substances mix there is an increase in 
entropy since the order decreases Thus mixing 1s always favoured How- 
ever, in the case of water, dissolving something means that hydrogen bonds 
must be broken Unless there i5 an interaction between the dissolved ma 
terial and water greater than the energy lost through breaking hydrogen 
bonds, then the material will not dissolve Covalent matenals have fittle 
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interaction with water, and so are insoluble. Ionic materials become hy- 

drated, and polar materials take part in the hydrogen bonding, so they 

are soluble. 
A unique property of water is that the solid is less dense than the liquid. 

This is why lakes and the sea freeze from the top downwards. The ice at the 

top makes it difficult to cool the water underneath, so even at the North 

Pole there is water underneath the ice. But for this the sea would freeze 

solid and the polar ice-caps would cover much more of the earth's surface. 

The maximum density of water occurs at 4°C, On melting, the hydrogen 

bonded network in the solid partly breaks down. Ice has a rather open 

structure, with quite large cavities. On partial melting some ‘free’ water 

molecules occupy some of these cavities, and hence the density increases. 

This effect outweighs the effect of thermal expansion up to 4 ̂ C, but above 

this temperature expansion is the larger effect so the density decreases. 
An unusual form of water called 'polywater' was reported and exten- 

sively studied between 1966 and 1973. Polywater was reported to have a 
freezing point of —40°C and a very high density of 1.4gcm ^. It was ob- 
tained when water was formed in glass or quartz capillary tubes. This 
caused excitement at first because polywater was thought to comprise a 
larger number of water molecules polymerized together. It is now known 
to be a colloidal mixture of silicates, and a variety of ions Na*, K*, Ca**, 
BOi", NOi, SO£$^ and CI- which had been leached from the glass! 

Other hydrides 

The hydrides dissociate to a varying degree, forming H* ions. They are all 
very weak acids and there is an increase in acidic strength from HO to 
H;Te. The large difference in electronegativity taken in conjunction with 
Fajans' rules (the larger the negative ion the greater the tendency to co- 
valency) suggest that H;Te gas should be the most covalent. Acidic be- 
haviour in solution is discussed for the halogen acids (see Chapter 16) 
and depends on the enthalpy of formation of the molecule, the ionization 
energy, electron affinity and enthalpies of hydration. In the compounds 
H20, HS, H,Se and H;Te the most important factor is the enthalpy of 
formation, the values being —120, —10, --43 and +77kJ mol™!. The stab- 
lity decreases (the last two are in fact thermodynamically unstable), thus 
accounting for the greater dissociation of H5Te. 

HT e (hydrated) + H20 = H3O* + HT e (hydrated) 

2 more acidic the hydrogen atom in the hydrides, the more stable will be 
the salts formed from them. i.e. oxides, sulphides, selenides and tellurides. 

Peroxides and polysulphides 

a pa geste daten sulphur, differ from the remainder in their 
to catenate and form polvoxides and polysulphides, which are less 
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Figure 15.11 Structure of H;O; 
in the gas phase 

stable than the normal salts Unbranched polysulphane chains containing 
up to eight sulphur atoms have been prepared 

H,0, H—O—O—H HS, H—S—S—H 
H.5, H--S—S—S—H 
H.S, H--S—S—S—S—H 

HO; and HS, have similar ‘shew’ structures The dimenstons of H,0, 
gas are shown in Figure 15 11. H50» is the smallest molecule known to 
show restricted rotation, in this case about the O—O bond, and this i 

presumably due to repulsion between the OH groups A similar structure 
is retained in the quid and solid, but the bond lengths and angles are 
slightly changed because of hydrogen bonding 

H-O; and H-S; can be prepared by the addition of acid to a peroxide or 
a persulphide sait 

BaQ» + H;SO,- H-0; ^ BaSO, 

Na;S; -- H,SO, — Hj$; (also H;83) -- Na;SO, 

In most of its reactions H,O; acts as a strong oxidizing agent In acidic 
solutions these reactions are often slow, but in basic solution they are 
usually fast H20, will oxidize Fe?* to Fe**, [Fe!! (CN),)]*~ (ferrocyan 
ide) to [Fe (CN). (ferricyanide), NH,OH to HNO; and SO? to 
SOj 
Ionic peroaides such as Na, Qs give H30, with water or dilute acids Na,0; 
reacts with gaseous CO; 

2Na404 + 200; — JNa,CO,; + 0O, 

Heating Na;O; with many organic compounds results 1n their oxidation to 
carbonates Fusing Na O; with Fe?* salts gives sodium ferrate Na,[FeQy] 
which contains Fe(+ VI) 

With stronger oxidizing agents H2Qz 1s oxidized, that 1s H,Oz 1s forced 
to act as a reducing agent, and 1n such cases Os is always evolved 

2KMnO, + 5H2:03 + 3H2SOs — 2MnSO, + K,50, + 50, + 8H;O0 

KIO, + H;Q; -> KIO, + O, T H;O 

2Ce(SO 4), + H;Q; — Ce;(SO4), T 2H5SQ, + O; 

H;S; 15 not oxidizing. H;O, is fairly stable and decomposes only slowly 

in the absence of catalysts H25; :s less stable, and its decomposition i5 
catalysed by hydroxyl tons 

H,0, > H,O + $05 
H-S; — H-5 +5 

Hydrogen polyselenides and polytellurides do not exist, but some of their 
salts are known 

Hydrogen peroxide 

Pure HQ, 1s 2 colourless Itquid which resembles water quite closely 
It 1s more hydrogen bonded than 1s water and so has a higher boiling 
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point (b.p. 152°C, m.p. —0.4°C). It is more dense than water (density 

].4gcm"?). Though it has a high dielectric constant, it is of little use as 

an ionizing solvent because it is decomposed by many metal ions, and it 

oxidizes many compounds. 

H-0; is a major industrial chemical, and 1018 200 tonnes were produced 

in 1991. It is used extensively as a mild bleaching agent for textiles 

and paper/wood pulp. It is used for several environmental purposes: to 

restore aerobic conditions in sewage waters, and to oxidize cyanides and 

sulphides. It is an important rocket fuel. It is also used for making other 

chemicals, particularly sodium peroxoborate Na2[B2(O2)2(OH),] - 6H20 

(annual production 700000 tonnes/year), which is used as a brightener in 

washing powders (see Chapter 12). Organic peroxides are used to initiate 

addition polymerization reactions (PVC, polyurethanes and epoxy resins), 

and sodium chlorite NaClO, is used for bleaching. Smaller amounts ot 

H-0; are used to bleach hair, feathers, fats and waxes. It is used as an 

oxidizing agent in the laboratory, and as an antiseptic to treat wounds. It is 
useful to counteract chlorine, and in this reaction H,Q, behaves as a 

reducing agent. 

H-0- + Cl; -=y 2HCI T O2 

H-0; is unstable, and the rate at which it decomposes (disproportion- 
ates) depends on the temperature and concentration. Many impurities 

alyse the decomposition, which may become very violent, especially 
\ concentrated solutions. Catalysts include metal ions Fe**, Fe>*, 
*. Ni^*, metal surfaces such as Pt or Ag, MnO;, charcoal or alkali - 

even the small amount leached from glass. 

2H50; — 2H2O "e Os 

At one time H;O; was obtained by electrolysis of H2SO4 or (NH4)2SO4 
at a high current density to form peroxosulphates, which were then 
hydrolysed. 

electrolysis 
2503-7 S,Og^" + 2e 

H -S-Ox E H-O e H5SO; ES H5SO, 

peroxodisulphuric peroxomonosulphuric 
acid acid 

H.SO; T H-O t H.SO, T H-0- 

eee produced on an industrial scale by a cyclic process (Figure 
vs et — is oxidized by air to the corresponding quin- 
viet 4 2. z anthraquinone is reduced back to anthraquinol with 
2 : a moderate temperature using platinum, palladium or Raney 

ci as catalyst. The cycle is then repeated. The reaction is carried out 
In ¢ Ix 1 : 1 of organic solvents (ester/hydrocarbon or octanol/methyl- 
aphthalene). The solvent must: 
; dissolve the quinol and quinone 

resist oxidation 
. be immiscible With water. 

G3 P3 €—— 
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O, O r 

CHa- «i CH; 

+ H0 7 | a0; 

meet 

H Ha/Pd ! 

Figure 15.12 Production of H:O; 

The H,0; is extracted with water as a 1% solution, This is concentrated by 
distillation under reduced pressure, and sold as a 30% (by weight) solution 
which has a pH of about 4.0 (8575 solutions are also produced), H,0, 
solutions are stored in plastic or wax coated glass vessels, often with 
negative catalysts such as urea or sodium: stannate added as stabilizers, 
Solutions keep quite well, but must be handled with care since they may 
explode with traces of organic material or specs of dust. 

HALIDES 

Compounds with the halogens are hsted 1n Table 15.9. Since F is more 
electronegative than O, binary compounds are oxygen fluorides, whereas 
similar chlorine compounds are chlorine oxides Some of these compounds 
including the oxides of iodine, are therefore described tn Chapter 16 under 
‘Haiogen oxides’. 

Fluorine brings out the maximum valency of sx with S, Se and Te, and 

Table 15,9 Compounds with the halogens 

MX, MX, MX; MX; MX Others 

© OF; OF; O,F;, O,F; 
ChO CIO, ChO,, ChO; 

Br;O BrO, BrO, 

1,0,, O08. kO; 

S SF, SF. SE; S-F; SSF5, S;F,, SF jg 

SCl Sci, $2Ch, 
S;Br; 

Se SeF, Ser, 
SeCl, Se;jCl; | 
SeBr, SejBr; 

Tc TcF, TeF, 

TeCi, Teh, i 

TeBr, TeBr; 
Tel, Tel; 

Po PoCl, PoCl; 

PoBr, PoBr, 

Pol, (Pot;) 
—ÓÁ—— ——Ó—————————Á———————— ——SÀ—— Á— n — 

Compounds shown in parentheses are unstable, 
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SF,, SeF, and TeF, are all formed by direct combination. They are all col- 

ourless gases and have an octahedral structure as predicted by the VSEPR 

theory. The low boiling point indicates a high degree of covalency. 

3s 3p 3d 
Electronic structure 

of sulphur — excited 
Fit |]. 

state 

six unpaired electrons form bonds with six fluorine atoms, 
hence octahedral shape 

SF, is a colourless, odourless, non-flammable gas, which is insoluble in 

water and extremely inert. Jt is used as a gaseous dielectric (insulator) in 
high voltage transformers and switchgear. SeFg is slightly more reactive 
and TeF, is hydrolysed by water. This is possibly due to the larger size 
of Te which permits the larger coordination number necessary in the first 
stage of hydrolysis. 

TeF, + 6H2O — 6HF +. HeTeQg. 

Coordination numbers greater than 6 are not common, but TeF, does add 
F~ ions, forming [TeF7]~ and [TeF;]*~ E x 
Many tetrahalides are known. It is difficult to prepare tetrafluorides by 

direct combination even with diluted F5, because they readily change to 
hexafluorides. SF, is gaseous, SeF, liquid and TeF, solid. They have been 
prepared: 

S + F» (diluted with N3) — SF, and SF, 

JSCl; -- 4NaF — SF, -- S;Cl; 4 4NaCI 

S + 4CoF3; - SF, + 4CoF; 

SseCl, + 4AgF — SeF, + 4AgCl 

TeQ, + 2SeF, — TeF, + 2SeOF, 

SF, is highly reactive, but is more stable than the lower fluorides. In con- 
trast to the relatively stable hexafluorides, the tetrahalides are very sensitive 
to water. 

SF, + 2H,O — SO, + 4HF 
SF, is a powerful fluorinating agent. 

SSF, + 4BCI;, — 4BF, + 3Cl, + 3SCL 
5SFy + 1,0; > 2IFs + 5OSF, 

It is a useful selective fluorinating agent for organic chemicals, for 
example: 

R—COOH — R—CF, 

R,C=0O — R;CF, 

R—CHO — R—CHF; 

R—OH — RF 
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Cl 

Ci 

Ci 

Ci 

Figure 15 13 Structure of TeCi, 
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S, Se, Te and Po form tetrachlorides by direct reaction with chlorine 
SCl, ıs a rather unstable liquid. but the other tetrachlorndes are solids 

The structure of 'TeCi, 15 a trigonal bipyramid with one equatorial pos 
tion occupied by a lone pair (Figure 15 13). It is probable that the other 
tetrahalides are similar 

55 5p 5d 
Electronic structure of 

tellurium atom - excited BEN B 

state t i 

four unpaired electrons can form bonds with four ch'onne atoms 

five electron pairs. hence trigonal bipyramid with one postion 

occupied by a lone parr 

TeCl, reacts with hydrochloric acid and gives the complex 10n [TeCl] ̂ 
which is isomorphous with [SiF; ̂ and [SnCl,]?7 

leCl, 4- 2HCI — H;[TeCI,] 

Po also forms complex halide ions and a series of compounds (NH), [PoX;] 
and Cs[PoX,| and Cs,|PoX,l are known whete X :s Cl, Br or I 

Tetrabromudes of Se, Te and Po are known but SeBr, is unstable and 
hydrolyses readily 

x 25eBry — Se;Br, + 3Br> 

'ScBr, 4- 4H.0 — [Se(OH)] -- 4HBr 
unstable, 

i 
H-SeO, + H2O 

Te and Po are the only elements which form tetrarodides 
SCl; is the best known dihalide It ts a foul smelling red liquid (mp 

-122*C,b p 59*C) Heating S and Cl; gives S;Cl;, and if this ıs saturated 
with chlorine SCl; 15 formed. Reacung SCI; with hydrogen polysulphides 
at low temperatures yields a range of dichlorosulphanes 

H;S; -- 28Cl, —^ 5,CIl. 9 2HCI 

H,S, 4 28Cl; — Su Cl * 2HCI 
SCI, 1s commercially important since it readily adds across double bonds in 
alkenes It has been used to produce the notorious ‘mustard gas’, first used 

in World War I, and more recently in 1988 in the Jran—Irag war 

SCi, + 2CH;=CH; —> S(CH:CH;Cl); 
di(2 chlorocthy! | sulphide 

or mustard gas 

Mustard gas 1s not a gas but a volatile haud (m p 13°C, b p 215°C) it 
was sprayed as a must that stayed close to the ground, and was blown by 

gentle winds onto the enemy It causes severe blistering of the ski and 
death In hving cells it is converted mto the divinyl compound (CHCH): 
which reacts with and disrupts proteins tn the cell 
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The dihalides form angular molecules, based on a tetrahedron with two 

positions occupied by lone pairs. The lone pairs distort the tetrahedral 

angle of 109°28’ to 103° in SCh, 101.5? in F;O and 98" in TeBr;. 

Js Jp 

Electronic structure of 

sulphur atom — ground 
state ler 

two unpaired electrons can form bonds with two chlorine atoms 
four electron pairs, hence structure is tetrahedral with two lone pairs 

Dimeric monohalides such as SF>, S2Cl», Se2Cl, and Se2Br2 are formed 

by direct action between S and Se and the halogens. These monohalides 

are hydrolysed slowly and tend to disproportionate. 

2S;F + 2H;O0 — 4HF + SO, + 3S 

+1] 41V 0 
2SeCl, — SeCl, + Se 

S;Cl, is a toxic yellow liquid (m.p. —76°C, b.p. 138°C), with a revolting 
smell. It is commercially important in vulcanizing rubber, and in preparing 
chlorohydrins. The use of S;Cl; has been described earlier for making 
rings of sulphur atoms with 7—20 atoms. 

H5Sg d S-Cl, — Sir + 2HCl 

It can also be used to make dichlorosuly .anes. 

HS, + 252Cl, — S( 4) Cl2 4 2HCI 

The structure of S;Cl; and the other monohalides is similar to that of 
H202, with a bond angle of 104° which is due to distortion by two lone 
pairs. ' i 

S2F2 is an unstable compound. It is formed by the action of a mild 
fluorinating agent such as AgF on S. (Direct reaction of S with F gives 
SFe, and even when the F is diluted with N; it gives SF4.) S;F; exists in two 
different isomeric forms, F—S—S—F (like CI—S—S—CI and H—O— 
O—H), and thiothionyl fluoride S—SF,. 
Me compound SF, has an unusual structure, of two octahedra joined 

together. 

COMPOUNDS OF SULPHUR AND NITROGEN 

A number of rin 
el 

Si 

g and chain compounds containing S and N exist. The 
ements N and S are diagonally related in the periodic table, and have 
CUZ densities. Their electronegativities are close (N 3.0, S 2.5) 
lux Is expected. The compounds formed have unusual 
Mien ich cannot be explained by the usual bonding theories. 

pling to work out oxidation states is unhelpful or misleading. 
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Figure 15 14 Structure of N,S, 

The best known is tetrasulphur tetranitride $,N,, and this is the starting 
point for many other S—-N campounds $,N, may be made as fallows 

6SCL + 16NH,— SyN, + 2S + 14NH,Ci 

6S.Cl; -- 1GNHa Se SN, -- 8S 4- I2NH,CI 
6S.Chl. 4 4NH4CI — SN, 8S  16HCI 

SINs I$ a solid. mp 178?C. It rs thermochramuc that is it changes colour 

with temperature At liquid nitrogen temperatures it is almost colourless, 
but at room temperature 1t is orange- yellow, and at 100°C itos red [t is 
stable in arr, but may detonate with shock, grinding or sudden heating 
The structure 15 4 heterocyclic ring This 1s cradle shaped and differs 
structurally from the S, ring which is crown shaped The X-ray structure 
(Figure 15 14) shows that the average S-—N bond length is 1 62 À . Since 
the sum of the covalent radu for S and N i5 1 78 ÀÁ. the S-—N bonds seem 
to have some double bond character. The fact that the bonds are of equal 
length suggests that this 1s delocahzed The S 5 distances at the top 
and bottom of the cradle are 258A The van der Waals (non bonded) 
distance S S i5 3 30À. and the single bond distance S—S is 2 (08À 
This indicates weak S——S bonding, and S,N, is thus a cage structure 

Many different sizes of rings exist, for example cyclo S:Na cyclo S;N;, 
cyclo-S,N,Ci cyclo S4N,Cl, In addition bicyclo compounds S,,N;, Sq«N, 
Sip. SN. and Sy N, are Known The last four may be regarded as twa 
heterocyclic S;N rings, with the N atoms joined through a chain of -5 
S atoms 

S.N, 1s very slowIv hydrolysed by water but reacts rapidly with warm 
NaOH with the break-up of the ring 

SaN; + 6NaQH + 3H;Q — NasS403 t 2NaSO, + ANH; 

If SN, is treated with Ago F in CCI, solution then SíN,F4 15 formed. This 

has an eight-membered S—N ring. with the. F atoms bonded to S. Thus 
results from brealing the S—5 bonds across the ring. Similarly the for- 
mation of adducts such as SaN; BE, or SiN, SbF. (in which the extra 

group is bonded to N) breaks the S—S bonds and increases the mean 
S—N distance from 162A to 168A This is presumably because the 
electron attracting power of BF, or SbF. withdraws some of the n electron 
density 

Reduction of S,N, with SnCl, in MeOH gwes tetrasulphur tetraumide 
SNH), Several 1mides can be made bv reacting S,N, with S, or S;Cl; 
with NH, These imides are related to an Sy nne in which one or more 
S atoms have been replaced by imide NH groups for example in S;NH 
Sa(NH)>, Ss(NH)}, and Si( NH), 
M S4N, 1$ vaporized under reduced pressure and passed through silver 

veol then disulphur dinitrogen S.N; 1s formed 
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S.N. is a crystalline solid. which is insoluble in water but soluble in many 

organic solvents. It explodes with shock or heat. The, structure 1s cyclic 

and the four atoms are very nearly square planar. 

The most important reaction of S3N; is the slow polymerization of the 

solid or vapour to form polythiazyl (SN),. This is a bronze coloured shiny 

solid that looks like a metal. It conducts electricity and conductivity in- 

creases as the temperature decreases, which 1s typical of a metal. It be- 

comes a superconductor at 0.26 K. The crystal structure shows that the 

four-nembered rings in S-N have opened and polymerized into a long 

chain polymer. The atoms have a zig-zag arrangement, and the chain is 
almost flat. Conductivity is much greater along the chains than in other 
directions, and so the polymer behaves as a one-dimensional metal! The 
resistivity is quite high at room temperature (about 1 x 10’ hohmcm along 
a chain), but this talls to about 1 x 10^ uohm cm at 4 K. (See Appendix J 
for values for other elements.) 

ORGANO DERIVATIVES 

Oxygen forms many organo derivatives R;O, which are called ethers. 
Similar derivatives of S, Se and Te may be prepared using Grignard or 
organolithium reagents: 

ether 
SCl, + 2LIR —— R3S + 2LiCl 

Dialkyl sulphides R2S have a similar structure to water (tetrahedral with 
two positions occupied by lone pairs), and the lone pairs make them useful 
donor molecules. 

| Haemoglobin is the pigment in the blood of most animals. It is red when 
dioxygen is present and blue when there is no dioxygen. Haemoglobin is es- 
sential for absorbing molecular dioxygen in the lungs, where it forms oxy- 
haemoglobin. Oxyhaemoglobin releases the dioxygen in the parts of the 
my where it is needed. forming (reduced) haemoglobin. Haemoglobin 

HaC. CH,CH,COOH 

ge rc eH CH,CH,COOH 

HAC CH, 

HC —CH CH, 

Figure 15.15 Structure of haen:. 
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has a molecular weight of about 65000 It 1s made up of four haem groups, 
which are flat heterocycle porphyrin nng systems containing iron and a 
globular protein (Figure 15 15) (See ‘Broinorganic chemistry ef iron’, 
Chapter 24 ) Haemoglobin reacts with O, and forms oxyhaemoglobin In 

this complex the O-O axis of the O; molecule lies parallel! to the plane of 
the porphyrin nng, with two equal Fe O distances. It is thought that 
molecular dioxygen 1$ & bonded to the iron 
A few transition metal complexes can also form z bonded complexes 

with molecular oxygen 

LaPt + O,— L;PtO; — (L = P(C4H4)) 

Cl C! 

/ / .- O 
Lir + 0O, = Loire | ' 

N N00 
CO CO 
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PROBLEMS 

l Write equations for the preparation of oxygen from. (a) HO (b) 

How is oxygen obtained commercially und what are tts matn uses? 

3 Compare the oxides of Na and Ca with those of S and N Comment on 
their melting points. the nature of the bonding. and their reactions 
with water acids and bases 

In what ways and on what basrs may oxides be classified? 

Use the molecular orbital theory to describe the bonding in. &ach of 
the following and give the bond order and magnetic properties (para 
magneticor diamagnetic) in each case (a) O> (bh) supetoxide ion O; 
(c} peroxide ion O^ 

Explain the following facts 
{a} Liquid oxygen sticks to the poles of a magnet but [rquid nitrogen 

does not 
(b) The NO” 1:on has a shorter bond length than does NO even 

though the latter hàs an extra electron 

How is ozone prepared in the laboratory? What i5 its structure and 
what are its main uses? There is a layer of ozone in the upper atmos 
phere why is this important to man? 

Give equations for the reaction between O» and (a) Li (b) Na (c) K 
(d) C (e) CH, (f) N» (g) 5 (h) CI (1) PbS (j) CuS 

Why have oxygen molecules the formula O» whilst sulphur is 9«? 

Describe one method by which hydrogen peroxide 15 prepared Give 
the structure of H O inthe gas phase Write balanced equations for 
the reaction of H-O with 
(al an acidified solution of KMnO, 
(b) aqueous HI 

(c) an acidic solution of potassium hexacyanoferrate(l1t) 

What are the main sources of sulphur? Which are the two most 
common allotropic forms? 

Describe the Frasch process for mining sulphur 

Describe the changes which occur on heating sulphur 

Explain the differences in bond angles and boiling points gf HO 
and H S 

Explain how x bonding occurs in O O, SO, and SO; 

Describe how sulphuric acid :s manufactured on an industria! scale 
List ts main uses 
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17. 

I8. 

2l. 

22. 

Describe the preparation, properties and structure of SQ2, SO,, 

H5SC, H5S;O,. 

(a) Describe the differences in structure between gaseous and solid 

SO3. 
(b) What reaction occurs between SQ; and H-SO,? Give the struc- 

ture of the product. 

(c) Describe the action of heat on NaHSO;. 

(d) Compare the structures of the SO;~ and S,037 ions. 
(e) What reaction occurs between Na»5;O; and I5? 
(f) Why are sulphurous acid and sulphites reducing? 

. Compare and contrast sulphuric acid, selenic acid and telluric acid. 

20. How is Na3S3O; made? Explain its uses in photography and volumetric 
analysis. 

What are the main fluorides of sulphur? How are they made, what are 
their structures and what are their uses? 

Explain why SF, is unreactive towards water but TeF, reacts. 

. Suggest reasons why SF, is known but OF, is not. 
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Group 17 — the halogens 

Table 16 1 Dlectronic stroctutes and oudation states 

Element Electronic contiuration Oxidation states* 

Fluonne F [He] 24^ 2p* -1 
Chlorne Ci [Ne] EA —L IE IH IV eV VI VII 
Bromine Br [Ar] 349? 44^ 4p? -E+ A IV V VI 
Jodine ] [hr] dd Sg? p^ -] 41 21H +V -VII 
Astaune— At. [xe] 4f " sd Gs Gp" 

* The most important oxidation states (generally the mast abundint and stable) are 
shown in bold Other well characterized. but. loss. import int. «tates acc shown 
in normil type. Oxid itjon. stites that are. unstable. or in doubt. ure genin im 
parentheses 

INTRODUCTION 

The name halogen comes from the Greek. and means salt former The 
elements all react directly with metals to form salts and they are also vers 
reactive with non-metais Fluorme is the most reactive element known 

The elements all have seven electrons in their outer shell The sp 
configuration is one p electron less than that of the next noble gas Thus 
atoms complete their octet either by acquiring an electron (1 e through 
forming an onic bond giving X~) or by sharing an electron with another 
atom (thus forming a covalent bond} Compounds with metals are typicalls 
ionic. whilst those with non-metals are covalent 

The halogens show vers close group similarities Fluorme (the first 
element tn the group) differs ii several ways from the rest of the group 
The first element of each of the main groups all show differences from the 
subsequent elements The reasons for the difference are 

& 

] The first element i5 smaller than the rest, and holds its electrons more 

firmly 
2 it has no low-hying d orbitals which may be used for bonding 

The properties of chlarine and bromine are closer than those between 
the other pairs of elements because their sizes are closer. The iQgnic radius 
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of CI” is 38% Jarger than that of F`, but the radius of Br™ is only 6.5% 

larger than that of Cl”. The relatively small change in size occurs because 

Br” contains ten 3d electrons, which shield the nuclear charge ineffec- 

tively. This also results in the electronegativity values being particularly 

close for these two elements. Thus there is little difference in polarity of 

the bonds formed by Cl and Br with other elements. 

The oxidation states (+1) are by far the most common. Wne hc1 u is 

(—1) or (+1) depends on whether the halogen is the most electronegative 

element. Higher oxidation states exist for all of the elements except F. 

The lack of low-lying empty d orbitals in the second shell prevents F from 

forming more than one normal covalent bond. 

Fluorine is a very strong oxidizing agent, and this together with its 

small size allows it to form compounds that bring out the highest oxida- 

tion state of other elements. Examples include IF;. PtF&, SF4 and many 

hexafluorides, BiFs, SFs, TbF;, AgF2. and K[Ag'''F,]. 
The elements all exist as diatomic molecules, and they are all coloured. 

Gaseous F; is light yellow, Cl» gas is yellow-green. Br, gas and liquid 
are dark red-brown. and I» pas is violet. The colours arise from the 
absorption of light on promoting an electron from the ground state to a 
higher state. On descending the group the energy levels become closer. 
so the promotion energy becomes less and the wavelength of the band 
becomes longer. | 

I, solid crystallizes as black flakes. and has a slightly metallic lustre. 
Though the X-ray structure shows discrete I, molecules, the colour is 
reminiscent of charge transfer compounds, and the properties are different 
from those of other molecular solids. The solid conducts electricity to a 
small extent, and the conductivity increases when the temperature is 
raised. This behaviour is like that of an intrinsic semiconductor, and 

different from metals. However. liquid I, conducts very slightly. This is 
ascribed to self-ionization: 

í 

3l ek +i 

The stable isotopes of the halogens all have a nuclear spin. This is used 
in nmr spectroscopy. Chemical shifts are conveniéntly measured using the 
isotope "F. 

Several chemicals are of commercial importance and are produced on a 
vast scale. These include Cl. (35.3 million tonnes in 1994), anhydrous HCI 
and hydrochloric acid (12.3 million tonnes in 1991). anhydrous HF and 
hydrofluoric acid (1.5 million tonnes in 1994). Br» (370000 tonnes in 
1993) and CIO, (200000 tonnes/vear); | 

OCCURRENCE AND ABUNDANCE i 
X E halogens are all very reactive, and do not occur in the free state. 

oe all except astatine are found in combined form in the earth’s 
| me (Astatine is radioactive and has a short half life.) Fluorine is the 

centh most abundant element by weight in the earth's crust, and 
continued overleaf 
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Table 162 Abundinc of the clements tn the 
earth s crust. by weight 

ppm Rel itive abundance 

F 544 13 
C] | 26 2t) 
Br 28 47 
I U 46 6? 

chlorine the twentieth These two elements are reasonably abundant. hut 
bromine and iodine are comparatively rare 
The main source of fluorine is the mineral CaF» called fluorspar or 

fluorite. (The name fluorspar was given because the mineral fluoresces 
that is 1t emits light. when it is heated ) World production was 3 6 milbon 
tonnes in 1992 The largest producers are China 4276. Mexico. Mongolia 
and the Soviet Union 8% each and South Afmnca 7% Another well 
known fluorine containing. mineral i5 fluoroapatite [3(Ca,(PO,), CaF] 
This ty used primarily as a source of phosphorus It ts not used to produce 
HF and F» because the mineral contains appreciable amounts of SiO The 
HF produced reacts with the S1O. in the mineral to form fluorosilicic acid 
H:[SiF,| Some H-[SIF,] i5 made in tls way and is used as an alternative 
to NaF for fluoridizzing dnnking water. The mineral cryolite Nai[ AIF;] i5 
rather rare It is found only in Greenland and 1s used in the electrolytic 
extraction of aluminium 

The most abundant compound of chlonne 15 NaCl. and it i5 used to 
produce virtually all the Cl; and HCl made World consumption of NaCl 
was 183 5 million tonnes in 1992 Some salt is mined and some ts obtained 
by solar evaporation of sea water Chlorides and bromides are leached 
from the land by rain and are washed into the sea. Sea water usually 
contains about 15000 ppm (1 5%) of NaCl Certain inland seas contain 
much more (the Dead Sea contains 8% and the Great Salt Lake Utah 
contains 23%) The dried up beds of inland lakes and seas contain large 
deposits of NaCl mixed with smaller amounts of CaC] KCl and MgCl, 
In contrast the fluoride content of sea water is very low (1 2ppm) This is 
because the water cóntains a large concentration of Ca * and CaF. 1s 
msoluble 

Bromides occur in sea water [odides only occur in low concentration in 
sea water but they are absorbed and concentrated by seaweed At one 

time :0dine was extracted from seaweed There are now bet'er sources 

Natural brines have higher concentrations of | Sodium 10date NaIO; and 
sodium periodate NaIO, occur as impurities in NaNO, deposits in Chile 

EXTRACTION AND USES Or THE ELEMENTS 

Fluorine 

Fluorine is extremely reactive and this causes great difficulttes in the 

preparation and handling of the element The first preparation of fluorine 
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as by Moissan in 1886. He was subsequently awarded the Nobel Prize for 

hemistry in 1906 for this work. Fluorine is obtained by treating CaF, with 

concentrated H5SO, to give an aqueous mixture of HF. This is distilled, 

yl 

l. 

elding anhydrous liquid HF. Then a cooled solution of KHF; in anhy- 

drous HF is electrolysed, giving F; and H; (Figure 16.1). 

CaF, 23 H5SO, => CaSO, + 2HF 

KF 4 HF — K[HF;] 
clectrolyse 
Á— —Ó' HF 4 K(HF;] 

There are many difficulties in obtaining fluorine. 

H; + F, 

HF is corrosive, and etches glass and also causes very painful skin 
wounds. These arise partly by dehydrating the tissue, and partly from 

the acidic nature of HF. The wounds are slow to heal because F^ ions 

remove Ca** ions from the tissues. 
2. Gaseous HF is also very toxic (3 ppm) compared with HCN (10 ppm). 
3. Anhydrous HF is only slightly ionized and is therefore a poor conductor 

of electricity, Thus a mixture of KF and HF is electrolysed to increase 
the conductivity. Moissan used a solution of KF in HF with a mole ratio 
of 1:13. This has the disadvantage that the vapour pressure of HF is 
high. and this gives problems with toxicity and corrosion, even when the 
reaction mixture is cooled to —24^C. Modern methods use medium 
temperature fluorine generators. These use a mole ratio of 1:2 of 
KF: HF so that the vapour pressure of HF is much lower. This mixture 
melts at about 72°C which is a much easier temperature to maintain. 
Note that KF and HF react to form the acid salt K*[F—H—F]~. 

. Water must be rigorously excluded or the fluorine produced will oxidize 
it to dioxygen. 

. The hydrogen liberated at.the cathode must be separated from the 
fluorine liberated at the anode by a diaphragm, otherwise they will react 
explosively. 

. Fluorine is extremely reactive. It catches fire, for example with traces of 
grease or with crystalline silicon. Glass and most metals are attacked. It 
is difficult to find suitable materials from which to make the reaction 
vessels. Moissan used a platinum U-tube, since platinum is very un- 
reactive (but it is very expensive). Copper or Monel metal (Cu/Ni alloy) 
are now used instead. because they cost less. A protective fluoride film 
forms on the surface of the metal and slows down further attack. 

. The cathodes are made of steel. the anodes are carbon, and teflon is 
used for electrical insulation. Graphite anodes must not be used, since 
graphite reacts with fluorine, forming graphite compounds CF. In these, 
fluorine atoms progressively invade the space between the sheets of 
graphite, forcing them apart, and buckling them. This gradually stops 
the graphite from conducting, the current needed increases, more heat 
Is produced, and eventually an explosion may occur, Ungraphitized 
carbon is used to avoid this. It is made from powdered coke compacted 
and impregnated with copper. 

continued overleaj 
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Figure 16.1 Fluorine cell. 
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Cylinders of F, are now commercially available However, for many 

purposes F; is converted to CIF; (b p 12°C), which though very reactive 

is less unpleasant and easier to transport 

3F) + Cl, 2CIF; 
Production of fluorine first became important for the manufacture of 

inorganic fluorides such as AIF, and synthetic Na [AIFs] Both are used in 
the extraction of aluminium The natural mineral cryolite 1s only found in 
Greenland, and this source 1s largely exhausted 

it was discovered m the 1940s that the isotopes of uranium could be 
separated by gaseous diffusion of UF, This was important tn preparing 
enriched uranium to make the first atomic bomb. Gaseous diffusion i5 still 
used to make enriched uranium fuel for nuclear reactors The nuclear 
industry uses about 75% of the fluorine produced UF, ts made as follows 

U or UO, + HF — UF; 

UF, + FP UF, 

UF, + CIF, UF, 

The fluorocarbons are à very interesting and useful group of com 
pounds, derived from hydrocarbons by substituting F ftor H Tetrafivote 
methane CF, is the fluorocarbon corresponding to methane Completely 
fluorimated compounds C,F;,,; are called perfluoro compounds Thus 
CF, is perfluoromethane Perfluoro compounds have very low botling 
points for their molecular weight this 1s associated with very weak inter 
molecular forces Fluorocarbons are extremely inert Unlike methane, 
CF, can be heated in aur without burning Flucrocarbons are ineft t0 
concentrated HNO, and H2SO,, to strong oxidizing agents such as KMnOq 
or O;, and to strong reducing agents such as Li[AIH,] or C at 1000*C 
They are attacked by molten Na When pyrolysed pt very high tempera 
tures the C—C bonds break rather than the C—F bonds Tetrafluor 
oethene F;C—CF; (b p. —76 6"C) can be made 

2CHCIF, — 5, CF;--CF, -- 2HCI 
Fluoroalkenes of this type can be polymerized either thermally, or usig 2 
free radical imitrator Depending on the degree of polymerization, that ts 
on the molecular weight produced, the products may be oils, greases OF 
a solid of high molecular weight called polytetrafluoroethylene This 's 
similar to ethene (formerly called ethylene) polymerizing to give Poly: 
ethylene (polythene) Polytetrafluoroethylene 1s known commercially 45 
PTFE or Teflon It ts a very inert solid plastic material, and is useful 
because 1t 15 completely resistant to chemical attack and ts an electrical 
msulator Though expensive, it 1s used in laboratories. [t ts also used 352 
coating for non stick pans 

Freons are mixed. chlorofluorocarbons Compounds such as CCF, 

CCF, and CChF are important as non-toxic refrigerating fluidó and 
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aerosol propellants. They too are very inert, and are discussed later. 

CF,CHBrCl is used as an anaesthetic called Fluothane. 

Another use of F; is to make SFe, which is a very inert gas used as a 

dielectric (insulating) medium for high voltage equipment. Fz is also used 

to make other fluorinating agents CIF;, BrF; and IF; and SbF;. The earlier 

use of liquid Fz as an oxidizing agent in rocket motors has now been 

discontinued. Anhydrous HF has many uses. 

Traces of fluoride ions F~ in drinking water (about 1 ppm) greatly 

reduce the incidence of dental caries (tooth decay). The F^ ions make the 

enamel on teeth much harder, by converting hydroxyapatite [3(Ca4(PO4); - 

Ca(OH);] (the enamel on the surface of teeth) into the much harder 

fluoroapatite [3(Ca3(PO4); : CaF5]. However, F^ concentrations above 2 

ppm cause discoloration, the brown mottling of teeth, and higher concen- 
trations are harmful. In some places NaF and H,[SiF,] are added to 
drinking water, where the natural water is very soft and contains insuf- 
ficient naturally occurring F^ ions. NaF is now used in fluoride toothpaste. 

(The original fluoride toothpaste contained SnF; and Sn;P20;.) 

Chlorine 

Chlorine was first prepared by Scheele by oxidizing HCl with MnO;. This 
method was used as a laboratory preparation, but chlorine is now readily 
available in cylinders. 

HSO, + NaCl > HCl + NaHSO, 
: 4HCl + MnO, MnCl, He 2H,O T Cl; 

Gas prepared from MnO; in this way must be purified. First it is passed 
through water to remove HCl, and then through concentrated H5SO, to 
remove water. It may be further dried by passing it over CaO and P4Qyjo. 

Chlorine is produced commercially ori a vast scale by two main methods. 
(About 35.3 million tonnes were produced in 1994.) 

I. By the electrolysis of aqueous NaCl solutions in the manufacture of 
NaOH. 

2. By electrolysis of fused NaCl in the manufacture of sodium. (See 
Chapter 10.) 

Before 1960 chlorine was a by-produci from these processes. Since then 
there has been a great increase in the use of chlorine, mainly in the manu- 
facture of plastics such as polyvinyl chloride (14.9 million tonnes of PVC 
Were made in 1991). Thus chlorine is now the major product. 

2NaCl +,2H,0 SAY, aNaOH + Ch + 2H; 

2NaC] Ae, ona + CL 
At one time chlorine was produced by oxidizing HCI with air, using the 
cacon process. This process became obsolete. (See Chapter 10.) How- 

continued overleaf 
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ever a modified Deacon process is now used io a small extent. It utilizes 
HCI obtained as a by product from the pyrolysis of 1 2-dichloroethane 
to vinyl chloride, and uses an improved catalyst (CuCl, with didymium 

oxide as promoter, didymium is an old name meaning twin’ and it con 
sists of two lanthanide elements praseodymium and neodymium) This 

works at a slightly lower temperature than the original process 

CH3CI—CHsCI A —» CH;--CHCI 4- HCI 
Chlorine gas is toxic [E was used as a poison gas 11 World War 1 The 

gas is detectable by smell at a concentration of Ippm and 15 pom causes a 
sare throat and running eves Higher concentrations cause coughing Tung 
damage, and death 

World production of chlorine 15 about 35 3 million tonnes per year (the 
Soviet Union 43%, the USA 24%, Germany 7%, Canada and France 3% 
each, and Japan and the UK 2% each) About two thirds of this 1s used to 
make organic chloro compounds one fifth for bleaching, and the rest for 
the manufacture of a varicty of inorganic chemicals The main two organic 
compounds produced are 

| 2-dichloroethane 

vinyl chloride monomer 

Both are used tn the plastics industry Other uses include the production 
of 

chlorinated solvents including methyl and ethyl! chlorides 
perchloro and dichloroethene 
mono di and trichlorobenzene 
benzene hexachloride 
the insecticide DDT 
chlorinated phenols 
plant growth hormones (2.4 dichlorophenoxyacetic acid and 2,4,6 
trichlorophenoxyacetic acid are used as selective weedkillers) 

Large amounts of chlorine are used for bleaching textiles, wood, pulp and 
paper Chlorine is widely used throughout the developed world to punfy 
drinking water, because it kills bacteria It ts also used to make a wide 
variety of inorganic chemicals including 

bleaching powder 
sodium hypochlorite NaOcl 
chiorme dioxide CIO, 
sodium chlorate NaCIO, 
many metal and rom metal chiorides 

Bromine 

Bromine ıs obtained from sea water and brine Jakes Sea water contatms 

about 65ppm Br^ Thus 15 tonnes of sea water contain about 1kg of 
bromine Bromine ts extracted from sea water, but it 1s more economuc 
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to use more concentrated brine sources such as the Dead Sea, or brine 

from wells in Arkansas and Michigan (USA) and Japan, which contain 

2000-5000 ppm of Br’. First H5SO, is added to adjust the pH to about 

3.5. Then Cl, gas is passed through the solution to oxidize the Br^ to 

Br. This is an example of displacement of one element by another higher 

in the electrochemical series. 

Cl, - 2Br^ 5 2CI- + Br, 

The Br; is removed by a stream of air, because Br» is quite volatile. The 

pas is passed through a solution of NasxCO3, when the Br» is absorbed, 

forming a mixture of NaBr and NaBrO,. Finally the solution is acidified 

and distilled to give pure bromine. 

3Bro + 3Na,CO;3  5NaBr 4 NaBrO; 4 3CO; 

SNaBr + NaBrO, + 3H,SO,; — 5HBr + HBrO; + 3Na,SO, 

SHBr + HBrO, —» 3Br> T 3H,O 

World production of bromine was 370000 million tonnes in 1993 (the 
USA 45%, Israel 36%, the UK 8% and Japan 4%). In 1955 about 90% 
was used to make 1,2-dibromoethane, CH;Br- CH5Br, but the figure is 
now under 50%. 1,2-dibromoethane is added to petrol to act as a lead 
scavenger. Tetraethy! lead is added to petrol to improve its octane rating, 
but when it burns it forms lead deposits. 1,2-dibromoethane is added to 
prevent the build-up of lead deposits on the sparking plug and in the 
engine. The lead passes out with the exhaust gases, mainly as PbCIBr. The 
use of PbEt, as an anti-knock additive to petrol has already declined, and 
will decline further because of legislation against its use, and environ- 
mental concern over the toxic effects of lead. Therefore the use of 1,2- 
dibromocthane has also declined. 

_ Almost 20% of the bromine produced is used to make organic deriva- 
tives such as methyl bromide, ethyl bromide and dibromochloropropane. 
These are used in agriculture: MeBr acts as a nematocide (kills earth- 
worms) and as a pesticide against insects and fungi. The other compounds 
are used as pesticides. 

Nearly 1076 is used to make flame retardants. Bromo compounds may 
be included in the polymerization when making acrylic and polyester 
fibres. It IS more common to ‘fireproof’ fabrics and carpets by treating 
them with tris(dibromopropyl)phosphate, (Br;C4H5O)4,PO. This may be 
done either when spinning the thread, or after manufacture. 

Other uses include the manufacture of photographic emulsions and 
pharmaceuticals. AgBr is light sensitive and is used for photographic films, 
and also for water sanitation and dyestuffs. KBr is used as a sedative, and 
aS an anticonvulsant in treating epilepsy. 

lodine 

The > , á . a s a re are two different commercial methods of obtaining iodine. The 
meth i od used depends on whether the source is Chile saltpetre or natural 

continued overleaf 
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brines (for example from wells in Oklahoma or Michigan USA, and 
Japan) 

Chile saltpetre 1$ mainly NaNO,, but it contains traces of sodium jodate 
NalO, and sodium pertodate NalO, Pure NaNO, ts obtained by dissolv 
ing saltpetre in water and crystallizing NaNO; The todate restdues thus 
accumulate and concentrate tn the mother liquor Eventualiy, this con 
centrate 1s divided into two parts One part is reduced with NaHSQs to 
give I^ This is mixed with the untreated part, giving I, which ss filtered 

off as a solid and then purified by sublimation 

210; 4 6HSO; > 217 + 68037 + 6H* 

SI + 105 + 6H* — 31, + 3H;0 

Sea water contains only about 0 0S ppm of I^, which ts too low for 
commercial recovery Natural brine, which may contain 50-100ppm Is 
treated with Cl;, to oxidize 17 10ns to I; This is blown out with air in the 
same way as bromine Alternatively, after oxidation with Cl, the solution 
may be passed through an :on-exchange resin The I, 1s adsorbed oft the 
column as the trnodide ron I5 , and finally is removed from the restn by 
treatment with alkali 

World production of 1, was 17500 tonnes in 1992 (Japan 4295, Chile 
35%, the USA 11%, and the Soviet Union 9%} There ts no one domimant 
use Half :s used to make a variety of organic compounds inciuding 
jodoform CHI; (used as an antiseptic), and methyl 1odide CHI Aglis used 
for photographic films, and for seeding clouds to produce rain Small 
amounts of iodine are required in the human diet, so traces (10 ppm) of Nel 
are added to table salt K] 1s added to animal and poultry feeds The thyroid 
gland produces a growth regulating hormone called thyroxine which Con 
tams iodine Deficiency of todine causes the disease goitre [odine a5 
limited use as an antiseptic, tincture of iodine 18 an aqueous solution of 1; 
in KI, and French iodine 1s a solution im alcohol In the laboratory odides 

and 10dates are used in volumetric analysis, and Nessler's reagent Ko[Hgl4] 
is used to detect ammonia 

Astatine 

Astatine does not occur in nature, but over twenty artificial isotopes have 
been made All of these are radioactive The most stable isotopes are” ^t 
(half life 8 3 hours), and ?""At (half life 75 hours) The latter wag first 
made in 1940 by a nuclear reaction in which bismuth was bombarded with 
high energy a particles 

Bi + $He — 2 At + 2h 

Tracer methods were used to study the chemistry of "At, using minute 
quantities of about 107!* mole This isotope decays by orbital electron 
capture and by a-emussion (see Chapter 31 under ‘Modes of decay ) 
Astatine appears to resemble iodine quite closely 
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SIZE OF ATOMS AND IONS 

Table 16.3 Ionic and covalent radii 
a —————— — ————— 

Covalent radius Ionic radius X - 

(A) (A) 
ee E 

F 0.72 1.33 

CI 0.99 1.84 

Br 1.14 1.96 

I 1.33 2.20 

Fa MEO T NN ure ND 

IONIZATION ENERGY 

The ionization energies of the halogens show the usual trend to smaller 

values as the atoms increase in size. The values are very high, and there is 

little tendency for the atoms to lose electrons and form positive 10ns. 

Table 16.4 Ionization and hydration energies. electron affinity 

First Electron Hydration 
ionization affinity , energy X^ 
energy 

(kJ mol™!) (kJ mol`’) (kJ mol” !) 

F 1681 n —333 . 2513.1 
CI 1256 —349 —370 
Br 1143 —325 —339 
I 1009 —296 —274 
At = —270 3 
PUDE UR EE EAR EUER AER 

The ionization energy for F is appreciably higher than for the others, 
because of its small size. F always has an oxidation state of (—I) except in 
F5. It forms compounds either by gaining an electron to form F^, or by 
sharing an electron to form a covalent bond. 
_ Hydrogen has an ionization energy of 1311 kJ mol", and it forms H* 
tons, It is at first surprising that the halogens Cl. Br and I have lower 
ionization energies than H, yet they do not form simple X* ions. The 
whization energy is the energy required to produce an ion from a single 
Isolated paseous atom. Usually we have a crystalline solid, or a solution, 
So the lattice energy or hydration energy must also be considered. Because 

is very small, crystals containing H^ have a high lattice energy, and 
olution the hydration energy is also very high (1091kJ mol~'). The Negative ions also have a hydration energy. Thus H^ ions are formed 

because the lattice energy. or the hydration energy, exceeds the ionization 
ee In contrast the halide ions X* would be large and thus have low 
I and lattice energies. Since the ionization energy would be larger 

an the lattice energy or hydration energy, these ions are not normally 

in s 
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Figure 16 2 Structure of (a) 
BeCl. and (b) AICI, 

GROUP 17 - THE HALOGENS 

Table 16 5 Electronepatuity and electrode potenti id 

Pauling s Standard 
electronepativity electrode 

potentia] £° 
(rolis) 

+2 87 
+I 40 
+109 
+0 62 
+f) 3 

mH = 

E33 FR o5 f. iy woe Sm 

formed However, a few compounds are known where 1* is stabilized by 
forming a complex with a Lewis base. for example [I(pyridine),|* NOY 
These are discussed later under ‘Basie properties of the halogens’ 

The electron affinities for the halogens are all negative This shows that 
energy is evolved when a halogen atom gains an electron, and X — X7 
Thus, the halogens all form halide tons 

TYPE OF BONDS FORMED AND OXIDATION STATES 

Most compounds Formed by the halogens and metals are some However, 
covalent halides are formed in a few cases where the metal ions are very 
small and have a high charge. (The structures of BeCl, and AICI, are 
unusual - see Chapters 11 and 12 ) 
The halogens all have very high electronegativity values (see Table 

16 5) When they react with metals there will be a iarge electronegativily 
difference hence they form tonic bonds Halide ions are produced quite 
easily This 1s shown by the large electron affinity values (Table 16 4) 
Note that energy 1s evolved when a gaseous halogen atom gains an elec- 
tton, and alse because of their large positive standard electrode potentials 
for X,[2X7 (Table 165) (The standard electrode potentials may be 
converted to an energy term using the relationship AG? — —nFE?, where 
nis the number of electrons (2 tn this case), and F 1s the Faraday constant 
96 486 kJ mol! ) The £° values decrease down the group and thus the 
energy evolved on forming halide tons also decreases down the group 
Many iodides are partly covalent For example. Cdl, forms a layer struc- 
ture, and all the radiudes have much lower melting points than the fluondes 
When two halogen atams form a molecule they form a covalent bond 

Most compounds between the halogens and non-metals are also covalent 
Fluorine 1s always umvalent, and since it rs the most electronegative 
element tt always has the oxidation number (-1) With Cl Br and I. a 
covalence of one is the most common The oxidation state may be either 

(~1) or (+1) depending on which atom in the molecule has the greater 
electronegativity 

Cl. Br and i also exhibit higher valencies, with oxidation numbers of 



MELTING AND BOILING POINTS 

(+111), (+V) and (+VII). These higher valency states are covalent, and 

arise quite logically by promoting electrons from filled p and s levels to 

empty d levels. The unpaired electrons then form three, five or seven 

covalent bonds. There are numerous examples of higher valency states in 

the interhalogens and halogen oxides. 

full ii 2 Do 
Electronic structure O u 

state shell 

(Only one unpaired electron, so can only form one covalent bond) 

Electronic structure of full 

halogen atom — excited inner TI dd 

state shell 

(Three unpaired electrons, so can form three covalent bonds) 

Electronic structure of full 
halogen atom - further inner tlt] Fd | 

excited state shell 
(Five unpaired electrons, so can form five covalent bonds) 

Electronic structure of full 

halogen atom ~ still inner T tte of 
further excited shell 

(Seven unpaired electrons, so can form seven covalent bonds) 

The oxidation states (+1V) and (+ VI) occur in the oxides CIO;, BrO;, 
Cl;O and BrO,. 

MELTING AND BOILING POINTS è 

The melting and boiling points of the elements increase with increased 
atomic number. At room temperature, fluorine and chlorine are gases, 
bromine is liquid, and iodine is a solid. In temperate climates, only two 
elements are liquid at room temperature, bromine and mercury. (In very 
hot climates caesium and thallium are also liquid.) At atmospheric pres- 
sure T, solid sublimes without melting. | 

Table 16.6 Melting and boiling points 

Melting point Boiling point 
(°C) CC) See ee ee 

F> —219 —188 
Cl; —101 —34 
Br; -7 60 
I; 114 185 
umm CREE 
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Fable 16 7 Bond energy and bond lengths of X. 

Bond energy Bond length A; 
(free energy of 
dissociation) 
(KI mol^!) (Àj 

F 126 ! 43 
CI 210 ] 99 
Br 158 2 28 
í 118 2 66 

BOND ENERGY IN X; MOLECULE 

The elements all form diatomic molecules It would be expected that the 

bond energy in the X, molecules would decrease as the atoms become 
larger, since increased size results in less effective overlap of orbitals Ch 
Br; and 1, show the expected trend (Table 16 7), but the bond energv for 
F, does not fit the expected trend 

The bond energy in F; ts abnormally Iow (126 kJ mol^!) and this i5 
largely responsible for its very high reactivity (Other elements im the first 
row of the penodic table also have weaker bonds than the elements which 
follow 1n their respective groups. For example in Group 15 the N—N 
bond in hydrazine 1s weaker than P—P, and in Group 16 the O—O bond 
in peroxides is weaker than S—S ) Two different explanations have been 
suggested for the low bond energy 

1 Muthken postulated that in Cl, Br. and I, some pd hybmdization 
occurred allowing some multple bonding This would make the bonds 
stronger than ut Fs in which there are no d@ orbitals available 

2 Coulson suggested that since fluorine atoms are small the F—F 
distance ıs also small (1 48 À) and hence internuclear repulsion 1s 

appreciable The large electron- electron repulsions between the lone 
pairs of electrons on the two fluorine atoms weaken the bond 

It seems unnecessary to invoke multiple bonding to explain these facts, 
and the simpler Coulson explanation is widely accepted 

OXIDIZING POWER 

Electron affinity is the tendency of the atoms to gain electrons This 

reaches a maximum at chlorme (See Table 164) Oxidation may be 
regarded as the removal of electrons, so that an oxidizing agent gains 
electrons Thus the halogens act as oxidizing agents The strength of an 
oxidizing agent (that is, its oxidation potential) depends on several energy 
terms and 15 best represented by a Born-Haber type of energy cycle 

(Figure 16 3) 
The oxidation potential is the energy change between the element im it5 

standard state, and nits hydrated ions Thus for 10dine the change 1s from 
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chlorine 
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Figure 16.3 Energy cycle showing the oxidation potentials of the halogens. 
(Oxidation potential is used here in preference to reduction potential to stress that 
the halogens are strong oxidising agents. Note AG° = —nFE*) 

JbGonay t0 I (hydrated): Thus the oxidation potential is equal to the sum of 
the energy put in as the enthalpies of fusion, vaporization and dissocia- 
tion, less the energy evolved as the electron affinity and enthalpy of 
hydration. 

In a similar cycle the oxidation potential for bromine can be calculated’ 
for the change from 4Braqiquiay tO Bréiydrateay: (Note that since in its stan- 
dard state bromine is liquid, the enthalpy of fusion must be omitted. 
Similarly in calculating the oxidation potential for chlorine and fluorine, 

Table 16.8 Enthalpy (AH?) values for 1X; — X (nydratea) (all values in kJ mol?) ee ee etd) ar eee ee . 
:Enthalpy 4Enthalpy 4Enthalpy Electron 
of fusion of of affinity 

vaporization dissociation 

d, -9 - 41592 4333 
Be a - 4243/2 —349 
P as +30/2 +193/2 —325 
: b 42/2 +151/2 

Enthalpy Sum 
of of 

hydration AH” 

—513 —836 
—370 2597.5 
—339 —552.5 

— — —296 —274 —466 
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since they are gases both the enthalpies of fusion and vaponzation must 
be omitted ) 

Chlonne has the highest electron affimty, so gaseous CI atoms accept 
electrons most readily However, Cl ts not the strongest oxidizing agent 
Table 16 8 shows that, summing all the energy terms 1n the cycle, fluorine 
has the most negative AF? value. Since the difference between AG and 

AH? ts not significant, 1t follows that fluorine accepts electrons more readily 
than chlorine, so fluorine 15 the strongest oxidizing agent There are two 
main reasons for this change of order 

1 F, has a low enthalpy of dissociation (arising from the weakness of the 
F—F bond) 

2 F, has a high free energy of hydration (arising from the smaller size of 
the F^ ron) 

Fluorine is a very strong oxidizing agent, and it will replace CIT both im 
solution and also when dry Similarly, chlonne gas will displace Bro from 
solution. (This is the basis of the commercial extraction of bromine from 
sea water } In general any halogen of low atomic number will oxidize 
halide ions of higher atomic number 

REACTION WITH WATER 

The halogens are all soluble in water, but the extent to which they react 
with the water, and the reaction mechanism that is followed, vary Fluonne 
Is SO Strong an oxidizing agent that it oxidizes water to dioxygen The 
reaction is Spontaneous and strongly exothermic (The free energy change 
is large and negative ) Oxidation may be regarded as the removal of 
electrons, so that an oxidizing agent gains electrons Thus the fluorine 
atoms are reduced to fluoride ions 

F, + 3H,O — 2H,O* + 2F- +40, AG° = —-795kJ)mot' 

A similar reaction. between chlonne and water ts thermodynamically 
possible, but the reaction ts very slow because the energy of activation 
ts high 

Ch + 3H;O — 2H40* + 2CI^ + 40, 

With chlorine an alternative disproportionation reaction occurs rapidly 

Cl, + H.O — HCI 4 HOCI 

Oxidation state of chlorine (0) (-l) (+1) 

Table 16 9 Concentrations in saturated aqueous solutions at 25°C 

Solubility Concentration Concentration 
X» (hydrated) HOX 

{mol 17" (mol1~?) (mol 1^!) 

Ch 0 091 0 061 0 030 
Br. 0 21 0 21 11x 107 
I, 0 00M 0 0013 64x 107° 

yy a hy i ———UnáÁ—— IURRRRRQQR€ÜÜÁal 
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A similar disproportionation reaction occurs to a very limited extent with 

Br, and I.. Thus a saturated aqueous solution of Cl, at 25°C contains 

about two thirds hydrated X, and one third OCI”. Solutions of Br; and I 

contain only a very small amount of OBr™, and a negligible amount of 

OI”, respectively. 

lodine is an even weaker oxidizing agent. The free energy change is 

positive, which shows that energy must be supplied to make it oxidize 

water. 

I + HO > 2H* + 217 +40, = AG? = +105kJ mol™! 

It follows that for the reverse reaction AG° would be —105kJ mol™’, 

so the reverse reaction should occur spontaneously. This is the, case. 

Atmospheric dioxygen oxidizes iodide ions to iodine. At the end point of an 

iodine titration with sodium thiosulphate, the iodine originally present ts all 

converted to iodide ions. Thus the bluish colour produced by the starch 

indicator with iodine disappears, and the solution becomes colourless. 

I, + 28.037 — 21-7 + 8,027 

If the titration flask is allowed to stand for two or three minutes, the 
indicator turns blue again. This is because some atmospheric oxidation has 
taken place, forming I5, which reacts with the starch to give the blue colour 
again. 

2 a 10, T 2H* =A I, T H-O 

The end point of the titration is usually taken as being when the colou: 
disappears and the solution remains colourless for half a minute. 

REACTIVITY OF THE ELEMENTS 

Fluorine is the most reactive of all the elements in the periodic table. It 
reacts with all the other elements except the lighter noble gases He, 
Ne and Ar. It reacts with xenon under mild conditions to form xenon 
fluorides. (See Chapter 17.) Reactions with many elements are vigorous, 
and often explosive. In the massive form a few metals such as Cu, Ni, Fe 
and Al acquire a protective fluoride coating. However, if these metals are 
in powdered form (with a large surface area), or if the reaction mixture is 
heated, then the reaction is vigcrous. The reactivity of the other halogens 
decreases in the order Cl > Br > I. Chlorine and bromine react with most 
of the elements, though less vigorously than does fluorine. Iodine is less 
reactive and does not combine with some elements such as S and Se. 
Fluorine and chlorine often oxidize elements further than do bromine and 
odine, by this means bringing out higher valencies, for example in PBr, 
and PCh., and in S-Brə, SCl, and SF4. 
The great reactivity of fluorine is attributable to two factors: 

l. The low dissociation energy of the F—F bond (which results in a low 
: activation energy for the reaction). 
-. The very strong bonds which are formed. 

-= 
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Table 16 10 Some bond energies of halogen compounds (all values m k? mol 

HX BX; AIX; CX, NX; X, 

F 566 645 582 439 272 159 
Cl 431 444 427 347 201 243 
Br 366 368 360 276 243 193 
I 299 272 285 238 ‘ 151 

* Unstable and explosive 

Both of these properties arise from the small size of fluorine The weak 

F—F bond arises because of repulsion between the [one pairs of electrons 
on the two atoms Strong bonds arise because of the high coordination 
number and high lattice energy 

Some bond energies are shown in Table 1610 These explain why the 
halogens form very strong bonds Many are stronger than the C—C bond, 
which is itself regarded as a very strong bond. (The C— C bond energy is 
347k} mol! 5 

Table 16.11 Some reactions of the halogens 

Reaction Comment 

2F3 + 2H,0 — 4H* + 4F" +0, 9 Vigorous reaction with F 
21,4 2H,O —4H* 4X -FO; [reaction in reverse direction i 
X; HO H* -X +HOX Cl>Br>I(Fnotatal) 

X; H;— 2HX All the halogens 

NX, + 7M — 2MX, Most metals form halides 
C F the most vigorous 

X: + CO — COX; Ci and Br form carbonyl halides 

3X; + 2P — PX, All the halogens form tnhalides 
As Sb and Bi also form tnhalides 

3X; -2P— PX; F, Cl and Br form pentahalides 
AsF;, SbF, BF; SbCl, 

Xy +25 — SX; Cl and Br ` 
2Ch + 5— SCl C] only 

3F, + S— SF; F only 

X, + H,S—+ 27HX + § Ali the halogens oxidize S*7 to 

Az + §0,—> $05%, F and Cl 

3X2 + 8NH; — N; + 6NH,X F, Cland Br 

Xp + X$—» 2XX’ Interhalogen compounds formed higher 
Kit KXXX, interhalogen compounds 
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HYDROGEN HALIDES HX 

It is usual to refer to pure anhydrous HX compounds as hydrogen halides, 

and their aqueous solutions as hydrohalic acids or simply halogen acids. 

The halogens all react with hydrogen and form hydrides HX, though 

except for HCI this is not the usual way of preparing them. Reactivity 

towards hydrogen decreases down the group. Hydrogen and fluorine react 

violently. The reaction with chlorine is slow in the dark, faster in day- 

light, and explosive in sunlight. The reaction with iodine is slow at room 

temperature. 

HF 

Industrially HF is made by heating CaF, with strong H2SQ,. The reaction 
is endothermic: hence the need for heating.-It ts important that SiO; 
impurities are removed from the CaF, as otherwise they consume much 

of the HF produced. 

CaF- T H5SO, — CaSO, + 2HF 

SiO, + 4HE > SiF, + 2H2O 
SIF, + 2HF (ag) => H-[SiF6] i 

The HF is purified.by successive washing, cooling and fractional distilla- 
tion, giving a product that is 99.95% pure. World production of HF was 

1.5 million tonnes in 1994, with over 80000 tonnes a year being produced 
in the UK. 

Gaseous HF is very toxic, and should be handled only in a good fume 
cupboard. Solutions of HF are called hydrofluoric acid, and this is very 
corrosive. Hydrofluoric acid is normally handled in metal apparatus made 
of copper or Monel, because hydrofluoric acid attacks glass with the 
formation of fluorosilicate ions [SiF,]?~ 

SiO, + 6HF  [SiF;]?- + 2H* + 2H,O 

Surprisingly little corrosion occurs at concentrations above 80%. The main 
uses of HF are as follows: 

l. Two thirds àre used to make chlorofluorocarbons (Freons). These are 
sometimes called CFCs. They are used as refrigerating fluids and as the 
propellant in aerosols. The use of CFCs is being phased out because 

- they damage the ozone layer-in the upper atmosphere. (See Chapter 
I3. under *Tetrahalides'.) ' 

-= 
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About 14% ts used to make AIF; and synthetic cryolite used in the 

electrolytic extraction of alumimum (See Chapter 3 ) 

About 2% ıs used for uranium processing (through intermediates UF, 
and UFs) 

About 4% 1s used in the anhydrous form as an alkylation catalyst m 
the petrochemical industry, for making long cham alkylbenzene 
compounds These are then converted into alkylbenzene sulphonates 
and used as detergents 

Aqueous HF 1s used for pickling steel (about 4%) and for etching glass, 
making herbicides and many metal fluorides and aiso BF; 

cone If SO, 
——! B,0, + SHE 2BF, + 3H,80, H,O 

Al,O, + 6HE — ZAIF, + 3H;O 

HCl 

HCl is produced on a very large scale World production was 12 3 million 
tonnes in 1991 (USA 24%, China 21%, Germany and Japan 7% each, 
France and Italy 5% each, and Belgium 3%) There are several different 
preparative methods 

l At one time HCI was made exclusively by the ‘salt cake method 
In this method, concentrated H.SO, was added to rock salt (NaCl) The 
reaction was endothermic, and was performed in two stages at different 
temperatures The first of the reactions was carned out at about 150°C 
The solid NaC] reacted with HSO; and became coated with insoluble 
NaHSO, This prevented further reaction, and accounts for the name 
‘salt cake’ In the second stage, the mixture was heated to about 550°C, 
when further reaction with H;SO,; occurred and Na;SO, was formed 
Thus by-product was sold, mostly for paper making (Kraft process) 

NaCl -- H;$0,-—— HCl - NaHSO, 

NaCl -- NaHSO, ——» HCl, 4- Na;SO; 
Large amounts of impure HCl have become available mm recent years 
as a by product from the heavy organic chemical industry For example. 
HCI ıs produced ın the conversion of 1,2 dichloethane CH;CI—CH;C 
to vinyl chloride CH.—CHCI, and in the manufacture of chlonnated 
ethanes and chlorinated fluorocarbons This is now the largest source of 
HCl 
High purity HCl i5 made by direct combination of the elements A 
gaseous mixture of Hs» and Cl; is explosive. However, the reaction pro 
ceeds quietly if the gases are burnt in a hydrogen-chlorine flame 1n à 
special combustion chamber The process 1s strongly exothermic 
HCI ts conveniently made in the laboratory by treating NHC! with 
concentrated H;SO; NH,CI costs more than NaCl (which was used 
in the ‘salt cake” process) However, NH4CI is preferred because 
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NH4HSO, is soluble, and the reaction does not stop at the halfway 

stage. 

2NH,CI + H5SO, — 2HCI 4 (NH4)2S5O0, 

Hydrogen chloride gas is very soluble in water. Aqueous solutions of 

HCI are sold as Aydrochloric acid. A saturated solution at 20°C contains 

42% HCI by weight, and ‘concentrated’ acid normally contains about 38% 

HCl by weight (approx. 12M). Pure hydrochloric acid is colourless, but 

technical grades are sometimes yellow because of contamination by 

Fe(HI). The largest use is for ‘pickling’ metals, that is removing oxide 

layers from the surface. It is also used to make metal chlorides, in the 

manufacture of dyestuffs, and in the sugar industry. 

Gaseous HCI is conveniently prepared in the laboratory from concen- 

trated HCI and concentrated H S04. 

HBr and HI 

HBr and HI are made by the reaction of concentrated phosphoric acid 
H4PO, on metal bromides or iodides, in a similar reaction to the 'salt cake' 
process for HCl. Note that a non-oxidizing acid such as phosphoric acid 
must be used. Concentrated H5SO, is a strong oxidizing agent and would 
oxidize HBr to Br, and HI to I. 

HPO, + Nal — HI + NaH,PO, 
The usual laboratory preparation involves reducing bromine or iodine 
with red phosphorus in water. Thus HBr is made by adding bromine to a 
mixture of red phosphorus and water, For HI, water is added to a mixture 
of phosphorus and iodine. 

HPO, + NaBr — HBr + NaH,PO, 

red 

2P + 3Br) > 2PBr;——-—> 6HBr + 2H3PO, 
red 

2P 4 3L, — 2PI, 2, 6HI -- 2H,PO, 
HF is only just liquid at room temperature (b.p. 19.9°C), and HCl to 

HBr and HI are gases. The boiling points increase regularly from HCl, 

Table 16.12 Some properties of HX compounds 

Melting Boiling Density pK, Composition of 
pomi point values azeotrope 
(°C) (°C) (gem~!) (weight %) 

E -83.1 19.9 0.99 3.2 35.37 
E ~114,2 —85.0 1.19 -7 20.24 I ~86.9 —66.7 2.16 -9 47.0 
I ~50.8 —35.4 2.80 —10 57.0 

601 



602 
mh r sj 

—Ám se re r a pa ER E r 

GROUP 17- THEH ALOGENS 

, H H H , 
f "a + / "e / p / eA 

Figure 164 fivdrogen bonded chan m sobd HF 

HBr to HI, but the value for HF ıs completely out of line with the others 

The unexpectedly high boiling point of HF arises because of the hy. 
drogen bonds formed between the F atom of one molecule and the H atom 
of another molecule Thus Inks the molecules together as (HF),, and they 
form zg zag chains in both the liquid and the solid Some hydrogen 
bonding also occurs in the gas, which consists of a mixture of cyclic (HF), 
polymers, dimeric (HF);, and monomenc HF HCl, HBr and HI are not 
hydrogen bonded in the gas and haud, though HCI and HBr are weakly 
hydrogen bonded in the solid 
Hydrogen bonds are generally weak (5—35kJ mol^!) compared with 

normal covalent bonds (C—C 347KJ mol !), but their effect is highly 
significant The most electronegative elements fluorine and oxygen (and to 
a lesser extent chlorine) form the strongest hydrogen bonds (The bond 
energy of the hydrogen bond in F—H F is 29 KJ mol^! in HF) 

In the gaseous state the hydrides are essentially covalent However, 
in aqueous solutions they ionize H* are not produced since the proton 
is transferred from HCI to H20, thus giving [H5O]* HCl, HBr and HI 
ionize almost completely and are therefore strong acids. HF only tonizes 
slightly and 1s therefore a weak acid 

HC! + H,O — [H4O]* 4 CI^ 

The aqueous solutions form azeotropic mixtures with maximum boiling 
points, because of a negative deviation from Raoults law Azeotropic 
mixtures are sometimes used as standards for volumetric analysis, because 
the azeotrope always has the same composition 
Though HC), HBr and HI completely tonize in water, the degree of 

ionization is much less in poorer ionizing solvents such as anhydrous acetic 
acid HCI tonizes less than HI in glacial acetic acid as solvent Thus in 

acetic acid, Hi ss the strongest acid, followed by HBr and ECCI, and HF 1s 
the weakest 

It ts at first paradoxical that HF ts the weakest acid in water, since HF 

has a preater electronegatnity difference than the other hydrides and 
therefore has more ionic character However, acidic strength rs the ten 

dency of hydrated molecules to form hydrogen tons 

J — 

HX rated) —* Hhyarated) + A (hydrated) 

This may be represented in stages. dissociation, sonization and hydration 

in an energy cycle 
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Figure 16.5 Energy cycle showing the acid strengths of the halogens. 

The acid strength is equal to the sum of all the energy terms round the 
energy cycle in Figure 16.5. 

acid strength = enthalpy of dehydration 

+ enthalpy of dissociation 

+ ionization energy of H* 

t electron affinity X^ 

t enthalpy of hydration of H* and X^ 

The factors which make HF the weakest halogen acid in water become 
apparent if the various thermodynamic terms are examined in more detail. 
The dissociation constant & for the change 

HX (hydrated) v Hityarated) 7 X (hydrated) 
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Table 16 13 Energy cycle (All values in kJ mol! ) 

Enthalpy Enthalpy Jomzation Electron Enthalpy Total TAS AG = 

dehydration = dissociation energy affinity hydration òH (AH — TAS) 
H — H* of X ——————— 

H* X 

HF 48 574 1311 —338 —1091 -513 -18 35 -69 
HC] 18 428 1311 -355 -1091 -370 -68 56 -124 

HBr 21 363 1311 -331 -1091  -—339 -75 59 2M 
HI 23 295 1311 -302 ~1091 -3% -i67 4G =~ 229 

is given by the equation 

AG? =-RT Ink 

(where AG? is the Gibbs standard free energy R the gas constant and 
T the absolute temperature) However AG depends on the change tn 
enthalpy AH and the change in entropy AS 

AG = AH — TAS 

Table 16 13 shows the enthalpy changes (AH) for the various stages n the 
above energy cycle 

Consider first the total enthalpy change AH for the dissociation af 

HX vie ray tO Hate a and Xouac i. The AE values for the various 
halogen acids are all negative which means that energy i15 evolved n the 

process so the change ts thermodynamically possible However thë? value 
for HF i5 small compared with the values for HC]. HBr and HI. Thus HF 
ts anly slightly exothermic in aqueous solution whereas the others evolve 
a considerable amount of heat 

The low total AF value for HF is the result of several factors 

The enthilprs of dissociation show that the H—F boad $ much 
stronger than the H—CI H—Br or H—I bonds Thus the dissociation 
energy of HF is newly twice that required to dissociate HF. (The 
strength of the HF bond is also shown by the short bond length of} OA 
compared with $7 À in HI ) 

2 The enthalpy of dehydration for the step HXqydraied) > Ha 5 
much higher for HF than for the others This is because of the Strong 
hydrogen bonding which occurs in aqueous HF solutions 

3 The unexpectedly low value for the electron affinity of F^ al59 con 
(ibutes. and though the enthilpy af hydration of F as very high. 05 
not enough to offset these other terms 

If allowance is made for the TAS term the AH values can be converted 
into corresponding AG values. From these the dissociation constants are 
obtained HF A = 107° HCIA = 10° HBr k = 10" and HI k = 10" 

The dissociation constants show quite clearly that HF is only very slightly 
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‘onized in water, and is therefore a weak acid. In a similar way, the others 

are almost totally dissociated, and are therefore strong acids. 

Liquid HF has been used as a non-aqueous solvent. It undergoes self- 

ionization: 

2HF 2 [H;F]* * F^ 

Acid~base reactions occur in this solvent system. However, the solvent 

itself has a very strong tendency to donate protons. Thus when the familiar 

mineral acids HNO4, H5SO,4 and HCI are dissolved in HF, the mineral 

acids are forced to accept protons from the HF. Thus the so-called mineral 

acids are actually behaving as bases in this solvent. The very strong proton 

donating powers of HF mean that very few substances act as acids in HF. 
Perchloric acid is an exception, and it does behave as an acid. The only 

other known acids in liquid HF are fluoride acceptors such as SbFs, NbF;, 
AsF; and BF;. Many compounds react with HF, thus limiting its usefulness 
as a solvent. It is a useful medium for preparing fluoro complexes such as 
[SbF,]~, and fluorides. 

HALIDES 

lonic halides 

Most halides where the metal has an oxidation state of (+I), (+III), or 
+(Iff) are ionic. This includes Group 1, Group 2 (except Be), the lan- 
thanides, and some of the transition metals. Most ionic halides are soluble 
in water, giving hydrated metal ions and halide ions. A few are insoluble: 
LiF, CaF>, SrF,, BaF, and the chlorides, bromides and iodides of Ag(-- I), 
Cu(-- 1), Hg(--T) and Pb(--II). The solubilities usually increase from F^ to 
Br to ClI^ to I^ (provided that they are all ionic), because the lattice 
energy decreases as the ionic radii increase. 

Molecular (covalent) halides 

Among the metals which show variable valency, the highest oxidation state 
Is usually found with the fluorides. Thus osmium forms OsF,, but only 
OsCls, OsBry and Osl,. High oxidation states are covalent. For a metal 
with variable oxidation states, the higher oxidation states will be covalent 
ang the lower ones tonic. For example, UF, 1s covalent and gaseous, 
lw UF, is an ionic solid. similarly PbCl, is covalent and PbCl, is 
one Ost of the more electronegative elements also form covalent 

S, Sometimes called molecular halides. A large number of these are hydrolysed quite readily by water: 

BCh + 3H;O — HBO, + 3Ht + 3Cl^ 

SICl; -- 4H;0 > S1(OH), + 4H* + 4CI7 
PCI -- 3H;0 — H4PO, 4 3H* 4- 3CI- 
PCI + 4H,O — H,PO, + SH* + 5CI~ 
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Sometimes when the maximum covalency 1s obtained the halides are inert 
to water Thus CCl, and SF, are stable This ts because of kinetic rather 
than thermodynamic factors and CCl, does hydrolyse with superheated 
steam to form phosgene COC, Molecular halides are usually gases or 
volatile liquids This is because there are strong bonds within the molecule 
but only weak van der Waals forces holding the molecules together A 
number of fluondes show multiple bonding when the central atom has 
suitable vacant orbitals This contributes to the high strength and shortness 
of many bonds of fluorine (B—F C—F N—F and P—F) 

Bridging halides 

Halide bridges are sometimes formed between two atoms (Less com 
monly they are formed between three atoms ) Thus AlCl, forms a dimenc 
structure whereas BeF, and BeCl, form infinite chains The bridges are 
depicted as the halogen forming one normal covalent bond and donating 
a lane pair of electrons to form a second (coordinate) bond Both bonds 
arc identical. The bridge may be described in molecular orbital terms as 
a three centre four electron bond Halogen bridges involving chlorme 
and bromine are typically bent but those involving fluorine may be either 
bent or linear. Several pentafluorides such as NbF4 and TaF; form cyclic 

tetramers with linear bridges 

Preparation of anhydrous halides 

There are several general methods for making anhydrous halides 

Direct reaction of the elements 

Most metals react vigorously with. F— and give fluorides in. the. highest 
Oxidation states Some non metals such as P and S explode Elevated 
temperatures are usually required to prepare chlorides bromides and 
1odides 

2Fe 4 3P. — 2FeF4 

Fe + Brs — FeBr, 

Fe + h — Fel 

Reactions are easier jn a solvent such as tetrahydrofuran though the 

products are often solvated 

Reacting the oxide with carbon and the halogen 

It is assumed that the carbon first reduces the oxide to the metal followed 
by reaction of the metal with the halogen 

TiO» * C € 2C — TC, + CO, 
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Reaction of metal with anhydrous HX 

Many metals will react with HF, HCl, HBr or HI gases. 

. 2AI 4- 6HCI — 2AICL, + 3H; 
Cr + 2HF — CrF, + H> 

Fe + 2HCl — FeCl, + H, 

Reaction of oxides with halogen compounds 

Heating halogen compounds such as NH4CI, CCl4, CIF;, BrF4, S;CL or 
SOCI, with oxides often gives halides. 

Sc20; + 6NH,CI S, 2ScCh + 6NH; + 3H2O 

2BeO + CCh 9, 2BeCl, + CO; 
3U0 + 4BrF; > 3UF, + 3BrO, + 4Br, 
3NiO + 2CIF; — 3NiF, + Cl, + 140. 

Halogen exchange 

Many halides will react either with the halogens, or with excess of another 
halide and replace one halogen atom by another. Thus several metal 
fluorides such as AgF2, ZnF;, CoF3, AsF3, SbF3 and SbF, can be used to 
make fluorides, and also HF. 

CoCl; 4 2HF — CoF; 4- 2HCI l 

Chlorides may be converted to iodides by treatment with KI in acetone. 
Similarly KBr can be used for bromides. 

TICl, -- 4KT Til, -- 4KCI 

Dehydrating hydrated halides 

Hydrated halides may be prepared in a variety of ways, such as dissolving carbonates, oxides or metals in the appropriate halogen acid. Evaporation gives hydrated halides. Some of these may be dehydrated simply by heating, or by heating in a vacuum, but oxohalides are often produced. Chlorides may be dehydrated by distilling with thionyl chloride. Other halides may be dehydrated by treatment with 2,2-dimethoxypropane. 
VCi3-6H20 + 6SOCl, > VClh, 4-,12HCI 4 6S0, CIF» 6H20 4 6CH4C(OCH4),CH4 — CrE, 4 12CH,OH 4 6(CH4),CO 

HALOGEN OXIDES 
The compounds with Ox } ygen probably sh t i the different Mines gen p y show greater differences between 

than any other class of compound. Differences 
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Table 16 14 Compounds of the halogens with oxygen (and their oxidation States) 
ee oO a a P à 

Oxidation (~) {+FTV} (+V) (YD (VII) Others 
state (+1) 
< aac a e a eaa a a aaaea 

Fluorides OF;(-I) O,F, 

O;FiC- I) 
Oxides CLO(+1) CIO., CI O, CLO; CICIO, 

CIO, 
BrO(41)  BrO, 

LO; LO, 1.0, 

between F and the others arise for the usual reasons (small size, lack of d 
orbitals and high. electronegativity) In addition. oxygen ts less electro 
negative than F, but more electronegative than Cl, Br and 1 Thus binary 
compounds of F and O are fluorides of oxygen rather than oxides of 
fluonne The other halogens are less electronegative than oxygen and thus 
form oxides There is only a small difference in electronegativity between 
the halogens and oxygen, so the bonds are largely covalent Rather sur 
prisingly 150, and 1,0, are stable and ionic 

Most of the halogen oxides are unstable, and tend to explode when 
subjected to shock, or sometimes even when exposed to light The iodimne 
oxides are the most stable, then the chlorine oxides, but the bromine 
oxides all decompose below room temperature The higher oxidation 
states are more stable than the lower states Of the compounds shown in 
Table 16 14, CIO;, CLO, 1,05 and OF; are the most important 

OF, Oxygen difluoride 

OF; is a pale yellow gas, formed by passing F, into dilute (2%) NaOH 

2F, + 2NaQH ~» 2NaF + H,O + OF; 
OF; ıs a strong oxidizing agent, and has been used as a rocket fuel It re 
acts vigorously with metals, S, P and the halogens, giving fluorides and 

oxides It dissolves in water and gives a neutral solution, so it 1s not an acid 
anhydride With NaOH tt gives fluoride tons and dioxygen 

OF, Dioxygen difluoride 

O2F, 15 an unstable orange-yellow sohd and 1s a violent oxidizing and 
fluorinating agent It ts formed by passing an electric discharge through a 
mixture of E; and O; at very low pressure and at liquid air temperature. Tt 
decomposes at —95°C Its structure ts similar to that of HO, except that 
the O—O bond length of 1 22 Á is much shorter than the Q—O distance 

of 148À in H;O; The O—F bond lengths are 1 58 À, which is much 
longer than in OF; O,F; ts made in a simular way, and apparently contains 
a chain of four oxygen atoms. O;F, and O,T5 have been reported 
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Cl,O Dichlorine monoxide 

CL.O is a yellow-brown gas. It is commercially important. Both laboratory 

and commercial preparations are by heating freshly precipitated (yellow) 

mercuric oxide with the halogen gas diluted with dry air. 

300°C 
2Cl, + 2HeO——> HgCl,-HgO + CLO 

CLO explodes in the presence of reducing agents, or NH3, or on heating. 

3CLO + I0NH; — 6NH4CI + 2N; -- 3H;0 

CLO gas is very soluble in water (144g Cl,O dissolves in 100g H50O at 
—9*C). forming hypochlorous acid, and the two are in equilibrium. 

ClO + H,0 = 2HOCI 
Cl,O dissolves in NaOH solution, forming sodium hypochlorite. 

CIO + 2NaOQH — 2NaOCI 4 H;O 

Most of the Cl,O produced is used to make hypochlorites. NaOCl is sold 
in aqueous solution. Ca(OCl)2 1s a solid. An impure form mixed with 
Ca(OH), and CaCl, is sold as ‘bleaching powder’. The latter is also made 
by passing Cl; into Ca(OH);. These are used to bleach wood pulp and 
fabrics, and as disinfectants. Some CLO is used to make chlorinated 
solvents. - 

The structures of OF;, Cl,O and Br,O are all related to a tetrahedron 
with two positions occupied by lone pairs of electrons. | 

Electronic structure of 
1s 2s 2p 

oxygen atom in its 
ground state 

Electronic structure of ls 25 2p 
oxygen atom having gained eis. 
two electrons by forming 
bonds to two halogen atoms Eee 

four electron pairs — tetrahedral 

with two positions occupred by lone pairs 

Repulsion between the lone pairs reduces the bond angle in F20 from the 
tetrahedral angle of 109°28’ to 103° (rigure 16.6). In Cl,O (and presum- 
ably Br;O) the bond angle is increased because of steric crowding of the 
larger halogen atoms. 

Ao LP À AN 

F CI CI Br Br 
103 111 ? 

Figure 16.6 Bond angles in FO. CIO and Br-O. 
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CIO, Chlorine dioxide (o^. 

CIO; is a yellow gas which condenses to a deep red liquid, b p. 11?C. Ia 

spite of rts high reactivity (or perhaps because of this) CIO; 15 of com- 

mercial importance, and is the most important of the oxides CIO, is a 

powerful oxidizing and chiorinating agent Large quantities are used for 

bleaching wood pulp and cellulose, and for purifying drinking water [tts 

30 times as effective as chlorine in bleaching flour (to make white bread) 

CIO; liquid explodes above —40*C The gas detonates readily when 
concentrated above 50mm Heg partial pressure. 1t explodes when mixed 

with reducing agents Because of this, it i$ made in situ, and is used diluted 
with air or CO, The safest laboratory preparation i5 from sodium chlorate 
and oxalic acid, as this automatically dilutes the gas with CO; 

2NaCIO; -- (COOH): 4—2 2€I0; 4 2CO; -- (COONa); 4 2H)0 

The gas is made commercially from NaClO, It ıs difficult to obtain total 
production figures, since for safety reasons CIO; is produced where it is 
used, and is always diluted (for safety) An estimate 1s 200 000 tonnes 
per year, half in the USA A pure product is formed using SO; Using HCI 
causes contamination with Cl,, but this may be unimportant or even useful 
for bleaching and sterilization 

2NaClO, + SO; 4. H,SO, E SEPC, 5010, 4. 2NaHSO, 
2HCIO, 4 2HCI — 2CIO; 4 Cl 4 2H.O 

CIO, dissolves in water, evolving heat, and giving a dark green solution 
This decomposes very slowly in the dark, but rapidly if illuminated 

CIO, — CIO + O 

2CIO + H-0 — HCI + HCIO, 

It 15 also used to manufacture sodium chlante NaClO., which ts also used 
for bleaching textiles and paper 

2CIO; - 2NaOH 4 H;0, — 2NaCIO, t: O, 4 2H.O 

Some other reactions are 

2C10, + 2NaOH -> NaClO, + NaClO, + H0 
2CIO., t 20, -> ChOs T 203 

The ClO, molecule 1s paramagnetic and contains an odd number of elec- 
trons Odd electron molecules are generally highly reactive and CIO; 1s 
typical. Odd electron molecules often dimerize in order to pair the elec 
trons, but CIO; does not This is thought to be because the odd electron i5 
delocalzed The molecule is angular with an O-—CI—O anple of 118^ 
The bond lengths are both |] ak and are shorter than for single bonds 



Chlorine perchlorate Cl: C104 

This can be made by the following reaction at —45 C. 

CsCIO, 4- CIOSO;F — Cs(SO;)F 4 CIOCIO; 

It is less stable than ClO, and decomposes to O3, Cl, and Cl O6 at room 

temperature. 

Cl,Os Dichlorine hexoxide 

Cl,O, is a dark red liquid, which freezes to give a yellow solid at —180 C. 

CIOs is in equilibrium with the monomer CIO;, and is made from CIO; 

and O3. The structure of neither the liquid nor the solid is known. Both 

are diamagnetic, and so have no unpaired electrons. Possible structures 

are shown in Figure 16.7. 

o O O O O 
a / € 

0— cl — ci —0 Cl Cl 
/ \ £o XU UN 
o O O O O 

Figure 16.7 Possible structures of Cl;0,. 

CIO2 CIO; 

Cl;O is a strong oxidizing agent and explodes on contact with grease. 
Hydrolysis of Cl;Og with water or alkali gives chlorate and perchlorate. 
Reaction with anhydrous HF is reversible. 

Cl,0, + 2NaOH — NaClO; + NaClO, + H20 
chlorate perchlorate 

Cl,0, + H2O > HCIO, + HCIO, 
HOCIO, HOCIO; 

Cl,O, + HF = FCIO, + HCIO, 
CIO, -- N;0, ^ CIO; 4 [NO;]*[CIO,]" 

Dichlorine heptoxide Cl;O; 

ChO; is a colourless oily liquid. It is moderately stable and is the only 
exothermic oxide of chlorine, but it is shock sensitive. It is made by care- 
fuy dehydrating perchloric acid with phosphorus pentoxide, or H3PO, at 

PME by distillation at —35 "C and a pressure of 1 mm Hg. Its 
e : O3CI—0—CIO;, with a bond angle of 118?36' at the central 
Xygen. It is less reactive than the lower oxides, and does not ignite 

Organic materials. It reacts with water, forming perchloric acid. 

2HCIO, Ow. Cl;O; 
H.O 
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igure 16.8 Structure of [,0, 

Oxides of bromine 

Less is known about the oxides of bromine, and they ate much fess im 
portant thin those of chlorine. Br;O is a dark brown liquid, prepared 
either by reacting Br; gas with HgO (in the same way as CIO is made), or 
by carefully decomposing BrO; Tt does not form HOBr to an, apprea 
able extent by reaction with water, but win NaOM i ges OBr,. Dra 
strong oxidizing agent, and oxidiees h to hO, 

Bromine dioxide BrO; is a pale yellow solid. dt may be prepared by the 
action of an electnic discharge on Br; and O, gas at lo temperature asd 
pressure, or by reacting bromine and ozone at ^ 78"C 

Br, * 20, — 2BrO; * O; 

itis onh stable below ~40°C Tt has a simular structure to CIO, but ix 
much less empartant than ClO, BrO, tydralyses in alkalne solutions 
mwing branude and bromute 

6BrO, + ONaOH — NaBr * SNaprO, e 3H O 

With E i ges I BO, 

Qoades of iodine 

The oudes of todine are much more sttble thin those of the other ele 
ments Lodine pentaride 1.0, forms stable white hygroscopic crystals ft 
is formed by heating rodi, acid HIO4 to 170^C 

MIO: = LO + ILO 
Itos yery soloblesn water, and is the anhydride of tada atid Because itt 
hygroscopic, commercial 1;O dias usually picked up «ome water, 4nd has 
the formula 1:0, HIO, 1.0, decomposes to bs and O; on heating to 
300"C t rs also an oxidizing agent winch Jead to ny use anahiticolh 
for the detection and estimation of carbon monoxide. 18 madizes CO to 

CO, quantitatively at room temperature, Irberating rodine, which can te 
titrated with sodium thiesulph ite 

hO. + SCO — SCO. 4 b 
d 

This is useful in analysing pases, such as the exhaust gis from car engines 
or gases from blast furnaces, for CO. 1:O, also oxidizes 1.8 to SO, and 
NO to NO; With fluonmanng agents such as Ps, BrF, or SU, tt forms [Fs 

215,0. 4. JOP, — 4H, 4 50, 
The structure of 1;O« is shown in Figure 16 8. The solid is a threc-dimen 
sonal network, with strong entermoteculac 1. Q interactions baking 
molecules together 

The oxides 1,0, and 1,0, are moderately stable, though fess stable than 

RO 150, 15 à yellow hygroscopie sob, which cim be made as pows 
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nv d 30; = 1,09 

P.O, or HiPO, (-H.O) 
HIO;—— —— — ————— 140, 

When heated above 75°C it decomposes to I20.. 

41,0 9 > 61504 T 2l» T 30- 

Dehydrating HIO4 with concentrated H55O, gives 1204. When heated 

above 135°C it decomposes to 120s. 

5150, — 41505 + I, 

The structures of these oxides are not known, but IO, is probably 
IO* - O3 and 1,O, is probably I** - (IO3 )4. 

STANDARD REDUCTION POTENTIALS (VOLTS) 

Acid solution (activity of H* — 1) 

Oxidation state 

+VII TV +I y 

+1.39 

+1.47 

P 

i +LI9 $ 41.2] +1.65 1.61 +1.36 CIO; Co; 3121 cig, tS Hoc +1 ICI. cl- 

| na 

2.87 IF, +2.8 E- 

PT 

+1.74 +1.47 * +1.60 +1.07 _ 
— —— Br 

BrO; BrO,; ——— — — — ——— HORBr Brz) 

+1.33 

SBrocagy $1.09 

+0.54 
JLA) 

+().99 
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Basic solution (activity of QHT = 1) 
Oxidation state 

+VII -+Y IH +] 0 -f 

+033 7 +066 040 ,* 4] cio; 2236 co, £233 CIO, oci" ——— 4c, 136 o- 
| o 59 —_—] [dy 88—— 
[ ——— 40s 471 

* 40 92 5 *046,!* 4107 
+0 54 BrO; BrO4 ——— — — —— OB:- 5Brsu, Br 

|... 2978 —— i 
Lo e] 

+0 14 * 4045 +0 53 t07 lO; —— o —— n E L- 
— — 

+0 26 

H4IO2- 

* Disproportionates 

OXOACIDS 

Table 16 15 The oxoacids -OO 

HOX HXO HAO, HXO, 
Oxidation states (+1) (+D) (+V) (4 VII) of the halogens 

HOF 
HOCI HCIO HCIO, HCIO; HOBr HBrQ, HBrQ, 

Four series of oxoacids are known (Table 16 15) The structures of the tons formed are shown in Figure 169 All these structures are based ona tetrahedron The sp’ hybrid orbitals used for bonding form only weak a bonds, because the Sand p levels differ appreciably in energy The ions 

are known only in solution. or as their salts Fluorme has no d orbitals, and thus cannot form pr-dr bonds Fora long time it was thought that F could not form any oxoacids It is now known that HOF can be made under Special conditions but it 3s very unstable No other oxoacids of E are known 
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Figure 16.9 Structures of the oxoacids. 

Hypohalous acids HOX 

The hypohalous acids HOF, HOCI, HOBr and HOI are all known, and 

the halogen has the oxidation state (+1). 

HOF is a colourless unstable gas. It was first made in 1968, using the 

matrix isolation technique. F; and H5O were trapped in an unreactive 

matrix of solid nitrogen. (This requires a very low temperature.) The 

gases were photolysed, and the HOF formed. Since this too was trapped 

in the solid nitrogen, it was unable to collide and react with any other 

molecules such as H5O, F5 or O». Thus a product was obtained. More 
recently HOF has been made by passing F2 over ice at 0°C, and removing 
the product into a cold trap. 

-40°C 
F- + HO HOF + HF 

HOF is unstable, and decomposes on its own to HF and Oy, It is a strong 
oxidizing agent and oxidizes H,O to H»O, quite readily. The —OF group 
occurs in F;C-—OF, O.N—-OF, F;S—OF and O;CI—OF and these are all 
strong oxidizing agents. HOF should be a stronger acid than HOCI. 
HOCI, HOBr and HOI are not very stable, and are known only in 

aqueous solutions. They are very weak acids, but they are good oxidizing 
agents especially in acidic solutions. They can be prepared by shaking the 
halogen with freshly precipitated HgO in water, for example: 

2HgO + HO + 2Cl, > HgO-HgCl + 2HOCI 
Hypochlorous acid is the most stable. Sodium hypochlorite NaOCl is 
well known, and is used extensively for bleaching cotton fabric, and as 
a domestic bleach (sold under various trade names: Parazone, Lanry, 
Domestos, Chlorox etc.). It is also used as a disinfectant and steriliz- 
ing agent. NaOCl is produced commercially by electrolysing cold brine 
whilst stirring vigorously. During electrolysis hydrogen is liberated at 
the cathode. This, increases the concentration of OH™ in the solution. 
The stirring mixes the Cl; formed at the anode with the OH" so they 
can react together. 

ACl^ => Cl, 

Cl, + 20H~ > OCI” + Cl” + HO 

cathode 2H* -> H, 

The.halogens CL. 
hydrated X3 mole 

anode 

Brz and I, all dissolve to some extent in water, forming 
cules and X^ and OX- ions. 
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H;O - X; — X, (hydrated) 

HX + HOX 

In a saturated solution of chlorine, about two thirds exists as hydrateg 

molecules, and the rest as hydrochloric and hypochlorous acids A much 
smaller amount of HOBr and a negligible amount of HOI are formed by 
simular means 

Dissolving the halogens m NaOH can tn principle be used to make all 
the hypohahite ions 

X, + 2NaOH — NaX * NaOX 4 H;O 

However, the hypohalite tons tend to disproportionate, particularly in 

basic solutions The rate of the disproportionation reaction increases with 
temperature Thus when Cl, dissolves in NaOH at or below roam tem 
perature, a reasonably pure solution of NaOCl and NaCl ts obtained 
However, in hot solutions (80°C) the sodium hypochlorite dispropor 
tionates rapidly, and a n yield of sodium chlorate 1s obtained 

+i) hat {~I} VO 

Hypobromites can only be made at about O°C at temperatures above 
50°C quanutative yields of BrO, are obtained 

Br; + 20H ———> Br- + OBr~ + H,O 
s0°C 3Br, + (OH ———> 5Br~ + BrO; 4 3H;O 

Hypoiodites disproportionate rapidly at all temperatures, and [Oy i5 
produced quantitatively 

Thus the hypohaktes all tend to disproportionate The reduction poten 
tials show that OBr™ and OF are unstable to disproportionation, since 
their reduction potentials do not decrease progressively from oxidation 
state (t VJ to (t1) to (0) However, the standard reduction potentials 
suggest that OCI” should just be stable under standard conditions 

cio, 21 £165 vol #165 volt y. CC] 151 von 1 61 volt ic. oxidation states 

However, the values +165 volts and +1 61 volts are almost the same 
These are standard potentials, measured under standard conditions 
Differences from standard conditions of temperature and concentration 
change the potentials sufficiently for disproportionation to occur 

(+1) (-U) (+¥) Oxidation states 
30C — 2C 4 ClO; 

hypochlorite chloride —— chlorate 

Halous aaids HXO; 

The only halous acid known for certain 1s chlorous acid HCIO; This 
only exists in solution. It i$ a weak acid, but is stronger than HOCI The 
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chlorine atom exists in the oxidation state (+III). HClO, is made by 

treating barium chlorite with H5SO,., and filtering off the BaSO,. 

Ba(ClO,). + H2SO, > 2HCIO, + BaSO, 

Salts of HCIO> are called chlorites, and are made either from CIO; and 

sodium hydroxide, or CIO, and sodium peroxide. 

2C102 4 2NaOH — NaClO., T NaClo, T H-O . 
chlorite chlorate 

2CIO; T Na,O> — 2NaClO; T O- 

Chlorites are used as bleaches. They are stable in alkaline solution even 

when boiled. but in acid solution they disproportionate, particularly when 

heated. 

(+110) (+1V) (~1) oxidation states 

SHCIO; — 4ClO, + NaCl 

Halic acids HXO, 

Three halic acids are known: HCIO;, HBrO; and HIO3. The halogen has 
the oxidation state (-- V). HCIO; and HBrO, are not very stable, but are 
known in solution, and as salts, HCIO; and HBrO, detonate if attempts 
are made to evaporate them to dryness. The main reaction is: 

4HCIO, > 4ClO3(gas) + 2H,O(gas) + O2(gas) 

In contrast, iodic acid HIO, is reasonably stable, and exists as a white 
solid. The halic acids all behave as strong oxidizing agents and strong acids. 

HIO; can be made by oxidizing I; with concentrated HNO34 or O;. 

HCIO; and HBrO, are made by treating the: barium halates with H5SO,, 
and filtering off the BaSO,. 

Ba(ClO3)> YT H5SO, e 2HCIO, T BaSO, 

Chlorates may be made in two ways: 

l. Passing Cl; into a hot solution of NaOH. 
2. Electrolysing-hot chloride solutions that are vigorously stirred. 
Only one sixth of the chlorine is converted to CIO; , which appears very 
Inefficient. However, the NaCl produced is electrolysed again, and is thus 
not wasted. 

6NaOH + 3Cl——> NaClO3 + 5NaCl + 3H,O 

2c” + 2H,O SSO, Ch + H, + 20H- 
6NaOH + 3Cl,———- NaClO, + 5NaCl + 3H,O 

Chlorates and bromates decompose on heating, but the way they de- 
Pakage is complex and is not fully understood. KCIO; may decompose 
n two different ways, depending on the temperature. 
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| Heating KCIO, to 400-500*C is the well known laboratory experiment 

to produce dioxygen It also gives a trace of Cl; or CIO; (though this is 
seldom mentioned) Decomposition occurs at 150°C if a catalyst Such as 
MnO; or powdered glass ts present to provide a surface from whith O, 
can escape 

2KCIO, > 2KCI + 30; 

When Zn(CIO4); 1s heated tt decomposes to O- and Ci, 

2Zn(CIO:), — 2ZnO « 2Cl. - 50, 

2 In the absence of a catalyst. especially at a lower temperature, KCIO, 
tends to disproportionate to perchlorate and chloride 

Chiorates are much more soluble than bromates and jodatéS the 
iodates of Ce**, Zr**, Hf** and Th** are precipitated from 6M HNO, 
and this is a useful means of separation for these metals 

Chlorates are used to make fireworks and matches Sodium chiPrate is 
widely used as a powerful weedkiller Its effects remain for some ure, 2nd 
it prevents growth for one growing season Solid chlorates, bromalés and 
iodates should be handled with care Chiorates can explode on grinding 
on heating or if they come mto contact with easily oxidized substances 
such as organic matter or sulphur They are particularly dangerous !n the 
solid form but are much safer in solution. Soltd sodium chlorate n5 been 
used by terrorists in making bombs The solid must be finely powdered (a 
dangerous process}, and mixed intimately with something it can reduce 
such as sugar. Mixing 1s highly dangerous Such bombs are notettously 
unreliable and dangerous 

Perhalic acids HXO, 

Perchloric and periodic acids and thers salts are well known Perbsomales 
were unknown until 1968 and are not common 

World consumption of perchlorates 1s about 30000 tonnes pé! Ye% 
NaClO; 1s made by electrolysing aqueous NaCiO, using smooth panam 
anodes in a steel container which also acts as the cathode. The planum 

electrode gives a high oxygen overpotential, and thus prevents the ele 
trolysis of water 

NaCiO, 4 H,O SEIS, NaClO, + H; 

All other perchlorates and perchloric acid HCIO, are made from NaClO, 

| NH4CIOs i5 à white solid and was formerly used as a blasting compound 
inmuning [t is now used in the booster rockets in the Challenge! pace 

Shuttle NH,CIO, oxidizes the fuel (Al powder) A Shuttle lausch 0s 
nearly 700 tonnes of NH,CIO,, and this accounts for half phe per 
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chlorates used. NH4CIO, will absorb sufficient ammonia to liquefy 

itself. 

2. Nearly 500 tonnes of HCIO, are used annually, mostly to make other 

perchlorates. HCIO, is a colourless liquid and can be made from 

NH,CIO, and dilute nitric acid, or from NaClO, and concentrated 

hydrochloric acid. 

NH, ClO, F HNO, =F HCIO, + NH,NO, 

In principle perchlorates could be made from the disproportionation of 

chlorates, but the reaction is slow and of little use. 

4CIO; — 3CIO; «4 CI* 

HCIO, is commercially available as 70276 HCIO;, which has almost 

the composition of the dihydrate HCIO,- 2H;O. It is the only oxoacid 
of chlorine that can be isolated in the anhydrous state. It is made by 
dehydrating HCIO,:2H2O with fuming sulphuric acid, then removing 
HCIO, by vacuum distillation. 

HCIO,-:2H;O T 2H2S207 E HCIO, T 2H5SO0, 

HCIO, is one of the strongest acids known. The anhydrous compound is 
a powerful oxidizing agent which explodes on contact with organic 
material (wood, paper, cloth, grease, rubber or chemicals), and some- 
times on its own. The cold concentrated (7076 aqueous) solution is a 
much weaker oxidizing agent. Hot concentrated solutions have been 
used for ‘wet ashing’, where all organic materials in the sample are 
oxidized to CO», leaving only the inorganic constituents for analysis. 
Alcohols must not be present since perchlorate esters are explosive. 
Often a mixture of HCIO, and HNO; is used for wet ashing, since the 
HNO; oxidizes alcohols and removes this risk. 

3. Magnesium perchlorate MgClO, is used as the electrolyte in so-called 
‘dry batteries’. It is very hygroscopic, and is a very effective desiccant 

called ‘anhydrone’. 
4. KCIO, is used in fireworks and flares. Those with a bang and flash 

usually use KCIO,, AI and S, and those that are flares have KCIO, and 
Mg. A red colour is obtained by adding some SrCO; or Li,CO3, and 
CuCO; gives blue. Making fireworks is dangerous — do not attempt it! 

_ Virtually all metal perchlorates, except those with the larger Group 1 
ions K^. Rb" and Cs*, are soluble in water. The sparing solubility of 
KCIO, is used to detect potassium in qualitative analysis. (A solution of 
NaClO; is added to the solution containing K*, and KCIO, is precipi- 
od) The CIO; ion has only a very slight tendency to form complexes 

with. metal ions. Thus perchlorates are often used as an inert ion in the 
7 of metal ions in aqueous solution. However, in the absence of other 

ligands, ClOs ions may act as unidentate or bidentate ligands. The per- 
chlorate ion is tetrahedral. 
F. . or g long time efforts to make perbromates were unsuccessful, and it 
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was thought thit they could not exist, until traces were obtained from p 

decay af “SLOT They can be made from bromates by the action of 

powerful oxidizing agents such as F5 or XeE;, or by electrolysis of an 

aqueous solution 

KBrO; + Fs + 2KOH > KBrO, + 2KF + H,O (20% yield) 

RbBrO, + XeF, + H,Q-—» RbBrO, + 2HF + Xe (10% yield) 

LiBrO, eee ne LiBrO, (1% yield) 

Solid perbromates are stable. KBrO, is stable up to 275°C, and 1s pomor 
phous with KCIO, HBrO, ts stable im solution up to a concentration of 

6M, but the concentrated acid is a vigorous oxidining agent In dilute 
solutions perbromates only oxidize slowly, and CY 1s not oxidized 

Periodates can be made by oxidizing I, or I^ in aqueous solution 
Commercially they are made by oxidizing iodates in alkalne solution 
either with. C]; or electrolytically 

IO -«- 60H ̂ + Cl, ——-——-> [O27 + 3H,O + 2CU7 

—2 electrons 
10; + 60H” ——— IO; 4 3H;Q 

The common facem ot periodic acid is HIQa ZHAO oc HU, This is called 

partaperiodic acid, and exists as white crystals which melt with decotpos 
tion at 128 5"C. Water is lost on heating to 100°C under reduced pressure, 
yielding periodic acid HIO, On strong heating this eventually decomposes 
josing O» and forming 1.0. 

IQO"C Za ^c 
2H,IO, ——— — 2HIO, —— LO; + O, + H;O 

parapenodse JHO penqoadc dine 
acid &cid pentoxide 

Periodates are of two structural types tetrahedral IO; and octahedral 

(OHIO. In aqueous solutions at room temperature, the main ron 35 10, 
The structures of periodates are much more complicated than this ymplies 
A wide range of isopolyacids exist with octahedral units (based on one | 
and six O atoms), linked together by sharing the O atoms at two corners 
(that 1s sharing an edge of the octahedron), or sharing three corners (that 
i5 à face of the octahedron) 

Chemucally, perrodates are important as oxidants, and they will oxidize 
Min?* ta MnQy They are also used to oxidize organic compounds Solu 
tons of periodic acid are used to determine the structure of organic COTV 
pounds by degradative methods HIO, 1s called a glycol splituag age™ 
since tt splits (oxtdizes} 1 *2 glycols mto aldehydes 

IO; -- R—CH—CH-—R — R—CHO -4 R—CHO + 107 + 120 
| | 
OH OH 
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Strength of the oxoacids 

HCIO, is an extremely strong acid, whilst HOCI is a very weak acid. The 

dissociation of an oxoacid involves two energy terms: 

1. Breaking an O—H bond to produce a hydrogen ion and an anion. 

2. Hydrating both ions. 

Plainly the ClO, ion is larger than the OCI- ion, so the hydration 

energy of CIO; is less than that for OCI”. This would suggest that HOC 

should ionize more readily than HCIO,. Since we know the reverse to be 

true. the reason must be the energy required to break the O—H bond. 

Oxygen is more electronegative than chlorine. In the series of oxoacids 
HOCI, HCIO;, HCIO;, HCIO,, an increasing number of oxygen atoms are 
bonded to the chlorine atom. The more oxygen atoms that are bonded, the 
more the electrons will be pulled away from the O—H bond, and the more 
this bond will be weakened. Thus HCIO, requires the least energy to 
break the O—H bond and form H^. Hence HCIO, is the strongest acid. 

In general, for any series of oxoacids, the acid with the most oxygen 
(that is the one with the highest oxidation number) is the most dissociated. 
Thus the acid strengths decrease HCIO, > HCIO, > HCIO, > HOCI. In 
exactly the same way, H5SO, is a stronger acid than HSO}, and HNO; is 
a stronger acid than HNO;. 

INTERHALOGEN COMPOUNDS 

The halogens react with each other to form interhalogen compounds. 
These are divided into four types AX, AX3, AX; and AX}. 
They can all be prepared by direct reaction’ between the halogens, or by 

the action of a halogen on a lower interhalogen. The product formed 
depends on the conditions. 

Table 16.16 Interhalogen compounds, and their physical state at 25°C 

AX 
AX, AXs AX; 

Euch LLL Li te i es 

CIF(g) 
colourless 

BrF(g) CIF 
pale brown um 
BrCl(g) BrF,(I (D) CIF;(g) EE. pale yellow Dax 

s) (ICI); (s) 
i CIs)a(s BrF.(1) IF;(g) | : | red bright yellow colourless colourless 
b (IF3Y(s) (unstable) IF&(l) 

yellow colourless 
(IF)* (unstable) 

Disproportionates rapidly into IF, and Lb. 
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Cl, + Fs (equal volumes) ——-———- 2CIF 

Ch + 3F2 (excess F;) ————> 2CIF, 
I, + Cl, hqurid (equimolar) ——— ICI 

l» + Cis liquid (excess Ch) ———— {ICh} 

Br + E (diluted with dinitrogen) — BrF, 

Br; + F. (excess F4) -—————— —— BF. 

(Gin CCl F sniurron at —45*C) 
J» 4E. ————————————— IF 

AC 
his) ^ SE;——————————————5 ls 

L(g) 4 7F; ———— AR 

There are never more than two different halogens in a molecule The 
bonds are essentially covalent because of the small electronegativity 
difference. and the melting and boiling points increase as the difference in 
electronegalivity increases 
The compounds formed in the AX and AX, groups are those where the 

electronegativity difference is not too great. The higher valencies AX« and 
AX, are shown by large atoms such as Br and DL associated with small atoms 
such as F This ts because it t$ possible io pack more small atoms round a 
large one 

The interhalogens are generally more reactive than the halogens (except 
F.) This is because the A—X bond ın interhalogens ıs weaker than the 
X—X bond in the halogens The reactions of interhalagens are simular to 
those of the halogens Hydrolysis gives halide and oxohalide ions Note 
that the oxchalide 10n 1s always formed from the larger halogen present 

IC} + H,O -» HCI  HOI (hyporodous acid) 

BrF, + 3H,0 — SHF + HBrO, (bromic acid} 

Interhalogen compounds will fluorinate many metal oxides, metal halides 
and metals 

3UQ, + 4BrF, — 3UF, + 2Br. + 30. 

UF, + CIF, > UF, + CIF 

AX compounds 

All six compounds can be made by controlled reaction of the elements 
CIF is very reactive. [Cl and IBr are the most stable and can be obtained 
pure at room temperature The compounds have properties intermediate 

between those of the constituent halogens 
CIF fluorinates many metals and non-metals 

GCIF - U — UF, + 3C], 

6CIF + § — SF, + 3C. 



[o INTERHALOGEN COMPOUNDS | 623 
fn 

It can simultaneously chlorinate and fluorinate a compound either by 

oxidizing the element or adding to a double bond. 

CIF + SF, — SFsCI 

CIF + CO — COFCI 

lodine monochloride ICl is well known. It is used as Wij's reagent in the 

estimation of the iodine number of fats and oils. The iodine number is a 

measure of the number of double bonds, i.e. the degree of unsaturation of 

the fat. The ICI adds to double bonds in the fat. The ICI solution is brown 
coloured, and when it is added to an unsaturated fat the colour disappears 
until all the double bonds have reacted. The iodine number is simply the 
volume (ml) of a standard solution of ICI which reacts with a fixed weight 

of fat. 

—CH=CH— + IC] — —CH—CH— 

| | 
I C 

When ICI reacts with organic compounds it often iodinates them, though 
chlorination may occur depending on the conditions. 

+ ICI vapour 

0. : chlorination 
salicylic acid = os age rd 

iodination 
+ {Clin nitrobenzene 

It is thought that the attacking species is I*, since the I atoms substitute 
in positions where there is an excess of electrons. Both ICI and IBr are 
partially ionized in the fused state. Conductivity measurements show that 
ICI ionizes to the extent of about 1%. Rather than form the simple ions 
I~ and Cl~, the ions are solvated. | 

3ICI z« [LCI]* + [ICh] 

Both ICI and IBr can be used as non-aqueous ionizing solvents. 
The interhalogens also form addition compounds with alkali halides. 

These compounds are ionic, and are called polyhalides. 

NaBr 4 ICI — Na* [BrICI]" 

KI 4 ICI 2 K* [LCI]- 

AX; compounds 

The compounds CIF3, BrF3, IF; and (ICI), can all be made by direct 
combination of the elements if the conditions are chosen with care. CIF; is 
a liquid (b.p. 11.8°C), and is commercially available. It is produced by 
direct action: 
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ELIPETAM A 

Ch + 3F,—_——> 2C iF, 

Of CIF + F, — CIF, 

CIF, reacts with excess Cla forming CIF BrF, behaves similarly 

CIF, + Ch — 3CIF 

IF; ts only stable below ~30°C, and tends to form the more stable IF« It 

can also be made using XeF2 to fluonnate I; 

3XeF, + 1, 2IF, + 3Xe 

Cl, 1s easily made by adding I; solid to liquid Cl», but on warming to 

room temperature it dissociates 

1.Cl, — 2ICI 4+ 2Ch 

Both CIF, and BrF; are well Known as covalent liquids CIF, is one of the 
most reactive compounds known, and its properties are aggressive It 
catches fire spontaneously with wood and most building materials - even 
asbestos ]1 was used in incendiary bombs in World War If Despite the 
dangers. peace time production of CIF, runs into hundreds of tonnes per 
year [tus avaiable in steel cylinders It is mamly used by the nuclear 
industry for fuel processing. It i$ used to make gaseous UF,. which i5 

useful in making enriched 7"U fuel It 15 also important in separating 
the fission products from spent fuel rods Pu and most of the fission pro- 
ducts form involatile tetrafluorides like PuF;. whilst U forms volatile UFe 

3CIF, + U— UF, + 3CIF 

4CIF, + 3Pu — 3PuF, + 2Ch 

CIF, reacts explosively with water. stopcock grease and many organic 
compounds. including cotton and paper It is a powerful Auormating 
agents for inorgamc compaunds 

4CIF, + 6MgO — 6MpF, + 2Ci. + 30, 

4CIF, + 2A1,0, —» 4AIF, + ICI, + 30; 

2CIF4 -- 2AgCI — 2AeF, + Cl, + 2CIF 

2CIF, + 2NH, — HF -+ Cl. + N, 

CIF, + BF, — ICIrF.]* [BF 7 

CIF, + SbF; — [CIF;}]" {SbFa] 

CIF; 4 PIF. -=> [CIF;]* [PFa 

CIF, can be used to fluorinate organic compounds provided it i5 diluted 
with dinitrogen to moderate the reaction CIF, has been used as fuel in 
short range rockets reacting with hydrazine This is technically Easier 
than usinp liquid. Os or F;, «nce the reactants can be stored without 
refrigeration. and thes ignite spontaneously on mixing 

ACIF, - 3N.H, — I2HF + 3N2 + 2Cl, 
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Bromine trifluoride BrF; is a red liquid. and can be made from the 

elements at or near room temperature. It is manufactured in multi-tonne 

quantities. It is less violent in its reactions than CIF3, but it reacts in an 

analogous manner. The order of reactivity of the interhalogens is: 

CIF, 2 BrFs > IF- > CIF > Brr, > IFs > BrF > IF; IF 

Like CIF;, BrF3 is used in nuclear processing and reprocessing to make 

UF,, and it is used to make many other fluorides. It liberates dioxygen 

quantitatively from many oxides (B203, SiO». As;Os, I;Os, CuO, 105), 

and also from oxosalts such as carbonates and phosphates. Measuring the 

O; evolved is used as a method of analysis. 

4BrF4 T 3SiO; — 3SIF, e 2Brs F 30, 

4BrF, + 3TiO, > 3TiF, + 2Br, + 30; 
The interhalogens are all potential non-aqueous ionizing solvents. BrF4 

has been more widely used as a solvent than the others. This is for three 
main reasons: 

1. It has a convenient liquid range (m.p. 8.8°C, b.p. 126°C). 
2. It is a good, but not too violent, fluorinating agent. 
3. It self-ionizes considerably, and much more than CIF3. 

2BrF4 — [BrF;]* + [BrF4]^ 

Thus substances producing [BrF;]* ions are acids and [BrF4]" ions are 
bases in this solvent. 

The structure of the AX; type of interhalogen molecule is of interest. In 
CiF3, Cl is the central atom (Figure 16.10). | 

3 3 3d Electronic structure of full : £ 
chlorine atom — excited inner ty fof od 
State shell 

———— _ 

Three unpaired electrons form bonds with 

three fluorine atoms, plus two lone pairs, 

giving a total of five electron pairs. Shape 

trigonal bipyramid with two positions 
occupied by lone pairs 

The way to predict which of the three possible arrangements will be 
formed is described in Chapter 4. 
A structural study of CIF; by microwave spectroscopy shows that the 

molecule is T-shaped, with bond angles of 87°40’. This is close to 90°, and 
suggests structure 3. The distortion from 90° is because of repulsion 
between the lone pairs. Note that two of the bond lengths are the same 
and are different from the third. This is to be expected because a trigonal 
bipyramid is not a regular shape. Equatorial bonds (those in the triangle) 
are different from apical bonds (those pointing up and down). The X-ray 
Structure of crystalline CIF; shows that the molecule is T-shaped, with a 
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a 

F 
AP (2) (3) 

Figure 16 10 Possible structures for chlorine trifluoride CIF, 

bond angle of 87°0' and bond lengths 1 716 À and 1 621 À The structure 
of BrF4 (by microwave) is also T-shaped, with à bond angle of 86°12’ and 

bond lengths of 1 8IOÀ and 1 721 À 
ICh does not exist, but the dimer DCi ts a bright yellow sold Its 

structure (Figure 16 11) 1s planar. The terminal I-—CI bonds are normal 
«angle bonds of length 2 38 À and 2 39 À The bridging I— CI bonds are 
appreciably longer (268A and 272A), suggesting delocalized bonding 
rather than simple halogen bridges formed by coordinate bonds from Cl 
to 1 The houd has an appreciable electrical conductivity, due to self 
iomzation 

BCl, = BChI* + CLI 

It has been less studied as an 10n1zing solvent than the others because the 
gas decomposes into [Cl and Ch 

AX, compounds 

Three compounds are known CIF, BrF, and IF, CIF, and BrF, react 
extremely vigorously, but they are exceeded in violence by CIF, (See the 
order of reactivity given earher ) IE, 15 a Bittle less reactive, and unhke the 
others it can be used in glass apparatus Production js several hundred 
tonnes per year. They fluocinate many compounds. react exploswely with 
water, attack silicates, and form polyhalides 

CIF; + 2H:0 2 FCIO, + 4HF 
BrF, + 3H:O 2 HBrO, 4- SHF 
2BIF, - S10; — StF, + 2BrF4 4 O. 

BrF, + CsF + Cs*|BrF,]}7 

IF, + KI —» K* [EF,]7 

Liquid [Fs self-tonizes, and therefore conducts electricity 

UFs = IF OG. 
The AX« compounds all have structures based on 4 square based pyramid 
that is octahedral with one position unoccupied The central atom is dis 
placed slightly below the plane The strutture miy be understood by 

considering IF; Lis the central atom in the molecule (Figure 16 12) 
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TEE 5p 5d 
Electronic structure of u 

iodine atom — excited inner | TL | 
le de | | | 

state 
shell ee eS 

five unpaired electrons form bonds with 
five fluorine atoms, plus one lone pair 
giving a total of six electron pairs 

structure is octahedral with one position 

occupied by a lone pair (alternatively 
described as square based pyramid) 

Rather surprisingly, IF; reacts with the xenon halides, forming adducts 

XeF> : AIF; and XeF,: IFs. 
’ 

AX; compounds 

IF, is formed by direct combination of the elements at 250—300°C, by 
heating IF; with F, or by treating iodides with F3. 

Pdl, + 8E; — 2IF; 4 PdF; 

IF; is a violent fluorinating agent, and reacts with most elements. It also 
reacts with water, SiO; and CsF. 

2IF; T SiO; => 2IOF; T SIF, 

IF, + CsF ^5 Cs*[IF,]^ 

The structure of IF; is unusual — a pentagonal bipyramid (Figure 16.13). 
It is probably the only known example of a non-transition element using 
three d orbitals for bonding. 

Electronic structure of full 5s BP Sd 

rue me GF} Te] GREET State shell T TtT. TT 
e—a S 

` seven unpaired electrons form bonds with 
seven fluorine atoms 
seven pairs of electrons form a pentagonal 
bipyramid ` 

POLYHALIDES 

p lons often react with molecules of halogens or interhalogens and 
E ID ions. lodine is only slightly soluble in water (0.34 g17'). 
wots ubility is greatly increased if some iodide ions are present in the 

ton. The increase in solubility is due to the formation of a polyhalide 
ion, i j e : = — * . H . in this case the triiodide ion I3. This is stable both in aqueous solution 
and in ionic crystals. 
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Figure 16.12 Structure of IFs. 
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Figure 16.13 Structure of IF;. 
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Figure 16,14 Structure of [ICI;]^ 
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GROUP 17 - THE HALOGENS 

L1 -1g 

The I~I distances in [Me ,N]*[I,]~ are 2 92A If the bond length of 

266A in h ıs taken as a normal single bond, the bonds in Jy are sen 
weak, and the VSEPR theory provides no explanation why The molecular 
orbital approach ts more helpful Assuming that bonding in 13 arses from 
singly occupied Sp, orbitals on two I atoms and a full dp, orbital on F, 
then there are three atomic orbrtals involved. Thus three molecular orbitals 
are formed, one bonding, one non-bonding and one antibonding There 
are 4 electrons, and 2 occupy the bonding MO and 2 occupy the non 

bonding MO This gives one bond, spread over two positions, 1 e. a bond 
order of 0 5, and explains the very long bonds 

More complex tors such as pentaiadide I7, heptaiadide I7 and enneaio- 

dide lj have also been prepared Crystailine compounds containing the 
larger polyiodide tons generally contain large metal ions such as Cs* or 
large complex cations such as RAN". This 15 because a large anion together 
with a large cation give a high coordination number and hence a high 
lattice energy. Polyhahdes such as Kl4. HO, Rbl4. NH4E, (C;H4)4N]l 
and Rbl, 2C,H4 may be formed by the direct addition of [5 to 17, ether 
with or without a solvent 

The Bry ton 15 much less stable and less common than 15. A few un 
stable Cl; compounds are known, and the ton 1s formed in concentrated 
solution No F3 compounds are known 
Many polyhahdes are known which contam two or three different 

halogens, for example K(ICL;], K(ICi;], Cs[IBrFI and. K(IBrCI] These 
are formed from interhalogens and metal halides 

ICi + KCI. — K'[ICt]- 

(Ch, + KCl > KACHI 

IFs + CsF — Cs*[IF,]- 
ICI + KBr — K* [Brici 

Polyhaldes are typical ionic compounds (crystalline, stable and soluble 
in water, conduct electricity when in solution), though they tend to de 
compose on heating The products of the decomposition (that 1s which 
halogen remains attached to the metal) are governed by the lattice energy 

of the products The lattice energy of the alkal metal halides i5 highest 
for the smalier halide tons, so the smaller halogen remains bonded to the 
metal 

Cs[I]-— CsI + l 

Rb[ICI]-—. RbCI + ICI 
The structures of the polyhalides are. known The trihalides. K(hil 

K[ICI;] and Cs[IBrF] all contain a linear trihalide 0n. This may be ex 
plained by considenng the orbitals used For example, see [ICh] " 
Figure 16 14 
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MEO p ee CC END D EC DC CR 

5s 5p 5d 

Electronic structure of full 

iodine atom — grounc inner rt tii 
i 

state sheli 
: 

Cl C 
Structure of iodine having formed 

one covalent and one coordinate ^l ^ | {|| 

bond in [ICI] 

five electron pairs — trigonal bipyramid with Cl C1 

three positions occupied by lone pairs 

Similarly the structures of the pentahalide ions [ICl,]~ and [BrFy]~ are 

square planar (see Figure 16.15). m Dn oi l 
] 5 

ion is different.) 
5s 5p 5d 

Electronic structure of full 

iodine atom — excited inner TIT de iG 

state shell 

Structure of iodine having formed 
three covalent and one coordinate m | TL I] Te | Te ae 
bonds in [ICI4]^ | 

six electron pairs — octahedral shape 
with two positions occupied by lone pairs 

BASIC PROPERTIES OF THE HALOGENS 

Elements typically become more metallic or basic on descending a main 
group. Thus in Groups 14, 15 and 16 the first elements C, N and O are 
non-metals, but the heavier members Sn, Pb, Bi and Po are metals. 
Metallic properties decrease on crossing a period. Little is known about 
astatine, though it would be expected to show more tendency to form 
cations than the other members of the group. Thus the trend to metallic 
properties is less obvious in Group 17. The increasing stability of positive 
lons indicates an increasing tendency to basic or metallic character. It must 
be emphasized that iodine is not a metal. 

Fluorine is the most electronegative element and has no basic properties 
(that is, it has no tendency to form positive ions). 

lodine dissolves in oleum and other strongly oxidizing solvents, forming 
bright blue solutions which are paramagnetic. For a long time these solu- 
E were thought to contain I*, but they are now known to contain the 

[12] cation. (The Group 16 elements S, Se and Te behave in a similar 
Way. Thus S dissolves, forming blue coloured paramagnetic solutions 
containing various {S,]°* cations such as [S,]?*. [S]? and [Sw] +.) 
[Bi] IS also formed in oleum and is bright red coloured and paramag- 

ic. [Cl.]* has been observed spectroscopically in discharge tubes. Say aa a Cveral crystalline compounds containing [1;]* or [Br;]^ have been 
Prepared. i i 
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SO solvent 
21; 4 58bF; ———5 {>+ [Sb;Ful^ + SBF, 

2L 4 $:O4F» ees 2b] * [SOS] [I]? 2[SO4F]" 
BrFs 

Bro + SbF, 25 [Br] [SbF] 

The bond length in the [Br;]" cation 1s 2 ISA compared with 2 27 À in 
Br, The bond in the cation ss shorter and stronger than in the element, 
and shows that the electron removed came from an antibonding orbital 
In a simular way the bond in [L] is stronger than in L 

Many other compounds containing cations such as [Ch]> [Bri]. (H]". 
[Br«]* and [I;|* have been prepared 

Ct, + CIF, + AsFe — [Ch] [ASF + Fy 

Br, + BrF4, 4 AsF; — [Bri] [ AsF4]" + F- 

L + IC! + AICI, — [h] [ACLI 

2]; 4 ICI --- AICH — [IE] ^ [AICIH] 

The structures of several compounds containing the cationic. halogen 

ions [Br,]* and [E] * have been established by X ray crystallography or 
Raman spectroscopy These tans are always bent, in contrast to the 
truadide ton {[,{~ which ts tineac The structures of the ather ions are 
not known with certainty A compound [SOF has been reported (as 
a maximum on a phase diagram) It is a black solid but it i$ not known 
whether it contains [I+]* 

Positive bromine also exists in other complexes such as Br(pyridine);NO4 
and BrF; These 1onize and give 

Br(pyridine) NO, z5 [Br(pyridine);]" 9 NOF 

2BrF, = [BirF;]^ + Brf 

Complexes contaimng positive iodine are more numerous ICI and IBr 
both conduct electricity when molten Electrolysis of ICI liberates I; and 
CI; at both electrodes This is consistent with the following 10nization 

3ICI zx (E;Cil* -- [ICh] 

Moiten ICN behaves tn a similar way to JC] 

3ICN = (GCNI* - [I(CN);]^ in melt 

However, electrolysis of $C) dissolved in pyridine gives l; oniy at the 
cathode This suggests the more simple type of ionization 

pyridine 
pm Rmi ICI {Hpyndine)2}* + f{Clo}~ 

The addition of AICI, to 'a melt of ICI greatly increases its conductivity, 
and is explained by the formation of complex ions 

AICh + 2ICI = {[LC]* + [AIC] 



PSEUDOHALOGENS AND PSEUDOHALIDES 

IC] behaves as an electrophilic iodinating agent. It converts acetanilide 

to d-iodoacetanilide, and salicylic acid to 3.5-diiodosalicylic acid. Because 

the attacked sites have an electron excess, the iodine must be positive. 

If a solution of iodine in an inert solvent is passed down a cationic ion- 

exchange column, some iodine is retained in the resin. 

H*Resin™ + I, — I[*Resin™ + HI 

The positive ion retained may be eluted with KI. to estimate the amount 

of I^. or it may be allowed to react with various reagents. 

l^Resin" * KI > I, * K^Resin^ 

I*Resin~ + anhydrous H.SO, — SO, + H*Resin™ 

I*Resin~ + alcoholic HNO; — INO; + H*Resin™ 

1* reacts with OHT in aqueous solutions. 

I~ + OH” > HOI 

2HOI + OFF — [Oy + 217 + 2H*™ 

For this reason [* will only exist in water if it is stabilized by coordination 
to some other molecule. A large number of compounds are known which 
contain I” stabilized in a complex ion. Many pyridine complexes are 
known such as [I(pyridine)2]NO3. [I(pyridine),2}]CIO4. [I(pyridine) acetate 
and [I(pyridine)]benzoate. . 

Molten ICI; has a high conductivity (8.4 x 10^ 'ohm^'cm^!). When 
ICh, is electrolysed both I, and Cl, are liberated at both electrodes. This 
suggests tonization: 

2ICl, = [IC] 4 [ICL] 
Treatment of I, with fuming HNO; and acetic anhydride gives the ionic 

compound [(acetate);. If a saturated solution of I(acetate); in acetic 
anhydride is electrolysed using silver electrodes, one equivalent of Agl is 
formed at the cathode for every three Faradays of electricity passed. This 
would seem to indicate ionization giving I^*: 

I(acetate), = I°* + 3(acetate" ) 

There is no structural evidence for the presence of I^*. Other ionic com- 
pounds which may contain I** are iodine phosphate IPO, and iodine 
fluosulphonate I(SO;F),. 

PSEUDOHALOGENS AND PSEUDOHALIDES 
A Ww . " . . 

> ve are known, consisting of two or more atoms of which at least 
are MM properties similar to those of the halide ions. They 
and these e : pseudohalide ions. Pseudohalide ions are univalent, 

kaa an salts ote the halide salts. For example, the sodium 
compound € mn water, but the silver salts are insoluble. The hydrogen 

pounds are acids like the halogen acids HX. Some of the pseudohalide 

63 



632 GROUP 17 - THE HALOGENS 

Table 16.17 The important pseudohalogens 

Anon Acid Dimer 

CN cyanide ton HCN hydrogen cyamde. (CN).  cyanogen 
SCN” thiocyanate ion HSCN thiocyame acid. (SCN). thiocyanogen 
SeCN  selenocyanate ion (SeCN); selenocyanogen 
OCN cyanate ron HOCN cvyanic acid 
NCN?- cyanamide ton H-NCN cyanamide 
ONC fulminate ion HONC fulminic acid 
Ny azide ion HN, hydrogen azide 

tons combine to form dimers comparable with the halogen molecules X; 
These include cyanogen (CN)5 thiocyanogen (SCIN); and selenocyanogen 
(SeCN); f 

The best known pseudohalide is CN^ This resembles Ci, Br and 
in the following respects 

It forms an acid HCN 
It can be oxidized to form a molecule cyanogen (CN)> 
Ir forms insoluble salts with Ag*, Pb** and He* 
Interpseudohatogen compounds CICN, BrCN and ICN can be formed 
AeCN is insoluble tn water Dut soluble in ammonia, as is AgCI 
It forms a large number of complexes similar to halide complexes, 
eg [Cu(CN)F ̂ and [CuCi;]^" and fCo(CN),]*~ and [CoC] 

j 
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PROBLEMS 

1. Describe how fluorine is produced, the apparatus used and any pre- 
cautions you consider necessary. Is elemental fluorine widely used in 
reactions? 

i . Why is it not possible to obtain F, by electrolysis Of aqueous NaF, 
aqueous HF or anhydrous HF? 

f * a ^ * e : What fluorinating agents are often used instead of F5? Give equations 
to show their use. 

. What are the màin uses of fluorine? 

‘hy Lo balanced equations to show the reactions between HF and 
(a) SiOz. (b) CaO. (c) KF. (d) CCI,. (e) U, (f) graphite. 

^ 
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6 What are the common sources of chlorine. bromine and iodine tn 

salts? Where do they occur and how are the elements extracted from 
the appropnate salts? 

7 What are the main uses of CI? 

8 Give equations to show how the halogen acids HF. HCI, HBr and 
HI may be prepared in aqueous solution Why is HF a weak acid 
compared with HI in water? 

9 HCl, can be prepared from NaCi and H2SO, HBr.) and fif, 
cannot be made in a similar way from NaBr and Nal Explain why this 
15$ 50 

10 White equations for the reactions between Cl, and {a} Hz (b) CO, 

(e) P, (4) S, (e) 5O02, (f) Briar (g) NaOH 

11 Explain what happens when an aqueous solution of AgNO, ts added 
to solutions of NaF, NaCl NaBr and Nal What change {if any) occurs 
when ammonia is added ta each of these mixtures? 

12 (a) Draw the structures of OF2, Cl,O, O,F; and L,O« 
(b) Explain the bond angle in OF? and give a reason why it 15 different 

Ifi CO 

(c) Why are the O—F bonds in O>F> longer than in QE5, whereas the 
O—O bond in O;F; is short compared with that in H;O;? 

I3 Describe the preparation and an analytical use of 1,0¢ 

14 (a) Give the names of four different types of oxoacid of the halogens 
and give the formula of either an acid or a salt derived from the 
acid for each type 

(b) Describe the preparation of the following compounds and give 
one use of each NaOCl, NaCO, NaClO, HIO, 

15 Iodine is almost insoluble in water, but it dissolves readily ın an 
aqueous Solution of KI. Explain why this is so 

16 (a) Explain the shape of the I5 !* ion 
(b) Explam why solid Cs, is stable but solid Nals 1s not 

17 (a) Give the formulae of 11 interhalogen compounds 
(b) Draw the shapes of the following molecules and ions, showing the 

positions of the lone patrs of electrons 

CIF, BrF,, IFs, IFs, Iy. ICly and I< 

18 List differences betwecn the chemistry of fluorine and the other 
halogens and give reasons for these differences 



Group 18 — the noble gases 17 

Table 17.1 Electronic structures 
al 

Element Symbol Electronic structure 

Helium He 15" 
Neon Ne [He] 2s- 2p? 
Argon Ar [Ne] as 3p° 
Krypton Kr [Ar] 3d" As? 4p" 
Xenon Xe [Kr] dq Ss" Spe 
Radon Rn [Xe] 4f" Sd" 6s" @p® 

NAME OF GROUP AND THEIR ELECTRONIC STRUCTURES 

The elements of Group 18 have been called 'the inert gases' and ‘the rare 
gases’. Both are misnomers, since the discovery of the xenon fluorides in 
1962 shows that xenon is not inert, and argon makes up 0.9% by volume 

. of the atmosphere. The name ‘noble gases’ implies that they tend to be 
unreactive, in the same way that the noble metals are often reluctant to 
react and are the least reactive metals. 

Helium has two electrons which form a complete shell 1s^. The other 
noble gases have a closed octet of electrons in their outer shell ns*np°. This 
electronic configuration is very stable and is related to their chemical 
Inactivity. These atoms have an electron affinity of zero (or slightly nega- 
tive), and have very high ionization energies — higher than any other 
elements. Under normal conditions the noble gas atoms have little ten- 
dency to gain or lose electrons. Thus they have little tendency to form 
bonds. and so they exist as single atoms. 

OCCURRENCE AND RECOVERY OF THE ELEMENTS 

The gases He, Ne, Ar, Kr and Xe all occur in the atmosphere. A mixture 
of the noble gases was first obtained by Cavendish in 1784. Cavendish 
Pemoved N, from air by adding excess O, and sparking. The NO, formed 
was absorbed in NaOH solution. The excess O» was removed by burning 

continued overleaf 
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with S, and absorbing the SO; in NaOH solution. This gave a small volume 

of unreactive gas 
Aris quite abundant and can be recovered by fractional distillation of 

liquid air (see under ‘Nitrogen’, Chapter 14) Ar constitutes 0 93% by 
volume of air (1 € 9300 ppm) It originates in the arr mostly from electron 
capture {B+ decay) of potassium 

WK + e — RAT 

World production of Ar 1$ over 700000 tonnes/year 
The other noble gases are much less abundant The abundance of He in 

the atmosphere 1s only about S ppm by volume and recovery from air 
would be very expensive A cheaper source 1s from natural gas deposits, 
where the hydrocarbons are Itquifted, leaving He gas The He has been 
produced by radioactive decay and trapped underground The richest 
source is in southwest USA, where the natural gas contains 0 5-0 875 He 
This provides most of the world's supply of He Other natural gas deposits 
containing appreciable amounts of He have been found in Algeria, Poland, 
the USSR and Canada World production was 18800 tonnes in 1993 

The non-radioactive noble gases are all produced industrially by frac 
tional distillation of liquid ar This gives large amounts of dinitrogen and 
doxygen, and only a small amount of the noble pases (The dioxygen is 
mainly used for steel making } Of the noble gases, Ar ts obtained tn the 
largest amounts, and it 1s the cheapest 

Rn is radioactive and is produced by the decay of radium and thorrum 
minerals A convenient source 1s 7 Ra, and 100g of radium yields about 
2ml of radon per day 

" 447 

"aRa — "Rn 4 3He 

The most stable isotope Rn is itself a active and has a half life of only 3 8 
Jays so only tracer studies have heen made 

USES OF THE ELEMENTS 

The largest use of Ar is to provide an inert atmosphere for metallurgical 
processes This includes welding stainless steel. titanium, magnesium and 

aluminium. and in the production of titanium (Kroll and IME processes} 
smaller amounts are used in growing silicon and germanium crystals for 
transistors, and in electric light bulbs fluorescent lamps. radio valves and 
Geiger- Muller radiation counters 

Helium has the lowest boiling point of any liquid. and it is used im 
cryoscopy to obtain the very low temperatures required for superconduc 
tivity, and lasers Itis used as the cooling gas in one tvpe of gas cooled 
nuclear reactor, and as the fow gas in gas-hqud chromatography [ts 
also used in weather balloons and airships Though H has a lower density 
and is cheaper and more readily available than He, H» ts highly flammable 
Thus on safety grounds He is used in preference to Haan airships He 15 

much fess dense than atr One cubic metre of He gas at atmospheric 
conma overlutf 
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pressure can lift 1 Kg. Helium is used in preference to dinitrogen to dilute 

dioxygen in the gas cylinders used by divers. This is because dinitrogen IS 

quite soluble in blood, so a sudden change in pressure causes degassing 

and gives bubbles of Nz in the blood. This causes the painful (or fatal) 

condition called ‘bends’. Helium is only slightly soluble so the risk of 

‘bends’ is reduced. 

Small amounts of Ne are used in neon discharge tubes which give the 

familiar reddish orange glow of ‘neon’ signs. The other gases are also used 

in discharge tubes to give different colours. 

PHYSICAL PROPERTIES 

The elements are all colourless, odourless monatomic gases. The enthalpy 
of vaporization is a measure of the forces holding the atoms together. The 
values are very low because the only forces between the atoms are very 
weak van der Waals forces. The enthalpy of vaporization increases down 
the group as the polarizability of the atoms increases. 

Table 17.2 Physical properties of the noble gases 

First Enthalpy of | Melting Boiling Atomic Abundance in 
ionization vaporization point point radii atmosphere 
energy 

(kKJmol!) (kJ mot!) (°C) (°C) (A) (% volume) 

He 2372 0.08 —269.0 1.20 5.2 x 107? 
Ne 2080) 1.7 —248.6 | —246.0 1.60 1.5 x 107 
AT 1521 6.5 ~189.4  —186.0 1.91 0.93 
Kr 135] 9.] —157.2  —153.6 2.00 1.1 x 1077 
Xe 1170 12.7 —111.8  —108.1 2.20 8.7 x 107° 
Rn 1037 18.1 —-71 —62 
MM a t E E P s P E M ise is ERR E p PU py Pe 

Because the interatomic forces are very weak, the melting points and 
boiling points are also very low. The boiling point of He is the lowest of 
any element, only four degrees above absolute zero. 

The atomic radii of the elements are all very large, and increase on 
descending the group. It must be noted that these are non-bonded radii, 
and should te compared with the van der Waals radii of other elements 
rather than with covalent (bonded) radii. 

The noble gases are all able to diffuse through glass, rubber and plastic 
materials, and some" metals. This makes them difficult to handle in the 
laboratory, particularly since glass Dewar flasks cannot be used for low 
temperature work. E 

SPECIAL PROPERTIES OF HELIUM 

I is unique. It has the lowest boiling point of any substance known. 
I | other elements become solids on cooling. but cooling only produces 
cium liquid. It only forms a solid under high pressure (about 25 atmos- 
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pheres) There are two different liquid phases. Hehum lis a normal liquid, 

but helium Ilis a superfluid. A superfluid is à most unusual state of matter 

Normally atoms are frec to move in à pas, can move im à more restricted 
way ina liquid, and can only vibrate about fixed positions in a solid As the 

temperature decreases, the amount of thermal motion of atoms decreases, 

and gases become liquids, and eventually sohds When the temperature of 
hehum gas 15 lowered to 4 2 K it hquifies as helium | Rather surprisingly 

the liquid continues to boil vigorously At 2 2K, the liquid suddenly stops 
boiling (wich with normal materials is when 2 solid 1s formed) In this case 
helium II ts formed This i5 stil] a liquid because the interatomic forces are 

not strong enough to form a solid, but thermal motion of the atoms has 

actually stopped Helium I is a normal liquid. and when it changes to 

hehum II at the A-point temperature, many physical properties change 

abruptly The specific heat changes by a factor of 10 The thermal conduc- 
tivity increases by 10° and becomes 800 times greater than for copper It 

becomes a superconductor (1e shows zero electrical resistance) The 
viscosity becomes effectively zero and 1/100th of that of gaseous hydrogen 
It spreads to cover all surfaces at temperatures below the A-point Thus the 
liquid can actually flow up the sides of the vessel and over the edge unul the 
levels on both sides are the same The surface tension and compressibility 
are also anomalous 

CHEMICAL PROPERTIES OF THE NOBLE GASES 

The noble gases were isolated and discovered because of their lack of 
reactivity For a long time it was thought that they really were chemucally 

inert. Before 1962, the only evidence for compound formation by the 
noble gases was some molecular ions formed in discharge tubes, and 
clathrate compounds 

Molecular ions formed under excited conditions 

Several molecular ions such as Hey, HeH*, HeH** and Ars are formed 
under high energy conditions in discharge tubes They only survive mo 
mentarily and are detected spectroscopically Neutral molecules such as 
He; are unstable 

Clathrate compounds 

Clathrate compounds of the noble gases are well known Normal chemical 
compounds have ionic or covalent bonds However, in the clathrates 
atoms or molecules of the appropriate size are trapped in cavities in the 
crystal latuce of other compounds Though the gases are trapped, they do 
not form bonds 

If an aqueous solution of quinol (1,4 dihydroxybenzene) 1s crystallized 
under a pressure of 10-40 atmospheres of Ar, Kr or Xe, the gas becomes 
trapped in cavities of about 4A diameter in the B-quinol structure When 
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the clathrate is dissolved, the hydrogen bonded arrangement of D-quinol 

breaks down and the noble gas escapes. Other small molecules such as Op, 

SO.. HS. MeCN and CH3OH form clathrates as well as Ar. Kr and Xe. 

The smaller noble gases He and Ne do not form clathrate compounds 

because the gas atoms are small enough to escape from the cavities. The 

composition of these clathrate compounds corresponds to 3 quinol: 1 

trapped molecule, though normally all the cavities are not filled 

The gases Ar. Kr and Xe may be trapped in cavities 1n a similar way 

when water is frozen under a high pressure of the gas. These are clathrate 

compounds, but are more commonly called ‘the noble gas hydrates’. They 

have formulae approximating to 6H50:1 gas atom. He and Ne are not 
trapped because they are too small. The heavier noble gases can also be 
trapped in cavities in synthetic zeolites, and samples have been obtained 
containing up to 20% of Ar by weight. Clathrates provide:a convenient 
means of storing radioactive isotopes of Kr and Xe produced in nuclear 
reactors, 

CHEMISTRY OF XENON 

The first real compound of the noble gases was made in 1962. Bartlett and 
Lohman had previously used the highly oxidizing compound platinum 
hexafluoride to oxidize dioxygen. 

PtF, + O. — OF [PtF,]7 

The first ionization energy for O; — OZ is 1165 kJ mol^!, which is almost 
the same as the value of 1170kJ mol^! for Xe — Xe*. It was predicted 
that xenon should react with PtF,. Experiments showed that when deep’ 
red PtF, vapour was mixed with an equal volume of Xe, the gases com- 
bined immediately at room temperature to produce a yellow solid. They 
(incorrectly) thought the product obtained was xenon hexafluoropla- 
unate(V), Xe*[PtF;]". The reaction has since been shown to be more 
complicated, and the product is really [XeF] * [Pt;F;,]^ 

380 : Te Xe[PtF,] &- PE, S [XeF]* [PrE,]- + PE, S XeF]*[PhF u] 
Soon after this it was found that Xe and Fy. reacted at 400°C to give 

a colourless volatile solid XeFy..This has the same number of valency 
electrons as, and is isostructural with, the polyhalide ion [ICI]. Follow- ing these discoveries there was a rapid extension of the chemistry of the 
noble gases, and in particular of xenon. 
wee energies of He, Ne and Ar are much higher than for Xe, 
tib — ie to allow the formation of similar compounds. The ion- 
E ohio, a Kr is TAN lower than for Xe, and Kr does form KrF>. 
eee eugene z n is m than for Ae, and Rn might be expected 
ies s zc lar to t o of Xe. Rn is radioactive, has no stable 
= a isotopes have short half lives. This has limited work n compounds, and only RnF, and a few complexes are known. 
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Table 17,3 Structures of some xenon compounds 

Formula Name Onidation mp (°C) Structure 
State 

XeF; xenon difluoride (+11) 129 Jinear 
(RonF; and XeCl; 

are similar) 

XeF, xenontetrafluonde (41V) 117 square planar 
(XeCl, 1s similar) 

XeF, xenon hexafluonde — (- VI) 496  distoned octahedron 

xeQ, xenon trioxide (£ VD explodes pyramidal 
(tetrahedral 
with one corner 

unoccupied) 

XeO;F, (VI) 308 trigonal bipyramid 
(with one position 
unoccuptred) 

XeOF, ta4V —46 square pyramidal 
(octahedral with one 
position unoccupied) 

Ke0, xenon tettoxide {+ VHT) ~359 tetrahedral 

xeQ,F; (+ VID —541  tngonal bipyramid 

Baj|XeO.]* — t iium perxenate (- VIII) dec >300 octahedral 

Xe reacts directly only with Fa However, oxygen compounds can be 
obtained from the fluondes There 1s some evidence for the existence of 
XeCl; and XeCl, and one compound is known with a Xe—N bond Thus 
there is quite afi extensive chemustry of Xe The principal compounds are 
listed in Table 17 3 

Xenon reacts directly with fluorine when the gases are heated at 400°C 
in a sealed nickel vessel. and the products depend on the F;/Xe ratio 

2 | mixture  XeF. 

/ 
xe + Fi- 1 5 mixtute — XeF 

N 
| 20 mixture -9 XeFa 

The compounds XeF, XeF, and XeF, are all white sohds They can be 
sublimed at room temperature, and can be stored indefinitely in nickel oF 
Monel containers The lawer fluarides form higher fluorides when heated 

wuh F, under pressure The fluorides are all extremely strong oxidizing 

and fluorinating agents They react quantitatively with hydrogen as 
fallows 

Xech. + Ho — 2HF + Ke 
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XeF, + 2H, — 4HF + Xe 

XeF, + 3H2— 6HF + Xe 

They oxidize CI^ to Cl, I^ to I; and cerium(III) to cerium(1V): 

XeF, + 2HCl > 2HF + Xe + Ch 
XeF, + 4KI > 4KF + Xe + 21, 

SO27 + XeF, + Cel'(SO;), — 2Ce!"(SO4); + Xe + Fp 

They fluorinate compounds: 

XeF, + 2SF,— Xe + 2SFe 

XeF, + Pt — Xe + PtF, 

XeF, is now commercially available and is quite widely used in synthetic 
organic chemistry. It can oxidize and fluorinate the ‘hetero element’ in an 
organometallic compound, but does not attack the alkyl or aryl groups. 

CHI 2 XeF, => CHIF- + Xe 

C;H5I + XeF- — C,HsIF> + Xe 

(CgHs)2S A XeF, = (CsH4); SE; + Xe 

If XeF, is mixed with anhydrous HF its reactivity is greatly increased, 
possibly due to the formation of XeF*. 

Pt + 3XeF,/HF — PtF, + 3Xe 

Sg + 24XeF2/HF — 8SF, + 24Xe 

CrF, + XeF,/HF — CrF; + Xe > CrF, + Xe 

MoO; + 3XeF,/HF — MoF, + 3Xe + 140, 

Mo(CO), + 3XeF2/HF —~ MoF, + 3Xe + 6CO 

The fluorides differ in their reactivity with water. XeF, is soluble in water, 
but undergoes slow hydrolysis. Hydrolysis is more rapid with alkali. 

2XeF, + 2H;Q — 2Xe + 4HF + O, 

XeF; reacts violently with water, giving xenon trioxide XeO,. 

3XeF, T 6H,O — 2Xe + XeO4 + 12HF + 1503 

XeF, also reacts violently with water, but slow hydrolysis by atmospheric 
moisture gives the highly explosive solid XeO,. 

XeF, T 6H;O — XeO4 + 6HF 

With small quantities of water, partial hydrolysis occurs, giving a colour- 
less liquid xenon oxofluoride XeOF,. The same product is formed when 
XeF, reacts with silica or glass: 

XeFs + H2O > XeOF, + 2HF 

2XeFs -- SiO; — XeOF, 4- SiF, 
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XeO, 1s an explosive white hygroscopic solid It reacts with XeF, and 

XeOF, 

XeQ, + 2XeF, — 3XeOF, 

XeO, + XeOF, — 2X0, F 

XeO, i5 soluble in water, but does not 1omze However, m alkaline sotu 

tron above pH 10 5 it forms the xenate 1on {HXeO,j7 

XeO, - NaOH — Na* [HXeO,]" 
sodium xenati 

Xenates contain Xe(-- VI) and they slowly disproportionate in solution to 
perxenates (which contain Xe(+VIII)) and Xe 

2(HXeO4]7 & 20H7 — [XeQ,|*" + Xe + Q, + 24,0 
perkenate ton 

Several perxenates of Group 1 and 2 metals have been isolated, and the 
crystal structures of Na,XeOQ, 6H20 and NayXeO, 8H2O have been 
determined by X ray crystallography The solubility of sodium perxenate 
im OSM NaOH ss only 02 grams per litre, so precipitation of sodium 
perxenate could be used as a gravimetric method of analysis for sodium 
Perxenates are extremely powerful oxidizing agents, which will oxidize 
HCI to Cl, H,O to O,, and Mn?* to MnOZ With concentrated H5SO, 
they give xenon tetroxide XeQ., which ts volatile and explosive 

Xenon fluonde complexes 

XeF; acts as a fluoride donor and forms complexes with covalent penta 
fluorides including PF;, AsFs, SOF; and the transition. metal fluorides 

NbFs, TaFs, RuFs, OsFs, RhFs, IrFs and PtFs These are thought to have 
the structure 

XeF, MF, [XeF]" [MF] 
AeFo 2MFs = [XeF]* [M2F),J7 

and 

Figure 17.1 Structure of XcF; 2SbF, (From Mackay and Mackay /ntroduction te 
Modern inorgame Chemistry, 4th ed , Blackie, 1989 ) 
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2XeF;.MF4,  [Xe.F3]* [MFe]7 

The structures of some of the XeF2 complexes in the solid state are known. 

In the complex XeF-2SbFs5 (Figure 17.1) the two Xe—F distances dif- 

fer greatly (1.84 À and 2.35 A). This suggests the formulation [XeF}* 

[Sb;F;;]". However, the Xe-F distance of 2.55 À is much less than the 

van der Waals (non-bonded) distance of 3.50 À. This suggests that one 

fluorine atom forms a fluorine bridge between Xe and Sb. In fact the 

structure is intermediate between that expected for the ionic structure, 

and that for the fully covalent bridge structure. 

XeF, forms only a few complexes, for example those with PFs, AsF; and 

SbFs. XeFs can act as a fluoride donor, forming complexes such as: 

XeFs;- BF4 

XeFs: GeF, 

XeF,-:2GeF, 

XeF,- 4SnF, 

XeF,: ASFs 

XeF,- SbF; 

XeF, may also act as a fluoride acceptor. With RbF and CsF it reacts as 

follows: 

XeF, + RbF — Rb*[XeF;]" 

On heating, the [XeF,]~ ion decomposes: 

2Cs*[XeF5]7——> XeF, sp Cs,[XeF,] 

STRUCTURE AND BONDING IN XENON COMPOUNDS 

The structures of the more common xenon halides, oxides and oxoions are 
given in Table 17.4 (on page 647). The nature of the bonds and the 
orbitals used for bonding in these compounds are of great interest and 
have been the subject of considerable controversy. 

XeF, 
e 

XeF is a linear molecule with both Xe—F distances 2.00 À. The bonding Xe 
may be explained quite simply by promoting an electron from the Sp level 
of Xe to the Sd level. The two unpaired electrons form bonds with fluorine 
atoms. The five electron pairs point to the corners of a trigonal bipyramid. 
Of these, three are lone pairs and occupy the equatorial positions, and two . 
arc bond pairs and occupy the apical positions. The atoms thus form a i 
linear molecule (Figure 17.2). Figure 17.2 XeF; molecule. 
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WO anpared elect electrons Pes dor bonds win fu bonds with fluorine atoms 
i've electron pas — trigonal bipyrarmid 

This explains the observed structure, but àn objection 15 that the 5d 
orbitals of Xe appear to be too large for effective overlap of orbitals The 

maximum in the radial electron distribution function for a 5d orbital in a 
Xe atom occurs at a distance of 4 9 À from the nucleus. It has been noted 
in Chapter 4 in the section ‘The extent of d orbital participation in mole- 
cular bonding’ that fughly electronegative atoms Itke fluarime cause a large 
contraction in the size of d orbitals 1f tius contraction 15 big enough, the 

valence bond explanation will suffice 
A second objection ts over the mixing of orbitals (sp°d hybridization) 

Mixing 1s only effective between orbitals of similar energy, and the Xe 5d 
orbitals would seem too high in energy to contribute to such a scheme of 
hybridization (The difference in energy between a 5p and a Sd level is 
about 960 kI molt"! ) 
The molecular orbital explanation involving three centre bonds 15 more 

acceptable The outer electromc configurations of the atoms are 

25 
aBa 

5s op 
D, Py Pz 

Xe F mmm 
Assume that bonding involves the 5p, orbital of Xe and the Zp, orbitals of 
the two F atoms For bonding 1o occur, orbitals with the same symmetry 
must overlap These three atomic orbitals combine to give three molecular 
orbitals, one bonding, one non-bonding and one antibonding Thi- 
represented in a simple way in. Figure 173. The original three atomic 
orbitals contamed four electrons (two 1n the Xe 5p, and one in each of 
the F 2p,)/ These electrons will occupy the molecular orbitals of lowest 
energy The order of energy is 

bonding MO < non-bonding MO < antibonding MO 

Thus two electrons occupy the bonding MO, and this pair of electrons i5 
responsible for binding all three atoms The rematning two electrons 
occupy the non bonding MO These electrons are situated mainly on the 
F atoms, and confer some ionic character The bonding may be described 
as three centre, four electron o bonding A lincar arrangement of the 
atoms gives the best overlap of orbitals, in agreement with the observed 
structure These bonds should be compared with the three-centre two- 
electron bonds described for BH, (see Chapter 12) 
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F Xe F Antibonding (orbitals have 

wrong symmetry for overlap 

on both left and right 
hand sides, indicated by 
+ and — signs) 

qb Œ QU Œ 

Non-bonding (the Xe 5p orbital 
has no net contribution to 

bonding, since the bonding 
effect on the right hand side is 
cancelled by the antibonding 
effect on the left hand side) 

Bonding (orbitals on both the 
left and right hand sides have 

correct symmetry for overlap) 

Figure 17.3 Possible combinations of atomic orbitals in XeF». 
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Figure 17.4 Molecular orbitals in XeF;. 

AcF, 

The structure of XeF, is square planar, with Xe—F distances of 1.95 À. 
= valence bond theory explains this by promoting two electrons as 
shown: 

5s 5p 5d 

Electronic structure c GOGNEN Xe — excited state 
LM — MÀ — T——— —————À 

four unpaired electrons form bonds to four fluorine atoms 
six electron pairs form octahedral structure 
with two positions occupied by lone pairs 
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Figure 17.5 XeF, molecule 
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The problem of whether the size of the xenon 5d orbitals will allow effec 

tive overlap or their energy will allow mixing and hybridization, 35 the 

same as i XeF» The molecular orbital explanation of XeF, 1s sumular to 
that for XeF; The Xe atom bonds to four F atoms The xenon 5p, orbital 

forms a three centre MO with 2p orbitals from two F atoms just as in 
XeF^ The 5p, orbital forms another three centre MO involving two more 

F atoms The two three centre orbitals are at right angles to each other, 
thus giving a square planar molecule 

Table 17.4 Possible explanation of structures 

Formula Structure — Number of. Number VSEPR 
electron of lone explanation 
pairs pairs of structure 

XeF; linear 5 3 five electron patrs farm 
trigonal bipyramid with 
three lone pairs in 
equatorial positions 

XeF, square 6 2 six electron pairs form an 
planar octahedron with two 

positions occupied by 
lone pairs 

mers distorted 7 l pentagonal bipyramid or 
octahedran capped octahedron with 

one lone parr 

XeQ, pyramidal 7 l three t bonds so the 
remaining four electron 
pairs form a tetrahedron 
with one corner occupied 
by a lone pair 

XeO;F; trigonal 7 ] two x bonds so remaining 
bipyramid five electron pairs form 

trigonal bipyramid with 
one equatorial position 
occupred by 3 Jone pair 

XeOF, square 7 ] one t bond so remaining 
pyramidai six electron pairs form ar 

octahedron with one 
position occupied by a 
lone parr 

———— ————  M——  — € e a amaa 

XcQO, tetrahedral 8 0 four x bonds so remaiming 
four electron pairs form a 
tetrahedron 

Xefa trigonal 8 0 three t bonds so 
bipyramid remaining five electron 

pats form a trigonal 
bipyramid 

Ba;[XeQ,]*~ octahedra! g 0 (wot bonds so remaming 
six electron pairs form an 
octahedron 
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XcF, 

The structure of XeF, is a distorted octahedron. The bonding in XeF, has 

caused considerable controversy which is not completely resolved. The 

structure may be explained in valence bond terms by promoting three 

electrons in Xe: 

5s 5p 5d 

Electronic structure of ahh T 

xenon — excited state ^ * T 1 |f T 11 iT 

The six unpaired electrons form bonds with fluorine atoms. The distri- 
bution of seven orbitals gives either a capped octahedron or a pentagonal 
bipyramid (as in IF;). (& capped octahedron has a lone pair pointing 
through one of the faces of the octahedron.) Since there are six bonds and 

one lone pair, a capped octahedron would give a distorted octahedral 
molecule. The molecular orbital approach fails with XeFg, since three 
three-centre molecular orbital systems mutually at right angles would give Figure 17.6 Capped 
a regular octahedral shape. octahedron. 

The vibrational spectrum of gaseous XeF, indicates C3, symmetry, 1.e. 
an octahedron distorted by the lone pair at the centre of one triangular 
face. The structure of the molecule rapidly fluctuates between structures 
where the Jone pair occupies each of the eight triangular faces. In various 
non-aqueous solvents, xenon hexafluoride forms a tetramer Xe4F24. Solid 

xenon hexafluoride is polymorphic. Except at very low temperatures it 
contains tetramers, where four square pyramidal XeF¢ ions are joined to 
two similar ions by means of two bridging F^ ions. The XeF distances are 
1.84 A on the square pyramidal units and 2.23 A and 2.60A in the bridging 
groups. 

The shapes of oxygen containing compounds of Xe are correctly pre- 
dicted by the valence bond method. (Electrons in x bonds (double bonds) 
must be subtracted before counting the number of electron pairs which 
determine the primary shape of the molecule.) 

VALEDICTION 

For many years the noble gases were thought to be completely unreactive. 
This was associated with the concept that an octet of electrons is the only 
stable arrangement. The octet rule has done much to help the understand- 
ing of why atoms react, how many bonds they will form, and the shape of 
the periodic table. The discovery of the noble gas compounds has shown 
that though the ‘octet’ arrangement is very stable, it can be broken, and 
that there are other stable arrangements of electrons. 
Two important points emerge: 

|. Only the heavier noble gases (Kr, Xe and Rn) form these compounds. 
This is related to their lower ionization energies. 

9 2 Compounds are only formed with clectronegative ligands. 
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Figure 17.7 Structures of some xenon compounds 

The discovery of the noble gas compounds fed to a flurry of practical 
work attempting the synthesis of new compounds There was also much 
theoretical work attempting to explain the structure and bonding in these 
compounds This involved calculations on large computers on the extent 
of d orbital parcipation mn bonding by elements in the s- and p blocks 
These conclusions may be summarized as follows 

i tn compounds of high coordination number with elements of hugh 
electronegativity, such as PFs, SEs, IF. and XeF,, the d orbitals appear 
to be significantly involved in o bonding (These compounds may all he 
described without using d orbitals tf three-centre bonds are formed } 
In compounds with elements of low electronegativity such as H;S and 
PHa, the d orbital population is very low (I-2%) However. this 
small contribution considerably improves the agreement between 
the observed and calculated values for the dipale maments and the 
energy levels 
The use of d orbitals makes a very significant contribution to n bonds 
for example pr-dr bonding m the phosphates and oxoacids of sulphur. 
and iy PF, 
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PROBLEMS 

1, Where did the helium present in the earth and its atmosphere come 
from? How is He obtained commercially, and what is it used for? What 
is the boiling point of He in °C and K? 

How much argon is present in the earth’s atmosphere? How is Ar 
obtained commercially, and what is it used for? 

Explain why Ar is used in the Kroll process to extract Ti, for welding, 
and in electric light bulbs. 

(a) Draw the structures of XeF5, XeF, and XeF,. 
(b) How may these compounds be prepared from Xe? 
(c) Give balanced equations to show how these three compounds react 

with water. 

4. i ; ign did Bartlett interpret the reaction between Xe and PtF,, and how 
I5 this reaction now interpreted? 

5. (a) Draw the structures of XeF, 
(b) How eF», XeF, and XeF,. 

may these compounds be prepared from Xe? 
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(c) Give balanced equations to show how these three compounds react 
with water ‘ 

6 How may the compounds XeO;  XeOF, and Ba;XeO, be prepared, 
and what are their structures? 

7 ‘In some ways the discovery of the noble gas compounds has created 
more problems than it has solved * Discuss this statement with par- 
ticular reference to the stability of a closed electron shell and the 
participation of d orbitals in bonding by elements of the s- and p-blocks 

8 Suggest reasons why the only binary compounds of the noble gases are 
fluorides and oxides of Kr, Xe and Rn 
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transition elements 

Table 18.1 The elements 

cette [ep ye ele 
Ti 

12 

Sc Cr Mn Fe Co Ni Cu Zu 

Chro- Man- Iron | Cobalt| Nickel |Copper| Zinc 
mium | ganese 

Scan- 

dium 

La Hf Ta W Re Os Ir ‘Pt Au Hg 

Lan- | Haf- | Tan- |Tungsten| Rhenium|Osmium] Iridium; Platinum] : Gold 
thanum| nium | talum 

Ac 

Acti- 

nium 

INTRODUCTION 

Three series of elements are formed by filling the 3d, 4d and 5d shells of 
electrons. Together these comprise the d-block elements. They are often 
called ‘transition elements’ because their position in the periodic table 1s 
between the s-block and p-block elements. Their properties are transi- 
tional between the highly reactive metallic elements of the s-block, which 
typically form ionic compounds, and the elements of the p-bolock, which are 
largely covalent. In the s- and p-blocks, electrons are added to the outer 
Shell of the atom. In the d-block, electrons are added to the penultimate 
shell, expanding it from’8 to 18 electrons. Typically the transition elements 
have an incompletely filled d level. Group 12 (the zinc group) has a d!° 

n and since the d shell is complete, compounds of these 
P are not typical and show some differences from the others. The 
c ements make up three complete rows of ten elements and an incomplete 
fourth row, The positi ee 

position of the inc let the f-block elements. omplete fourth series is discussed with 

Y Mo Tc Ru Rh Pd Ag Cd 

Yttrium] Zir- Molyb- | Tech- | Ruthe- | Rho- | Palla- | Silver | Cad- 
denum | netium | nium | dium | dium mium 

18 
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METALLIC CHARACTER 

In the d block elements the penultimate shell of electrons 1s expanding 

Thus they have many physical and chemical properties im common Thus 

all the transition elements are metals They are therefore good conductors 

of electricity and heat, have a metallic lustre and are hard, strong and 
ductile They also form alloys with other metals 

VARIABLE OXIDATION STATE 

One of the most striking features of the transition elements 1s that the 

elements usually exist in several different oxidation States Furthermore, 

the oxidation states change m umts of one, e g Fe?’ and Fe^*, Cu^* and 
Cut 

The oxidation states shown by the transition elements may be related to 

therr electrome structures Calewm, the s-block element preceding the first 

row of transitian elements, has the electronic structure 

Ca 1572572p°3s?3p*45* 

[t might be expected that the next ten transition elements would have this 
electronic arrangement with from one to ten d electrons added in a regular 
way 3d!,3d^,3d? — 3d" Thusis true except im the cases of Cr and Cu In 
these two cases one of the s electrons moves into the d shell, because of the 
additional stability when the d orbitals are exactly half filled or completely 
filled (Table 18 2) 

Table 18 2 Oxidation states 

Sc Ti V Cr Mn Fe Co NI Cu Zn 

Electronic — di? drt DS S me qu d? dè dg pE QUO 
d structure dg 

Oxidation I I . 
states i I] il II II II II II II I! 

WH M Gn gs w mm gd m IH 
iv IV. WwW W Ww W N 

[V V V V V 
VI VI VI 

VII 
Iun  —— ———Ó———— 0 pt 

Thus Sc could have an oxidation number of (+11) 1f both s electrons are 
used for bonding and (+111) when two s and one d electrons are involved 
Ti has an oxidation state (+11) when both s electrons are used for bonding. 
(HII) when two s and one d electrons are used and (+1V) when two s and 
two d electrons are used. Similarly, V shows oxidation numbers (+ It), 
CFIIID), (CIV) and C-V) In the case of Cr, by using the single $ electron 
for bonding, we get an oxidation number of (+I) hence by using varying 
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numbers oí d electrons oxidation states of (+11), (+11), (+1V), (-- V) and 

(+VI) are possible. Mn has oxidation states (--II), (-- HI), (4+IV), (+V), 

(+VI) and (+VII). Among these first five elements, the correlation 

between electronic structure and minimum and maximum oxidation states 

in simple compounds is complete. In the highest oxidation states of these 

first five elements, all of the s and d electrons are being used for bonding. 

Thus the properties depend only on the size and valency, and consequently 

show some similarities with elements of the main groups in similar 

oxidation states. For example, SO; (Group 16) and CrOj^ (Group 6) are 

isostructural, as are SiC], (Group 14) and TiCl, (Group 4). 

Once the d?.configuration is exceeded, i.e. in the last five elements, the 
tendency for all the d electrons to participate in bonding decreases. Thus 
Fe has a maximum oxidation state of (+ VI). However, the second and 
third elements in this group attain a maximum oxidation state of (-- VIII), 
in RuO, and OsO,. This difference between Fe and the other. two elements 
Ru and Os is attributed to the increased size. 

These facts may be conveniently memorized, because the oxidation 
States form a regular ‘pyramid’ as shown in Table 18.2. Only Sc(+I]) and 
Co(+V) are in doubt. The oxidation number of all elements in the 
elemental state is zero. In addition, several of the elements have zero- 
valent and other low-valent states in complexes. Low oxidation states 
occur particularly with x bonding ligands such as carbon monoxide and 
dipyridyl. 

Similar but not identical pyramids of oxidation states are found in the 
second and third rows of transition elements. The main differences are as 
follows: 

L. In Group 8 (the iron group) the second and third row elements show a 
maximum oxidation state of (+ VIII) compared with (-- VI) for Fe. 

2. The electronic structures of the atoms in the second and third rows do 
not always follow the pattern of the first row. The structures of Group 
10 elements (the nickel group) are: 

Ni 3d8 45? 

Pd 4d'? sg? 
Pt 5g? 6s! 

Since a full shell of electrons is a stable arrangement, the place where 
this occurs is of importance. 
The d levels are complete at copper, palladium and gold in their 

respective series. 

Ni Cu 3d! 4s? Zn 3d® 4% 
Pd 4d" S — Ag Cd 34'9 4g 
Pt Au Sd 6s' Hg 3d! 4s 

zu though the ground state of the atom has a d!? configuration, Pd and 
" I metals Cu, Ag and Au behave as typical transition elements. 

i5 because in their most common oxidation states Cu(II) has a d? 

655 
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configuration and Pd(II) and Au(1H) have d^ configurations, that 1s they 
have an incompletely filled d Jevel However, in zinc, cadmium and 
mercury the ions Zn**, Cd?* and Hg^* have a d” configuration Because 
Of this, these. elements do not show the properties characteristic. af 
transition elements 

Stability of the various oxidation states 

Compounds are regarded as stable if they exist at room temperature, are 
not oxidized by the air, are not hydrolysed by water vapour and do not 
disproportionate or decompose at normal temperatures Within each of 
the transition Groups 3-12, there 1s a difference in stability of the various 
oxidation states that exist In general the second and third row elements 
exhibit higher coordination numbers, and their ngher oxidation states are 

more stable than the corresponding first row elements This can be seen 
from Table 183 This gives the known oxides and halides of the first, 
second and third row transition elements. Stable oxidation states form 

Tahte 18 3 (a) Oxides and halides of the first row 

EU T ^ Cr hn Fc (4 h Cu 2n 

*l 0 TO "0" Ci Mag FeO Cot} NiD Cul £y) 
t +F Cr MnF, IcF CoF; MF; Cuf; inf, 

C Tho Y CL Cit Mut, Fei, Coll NIET; Cucl fatty 
Br Tibr VBr — €rBr MaBr, — FeBr; — CoBr, hiBr, Cult ZmaBr 
1 T! S1 tr Mini, Fel; Cot; hi P 

AHO S TO YO Ch Maü Feth i£ OY. (Neo 
F SF; TF wH CrF MnF, FeF, CF 
£1 wi no Oh: iri, Fil 

Pr $cHr, -—— TiBr YBr, — trEr, FeBr 
I bef, T! *], E rl, 

SAN cy TO, MO HD hint? Wo i" ND 
f T, o Rh CH Mak, 
i? THY, M? teeter 
Br Tibr, Br (utr 
i TL, € rl 

* D IY 
k VF Ern 
ct 

Rr 

l 

4410) Crt} 
H AC «E, 
oO 
Gr 

I 

* 11 () Mn 
F 

tt 

Pr 

I 

Ehhez Mr 3 Fel, Coll, Cw 
(hs m s Ce 

CeBr 
Cal 
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(b) Oxides and halides of the second row 

? 

Y Zt Nb Mo Tc Ru Rh Pd Ag Cd 

is 
eT 

4H O NbO RhO PdO AgO'! | CdO 

F 
PdF; AgF: CdF; 

CI ZrCl: [Mo«4CI4]CL) PdCi; CdCl 

Br ZrBr?? IMosBry]Brz PdBr; CdBr; 

Í Zril? {Mog} x}la° Pdl; Cdl; 

4n o Y;0, Rus — RhiO; (Pd;O1)"? (Ag20,) 

F YF, (NbFiy MoF;: RuF; RhF; Pd[PdF,] 

ci YCh ZrCh NbChS  MoCi,” RuCl, RhCly 

Br YBn ZrBn, NbBró  MoBn RuBry RhBr; 

l Yh Zi — Nbh* Moh Rul; Rhi; 

*-IV O ZrO:  NbO; MoO” TcO.™  RuO; RhO,  (PdO;)* 

F ZrF, NbF,; MoF; RuF; RhF, PdF; 

Ci ZrChy NACL" MoC TcCl, RuCl, 

Br ZrBr,  NbBri" MoBr4 

I Zrl, Nb1," Mol? 

«V O Nb;O« Mo:0« 

F NbF; MoF« TeFs RuFs (RhFs) 

Ci NbCI« MoCHk 

Br NbBrs 

l Nbl« 

+VII O MoO, TcO, (RuO;)" 
F MoF, TcF, RuF, RhF, 

Cl (MoCl,) (TcCls)? 

Br 

I 

+VHO ToO; 

F 

Ci 

Br 

l 

pcs E NDF" RuO, Ag,0 

pounds Nbglts AgF 

AgCl 

AgBr 

AgI 

oxides, fluorides, chlorides, bromides and iodides. Strongly reducing states 
probably do not form fluorides and/or oxides, but may well form the 
heavier halides. Conversely, strongly oxidizing states form oxides and 
fluorides, but not iodides. 

COMPLEXES 

z a a elements have an unparalleled tendency to form 
in Pan i Phim with Lewis bases, that is with groups which are 
ie e an electron pair. These groups are called ligands. A ligand 

y 0€ a neutral molecule such as NH}, or an ion such as Cl^ or CN^ 
Coba Na : — more complexes than any other element, and forms more 

pounds than any other element except carbon. 

Co** + 6NH3 — [Co(NH)gP* 
Fe-* + 6CN7 > [Fe(CN),]*~ 



| AN INTRODUCTION TO THE TRANSITION ELEMENTS 

Table 18 3 (conunued) (c) Ovxides and hahdes ol the Third row 

La HI Ta w Re D Ir Pi Au Hg 

4H O (Tad) (POT ngo 
F HgF 
CI HCI? WiC] (Refi } (Irc) i? MCh Het 
Br HfBr ^? W,Br © (RceBr) Pir, pt Br 
i Wi’ (Reb) Pil; Hel 

+1 D Lat, Reo" kOTO CPR? ABA 
F LaF; (TaFu [rF Auti 

Ci Lat, ith Wall Welty Re Cw iren Pitt * Aut} 
Br LaBr, Hin TaBri LUIS : 120" Ke Br, frAr, Fifrs* AuBrs 

1 Laly HH Wal a Re ty iris TU. 

«Iv OQ Hiro, Fa WO ™ Red ™ Os0, Iro FIO; 

F HiF; WF, RcF, HF, IrF, FF, 

Ci HCl; TELT WC ReCL" — (CL achy MEL 
Br Her, shy" WRr, ReBry Obr, PtBr, 
l tn. Tal," WI? Rel, Cal, Pil, 

+y 0 Ta Oy, (WO) (ReO) 
F TaFs Wo ReFs ERF: (FI) (PtFs}, 
Ct TaCly Wet BrCl. OAC 

Br TaBri W Br RcHr. 

I Tal, 

+¥1 0 WO, Reth (O50 dro) (mop 
f M FY RT, (KF, 1rE,. PU, 

C1 W CI, t ReCI,) 

Br Ws, 

I 

+4110 Reis 

F ReF; (O F1 
CI 

B: 

J 

Other iM), Fit} Au O ier” 

compounds CaCI a Auc] — Hg C1" 
Au] ie 5 * 

Hg!" 

In Table 18 3 the most stable compounds are bold unstable compounds are in 
parentheses h indicates hydrated oxides. g indicates that it occurs only as a gas 
m indicates metal-metal bonding. c inchicates cluster compounds, x indicates mixed 
oxide and d indicates that tt disproportronates 

Ttus ability to form complexes is in marked contrast to the s and p-block 
elements which form only a few complexes The reason transition elements 
are $0 good at forming complexes is that they have small, highly charged 
ions and have vacant low energy orbitals to accept Jone pairs of electrons 
donated by other groups or ligands Complexes where the metal is in the 
(+111) oxidation state are generally more stable than those where the metal 
i5 1n the (--II) state 

some metal :ons form their most stable complexes with ligands in which 
the donor atoms are N, O or F Such metal ions include Group 1 and 2 
elements, the first half of the transition elements, the lanthantdes aad 
actinides, and the p-block elements except for their heaviest member 
These metals are called class-a acceptors, and correspond to ‘hard acids 
(see “Acids and bases’, Chapter 8) in contrast the metals Rh, Ir, Pd, Ft, 
Ag, Au and Hg farm their most stable complexes with the heavier 
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elements of Groups 15. 16'and 17. These metals are called class-b ac- 

ceptors, and correspond tó"'soft' acids. The rest of the transition metals, 

and the heaviest elements in the p-block, form complexes with both types 

of donors, and are thus 'intermediate' in nature. These are shown (a/b) in 

Table 18.4. 

Table 18.4 Class-a and class-b acceptors 

Li | Be 

(a) | (a) 

Na | Mg 

(a) | (a) 

K |Ca { Sc | Ti | V Cr | Mn Fe Co NI Cu Zn 

(a) f (a) | (0 | (] (| (32) (a) | (a/b)| (a/b) | (a/b) | (a/b) | (a) 

Rb] Sr | Y | Zr | Nb| Mo; Te Ru Rh Pd Ag Cd 

(a) | (a) | (3) | (3) | (3) | (3| (a/b)| (a/b) (b) | (b) | (b) | (a) 

Cs | Ba j| La | Hf | Ta} W | Re Os Ir Pt Au Hg 
(a) | (a) | (a) | (Q0 | (3| (a3)| (a/b) (a/b) (b) | (b) | (b) | (b) 

Fr | Ra | Ac 

(a) | (a) | (a) 

Ce | Pr | Nd | Pm | Sm Eu Gd Tb Dy 

(a)} (a)} (a) | (a) |(29 pa |(39 |(a3 |(a) 

Th }| Pa | U | Np Pu Am | Cm | Bk Cf 
(a) } (a){ (a) |} (a) | (a) |) 1@ 1@ | (3) 

The nature of coordination complexes and the important crystal field 
theory of bonding are discussed in Chapter 7. 

SIZE OF ATOMS AND IONS 

The covalent radii of the elements (Table 18.5) decrease from left to right 
across a row in the transition series, until near the end when the size 
increases slightly. On passing from left tó right, extra protons are placed in 
the nucleus and extra orbital electrons are added. The orbital electrons 
shield the nuclear charge incompletely (d electrons shield less efficiently 
than p electrons, which in turn shield less effectively than s electrons). 
Because of this poor screening by d electrons, the nuclear charge attracts 
all of the electrons more strongly: hence a contraction in size occurs. 

Atoms of the transition elements are smaller than those of the Group 1 
or 2? elements in the same horizontal period. "This is partly because of the 
usual contraction in size across a horizontal period discussed above, and 

B 
(a) 

Al 

(a) 

Ga 

(a) 

In 

(a) 

TI 
(a/b) 

Ho 

(a) 

Es 

(a) 

C 

(a) 

Si 

(a) 

Ge 

(a) 

Sn 

(a) 

Pb 
(a/b) 

Er 

(a) 

Fm 

(a) 

N 
(a) 

(a) 

AS 

(a). 

Sb 

(a) 

Bi 
(a/b) 

Tm 

(a) 

Md 
(a) 

(a) 

Se 

(a) 

Te 

(a) 

Po 
(a/b) 

Yb 
(a) 

Mo 

(a) 
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Table 18.5 Covalent radn of the transition elements (A) 

K Ca Sc Tı V Cr Mn Fe Co NI Cu Zn 

157 i174 1 1 44. 132. 122. 117 117. 117 116 TIS 117 IB 

Rb Sr Y z Nb Mo Te Ru Rh Pd Ag Cd 
216 1901 [162 145. 1543 129 ~ 124 1235 128 134 [4 

C. Ba | L H Ta W Re Qs Ir Pao Au Hg 
235 198 ers L34 [30 128. 10126. 126 129 134 141 

14 Lanthanide elements 

partly because the orbital electrons are added to the penultimate d shell 
rather than to the outer shell of the atom 

The transition elements are divided into vertical groups of three (triads) 
or sometimes four elements, which have similar electronic structures On 
descending one of the main groups of elements in the s- and p-blocks, the 
size of the atoms increases because extra shells of electrons are present 

The elements in the first group in the d block (Group 3) show the expected 
increase In size Sc — Y — La However, in the subsequent Groups (3-12) 
there 18 an increase in radius of 0 1 — 0 2 À between the first and second 
member but hardly any increase between the second and third elements 
This trend is shown both in the cavalent radu (Table 18 5) and im the rne 
radu (Table 18 6) Interposed between lanthanum and hafnium are the 14 
lanthamde elements in which the antepenultimate 4/ shell of electrons 1s 
filled 

Table 18 6 The efficct of the lanthanide contraction on iome radu 

Ca'* 100 Sc'* 0 745 Tr'* 0 605 V'* 061 
Sr * 115 Y'* 090 zr'* 072 Nb'* 072 
Ba * 135 Li (£002. = Hf" 071 Ta^ 072 

l4 Lanthanides 

There ıs a gradual decrease in size of the [4 lanthanide elements from 
cerium ta lutetium This is called the lanthamde contraction, and 15 dis 

cussed 1) Chapter 29 The lanthamde contraction cancels almost exactly 

the normal size increase on descending a group of transition elements The 
covalent radius of Hf and the rome radius of Hf"* are actually smaller than 
the corresponding values for Zr The covalent and ionic radii of Nb are the 
same as the values for Ta Therefore the second and third row transition 
elements have similar radu As a result they also have simular lattice 

energies solvation energies and ionization energies Thus the differences 
in properties between the first row and second row elements are much 
greater than the differences between the second and third row elements 

The effects af the lanthanide contraction are less pronounced towards the 
right of the d block However the effect sull shows to a lesser degree in the 
p block elements which foilow 
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DENSITY 

The atomic volumes of the transition elements are low compared with 

elements in neighbouring Groups 1 and 2. This is because the increased 

nuclear charge is poorly screened and so attracts all the electrons more 

strongly. In addition, the extra electrons added occupy inner orbitals. 

Consequently the densities of the transition metals are high. Practically 

all have a density greater than 5gcm "^. (The only exceptions are Sc 3.0g 

cm? and Y and Ti 4.5gcm ^.) The densities of the second row are high 

and third row values are even higher. (See Appendix D.) The two 

elements with the highest densities are osmium 22.57 gcm ? and iridium 
22.61 gcm~*. To get some feel for how high this figure really is, a football 
made of osmium or iridium measuring 30cm in diameter would weigh 
320kg or almost one third of a tonne! 

MELTING AND BOILING POINTS 

The melting and boiling points of the transition elements are generally very 
high (see Appendices B and C). Transition elements typically melt above 
1000°C. Ten elements melt above 2000°C and three melt above 3000°C 
(Ta 3000°C, W 3410°C and Re 3180°C). There are a few exceptions. The 
melting points of La and Ag are just under 1000°C (920°C and 961°C 
respectively). Other notable exceptions are Zn (420°C), Cd (321°C) and 
Hg which is liquid at room temperature and melts at —38°C. The last three 
behave atypically because the d shell is complete, and d clectrons do not 

participate in metallic bonding. The high melting points are in marked 
contrast to the low melting points for the s-block metals Li (181 °C) and Cs 
(29°C). 

REACTIVITY OF METALS 

Many of the metals are sufficiently electropositive to react with mineral 
acids, liberating Hə. A few have low standard electrode potentials and 
reman unreactive or noble. Noble character is favoured by high enthalpies 
of sublimation, high ionization energies and low enthalpies of solvation. 
(See 'Born-Haber cycle', Chapter 6.) The high melting points indicate high 
heats of sublimation. The smaller atoms have higher ionization energies, 
but this is offset by small ions having high solvation energies. This tendency 
to noble character is most pronounced for the platinum metals (Ru, Rh, 
Pd, Os, Ir, Pt) and gold. 

IONIZATION ENERGIES 

The ease with which an electron may be removed from a transition metal 
ak = its a energy) is intermediate between those of the 
ue RS. | ü ues ior the first ionization energies vary over a wide 

Se irom 2M1KI mol^! for lanthanum to 1007kJmol`! for mercury. 

EL 
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These are comparable with the values for lithium and carbon respectively 
This would suggest that the transition elements are jess electropositive than 
Groups 1 and 2? and mas form either tonic or covalent bonds depending 
on the conditions Generally, the lower valent states are ionic and the 

higher valent states covalent The first row elements have many more 
ionic compounds than elements in the second and third rows 

COLOUR 

Many ionic and covalent compounds of transition elements are coloured 
In contrast compounds of the s- and p-block elements are almost always 
white When light passes through a material it is deprived of those wave- 
lengths that are absorbed If absorption occurs in the visible region of the 
spectrum, the transmitted light is coloured with the complementary colour 
to the colour of the light absorbed Absorption in the visible and UV 
regions of the spectrum is caused by changes in electromc energy Thus the 
spectra are sometimes called electronic spectra. (These changes are often 
accompanied. by much smaller changes in vibrational and rotational 
energy ) It is always possible to promote an electron from one energy level 
to another However, the energy jumps are usually so large that the 
absorption lies in the UV region Special circumstances can make it 
possible to. obtain. small. jumps in electronic energy which appear as 
absorption in the visible region 

Polarization 

NaCl NaBr and Naf are all some, and are all colourless AgCI ıs also 
colourless Thus the halide sons CIT, Bra and I, and the metal rons Na' 
and Ag" are typically colourless However AgBr ıs pale yellow and Agl 
is yellow "The colour arises because the Ag" ion polarizes the halide ions 
This means that it distorts the electron cloud and implies a greater 
covalent contribution The polarizability of tons increases with size thus 17 
is the most polarized and 1s the most coloured For the same season 
Ag.CO, and Ag,PO, are yellow and Ag.O and Ag.S are black 

Incompletely filled dor (shell 

Colour may arise from an entirely different cause in ions with incomplete d 
or f shells This source of colour is sers Import int in most of the transition 
metal rons 

In a free isolated. gaseous ton the five d orbitals are degenerate, that 
is they are identical in energy In real life situations the 105 sil be sur- 
rounded by solvent molecules if it 15 in solution, bv other hgands if it i8 (n a 
complex, or by other ions if itis ina crystal lattice. The surrounding groups 
affect the energy of some d orbitals more than others Thus the d orbitals 
are no longer degenerate, and at their simplest they form two groups of 
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orbitals of different energy. Thus in transition element ions with a partly 

filled d shell it is possible to promote electrons from one d level to another 

d level of higher energy. This corresponds to a fairly small energy 

difference, and so light is absorbed in the visible region. The colour of a 

transition metal complex is dependent on how big the energy difference is 

between the two d levels. This in turn depends on the nature of the ligand, 

and on the type of complex formed. Thus the octahedral complex 

[Ni(NH3)s]^* is blue, [Ni(H;O)sg* is green and [Ni(NO3)g^ is 

brown-red. The colour changes with the ligand used. The coleur also 

depends on the number of ligands and the shape of the complex formed. 

The source of colour in the lanthanides and the actinides is very similar, 

arising from f — f transitions. With the lanthanides the 4f orbitals are 

deeply embedded inside the atom, and are well shielded by the 5s and 5p 

electrons. The f electrons are practically unaffected by complex formation: 

hence the colour remains almost constant for a particular ion regardless of 
the ligand. The absorption bands are also very narrow. 
Some compounds of the transition metals are white, for example ZnSO, 

and TiO;. In these compounds it is not possible to promote electrons 
within the d level. Zn?* has a d? configuration and the d level is full. Titt 
has a d" configuration and the d level is empty. In the series Sc(+III), 
Ti(+1V), V(-V), Cr(- VI) and Mn(- VII), these ions may all be con- 
sidered to have an empty d shell: hence d—d spectra are impossible and 
they should be colourless. However, as the oxidation number increases 
these. states become increasingly covalent. Rather than form highly 
charged simple ions, oxoions are formed TiO**, VO, VO3~, CrO{~ and 
MnO;. VO? is pale yellow, but CrO3~ is strongly yellow coloured, 
and MnO, has an intense purple colour in solution though the solid is 
almost black. The colour arises by charge transfer. In MnO; an electron is 
momentarily transferred from O to the metal, thus momentarily changing 
O^" to O^ and reducing the oxidation state of the metal from Mn(VII) 
i Mn(VI). Charge transfer requires that the energy levels on the two 
different atoms are fairly close. Charge transfer always produces intense 
colours since the restrictions of the Laporte and spin selection rules do 
not apply to transitions between atoms. (See Chapter 32.) 

The s- and p-block elements do not have a partially filled d shell so there 
cannot be any d—d transitions. The energy to promote an s or p electron to 
a higher energy level is much greater and corresponds to ultraviolet light 
being absorbed. Thus compounds of s- and p-block elements typically are 
not coloured. 

MAGNETIC PROPERTIES 

When a substance is placed in a magnetic field of strength H, the intensity 
of magnetic field in the substance may be greater than or less than H. 
Pi in the substance is greater than H., the substance is para- 
san areca IS easier for magnetic lines of force to travel through a 
aeu material than through a vacuum. Thus paramagnetic 

tals attract lines of force, and, if it is free to move. a paramagnetic 
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materal will move from a weaker to a stronger part of the field Para 
magnetism arises as$ a result of unpaired electron spins m the atom 

If the field in the substance 1s less than H, the substance ts chamagnetic 
Diamagnetic materials tend to repel lines of force. It is harder for magnetic 
lines of force to travel through diamagnetice materials than through a 
vacuum, and such materials tend to move from a stronger to à weaker part 
of a magnetic field In diamagnetic compounds al} the electron spins are 
pared The paramagnetic effect is much larger than the diamagnetic effect 

lt should be noted that Fe, Co and Ni: are ferromagnetic Ferromagnetic 
materials may be regarded as a special case of paramagnetism in which the 
moments on individual atoms become aligned and all point in the same 
direction When this happens the magnetic susceptibility ts greatly 
enhanced compared with what it would be if all the moments behaved 
independently Alignment occurs when materials are magnetized, and Fe, 
Co and Ni can form permanent magnets Ferromagnensm is found tn 
several of the transition metals and their compounds It ts also possible to 
get antiferromagnetism by pairing the moments on adJacent atoms which 
point in opposite directions. This gives a magnetic moment iess than would 
be expected for an array of independent tons [t occurs in several simple 
salts of Fe^* Mn?** and Gd’* Since ferromagnetism and antiferro 
magnetism depend on orientation they disappear in solution 

Many compounds of the transition elements are paramagnetic, because 
they contain partially filled electron shells if the magnetic moment 15 
measured the number of unpaired electrons can be calculated The 
magnetochemistry of the transition elements shows whether the d electrons 
are paired. This is of great importance in distinguishing between high spin 

and low spin octahedral complexes 
There are two common methods of measuring magnetic susceptibilities 

the Faraday and the Gouy methods The Faraday method 1s useful for 
measurements On a very small single crystal but there are practical 
difficulties because the forces are very small The Gouy method 1s more 
often used Here the sample may be presented as a long rod of matertal 2 
solution or a glass tube packed with powder One end of the sample is 
placed in a umform magnetic field and the other end in a very low oi zeto 
field The forces observed here are much larger, and can be measured 
using a modified Jaboratory balance 

The volume susceptibility x, of a compound is measured using 4 
magnetic balance (Gouy balance) x; is dimensionless and is readily 
converted into the molar susceptibility x4, which has units m? mol! From 
this the magnetic moment of the compound y can be calculated if the 
sma'! diamagnetic contribution 1s ignored 

> 3KT¥ x) 

Neu, 

where k 1s the Boltzmann constant {1 3805 x 1073 J K7') 
H, is the permeability of free space (4n x 1077H m7!) 

Fis the absolute temperature and N° 1s the Avogadro constant 
| 

H 

| 
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Thus u has SI units JT" '. and 

u = VGkY(N"no) . VXm T 

jt is convenient to express the magnetic moment p in units of Bohr 

magnetons pug, where 

B eh 

— 4n. 
ug = 9,273 x 10°“ JT" 

where e is the electronic charge, h is Planck’s constant and m, is the mass 

of an electron. . 
Thus the magnetic moment in Bohr magnetons becomes. 

È = constant. XM- 4. (18.1) 
HB 

where constant = V(3kKy(N?us)/ug — 797.5 m? ̂ mol "^ K'^ 
The magnetic moment u of a transition metal can give important 

information about the number of unpaired electrons present in the atom 
and the orbitals that are occupied, and sometimes indicates the structure of 
the molecule or complex. If the magnetic moment is due entirely to the 
spin of unpaired electrons us, then 

us = VAS(S + 1). Up 

y y " S 
Analytical balance 

—— —- with one pan 
removed 

Tube containing specimen 

Electromagnet 

Fi Bure 18.1 Diagram of a Gouy magnetic balance 
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where J is the total spin quantum number This gives the magnetic moment 

in $1 umts of JT7*, and the magnetic moment m Bohr magnetons is mven 
by V(4S(S + I) Ths equation is related to the number of unpaired 
electrons n by the equation 

H, = Yate + 2) up 

The object of the experiment is to determine the volume susceptibility x 
by weighing à sample im and out of a magnetic field. and calculate in turn 
the molar susceptibility xi. the. magnetic moment p, the total spin 
quantum number 5 and eventually # the number of electrons responsible 
for the paramagnetism 

Measurement of magnetic moments 

[et us examine how nu i$ obtamed. First. /4 can be deterauned experi 
mentally A sample tube which has a narrow diameter and a flat bottom is 
filled with sample up to the calibration mark The sample may be a finely 
divided solid, or a solution The cross-sectional area of the tube 1s @ The 
sample and tube are weighed m the usual way Then the apparent mass ts 
measured again by weighing in the presence of a strong magnetic field of 
force A A difference in weight occurs If e is the acceleration due to 
gravity then the force F acting on the sample 45 given by 

f= Am ge (18 2) 

If x, 1s the volume susceptibility of the sample and x. the volume 
susceptibility of air. then 

F= (x=) a u, H (18 3) 

Combining equations (18 2) and (18 3) 

Am g-SQ-—w aw, H? 

hence 

» 
4 2AN E 

a pa HI 
We wish to calcuJate the volume suscepubility of the sample Fi The 
volume susceptibility of air x» 1s known (0 364 x 1070) but the field 
strength H and cross sectional area g are not known Thus we carry put the 

’ experiment using a standard whose magnetu susccpubility i known 
accurately This allows us to calibrate the app itatus and thus deduce the 
value of the constant a. H^. The complex mercurv(II) tetrathiocy an lo 
cobat(11) Hg[Co(NCS),] is often used as a solid standard (ya, — 206 6 X 
10 '"m'mol^' 4t 293K) Now that the apparatus has been calthrated 2 
use the same sample tube filled up to the same mark and the sane 
magnetic field and measure the weight loss for an unknown compound 
The volume susceptibility x, of the uakaawe compound can thus be 

Ki = Ha 
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obtained. This is readily converted into the molar susceptibility of the 

compound ya as follows: 

x;.M  M| 2^m.g | 

mw» D lem 

where M is the molar mass of the compound, and D is its density. 

Diamagnetic materials have no unpaired electrons, and have a magnetic 

moment u = 0. The external magnetic field induces a small magnetic 

moment which is in opposition to the external field. Thus diamagnetic 

materials repel lines of force, and show a slight decrease in weight. In 

contrast paramagnetism arises where there is one or more unpaired 

electron in a compound. Paramagnetic materials attract lines of force and 

increase in weight, because the sample is pulled down into the gap between 

the pole-pieces of the magnetic balance (see Figure 18.1). For a transition 

metal complex the weight change measured with the Gouy balance is the 
sum of the effects from the paramagnetic metal ion and the diamagnetic 
ligands and ions present. Thus the value of yy derived from this weight 
change is the net magnetism. which is the sum Of Y saramagnenc ^. Xdiamagneti- 

Since we wish to measure the paramagnetism of the metal ion, we must 
make a diamagnetic correction. The easiest way to make the correction for 
Yamane IS tO add up the diamagnetic corrections (sometimes called 
Pascal's constants) for the atoms and ions in the molecule and contribu- 

tions from multiple bonds. These data are known (Table 18.7). 

= ¥ 
Xdiamagnetic a X (atom corrections} + UX cevultinte bonds) 

THUS Xparamagnene can be obtained: 

X paramagnetic = Xmeasured 7 Xdiamdgnetic 

Finally Xparımagnenc IS converted into magnetic moment of the metal ion in 
Bohr magnetons using equation 18.1: 

= = 797.5- Yzy. T 
HB 

The unpaired electron gives rise to a magnetic field because of its spin, 
and also because of the orbital angular momentum. The general equation 
for the magnetic moments of the first row of transition metal ions is: 

n(S + L) = y4S(S +1) + L(L 9 l).ug 

where 5 is the total of the spin quantum numbers, and L is the resultant of 
the orbital angular momentum quantum numbers of all the electrons in the 

or T of orbital angular momenta and coupling of spins 

+h E p e electron the spin quantum number ri, has a value of 
In m 7 m,:n where n is the number of unpaired electrons. | 
DC. Le of the first row transition elements, the orbital 

a slight appro eee by the electric ficlds of the surrounding atoms. As 
om 8pproximation the orbital contributions can be ignored and the 
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Table 18.7 Some diamagnetic corrections (Pascal's constants) {All table values 
must be muluptied by 107. Units are m* mor!) 
ENARRARE i  ———— Á—————— Á—UnáI M g, 

NH; -—167 

1a" —12 
Na*  -$&5 
K* | —187 
Rb* -209 
(Q&*  —422 
Mig -63 
Ca -M3 
Cr* — IRS 
Crt -138 
Mm* -176 
Mint +126 
Fe^* —16l 
fe'* -176 
Co* -16] 
Co'* ~126 
Nt =i? 
Cu^* - 161 
Zn-* —159 

OH 

0-7 F- 

Cl 

Br. E 

CO 
NO; 
NO, 
SO; 
SO, 
BF; 

CN^ 
CNO^ 
CNS 
CIO, 
CIO, 
HO 

—151 
~ 51 
-|14 
— 294 
-435 
-—-636 
— 370 
-126 
—326 
—478 
- 503 
— 490 
—163 
— 264 
~ 390 
—- AM) 
—402 
- 63 

H 
C 

C (aromatic) 
N 
N (aromatic) 
P(-- V) 
O ether/ROH 
O. (i COOH) 
S 
r 

CI 
Br 
I 
acetate 
oxalate 
ethylenediamine 
NH, 
dipyridyl 
PPh, 

—3}ġ 
-75 
-79 
—70) 
-59 

-331 
—38 
—42 

—]89 
— i58 
-253 
— 395 
— S561 

=å 
—427 
mi 
-226 

—1319 
— 2098 

C=C 
C=N +105 
C=0 
N=N 
N=O 
C=C 
CEN 

+30) 

+h! 

+23 
+22 
+ li) 

+10 

obserxed magnetic moment may be considered to arise only from unpaired 
spins. The spir-onh magnetic moment yt, may be written 

M, = y45(5 4 1) Hy 

The magnetic moment p {measured in Bohr magnetons BM} 1s related to 
the number of unpaired spins a by the equation 

ity = ynín Tt 2) Hn 

The spin only. results are shown in Table 188 The simple spin-only 
formula gi«es good agreement with many /ughi-spin complexes of first row 
trinsitian metals shown in Table 18 9 

Table 18.8 Spin onb magnetic moments for numbers of unpaired electrons 
————— —————— Á——— ny yp 

Sumber of unpre 
electrons H 

R—— ————————————Á———À———— o AIME MIU D CUN 

Jy he 4 14 ee 

Sigeneti. moment 
Hy (B^1) 

"1.73 
IKI 
AMI 
440 
S42 

Total spin 
quantum number 

1/2 
2/3 
A 
4/2 
4/2 

gg a a a ig a i oY 
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Table 18.9 Magnetic moments of some first row complexes 

Ion Number of Experimental Calculated magnetic 
unpaired magnetic moment spin only 

electrons moment (BM) formula us (BM) 

Ti? l 1.7-1.8 1:73 

v3* 2 2.8-3.1 2.83 

Ww 3 3.7-3.9 3.87 

Cr^*, Mn'* 4 4.8—4.9 4.90 
Mn^*, Fe'* 5 5.7—6.0 5.92 
Fe^* 4 5.0-5.6 4.90 

Co?* 3 4.3-5.2 3.87 
Ni** 2 2.9—3.9. 2.83 
Cu** 1 1.9-2.1 1.73 
E a i a te SS HP Ss SS SES 

An example 

This is best explained by an example. Magnetic measurements on 
CuSO,:5H2O at 293K using a Gouy balance gave a value x, = 1.70 x 
1077. The molecular weight is 250.18, so the molar mass M is 0.250 kg 
mol^!. The density D is 2.22gcm ? — 2.29 x 10°kgm7>. The value for 
XM (not corrected for diamagnetic effects) is: 

_ 1.70 x 107^ x 0.250 kg mol! 
2.29 x 10h kgm ̂ ? 

The diamagnetic correction is obtained by adding together the contribu- 
tions from each of the constituent ions and molecules given in Table 18.7: 

IXM — 1.858 x 10^8 mol"! m? 

Cu?* —161 x 10-? 
SOi^ —503 x 10-? 
3H;0 5x(-163x1077)- -—815 x 107"? 

Xdiamagnetic —1479 X lg 

or —0.148 x 1078 

The corrected value for x; is thus: 

(1.856 -- 0.148) x 107* mol"! m? — 2.004 x 1075 mol"! m? 
Using equation (18.1) the true magnetic moment in Bohr magnetons is: 

u 
"m — 797.5y2.004 x 1075 x 293 

B 

== ].93 Bohr magnetons 
Assuming the spin-only formula 

= Yn(n + 2).up 
Ifn= Ínz] u = yl(1 * 2).ug — 1.73 BM 
T 2+ hus Cu^* in CuSO,- 5H,O has one unpaired electron 
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Though the agreement for first row transition metal complexes given in 
Table 18 9 is generally very good, in some cases, for example Co!*, the 
observed value for p i5 higher than calculated by the spin-only formula 
Thus suggests that there is also an orbital contribution. To hase an orbital 
angular moment it must be possible to transform an arbital into. an 
equivalent (degenerate) orbital by rotation. It is possible to transform the 
t4, orbitals (d,,, d,, and d,.) mto each other by rotating 90° It ts not 
possible to transform the e, orbitals in this way (e g the d, .,> into the 
d,), sce they have different shapes If the f orbitals are all singly 
occupied, then it 1s not possible to transform the d,, into d,, or d, since 

they already contain an electron with the same spin Similarly it is not 
possible to transform the f»; orbitals if they are all doubly occupied Thus 
configurations with (tay)! or (t,)° have no orbital contribution, but the 
others al! have an orbital contribution Thus in octahedral complexes the 
following arrangements have an orbital contribution 

TALAY (t3. Y (e, )" (t2, (e, (t3, Ce,Y 

Co^* has the (15,)" (e)? configuration hence the high value of jt 1s due to 
the orbital contribution. In a similar way an orbital contribution arises in 
tetrahedral cases with the following configurations 

(0702 (ey Cet) G* (2 
In the second and third row transition elements, and particularly in the 

lanthamide elements (where unpaired electrons occupy 4f orbitals} the 
orbital motion ts not prevented or quenched Thus the orbital contribution 
L must be included in the calculations In some cases there 1s coupling 
between the spin contribution 5 and the orbital contribution E (spin orbit 
coupling, or Russell -Saunders coupling) to ge a new quantum number 
J In this case a more complicated formula ts used This 1s described in 
Chapter 29 The equations are 

p-pgyJ(CJ 0 1) np 

where 

214207 1) — L(L - 1) + JOS 4+ 1) 

5 2J(J 4 1) 
Rearranging this becomes 

$$ D) - L(L 0 = li + — 
s= l 2/(] * 1) 

Using this equation the agreement between the observed and the 
calculated magnetic moments of the trivalent lanthanide elements ts very 
close For further details sce Chapter 29 Spin orbit coupling pres nse to 
fine structure in absorption spectra It splits the degenerate lower levels 
into a set of different levels These levels may be populated by using 
thermal energy, giving rise to a temperature dependent magnetic moment 

Pierre Curie found that the measured magnetic susceptibility ya, for 
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paramagnetic materials varied with temperature. He put forward the Curie 

law that the paramagnetic susceptibility x, varies inversely with the 

absolute temperature, and 

C 
XM = op 

where C is a constant characteristic for the particular substance, called the 

Curie constant. Thus the magnetic field tends to align the moments of the 

paramagnetic atoms or ions, and thermal agitation tends to randomize 

them. Applying a statistical treatment: 

|J po(N? p^) (3k) 
ET T 

Thus the magnetic moment in Bohr magnetons is given by: 

: - VGk/N*ylug Vx. T 
B 

hence 

z - 797.5 yxu. T 
B 

The Curie law is obeyed with great accuracy by some systems such as 
[FeF,]*~ However, many paramagnetic materials deviate slightly from 
this ideal behaviour, and obey the Curie- Weiss law: 

C 
= = . * . XM T46 and u = 797.5yxw.(T * 0). upg 

(8 is called the Weiss constant and is an empirical quantity.) 

t 

CATALYTIC PROPERTIES 

Many transition metals and their compounds have catalytic properties. 
Some of the more important ones are listed here: 

TICl, Used as the Ziegler-Natta catalyst in the production of 
polythene. 

V20; Converts SO, to SO, in the Contact process for making 
H5S0,. 

MnO, Used as a catalyst to decompose KCIO; to give Op. 
Fe Promoted iron is used in the Haber-Bosch process for 

making NH3. 
FeCl, Used in the production of CCl, from CS, and Cl. 
FeSO, i i and H20, Used as Fenton’s reagent for oxidizing alcohols to aldehydes. 
PdC], Wacker process for converting CH4 + H-O + PdCl to 

CH3;CHO + 2HCI + Pd. 
Used for hydrogenation (e.g. phenol to cyclohexanone). 
Adams catalyst, used for reductions. 

Pd 

PUPtO 

671 
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Pt Formerly used for SO, -> 50; in the Contact process for 
makıng H.SO; 

Pt Is increasingly being used in three stage convertors for 
cleaning car exhaust fumes 

Pt/Rh Formerly used in the Ostwald process for making HNO; fo 
oxidize NH, to NO 

Cu Is used in the direct process for manufacture of (CH;),SiCl2 
used [o make silicones 

Cu/V Oxidation of cyclohexanol/cyciohexanone mixtures to adipic 
acid which 1s used to make nylon 66 

CuCl, Deacon process of making Cl, from HCI 
Ni Raney nickel numerous reduction. processes (eg. manu 

facture of hexamethylenedramine production of H, from 
NH, reducing anthraquinone to anthraquinol in the produc 
tion of H,O;) 

NI Reppe synthesis (polymerization of alkynes eg to give 
complexes benzene or cyclooctatetraene) 

In some cases the transition metals with their variable valency may form 
unstable intermediate compounds. In other cases the transition metal 
provides a suitable reaction surface 

Enzymes are citalysts that enhance the rates of specific reactions They 
are protems and are produced by living cells from amino acids They work 
under muld conditions often give 100% yields and may speed a reaction by 
[0° or 10'* umes Some enzymes require the presence of meta! tonè as 
cofactors and these are called metalloenzymes Many (but not all) metallo 
enzymes contain a transition metal Some metalloenzymes are listed 10 
Tabie 18 10 

NONSTOICHIOMETRY 

$. Sus Sce e OR Nee amistoso eres ors Sine fpey sommetommies S07 

nonstoichiometric compounds These are compounds of indefinite struc 
ture and proportions For example. ion(ID) oxide FeO should be written 
with a bar over the formula FeO to indicate that the ratio of Fe and O 
atoms is not exactly 1 1 Analysis shows that the formula varies between 
Fe; 440 and Fe, 440  Vanadium and selenium form a series of compounds 
ranging from VSeuy, to VSe, These are given the formulae 

VSe  (VSe, » —> VSe, >} 

V.Se, (V Se, + > VSe, () 

VSe, (VSe, 6 7* VSes) 

Nonstorchiometry 1s shown particularly among transition metal com 
pounds of the Group 16 elements (O S Se Te) It is mostly due to the 
variable valencv of transition elements. For example copper is precipitated 
from a solution contaiming Cu^*. by passing in. HsS. The. sulphide. !5 
completely insoluble but this 1s not used as a cravimetric method for 



Table 18.10 Metalloenzymes and metalloproteins (metalloproteins in brackets) 
— ———————  Á— ————————ÁÁ—————2
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Metal Enzyme/metalloprotein Biological function 
uri c mta scan inique iiim und q Diei 

a ee 

Mo Xanthine oxidase 

Nitrate reductase 

Arginase 
Phosphotransferases 

Aldehyde oxidase 
Catalase 
Peroxidase 
Cytochromes 
Ferredoxin 
(Haemoglobin) 
Succinic dehydrogenase 

FeandMo Nitrogenase 

Co Glutamic mutase 
Ribonucleotide reductase 

Cu'or Cu! Amine oxidases 
Ascorbate oxidase 

Cytochrome oxidase 
Galactose oxidase 
Lysine oxidase 
Dopamine hydroxylase 

Tyrosinase 
Ceruloplasmin 
(Haemocyanin) 
Plastocyanin 

Zn! Alcohol dehydrogenase 
Alkaline phosphatase 
Carbonic anhydrase 
Carboxypeptidase 

Metabolism of purines 
Utilization of nitrates 

Urea formation 
Adding or removing POJ 
Oxidation of aldehydes 
Decomposes H202 
Decomposes H20, 
Electron transfer 
Photosynthesis 
O; transport in higher animals 
Aerobic oxidation of carbohydrates 

Fixation of dinitrogen 

Metabolism of amino acids 
Biosynthesis of DNA 

Oxidation of amines 
Oxidation of ascorbic acid 
Principal terminal oxidase 
Oxidation of galactose 
Elasticity of aortic walls 
Producing noradrenaline to generate 

nerve impulses tn the brain 
Skin pigmentation I 
Utilization of Fe. 
O; transport in invertebrates 
Photosynthesis 

Metabolism of alcohol 
Releasing POj^ 
Regulation of pH and CO; formation 
Digestion of proteins 

analysing for Cu because the precipitate is a mixture of CuS and CuS. 
Sometimes nonstoichiometry is caused by defects in the solid structures. 

ABUNDANCE 
à 

Three of the transition metals are very abundant in the earth's crust. Fe i5 
the fourth most abundant element by weight, Ti the ninth and Mn the 
twelfth. The first row of transition elements largely follow Harkins' rule 
that elements with an even atomic number are in general more abundant 
than their neighbours with odd atomic numbers. Manganese is an 
exception. The second and third row elements are much less abundant than 
the first row. Tc does not occur in nature. Of the last six elements in the 
second and third rows (Tc, Ru, Rh, Pd, Ag. Cd; Re, Os, Ir, Pt, Au, Hg) none Occurs to an extent of more than 0.16 parts per million (ppm) in the 
earth's crust. 
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Table 18.11 Abundance of the transition elements in the earth's crust. in ppm by 
weight 
gg a ES 

Sc Ti Y Cr Mn re Ca NI Cu Zn 

25 6320 136 122 1060 60000 29 99 GK 76 

Y Zt Nh Mo Te Ru Rh Pd Ag Cd 
3i 162 20 12 — 00000 00001 0015 DDS jb 

La Hf Ta W Re Os Ir Pt Au Hg 

35 28 17 12 00097 0005 1 ON] 001] 00041 ODS 

DIFFERENCES BETWEEN THE FIRST ROW AND THE OTHER 
TWO ROWS 

Metal—metal bonding and cluster compounds 

Metal—metal (M-M) bonding occurs not only in the metals themselscs 
but also in some compounds M-M bonding is quite rare in the first row 
transition elements It occurs Only in a few carbonyl compounds such as 
Mn2(CO) 4), Fe:(CO),, Cos(CO),. Fe CO); and Co4,( CO); and in car- 

boxylate complexes such as chromium(1I) acetate Cr.(CH4COOJ4,(HSQ)« 

and in solid nickel dimethvlglyoxime 
in the second and third row elements M-M bonds are much more 

common 

|] They form carbonyls with M-M bonds similar to those from the first 
row such as Ru,(CO),+. Os,(CO),., Rhy(CO),+ and Ir,(CO), 4nd a 
type not formed by the first row Rha(CO)in 

2 The metals Mo, Ru and Rh form binuclear carboxylate complexes such 
as Mo.fCH,COQO},(H,0), which are semular to chromium(1]) acetate 

3 The halide tons [Re2Cl,J*~ and [Mo,Cl,]’ also hase M-M bonds 
4 The lower halides of several elements have a group of three or six metal 

atoms bonded together and are called cluster compounds The elements 
are 

Nb Mo 

Ta W Re 

(Nb«Ch;]?* and [TaT m have unusual structures. Both contain sx 
metal atoms arranged in a cluster at the corners of an octahedron, with 
12 bridging hatagen'atoms across the corners. There is extensive M-M 
banding within the octahedron. The so-called 'dihalides' of Mo and W 
are really Mo,Cl;; and WsBri;, and these contam the [MX] t (on 
This too has a remarkable structure Six metal atoms are arranged n a 
cluster at the corners of an octahedron, with eight halogen atoms 
located above each of the eight faces of the octahedron and ‘bonded’ to 
three metal atoms ReCh is really trimeric Rewh,. and comprises a 

triangle of three Re atoms with three bridging halogen atoms across the 
three corners, and six halogen atoms that bridge to other Re,Cl, unis 
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THE FIRST ROW AND THE OTHER TWO ROWS 
MM 

Stability of oxidation states 

The (+H) and (+I) states are important for all the first row transition 

clements. Simple ions M^* and M^* are common with the first row but are 

less important for second and third row elements, which have few ionic 

compounds. Similarly the first row form a large number of extremely Stable 

complexes such as [Cr' CL] ̂ and [Co (NH; *. No equivalent 

complexes of Mo or W, or Rh or Ir, are known. 

The higher oxidation states of the second and third row elements are 

more important and much more stable than those of the first row elements. 

Thus the chromate ion [CrO,]*~ is a strong oxidizing agent but molybdate 
[MoO,}-~ and tungstate [WO] are stable. Similarly the permanganate 

ion [MnO,]' is a strong oxidizing agent but pertechnate [TcO,]^ and 

perrhenate [ReO,;] ions are stable. 
Some compounds exist in high oxidation states which have no counter- 

parts in the first row. for example WCl,. ReF;. RuO,;. OsO, and PtF,. 

Complexes 

The coordination number 6 is widespread in the transition elements, giving 
an octahedral structure. The coordination number 4 is much less common, 
giving tetrahedral and square planar complexes. Coordination numbers of 
7 and 8 arc uncommon for the first row but are much more common in the 
early members of the second and third rows. Thus in Nai[ZrF;| the 
[ZrF;|"" is a pentagonal bipyramid. and in (NH4)4|ZrF;] it is a capped 
trigonal prism. In Cu2[ZrF,] the Zr is at the centre of a square antiprism. 

i 

Size 

The second row elements are all larger than the first row elements. 
Because of the lanthanide contraction the radii of the third row are almost 
the same as those for the second row. 

Magnetism 

When transition elements form octahedral complexes, the d levels are split 
into 7», and e, sub-levels. Consider a first row element. If the ligands 
possess a strong field they cause a large difference in energy between these 
(wo sub-levels. Thus the electrons occupving the d level fill the lower {rp 
level even if this means they must be paired. Jf pairing of electrons occurs, 
the complex is called low spin or spin paired. Alternatively if the ligands 
have only a weak field the splitting is small, and only when each of the fap 
and e, levels contains one electron does pairing of spins occur. Such 
complexes are called high spin or spin free. Thus with a first row element 
t > li i he strength of the ligand field determines whether a low-spin or a high- 
"Pin complex is formed. 

The second and third row transition elements tend to give low-spin 
Complexes, (8 UIS IU Is more favourable in terms of energy to pair electrons 

a aaa 
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in the lower energy d levels rather than use the higher levels regardless of 
the hgand 

The spin only formula gives reasonable agreement relating the observed 

magnetic moment of first row transition metal complexes to the number of 
unpaired electrons For the second and third row transition elements the 
orbital contribution ts significant and in addition spin orbit coupling may 
occur Thus the spin only approximation is no longer valid and more 
complicated equations must be used Thus the simple interpretation of 
magnetic moments in terms of the number of unpaired electrons cannot be 
extended from the first row of transition elements to the second and third 
rows The second and third rows also show extensive temperature 
dependent paramagnetism This is explained by the spin orbit couphng 
removing the degeneracy from the lowest energy level in the ground state 

Abundance 

The ten first row transition elements are reasonably common and make up 
6 79% of the earths crust The remaining transition elements are mostly 
very scarce Even though the abundance of Zris 162 ppm La31 ppm Y 31 
ppm and Nb 20 ppm the 20 elements in the second and third rows 
elements together make up only 0 025% of the earth s crust Te does not 
occur in nature 
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PROBLEMS 

l. How would you define a transition element? List the properties 
associated with transition elements. 

2. How do the following properties vary in the transition elements: 
(a) ionic character 
(b) basic properties 
(c) stability of the various oxidation states 
(d) ability to form complexes? 

3. Give examples of, and suggest reasons for, the following features of 
transition metal chemistry: 
(a) The lowest oxide of a transition metal is basic whereas the highest 

oxide is usually acidic. 
(b) A transition metal usually exhibits higher oxidation states in its 

fluorides than in its iodides. 
(c) The halides become more covalent with increasing oxidation state 

of the metal and are more susceptible to hydrolysis. 

4. Write notes on the following: 
(a) The effective atomic number rule 
(b) Ligands which stabilize low oxidation states 
(c) Back bonding in metal carbonyls 

- Describe the methods by which extremely pure samples of the metals 
may be prepared. 

: 2 - 6. Which of the M** and M?* ions of the first row transition elements are 
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10 

stable in aqueous solution, which are oxidizing and which are 
reducmnp? 

Explain why certain ltgands such as F^ tend to bring out the maximum 
oxidation state of an element, whilst others such as CO and dipyndyl 
bung out the lowest oxidation states 

Give reasons why carbonyl and cyanide complexes of the later 
transition elements Cr, Mn, Fe, Co, Nt are more stable, more 
common, and more likely to exist than similar compounds of the 
s block or early transition elements 

Why do the second and third rows of transition elements resemble 
each other much more closely than they resemble the first row? 

What do you understand by the terms paramagnetism and dia- 
magnetism? Predict the magnetic moment for octahedral complexes of 
Fe** with strong field ligands and with weak field ligands 



Group 3 — 

the scandium group 

Table 19.1 Electronic structures and oxidation states 
pa RR tnit Ei c —————————————ÀÀ 

Element Electronic structure Oxidation states 

Scandium Sc [Ar] 3d! 4s IIl 
Yttrium Y [Kr] 4d' 5s7 i" 
Lanthanum La [Xe] 5d! 65° II 
Actinium Ac [Rn] 6d! 7s In 

INTRODUCTION 

These four elements are sometimes grouped with the 14 lanthanides and 

called collectively the ‘rare earths’. This is a misnomer because the 
scandium group are d-block elements and the lanthanides are f-blogk 
clements. In addition the scandium group is by no means rare, except fdr 
actinium which is radioactive. The trends in properties in the family Sc, Y. 
La and Ac are quite regular, and similar to the trends in Groups 1 and 2. 
There are few important industrial uses of the elements or their 
compounds apart from Mischmetal, which is used in the metallurgical 
industries. 

OCCURRENCE, SEPARATION, EXTRACTION AND USES | 

Sc is the thirty-first most abundant element by weight in the earth's crust. 
It is thinly distributed. It occurs as tne rather rare mineral thortveitite 
SC31:0;]. It is available as a by-product from the extraction of U. There is 
very little use for Sc or its compounds. 

Y and La are the twenty-ninth and twenty-eighth most abundant 
clements. They are found together with the lanthanide elements in 

bastnaesite M''CO,F. monazite M''PO, and other minerals. It is 
LL to "We the individual elements. This is covered in 

E po apter 29. It is also difficult to extract the metals from their 
oer e metals are electropositive and react with water. Their 

are very stable so that a thermite reaction cannot be used (Al;O4 

continued overleaf 
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Table 19.2 Abundance of the elements in the 
earth s crust. by weight 

ppm Relative abundance 

Sc 25 3l 
Y 3l 29 
La 35 28 
Ac trace 

enthalpy of formation 1675 kJ mol~*, La,O, enthalpy of formation 1884kJ 
mol 2) The metals can be obtamed by reduction of the chlondes or 
fluorides with calcium at 1000°C, under an atmosphere of argon 

Small amounts of Y are used to make the red phosphor for TV tubes 
Some ts used to make synthetic garnets used in radar and as gemstones In 
contrast about 5000 tonnes of La 1s produced annually, mostly as 
Mischmetal This 1s an unseparated mixture of La and the lanthantde 
metals (50% Ce 40% La, 7% Fe, 3% other metals) It 1s used extensively 
to improve the strength and workability of steel, and also 1n Mg alloys 
Small amounts are used as 'hghter flints' La;Os is used in optical glass Such 
as Crooke's lenses, which give protection against UV hight 

Traces of Ac are always found associated with U and Th. as it is formed 
as a decay product in both the thorium and actinium natural radioactive 
decay series (Chapter 31) 

4 g + B 3 

“goth > “prRa— AC 

1577. 23 Boo a 22 D 22 
*U — ̂ w Th — "jPa — Ac aTh 

Ac can be made by trradiating Ra with neutrons in a nuclear reactor 

7 B 
HORA c ia Ra ^c 

At best this produces milligram quantities separation from other elements 
is performed by ion exchange. RAC and MAc are the only naturally 
occurring isotopes, and both are intensely radioactive The half hves of 
wAC and “RAC are 6 hours and 21 8 years respectively Thus aftY Ac 
present when the earth was formed will have long since decayed ANY 
found now must have been produced fairly recently by radioactive dec of 
another element This explaims the scarcity of naturally occurring AG. The 
high activity has limited the study of the chemistry of the element 

OXIDATION STATE 

The elements always exist in the oxidation state (--HIII) and occur a5 M" 
tons The formation of M^* requires the removal of the two s and One 
electron Thus the ions have a d" cophguration. and d-d spectí?. afe 
unpossible As a result the rons and their compounds are colourless an 
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diamagnetic. The sum of the first three ionization energies for scandium is 

a little less than the sum for aluminium. The properties of scandium are 

similar in some ways to those of aluminium. 

SIZE 

Thé covalent and ionic radii of the elements increase regularly on 

descending the group as in the s-block. In the groups of transition ele- 

ments shown in Table 19.3 the second and third row elements are almost 

identical in size because of the lanthanide contraction. However, this 

happens after La. 

Table 19.3 Some physical properties 
em E A A A t 

Element Covalent [onic Ionization Standard Melting  Pauling's 
radius radius energies electrode point electro- 

M'* (kJ mol!) potential negativity 

(A) (A) Ist 2nd 3rd  E*(V) (°C) 

SC 1.44 0.745 631 1235 2393  -2.08 1539 1.3 
Y ].62 0.900 616 1187 1968  -2.37 1530 1.2 
La 1.69 1.032 541 1100 1852 ~2.52 920 ].1 
Ac 1.17 —2.6 817 1.1 

CHEMICAL PROPERTIES 

The metals have moderately high standard electrode potentials. They are 
quite reactive, and reactivity increases with increased size. They tarnish in 
air and burn in dioxygen, giving oxides M.O3. Y forms a protective oxide 
coating in air, which makes it unreactive. 

2La + 30> e» 2La,04 

The metals react slowly with cold water, but more rapidly with hot water, 
liberating hydrogen and forming either the basic oxide or the hydroxide. 

2La + 6H,O — 2La(OH); F JH» 

La(OH), — LaO- OH 4- H;O 
basic oxide 

ig appears not to exist as a definite compound, but the basic oxide 
- Pd Js well established, and is amphoteric like AI(OH),. Since 
andium is amphoteric, it dissolves in NaOH, liberating H3: 

Sc + 3NaOH + 3H20 — Nai[Sc(OH),] + 14H, 
Basi ur “an of the oxides and hydroxides increase on descending the 
ux oe and La(OH), are basic. Thus the oxides and 
carbon dioxide: Salis with acids, and Y(OH), and La(OH), react with 
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2Y(OH), + 3CO.— Y3(CO,), + 3H20 

La( OH), i5 a strong enough base to liberate NH4 from ammonium salts 

Because the oxides (and hyvdroxides) are either amphoteric or weak bases, 
their oxosalts can be decomposed to oxides by heating. This is similar to 
the behaviour of Group 2 elements. but the decomposition occurs more 
easily, 1 & at a lower temperature 

heal 2¥(OH), 25 Y,0, + 3H30 
YXCO44 —o YO, t 3CO, 

2Y(NO4,), — Y-0, + ONO, + 150, 

Y3(SO,); > Y20,; + 380) + 150, 

The metals react with the halogens. forming trihaltdes MX, These 
resemble the halides of Ca The fluorides are insoluble (like CaF.) and the 
other halides are deliquescent and very soluble (hke CaCl.) | the 
chlorides are prepared in solution, they crystallize as hydrated salts 
Heating these hydrated salts does not yield anhydrous halides On heating 
ScCl,(H20); decomposes to the oxide, whilst the others give oxghalides 

28cCl, (H30); "> Sco0; + 6HCI + 4HLO 
YCh (H:O) -— YOCI 4 2HCI 4 6H.0 

LaCt, (H0), — LaOCI 4 2HCI - 6H.O 

Anhydrous chiorides can be made from the oxides with NH,C! 

Sc,0, + 6NH,CI] ~——> 25cCh, + 6NH, + 3H,O 
Anhydrous ScCl, differs from AlCl, as ScCl, ts monomene whilst (AICI); 
15 dimeric In additton ScCl, shows no Friedel—Crafts catalytic properties 

The salts generally resemble those of calcrum. and the fluorides, 
carbonates, phosphates and oxalates are insoluble 

The elements all react with hydrogen on heating to 300°C, forming 
highly conducting compounds of formula MH, These do not contam M**, 
but probably contain M** and 2H^, and have the extra electron in a 
conduction band Except for Se they can absorb more H> and lose their 
conducting power, farming compounds which are not quite stoichiometric 
but approach the composition MH, The exact composition depends on the 
temperature and the pressure of the hydrogen. The hydndes react with 

water, liberaung hydrogen, and are salt-luke (ionic) hydrides contarning the 

hydride 10n H7 
Scandium forms a carbide ScC; when the oxide is heated with carbon in 

an eiectric furnace The carbide reacts with. water, liberating ethyne 

ScO  - C 5 28cC; 5 CGH + ScO OH 
At one time the carbide was thought to contain Sc(--1I) and to contarm 

Sc* and (CC): Magnetic measurements supgest that 1t contains Sc 
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‘ons and C27 ions and the free electrons are delocalized into a conduction 

band. thus giving some metallic conduction. 

COMPLEXES 

Despite the charge of +3. the metal ions in this group do not have a strong 

tendency to form complexes. This is because of their fairly large size. Sc* 

is the smallest ion in the group and forms complexes more readily than the 

other elements. These include [Sc(OH),]*~ and [ScF,]°~, both of which 

have a coordination number of 6 and are octahedral in shape. 

ScF, 4 3NH,F — 3NHf 4 [ScF4] ̂ 

By far the most common donor atom in complexes is O, and complexes 

occur particularly with chelating ligands. Thus complexes are formed with 
strong complexing agents such as oxalic acid, citric acid, acetylacetone and 
EDTA. The complexes of the larger metals Y and La often have higher 
coordination numbers than 6, and coordination number 8 is the most 
common. Thus [Sc(acetylacetone);] has a coordination number of 6 and is 
octahedral. Y(acetylacetone);( H5O)] has a coordination number of 7 and 
the structure is a capped trigonal prism. In [La(acetylacetone); - (H5O);] 
the coordination number is 8 and the structure is a distorted square 
antiprism. In [La: EDTA: (H2O)s}-3H20 the EDTA forms four bonds 
from O atoms and two from N atoms, and the O atoms in the four water 
molecules all form bonds to La, giving a coordination number of 10. The 
ions NOx and SOF” also act as bidentate ligands and form complexes with 
high coordination numbers. In [Sc(NO});}7 7 four NO3 groups are 
bidentate and one is unidentate giving a coordination number of 9. In 
[Y(NO3);]*~ all five NOZ groups are bidentate and the coordination 
number is 10. In Las(SO,;)4- 9H50 half of the La atoms are 12-coordinate. 

Lanthanum salts have been used as a biological tracer. La^* appears to 
replace Ca~* in the conduction of nerve impulses along the axons of nerve 
cells, and also in structure promoting in cell membranes. La?* is readily 
detected by electron spin resonance. The similarity in biological role may 
arise because the ions are similar in size (La?* — 1.032 À, Ca?* — 1.00 A). 

FURTHER READING 

Callow, R.J . (1967) The Industrial Chemistry of the Lanthanons, Yttrium, Thorium 
and Uranium, Pergamon Press, New York. 

Horovitz, C.T. fed.) (1975) Scandium: Its Occurrence, Chemistry, Physics, d Metallurgy, Biology and Technology, Academic Press, London. 
elson, G.A. and Stotz, R. W. (1971) The coordination chemistry of scandium, 

" Coordination Chem. Rev.. 7, 133. 
LL RC (1973) Comprehensive Inorganic Chemistry, Vol. 3 (Chapter 31: 

candium, yttrium, lanthanum), Pergamon Press, Oxford. 
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Group 4 — 

the titanium group 

Table 20 1. Electromc structures and oudation states 

Liement Electronic strueture Oxidation states" 

mi M s e WI i s e RI WR WR T Ie Hm 

Titanium Ti [Ar] 3d. de (-D (p m Iv 
Zirconium Zr fhri dd 45 4 (11) (I0) IV 

Hafnirum HE (Kel 46 Sa" Gs (II) (I1) IV 
EM U MEME. Ma a a -— a a Rs n 

* The tnost important oxidation states (generally the most abundant and stable) are 
shown 1n bold. Othcr well characterized but less important states are shown in 
normal type Oxidation. states. that. are. unstable or i doubt are givefl 1N 
parentheses 

INTRODUCTION 

Titanium ts a commercially important element Vast quantities of TjO; are 
used as a pigment and filler. and Ti metal is important for its strength. [ow 
density and corrosion resistance TCh, is important as a Ziegler-Natta 
catalyst for mahing polythene and other polymers Zarcomum is used to 
make the cladding for fuel rods in water cooled nuclear reactors. Hafnium 
i$ used 10 make control rods for certain reactors 

OCCURRENCE AND ABUNDANCE 

Th 15 the ninth most abundant element by weight in the earth's crust The 
mun ores are ilmenite FeTiO, and rutile TiO, In 1992 world production 
was 7 8 million tonnes of mente and 471000 tonnes of rutile These pada 
TiO; content of 4 1 million tonnes. The maim producers are Canada 27%, 
Australia 24% and Norway 9% Zr is the eighteenth most abundant 
element and 1s found mainly as zircon ZrS:0, and small amounts of 
baddeleytte ZrO, World production of zirconium minerals was 808000 
tonnes in 1992 Hf 1s very similar in size and properties to Zr because of 
the Janthamde contraction Thus Hf occurs to the extent of 1-2% m Zr 
ores It is particularly difficult to sep iate Zr and Hf — even more difficult 
than separating the lanthanides 



EXTRACTION AND USES 

Table 20.2 Abundance of the elements in the 

earth's crust, by weight 

ppm Relative abundance 

Ti 6320 9 

Zr 162 18 
Hf 2.8 45 

EXTRACTION AND USES 

Ti has been called ‘the wonder metal’ because of its unique and useful 

properties. It is very hard, high melting (1667 °C) and is stronger and much 

lighter than steel (densities Ti = 4.4gcm ^, Fe — 7.87 gcm 7). However, 
even traces of non-metal impurities, for example H, C, N or O, make Ti, 
and also the other two metals Zr and Hf, brittle. Ti has better corrosion 
resistance than stainless steel. It is a better conductor of heat and electricity 
than Group 3 (Sc group) metals. Ti metal and alloys of Ti with Al are used 
extensively in the aircraft industry in jet and gas turbine engines, and in 
airframes. Supersonic aircraft like Concorde can use Al as the structural 

Table 20.3 Some physical properties 

Element Covalent Ionic Melting Boiling Density Pauling’s 
radius radius point point electro- 

ST negativity 
(À) (A) (°C) (°C) (gcm~) 

Ti 1.32 0.605 1667 3285 4.50 1.5 
Zr 1.45 0.72 1857 4200 6.51 1.4 
Hf 1.44 0.71 2222 4450 13.28 1.3 
ry hm ee Oe 

skin (m.p. 660°C) by limiting the speed to Mach 2.2 (2.2 times the speed of 
sound). If and when SST (supersonic transport) planes are made which fly 
at three times the speed of sound, it is probable that they will be made of Ti 
(m.p. 1667°C). Ti is also used in marine equipment and in chemical plant. 
Small amounts of Ti alloyed with steel harden and toughen the steel. 
World production of Ti metal is almost 50000 tonnes per year. 
The metal is difficult to extract because of its high melting point and 

because it reacts readily with air, dioxygen, dinitrogen, and hydrogen at 
elevated temperatures. The oxide cannot be reduced by C or CO because it 
forms carbides. Since TiO, is very stable, the first stage is to form TiCl, by 
heating it with C and Ci, at 900°C, 

TiCl, is a liquid (b.p. 137°C) and is removed from FeCl; and other 
Impurities by distillation. One of the following methods is then used. 

continued overleaf 
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Kroll process 

Originally Wilhelm Kroll produced Ti by reducing TiCly with Ca tn an 
electric furnace Later Mg was used and Impertal Metal Industries (IMI) 
use Nainstead At this temperature Ti 1s highly reactive and reacts readily 
with amr or N; Itis therefore necessary to perfacm the reaction under an 
atmosphere of argon 

TIC, -- 2Mg—— 5 Ti 4- 2MgCl; 
The MgCl; formed can be removed by leaching with water, or better with 
dilute HCI as this dissolves any excess Mg Alternatively the MgCl; us 
removed by vacuum distillation Thts leaves a sponge of Ti rather than a 
sohd block The Ti ts converted to the masstve form by melting in an 
electric arc under a high vacuum or an atmosphere of argon The IMI 
process 1$ almost the same TiCl, i5 reduced by Na under an atmosphere of 
argon, and NaCl ts leached out with water The Ti is in the form of small 
granules These can be fabricated into metal parts using ‘powder forming 
techniques and sintering in an inert atmosphere The high fuel costs, the 
necessity to use argon, the cost of Mg or Na, and the need to reheat 2 
second time all make Ti expensive The high cost prevents its being more 
widely used Zircomum i5 also produced by the Kroll process 

The van Arkel—de Boer method 

Small amounts of very pure metal can be produced by this process Impure 
Ti of Zr are heated in an evacuated vessel with I, Til, or Zr is formed 

and volanlizes (thus separating it from any impurities) At atmospheric 
pressure Til, melts at 150°C and boils at 377°C, Zrl, melts at 499°C and 
boils at 600°C Under reduced pressure however the boiling pornts are 
lower The gaseous MI, is decomposed on a white hot tungsten filament 
As more metal is depasited an the filament ut conducts electricity better 
Thus more electric current must be passed to Keep it white hot 

50~ 250°C I4] "C 
impure Ti t 2]; ——————9 Til,-———5 Ti -- 21; 

lunpstren 

hlument 

Zr 1s produced on a much smaller scale than T1. Zr is everi more corroston 
resistant than 15 Ti, and i5 used in chemical plants. Its most important use i$ 
to make the cladding (that is the casing) for UO, fuel in water cooled 
nuclear reactors Its corrosion resistance, high melting point (1857 °C} and 
low absorption of neutrons make it very suitable (Of the metallic elements 
only Be and Mg have lower neutron absorption cross sections than Zr 
They are unsuitable for use as cladding as Be 15 brittle and Mg corrodes (00 
easily ) Hf always occurs with Zr Their chemical properties are almost 
identical, and for most purposes there 1s no need to separate them How 
ever, Hf absorbs neutrons very strongly, and Zr used for cladding must be 

free from Hf 

The similarity in size of the tans makes separation exceedingly difficult 



ie) 
The same problem is encountered in separating the lanthanide elements 

(see Chapter 29). Zr and Hf are separated by solvent extraction of their 

nitrates into tri-n-butyl phosphate or thiocyanates into methylisobutyl 

ketone. Alternatively the elements can be separated by ion exchange of an 

alcoholic solution of the tetrachlorides on silica gel columns. On eluting the 

column with an alcohol/HCl mixture, the Zr comes off first. 

Zr is also used to make alloys with steel. and a Zr/Nb alloy is an 

important superconductor. The very high absorption of thermal neutrons 
by Hf is turned to good use. Hf is used to make control rods for regulating 

the free neutron levels in the nuclear reactors used in submarines. 

OXIDATION STATES 

The most common and most stable oxidation state for all the elements 
is (+IV). Anhydrous compounds such as TiCl, are covalent and the 
molecules are tetrahedral in the gaseous state. Most of the halides retain 
their tetrahedral structure in the solid. TiF, has the largest electro- 
negativity difference and is the most likely compound to be ionic. It is a 
volatile white powder, which sublimes at 284 °C — not behaviour typical of 
an Ionic salt. Its crystal structure is a polymeric F bridged structure in 
which each Ti is octahedrally surrounded by six F atoms. 

In the oxidation state (-HIV) the elements have a d", configuration with 
no unpaired electrons: hence their compounds are typically white or 
colourless and diamagnetic. 

Ti** ions do not exist in solution.but oxoions are formed instead. The 
titanyl ion TiO?* is found in solution but it usually polymerizes in 
crystalline salts. 

The oxidation state (+III) is reducing, and Ti^* ions are more strongly 
reducing than Sn^*. They are reasonably stable, and exist as solids and in 
solution. Since the M** ions have a d’ configuration they have, one 
unpaired electron and are paramagnetic. The magnetic moments of their 
compounds are close to the spin only value of 1.73 Bohr magnetons. With 
only one d electron, there is only one possible d-d electronic transition: 
hence there is only one band in the visible spectrum, and nearly all the 
compounds are a pale purple-red colour. 

The (+H) state is very unstable and is so strongly reducing that it reduces 
water. Thus few compounds are known and these exist only in the solid 
S The (0), (—1) and (—II) states are found in the dipyridy! complexes 

[Ti (dipy);],Li( Ti" (dipy)4]3.5 tetrahydrofuran and Li [Ti "(dipy);]5 
tetrahydrofuran. The lower oxidation states tend to disproportionate. 

2Ti'!C1, 2, Til VC], 4. Ti'! CL 
2Ti "Cl; 5 Til VCI, 4 Ti? 

SIZE 

The cov anie alent and ionic radii increase normally from Tito Zr, but Zr and Hf 
c m ost identical in size. The reason why Hf does not show the expected 



increase 1n Size i5 that between La and Hf the 4f level is filled vath the 14 
lanthanide elements There ıs a small decrease in sizé from one Janthanide 
element to the next The overall decrease in size across the 14 elements is 
called the lanthanide contraction (see Chapter 29) The decrease in size 
caused by the lanthanide contraction cancels out the expected size merease 
from Zr to Hf Since the sizes of HE and La are almost identical and they 
have a similar outer electronic structure, their chemical properties are 
almost identical. Separation of these two elements 75 difficult as noted 
above under “Extraction and uses’ 

REACTIVITY AND PASSIVE BEHAVIOUR 

The compact (massive) forms of the metals are unreactive or passive at low 
and moderate temperatures This resuits from a thin impermeable oxide 
film which forms on the surface and prevents further attack This is 
particularly effective with. Tj (Note however, that the finely divided 
metals are pyrophoric ) At room temperature the metals are unaffected by 
either acids or alkali. However Ti dissolves slowly in hot concentrated 
HCl. giving Ti'* and H, Tis oxidized by hot HNO, giving the hydrated 
oxide TIO; (HO), Zr dissolves in hot concentrated H,SO, and aqua 
regia The best solvent for all the metals is HF, because they form 

hexafluoro complexes 

Ti 4 6HF — Hj[TIF,] 4- 2H; 

Al about 450°C all three metais begin to react with many substances At 
temperatures over 600^C they are highly reactive. They form oxides MO, 
hahdes MX,, interstitial mtndes MN and interstitial carbides MC by direct 
combination Like the scandium group, the powdered metals absorb H3 
The amount absorbed depends on the temperature and pressure, and 
interstitial campounds are formed of limiting composition MH; These 
interstitial hydrides are stable 1n atr, and are unaffected by water. Thus is in 
contrast to the behaviour of the iome hydrides of the scandium group and 
s-block elements 

STANDARD REDUCTION POTENTIALS (VOLIS) 

Acid solution 

Oxidation state 

TiV Xi TH 

+0) 10 -] 63 
Tr^ ————-Ti 

i —Ü 37 

TiO?* T 



stars) | 89 
(41V) STATE 

Oxides 

World production of TiO» was 4.] million tonnes in 1992. More than half 

is used as a white pigment in paint. and as an opacifier to make coloured 

paint opaque. It has replaced the earlier pigments white lead (ZPbCO,- 

Pb(OH);). BaSO, and CaSO, for this purpose. It has three advantages 

over Pb: it covers better, it is non-toxic, and it does not blacken if exposed 

to HS. The other major uses of TiO. are for whitening paper, and as a 

filler in plastics and rubber. Some is used for delustering and whitening 

nylon. BH 

Naturally occurring TiO» is invariably coloured by impurities. There are 

two commercial processes for obtaining pure TiO», the older sulphate 

process and the more recent chloride process. In the chloride process rutile 

(TiO) is heated with chlorine and coke at 900°C, forming TiCl4. This is 

volatile and can thus be separated from any impurities. The TiCl, is heated 

with O5 at about 1200*C, forming pure TiO. and Cl». The chlorine is 

reused. 

TiO. + 2C + 2Cl, > TiCl, + 2CO 

In the sulphate process. ilmenite FeTiO; is digested with concentrated 
H3SO,: Fe"SOy, Fes!'(SO,)3 and titanyl sulphate TiO - SO, are formed as 
a Sulphate cake. This latter is leached with water and any insoluble 
material is removed. Fe! in the solution is reduced to Fe"! using scrap 
iron, and then FeSO, is crystallized out by vacuum evaporation and 
cooling. The TiOSO, solution is hydrolvsed by boiling, and then the 

solution is seeded with rutile or anatase crystals as required. 
The crystal structures of the oxides suggest that they are ionic. However, 

the sum of the first four ionization energies is so high (8800 kJ mol^' for 
Ti^*) that this seems improbable. TiO; occurs in three different crystalline 
forms: rutile, anatase and brookite. Rutile is the most common: here each 
Ti is surrounded octahedrally by six O atoms (see Chapter 3, under ‘Ionic 
compounds of the type AX,"). The structures of the other two forms are 
distorted octahedral arrangements. The oxides are insoluble in water. M** 
tons do not exist in solution, but MO?* ions are formed, giving basic salts 
such as titanyl sulphate TiO - SO,. Either TiO?* ions or [Ti(OH);]^* are 
present in solution, but in the solid they polymerize into oxygen bridged 
(MO);* chains. The X-ray structure of TiO- SO, shows that each Ti is 
surrounded octahedrally by six O atoms: two chain O atoms, O atoms from 
three SO; groups and O from one H5O. 

In a similar way zirconyl ions ZrO^* exist in solution, and they form 
e species in crystals. Zirconyl nitrate ZrO(NO4), forms an oxygen 

Me : n v ee to TIO - SO,. ZrO(NO3); IS soluble in water 
3, and is used to remove phosphate in qualitative analysis. 

MM it would interfere with the systematic analysis for metals. The 
Phosphates of Ti, Zr and Hf are all insoluble. 
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Figure 20,1 Polymeric (T:0)2* chain 

T1O;. ZrO; and HfO, are all very stable white solids, are non volatile 
and are rendered tefractory by strong ignition On strong heating ZrO, 

becomes very hard and us high melting paint of 27007C. and tts resistance 
to chemical attack make it useful for making high temperature crucibles 
and furnace hmmngs Fibres of ZrO2 ate made commercially and are 
similar to those of ÀAi;O; described 1n Chapter 12. 1f the solids have been 

prepared dry, or have been heated, they do not react with acids H they 

are prepared in solution, for example by hydrolysing TICI;, the oxide 
dissolves in HCI HF and HSO, forming complexes [TiC], [TF] 
or [TX SO4A]^- 
The basic properties of the oxides increase with atomic number TIO, is 

amphoteric and ZrQ, and HfQ, are increasingly basic TiO: dissolves in 
both bases and acids, forming titanates and titanyl compounds 

conc H SO, cone. NaOH 
TO SO, TiO; (H50),————— Na TiO, (H20),, 
utanyl sulphate wd um titan ifc 

TUOH}, ts not known because « dehydrates to pive the hydrated axide 

Mixed oxides 

If the oxides TiOs, ZrO; or HfO»; are fused (at temperatures of 1(XXI- 
2500?C) with the appropriate quantities of other metal oxides titanates 
zirconates and hafnates are formed These are mixed oxides, and typically 
do not contain discrete tons Thus anhydrous sodium titanate Na,T10, can 
be made by fusmg NO, with. Na;O,,Na;CO, or NaOH Reduction of 
Na; TiO, with H; at high temperatures gives titanium bronzes which are 
nonstoichiometric materials of formula Naa 4.0 44T1O; These have a high 
electrical conductivity, and have a blue-black metal Ike appearance, and 
are simular to the tungsten bronzes Calcium titanate CaTiO, occurs 

naturally as perovskite and ilmenite (tron titanate) Fe T1O4 provides the 
largest source of 11 
The ilmenite structure consists of a lattice of hexagonal close packed O 

atoms, with Ti atoms occupying one third of the octahedral sites, and Fe 
(or the other metal) occupying another one third of the octahedral sites 
This structure 1s formed when the other metal 1s about the same size as Ti 
The structure is the same as corundum Al;Q;, except that corundum has 
two Al?* ions rather than one Tr** and one Fe2+ 
When the two metals differ appreciably m size the perovskite structure 

{Figure 26 2} 1s formed This 1s a cubic close-packed array of O and Ca (so 
that the Ca has a coordination number of 12) with Ti occupying one 



Figure 20.2 Perovskite structure. 

quarter of the octahedral holes. The holes occupied are those bounded 

completely by O atoms, thus keeping Ca and Ti as far apart as possible. 

BaTiO, has a perovskite structure. The Ba** ion is too large to fit into 

the close-packed oxide lattice without expanding it, This increases the size 
of the octahedral holes, so that Ti can ‘rattle’ in its octahedral hole. In an 
electric field the Ti atoms are drawn to one side of the hole, thus causing 
some polarization and making the crystal strongly ferroelectric. It is also 
piezoelectric (pressure produces an electric current, and vice versa). This 
makes it useful as a transducer for crystals in gramophone pickups and 
microphones, and for ceramic capacitors and other electronic uses. 

Other titanates have the formula M3'TiO,, where M may be Mg, Mn, 
Fe, Co or Zn. MgTiO; has a spinel structure (like MgAl,O,). The oxide 
ions form a cubic close-packed array and the Mg ions occupy one half of 
the octahedral holes and Ti occupies one eighth of the tetrahedral holes. 
Thus these compounds contain discrete [TiO4]^" ions. 

Peroxides 

A characteristic property of Ti(IV) solutions is that they form an intense 
yellow-orange colour on addition of HO . This reaction can be used for 
the colorimetric determination of either Ti(IV) or H202. The colour is 
thought to be due to the formation of a peroxo complex. Below pH 1 the 

main species is [Ti(O;)- OH -(H50),]*, in which the peroxo group is 
bidentate. 

Halides 

TiCl, is the best ‘known halide and is made commercially by passing Cl; 
over heated TiO; and C. The other halides MX, can be made in a similar 
way. To avoid handling F>, the fluorides can be prepared from TiCl, by reaction with anhydrous HF. 

= iodides can also be made by heating the halogens and metal. They are 
LT In the van Arkel-de Boer process for purifying the metals. 
‘is I$ a colourless, diamagnetic, covalent fuming liquid. ZrCl, is a 
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white solid. In the gaseous state, all the halides are tetrahedral, but in the 

sold zig-zag chains of MX, octahedra exist: The halides are all hydrolysed 

vigorously by water, and fume in most air giving T:0,, though hydrolysis 

with aqueous HCI gives the oxochlonde T1OCI, 

Tcl 4 2H.0—— TiO. (H:O), + 4HC) 

TICl, + H-0 = T:OCI;, 4 2HCI 

The fluondes are mare stable than the other halides 

The tetrahalides act as Lewis acids (electron pair acceptors) with a wide 

variety of donors, forming a large number of octahedral complexes 

Tw, Sane E, nig] abh 

ne [TCi yare unstabl, 

Other hgands meiude phosphimes R,P, arsines RiAs oxygen donors RO, 

and mtrogen donors such as pyridine ammoma and trimethylamine The 
complexes formed have the formula (T1X, L5] and are octahedral In most 
cases the added ligands are cis to each other 

Other coordination numbers are found in complexes A few unusual 
fie coordinate complexes exist such as EGN[TI Cl} and ([TiCl, AsH] 
A few seven coordinate complexes are known. Nai[ZrF;] and Na4[HfF;] 
These have a pentagonal bipyramidal shape like IF; However the 
structure of (NH,),}ZrFy) 1s 4 capped trigonal prism the Zr is at the centte 
of a trigonal prism of stx F atoms, with an extra Fin the middle of one face 
Another unusual compound 1s Ti(NO,),; The NO3 groups are bidentate, 
that is two O atoms from each NO; are bonded to Ti Thus the 
coordmation number of T1158 and the shape ts a nearly regular triangu 
lated dodecahedron called a bisdisphenoid Na,{ZrF,] and Na,[HEF,] alse 
have a bisdisphenoid configuration However, in (Cu(H2O),)*[ZrF,}" 
the Zr is eight-coordinate but has a square antiprism structure (This may 
be visualized as a cube in which the top face has been rotated 45° ) The 
Structures of the seven- and cight coordinate complexes are given in Figure 
20 3 

(4 II) STATE 

All the (-FIII) compounds have a d' configuration and are coloured and 
paramagnetic Ti(III) is much more basic than Ti(1V), and the addition of 
alkah to T:'* solutions precipitates TLO, (H;O),, which is purple in 
colour, and insoluble in excess alkali 

The halides TiX; are readily formed by reducing TiX, compounds Thus 
anhydrous TiCh, can be obtained as a violet powder by reducing TiCl, with 
Hz at 600°C TCh is important as the Ziegler-Natta catalyst (see Jater) 
Reduction. of aqueous soluttons containing Ti(+1V) with Zn gives the 
purple aqua ion (TI(H;O)4]'* This is a powerful reducing agent, and is 
more powerful than Sn^* It 1s oxidized directly by air, and must be kept 



(a) [ZrF;]?^ ion in Na3[ZrFz] B ion in 7 

ntagonal bipyramid (NH4)4[ZrF7] trigona! prism | 

duds M with an extra atom in the middle 

of a rectangular face 

(c) [ZrFa]^" ion in (d) (ZrF&]*^ ton in Na4[ZrFa] 

[Cu(F;O)g],? * [ZrF3]^" square bisdisphenoid 
antiprism (like a cube with the 
top face rotated 45°) 

Figure 20.3 Structures of some fluoride complexes. 

out of direct sunlight. There are two different hydrated forms of Ti''Cls. 
These have different colours. In one complex the Ti!!! is surrounded by six 
H20 moleculés, [Ti(H20),]°* 3CI~, and in the other it is surrounded by 
five H2O molecules and one CI^, giving [TiCI(H3O)s]^* 2CI^. These two 
environments give rise to a different degree of crystal field splitting of the d 
levels: hence the energy jump for the single d electron is different in the 
two cases, and their colours are different. 

Ti ^ is used in volumetric analysis for the determination of Fe?* and also 
Organic nitro compounds. In the iron titration the end point may be 
detected with ammonium thiocyanate which remains red whilst any Fe?* is 
pee. or by methylene blue which is reduced and decolorized as soon as 
Tr’? is in excess. 

; 650°C _. H.O .n Tcl, ———.. TiCi, —2—— [Ti(H)O)I?* CI; Disproportionate 

Violet Violet on heating TiCl, 

Tj dim ang 
[THH,O),CH2*CI5 TiCl, 

Green 
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FeCl, + TiCh, + H5O — FeCl; + THO Ch + 2HCI 

R NO; 6T?* + 4H.0 > R NH, + 6T10'* + 6H* 

A wide variety of complexes are formed for example [Tip]! 
[rcu [Ck H.O]*  friBr (hpyndy);] and  [TiBr, 
(dipyndyD;]* [TiBr, dipyridyl] 

Zr(IID) and Hi(III) we unstable in water and exist only as solid 
compounds 

ORGANOMETALLIC COMPOUNDS 

Zaegler— Natta catalysts 

Solutions of AIEts and TICI, 1n a hydrocarbon solvent react exothermically 
to form a brown solid. This 15 the important Ziegler-Natta catalyst for 
polymerizing ethene (ethylene) to form polythene Ziegler and Natta were 
awarded the Nobel Prize for Chemistry in 1963 for this work (See also 

Chapter 12 ) (Similar catalytic activity has been found from mixtures of Lt 
Be or Ai alkyis with halides from Groups 4 5 and 6 the Ti V and Cr 
groups 

The AIEt/TiICI, catalyst i5 of great commercial importance. It produces 
stereoregular polymers (that is polymers where the molecules have the 
same orientation). These are stronger and have higher melting points than 
atactic or random polymers Practically any alkene can be polymerized 
A large amount of work has been directed to how the catalyst works 

The active species t$ Ti and the AIEt, can reduce TiCl, to TrCh im situ 
or T1Cl; may be added instead Then one of the Cl atoms is replaced by an 
ethyl group A possible mechanism is that the double bond in ethene 
attaches itself to a vacant site on a Ti atom on the surface of the catalyst A 
carbon shift reaction occurs and the ethene migrates and is inserted 
between Ti and C in the Ti—Et bond. This extends the C chain from two 
to four atoms leaving a vacant site on Ti The process is repeated and the 
C chain grows in length A similar reaction occurs with other alkenes such 
as propylene CH,—CH=CH, When the double bond attaches to Ti the 
CH; group must always point away from the surface simply because the 
reaction occurs on a surface Thus when the molecule miprates and 1s 
inserted into the Ti—C bond it always has the same orientation This is 
called cus insertion of the alkene and explains why the polymers produced 
are stereoregular 

Polymerization of ethene was originally carried out using a high tem 
perature and pressure By using a Ziegler-Natta catalyst polymerization 
can be carried out under relatively mild conditions from room temperature 
to 93°C and from atmospheric pressure to 100 atmospheres Eventually 
the product 1s hydrolysed with water or alcohol and the catalyst 1s 
removed The polymer produced 1s called high density polythene and has 4 
density 0 95-0 97gcem7+ and a melting point of 135°C It has a molecular 
weight of 20000-30000 and consists of straight chams with very litte 
branching This form of polythene 1s relatively hard and stiff Another 
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Surface 

Figure 20.4 Suggested polymerization with a Ziegler—Natta catalyst. 

form of polythene called low-density polythene is much softer and has a 
lower density, 0.91-0.94gcm7*, and a lower melting point of about 
115°C. This consists of much branched chains, and is produced by a free 
radical polymerization of ethene and a promoter under much more severe 
conditions (190-210°C and 1500 atmospheres pressure). Production of all 
forms of polythene was 24.6 million tonnes, and of polypropylene 12 
million tonnes, both in 1991. 

Other compounds 

No stable carbonyl compounds are known. Ti(CO), has been formed using 
the matrix isolation technique by condensing Ti vapour and CO in a solid 
matrix of inert gas at very low temperatures. It has been studied spectro- 
scopically, The absence of carbonyls is probably due to the shortage of d 
electrons for back bonding. 

Cyclopentadienyl compounds are much more stable and better known. 
In describing organometallic compounds it is convenient to describe the 
hapticity n of a group as the number of C atoms associated with the metal. 
Several stable bis(cyclopentadienyls) are known such as [Ti(n°-CsHs)2 
(CONJ, [Timi XCOHSS(NR;)] and'^[Ti(p-C4H3)(SCN)) The struc- 
tures are roughly tetrahedral, but the cyclopentadienyl molecules are 
pentahaptic, that is five C atoms in each ring are attached to Ti. Reduction 
of these compounds gives [Ti(CsHs).-X] or [Ti(CsHs)o]. The latter 
formula resembles ferrocene [Fe(CsHs)2], but the structure of the Ti 
compound is dimeric, and hence is different. 
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Tetra(cyclopentadienyl) compounds such as Ti(CsHs)4 can be made 
from TiCl, and NaCsHs, The formula may be wmtten (Ti(q’-CsH,), 
(n'-C4H3);], where two cyclopentadienyl! rings are attached by five C. 
atoms {n bonded) and two rings are attached by one C atom (c bonded) 
Nuclear magnetic resonance studies on these tetra(cyclopentadienyl) 
compounds suggest that in the v! rings the C bonded to Ti continually 
changes, and also the 7° and 7! rings interchange their roles Hf forms an 
identical! compound, but rather surprisingly the Zr compound has three n? 
rings and only one n° ring 

Only a few alkyis and aryls are known and they are generally unstable in 
air and water CyHs THC3H7O);, CH3IiCl, and TCH. Ph), are stable 
at 10°C, and Ti(CH3), 15 stable below —20°C Most compounds with an 

alkyl group attached to T: will polymenze alkenes 
Some organometallic Ti" compounds are able to fix Nz gas and produce 

NH, One example 1s (CipHigli}» This cycle could be similar to the 
dinttrogen fixation process tn nature. (Diriitrogen complexes are discussed 
under ruthenium(II) complexes in Chapter 24 ) 

Ti om, * 2Na—- Til (OR), « 2 RONa 
EX { THOR, + Ny oom TORY NJ. 

VIC me 

i "n 

VITOR Naje d Na——M , Tí (UR), 5« 4RO Na « 2NH4 
$ a 

m 

^ oe m uU 

Figuce 20.5. Cycle (or fixation of dinitrogen 
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Group 5 — 

the vanadium group 

Table 21.1 Electronic structures and oxidation states 
————— MÀ ene ————————————————À——— Pío —————————————————————————————  —! 

Element Electronic structure Oxidation states* 

Vanadium V [Ar] 3d" 45^ (—1) (0) (D (ID II IV V 
Niobium Nb [Kr] 44 5s* (—1) (0) (1) (II) III (IV) V 
Tantalum Ta [Xe] 4f" 5d' 6s* (—1) (0) (I) (II) DI (IV) V 

* The most important oxidation states (generally the most abundant and stable) are 
shown in bold. Other well-characterized but less important states are shown 
in normal type. Oxidation states that are unstable, or in doubt, are given in 
parentheses. 

INTRODUCTION 

Vanadium is commercially important as the alloy ferrovanadium which is 
used to make alloy steels. V2O< is well known and is an important catalyst, 
and V metal is also used as a catalyst. The vanadates have an extensive 
solution. chemistry. Niobium and tantalum are only used in small 
quantities. However, there is great theoretical interest in the cluster 
compounds they form in their low oxidation states. 

ABUNDANCE, EXTRACTION AND USES 
V . Nb and Ta have odd atomic numbers and are less abundant than their 
neighbours. However, V is the nineteenth most abundant element by 
weight in the earth's crust, and is the fifth most abundant transition 
Clement. It is widely spread, and there are few concentrated deposits. 
Much is obtained as a by-product from other processes. It occurs in lead 
Ores as vanadinite PbCl;-3Pbi(VO,),, in uranium ores as carnotite 
K1(UO:),(VO4), -3H,O and in some crude oil from Venezuela and 
Canada, Vanadate residues are heated with Na»CO, or NaCl at 800°C. 
M Na VO; formed is then leached out with water. 
Hire) i HSO, to precipitate red coloured sodium polyvanadate. 

cated to 700°C to give V4O«. (This is black. possibly because of 
continued overleaf 

21 
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impurities: usually V4Os is red or orange ) Over 75% of the V0< 15 

converted to an iron/vanadium alloy called ferrovanadium This contains 
about 5S0% Fe Tias made by heating V.Q, ‘ath won of ston oxide and 
a reducing agent such as C, AÍ or ferrosilicon Ferrovanadium ts used 
commercially to make steel alloys for springs and high speed cutting tools 
Vanadium metal ts seldom used on its own. 1t i5 difficult to prepare because 
at the elevated temperatures used in metallurgy it reacts with O, N, and 
C Pure vanadium can be abtatned by reducing VC}, with H or Mg by 
reducing V-O, with Ca or by electrolysiag a fused halide complex World 

production of V in alloys and pure metal was 28 400 tonnes in 1992 
V2.0. 1s extremely important as the catalyst in the conversion of SO. into 

SO. 1n the Contact process for making H;SO, Tt has replaced Pt as catalyst 

Table 21 2 Abundince of the ele ments in the 
c uth s crust. by weight 

ppm Relative abundance 

V 136 19 
Nb 20 i 
Ta 17 83 

because it 1s much cheaper and is less susceptible to. poisoning. by 
impurities such as arsenic. Vanadium i5 an important catalyst in oxidation 
reactions such as naphthalene — phthalic acid and toluene — benzal 
dehyde A Cu/V alloy is used as a catalyst in the oxidation of cyclohexanol! 
cyciohexanone mixtures to adipic acid. (Adipic acid rs used to make nylon 
66 ) Vanadium is also used as a catalyst for the reduction (hydrogenation) 
of alkenes anti aromatic hydrocarbons 

Niobium and tantalum occur together The most important mineral 
is pytochlorite CaNaNb.O,F Much smaller amounts of columbite 
(Fe Mn)Nb;O, and tantalite (Fe Mn)Ta;O, are also mined However, 
60% of Ta is recovered from the slag from extracting Sn The ores are 
dissolved either by fusion with alkali or jn acid. Formerly separation of Nb 
and Ta was achieved by treatment with a solution of HF. when Nb formed 
soluble K.[NbOF.;] and Ta formed insoluble K4[TaF;]. Separation 1$ n0w 
performed by solvent extraction from dilute HF to methyl isobuty] ketone 
The rnetals are obtained either by reducing the pentoxides with Na, or bt 
electrolysrs of molten fluoro complexes such as KjINbF;] 1n 1992 world 
production was 15 200 tonnes of Nb and 600 tonnes of Ta 

Nb is used in various stainless steels. and Nb/steel 1s used to encapsulate 
the fuel elements for some nuclear reactors A Nb/Zr alloy ts a supe! 
conductor at fow temperatures and is used to make wire for very pawe tu 
electromagnets Ta is used to make capacitors for the electronics industt) 
Because tt is not rejected by the human body it ts valuable for making 
metal plates, screws and wire for repammg badly fractured bones Tantalum 
carbide TaC is one of the highest melting solids known (about 3800"C) 



GENERAL PROPERTIES 

OXIDATION STATES 

The maximum oxidation state for this group is (+V). All three elements 

show the full range of oxidation states from (—1) to (-- V). For vanadium 

the (+11) and (--1HI) states are reducing, (-- TV) is stable, and (+V) slightly 

oxidizing. For Nb and Ta the (+V) state is by far the most stable and the 

best known, although lower oxidation states are known. 

V(+V) is reduced by zinc and acid to V^*, Nb(+ V) is reduced to Nb^* 

but Ta(-- V) is not reduced. This illustrates the increasing stability of the 

(+V) state on descending the group. At the same time the lower oxidation 

states become less stable. This is the opposite trend to that in the main 

groups. ` 

SIZE 

The atoms are smaller than those of Group 4 due to the poor shielding 

of the nucleus by d electrons. The covalent and ionic radii of Nb and Ta are 
identical because of the lanthanide contraction (Table 21.3). Consequently 

these two elements have very similar properties. occur together, and are 
very difficult to separate. 

GENERAL PROPERTIES 

V, Nb and Ta are silvery coloured metals with high melting points. V has 
the highest ‘melting point in the first row transition elements. This is 
associated with the maximum participation of d electrons in metallic 
bonding. The melting points of Nb and Ta are high. but the maximum 
melting point in the second and third row transition elements occurs in the 
next group (Group 6) with Mo and W. 

` The pure metals V, Nb and Ta are moderately soft and ductile, but 
traces of impurities make them harder and brittle. They are extremely 
resistant to corrosion due to the formation of a surface film of oxide. At 
room temperature they are not affected by air, water or acids, other than 
HF with which they form complexes. V also dissolves in oxidizing acids 
such as hot concentrated H55O,. HNO34 and aqua regia. V is unaffected by 
alkali, showing that it is completely basic, but Nb and Ta dissolve in fused 
alkali. 

Table 21.3 Some physical properties 

Covalent Ionic radius (À) Melting Boiling Density — Pauling's 

: point point electro- 
(A) M** M (°C) (°C)  (gem^)) negativity 

d 1.22 0.79 0.640 1915 3350 6.11 1.6 
T 1.34 - 0.72 2468 4758 8.57 1.6 
a 1.34 = 0.72 2980 5534 16.65 ].5 Pus Du LLL E S Ue uu e Ud 
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At high temperatures all three metals react with many non-metals The 

products are often interstitial compounds which are non stoichiometne 

V forms many different positive ions but Nb and Ta form virtually nope 
Thus though Nb and Ta are metals, the: compounds in the (+V) state are 

mostly covalent, volatile, and readily hydrolysed — properties associated 

with non-metals 
The tendency to form simple ionic compounds decreases as the oxidation 

state increases Even though V** and V** are reducing they exist both in 
the solid and in solution (as hexahydrate 10ns}) They have an extensive 
aqueous chemistry The oxidation state (+1V} 15 domunated by the Vo?+ 

con This is very stable and exists in a wide range of compounds both as 
solids and in solution {as the hydrated ton) Some covalent (+]V) com- 

pounds such as VCI, also exist The (+V) state may be covalent asin VF, 
or form VO? or VOY hydrated ions The chemistry of Nb and Ta is 
largely confined to the (+ V) state 
The basic properties of the oxides M;O« increase down the group V40, 

15 amphoterie but mainly acidic. It dissolves shghtly in water, giving a pale 
yellow acidic salution Et dissolves readily in NaOH, forming colourtess 
solutions which contain a wide range of vanadate ions The tons formed 
depend on the pH various isopolyvanadates at intermediate pH and 
orthovanadate VO} at high pH The aqueous chemistry of the poly. 
merzed vanad ites 16 quite complex VO; also dissolves slightly 1n con 
centrated H:SO,; farming the pale yellow VOz 10n. Nb,O« and Ta;0, are 
rather unreactive but are amphoteric They have only very weak agde 
properties Niobates and tantalates are only formed by fusing with NaOH 
They are decomposed by weak acids or COs, and only partially imitate the 
behaviour of the sopolvanad ies 

Whilst V^* and V** are well known, Nb(II), Ta(II). Nb(III) and Ta(1II) 
are not ionic but exist as cluster compounds M&X,5, in which groups of 
metal atoms are bonded together 

COLOUR 

Colour in transition metal compounds very commonly arises from d-d 
electronic transitions It can also arise from defects in the solid state (see 
Chapter 3) and from charge transfer spectra (Charge transfer spectra are 
discussed under Sni, in Chapter 13 ) The oxidation st. tes below (+) are 
coloured because they have an incomplete d shell of electrons and pive d-d 
spectra However the (+V) state has ad” configuration and so calaurtess 
compounds «ould be expected. NbFs, TaF« and TaCl, are white, but V.0, 
Is red or orange, NbCH i5 yellow, NbBr« is orangc and. NbÍ« is brass 
coloured The colours arse because of charge transfer 

COMPOUNDS WITH NITROGEN, CARBON AND HYDROGEN 

At high temperatures the metals react with Na forming interstitial nittides 
MN, and with C, forming two series of carbides MC and MC; Carhydes 



such as NbC and TaC are interstitial, refractory and very hard, like TiC 

and HfC in the previous group. TaC has the highest melting point of any 

compound, about 3800°C. In contrast, carbides such as VC; are ionic and 

react with water, liberating ethyne. 

All three elements react with H2 on heating, forming nonstoichiometric 

hydrides. The amount of hydrogen absorbed depends on the temperature 

and pressure. Here, as in the titanium group. the metal lattice expands as 

hydrogen enters interstitial positions. Thus the density of the hydride is less 

than that of the metal. It is difficult to decide if these are true compounds 

or solid solutions, as the maximum hydrogen contents are VHo ;;, NbH, as 

and TaH, 5s. 

HALIDES 

When V is heated with the halogens, halides of different oxidation states 
are formed: VF;, VCl4, VBr4 and VI4. Nb and Ta react with all of the 
halogens on heating to give pentahalides MX;. The range of halides which 
have been formed is summarized in Table 21.4. All the halides are volatile, 

covalent and hydrolysed by water. 

Table 21.4 Halides 

Oxidation states 

(+III) (411) ' (+IV) (+V) 

VF. blue VF, yellow-green VF, green VF, colourless 

VCI. pale green VCl, red-violet VCI, reddish brown —- (liquid) 
VBr:orange-brown — VBr, brown VBr, magenta - 
Vh red- violet VI, — black- brown - ~ 

^ (NbF;) “blue NbF, black NbF; white 
2 NbCh black NbCI, violet NbCI. yellow 
= NbBr, brown NbBr, brown NbBr, orange 
D Nbl, NbI, grey Nbi; brass 

E (TaF,) *blue - TaF4; white 
= TaCh, black TaCl, black . TaCl, white 
i TaBry TaBr, blue TaBr, yellow 
E -— Tal. Tal black 

The most stable oxidation states are shown in bold. 
may be oxide fluorides. 

(+V) halides 

V forms only a pentafluoride, but Nb and Ta form the full range of halides. 
These may be formed by direct reaction of the elements or by the reactions 

M20, + F, > MF; NbCls or TaCls + Fz => MF; 
WE heat 600°C VF, VFs + VF, NbCl; or TaCl, + HF —^ MF; 

dsproportionates 
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Figure 21 1. Tetrameric structure of NbF; and TaFs 

VF; 1s 2 colourless liquid but the other pentahalides are solids They adopt 
several different structures The fluorides are built of octahedral ME, uruts 
with two crs fluonne atoms in each octahedron acting as bridging groups 
V—F—V with other octahedra VF. forms long chains of octahedra in this 
way, but NbF; and TaFs form cyclic tetramers with four octahedra jomed 
in this way (Figure 21 1) 

This structure 1s also found tn other pentahalides, e g MoF;, RuF,; and 
OsF4, Solid NbCl, and TaCl; are dimeric with two octahedra joined by 
sharing two corners 1€ one edge (Figure 21 2) 

All of the pentahalides can be sublimed under an atmosphere of the 
appropriate halogen In the vapour phase they probably exist as mono 
meric trigonal bipyramids 

The pentafiuorides all react with F~ rons, forming, octahedral (MF,)~ 
complexes As in Group 4, the heavier elements can form complexes 
with higher coordination numbers With high concentrations of F~ the 
complexes (NbOFs|^ , (NbF;[^^ and [TaF;]^ are formed The structures 
of the seven coordinate species are capped trigonal prisms 1€ a trigonal 
prism with one extra atom in a rectangular face (see Figure 20 3b) With 
an even higher concentration of F^, Ta forms [TaFg]^" with a square 
antiprism structure (Figure 20 3c) while Nb forms [NbOFG[^^ wfucht is an 
octahedron with an extra atom in one of the faces This inability of Ta to 
form oxohalides has been used to separate Nb and Ta 
On warming the hahdes MF; and MCh with donors such as dimethyl 

ether (CH,).0 or dimethyl sulphoxide (CH,).50, the halides extract O 
and form oxochlorides MOCI, Oxohahdes are also farmed when the 
pentahalides are heated in air VOCI,+can also be made by heating 
V0, with Cl, (or sometimes C and Cl;) The oxohalides are all readily 
hydrolysed by water to the hydrated pentoxide The oxohalides are 
tetrahedral in shape 
The pentahalides react with N,Q, in giving solvated nitrates such as 

NbO, NO, 0 67MeCN, and anhydrous nitrates such as NbO(NO,); 
The (+Y) halides have a d” configuration, and cannot give d-d spectra 

The fluondes are white but the other halides are coloured due to charge 

transfer spectra 



HALIDES 

Figure 21.2 Dimeric structure of NbCIs. 

(-- [V) halides 

All the tetrahalides are known except TaF,. These may be prepared as 
follows: —. ; 

reduce with 
í 

V + Cl, — VCl, NbX5 Or TaXs ———— MX, 
H., AL Nb or Ta 

V + HF — VF, 

VCl, is tetrahedral in the gas. The d’ configuration of V(+IV) would be 
expected to make this unstable and to cause distortion. In the liquid it is 
dimeric. NbF, is a black, paramagnetic involatile solid made up of regular 
octahedra joined in a chain by their edges. The tetrachlorides, tetra- 
bromides and tetraiodides of Nb and Ta are also brown- black solids and 
are diamagnetic. This suggests extensive metal-metal interaction. In NbI,, 
the structure is a chain of octahedra joined by their edges. The Nb atoms 
are displaced from the centre of the NbJ, octahedron and occur in pairs, 
thus permitting weak Nb—Nb bonds of length 3.20 A, and pairing the 
previously unpaired electron spins (Figure 21.3). NbCI, is similar and has 
M—M bonds of length 3.06 À. 
The tetrahalides tend to disproportionate: 

room temperature Ve. 2VCl4 + Cl, (VCI, does not exist) 

-3:20À- r—3-83À—- 
{ 1 

Figure 21.3 Polymeric structure of NbL, with metal-metal bonds. 
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ovp, 2" 5, VR, + VF, 

Tach 225. "TaCh, 4- TaCK 
They also hydrolyse with water 

VCL => VOCI; 

ara ct, 242, TaYO., ^ 2Ta!! Cl, + 1GHCI 

(+H halides 

All the trhtalides are known except for Tal, They are reducing, have ad? 
configuration, and are brown or black in colour The VA, compounds are 
all polymeric compounds in which V is octahedrally surrounded. VCI and 

VBr; can be made from the elements, and VF; i5 made from VCI, and HF 

VF, can be crystallized from water, giving {VF, (H20)s], and for the 

other halides [V( H,O)]'* and three X 10ns VCI, forms complexes such 
as VCl, (NMe3) which has a trigonal bipyramid shape VI, dispro 
portionates as follows 

Vh > Vi + Vl, 

Spectra 

The V** ion has a d^ configuration. The two d electrons occupy two of the 
I5, Orbitals, ie. any to from d, d, and d, The ground state is triply 
degenerate and has the symbol Tiel F) At first sight it might be expected 

that by promoting these electrons to the e, level two d-d absorption 
bands would occur in the electronic spectrum. Under suitable conditions 
three bands are observed If one electron is promoted from the fz, level to 
the e, level then the most stable arrangement (1e that with the lowest 
energy} will be when the two electrons occupy orbitals as far apart as 
possible, 1 e at nghi angles toeach other Thus if one electron occupies the 
dıy Orbital, the structure. would be more stable if the other electron 
occupied the d ofbital rather than the d,_, orbital There are three 
degenerate ways of arranging these two electrons in orbitals perpendicular 
to each other 

(d, ) (d, >) (de) (da) and (d 7 (d; )' 

This state is the ‘Tie Somew hat higher in energy is another triply 

degenerate state written as Fa, in which the orbitals occupied are at 45° to 
each other ^ 

: (da) (d y)" (d,-)'{d,)' and — (d, )'(d.)' 
If both electrons are promoted toa the ¢, level then assuming they remain 
unnatred the anly arrangement possible is 



— Ade 
(ds —.,:)! (d.:) 

This state has the symbol "A as. Thus there are three possible transitions 

from the ground state to excited states with the same multiplicity: 

S T(E) 5» "T3, 

*T ip (F) > "Ty (P) 

and Tigel F) > “Aag 

Thus three bands are possible. (See Chapter 32, particularly Figure 32.16). 

In the spectrum of [V(H;O)]^* only two bands are actually observed, at 

about 17000cm^! and 24000cm 7. The third band arising from the 
transition to “A ə is not observed experimentally. Since this transition is a 

two electron transition it is less probable than the others and so will have a 

low intensity. Furthermore this band overlaps, and is hidden by, the very 

intense charge transfer band in the UV region. All three bands are 
observed when V°* is incorporated into an AlO; lattice. 
The discussion above indicates that in addition to the crystal field 

splitting A, the interelectronic repulsion must also be taken into account 
when explaining the spectra. The repulsion terms are described by the 
Racah parameters B and C (see Chapter 32). 

Nb and Ta balides 

The trihalides of Nb and Ta are typically nonstoichiometric. In NbCl; the 
Nb ions occupy octahedral holes in a distorted hexagonal close-packed 
array of CI” ions in such a way that niobium atoms in three adjacent 
octahedra are close enough to be bonded together into a metal cluster. 
Compounds where three or more metal atoms are held together by multi- 
centre bonding are called cluster compounds. 

(+I) halides 

All the vanadium dihalides are known. The VX, compounds are prepared 
by reducing the trihalides with Zn/acid in aqueous solution. VF, has a 

rutile TiO, structure, and the others have a Cdl--type layer structure. They 
are soluble in water, giving violet solutions containing [V(H2O),]** 
Addition of NaOH precipitates V(OH)>, and addition of HSO, and 
Se violet crystals of VSO,-6H,O. The compounds are 

oxi RM LN and are hygroscopic. Their solutions are readily 

of O, in ni to [V(H»O),]**. and they are often used to remove traces 

E E noble gases. They also reduce H,O with the liberation of 
A m - behave very differently. High temperature reduction of 
of me E AOR and TaX« with sodium or aluminium yields a series 

UN cand such as M«Cli4, Molj;, NbsF,s, Ta&Cl;s, TasBr,4 and 
Nh CL. . X5 are all based on the [M4X,;5]"* unit. For example, if 

mia ls dissolved in water and alcohol, and treated with AgNO, 
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Figure 21 4 Structuré of [Nb4CH;E* ion, showing the octahedral cluster of metal 
atoms bonded together, and the 12 bridging chlorine atoms 

solution, only two chlorine atoms are precipitated as AgCl This indicates 
the presence of [Nb«CI;;]^* ions and two C)” ions, and this structure has 
been confirmed by X ray crystallography (Figure 21 4} The Nb atoms are 
bonded together, forming an octahedral cluster of six metal atoms The 
halogen atoms are situated above each edge of the octahedron and are 
bonded to two Nb atoms Thus the halogens form bridges along the 12 
edges of the octahedron The structure is held together by both mult 
centre bonding over the six metal atoms and by the halogen bridges 

Cluster compounds are currently attracting a lot of attention If one of 
these clusters is linked by halogen bridges to four other clusters the 
composition 1s [M,Xj2] (the cluster) + 4X, (the halogen bridges) 1¢ 
Maña Or MX- Structures of this type are sheet-like and diamagnetic 
because of the metal-metal bonding Alternatively a cluster may be hiiked 
to six other clusters by halogen bridges, giving a three-dimensional 
structure and a formula of (M,X)2}] + 4X_,.1e M,«X,5 or MX; These are 

STANDARD REDUCTION POTENTIALS (VOLTS) 

Acid solution 

Oxidation state 
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paramagnetic and the magnetic moment corresponds to one unpaired 

electron. Cluster compounds of this type are characteristic of the lower 

oxidation states of Nb and Ta. Many of these cluster compounds are 

soluble in water, and the cluster remains intact during reactions. The 

clusters can be oxidized: 

[MeX12]°* > [M.X] t > [M6X12]** 

A very unusual structure is found in NbelI;;, where the six Nb atoms form 
an octahedral cluster as before, but eight iodine atoms are situated above 
the eight faces of the octahedron. Each of these I atoms act as bridging 
group to three metal atoms within the octahedron. The rest of the I atoms 
are bonded to the six corners of the metal octahedron. These act as 
halogen bridges to other octahedra. The formula is thus [Nb,Ig] + 3], 
which is NbgI,,. 

OXIDES 

The metals all react with dioxygen at elevated temperatures and give 
pentoxides M20s. V-20; is orange or red depending on the state of division, 
but the others are white. When made this way, VO; can also be formed. 
Pure VO, is obtained either by acidifying ammonium metavanadate, or 
simply by heating it: 

2NH,VO4 + H2SO,— V20<(hydrated) + (NH4)2SO,4 + HO 

| 2NH,VO4——» V3O, -- 2NH4 4 H3O 
The main oxides formed are shown in Table 21.5. The lower oxides otten 
exist over a wide range of composition. 

t 

(+V) oxides 

The oxides M;O; can all be made by heating the metal in dioxygen. 
However, V0, is best made by heating ammonium metavanadate 
NH,;VO,. NbO; and Ta;O. are commonly made by ignition of other Nb 
or Ta compounds in air. In the pentoxides the metal atoms all have a d" 
configuration, and might be expected to be colourless. Nb;Os and Ta;Os 
are white, but V O; is orange or red coloured due to charge transfer. 

Table 21.5 Oxides 

Oxidation state 

(+1) (IIT) (+IV) (+V) D ur ee ee TE 

VO V.O4 VO, V,0; 
NbO — NbO; Nb;0; 

(TaO) = TaQ, Ta;Os E ee 
The most stable oxidation states are shown in bold. 
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V4,Os 1s amphotenc, but is mainly acidic With very strong NaOH it 

forms colourless orthovanadate ions VOJ At shghtly higher pH these 
polymerize to form a wide range of tsopolyacids called polyvanadates 
These are described Jater V0; dissolves in very strong acid, fornting 
eventually the pale yellow dioxovanadium(V) 10n VO? This ion haé an 
angular shape Some reactions of V20s are as follows 

V-O; + NaOH — sannous vanadates 

V;O., t H0; - peroxovanadates (red colour) 

V,0,+ Cl, -— YOC 

V.0, +80, - VO, + SO, 

VO, FH. — VO; + V0, 

Though Nb;O, and Ta,O, react with HF. and form niobates and tantalates 
when fused with NaOH they are better described as unreactive rather than 
amphoteric 
The structure of VO, is unusual and consists of distorted trigonal 

bipyramids of VO, units sharing edges with other units to form zig Zag 
double chains Its use as a catalyst in the Contact process has been 
mentioned previously The catalytic activity may be because tt can 
reversibly lose or gain oxygen when heated 

(--IV) oxides 

VO; can be made from V5O« with mild reducing agents such as Fe?*. SO» 
or oxalic aad. V(4-1V) has a d! configuration and VO, is dark blue 1n 
colour The oxide ts amphoteric, but is more baste than acidic In acids 
it forms blue solutions containing. the. oxovanadium(IV) 10n vot 
This 1s commonly called the vanadyl 1on A large number of vanadyl 
compounds are known vanadyl! sulphate VOSO, and vanadyl halides 
VOX; Several vanadyl complexes are also known, [VOX,]*— where ^ 
is a halogen, [(VOfaxalate}.V7 [VO sh (VOQUCSY?- and 
[VO(acetylacetone),] 

HC 
\ 

Figure 21.5 Structure of vanady] acetylacetone [VO(accts E iectonc) ] 

The structure of these is related te an ectuhedron with one pos lon 

unoccupied (Figure 215) The sixth position may be filled quite readily 
by a sixth. bigand, for example pyrimme C HLN on I VO(acetylaccionic) 
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(pyridine)]. In these compounds the V—O bonds are 1.56-1.59 A. This is 
shorter than a single bond, and the bond is better represented as V—O. 

The x bond arises from back bonding from a filled p orbital on O with an 

empty d orbital on V, similar to the oxides and oxoacids of phosphorus. 

(--III) oxides 

V305 is nonstoichiometric (VO, 35 ; 5) and contains simple ions arranged 

in the corundum Al O, type of structure. It can be produced by high 

temperature reduction of V4Os with carbon or hydrogen, or by electrolytic 

reduction of a vanadate. The oxide is completely basic. It dissolves in 

acids, forming blue or green ‘hydrated ions [V(H2O),]°*, and these 

solutions are quite strongly reducing. Addition of NaOH precipitates 

hydrated V(OH)s, but this has no tendency to dissolve in excess NaOH. 
The oxidation state (--IIT) has a d* configuration, and the.oxide is black 
and the hydrated ion is blue. A considerable number of octahedral com- 
plexes are known such as (V(H5O)g*, [VFg]^, [V(CN)g" and 
[V(oxalate),]". Vanadium also forms a triacetate complex, which is 
dimeric [V'"',(acetate)¢]. This has an unusual structure. Four of the acetate 
groups act as bridging groups through O atoms to the two V atoms. The 
remaining two acetate groups act as unidentate ligands and one is attached to 
each V. The structure is related to the structures of chromium(II) acetate 
[Ci;(acetate); - (H5O);] and copper acetate [Cus(acetate), - (H50);]. (See 
Figurc 22.2.) Both are dimeric, and both have four bridging acetate 
groups, but the terminal acetate groups in the V compound are replaced 
by two molecules of water. In water, [V(H2O),]°" partially hydrolyses to 
V(OHY** and VO*. 

(+11) oxides 

VO is nonstoichiometric, of composition VOo.94-1.12- The solid is ionic and 
has a defect NaCl type of structure. The (--II) state has a d? configuration, 
and the oxide is grey—black and has a metallic lustre. It is made by reducing 
V20s with hydrogen at 1700°C. It has a fairly high electrical conductiv- 
ity, which is probably due to metal-metal bonding in the structure. The 
oxide IS completely basic, and is soluble in water. Addition of NaOH to 
this solution precipitates V(OH)2. VO dissolves in acids, forming violet 
coloured [V(H20)g^* ions. These solutions are strongly reducing, and are 
very readily oxidized both by air and water. Thus the violet solution soon 
turns green through oxidation to [V(H;O)g?*. A few octahedral complexes 
are known such as K4[V(CN)s]-7H;O and [V(ethylenediamine);]CL. 
K4[V(CN);]-2H;O is also known, and the structure of the anion is a 
pentagonal bipyramid. 

VANADATES 
Thou pere er aes : Nad m amphoteric, it is mainly acidic. It dissolves in very strong 

» forming a colourless solution containing orthovanadate tons 
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VO} These are tetrahedrat in shape ff acid ts added gradually to pwer 
the pH, the ions add protons and polymerize Thus a very large number of 
different isopalyacids are formed in solution The oxoions polymenzt to 
form dimers, trimers and pentamers When the solution becomes acid;c the 

hydrated oxide V0, (H2O)},, 15 precipttated This dissolves in very strong 
acid, forming various complex rons until finally the dioxovanadiun [on 
VO} is formed Various solids have been crystallized out at different pH 
values, but these do not necessarily have the same structure and are 
unlikely to be hydrated to the same extent as the species in solution The 
following scheme could explain the observations. though the extent to 
which the various species are hydrated is unknown 

[Vo,j- 27, pvo, oup- HB tv;o, onup- pog 
colourless colourless colegclo ss oraüge 

[V.O,, 55, v40. (H,0), 5 [vos 2, qvo 
red brown precip tate pal, vel ow 

* [ncluded because solids of this formula have been precipitated 

Nb;O. and Ta4O, are white and chemically inert. They are hardly attacked 
by acids, except HF winch forms fluoro complexes Hf the pentoxide’ até 
fused with NaOH, miobates and tantalates are formed These precipitate 
the hydrated oxides at pH 7 and 10 respectively, and the only isopolyion 
found tn sotutian ts [M,0,9}°7 

In the main groups, the phosphates, silicates and borates all shOW 4 
strong tendency for the oxotons to polymerize, forming a very large 
number of isopolyacids In a similar way in the d block. molybdates and 
tungstates also polymerize to form a large number of isopolyacids This 
tendency 1s shown to a lesser extent by (TiO^*), and CrO;* — Cr,O7- 

Vanadate tons also form complexes with the ions of other acids Because 
there 1s more than one type of acid unit which condenses these are called 
heteropolyacids They always contain vanadate molybdate or tungstale 
ions together with one or more acidic ions (such as phosphate, arsenalé OF 
silicate) from about 40 elements The ratio between the numbers of the 
different types of units ts commonly 12 1 or 6 1, giving the 12 polyacids 
and the 6 polyacids However, other ratios are also found A stuóY of 
heteropolyacids 1s very difficult because 

] The molecular weight is high, often 3000 or more 
2 The water content ts vanable 
3 The tons present change with the pH 
4 The species present in solution are probabiy different from those which 

crystallize out + 

LOW OXIDATION STATES 

Only a few compounds are known The (—1) state occurs with IMCO 
for all three elements, and for the dipyndvi complex Lif Vidipyndy!)] 



FURTHER READING 

ether. The zero-valent state occurs with [V(CO),]. This is not very stable. 

Since V has an odd atomic number, it follows that in V(CO)g it has an 

“unpaired electron and hence an incomplete shell of electrons. Other first 

row metal carbonyls with an unpaired electron dimerize and form 1 M—M 

bond, thus pairing the electrons. V(CO)g is unusual in that it remains 

monomeric. [V(dipyridyl);] is another example of V(0). The (--I) state is 

found in [V(dipyridyl)]". 

ORGANOMETALLIC COMPOUNDS 

This group does not form many compounds with M—C o bonds. The main 
examples are V(CO)s, which, though pyrophoric and not very stable, can 
be prepared in much larger quantities than Ti(CO)s. An unusual 
compound hexakis(dinitrogen) [V(N2)s] is also known, and is thought to 
be isoelectronic and isostructural with the carbonyl. 
V forms bis(cyclopentadienyl) compounds such as [V(1? — C53H5);CL;], 

[V(n? ^ C$H3);CI] and [V(n? — C5H5);]. The last is a simple sandwich com- 
pound and is called vanadocene. This is like ferrocene in the next chapter, 
and unlike the titanium compounds. The hapticity n° indicates that in 
each ring five carbon atoms are ‘bonded’ to V. Vanadocene is extremely 
air sensitive, and is a dark violet paramagnetic solid. Nb and Ta also 
form cyclopentadienyl compounds such as [Nb(7° — CsHs)2(7! — CsHs)2], 
it which two rings are 7°, and two rings are 7’ bonded. Other complexes 
are [Nb(7> — C5Hs)2Cla] and [Nb( m CsHs)2Cls]. 
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Group 6 — 

the chromium group 

Table 22.1 Electronic structures and oxidation states 

Element Electronic structure Oxidation states* 

Chromium Cr [Ar] 3d? 4s! (-II) (CI)0(T) H III (IV) (V) VI 
Molybdenum Mo [Kr] 4d? 5s! (-I) (-1)0 I (ID) Il. IV V VI 
Tungsten W  [Xel4f"5d*6? . (-1)(-DO I (ID (II IV V VI 

* The most important oxidation states (generally the most abundant and stable) are 
shown in bold. Other well-characterized but less important states are shown 
in normai type. Oxidation states that are unstable, or in doubt, are given in 
parentheses. 

INTRODUCTION 

Chromium metal is produced on a large scale, and is used extensively in 
ferrous and non-ferrous alloys, and for electroplating. The métals 
molybdenum and tungsten are produced in appreciable amounts. Sodium 
dichromate is also used in large amounts. CrO, and CrO; are both used 
commercially. 

Tungstate and molybdate ions both form extensive series of iso- and 
heteropolyacids. Chromium(II) acetate has an unusual structure with a 
quadruple bond. The lower halides MoxX, and WX, form interesting 
cluster compounds based on the octahedral [MeXs]^* metal cluster. Mo is 
important in the fixation of dinitrogen. 

ABUNDANCE, EXTRACTION AND USES 
Chromium is the twenty-first most abundant element by weight in the 
earth's crust. This is about as common as chlorine. Molybdenum and 
tungsten are quite rare (Table 22.2). 
Ne in) commercially important ore of Cr is chromite FeCr204. This is 
Fel Relig, Cre ete of magnetite Fe30,, which is better written as 
S di i E ̂nromite has a spinel structure. In this usui the O atoms 
RR ged In a cubic close-packed lattice with Fe" in one eighth of the 

© tetrahedral holes and Cr!!! in one quarter of the octahedral holes. 
continued overleaf 

id 
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Chromite has a shght lustre and looks hke mich, with a brownish cast to the 
colour It may be shghtly magnetic World production of chromite was 1] 4 
million tonnes 1n 1992, with a Cr content of 3 3 million tonnes. The largest 
sources of chromite ore are the Soviet Umon 3296, South. Africa 3099. 

Turkey and India 995 each, and Albania and Zimbabwe 5‘% each Small 
amounts of crocoite PoCrO, and chrome ochre Cr,O, are also mined 
Chromium 1s produced in two forms ferrochrome and pure Cr metal, 

depending on what it ts to be used for. Ferrochrome is an alloy containing 
Fe, Cr and C. It is produced by reducing chromite with C. In. 1991, 3 1 

million tonnes of ferrochrome were produced It 1s used to male mary 
ferrous alloys, including stamiess steel and hard chromium steel 

FeCr,O, 4 C, Fe + 2Cr 4 4CO 
ne, it 

furnace ferrochrome 

Several steps are required to obtain pure chromium First chromite 1s fused 
with NaOH in air, when the Cr i5 oxidized to sodium chromate 

2FeCil!!O, 4 8NaOH - 310, L5, ANa [Cr VTO,] + Fe;O, 4 4H;O 

Fe;05 is insoluble but sodium chromate 15 soluble Thus the Naj;[CrO,] IS 
removed by dissolving it in water, and ts then acidified to give sodium 
dichromate This is less soluble, and can be precipitated. The. sodium 
dichromate i5 reduced to Cr;0; by heating with C 

Naj( Cr, O4] + 2C — CrO, + NaCO, + CO 

Finally Cr;O; is reduced to the metal by Al or St 

CrO, + 2A] — 2Cr + Al,O, 

Since the metal is brittle, it 1s seldom used on is own. 1t i5 used to make 
non ferrous alloys Alteraatwely CrQ, «s dissolved. i USO, and 
deposited electrolytically on the surface of a metal This both protects the 
metal from corrosion and gives it a shiny appearance 
Molybdenum occurs as the mineral molybdenite MoS, World produt- 

tion of ores m 1992 had a molybdenum content of 129000 tonnes The 
largest sources are the USA 38% and China 29% Some MoS; 15 afso 

Table 22 2 Abundance of the elements imn the 
earth s crust. by weight 

—————————áÓ — —————— GuAÁÓ— JSaMMMm————— 

ppm Relative abundance 

Cr 122 2l 
fo 12 56 = 
W ] 2 56 = 
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OXIDATION STATES 

obtained as a by-product from CuS ores. MoS; is roasted in air, converting 

it to MoOs. This may be added to steel directly, or MoO; may be heated 

with Fe and Al to give ferromolybdenum, which is then added to steel. 

Almost 90% of Mo is used to make cutting steel or stainless steel. Pure 

Mo is obtained by dissolving MoO; in dilute NH,OH and precipitating 

ammonium molybdate, dimolybdate or paramolybdate. This is reduced 

with hydrogen to give the metal. Mo metal is used as a catalyst in the 

petrochemical industry. 

Tungsten occurs as tungstates, the most common being wolframite 

FeWO,- MnWO, and scheelite CaWO,. World production in 1992 had 

39000 tonnes metal content. The largest sources are China 65% and the 

Soviet Union 17%. Different processes are used to extract W from 

wolframite and scheelite. Wolframite is fused with NaCO}, forming 
sodium tungstate, which is leached out and acidified to give 'tungstic acid" 

(the hydrated oxide). Scheelite is acidified with HCl when ‘tungstic acid’ 
is precipitated and other materials dissolve. “Tungstic acid’ is then heated 
to give the anhydrous oxide, which is reduced to give the metal by heating 
with hydrogen at 850°C. 
Mo and W are obtained by this method in the form of powders. Their 

melting points are high, so melting to give the massive metal would be 
expensive. Instead metal objects are obtained by fabricating the powder 
into the required shape and sintering (heating but not melting) under an 
atmosphere of H». Both Mo and W are alloyed with steel, giving very hard 
alloys, which are used to make 'cutting steel'. This is used to make machine 
tools. Cutting steel retains its cutting edge even when the metal becomes 
red hot. About half the W produced is used to make tungsten carbide WC, 
which is extremely hard (10 on Moh's scale) and will cut glass. WC is used 
to make the tips for drills. W metal is used to make the filaments in electric 
light bulbs. Molybdenum disulphide MoS, has a layer lattice and is an 
excellent lubricant, either on its own or when added to hydrocarbon oil. 

OXIDATION STATES 

The ground state electronic configuration of Cr and Mo is d5s!, with a 
stable half-filled d° configuration, whilst W has a d*s? arrangement. 

From the electronic structures, Cr and Mo might be expected to form 
compounds with oxidation states from (+I) to (+VI), and W from (+II) to 
(* VI) inclusive. They form these states, and in addition some lower states 
Occur as dipyridyl complexes, carbonyl! complexes and carbonyl tons. 
a Fs (+I), (* HI) and (+VI) states are well known. Cr(--II) is 
d ^a (+H) is the most stable and important and Cr(+VI) is 
ic a IL The most Stable states for Mo and W are (« VI), 
aie, amd and W(+V) are well represented and are stable in 
E i iist Cr(-- VT) Is strongly oxidizing, Mo(+VI) and W(+VI) are 

- Similarly Cr(-^- III) is stable but Mo(- III) and W(-IIT) ate strongly 
reduci i ucing, This fits the usual trend that on descending a group the higher 

t i 
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Table 22 3 Oxides and hahdes 

Oxidation states 

(FIT) ( - IIT) (--IV) (+V) ( VI) 

- Cr,0, CrO» — C10, 
A -— MoO; MoO KioO, 

- — WO, (W Os) WO, 

CrF; CrFy CrF, CrF; (CTF,) 
CrCl; Cri A CrCl — 

CrBr, CrBr, CrBr, - - 
Crl, Cri; Cri — — 

= Mo Fy Mo Fy MoF, MoFg 

MoC Mach, Mol, MoCl, (MoCl,) 

MoBr; MoBr, MoBr, - - 
Mol, Mol, MolI,? — — 

~ — WF, WF, WE, 
WChL WC, Wel, WER WC, 

WBr; WBA WBr, WBr, WBr, 

Wl; Wu Wi? - 

The most stable oxidation states are bold unstable are bracketed 

oxidation states become more stable and the lower states become less 

stable A list of known oxides and halides is given in Table 22 3 

GENERAL PROPERTIES 

The metals are hard and have very high melting points and law volatility 
(Table 22 4) The melung point of W 1s the next highest to carbon 
CoS Whitatiwe OT passive ai low temperatures because t js protect d i^y 

a surface coating of oxide thus resembling Ti and V in previous groups 
It 1$ because of this passive behaviour that Cr 1s extensively used for 
electroplating onto iron and other metals to prevent corrosion Cr dissolves 

Table 22 4 Some physical properties 

Covalent fone radius (A) Melting Boiling Density Pawling s 
radus ————— pom pont electro 
(A) M'* M“ CC) CC) {gcm Y negatimiy 

Cr {17 Q 80? Q 615 1900 2690 7 14 16 
0 73 

Mo 1 29 - D 69 2620 4650 10 28 18 
W «d 30 - - 3380 5500 19 3 L7 

h = high spin value | = low spin radius 



a STANDARD REDUCTION POTENTIALS 

in HCl and H3SO,. but is passivated by HNO; or aqua regia. Mo and W 

are relatively inert, and are only slightly attacked by aqueous acids and 

alkalis. Mo reacts initially with HNO3, but then becomes passive. Both Mo 

and W dissolve in HNO43/HF mixtures, and also in fused Na;O; and fused 

KNO4/NaOH. Cr reacts with HCI gas, forming anhydrous CrCl, and Hp. 
The metals do not react with O, at normal temperatures (apart from the 

surface coating). However, on strong heating Cr forms a-Cr20,, which is 

green coloured and has a corundum structure. In contrast, Mo and W form 

MO,. Similarly, on heating Cr with the halogens, trivalent halides CrX, 

are formed. In contrast Mo and W form MCI, on heating with Cl;, and 
MF, is formed at room temperature. 

2Cr + 30- — CrO, 

2Mo + 30, — 2MoO, 

2Cr + 3ClL — 2CrCHh 

Mo + 3Ch — MoCl, 

As a result of the lanthanide contraction, there is a close similarity in the 
size and the properties of Mo and W. The difference between these two 
elements is greater than in Group 4 between Zr and Hf and in Group 5 
between Nb and Ta. Thus Mo and W can be easily separated in the 
conventional scheme for qualitative analysis of metals: WO3(H2O),, is 
precipitated with the insoluble chlorides in Group 1, and molybdates are 
reduced by HS in Group 2 and MoS, and S are precipitated. 

STANDARD REDUCTION POTENTIALS (VOLTS) 

Acid solution 

Oxidation state 

+VI +V +I HI 

0.41 
Cr* ———Cr^* —————— ————— Cr 

— dilema 

eene oos q- 0:295 

s, +0.48 S Moo i048 oos. 1031 -— 0.20 Ma 

Mismo ueni e 

—0.03 = = + Ec WO, WO; 0.04 WO, 0.15 w+ 0.11 W 

ifle itd 
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Basic solution 

Oxidation state 

J-VI +Y VI HII 

-1 
Cro? — —— —9 B. eon? = cron? 

-13 

—0 91 
MoO; 

woi- 

* = Disproportionates 

Many af these potentials have been calculated from thermodynanuc data and the existence of 
species such as Mo?*, W* and W;O, is questionable 

(- VI) STATE 

A hmited number of Cr{+ VI) compounds are known These are very 
strong oxidizing agents and include chromates [CrO,]^ — dichromates 
[CrO P7, chromium trioxide CrO, oxohalides CrO,X7~ and CrO2X2 

(X = F, CI, Br or D, and CrOX, (X = F or Ci) and CrF, 

Chromate and dichromate 

Sodium chromate Na;CrO, is a yellow solid, and should strictly be called 
sodium chromate(VI) Its preparation from chromite by fustag with NaOH 
and oxidizing with am has already been described under ‘Abundance, 
extraction and uses’, and it can also be prepared by fusion with Na;CO, 

4FeCr,0, + 8Na,CO; + 702, —5 8NaiCrO, + 2Fe,0, * 8CO, 

It 1s quite soluble in water and ts a strong oxtdizing agent Sodium 
dichromate Na ,Cr,O, is an orange coloured solid, and i$ made by 
acidifyimg a chromate solution The dichromate 1s Jess soluble in water, and 
is widely used as an oxidizing agent. K;Cr;O, is preferred to Na;Cr;O; for 

use in volumetric analysis (titrations) because the Na. compound 1s 
hygroscopic whilst the K compound ts not Thus KCrO; can be used as å 
primary standard 

)Cr,03- + 7H* t 3e ce CP* 4 34,0. E* —133V 
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Peroxo compounds 

When hydrogen peroxide is added to an acidified solution of a dichromate 

(or any other Cr(+VI) species), a complicated reaction occurs. The 

products depend on the pH and the concentration of Cr. 

Cr,O2- -- 2H* 4 4H50; — 2CrO(O5); * 5H;0 

A deep blue-violet coloured peroxo compound CrO(O;); is formed. 

This decomposes rapidly in aqueous solution into Cr’* and dioxygen. 
The peroxo compound can be extracted into ether, where it reacts with 

pyridine, forming the adduct py - CrO(O2)2 (Figure 22.1a). The structure 

of this is approximately a pentagonal pyramid. Cr is at the centre of a 

pentagon of four O atoms (from the two peroxo groups) and the N from 

pyridine, and one O above the pentagon in an apical position. 

In less acidic solutions K4Cr5O; and H20, give salts which are violet col- 

oured and diamagnetic. These are thought to contain [CIO(O;)(OH)]', 
but the structures are not-known as the compounds are explosive. In 
alkaline solution with 30% H-0, a red-brown compound K,CrOķę is 
formed which is a tetraperoxo species [Cr(O2),]°~, and contains Cr(+V). 
In ammonia solution the dark red—brown compound (NH3)3CrO, is 
formed which contains Cr(-- IV) (Figure 22.1b). 

NH3 

NH3 

(a) (b) 

Figure 22.1 Structures. of. (a) py-CrO(O;),, (b) (NH3)CrO, (pentagonal 
bipyramid). | | 

Chromium trioxide (chromic acid) 

CrO; is a bright orange solid, and is commonly called ‘chromic acid’. It is 
usually prepared by adding concentrated H5SO, to a saturated solution of 
sodium dichromate. 

Na;Cr;O; 4- H5SO, — 2CrO, + NaSO, + HO 
2 ti arises from charge transfer (not d—d spectra as Cr(-- VI) has 

configuration). CrO; is toxic, and corrosive. The crystal structure 
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consists of chains of fused tetrahedra CrO; dissolves readily in water. and 
is both a very strong acid and an oxidizing agent [115 an acidic oxide, and 
dissolves in NaOH solutions, forming the chromate :on CrO4Z7~. On heating 

above 250°C it loses oxygen im stages, eventually forming green coloured 

CD, 

2CrOA4 —* 2CrO, + O; 

20105 — CrO; + 1o, 

CrO; reacts with F, at normal pressures, forming the oxofiuonides CrO,F, 
and CrOF,, but at 170°C and 25 atmospheres CrF, i5 formed 

CrO, + REG CrO-F, 4 10, 

CrO, + 2F)——+ CrOF, + O; 
170°C 25 atmospheres 

Cro, + 3F eee CrF; lemon yellow solid 

CrO, is widely used to make chromium plating solutions It can be 
dissolved in acetic acid and used in this form as an oxidant in. organic 
chemistry, though reactions may be explosive. Chromic acid solutions are 
used to clean laboratory glassware 

MoO, and WO, 

MoO, and WO, are formed by heating the metal in air They are attie 
They are not attacked by acids except HF, but they dissolve in NaOH 
forming MoO$^ and WO" ions. MoO and WO; differ from CrO, m 
Several ways 

1 They have almost no oxidizing properties 
2 They are insoluble in water 
J Ther melting points are much higher (CrO, m p 197°C, MoO; mp 

795°C and WO; m p 1473°C) 
4 Their colour and structures are different MoO« i5 white as expected for 

d" but on heating it turns yellow due to the formation of defects in the 
solid The structure is a layer lattice. WO, is lemon yellow in colour, 
and has a slightly distorted rhenium trioxide ReO, structure of WO, 
octahedra sharing corners 1n three dimensions. (See Figure 23 4a ) 

Mixed oxides 

Several mixed oxides can be made by fusing MoO, or WO, with Group I 
or 2 oxides. These camprise chains or nngs of MoO, or WO, octahedra 
Moist WO, turns shightly blue on exposure to UV light Mild reduction of 
aqueous suspensions of MoO, and WO, or acidic solutions of molybdates 

ot fungstates also gives a blue colour The blue oxides’ so produced are 
thought to have Mo or W in oxidation states of (+IV) and (+V) and 

contain some OH™ instead of O^. to balance the charges 



Oxohalides 

Oxohalides of the type MOsCl; may be formed by dissolving the trioxide in 

strong acid, or in some cases by the action of strong acids on salts such as 

dichromates, or by direct addition of the halogens to the dioxide. 

CrO, 4 2HCI S—— —5 CrO;Cl; 4-H3O 

K;Cr;0; 4: 6HCI 5 2CrO,CLb 4 2KCI-3H;0 — 
Chromyl chloride CrO;Cl; is a deep red coloured liquid. It is formed in 

qualitative analysis to confirm the presence of chloride ions. The suspected 
chloride is mixed with solid K,Cr.O7 and gently warmed with concentrated 
H5SO,. Deep red vapours of CrO2Cl, are formed, and if these are passed 
into aqueous NaOH the solution turns yellow due to the formation of 
Na; CrO,. 

Chromyl and molybdeny! chlorides are covalent acid chlorides and are 
readily decomposed by water. Tungstenyl chloride hydrolyses less readily. 

Halides 

CrF, is a yellow solid made by heating the elements under pressure in a 
bomb, and cooling rapidly. The product is unstable and decomposes into 
CrF; and F>. In contrast MoF, and WF, are very stable. They are both low 
melting (MoF, 17.4°C, WF, 1.9°C), volatile, and easily hydrolysed. They 
are diamagnetic and colourless as expected for a d° configuration. 
However, MoCl, and WC\, are black and WBr,g is dark blue. WCl, is made 
by heating the metal in Cl. It reacts with water, forming tungstic acid. 
WC, is soluble in EtOH, ether and CCl, and is used as the starting point 
for making other compounds. 

(+V) STATE 

There are few Cr(-- V) compounds, and they are unstable and decompose 
t0 Cr(*III) and Cr(+VI). One example is K¿CrOg, a red-brown 
compound formed from NaCrO, and HjO, in alkaline solution (see 
above). K3CrOs contains the tetraperoxo speci¢s [Cr(O)4)>~. Another 
example is CrFs which is made by heating the elements at 500°C or heating 
CrO; With F5. It is a red solid, based on CrF, octahedra linked to give a cis- 
bridged polymer. 
MoF; has a tetrameric structure of four octahedra joined into a ring, like 

NbFs and TaF (see Figure 21.1). Heating Mo and Cl, gives Mo2Clyo: This 
Is soluble in benzene and other organic solvents. It exists as monomeric 
ai n solution, but dimerizes to MosCl,;, in the solid. Mo;Cl,, is used as 

‘a ot point for making other Mo compounds. It is rapidly hydrolysed 
<a n and removes O from oxygenated solvents, forming oxochlorides. 
i zvao IS paramagnetic (u = 1.6 BM), indicating that there is.one 
npaired electron and thus no metal—metal bonding. 

wa 
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(IV) STATE 

Cr(-- IV) compounds are also rare. CrE, is formed by heating the elements 
at 350°C MoCl, exists tn two polymeric forms, one Itke NbCI, (see Figure 

21 3) comprising chains of octahedra with the metal atoms displaced in 
pairs, forming metal- metal bonds, and the other form without métal- 
metal bonds 

CrO- s made from CrO, by hydrothermal reduction, and has a rutile 
(T10,) structure The oxide ıs black in colour and has some metallic 
conductivity It ıs also ferromagnetic, and is widely used to make high 
quality magnetic recording tapes MoO z and WO, are both made by 
reducing the trioxide with hydrogen They are brown-violet in colour and 
are insoluble in non oxidizing acids, but dissolve in concentrated HNO», 
forming MoO; or WO; The dioxides have a copper-like lustre and have 
distorted rutile structures with strong metal~metal bonds The oxohalide 
CrOF; 1s also known 

(+) STATE 

Chromium 

Cr(-HIH) compounds (often called chromic compounds) are ionic. dnd 
contam Cr'* are the most important and most stable compounds of 
chromium Although this oxidation state i5 very stable inacidic solution It 
1$ easily oxidized to Cr(-- VB) in afkaline solution 

Cr;0, 15 a preen sohd which 1s used as a pigment. The most convenient 
preparation 1s bv heating ammonium dichromate (NH4),Cr;O; in the Well 
known volcano experiment used in some fireworks (Once the reaction i5 
Started, it produces enough heat to continue on its own The green 
coloured CrO, powder is blown in the air by the large volume of Nz and 
water vapour produced, and settles like dust from a volcano ) Cr204 15 also 
farmed by burning the metal in air. or by heating CrO, [t has a coruddum 
ALO, structure 

(NH4);Cr;O; — Cr; CO + N- + 4H;0 

ACr 4 30, — 2Cr;04 

4CrO, — 2Cr4Q, T 30, 

The addition of NaOH to Cr" solutions does not precipitate the 
hydroxide, but the hydrous (hydrated) oxide 15 precipitated instead 

Cr* 4 30H^ — Cr(OH) > Cr,0,(H,0), 

The oxide becomes inert to acids and bases if heated strongly PU! 
otherwise tt is amphoteric, giving [Cr(H,O),}?* with acids, and ‘chromtes 
with concentrated alkali The species present in chromite’ solutions 5 
probably [Cr'(OH),^ or (CP(OH):H;OP-. C0; is commercially 
important. [t is forméd as one step in the extraction of chromium Itis used 
as a pigment tn paint, rubber and cement and as a catalyst for a Wide 
vanety of reactions including the manufacture of polythene and butadiene 



All the anhydrous CrX; halides are known. CrCl; is a solid which forms 

red violet flakes. The flakiness is related to the layer lattice structure of the 

solid. The. chloride ions are cubic close-packed, and to maintain stoichio- 

metry one third of the octahedral holes must be occupied by Cr^* ions. 

Two thirds-of the holes are occupied in one layer, and none in the next 

layer, and xonsequently only weak van der Waals forces hold some 

chloride layérs together. In aqueous solution the halides form the violet 

coloured hexaaqua ion [Cr(H;O)s*, and halogen complexes such as 
[Cr(H;O)sCIJ*, [Cr(H20),Cb]* and [Cr(H20),Cl]. The hexaaqua ion 

also occurs in many crystalline compounds such as [Cr(H;O)s]Cl, and the 

alums. The-alums are double salts; for example chrome alum K5SO,: 
Cr(SO4), -24H;0, which crystallizes from mixed solutions of Cr;(SO,); 
and K,SO,. The structure is better shown'if the formula is written 
[K(H20)s] [Cr (H20)sg] [SO4]z. In solution the alums dissociate com- 
pletely into simple ions. 
The hexaaqua ion is acidic, and it may form a dimer by means of two 

hydroxo bridges. 

44 

—_ 
[Cr(H,0),]** = H* + [Cr(H,O),OH]?* = |(H2O),Cr Cr(H,0),] + 2H,0 

Nf { 

O 
H 

Cr^* ions form an enormous number and variety of complexes. These 
are typically six-coordinate with octahedral structures, and are very stable 
both as solids and in aqueous solution. The stability is related to the high 
crystal field stabilization energy from its d? electronic configuration. The 
magnetic moments of these complexes are close to the spin only value of 
3.87 BM expected for three unpaired electrons. Complexes include the 
hexaaqua [Cr(H2O),]°* and halogen complexes [Cr(H;O)4CI*, men- 
tioned above. The ammine and oxalate complexes show many different 
forms of isomerism, for example the ammine complexes: 

[Cr(NH3)6]°* only one form 
[Cr(NH3)sCl]?* oniy one form 
[(Cr(NH3)4Cl2]* cis and trans isomers 

[Cr(NH;3);Cl3} mer and fac isomers 

and in the oxalate complexes: 

[Cr(oxalate),]'^ d and / isomers 

o IS discussed more fully in Chaptér 7 (see Figure 7.3). There 

NH CNH cyanide and thiocyanate complexes. Reinecke's salt 

SE T H3)(NCS)4]- H2O is often used to precipitate large positive 
ns. This is because when the anion and cation are similar in size, the 
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Figure 22 2 Structure of 
[Cr,0(CH,COO),fH20})]" 
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crystal has a high coordination number and thus a higher lattice energy 
Cr( III) forms an unusual basic acetate [CrKO(CH4COO)4L4]* (where 

L is water or some Other ligand) The structure consists of a triangle of 

three Cr atoms with an O atom at the centre The six acetate groups act as 
bridges between the Cr atoms — two acetate groups across each edge of the 
tnangle Each Cr atom :s octahedrally surrounded by six atoms QO atoms 
from four acetate groups, the central O, and L in the sixth position L may 
be water or another ligand Cr^* has a d? arrangement and should have a 
magnetic moment of 3 87 BM The magnetic moment of the complex at 
room temperature ts only 2 BM H is thought that the smaller value ıs due 
to partial pairing of d electrons on the three metal atoms by means of 
dx—px bonding through O This type of carboxylate complex is formed 
by the civalent tons of Cr, Mn, Fe, Ru. Rh and Ir. (Partial spin pairing and 
a reduced magnetic moment are also found :n other complexes such as 
(NH 3«Cr— OH — Cr(NH Od and I{NH 3«4Cr—O—Ci( NH4AT]7 where 

the magnetic moment is temperature dependent, and ts about | 3 BM at 
room temperature but almost zero at -200?C ) 

Spectra 

Cr(4111) has a d* electronic configuration. In the ground state these 
electrons occupy the f2, orbitals, te (f2,)' The two e, orbitals are empty 
providing two ‘holes’ into which electrons can be promoted The situation 
is analagous to that for d^ described for V** 1n Chapter 21. The electronic 
spectra of Cr(+tl} complexes exhibit three absorption bands [n the 
cround state, the d,, d,. and d, orbitals each contain one electron giving 
the singly degenerate state “A>,(F) The first excited state corresponds to 

promoting one electron, e (tz) (ep). and gives two terms *T3, (FJ and 
"Ti (F) The second excited state corresponds to promoting two electrons, 
re (t2,)' (ep)? This gives only one quartet that is triply degenerate, so the 
term symbol : ^T,, (P) The transitions are “T>,(F) — Topf F) ^ T3,(F) ^ 
‘Tipt F) and ^ A4 (F) ^ "Ti,(P) In the hexaaqua ion [Cr(H20)4]'* bands 
are found at 17400cm *' and 24 700 cm ^ ! , and there i5 a shoulder on the 

charge transfer band at 37800 cm"! (See also Chapter 32 ) 

Molybdenum and tungsten 

Mo( III) and W(+ III} do not exist as oxides, but all the halides are known 

except WF, (Table 22 3) These compounds do not contain simple tons 
Mo(+ IIT) compounds are fairly stable, but slawly oxidize im ar and slowly 
hydrolyse in water They form octahedral complexes with halide sons in 
solution 

MoCh + 3C — [MoC 

'Two solid forms of MoCl, are known, one with cubic close packing of 
chlorine atoms, the other based on hexagonal close packing In both forms 

the Mo atoms are displaced from the centres of adjacent octahedra, and 



(+D) STATE 

form metal-metal bonds of length 2.76 Å. In contrast W(--III) com- 

pounds are unstable. WC]; is really WeChig and forms a cluster compound 

[W,Chy]°* structurally like [NbgCl,2]°* (Figure 22.3). WeBrig also forms 

4 cluster compound, but its structure contains [WeBrg]°* and has the 

came structure as [MogBrg]** (Figure 22.4). 

(+I) STATE 

Cr(+]I) compounds (often called chromous compounds) are well known, 

are ionic and contain Cr°*. Solutions containing [Cr(H,0),]°* can be 

produced either by electrolytically reducing solutions containing Cr°*, or 

by reducing them with zinc amalgam. They can also be produced from Cr 

metal and acids. The (Cr(H20),]** ion is sky blue coloured. It is one of 

the strongest reducing agents known in aqueous solution. 

Cr* +e>Crt E° = —0.41 V 

If the solution is acidic Cr^* slowly reduces water to H5. Cr(--II) com- 
pounds are oxidized by air to Cr^*. Cr^* is used to remove the last 
trace of dioxygen from dinitrogen, and has other uses as a reducing agent. 
Cr(--II) may be stabilized by forming coordination compounds, such as 
[C(NHs)g?* or [Cr(dipyridyD;]?*. Though Cr?^* is stable to dispro- 
portionation, the dipyridyl complex disproportionates. 

2[Cr(dipyridyl);]^* — [Cr(dipyridyl)4]* 4- [Cr(dipyridyl)4] * 

Hydrated salts such as CrSO,: 7H5O, Cr(CIO4), - 6H50 and CrCl : 4H50 
can be isolated, but they cannot be dehydrated as they decompose on 
heating. 

Anhydrous Cr(+II) halides can be made either by reducing the 
trihalides with hydrogen at 500°C, or from the metal and HF, HCI, HBr or 
1 at 600°C. The dihalides are all readily oxidized in air to the (+III) state 
unless protected by an inert atmosphere such as Nz. CrCl, is the most 
important, and it dissolves in water, giving the sky blue coloured 
[Cr(H20);]^* ion. | 
Chromium forms many complexes, especially with N ligands and 

chelating groups. These are easily oxidized, particularly if moist. Almost 
all the complexes are octahedral, and both high-spin and low-spin 
complexes are known. The high-spin complexes have the electronic 
configuration (t2.)° (e,)'. The asymmetrical filling of the e, orbitals causes 
Jahn-Teller distortion similar to that found in complexes of Cu?*. 
Chromium(II) acetate dihydrate Cr;(CH43COO), - 2H50 is one of the 

most stable chromous compounds. It is easily prepared by adding sodium 
acetate to a solution containing Cr?* under an atmosphere of N>. Hydrated 
shia acetate is precipitated as a red solid. It is a good starting 
oa = the Preparation of other Cr(+H) salts. It has an unusual 
aac ridge structure (Figure 22.5). Each Cr?^* is surrounded by a 
ism octahedron made up of four O atoms from four bidentate acetate 

Ps, one O from a H,O molecule, and the other Cr^* ion. The four 

Figure 22.4 [WgBrg]?* cluster. 
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Figure 22 6 Structure of 
[Mo;CIs]^7 and [Re;Cl]" 
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Figure 22 5 Structure of Cr;(CH4COO), 2H;O 

acetate groups bridge between the two Cr atoms The very short distance 
of 2 36A between the two Cr atoms is evidence of a strong metal-metal 
bond Cr** has a d* configuration and has four unpaired electrons but 
chromium(IT) acetate ts diamagnetic This suggests that ail four unpaired 
electrons take part in M-M bonding Assuming that the ligands are 
bonded using one s, three p and the d,z_,: orbitals the dz orbital can 
form a c bond to the other Cr^* In addition the d,, and d,. otbitals can 
form x bonds between the Cr atoms, and the d,, orbital forms a à 
bond Quadruple bonds of this type are found with other heavy transition 
metals Mo, W, Tc and Re, e g [Mo;(CH4COO),] (note there are no axial 

H;O lhgands), [Mo;Cl]' ^, [W;CL(PR3),]. [Wa(CHays]^, [WACH] 
[Re;3Cl4]^^ and [RejBra4]|^ At one time quadruple bonds were regarded as 
anomalies, but they may be more common than originally thought. It is 
suggested that once a M-M multiple bond has been formed, the metal can 
easily be reduced to give a bond of higher order 
Mo and W do not form difluorides, but the other six (+11) halides are 

known They are usually made by reduction or thermal decomposition of 
higher hahdes They do not exist as simple ions, but form ‘cluster 
compounds’ instead MoBr. 15 really [MogBrg]Br4 2H;0, and all six of 
these so called 'dihalides' have the same structure based on a cluster 
[MaXa]** with four halide tons and two HO acting as electron donors The 
structure of the [{MgXa]** unit 1s an octahedral cluster of six metal atoms 

There 1s extensive M-M bonding, and eight face bridging halogen atoms 
occupy the eight tnangular faces of the octahedron (Figure 22 7} Thus 
each halogen 1s bonded to three metal atoms Each metal atom has an 
unoccupied coordination position. The. M&X$* units can thus accept six 
coordinate bonds to the metal atoms at the corners of the octahedran from 
the remaining four X^ 10ns and two H,O molecules, or from any other 
suttable electron pair donor Addition of six CI^ gives the [MosClu] 
cluster The six ligands on the corners are labile, and undergo replacement 
reactions quite readily Jn contrast the bridging halogens in the cluster 
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Figure 22.7 Structure of [Mo,Brg]"* ion showing the octahedral Mg cluster. 

undergo replacement very slowly. The low oxidation state suggests that 
these clusters should oxidize fairly readily. [Mo,Clg]** is only oxidized to 
[Mo,Cl,2]** (a formal oxidation state of 2D, though [W«Cls]^* is oxidized 
to the [W.Cl,.]°* cluster (Figure 21.4). 

The bonding in these compounds is not settled. The compounds are 
diamagnetic; therefore Mo must use all six outer electrons d?s! or W d^s* 
for bonding. Since there are six M atoms there are 36 valence electrons. It 
seems probable that eight electrons are used to bond the eight Cl atoms on 
the faces, and four electrons are transferred to form four X^ ions. This 
leaves 24 electrons to form M-M bonds along the 12 edges of the Mg 
octahedron. 

(+1) STATE 

The oxidation state (+1) expected for the atoms with a d°s! configuration is 
very uncommon. It is doubtful if Cr* exists except when stabilized in a 
complex, Trisdipyridyl chromium(1) perchlorate [Cr(dipyridyl);]* CIO; is 
known. Mo and W form sandwich-type structures such as (C;H&);Mo'* and 
CsHsMoC,Hg where the metal is in the (+1) state. 

ZERO STATE, (—1) AND (—H) 

a Zero oxidation state arises in metal carbonyls such as M(CO)., where 
the o bonding electrons are donated by the CO group to the metal, and 

Strong dn—pr back bonding occurs from the filled metal orbitals. All three 
ipa form octahedral carbonyl compounds of this type. They are stable’ 
M : sublimed ünder reduced pressure. They are soluble in organic 

An e he bipyridyl complex [Cr(bipyridyl)3] is also octahedral. 
EO E complex dibenzene chromium [Cr(n?-C4H4);] was made by 
S ia: ler in 1955. It forms dark brown crystals and has a sandwich 
Enos similar to ferrocene, though it is much more air sensitive than 

ne. Cr has a coordination number of 12: It was made as follows: 
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3CrCl, + 2Al + AICI, t 6C4H, — 3[Cr(n*-C4H4);]* *- 3[AICI]7 

2[Cr(n? C4H4);]* * Na;S8;0, *- 40H^ — 2[Cr(n* C4H4);] -- 2Na;SO0, 4 2H,0 

It may also be made by a Grignard reaction 

Cri, - 2C,H;MgBr — [Cr(n*-C,H9);]* CI^ *- MgBrz 4 MgCl 

For work on this and similar organometaliic compounds, Fischer was 

awarded the Nobel Prize for Chemistry 1n 1973, jointly with G Wilkinson 
who did parallel work on cyclopentadienyl compounds 
The 1"-C4H, compounds include complexes containing only one cyclo. 

pentadienyl ring, and in a similar way complexes are formed with one 
benzene ring For example, benzene tricarbonyl complexes for Cr, Mo and 
W.eg [Cr(n*-C;H,(CO),], are yellow solids, the metal has a coordina 
tron number of 9 The benzene complexes are more reactive and less 
thermally stable than their n°-CsH; counterparts 

The lower oxidation states occur in carbonylions (—I} in [M,(CO),9]*, 
and (—II) in [M(CO)<}77 

CHROMATES, MOLYBDATES AND TUNGSTATES 

The oxides CrO, MoO; and WO, are strongly acidic, and dissolve in 
aqueous NaOH forming discrete tetrahedral chromate CrO2 , molybdate 
MoO; and tungstate WO37 ions 

CrO, + 2NaQH — 2Na* + CrO{7 + HO 

Chromates molybdates and tungstates exist both in solution and as 
solids Chromates are strong oxidizing agents, but molybdates and tung 
states have only weak oxidizing powers Molybdates and tunpstates can be 
reduced to form the blue oxides 
On acidifying, chromates CrO$^ form HCrO; and orange- red dichro 

mates CrO} an which two tetrahedral units join together by sharing the 
oxygen atom at one corner (Figure 22 8) HCrO7 and Cr,03~ exist in 
equilibrium Over a wide range of pH from 2-6 

CrO, is precipitated from very concentrated acid (below pH 1) 

CrO; = Cr,O0i7 == CrO; 
vcll v orange 

Na;Cr30; is the most important chromium compound, and is produced as 

one step in the extraction of chromium Apart from that used in the 
extraction of the metal, 369300 tonnes were used in 1991 for chrome 
tanning of feather, making vanous lead chromes, for ‘anodizing’ alumin 
ium. and as an oxidizing agent There is some evidence for further poly- 
menzation giving a himited polychromate series. Trichromates CriOjs and 
tetrachromates CrO? have been found 
When molybdate and tungstate solutions are acidified they condense and 

give an extensive range of palymalybdates and palytungstates Below a pH 
of 1 the hydrated oxides are precipitated MoO, 2H;O is yellow and 

WO; 2H.O is white. The formation of polyacids is a prominent feature of 
the chemistry of Mo and W. Other transition elements V. Nb, Ta and U 
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chromate dichromote 

Figure 22.8 Chromate and dichromate ions. 

also form polyacids, but to a lesser extent. The polyanions contain MoOg 

or WO, octahedra, which are joined together in a variety of ways by 

sharing corners or edges, but not faces. The polyacids of Mo and W are 
divided into two main types: 

1. Isopolyacids, where the anions which condense together are all of the 
same type — for example all MoO, groups or all WO, groups. 

2. Heteropolyacids, where two or more different types of anion 
condense together — for example molybdate or tungstate groups with 
phosphate, silicate or borate groups. 

The isopolyacids of Mo and W are not completely understood. They are 
very difficult to study because the extent of hydration and protonation of 
the various species in solution is not known. The fact that a solid can be 
crystallized from solution does not prove that the ion has that structure or 
even exists in solution. The first step in polyacid formation as the pH is 
lowered must be to increase the coordination number of Mo or W from 4 to 
6 by adding water molecules. The relationship between the stable species 
so far known is: 

4- pH 6 . pH 15-29 _ pH<1 
[MoO,] — [Mo;O;,]Ó Sa oe [MogO;«]* —— Ó MoO; : 2H;O 

normal paramolybdate octamolybdate hydrated 
molybdate oxide 

The structures of the paramolybdate and octamolybdate ions have been 
la by X-ray crystallographic studies of their crystalline salts (Figure 

Figure 22.9 S ; Aspects of ome molybdate ions. (From H.J. Eméleus and A.G. Sharpe, Modern 
Inorganic Chemistry, 4th ed., Routledge and Kegan Paul, 1973.) 
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The present understanding of the tungstates may be summarized 
_ stow Hi 6-7 fast 

[WO] === [HW,0,| {Wi 2041] 
normal boil OH paratungstate A 

tungstate or 

[W 12036(OH) ju]? 
paratungstate B 

pH 33 | ut 

[HW] [HIW 20O] 
y metarangstate metatunestate 

pH «I 

WO, 2H;O 

Heteropolyions are formed if a molybdate or tungstate solution rs 
acidified in the presence of phosphate, silicate or metal 1ons The second 
anion provides a centre round which the MoO, or WO, octahedra 
condense, by sharing oxygen atoms with other octahedra and with the 
central group The central groups are often oxoamons such as POF, SiOf- 
compounds, and BO”, but other elements including At, Ge, Sn, As, Sb 
Se, Te, J and many of the transition elements will serve as the second 
group The ratio of MoQ, or WO, octahedra to P Sı B or other central 
atom is usually 12 1. 9 I or 6 1, although other ratios occur less 
commonly A well known example of heteropolyacid formation ts the test 
for phosphates A phosphate solution is warmed with ammonium 
molybdate and mitric acid, and a yellow precipitate of. ammonium 
chosphomalybdate (NH4)},[PO, Moa,2O,] ts formed 
The structures of several heteropolyacids have been established In the 

12-heteropolyacids, for example 12-phosphotungstic acid. 12 WO, octa- 
hedra surround a PO, tetrahedron This ion may be considered as four 

groups of three WO, octahedra (Figure 22 10) 

Figure 22.10 12 polyucrd eg HYPO; Wy,Oy] (From HJ Emeleus and A ü 
Sharpe, Modern A«pects of Inorganic Chemtstry dth ed. RKP. 1971) 
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The 6-heteropolyacids accommodate larger central atoms, which have a 

coordination number of 6. The arrangement of six MoO, octahedra as 

shown in Figure 22.11 leaves a central cavity large enough to accept the 

octahedron from the hetero atom. and has been found in Ki[TeMo4O;4]. . 

Figure 22.11 6-polyacid, e.g. K,[TeMo,O2,|. (From H.J. Eméleus and A.G. 
Sharpe, Modern Aspects,of Inorganic Chemistry, 4th ed., RKP, 1973.) 

TUNGSTEN BRONZES 

Tungsten bronzes were originally made by strongly heating sodium 
tungstate Na,WO, with WO; and Ha. They are now made by heating 
Na,WO, with W metal, when blue, purple, red or yellow tungsten bronzes 
are formed. These are semi-metallic solids which have a lustre and conduct 
electricity. They are very inert to both strong acids and strong alkali. They 
are used in the production of ‘bronze’ and ‘metallic’ paints. 
Tungsten bronzes are nonstoichiometric compounds of formula M,WOs, 

where M is Na, K. a Group 2 metal or a lanthanide, and x is always less 
than one. The Na* or other metal ions occupy interstitial positions. The 
colour depends on the proportion of M present, and for the sodium 
compounds: x ~ 0.9 yellow or gold, x ~ 0.7 orange. x ~ 0.5 red, x ~ 0.3 
blue-black. The variable amount of Na* produces a defective lattice and 
Some of the sites which should be occupied by alkali metals are vacant. It 
might be thought that for each Na* removed from NaWOs, one tungsten 
Would change from W(+V) to W(+VI). The properties of the tungsten 
bronzes are better explained by assuming that all the tungsten atoms are in 
the (* VI) state. The valency electrons from the alkali metals are free to 
move throughout the lattice. giving metallic conduction. The conductivity 
aan with increased temperature, as in a metal. The structure is WO, 
Clahedra joined together by sharing all their corners with other 
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octahedra Further details of tungsten bronzes are given in Further 
Reading 
Molybdenum also forms bronzes similar to those of W, but a high 

pressure is needed to form them, and the Mo compounds are less stable 
This may be because Mo(+V) 1s less stable than W(+¥V), or because the 
solid structure 1s different and contains MoO, octahedra soined by a 
mixture of corner and edge sharing with other octahedra Lithium also 
farms bronzes, but these do not conduct electricity 

BIOLOGICAL IMPORTANCE 

Trace amounts of Cr and Mo are necessary in the diet of mammals 
Cr(4- III) and insulin are both involved in maintaimng the correct level of 
glucose in the blood In cases of Cr deficiency, glucose is only removed 
from the blood half as fast as normally Some cases of diabetes may reflect 
faulty metabolism of Cr The most miportant medical aspect of Cr salts is 
that larger amounts either ingested or on the skin are carcinogenic 
Compounds containing Cr(VI), eg dichromate and chromate, are 
parncuiariy so Thus care should be taken when performing titrations Using 
KCrO- or KCrO, 
Mo is present in the catalysts of dinitrogen fixing bacteria. (The amount 

of dinitrogen fixed biologically 1s estimated at 175 million tonnes per Year, 
compared with a total of 110 milhon tonnes of NH, produced Py the 
Haber-Bosch process and the distillation of coal ) The best Known 
dimtrogen fixing bacterium is Rhizobium This contains the. metallo 
enzyme nitrogenase 

Nitrogenase contains two proteins, molybdoferredoxin and azcferre 
doxin Molybdoferredoxin 1s brown, air sensitive contains two Mo atoms 
24~36 Fe atoms and 24~36 S atoms together with a protein, and has a 
molecular weight of about 225000 Azoferredoxin 1s yellow, air sensitive, 
is à derivative of ferredoxin Fe4S,(SR), and has a molecular weight the 
ange SQQUQTTQQOQ t «S not catan eariy hos domtiogen $4401 
occurs It 1s thought that N, bonds to the Mo in molybdoferredoxin 
(whether end on or sideways on 1s not known) If the Mo is suffictentiy 
reduced ıt can probably bond to the antibonding orbitals on Na Then the 
Fe in azoferredoxin ts reduced by free ferredoxin Fe,S,(SR), An electron 
is transferred from reduced azoferredoxin to molybdoferredoxin, possibly 
via the Fe, then from the Mo to the N, Protons are then added to Nz 
eventually gving NH, Adenosme triphosphate ATP is required to provide 
the necessary energy for the process Nitrogenase ts not specific for the 
reaction Nz —> NH, but also reduces alkynes to alkenes, and cyantdes 
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23 
Group 7 — 

the manganese group 

Table 23 1 Electronic structures and oxidation states 

Element Electronic structure Oxidation states* 

Manganese Mn [Ar] 32^ 4 (-1) 0 (P) IE. (IU) IV (V) (VI) VII 
Technetium Te [Kc] 4d^. 5s? 0 (UD (univ) vr vu 
Rhenium Re [Xe] 4f" 5d" 6s? 0 (f) (I) 101. IV (V) VI Vil 

“The most important oxidation states (generally the most abundant and stable) are 
shown in bold Other weil-characterized but less important states are. shown 
in normal type Oxidation states that are unstable or in doubt. are. given in 
Parentheses 

INTRODUCTION 

Manganese ts produced in very large amounts, most of which ts used in the 
Steel industry Large quantities of Mn, are also produced, and are used 
manty for making ‘dry’ batteries and in the brick industry KMnO, i5 an 
Important oxidizing agent. Mn(--IIT) forms a basic acetate with an unusual 
Structure Mn 1s biologically important and 1s necessary for photosynthesis 
The elements technetium and rhenium are rarely encountered They differ 
from manganese im that they have little cationic chemistry, their high 
oxidation states are much more stable, and the oxidation states (+II), 
CC IUD) and (IV) torm cluster compounds and compounds with metal- 
metal bonds 

ABUNDANCE, EXTRACTION AND USES 

Manganese i5 the twelfth most abundant element by weight in the earth s 
Crust, and is mmed as the are pyrolusite MnO, This ts a secondary 
Matenal, which has been formed by alkaline waters Jeaching Mn from 
igneous rocks and depositing 1t as MnO, World production of Mn ores 
was 22 7 million tonnes in 1992, contatning about 9 million tonnes of Ma 
The largest producers are the Sovet Umon 31%, China 25%, South 
Afnea and Brazil 11% each, Gabon 7%, India 6% and Australia 5% 
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Pure Mn is now obtained by electrolysis of aqueous MnSO, solutions. 

(Formerly it was made by reducing MnO; or Mn3O, with AI in a thermite 

reaction, but the reaction with MnO; was particularly violent.) There is 

little use for the pure metal. Ninety-five per cent of the Mn ores mined are 

used in the steel industry to produce alloys. Ferromanganese is the most 

important, and contains 80% Mn. World production of ferromanganese 

was 3.4 million tonnes in 1991. It is made by reducing the appropriate 

mixture of Fe;O4 and MnO; with carbon in a blast furnace, or an electric- 

arc furnace, with some limestone added to remove silicate impurities 

as calcium silicate slag. Alloys with a lower Mn content include sili- 

comanganese (approximately 65% Mn, 20% Si, 15% Fe) and spiegeleisen 

which is similar to cast iron and contains 5—25% Mn. Mn is an important 

additive in making steel. It acts as a scavenger (removing both oxygen and 
sulphur and thus preventing bubbles and brittleness) and in addition it 
forms a very hard steel alloy. (Hadfield steel contains about 13% Mn and 
1.25% C. It is very hard wearing and resistant to shock, and is used for 
rock crushing machinery and excavators.) Smaller amounts of Mn are also 
used in non-ferrous alloys. For example, manganin is an alloy containing 
84% Cu, 12% Mn and 4% Ni. It is widely used in eiectrical instruments 
because its electrical resistance is almost unaffected by temperature. 

Table 23.2 Abundance of the elements in the 
earth's crust, by weight 

ppm Relative abundance 

Mn 1060 12 
Tc 0 
Re 0.0007 76 

Technetium does not occur in nature, and was the first man-made 
element. All its isotopes are radioactive, and its chemistry has only 
recently been studied. ®Tc is one of the fission products of uranium. It is a 
D emitter with a half life of 2.1 x 10° years. It is obtained in kilogram 
quantities from spent fuel rods from reactors at nuclear power stations. 
The rods may contain 6% Tc. These rods must be stored for several years 
to allow the short-lived radioactive species to decay. Tc can be extracted 
by oxidation to Tc;O; which is volatile. Alternatively solutions can be 
separated by ion exchange and solvent extraction. The Tc;O; can be 
dissolved In water, forming the pertechnate ion TcOj; , and crystallized as 
ammonium or potassium pertechnate. Ammonium pertechnate NH4TcO, 
can be reduced with H» to give the metal. Tc metal has no commercial 
uses. Te and Tc can be made by neutron bombardment of Mo. Small 
amounts of Tc compounds are sometimes injected into patients to allow 

radiographic scanning of the liver and other organs. 
s vs very rare element, and occurs in small amounts in molyb- 

ane - Ide ores. Re is recovered as Re10; from the flue dust from 
MR B se Ores. This is dissolved n NaOH, giving a solution containing 

“nate ions ReOz. The solution is concentrated and then KCl added, 
continued overleaf 
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to precipitate potassium perrhenate KReO, The metal is obtained by 
reducing KReO, or NH4ReO, with hydrogen World production was only 
32 tonnes 1n 1992. Most of it is used to make Pt-Re alioys which are used 
as catalysts for making low-lead or lead free petrol for cars Small amounts 
are used as a catalyst for hydrogenation and dehydrogenation reactions 
Because of its very high melting point (Table 23 4) it 1s used in thermo 
couples, electnc furnace windings and mass spectrometer filaments 

OXIDATION STATES 

The electronic structure for this group of elements ts d°s* The highest 
oxidation state of (+ VII) ts obtained when all these electrons are used for 
bonding Mn shows the widest range of oxidation states of all the elements 
ranging from (—IIT) to (-- VII) The (+H) state 1s the most stable and most 

common and Mn?* ions exist in the solid. 1n solution and as complexes 
However, mm alkaline solution Mn?* i$ readily oxidized to MnO, The 
(-- IV) state ts found in the main ore pyrolusite MnO; Mn(-* VII) is well 
known as KMnO, This is one of the strongest oxidizing agents known In 
solution, and is stronger than Cr(+ VI) in the previous group. Mn(-tlll) 

and Mn(+VI) tend to disproportionate The lower oxidation states exist as 
carbonyl compounds or as substituted carbonyl complexes 

In contrast to the highly oxidizing properties of Mn(+ VII}, the (4 VID 
state is the most common and most stable for Tc and Re Tc(-- VII) and 
Re(-- VII) show only slight oxidizing properties The (4- VI) state tends to 
disproportionate and is not well known The (4+ V) and (+IV) states for Tc 

Table 23 3 Oxides and halides 

Oxidation states 
— — 

(+U) (+I) (+IY} (V) (r VI) (+ Vil) Others 

Mad Mn,0, MnO; = — Mn;D MAW, 
™ =- TcO, — TcO, Te,0; 

- ReO, | ReO, (Re;0.) ReO, Re10; 

MnFE, MnF, MnF, - - — 
MnCl, -— = — - — 

MnBr; -— -— — — ~~ 

Mnl, - — - - - 

- = = Pers Tek, - 
- = TeCh, - (TcCI4?) - 

— — He F, Ref, ReF, ReF;4 

(ReCl,) ReCHh ReCl, ReCl, (ReCl,7} - 
(ReBr;) ReBr, ReBr, ReBr, - - 
(Rel) Rel, Rel, ~ - A 

The most stable oxidation states are shown in bold. unstable ones in brackets 
h - hydrous oxide 

LIT 



and Re have an extensive chemistry. Re(-- IIT) is also stable and the halides 

form cluster compounds with metal-metal bonds. The (+II) and lower 

oxidation states are uncommon and are strongly reducing. 

Thus on descending the group there is an increase in stability of the 

highest oxidation state and also a decrease in stability of the lower states. 

The stability of the various states is shown in Table 23.3. The tendency to 

disproportionate is shown in the reduction potentials. 

STANDARD REDUCTION POTENTIALS (VOLTS) 

Acid solution 

Oxidation state 

VII 

- Tz. TU. + ; ynos +256 inoz 1225. mno, +095 ipe +151 

Fo aa 

+0.698 * +0.757 | 
‘TcOZ (TcO3) TceO, ————————— Tt 

pce -0.737 ——— . 
+0.50 

- +0.251 J 
+0.734 40.425 * +1.04 _ , +0 300 

: ReOq ReO, ReO, Re? t+—— Re 

+0.318 

+0.422 

* Disproportionates 
Potentials involving TcO; are calculated values 

GENERAL PROPERTIES 

Mn is more reactive than its neighbours in the periodic table. It reacts 
slowly with HO, liberating H>, and it dissolves readily in dilute acids. The 
finely divided metal is pyrophoric in air, but the massive metal does not 
react unless heated. When strongly heated the massive metal reacts with 
many non-metals such as Oz, N>, Cl; and.F;, forming Mn3O4, Mns3N5, 
MnCl, and a mixture of MnF, and MnF3. The melting point of the metal is 
appreciably lower than for the earlier first row elements Ti, V and Cr. It is 
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unusual im that st has four different sobd structures (a or body-centrag 
cubic, cubic. close packed, B, and x) The a form is stable at toom 
temperature and has a body-centred cubic structure (See Chapter 5 } 

Tc and Re metals are less reactive than Mn. They do not react with H,O, 
or non-oxidizing acids They do not dissolve mn HCI and HF, but they react 
with oxtdizing acids such as concentrated HNO; and H,50,, forming 
pertechnic acid HTcO, and perrhentc acrd HReO, | (This i5 not the usua] 
reaction of acid + metal to give a salt + Hj; For example, woth 
concentrated HNOsg, the NO; 10n 1s a stronger oxidizing agent than H,0*, 
and NO; 1s evolved ) Tc and Re undergo similar reactions with HQ, and 
bromine water The massive metals tarnish (oxidize) slowly tn motet arr, 
but the powdered metals are more reactive Heating with O; gives Te,0, 
and Re;O; which are both low melting (119 5*C and 300°C respectively) 
and volatile Heating with E? gives TcPs and TcF,, and ReF, and Ref, 

Table 23 4 Some physical properties 
—— o——— een eee ence nner neem nce en 

Covalent fonic radius (A) Melting Boing — Density Pautngs 

(à CC) teem) negate 
Mn 1 22 0 67 Ü 645° 1244 2060 7 43 15 

Tc 1 34 - P T 2200 4567 115 19 
Re 1 34 - - 3180 5650 210 19 

h = hgh spin value | = low spin radius 

Many 10ni¢ compounds of Mn are known including Mnia*, Mr”, 
MnOj^ and MnO; In contrast Tc and Re have virtually no aqueous ionic 
chemistry apart fram the oxoions TcO; and ReO; The elements Te and 

Re have a marked tendency to form metal-metal bonds in the Jower 
oxidation states (+H) (+I) and (+1V) 

Trace amounts of manganese are essential for plant and animal growth 
For this reason small amounts of MnSO, are often added to fertilizers 
The basic character of any element changes with the. oxidation state 

Low oxidanon states are more basic and high oxidation states are more 
acidic MnO and MnO; are basic oxides and are rome MnO, 1s 
amphoteric and does not exist as Mn’* ions Mn(+¥V) 1s rather uncommon 
Mn(-- VI) 15 represented by manganates such as NaJ[MnO,l This may be 
regarded as a salt of the unstable acidic oxide MnO, which does not exist 

in the free state Mn(-- VII) occurs as Mn;O; which is strongly acidic The 
corresponding acid, permanganic acid HMnO, ts a very strong acid 

Almost all manganese compounds are coloured Mn’* 1s pale pink and 
MnO; is black both because of d-d transitions The (4+VII) oxidation 
state has a d" configuration and would be expected to be colourless Whilst 
pernhenates ReO; containing Re(+ VI) are colourless, permanganates 
MnO; containing Mn{+VUl) are intensely coloured The purple~black 
colour arises from charge transfer spectra 
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Mn resembles iron in its: physical and chemical properties. Mn is harder 

and more brittle than iron, but melts at a lower temperature (Mn = 

1244°C, Fe = 1535°C). All three metals Mn, Tc and Re are usually 

obtained as grey powders, but in the massive form they look like platinum. 

Re has the second highest melting point of all the metals (W = 3380°C; 

Re = 3180°C). 
Manganese is quite electropositive and dissolves in cold dilute non- 

oxidizing acids. It is not very reactive towards non-metals at room 

temperature, but reacts readily on heating. 

Mn is much more reactive than Re. Similar behaviour is observed in 

adjacent groups: Cr is more reactive than W, and Fe more reactive than 

Os. This decrease in electropositive character is opposite to the trend 
shown in the main groups of the periodic table. In addition, Re tends to 
attain a higher oxidation state than Mn when they both react with the same 
element. À comparison of some of the reactions of Mn and Re is given in 
Table 23.5. 

Table 23.5 Some reactions of manganese and rhenium 

Reagent Mn Re 

N: Mn,N;, formed at 1200°C No reaction 
C Mn,C No reaction 
H;O Mn^* - H; No reaction 
Dilute acid Mn?^* + H, No reaction 
Strong acid Mn?*t + H; Dissolves slowly 
Halogens MnX, and MnF; ReF,, ReCls, ReBr, 
S MnS ReS; 

O: Mn3O, Re;0; 

Group 7 (manganese group) elements have seven outer electrons, but 
the similarity to Group 17 elements, the halogens, is very slight except in 
the highest oxidation state. Mn;O; and CLO; may be compared; MnQq 
and CIO; are isomorphous and have similar solubilities, and IO; and 
ReO; are quite similar, There are much closer similarities between Mn and 
its horizontal neighbours Cr and Fe. The chromates CrO37, manganates 
MnO" and ferrates FeO” are similar. The solubilities of the lower oxides 
E Z similar, which accounts for the occurrence of iron and manganese 
Oogether, 

LOWER OXIDATION STATES 

te (I) oxidation state is found in the carbonylate anion [Mn(CO).]~. 
| Pies state exists as the carbonyls [Mn2(CO),9] and [Re2(CO) jo] 
nd as a coordination complex K,[Mn(CN),] -2NH3 which is unstable and 

highly reducing, 

Binh and Re(+I) are only obtained with difficulty and are strongly 
g. 



Kin quid NH, 1 
K3[Mn'"'(CN),] ———> Ks Mn’ (CN)g] 

C]; under pressure ! 
[Re;(CO)ig] ————— 2[Re (CO)sCI] 

The cyano complex Na4(Mn'(CN);] 1s formed by dissolving powdered Mn 
im aqueous NaCN ın the complete absence of air 

(4I) STATE 
Mn(-II) salts (often called manganous salts) can easily be made from 

MnO; 

MnO, + 4HCl— MnCl + Cl, + 2H;0 

2MnQ, + 2H,SO0,— 2MnSO, + O, + 2H,0 

Most Mn(+I5) salts are soluble in water and form hydrated Mn^* ions, 
but Mn3(POQ,), and MnCO; are sparingly soluble [Mn(H;O)s]^* sons are 
pink They are also formed by dissolving the metal 1n acid, or by reducing 
higher oxidation states Small amounts of MnSQ, are added to fertilizers, 
as Mn 1s an essential trace element for plants Adding NaOH or NHOH to 
a solution of Mn** 10ns gives a very pale pink gelatinous precipitate of 
Mn{(OH),, which turns brown-black due to oxidation to MnO, The 
standard electrode potentials show that this cannot occur in acid solution 
but occurs easily in basic solutions 

Oxidation state 

t VIL t VI tI +{I 

Acid solution 

+ * + — MnOz 0 26 nO" +2 26 +0) 95 +1 5i ] 19 
— —MnO, ——Mn'* —— Mn'* —CMn 

Basic solution 

+0 56 +0 27 * +0 93 +0 —{) —155 
MnO, Ma01- 39 703-39 950, el Ma EA Meon Ma 

* = Disproportionates 

Mn?* has the electronic configuration 3d° which corresponds to a half filled 
d shell. Thus Mn?* 1s more stable than other divalent rons of transition 

metals and is more difficult to oxidize than Cr?* or Fe?* Mast Ma(+il) 
complexes are octahedral and have a high-spin arrangement with five 
unpaired electrons (Figure 23 1} This arrangement gives zero crystal field 
stabilization energy (see Chapter 7) Thus complexes such as [Mn(NH 
and [MnCl,]*~ are not stable except in solution Complexes with chelating 
ligands are more stable and (Mn(ethylenediamine)3|**, [Mn(oxalate) l" 
and [Mn EDTA]* can be isolated as solids 

These complexes all have very pale colours This is because a d-d 
transition in a high-spin d? complex requires not only the promotion of at 



(a) high-spin c? arrangement | 

(spin free) (b) low-spin dà? arrangement 

(weak ligands) (spin paired) 
(strong ligands) 

Figure 23.1 High- and low-spin arrangements in octahedral crystal field. 

electron from the fz, level to the e, level, but also the reversing of its spin. 

The spin selection rule states that when promoting an electron its spin may 
not be changed. The rule is only partially obeyed, but the probability of a 
transition where the spin is changed is low. Such transitions are termed 
spin forbidden. Because the probability of a spin forbidden transition is 
small, the colour is only about one hundredth the intensity of those 

observed in most normal spin allowed transitions. (It must also be 
remembered that all d—d transitions are forbidden by the Laporte selection 
rule. This states that when promoting an electron the change in the 
subsidiary quantum number / must be 1, so s — p or p — d transitions are 
allowed but not d — d. This selection rule is less restrictive as it is possible 
to get round it if the complex is not symmetrical, or by the mixing of 
orbitals, or by thermal motion of the ligands. These are discussed in 
Chapter 32.) Details of crystal field splitting of the d levels are given in 
Chapter 7. 

Strong field ligands may force the electrons to pair up, giving a spin 
paired complex. The only common spin paired complex of Mn is 
[Mn(CN)]'" which has only one unpaired electron (Figure 23.1). 
K|[Mn(CN),] - 3H;O is blue in colour, and has the same structure as 

K,[Fe(CN),]. Similarly, [Mn(CNR)&]^* and [Mn(CN)s: NOJ? have a spin 
paired or low-spin arrangement with only one unpaired electron. The low- 
Spin arrangement is a slightly more stable arrangement than the high-spin 
case. In the low-spin case the crystal field stabilization energy is five times 
A, from filling five electrons into the low energy f2 orbitals. This is partly 
cancelled out by the energy needed to pair two electron spins. The low-spin 
complexes are more reactive. They can be oxidized very readily because 
removing an electron removes one unit of pairing energy and thus 
increases the crystal field stabilization energy. These complexes can also 
be reduced fairly readily, since adding an electron fills the orbitals 
symmetrically. 

[Mn!(CN),]5~ ——_ [Mn"(CN)|** > [Mn (CN), ]^- 
reduction oxidation 

: low-spin qd? complexes, d—d electronic transitions are spin permitted and 
* Compounds are quite strongly coloured. 



GROUP 7 -— THE MANGANESE GROUP 

A few examples of square planar complexes are also Known, including 
Mn phthalocyanine, dnd MnSO4+5H,0 which contains square planar 
IMn(H;OA]* units 

The halide complexes [Mach], [MaBra] and (Mal, are tetra 
hedral and are green~ycllow m colour. In solution they add two molecules 
of water or two halide sons to form pink cofoured octahedral complexes 
These octahedra can pols menze by means of halide bridges 
Re+) 15 notione, and i5 found only m a few complexes such as 

[Re(pyridine);Cl;|] This has been resolved into cis and trans isomers. 
showing that it 15 «quare planar rather than tetrahedral 

(41) STATE 
MniO, i5 black im colour and 15 the most stable oxide at high temperatures 

It is forraed by licating any oxide or hydroxide of Mn to 1000*C. It contains 
both Mn(+II) and Mn(+IH). 1¢ (Ma' Mn?'O,), and has a spinel 
structure The O atoms are close packed with Mn(+ IED in octahedral poles 
and Mn(+J4) in tetrahedral holes 

The hydrated mangunic ton [MaL hO] can be obtamed in saluton 
by electrolysis by oxidizing Mn?* with potassium peroxodisulphate 
K;S;O,. or by reducing MnO; It cannot be obtained in strong con. 
centrations partly because water reduces Mn’* to the very stable Mn?* 
(which has enhanced stability due to the d' configuration) Mn'* da. 
proportionates in. acid solution (see the standard reduction potentials) A 
small number of Mn'* salts are known. c g MnF, Mn;(SO4); and the 
oxide MnO, These disproportionate in acid and hydrolyse in water 

Ju al 
2Mn'* + 214;0-—» Mn?* + Mn!’O, + SH? 

Mn'* + 21,.0-—— MnO OH + 3H* 

Mna(+ i) complexes are stable in aqueous solution Most complexes are 
octahedral und high spin. with magnetic moments close to the spin only 
value of 4 4 BM for four unpared electrons These melode [Mnh H:O] 
which is found in alums such as Cs'Mn!(SO,), LO., and in the 
4cetylacetone. complex. [Mn(acac),] whose crystal structure is à. slightly 
distorted octahedrons Jhe Jahn- Teller theorem predicts a slight distortion 
of the shape, as the electronic structure is (/2,}' {e,)' and the e, level is noi 
symmetrically filled. This distortion i$ similar to that (ound in Cr^* and 
Cu^* complexes [he oxalatc complex (Mn!  (oxalate);|* may be formed 
durmg permanganate-oxalate. ütrations.— "This. would. upset. analytical 
calculations which are based on the reduction of MnO," to Mm dos 
ever, the oxalate complex is thermally unstable so the titration is performed 
at about 60°C to decompose the complex 

The complex KMn" CN) } is formed when air is bubbled through a 
solution containing Mn?^* and KCN Since CN” acts as a strong feld 
ligand, t£ causes spin pairing. and the complex is fow spin The electronic 
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structure is (12,)* (e,)", the eg level is symmetrically filled, and the complex 

ion is a regular octahedron as expected. 

Manganese forms an unusual basic acetate when Mn^* is oxidized 
with KMnO, in glacial acetic acid. The compound has the formula 
(Mn30(CH;COO).]* [CH;: COO]~ and is a deep red—brown coloured 

solid. It is used industrially for the oxidation of toluene C,H;-CH3; to 

phenol C,HsOH. it will also oxidize alkenes to lactones, and it is used 

as the starting material for making many Mn(--III) compounds. The 

structure is unusual and consists of a triangle of three Mn atoms with an 

O atom at the centre. The six acetate groups act as bridges between the 

Mn atoms - two groups across each edge of the triangle. Thus each Mn 
atom is linked to four acetate groups and the central O, and the sixth 
position of the octahedron is occupied by water or another ligand giving 
[Mn;O(CH:COO)sL;]. This type of carboxylate complex is formed by 
the trivalent ions of Cr, Mn, Fe, Ru, Rh and Ir. A similar preparation in 
sulphuric acid gives an intensely red coloured solution. This is thought to 
contain a very similar sulphate complex with SO" groups acting as 
bridging groups. The solution is as strongly oxidizing as KMnO, and at one 
time it was used as an alternative oxidizing agent for use in sulphate 
solutions. 
Mn( +III) and Mn(--IV) complexes are involved in the release of O, 

during photosynthesis. 
Tc(-HI) is unstable but Re;04- (H5O), and the heavier halides are 

known. The halides are trimeric and (ReCl4); and (ReBr4); are dark red 
solids and (Rel3)3 is black. Their structure consists of a metal atom cluster 

in which three Re atoms form an equilateral triangle (with formal double 
bonds between the metal atoms). Three halogen atoms act as bridging 
groups along the edges of the triangle, and the remaining six halogen atoms 
are coordinated two to each Re. An isolated Re3Xg unit is shown in Figure 
23.3a. There is one unfilled coordination position on each Re atom, 
marked L. In the solid this is filled by further halogen bridging with other 
Re3Xq units, giving a polymer (Figure 23.3b). The trimeric structure is very 
stable, with Re—Re distances of 2.48 A, and this structure remains even in 
the gas phase at 600°C. This structure also forms the basis of the structure 
of many Re(+III) complexes, where three additional groups L are added 
to the isolated Re3Xy unit (Figure 23.3c). 
The simplest explanation of the double bonds between Re atoms is that 

cach Re has nine atomic orbitals available for bonding (five d, one s, and 
three p). The metal is surrounded by five ligands, leaving four unused 
orbitals, Assuming the unused orbitals are pure d or mainly d in character, 
there are 12 atomic orbitals for Re-Re bonding. If these are delocalized 
- the three atoms there will be six bonding MOs and six antibonding 
m c Re( III) has a d^ configuration: hence the 12 electrons can 
o : Six bonding MOs, corresponding to double bonds between each 
uis P Re atoms. Since all the electrons are paired, the clusters 

it Re n lamagnetic, and this has been found experimentally. 
lo OF Re3Brg is dissolved in concentrated HC! or HBr, one, two 

Figure 23.2 Structure of 
[Mn;O(CH;COO)«(H;0)]*. 
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(23) isolated Re, X, unit 

(b) Re, X, solid showing 
halogen bridging 
in between units 

(c} Re X, with three 
ligands Z, added 

Figure 23 3 Various Re4X, structures 



or three halide ions may be added to the isolated ResXo unit. Halide 

complexes such as K*[ResBrio] , K2 [Re3Bri]"- and K3[ResBri]" can 

be obtained from solution. It is also possible to obtain [Re;X, - 3H;0]. 

The extra ligands L are more labile, i.e. more reactive, than the bridging 

groups. l 
A quite different type of halide complex Is formed when perrhenates are 

reduced by H; or sodium hypophosphite NaH;PO; in acid solution. These 

contain a dimeric unit [Re;Clg]^^ or [Rez2Brg]^" which is isostructural with 

[Mo;Cl;]^". It is made up of two approximately square planar ReX, units 

linked by a Re—Re bond of length 2.24 À (Figure 23.4). 

Figure 23.4 Structure of [Re,Clg]*~ ion. 

The metal-metal bond length is very short, and is interpreted as a 
quadruple bond. If the Re—Re bond points along the z axis, the square 
planar ReX; unit uses the s, p,, py and d,2_,2 orbitals for o bonding to the 
X atoms. A o bond between the two Re atoms will have contributions 
from the p, and d, orbitals which lie along the axis. With the eclipsed 
conformation the d,, and d,, orbitals on the two Re atoms overlap 
sideways, forming two x bonds. Finally the d,, orbitals which lie in the 
two ReX, planes overlap with each other, giving a 5 bond. 

(+IV) STATE 

Very few Mn(+IV) compounds are known. However, MnO, is the most 
important oxide in the group, and is commercially important. It is not the 
most stable oxide, as it is an oxidizing agent, and decomposes to Mn3Q, on 
heating to 930°C. MnO, occurs naturally as the black coloured mineral 
pyrolusite. It has the rutile structure which is also found for many other 
Oxides of formula MO». It can be made as follows: 
1. By heating Mn in O3. 
NY oxidizing Mn**, for example by heating Mn(NO3)2-6H20O in air. * Yery pure MnO, is made by electrolytic oxidation of Mn'SO,. 4. 

xi ) 

EM laboratory hydrated MnO, is precipitated from solution when 

Perlorming permanganate titrations in alkaline solution. 

MnO; + 2H,O + 3e > MnO, + 40H- E?-123V 
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Hydrated MnO, has some cation exchange properties, and if it 1s de 
hydrated st loses some O2, formung a nonstorchiometric praduct 
MnO, does not react with most acids unless heated It dissolves in 

concentrated HCl, but does not form Mn(+1¥V) in solution. Instead it 
oxidizes CI^ to Cl;, and is itself reduced to Mn?* Scheele discovered Cl, 
using this reaction 

MnO, + 4H* + 4CI- > Mn** - 2CI- «4 Cl; 4 2H,0 

This was the commercial method of producing C]; unt: electricity became 
commercially available and electrolysis became the preferred method This 
reaction 1s still used to produce Cl; in the laboratory if cylinders are not 
available MnO, oxidizes hot concentrated HSO, m a simlar way, 
liberating QO, 

2MnO, -*- 2H;5O, — 2Mn5O, + O, + 2H20 

Fusing MnO, with NaOH gives sodium manganate(VI) Na;[MnO,] This 
3 a dark green colour and 1s oxidizing 
MnF, is formed by direct reaction between Mn and F, It 1s blue 

coloured and unstable itis the highest halide formed by Mn A few (41V) 
complexes are also known including K2[MnF,], K2[MnCl,}. K2{Mn(CN)sl 
and K2[Mn(IO,),] This 15 the highest oxidation state in which Mn forms 
complexes 

Over half a million tonnes per year of MnO; is used in 'dry battefies 
(Leclanche cells) This must be very pure, and is produced electrolytscálly 
(see above) Large amounts of MnO; are also used in the brick industr¥ to 
colour bricks red or brown 1t is used to make red or purple glass MnQ:z's 
used in the production of potassium permanganate 

MnO: + KNO, =en EM KMnO, + NO 
ciectrolytn otidation 

iy KaMnO, t H-O KMaQ, + KOH + Ha 

MnQ, is also used as an oxidizing agent in organic chemistry, for oxidi£! 
alcohols and other compounds 

C.H. CH, * 2MnO, 4 2H.50,— C,H« CHO 4 2Mn$SO, 4 3850 
toluene benzaldehyde 

O 

2C H; NH; + 4MnQ, + 3H5SO, — + (NH4).SO; T 4MnSOQ, 

- + 4H: 

Oo 
quinhydrone 



(+1V) STATE 

MnO; is used as a catalyst in the preparation of dioxygen from KCIO.. If 

KCIO; is heated to a temperature of 400-500 °C it decomposes and evolves 

O;. With MnO, present decomposition occurs at 150°C. The product is 

contaminated with Cl; or CIO;. 

2KCIO; — 2KCI + 30, 

The (+IV) state is the second most stable state for both Tc and Re. The 

oxides TcO; and ReO; are black and brown respectively, and can be made 

in a variety of ways: 

1. By burning the metals in a limited amount of dioxygen. 

2. By heating the heptoxides M;O; with M. 

3. By thermal decomposition of the ammonium salts NH4MO,. 

4, The hydrated oxides are conveniently made by reducing solutions of 
TcO4 or ReO; with Zn/HCl. These may be dehydrated by heating. 

TcO; is' insoluble in alkali, but ReO; reacts with fused alkali, forming 
rhenites ReO%~. Both oxides have a distorted rutile structure. The metal 
atoms in adjacent octahedra are displaced from the centre, giving a 
substantial metal-metal interaction like that in MoO, and WQ). 
The sulphides TcS, and ReS, are both known. Rhenium sulphides are 

effective catalysts for organic hydrogenation reactions, and have the 
advantage over Pt that they are not ‘poisoned’ by sulphur compounds. 

TcCl, iias a solid structure of TcCl, octahedra linked into a zig-zag chain, 
similar to ZrCl,. It is paramagnetic, and there are no metal-metal bonds. 
All four ReX, halides are known. ReCl, can be prepared as follows: 

2ReCl, + SbCl, — 2ReCl, + SbCl. 

It is metastable and reactive, and has a structure based on cubic close- 
packed chlorine atoms. The Re atoms occupy one quarter of the octa- 
hedral holes but occur in pairs of adjacent octahedra, forming metal-metal 
bonds with a Re- Re distance of 2.73 À. 
Many complexes are known. [ReCl,]?~ is octahedral, and is obtained by 

reduction of KReO,: | 

conc HCI 
——————À ReO; or TcO; [M'"CI]^7 

*KI 

[Rech]? is hydrolysed in water: 

[ReCl]?" -- H;O 2 ReO;-(H50), 
2 D complexes [MF], [MBr,]?" and [MI,J?- are ma Seton 

water e a and the appropriate halogen acid. [ReFa] is stable in 

forms [TE (Ch complexes are formed by treating [MIs]? with KCN. Tc 

this compl HD] . Re Is oxidized by CNT and forms [Re’(CN),]°~. In 

of 8 : eX Re has an oxidation state of (+V) and a coordination number 

r And the structure is probably dodecahedral. 

747 
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(+V) STATE 
Mn(+V) 1s little known except as the manganate(V) ion MnOi^ (formerly 
called hypomanganate) This can be obtained as a bright blue salt KaMnO, 
by reducing an aqueous solution of KMnO, with an excess of sodium 
sulphite It 1s not stable, and tends to disproportionate Tc 1s reluctant to 
form the (+¥) state, and Re(-* V) compounds are readily hydrolysed by 
water and at the same time they disproportionate 

3ReYCk + 8H20 — HReV"O, - Re'YO, (H20), 
petrheme acd 

ReCl, 1s dimeric, 2nd has a structure like (NbCI,)2 (Figure 21 2) in which 
two octahedra are Joined by an edge The Re-Re distance 1s 3 74A. and 
therefore there w no metal-metal bonding The oxide ReO; is. also 
known 

(VI) STATE 

The only example of Mn(- VI) 1s the manganate(VI) 10n MnO$' These 
compounds are sometimes called manganates, and they are dark green 
Manganates are formed by oxidizing MnO; in fused KOH with air, KNO, 
PbO,, NaBiO, or other oxidizing agents They can also be obtained by 
treating KMnO, with alkali 

4MnO; -- 40OH- — 4MnOZ-  O, 4 HO 
MnO 37 ts quite strongly oxidizing and ts only stable in very strong alkali In 
dilute afkali, water or acidic solutions it disproportionates 

3Mn'"!Oi t 4H* 5 2Mn YO; + Ma!l¥O, + 2H,0 
(manganatc) (permarganalc) 

munganatc( VI) manganate( VIT) 

Re(-- VI) 1$ known as the red coloured oxide ReO, but the existence of 
TcO; is uncertain. The structure of ReO, 1s shown tn Figure 23 5a. and 
the same structure 15 adopted by other oxides such as WO Each metal is 
octahedrally surrounded by oxygen atoms The structure is closely related 
fo the perovskite structure for compounds ABO, by the insertion of a 
large cation at the centre of the cube as shown in Figure 23 5b 

The halides TcF«, ReF, ard ReClI, are known The fluondes are made by 

direct reaction of the elements, and the chloride by treating the fluoride 
with BCl, They have a d’ configuration, and the fluorides are yellow and 
the chloride 1s green-black The magnetic moment ıs lower than the spin 
only value for d! because of strong spin orbital coupling The compounds 
have low melting points ranging from 18°C to 33°C, and they are sensitive 
to water 

3ReF, + 10H,0 — 2HRe""O, -- Re!'VO, 4 18HF 

(+VII) STATE 

Mn(-- VII) 1s not common, but ts very weil known as the manganate(VII) 

ton MnO;, which rs still commonly called the permanganate ion The 



(a) (b) perovskite structure ABO,, 

e.g. CaTiO, 

Figure 23.5 Structures of (a) rhenium trioxide ReO; and (b) perovskite ABO,, e.g. 
CaTiO;. (From A.F. Wells, Structural Inorganic Chemistry, Oxford, Clarendon 
Press, 1950.) 

potassium salt KMnO, 1s widely used as an oxidizing agent in both 
preparative and analytical chemistry. Titrations are normally carried out 
in acidic solutions, and MnO% is reduced to Mn**, a change of five 
electrons. 

MnO; + 8H* + 5e— Mn** + 4H,O E°=1.51V 

In alkaline solution Mn'"O, is formed, involving a three-electron change. 

MnO, + 2H,0 + 3e => MnO, + 40H” = E° = 1.23 V 

Thus the reaction which occurs, and hence the stoichiometry, depend on 
the pH. The purple colour of MnO acts as its own indicator in titrations. 
Permanganate solutions are intrinsically unstable in acidic solution, and 

decompose slowly. Decomposition is catalysed by sunlight, so KMnO, 
solutions should be stored in dark bottles and they must be standardized 
frequently. 

4MnO; + 4H* — 4MnO, + 30, + 2H,O 
If a small quantity of KMnQ, is added to concentrated H2SO,, a green 
solution containing MnO? ions is formed. 

KMnO, + 3H2SO,— K* + MnO} + 3HSO7 + H3;0* 
With larger amounts of KMnO,, an éxplosive oil Mn;O; is formed. (Do 
hot try this.) 
KMnO, is manufactured on a large scale: 

MnO, Él: RO clectrolytic oxidation 
MnOj^ MnO4 

oxidize with air or KNO, manganate in alkalinc solution — permanganate 

Permanganates can also be prepared by treating a solution of Mn^* ions 
with very strong oxidizing agents such as PbO; or sodium bismuthate 
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NaBiO, In qualitative analysis the presence of manganese 1s confirmed by 
treating the solution with sodium bismuthate, when the purple colour of 

MnO; is obtained Permanganites can also be made by acidifying 
manganates, when they dispropo tionate into MnO; and MnOz, but the 
yields are not good 
The permanganate jon has an intense purple colour. Mn( Vil) has a 

d" configuration, so the colour arises from charge transfer and not from 
d-d spectra 
KMnO 15 used as an oxidizing agent m many organe preparations 

including the manufacture of saccharin, ascorbic acid. (vitamin. C), and 

nicotine acd (macn) It is also used for treating drinking water (It 
oxidizes and thus kills bacteria, but does not leave an unpleasant taste as 
does Cl. Y 

In contrast to the scarcity of Mn(-- VH) compounds  Tc(-- VH) and 
Re(--Vil) occur im several compounds These include the heptoxides 
M-03, heptasulphides M-57, MOF tons oxohalides, a hydride complex 
MH% and ReF, These are only slightly oxidizing and are relatively stable 
compounds 
The oxides Tc;0; and Re;0; are formed when the metals are heated in 

air or dioxygen. They are both stable yellow solids Tc;O; melts at 120°C 
and Re;O; at 220*C, in contrast to Mn;O; which is an explosive oi]. Te;0; 
is more oxidizing than Re;O; 

Both oxides dissolve in water and form colourless solutions of pertechnic 
acid HTcO, or perrhenic acid HReO, A second form of perrhenic acid 
exists as H,ReO, (compare with periodic acid HIO, and H4IO4) The per 
acids are strong acds te completely ionized in aqueous solution The 
solubilities of perrhenates are similar to those of perchlorates The ions 
MnO;. TcO; and ReO; are alf tetrahedral The MnO;j ion i$ a powerful 

oxidizing agent TcO, and ReO; show mild oxidizing properties. The 
difference is illustrated by their reaction with HS. KMnO, oxidizes HS to 
S. and is itself reduced to Mn^* whereas KTcO, and KReO, precipitate 
sulphides Teo8, and Re.S, 

Whilst MnO7 1s unstable in alkaline solution TcO7 and ReO7 are 
stable from bases 
KMnO,is a very dark purpie- black solid. The MnOy ion is deep purple 

coloured due to charge transfer spectra In contrast solutions of TcO; and 
ReO; are colourless asthe charge transfer band occurs at higher energy in 
the UV region. However solutions of HReO, become yellow-green when 
they are concentrated and HTcO, has been isolated as a red solid These 
colours arise because the tetrahedral ReOs 10n becomes less symmetrical 
when undissoctated HO—ReQy, ts formed and the Raman spectrum of the 
concentrated solution shows [ines due to the acid 

The elements in this group do not form binary hydrides However, shen 
potassium pertechnate KTcO, or potassium perrhenate KReO, is treated 
with potassium in ethylenediamine or. ethanolic solution, hydrido com 
plexes K:[TcH4] and K«[ReH,] are formed The structure is a tri capped 
trigonal prism, that ts 4 trigonal prism with an extra group porting out of 
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Figure 23.6 Structure of the enneahydridiorhenium(VII) ion [ReHo]*~ 

each of the three rectangular faces (Figure 23.6). The proton magnetic 

resonance spectrum of this ion rather surprisingly shows a single sharp line. 
This suggests that the H atoms are equivalent. This suggests that the H 
atoms undergo a very rapid intramolecular site exchange. 
When Re is heated with fluorine ReF; is formed, but Tc only forms 

TcF,. ReF, and JF, are the only heptahalides known throughout the 
periodic table, and both have a pentagonal bipyramid structure. Several 
oxohalides can be made by treating the oxides with the appropriate 
halogen, or ReF; with dioxygen or water. These include ReOF;, ReO5F,;, 
ReO3F, ReO3Cl, TcO3F and TcO3Cl. The oxohalides aré all pale yellow 
or colourless compounds which are either low-melting solids or liquids. 

BIOLOGICAL IMPORTANCE 

Mn" is important in both animal and plant enzymes. In mammals the 
enzyme arginase is produced in the liver. This is important because it 
converts nitrogenous waste products into urea in the ornithine—arginine— 
citrulline cycle (discovered by Hans Krebs who also discovered the 
tricarboxylic acid cycle). The urea is carried by the blood to the kidneys, 
where it is excreted in urine. 
Mn is an essential trace element for plant growth. It is added to 

fertilizers in parts of the world where there is a deficiency in the soil. It is 
essential in a group of enzymes called phosphotransferases. 
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Group 8 — the iron group 

IRON, COBALT AND NICKEL GROUPS 

Iron Fe Cobalt Co Nickel Ni 

Ruthenium Ru Rhodium Rh Palladium Pd 

Osmium Os Iridium Ir Platinum Pt 

These nine elements made up Group VIII in the old Mendeleev periodic 
table. They are now treated as Groups 8, 9 and 10 (in vertical groups or 
triads) in the same way as the other transition elements: 

Group Group9 Group 10 

However, the horizontal similarities between these elements are greater 
than anywhere else in the periodic table except among the lanthanides. As 
a consequence of the lanthanide contraction, the second and third rows 
of transition elements are much alike. Because of this, the horizontal 
similarities are sometimes emphasized by considering these nine elements 
as two horizontal groups: the three ferrous metals Fe. Co and Ni, and the 
SIX mn metals Ru, Rh, Pd, Os, Ir and Pt. 

INTRODUCTION TO THE IRON GROUP 

Iron is used in larger quantities than any other metal, and steel making is of 
immense į importance throughout the world. Iron is also the most important 
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Tabte 24 1 Llcetronie structures and oxidation st ites 
e — Pi c RE ERE p c HR RR a Ro t m s 

L'umint Clectronic structure Oxidation states* 
a A I A e I 

Fe [Ar| 35d i OU — H HI (IV) (V) (VI) 
Ru [Kr] 4a? 45! 0 Wom !JV (V) VI (VIDI) VIE 
Os [Xe] 4/ " 5d' 6 U (1) (ID) CHE). IV. (V) VI (VII) VIII 
M——— € — P— ü ———"o— ——P———" dl —P——————— —á—'——V/nÓ— Pr Hoá t" 

* Tho most impartant oxidation st ites {generally the most abundant and stable} are 
shown in bold Other wali chiritenztd but tess important stites are shown 
in nomm il type Oxid iron states thit are unstable or in doubt are given im 
pr irc ntncscs 

transition element in plants and animals Its biological importance is as an 
electron carnier in plants and animals (cytochromes and ferredoxins), as 
haemoglobin the oxygen carrier in the blood of mammals as myoglobin 
for oxygen storage, for iron scavenging and storage (ferreun and trans 
ferrin} and in nitrogenase (the enzyme in nitrogen fixing bacteria) Iron 
forms several unusual complexes including ferrocene 

ABUNDANCE, EXTRACTION AND USES 

fron is the fourth most abundant element in the earth s crust, after O, $ 
and Al lt makes up 62000 ppm or 6 2% by weight of the earth’s crust 
where iis the second most abundant metal (Appendix A) in addition won 
and mekel make up most of the earth s core 
The chief ores are haematite Fe2O;, magnetite Fe,O,, limonite 

FeO( OH) and siderite FeCO, (Smailer amounts of pyrites FeS, are also 
found This has a yellow metallic appearance and ıs called ‘fool's gold 
because it has been mistaken for gold ) World production of iron ores was 
959 million tonnes in 1992 The largest sources are China 22%, the Soviet 
Union 18%, Brazil 16%, Australia 12%, and the USA and India 6% 
each This yielded 497 mullian tannes of ptg tron tn 1992 

Ruthenium and osmium are very rare They are found in the metallic 
state together with the platinum metals and the comage metals (Cu, Ag 
and Au) The mam sources are traces found in the NiS/CuS ores mned in 
south Africa, Canada (Sudbury, Ontario), and the Soviet Union (the 
river sand from the Ural mountains) World production of all six platinum 
group metals was only 281 tonnes in 1992 The largest sources were South 
Africa 4575, the Soviet Union 44965, Canada 496, the USA 295 and Japan 
0 896 

Table 24 2 Abundance of the elements in the 
earth» erust. by weight 
TS s HW TW E 

ppm Relative abundance 

Fe 62 000 A 
Ru 0 0001 77 — 
Os 0 005 72 



EXTRACTION OF IRON 

The extraction of iron has played a considerable part in the development of 

modern civilization. The iron age began when man found how to use the 

charcoal formed by burning wood to extract iron from iron ores, and how 

to use it to make implements. The industrial revolution began when 

Abraham Darby developed a process which used coke instead of charcoal 

at Coalbrookdale in Shropshire, England, in 1773. It is much cheaper and 

easier to produce coke from coal rather than make charcoal by partly 

burning wood. Furthermore the greater mechanical strength of coke made 

it possible to blow air through a mixture of coke and iron ore in a blast 
furnace and thus extract iron on a much larger scale. These two factors 
increased the availability of iron and greatly reduced its price. It became 
possible for the first time to make bridges, ships, steam engines and railway 

lines using iron. The scale on which iron and steel are produced and their 
widespread use justify detailed examination of the processes involved. 

Blast furnace 

Iron is extracted from its oxides in a blast furnace. This is an almost 
cylindrical furnace, lined with fire bricks. It runs continuously and works 
on the counter-current principle. It is charged from the top with iron ore, a 
reducing agent (coke) and slag forming substances (calcium carbonate). 
The amount of CaCO; is varied, depending on the amount of silicate 
materials in the ore. Air is blown in at the bottom. The coke burns 
producing heat and CO. The temperature of the furnace is nearly 2000°C 
at the point where the air enters, but is about 1500°C at the bottom and 
200°C at the top. The iron oxide is reduced to iron mainly by CO (though 
perhaps some reduction by C takes place). The molten iron dissolves 
3-4% of C from the coke, resulting in the formation of pig iron. The 
melting point of pure iron is 1535°C. The impurities in pig iron lower the 
melting point, possibly to as low as 1015°C (the eutectic temperature) by 
the presence of 4.3% C. Molten iron collects in the hearth at the bottom of 
the blast furnace. 

The temperature of the furnace decomposes CaCO; to CaO, which then 
reacts with any silicate impurities present (such as sand or clay), forming 
calcium silicate or slag. This is also molten and also drips to the bottom. The 
Slag floats on the molten iron, thus protecting it from oxidation. Molten 
slag and molten iron are drawn off through separate openings at intervals. 
Hs molten iron is run into moulds made of sand and is allowed to solidify 
nO ingots called ‘pigs’. Pig iron or cast iron is hard but is very brittle. 
uu amount of pig iron is remelted and cast into metal parts, but the 
iud E area It almost impossible to machine the metal on a lathe, 
id Nin e shaped by grinding. Pig iron contains up to 4.3% carbon 
ned y other impurities such as Si, P, S and Mn. The non-metallic 

must be removed to reduce the brittleness. All Fe/C alloys 

continued overleaf 

iron ore 
coke and 
limestone 

in 

Iron 

Figure 24.1 Diagram of a 
blast furnace. 
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containing less than 2% C are called steei_ Steel is ductile and can be rolled 

or machined into shape The hardness and strength increase with 

increasing C content The most common forms are mild steel (otherwise 
called soft steel or low carbon steel) and hard steel (otherwise called high 

carbon steel) 
The source of the 1mpurities 1n pig tron are as follows C arises from the 

coke used in the blast furnace. S1. P and S arise from the reduction by C of 
silicates phosphates or sulphates present in the ore, or from 5 in the coke 
Small amounts of Mn are often found tn tron ore, but for most purposes 
this ts beneficial rather than harmfuf as small amounts of Mn actually 
enhance the physical properties of the metal Typical analyses of pig iron 
and mild steel are shown in Table 24 3 

The slag ts used as a building material, for example to make breeze 
blocks. or cement 

Table 24 3 Typical impurities that may 
be present in pig mon and mild steet 

Pig iron Mild steel 

(7o) (7o) 

C 3-4 3 0 15 
Si 1-2 0 03 
P 0 05-2 D 05 
S 0 05-1 005 
Mn 0 5-2 05 

Reactions involved 

The overall process for the extraction of Fe is 

3C + Fe04 — 4Fe + 3C0, 
CaCO, + $10, — CaS:0, + CO, 

The reaction proceeds in several stages at different temperatures Since the 
air passes through jn a few seconds, the individual reactions do not reach 

equilibrium 

400°C 3Fe,0, + CO — 2Fei0, + CO, 
Fe;O, - CO  2FeO + CO; 

500-600°C 2CO — C 4 CO, 
The C is deposrted as soot and reduces FeO to Fe 
but st also reacts with the refractory fining 
of the furnace, and ts harmful 

800*C FeO + CO — Fe 4- CO, 

90°C CaCO, => CaO + CO, 
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1000 *C FeO + CO — Fe + CO; 

(Together these two reactions appear to be 
FeO + C — Fe + CO) 

1800°C CaO + SiO, —> CaSiO, 
FeS + CaO + C — Fe + CaS + CO 
MnO + C —> Mniin Fe) + CO 

SiO; T 2C — Slon Fe) T 2CO 

A modern blast furnace may be 120 feet (40 metres) high, and 50 feet 
(15 metres) in diameter at the bottom, and can produce 10000 tonnes of 
pig iron per day. 

STEEL MAKING 

Steel is made by removing most of the C and other impurities from pig 
iron. The process involves melting, and oxidizing the C, Si, Mn and P in 

the pig iron so that the impurities are given off as gases or converted into 
slag. 

Puddling 

Originally steel was made by ‘puddling’, which involved mixing molten pig 
iron with haematite Fe3;O,, and burning off all the C and other impurities 
to give wrought iron. Wrought iron has had all the C removed and is fairly 
soft, and is extremely malleable. It can be converted into steel by adding 
the required amount of C or other metals to give the type of steel required, 
but this process is now entirely obsolete. 

Besseiner and Thomas procésses 

In 1855 H. Bessemer (a Frenchman living in England) patented the process 
named after him which uses a Bessemer converter. This is a large pear- 
shaped furnace lined with silica. The furnace can be tilted and whilst it is in 
the horizontal position molten pig iron is poured in. It is then tilted to the 
vertical position and a blast of compressed air is blown through holes in the 
bottom of the furnace and through the molten metal.This burns the Si and 
Mn In the pig iron to give first SiO, (then iron silicate) and manganese 
oxide slag. These reactions produce a lot of heat which leads to stronger 
oxidation of C to CO or CO,. The course of the reaction can be followed 
by burning the waste gases and observing the colour or the spectrum of the 
‘Ame produced. When the C content is sufficiently low, the converter is 
upped and the molten steel is poured into cast iron moulds. This gives an 
got of steel, which can be rolled or forged. The process typically takes 20 
Minutes for a 6 tonne ingot of metal. 
i m ores typically contain either Si or P as impurities, which are 
Xidized to SiO, or P4O,o. A phosphorus content of over 0.0576 in steel 

continued overleaf 
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leads to a low tensile strength and cold brittleness The Bessemer process 
does nat remove phosphorus so satisfactory steel or wrought iron can 
only be obtamed from pig tron containing little or no P. Furthermore the 
phosphorus damages the lining of the convertor, and this can only be 
replaced by taking the convertor out of use 

FO in + 6Fe + 30; — 2Fe(PO4); 

Fe,(PO,4), + 2Fe,C + 3Fe = 2Fe,P + 6FeO + 2CO 

FeO + §:0, ——_—_ FeSi0, 
(furnace ! n ng) 

In sore countries steel making 15 based on phosphorus rich ores In this 
case the basic Bessemer process (often called the Thomas and Gilchrist 
process patented by S G. "Thomas in 1879) is used instead There are two 
differences from the normal Bessemer process 

] The Thomas convertor 1s lined with a basic material such as calcined 
{strongly heated) dolomite or limestone This reduces reaction between 
the iran phosphate slag and the lining of the convertor This prolongs 
the life of the convertor lining 

2 Limestone CaCQ, or lime CaO are added as slag formers These are 
basic and react with PO forming basic slag Ca,(PO,). thus 

removing P from the steel Basic slag ıs a valuable by product and ıs 
hnely ground and sold as a phosphate fernlizer 

Thus a Bessemer convertor with its silicate lining was used for mon ore 
containing silicate impurities and Thomas convertor lined with limestone 
ar dolomite was used with ores which had a high P content A small 
amount of Mn i5 added to the molten metal ta remave § and O The 
Bessemer process reduced the price af steel by a factor of § in the UK It 
was adopted by Andrew Catnegie in the USA and reduced the price by a 
factor of 10 The process dominated world steel production until World 
War 1 and was still used 1n England until the 1960s 

Stemens open hearth process 

The open hearth process was mvented by Sir William Siemens soon after 
the Bessemer process was invented The furnace required external heating 
by burning gas or of in air Molten pig iron was put in a shallow hearth 
and the impurities were oxidized by aic The lining of the furnace Was 
acidic or basic depending on the impurities 1n the pig iron This process 

replaced the Bessemer process in many places The open hearth process 15 

slow and it took about 10 hours to convert 350 tonnes. For this reason 1t has 
largely been replaced by the basic oxygen process 

Siemens electric arc furnace 

Siemens also patented an electric arc furnace in 1878 Heat 1s provided 
either by having an electric arc just above the metal or by passing an 
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electric current through the metal. This process is still used to produce steel 

alloys and other high quality steel. Stainless steel typically contains 

12-15% of Ni, but that used for cutlery may contain 20% Cr and 10% Ni. 

High speed cutting steel used as the cutting edges on lathes may contain 

18% W and 5% Cr. Alloys with 0.4—1.6% Mn give steel with a high tensile 

strength. Hadfield steel, which is very tough and is used for rock breaking 

machinery and excavators, contains about 13% Mn and 1.25% C. Spring 

steel contains 2.5% Si. 

Basic oxygen process 

The main process nowadays is the more modern basic oxygen process 
(BOP). It originated in 1952 as the Kaldo and LD processes in Austria. 
One problem with the older Bessemer and Thomas processes was that the 
molten metal took up small amounts of nitrogen. In concentrations above 
0.01% nitrogen makes steel brittle, and nitriding of the surface makes the 
metal more difficult to weld. The remedy is to use pure O; instead of air to 
oxidize the pig iron. If O5 was blown through the bottom of the furnace in 
the same way as air was blown through in the Bessemer process, the 
bottom of the furnace would melt. The Kaldo and LD processes both use 
pure O». In the LD process strong convection currents were set up in the 
melt to obtain an effective reaction, whilst in the Kaldo process the 
convertor was rotated to ensure mixing and hence an effective reaction. 
The BOP process is now very widely used. The furnace is initially charged 
with molten pig iron and lime, and pure O; is blown onto the surface of the 
liquid metal at great speed through retractable water cooled lances. The O2 

penetrates into the melt and oxidizes the impurities rapidly. The heat 
evolved in oxidizing the impurities keeps the contents of the furnace 
molten despite the rise in melting point as impurities are removed. No 
external heat is required. Eventually the furnace is tipped and the molten 
steel is poured either into moulds to give steel castings, or into ingots, 
which in turn may be passed to rolling mills. The advantages of using O; 
rather than air are: 

|. There is a faster conversion, so a given plant can produce more in a day. 
2. Larger quantities can be handled. (A 300 tonnes charge can be 

converted in 40 minutes compared with 6 tonnes in 20 minutes by the 
Bessemer process.) 

3. It gives a purer product, and the surface is free from nitrides. 

Table 24.4 Composition of various steels 

%C name 

.0.15-0.3 Mild steel 
0.3-0.6 Medium steel 
0.6-0.8 , High-carbon steel 
0.8-1.4 Tool steel 
S 

continued overleaf 



Phase diagram 

The iton- carbon phase diagram is very complicated and i5 described under 
‘Interstitial alloys and related compounds’ in Chapter 5 The production of 
alloys contaming small amounts of V, Cr, Mo, W or Mn gives steels with 
special properties for particular purposes 

Production figures and uses 

World production of steel ingots and castings was 717 million tonnes in 
1992 The largest steel producing countries were the Soviet Union 16%, 
Japan 14%, the USA 12% and China 11% The largest use is as mild steel 
for skip building, girders and motor car bodies Mild steel ıs malleable 
and can be bent or machined It can also be hardened (tempered) by 
heating to red heat and quenching (cooling rapidly} by plunging into 
water or oil. In a year, 14 million tonnes of tin plate, 1e thin sheets of 
mild steel electroplated with a very thin protective layer of tin are used 
for packaging food and other matenals as ‘tin cans’ Several ferrous alloys 
are produced in large amounts ferrosilicon 35 million tonnes/year 
ferrochrome 3 1 million tonnes/year, ferromanganese 3 4 million tonnes! 
year and ferronickel 569000 tonnes/year 

Promoted tron 1s used as the catalyst 1n the Haber- Bosch process for 
making NH; 

EXTRACTION OF RUTHENIUM AND OSMIUM 

Ru and Os are obtained from the anode shmme which accumulates 1n the 
electrolytic refining of Nı This contains a mixture of the platmum metals 
together with Ag and Au The elements Pd, Pt, Ag and Au are dissolved in 
aqua regia and the residue contains Ru. Os, Rh and Ir After a complex 
separation Ru and Qs are obtained as powders, and powder forming 
techniques are used to give the massive metal These elements are both 
scarce and expensive Ru is used to alloy with Pd and Pt, and Os 18 also 
used to make hard alloys All of the platinum metals have specific catalytic 
properties 

OXIDATION STATES 

In the previous groups of transition elements (Groups 3-7), the maximum 

oxidation number was attained when all of the valency electrons in the d 
and s levels were used for valency purposes If this trend continued then 
the maximum oxidation number for Group 8 would be (+ VIII) Howevel, 
this trend is not continued in the second half of the d block and the 
highest oxidation state for Fe ts (VI) This state 1s rare and 1s of httle 
Importance 

The main oxidation states for Fe are (+H) and (+I) Fe(+II) 3s the 
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most stable, and exists in aqueous solution. Fe(-III) is slightly oxidizing, 

but the Fe(--II) and Fe(--III) states are much closer in stability than has 

been found in previous groups. In marked contrast the elements Ru and Os 

form RuO, and OsO, which are in the (-- VIII) state. Ru(--III) and 

Os(+IV) are the most stable states, though Ru(+¥V), Os(+VI) and 

Os(+ VIII) are also reasonably stable. Thus the usual trend is observed 

that on descending a group, the higher oxidation states become more 

stable. The stability of the various oxidation states is shown by the range of 

oxides and halides which are known (see Table 24.5). 

Table 24.5 Oxides and halides 

Oxidation states 

GDO GID (+IV) (+V)  (*VI) (+VID (+VII) Others 

FeO Fe,0; S = = ES xe Fe 304 

= Ru;O;" RuO; = (RuO;)" E RuO, 
a - , s0; — (OsO;)" B OsO; 

FeF; FeF; "S = - Y = 

FeCl, FeCl, = zs = — Mili 

FeBr,  FeBn - — — — =- 
Fel; a s = E - - 
- RuF; RuF,  RuF; (RuFg) — - 
= , RuCl; RuCl, - -— = 2 
E RuBr, s s xe = = 

B Rul; ~ — ~ -— = 

= = OsF OsF; OsF, (OsF;) de: 

s - . OsCh  OsCh - s = OsCl; s 
T7 e OsB I4 = = xm zT 

DS = Osl, = = = T 
RTI OE MERERETUR EE ED Vi RR RR pr tr a a i sO 

The most stable oxidation states are shown in bold, unstable ones in brackets. 
h = hydrous oxide. 

GENERAL PROPERTIES 

Pure iron is silvery in colour, is not very hard, and is quite reactive (see 
Table 24.6). The finely divided metal is pyrophoric. Dry air has little effect 
On massive Fe, but moist air quite quickly oxidizes the metal to hydrous 
iron(IIT) oxide (rust). This forms a non-coherent layer which flakes off, and 
exposes more metal to attack. Iron dissolves in cold dilute non-oxidizing 
acids, forming Fe’* and liberating hydrogen. If the acid is warm and if air 
55 present some Fe?* ions are formed as well as Fe?* , whilst oxidizing acids 
Er only Fett, Strong oxidizing agents such as concentrated HNO; or 
ED D the metal because of the formation of a protective coat 
Jb "s : this layer is scratched, the exposed metal is once again vulner- 
dili E emical attack. Fe is slightly amphoteric. It is not affected by 

€ NaOH, but it is attacked by concentrated NaOH. 
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Table 24 6 Some reactions of Fe, Ru and Os 
—Á——— — ——————————————————— ——————————— —— ———Á— a 

Reagent Fe Ru Os 
a a a 

QO, FeO at 500°C RuQ, at 500°C Os, at 200°C 

Fe,O, at higher temp 

S FeS RuS; OsS, 
FeS, with excess 

Ci FeCl, RuCl, OsCl, 

H;O Rusts slowly No reaction No reaction 
Fe,O, formed at red heat 

Dilute HC! Fe** + H, No reaction No reaction 

Dilute HNO,  Fe'* + Hp No reaction No reaction 
Aqua regia Passive No reaction OsO, 

In contrast Ru and Os are noble, and are very resistant to attack by 
acids However, Os 1s oxidized to OsO, by aqua regia 
The rusting of iron is a special case of corrosion, and ts of great practical 

importance The process 1s very complex, but a simplified explanation i5 
that Fe atoms are converted to Fe?* 10ns and electrons The electrons 
move to a more noble metal which may be present as an impurity in the 
iron, or in contact with it The electrons discharge H* tons present in the 
water, forming hydrogen, which reacts with atmospheric dioxygen to give 
water 

Fe — Fe?* 4 2e 

2H* 4- 2e — 2H 55 H,0 
The iron becomes positive and forms the anode, and the noble metal serves 
as the cathode, 1¢ small local electrochemical cells are formed :n the 
surface The Fe^* ions are subsequently oxidized to Fe({+III), either 
FeO OH, Fe.0, or FeO, Since the oxide does not form a coherent 

protective film, corrosion continues 
To prevent corrosion, O;, H;O and the impurities must be excluded In 

practice Fe is often given a protective coating to exclude the water 
Electroplating Fe with a thin layer of Sn :5 widely used and 14 milion 
tonnes of ‘tin plate’ were produced in 1991, Other methods include *hot 
dipping’ the Fe ın molten zinc, galvanizing (electroplating with Zn) 
Sherardizing, and painting with red lead Another effective treatment B 
to convert the outer layer of iron into iron phosphate This may be donc 

by treating with phosphoric acid or acid solutions of. Mn(H;PO,); of 
Zn{HoPO,), m the Parkerizing and Bonderizing processes Alternatively 3 
sacrificial anode may be used which makes the iron the cathode in the 

electrolytic cell Ru and Os are noble, and do not react with water 
The effect of the lanthanide contraction is Jess pronounced in this part of 
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Table 24.7. Some physical propertie
s 

cords qui gap uisi 
ge TT Ace EE TIT Da Tur II diee e VE ii

 as 6 ay age he igh pe ae
 eee 

Covalent Ionic radius (À) ^ Melting Boiling Density — Pauling's 

radius point point electro- 

(À) M?* M?* (°C) (°C) (gcm?) negativity 
an E EN e R, 

Fe 117 0.78" 0.645" 1535 2750 7.87 1.8 
0.61! 0.55! 

Ru 124 - 0.68 2282 (4050) 12.41 22 
Os 126 - - 3045 — (5025) 22.57 2.2 
n EE EE EE  À— D — — 

h = high spin value, | = low spin radius. 

the periodic table: hence the similarities between the second and third row 

elements are not so close as are found in the earlier transition groups (see 
Table 24.7). The close horizontal similarities in the ferrous metals and in 
the platinum metals are largely due to the similarity of their atoms and ions 
in size (e.g. Fe** 0.61A (low spin), Co** 0.65 À (low spin) and Ni?* 
0.69 A). Because osmium is only a little larger than ruthenium, it would be 
expected to have a much higher density and indeed Os is the second most 
dense element known (density 22.57 gcm ^) exceeded only by a small 
margin by Ir (density 22.61 gcm ̂) (see Appendix D). 

LOW OXIDATION STATES 

The (—II) state is rare, but occurs in the carbonyl ions [Fe(CO),]*~ and 
[Ru(CO),]’~. The zero-valent state occurs in the carbonyls, which may be 
mononuclear, e.g. Fe(CO);, Ru(CO); and Os(CO)s, dinuclear, e.g. 
FeCO), and Os (CO)s, or trinuclear, e.g. Fe3(CO),?, Ru3(CO),, 
Os;(CO),2 (Figure 24.2). 
Fe(CO);, Ru(CO); and Os(CO), are liquids at room temperature. The 

other carbonyls are volatile solids. Fe(CO)s is available commercially. The 
di- and trinuclear carbonyls contain M—M bonds. Fe;(CO), has three 
bridging CO groups joining the two metal atoms, but in Os;(CO), there is 
probably only one bridging group. Fe(CO); has two CO bridges between 
One pair of Fe atoms, whilst Os4(CO),? has no bridging groups. 
Fej Ru(CO),; has the same structure as Fe3(CO);;, but FeRu;(CO),; has 
the same structure as Os3(CO);2. 
Fe(CO); is oxidized quite easily, and the gas forms an explosive mixture 

With air. These carbonyls react with aqueous alkali or water, forming 
carbonylate anions: 

Fe(CO); + 3NaQH — Na[HFe(CO)4] -- Na;CO; -- HO 
e undergo substitution reactions with other ligands such as PF3, PCs, 
pol » AsPh; and unsaturated organic molecules such as benzene. In the 

eal carbonyls the metal-metal bond and the metal cluster are 
often retained. 

Fe(CO), -- PF, — (PF);Fe(CO), -- CO 
Fe;(CO), -- 6PPh, — Fe;(CO),(PPH3)s -- 6CO 
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Figure 24 2 Structures of (a) Fe(CO),, (b) Fe;(CO)s, (c) Fe(CO):;, (d) suggeste? 

structure of Os,(CO); and (e) structure of Os(CO);; and Ru(CO); 

These carbonyl compounds are used as catalysts tn various reactions 

FeqCO). 

2HC=CH + 3CO + H;O HO—C,H,—OH 4 CO; 
ethyne p quinot 

Ru (CO), 

CHNO, - 2CO ̂ Ha 
nitrobenzenc I 

C,H4NH; * 2CO; 
aniline 

Nitrosyl compounds are formed by the action of NO on the dinuclear 

carbonyls 

Fe.(CO}, + 4NO — 2Fe(CO){NO). + 5CO 



An unusual derivative Ru,C(CO),7 contains a distorted octahedral cluster 

of six Ru atoms with a carbon atom at the centre (similar to the 

arrangement in interstitial metal carbides), but four of the Ru atoms have 

three- terminal CO groups and the remaining two Ru atoms have two 

terminal CO groups and one bridging CO. 

The complex [Fe(H2O);NO]** is formed in the ‘brown ring’ test for 

nitrates. The colour is due to charge transfer. This complex formally 

contains Fe(+1) and NO*. Its magnetic moment is approximately 3.9 BM, 

confirming the presence of three unpaired electrons. 

(+1) STATE 

lron(--11) is one of the most important oxidation states, and salts are often 

called ferrous salts. They are well known as crystalline compounds. Most 

are pale green and contain the [Fe(H;O)«]"* ion. for example FeSO, - 7H50, 

FeCl,-6H,O and Fe(ClO;),-6H;,O. The [Fe(H;O),] ion exists in 

aqueous solutions. Iron(II) compounds are easily oxidized, and so are dif- 

ficult to obtain pure. However, the double salt FeSO, - (NH4)2SO4 -6H2O 

is used as a standard compound in volumetric analysis for titrations with 
oxidizing agents such as dichromate, permanganate and ceric solutions. 
FeSO, and H,O, are used as Fenton's reagent for producing hydroxyl 
radicals and, for example. oxidizing alcohols to aldehydes. 

Oxides 

FeO is nonstoichiometric and is metal deficient. It commonly has the 
formula Fey ysO. It may be formed as a black powder by strongly heating 
iron(-- 1I) oxalate Fe'(COO), in a vacuum and then quenching to prevent 
its disproportionation: 

Fe(C50,) — FeO + CO; + CO 

2Fe'O — — Fe4O, + Fe” 

Fe!!Fe!!!O, 

FeO dissolves in acids and is completely basic. It has a sodium chloride 
type of lattice, comprising a cubic close-packed arrangement of O^^ ions 
with Fe" ions occupying all (or almost all) of the octahedral holes. 
Fe(OH), is precipitated from solutions containing Fe(+II) as a white solid, 
but it rapidly absorbs O; from the air and turns dark green and then brown. 
This is because it oxidizes first to a mixture of Fe(OH), and Fe(OH), and 
then to hydrous Fe,O3-(H,0),,. Fe(OH), dissolves in acids. It also dissolves in strong solutions of NaOH. eivi , giving a blue-green complex Na,[Fe(OH);] which can be crystallized. ° 5 j 

Halides 

tron dissolves in the halogen ; acids in the absence of air. : 
solutions the hydr ] [ air, and from these ated dihalides FeF,- 8H.O (white). FeCl;- 4H5O (pale 
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green) and FeBr, 4H2O (pale green) are obtamed Hydrated ITOn(tly 
chionde contains the (FeCl, 4H,O]} octahedral umt in which the two 
chlorine atoms occupy trans positions 

Anhydrous FeF, and FeCl are made by heating the metal with gaseous 
HF or HCl, as heating the elements gives FeP; and FeCi, FeBr, and pef, 
are made by heating the elements The anhydrous Fe(+1f) halides rea; 
with gaseous NH, forming salts contaming the octahedral complex jon 
|Fe(NH;)s]* This complex decomposes in water to give Fe(OH), 

Complexes 

Fe^* 10ns form many complexes The most important one is haemo 
globin (the red pigment in blood) which 1s discussed later tn the section 

'Bioinorganic chemistry of :ron’ Most of the complexes ate octahedral 
though a few tetrahedral halide complexes (FeX,]?~ are formed 

The best known complex is the hexacyanoferrate({]} or ferrocyanide yon 
[Fel {CN} ] 7 Potassium hexacyanoferrate(11) Ka[Fe(CN}s] is a yellow 
coloured solid and can be made by the action of CIN^. on an iron(ID satin 
solution Potassium ferrocyanide i5 used to test for tron in solution. Fe?* 

ions give a white precipitate of K;Fe" [Fe (CN)«], but Fe?* tons give deep 
blue KFe!{[Fe"(CN),] known as Prussian blue A deep blue colour is 
also produced by Fe** with hexacvanoferrate(III) tons. (ferricyamdes) 
[Fe (CN),]'^, and this is known as Turnbull's blue KFe!'[Fe!(Cn),} 
Both have been used as pigments tn ink and paint Recent X ray work 
infrared and Mossbauer spectroscopy have shawn that Turnbull s blue is 
identical ta Prusstan blue The intense colour arises from electron transfer 
between Fe(--II) and Fe(-- lI) The standard reduction potentials show 
that it is easier to-oxidize the [Fe {CN} Jt 10n m aqueous solution to 
[Fe (CNY]'7, than it is to oxidize [Fe"(H;O),E* to [Fe'(H;0y,]* 

[Fe"(H,0)4]* + e [Fe (H; O] + E” = 40 77V 

[Fe {CN} F + e — [Fe {CN} E° = +0 36V 

This means that Fe(+IIH) forms a more stable complex with CN™ than 
does Fe(+II) This ts surprising since CN7 forms x bonds by accepting 
electrons from metal tons. Fe(--II) has more electrons than Fe(-HIID, so 
it follows that Fe(+11) should have stronger n bonding and hence shorter 
bonds than Fe(+IH) The Fe-C bond lengths of 1 95 Å in [Fe (CN4- 
and 1 92 À m [Fe {CN} ] 7 confirm this Thermodynamic data show that 
AH" for the oxidation of [Fe"(CN)4]7 1s more positive than for the 
oxidation of [Fe"(H20},)’*, and the reason why the observed E? values 
(and the AG values) are different is largely due to the large negative 
entropy of hydration resulting from the high charge on [Fe!'(CN),]*~ 
This shows that the solvent plays an important role, and behaviour tn the 
solid and solution are not always the same 

Cu?* ions may be precipitated from solution as the red-brown complex 
Cul [Fe(CN)4 in gravimetnic analysis 

The cyantde groups in. KI[Fe(CN),] are kinetically inert, and ate nol 
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easily removed or substituted. Though the salt is said not to be poisonous, 

care must be taken as it evolves HCN with dilute acids. It is possible to 

obtain mono-substitution products by replacing one CN by H,O, CO, 

NO; or NO*. The best known is sodium nitrosopentacyanoferrate(IT) 

Na,{Fe(CN)s(NO)] -2H20, which is usually called sodium nitroprusside. 

This complex has NO* as a ligand, and is formed as brown-red crystals by 

reacting a hexacyanoferrate(II) with either 30% HNO; ar with a nitrite: 

(Fe(CN),|*" + NOx + 4H™ > [Fe(CN);(NO)]*~ + NH? + CO, 

Na,[Fe(CN),] + NO7 + H,O — Naz[Fe(CN);(NO)] + 2NaOH + CN7 

Sodium nitroprusside reacts with sulphide ions to give a purple complex 

[Fe(CN)s(NOS)}*~. This is used as a sensitive qualitative test for 

sulphides. 

2[Fe(CN)<(NO)]?~ + S2- > 2[Fe(CN)s(NOS)]*~ 
Other stable complexes are formed with bidentate ligands such as 

ethylenediamine, 2,2'-dipyridyl and 1,10-phenanthroline (formerly called 
ortho-phenanthroline (Figure 24.3). The latter complex [Fe’'(phen)s3]** is 
bright red, and is used for the colorimetric determination of iron, and also 
as the redox indicator 'ferroin' in titrations. It is easier to oxidize 
[Fe(H,O),}°* to [Fe(H2O),]?* than it is to oxidize [Fe(phen)3]?* (red 
colour) to [Fe(phen);]°* (blue colour). Thus the red colour persists until 
there is excess oxidizing agent present. The greater stability of the iron(II) 
phenanthroline complex is due to x bonding between the metal and low 
energy n* antibonding orbitals on the ligand. Similar stabilization also 

occurs in the dipyridyl complex. 

/ N 4 SN 
t N= 

Figure 24.3 1,10-phenanthroline. 

Fe** has a d® electronic configuration, and octahedral complexes with 
weak field ligands have a high-spin arrangement with four unpaired 
clectrons (Figure 24.4a). Strong field ligands such as CNT and 1,10- 
phenanthroline cause spin pairing. This makes them more stable because 
they have a larger crystal field stabilization energy (Figure 24.4b). Spin 
pairing also results in the complexes being diamagnetic. 

The brown riag test for nitrates and nitrites depends on forming a brown 
complex [Fe(H;O)s- NOJ?*. In this test a freshly prepared solution of 
FeSO, is mixed with the solution containing NO; or NO3 ions in a test 
tube. Concentrated HSO; is run down the side of the tube so that the acid 
forms a layer at the bottom. The H5SO, reacts with NOz, forming NO, 

tae With Fe**, slowly forming the brown complex [Fe(H;O); 
X ! at the interface between the two liquids. If the mixture gets hot or is 

aken the brown colour disappears, NO is evolved and a yellow solution 
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t 

(a) weak ligand field (b) strong ligand field 

Figure 24.4 Electronic arrangements of the d* ion Fe^* 

of Fe (SO,), remains Nitrates give the brown colauc before H;SQ, s 
added 

In addition to these octahedral complexes the heavier halides form 
crystalline complexes [Fe" X4] These are tetrahedral complexes and are 
formed only with large cations The presence of a large anton and a large 
cation gives a hiph lattice energy 
There are few simple compounds of Ru( 411) and. Os(41l), though 

[Ru'(H,O)* 1 known Except :n the presence of non-complexing 
anions such as BE, and CIO; , the (-- ED) state exists as complexes. A large 

number of complexes are formed with ligands capable of back bonding. 
such as CO and phosphine ligands PR, Other complexes are formed with 
CN-, CI”, NH; and amines These are all tetrahedral These complexes 
are formed by reducing solutions contaiming M(-IID) or M(4 IV) in the 
presence of the ligand The metal has a d^ configuration, and the 
complexes are all dramagnetic, indicating a spin patred arrangement, with 
a large crystal field stabilization energy 

Ruthenium forms a binuctear carboxylate Ruo(CH COO), (420), similar 
to chromium(11) acetate and containing a M—M bond Stmuac complexes 
are also formed by Mo and Rh 

Ruthenium also forms an interesting series of complexes Ru! NO Ls. 
where the hgand L may be CI, NH4, H;0, NO7, OH~ CN™ and many 
others The NO is strongly bonded to the metal by o and x bonds, and the 
Ru--NO bond persists through a wide vartety of substitution and 
oxidation—reduction reactions. X ray studies show that in some of the 
complexes the Ru —N-——O atoms are linear, whilst in others they are bent 

Ru—N-—-O Ru—N 

Similar osmium complexes are known, though they have been studied less 
Carbonyl complexes of Fe, Ru and Os have been known for a long Ure 

CO and N, are isoelectronic, and for a long time it was speculated thal 
M-—NN bonds might be formed analogous to M—CO The first example 
of a dinitrogen complex (Ru(NH4), N»[Cl; was reported in. 1965. The 
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complex can be made by reducing an aqueous solution of RuCl, with 

hydrazine sulphate or by treating [Ru (NH3); : H;O]'* with NaN;. The 

reaction where HO is replaced directly by N» is of greatest interest, since 

this might be closer to how bacteria fix atmospheric dinitrogen. 

[Ru(NH;4)SH;0]* T N- ore [Ru(NHs3)s ` N2]** 

l 
Terminal N- ligands have a strong IR band in the range 1930-2250cm . 

This compares with a band at 2331 cm™! in Nə gas. The IR band may be 

used to show that a dinitrogen complex has been formed, and the lowering 

of the wavenumber shows x bonding has occurred from Ru to N, thus 

reducing the N—N bond order. Thus N; is acting as a n acceptor ligand. 

N, is a weaker o donor and a weaker x acceptor than CO, and hence 

dinitrogen complexes are not very stable. Complexes of other metals 

including Mo, Fe and Co can also take up N; at atmospheric pressure, 

particularly with tertiary phosphine ligands: 

FeCl, -- N, -- 3PEtPh;——» FeH.(N;)(PEtPh;), 
The N; ligand may also act as a bridging group: 

[Ru(NH3)s- N5]^* -- [Ru(NH3)s: H;OJ* 
— [((NH3)s . Ru—N—N—-Ru * (NHjX]^* 

In the dinuclear complex the N—N bond is 1.24 Á, only slightly longer 
than the distance of 1.098 À in N2. The interest in complexes which can 
coordinate dinitrogen arises from the possibility of dinitrogen fixation (see 
also Chapter 20). Dinitrogen complexes have also been made for all of the 
metals in Groups 7, 8 and 9 (Mn, Fe and Co groups), together with Mo and 
Ni. The complexes typically contain the metal in a low oxidation state, 
often with phosphine or hydride ligands such as (R3P),Ni- N>- Ni(PR3)> 
and (R3P)3-Fe-N2-H». Since the N, molecule is symmetrical and has 
zero dipole moment, o bonding from N to the metal will be very slight 
(hence the very small change in N—N bond length), and back bonding 
from the metal to x orbitals on the nitrogen is the main interaction. 

(+HI) STATE 

Fe(--III) is a very important oxidation state. Salts are often called ferric 
salts, and are obtained by oxidizing the corresponding Fe(+II) salts. 
Fe(+II) solutions are frequently yellow—brown, but the colour is due to the 
presence of colloidal iron oxide, or FeO - OH. Fe(--III) forms crystalline 
salts with all the common anions except I”, and many of the salts exist in 
pe anhydrous and hydrated forms. These have a variety of colours: 
on cm 44H50 and Fe;(SO4),-9H,O are yellow; FeBr;- 
n and P€£5 are green; Fe(NO;); - 6H5O is colourless; and Fe(NO3)- 
2 I$ pale purple. Several salts contain the [Fe(H;O)sP* ion. The 

most common is Fe2(SO,)3. This exists as six different hydrates, and is quite widely used as a coagulant to clarify drinking water and also in the 

769 
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treatment of industnal effluent and sewage The atums are double salts, 
and crystallize easily They also contain [Fe(H;O)P^* The best known 
ate ammanwum ferme alum (NH4)[Fe'(Hz0),|[SO4]2-6H,O and potash 
alum [K(H;O)4J[Fe" (H;O),]SO;]; Like the chrome alums, these are 
used as mordants in the dyeing industry 

Oxides and hydrated oxides 

There is no evidence that Fe(OH) exists Hydrolysis of FeCl, does not 
give the hydroxide but gives a red-brown gelatmous precipitate of the 
hvdrous oxide Fe;O4(H;O), At least part of this precipitate consists of 
FeO- OH Heating the hydrous oxide to 200°C gives red—brown a Fe,03 
The structure comprises a hexagonally close packed lattice of O77 ions 
with Fe** rons in two thirds of the octahedral holes However, if Fe,O, 3 
oxidized, y-Fe20, 15 formed, which has a cubic close-packed arrangement 
of Q^- ions with Fe * rons randomly distributed in both the octahedral and 
tetrahedral sites 

Fe4O, 1s formed as a black solid by reniting FeO, at 1400°C Fe,0, 15 
a mixed oxide Fe''Fel’O, and has an inverse spinel Structure The O 
ions are cubic close-packed, with the larger Fe?" in one quarter of the 
octahedral holes Half of the Fe'* occupy octahedral holes and half occup) 
tetrahedral holes EN 

Fe;O4 and Fe4O,, hke FeO, all tend to be nonstoichiometric The 

nonstoichiometry 1s related to their similarity in structure The cubic clos¢ 
packed forms differ only in the arrangement of Fe^* and Fe'* in the 
octahedral and tetrahedral holes 

Basic properties decrease with increased oxidation number. Fel,O, 5 
largely basic. The ignited form is difficult to dissolve in acids However. the 
freshly precipitated hydrous form dissolves tn acids, giving the very pale 
violet [Fe(H:OJ«]'* 10n. andin concentrated NaOH, forming [Fe(OH] 
This shows that the oxide is slightly amphoteric Fusion with LiOH, NaOH 
or Na:CO3 gives LiFeO; or NaFeO,; 

Fe3O, -- NaCO, — 2NaFeO, + CO; 
At one ume these compounds were called ferrites, but they are better 
represented as mixed oxides, as LiFeO, has a NaCl structure. and Lit and 
Fe'* are approximately the same size The average charge on the metal 
rons 18 +2, which matches the charge of —2 on the oxide ions. Ferriles 
hydrolyse with water, forming NaOH At one time this was used in the 
obsolete Lowig process for manufacturing caustic soda 

Fe,0, + Na.CO,— 2NaFeO, + CO, 

2NaFeO, + H.0 — 2NaOH + FeO, 

If Cl; is passed into an alkaline solution of hydrated iron{III) oxide. 4 
red-purple solution 1s formed containing the ferrate ion FeY!O47 Ferrates 
are also made by oxidizing Fe(--11I) with NaOCl or electrolytically THY 
contain Fe(-- VI) and are stronger oxidizing agents than 15 KMnO; 



Halides 

The halides FeF;, FeCl; and FeBr; can all be made by direct reaction of 

halogen and metal. The iodide does not exist in a pure state because Fe" 

oxidizes 1~. In solution this oxidation is complete vut some Fel; may exist 

with Fel, in the solid. Fe(+III) compounds are less ionized than those of 

Fe(--II). FeF; is a white solid. It is sparingly soluble in water but the 

solution does not give a positive test for Fe^* or F^ ions. It combines with 

alkali metal fluorides, forming complexes, e.g. Naa3[FeFg]. Fe?* has a d? 

configuration. Since F^ isa weak field ligand, each of the d orbitals will be 

singly occupied, giving a high-spin octahedral complex (Figure 24.5a). As a 
result of the small size of Fe?*, Fe(--III) complexes are generally more 
stable than those of Fe(+II). 
Any d-d electronic transition breaks the Laporte selection rule. (This 

states that A/, the change in the secondary quantum number for the 
transition, must be +1. For a d—d transition Al — 0.) In [FeFg" the 
electronic transition is 'spin forbidden' too, as it involves both promoting 
an electron and reversing its spin. There is only a low probability of doing 
this: hence the lack of colour. A similar effect is observed with Mn?* 
spectra (see also Chapter 32). 

In contrast to the absence of colour in FeF3, FeCl; solid is almost black. 
It sublimes at about 300°C, giving a dimeric gas. FeBr; is red-brown. The 
colours arise from charge transfer spectra. The solid structures are layer 
lattices, consisting of close-packed halide ions with Fe?* occupying two 
thirds of the octahedral holes in one layer, and none in the next layer. 
FeCl; dissolves in both ether and water,.giving solvated monomeric species 
(Figure 24.6). Iron(III) chloride is usually obtained as yellow-brown 
lumps of the hydrate FeCl, - 6H;O. This is very soluble in water and is used 
both as an oxidizing agent, and as a mordant in dyeing. FeCl; is also used 
in the manufacture of CCI,. 

FeCl, catalyst 30°C 
CS; F 3Cl —— — ———— CCl, + SCl; 

FcCl, catalyst 60*C 
CS; + 233Cl; —————— CCl, + 6S 

(a) weak ligand high spin (b) strong ligand spin paired 
Figure 24.5 d? electronic arrangement for Fe?* 
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CI Ci Cl C.H, 

NN 4/\ 4 
Fe Fe O-— = FeCl, [Fe(H2O),Cl;] Ci(H;Oj, 

/ N\ 
cl N CI Ci C-H 

(3) (FeCl) gas (b) solvated FeCl, (c} hydrated Fech 
&mer (FeCt, 6H.Q) 

Figure 24 6 Structures of FeCl, 

The structure of FeCl; 6H;O ts unusual It normally consists of trans 
{Fe(H,;0),CLICt 2H,0, though m strong HCI it forms tetrahedral 
[FeCl] 10ns 

Complexes 

Fe?* shows a preference for forming complexes with ligands which 
coordinate through O as opposed to N Complexes with NH; are unstable 
in water Complexes with chelating N ligands such as dipyridyl and | ith 
phenanthroline are formed, but are less stable than their Fe(+1I) 
counterparts These hgands cause spin pairing 

The most common complex ts the hydrated 10n [Fe(H.O),f'* Thisis pak 
purple in very strongly acid solutions, and tends to hydrolyse to yellow 
solutions at pH 2-3 

[Fe(H.O0),]** = [Fe(H.0), OH}?* + H* 

At pH 4-5 the hydroxo species polymerizes to form a dimer which forms a 
brownish solid Polymenzation of aqua ions 15 quite common, especially if 
they have a high charge 

H 4+ 

son 
2[Fe(H;O), OH]** > (H10), Fe Fe (H:0), 

No 

H 

At even higher pH values a reddish brown precipitate of the hydrous oxide 
is formed 

Other complexes with O donors include those with phosphate 1ons giving 

[Fe(PO,),}°° and [Fe(HPO,),,~ (winch are colouriess), and with oxalate 
ions giving the dark green complex [Fe(oxalate),]" Rust stains can 
be removed from fabric by treating with. oxalic acid. and. forming.the 
[Fe(oxalate),]*~ 10n which ts soluble in water This treatment may also 
remove dyes from the fabric. [Fe(acetylacetone)4] is red [Fe(CN)] ^ i5 
red and [Fe(phen);]!* is blue, and both can be obtatned by oxidizing the 
corresponding Fe(--H) complex with KMnO,., or by electrolysis 
One of the best tests for Fe(-- 1I) is t0 mix aqueous solutions contamng 

Fe'* and SCN” ions A blood red colour is produced, which irs duc 10 a 
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mixture of [Fe(SCN)(H2O)s]** and also some Fe(SCN); and [Fe(SCN)4]. 

The colour may also be used for the estimation of iron(II). This colour is 

destroyed by the addition of F^ ions, because [FeFs]^" is formed. 

Fe^* has a d? electronic configuration. Thus complexes with weak field 

ligands will have a high-spin arrangement with five unpaired electrons. 

Thus d-d spectra will be 'spin forbidden': hence the absorption will be 

very weak. Mn^* also has a ad? electronic arrangement and also has very 

weak d-d spectra. However, Fe(+III) has an extra charge and is more 

able to polarize the ligands, thus giving intense charge transfer spectra not 

found in Mn?*. The only complex which actually shows the weak d-d 

bands is [Fe(H2O),]**. The hydrolysed species have charge transfer bands 

which mask the d-d spectra. Strong field ligands such as CN", SCN™ and 

oxalate form complexes with Fe°* which have a spin paired arrangement 
(Figure 24.5b). These would be expected to show reasonably intense 

colours from d-d spectra, but these colours too are masked by charge 

transfer. 
Fe(-HII) and Ru(-III) form basic acetates of the type |Fe;O 

(CH4COO)4L4]*. The structure consists of a triangle of three Fe atoms 
with an O atom at the centre. The six acetate groups act as bridges between 
the Fe atoms, two groups across each edge of the triangle. Thus each Fe 
atom is linked to four acetate groups and the central O, and the sixth 
position of the octahedron is occupied by water or another ligand. This 
type of carboxylate complex is formed by the trivalent ions of Cr, Mn, Fe, 
Ru, Rh and Ir. 

Ruthenium and osmium 

In the (+I) state, Ru complexes are more numerous than those of Os. 
Both elements form (M''(NH;)*, and Ru forms a range of mixed 
halogen- ammonia complexes. If RuO, is added to concentrated HCl and 
evaporated, a dark red material formulated RuCl, : 3H50 is formed. This 
is readily soluble in water, and is the starting point of many preparations. It 
seems to contain not only Ru’ species but also some polynuclear Ru!” 
species. Ru(+III) chloro species catalyse the hydration of alkynes. 
ca forms a basic acetate similar to [FeO(CH4COO)4L4]* described 

above. 

(IV) AND HIGHER STATES 

Burning Ru or Os metals in air gives RuO; as a blue- black solid and OsO; 
dS a coppery coloured solid. Both oxides have rutile (TiO;) structures. Os 
forms a stable tetrafluoride and tetrachloride. 

(+V) STATE 

The (+V) state is unstable, and is found only as the pentafluorides, which are tetrameric with bridging F grou i ; : ps as in NbF. and TaF. (see Figure 
21.1). Fluoride complexes are also known. : H 5 

Figure 24.7 Structure oi 

Fe3O(CH3COO)«(H20)4]^ 
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Ruch, + KCI + Fz — K[RuYF,] 

(+VI) STATE 
Ferrates FeV1O2^ can be made by passing Cl; into an alkaline solution of 
hydrated iron(IITI) oxide, by oxidizing Fe(-- 11) with NaOCI, or electrolyt 
cally They contain Fe(+¥Vi}, are purple coloured and are stronger 
oxidizing agents than KMnO, The stability of the (+ VI) state decreases 
across the pertadic table 

CrO2^ — MnOj- » FeOj- » Cool 

Ferrates are only stable in strongly alkaline solution, and decompose jp 
water or acid, liberating dioxygen 

2|Fe O,]?- -- 5H;0 — Fe** 4 130; - 10(0H)* 

Sodium and potassium ferrates are very soluble, but BaFeo, s 
precipitated The ferrate ion 1s tetrahedral like the chromate ron Ct- 

RuF, is the highest halide of Ru. It 15 made by heating the elements and 
quenching (ie cooling very rapidly) RuF, 1s unstable, but in contrast 
OsF, 1s stable 

(+ Vill} STATE 

RuO, and OsQ, are yellow coloured volatile solids with melting points of 
25°C and 40°C respectively OsO, is made either by burning finely divided 
metal in O», or by treating it with concentrated HNO; RuQs 15 less stable 
and is formed by oxidation with permanganate or bromate in H2SO, Both 
oxides are toxic, smell like ozone and are strongly oxidizing They have 
tetrahedral structures Both are slightly soluble in water but very soluble in 

CCi, Aqueous solutions of OsOy, are used as a biological stain because the 
Organic matter reduces it to black OsOQ, or Os OsO, vapour is harmful to 
the eyes for thus reason. OsO, is used in organic chemistry to add to double 
bonds and give cis glycols The tetroxides do not show basic properties and 
HCl reduces OsO, totrans [Os"'O,CI,]^7 . [Os "Cl4]^^ and [Os ,OCI,U'7 
RuO, dissolves in NaOH solutions and [iberates O;. Ru(- VIII) ts reduced 

forming first the perruthenate (-- VIT) ion, then the ruthenate (4 VI) jon 

4Ru"'O, -- 40H^ — 4RuVO4 x 2H;O +02 
px reuthonute 

4RuV!'!O; 4- 4OH^ — 4RuV!Oi- + 2H,0 + O; 
ruilhe nate 

The ruthenate 10n contains Ru(-4- VI) and is analogous to the ferrate jon 
FeO;  OsO, is more stable and ts not reduced by NaOH Instead, OH^ 
ligands are added forming the octahedral trans-osmate( Vill) 10n 

Os¥™'O, + 20H* — [OsV""0, (OHJ^- 
perosmate or osmate (VIT) 
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ivi | nitrido complex 
The osmate(VIIT) ion reacts with NH; giving an unusua n 

[OsO;N]". and is reduced by EtOH to form trans-[OsV'O;(OH),] 

BIOINORGANIC CHEMISTRY OF IRON 

Iron is essential in small amounts for both plant and animal life. However, 

like Cu and Se it is toxic in larger quantities. Biologically iron is the most 

important transition element. It is involved in several different processes: 

1. As an oxygen carrier in the blood of mammals, birds and fish (haemo- 

globin). 
2. For oxygen storage in muscle tissue (myoglobin). 

3. As anelectron carrier.in plants, animals and bacteria (cytochromes) and 

for electron transfer in plants and bacteria (ferredoxins). 

4. For storage and scavenging of Fe in animals (ferretin and transferrin). 

. As nitrogenase (the enzyme in dinitrogen fixing bacteria). 
6. AS a number of other enzymes: aldehyde oxidase (oxidation of 

aldehydes), catalase and peroxidase (decomposition of H2O2) and 
succinic dehydrogenase (the aerobic oxidation of carbohydrates). 

ws 

Haemoglobin 

The human body contains about 4¢ of iron. About 70% of this is found as 
haemoglobin, the red pigment in the erythrocytes (red blood cells). Most 
of the rest is stored as ferretin. The function of haemoglobin is to pick up 
dioxygen at the lungs. The arteries carry blood to parts of the body where 
oxygen is required such as the muscles. Here the oxygen is transferred to a 
myoglobin molecule, and stored until the oxygen is required to release 
energy from glucose sugar. When O, is removed from haemoglobin, it is 
replaced by a water’ molecule. Next the protein part of haemoglobin 
'absorbs H^. Indirectly this helps remove CO, from the tissues, since CO; 
is converted to HCO; and H*. The blood removes the more soluble 
HCO; ions and the reduced haemoglobin removes the H*. The blood 
returns to the heart through the veins. It is then pumped to the lungs, 
where the HCO; ions are converted back to CO;. This is excreted into the 
air In the lungs and exhaled. The blood picks up dioxygen again, and the 
process is repeated. 
The important factor in haemoglobin acting as an oxygen carrier is the 

reversibility of the process. If too stable a complex were formed with 
dioxygen, then too much energy would be released in the lungs leaving less 
energy when dioxygen is released in the muscles. The oxygenated form is 
called oxyhaemoglobin and the reduced form is called deoxyhaemoglobin. 
This transfer of O; is remarkable because it involves only Fe(+II), and not 
Fe(+Ill). Other groups such as CO, CN~ and PF; can occupy the O, site. 
Coordination is still reversible, but is much stronger. In the case of CN’, 
coordination is irreversible. These ligands reduce or prevent oxygen 
transfer and may result in death. However, CN” also interferes with the 
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cytochrome enzyme system, which is the principal reason for its extreme 

toxicity 

Haemoglobin has a molecular weight of nearly 65000 and 1s made up of 

four subunits Each subunit comprises a porphyrin complex haem (Figure 
24 8) which contains Fe** bonded to four N atoms, and a globular protein 
called globin The globular protein is coordinated to the Fe?* jn haem 

through a fifth N atom from a histidine molecule m the protetn The sixth 
position round the Fe?* 1s occupied either by a dioxygen molecule or a 
water molecule 

In oxyhaemoglobin the Fe?* is in the low-spin state and ts diamagnetic 
It is just the right size to fit in the hole at the centre of the porphyria’ ning 
The porphyrin is both planar and rigid. [n deoxyhaemoglobin the Fe^* isin 
the ugh spin state and 1s paramagnetic The size of Fe** increases by 28% 
when it changes from low spin to high spin +e from 061A to 0) 78 À (see 
Table 24 7) Thus in deoxyhaemoglobin the Fe?* is too large to fit in the 
hole at the centre of the porphyrin, and 1s situated 0 7~0 8A above the 
ring, thus distorting the bonds round the Fe Thus the presence of O» 
changes the electronic arrangement of Fe** and also distorts the shape of 

the complex The giobular protein appears to be essential since If it 1 
removed oxidation of Fe(-r1I) to Fe(- H1) occurs which i5 not reversible 

Haemogiobin is made up of four subunits, and when one subunit picks 
up an O; molecule the Fe^* contracts and moves into the plane of the 
ring In doing so, it moves the histidine molecule attached ta 1t. and Causes 
conformational changes in the globin chain Since this chain is hydrogen 
bonded to the other three units ıt changes their conformations too and 
enhances their ability to attract O2 Ths phenomenon 1s calléd the 
cooperatwe effect The affinity of haemogtohin for O; decreases as the pH 
decreases, but as blood is well buffered this has only a slight effect Ina 
similar way when the blood reaches the muscles, once one Q, has been 
released the others are released even more easily due to the cooptTabye 
eifect 1n reverse 

COO" coo- 

ICH), ICH); 

HC CH, 

H C CH, 
Mm A 

CH, HC 
Sch, 

Figure 24.8 Structure of haem b 
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CO. is the end product from the breakdown of glucose to release energy. 

There is an appreciable build-up of CO» in the muscles. This is removed 

from the tissue and converted into soluble HCO, ions. 

CO; T H,O <> H* T HCO; 

This process 1s facilitated by the terminal amine groups of deoxyhaemo- 

globin which pick up the protons produced and thus act as a buffer. The 

reverse process occurs at the lungs. 

The porphyrin ring 1s conjugated and planar. The characteristic red 

colour arises from charge transfer between stable x and low-lying x* 

orbitals on the ring and Fe. 

Myoglobin 

Haem is also important biologically in myoglobin which is used to store 
dioxygen in muscles. Myoglobin is similar to one of the units in haemo- 
globin. It contains only one Fe atom, has a molecular weight of about 
17 000, and binds O, more strongly than haemoglobin. 

Cytochromes 

There are many cytochromes, which differ in shght detail, but these are 
broadly grouped together as cytochrome a, cytochrome b and cytochrome 
c. The prosthetic group in all cytochromes comprises four haem units, and 
cytochromes have a molecular weight of about 12400. As in haemoglobin, 
Fe is bonded to four N atoms in each porphyrin ring. and the fifth site is 
occupied by a N atom from the associated protein. The big difference is 
that the sixth position is usually occupied by a S atom from an amino acid 
such as methionine, which is part of a protein. 

Cytochromes are involved in the release of energy by oxidizing glucose 
with molecular O; in the mitochondria inside living cells. The cytochromes 
are reversibly oxidized (and thus act as electron carriers). The Fe is in the 
low-spin state, and it changes reversibly between the (--II) and (III) 
states. Cytochromes a, b and c have slightly different reduction potentials 
and reactions involve all three one after the other in the order b, c, a. In 
this way the energy from oxidizing glucose is released gradually. The 
energy is stored in the form of adenosine triphosphate ATP, which is used 
when required by the cell. 

Table 24.8 Reduction potentials E° for 
cytochrome 

th 
Cytochrome b 0.04 V 
Cytochrome c 0.26 V 
Cytochrome a 0.28 V —M————MÀÀÁÀ 
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Ferretin 

Animals, including man, absorb iran as Fe(+IQ) from food in ther 
digestive systems Their requirements for Fe are very small (man requues 
only 1 mg per day) as the existing Fe in the body is recycled Any tron 
absorbed immediately reacts to form transferrin A human body contains 
about 4 ¢ of Fe, roughly 3g as haemoglobin, and 1g as ferretin Ferretin is 
found in the spleen, liver and bone marrow When a red blood cell has 
become aged after an average of 16 weeks the haemoglobin is brøken 
down and the tron is recovered by transferrin a non haem protem This 
i a single chain polypeptide of molecular weight 76000-80000 which 
contains two Fe atoms This transports the Fe to the bone marrow where 
it is converted to ferretin which 1s brown and water soluble Fertetin 
contains about 23% Fe It consists of a roughly hens sheath of protein 
called apoferretin which 1s approximately 120A in diameter and which 
encloses a micelle of Fe(--1II) hydroxide, oxide and phosphate The 
micelle 1s an aggregate of particles whose surface bears a charge The 
micelle contains 2000-5000 atoms of Fe 

Catalases and peroxidases 

Catalases are enzymes which promote the dispropertionation of H202 
They also catalyse the oxidation of substrates by H,O, The catalase 
molecule contains four Fe(--III) haem b groups and has a molecular 
weight of about 240 000 

230; — 2H.O0 + D- 

The peroxidases also catalyse the decompositon of H-O, but they 4€ 
associated with a coenzyme AH, which 1s oxidized im the reaction 

H-0; + AH: — 2H-O + A 

Ferredoxtns 

These are a group of non haem iron proteins which are responsible for 
electron transfer tn plants and bacteria They serve the same function that 
cytochromes perform tn animals but ferredoxins have much PWS 
molecular weights (6000-12000) and they may contain one two fouf OF 
eight Fe atoms Rubedoxin is the simplest and contains only one Fe atom ^ 
This 1s surrounded by four S atoms from the amıno acid cysteme which 15 

linked into protein chains. and may be represented Fe(S cysteine), The 
four S atoms are roughly tetrahedral 

Other ferredoxins include tnorganic sulphide 1ons as well as cystein? 5 
atoms eg Fe;(S,;MS-cysteine), Since they contain inorganic sulphice 
ions treatment with dilute acids liberates H5S 

Some bacterial ferredoxins form cluster compounds The simplest 5 
Fe4S4(S cysteine), The cluster may be imagined as a cube with. tw Fe 

atoms at diagonally opposite corners on the top face and two Fe atoms 
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occupying the other two diagonally opposite corners on the bottom face. S 

atoms fill the four unoccupied positions. In addition, each Fe is bonded to a 

S atom in a cysteine molecule. 

Haemerythrin 

Despite its name, haemerythrin is a non-haem iron protein which serves as 

the oxygen carrier in some marine worms. It has a molecular weight of 

about 108000. and is made up of eight subunits. Other marine worms have 

myohaemerythrin in their muscles which comprises just one of these 

subunits. This is analogous to haemoglobin and myoglobin in higher 

animals. However, deoxyhaemerythrin contains two high-spin Fe!! atoms 

and oxyhaemerythrin contains two Fe!!! atoms and oxygen bound as 03". 

CYCLOPENTADIENYL AND RELATED COMPOUNDS 

Interest in organometallic chemistry began in 1951 when G. Wilkinson 
et al, reported making an astonishing iron—hydrocarbon derivative called 
di-n-cyclopentadienyliron. Rather surprisingly two research groups 
working independently prepared the same compound about the same time. 

2CsH<MgBr + FeCl. -— Fe(CsHs)2 + MgBr2 + MgCl. 

This cc.apound is now called ferrocene and has the formula (n-C;Hs);Fe. 
It is stable in air, forms orange crystals, and is diamagnetic. Ferrocene is 
soluble in organic solvents (alcohol. ether and benzene), and insoluble in 
water, NaOH solution and concentrated HCI. It is thermally stable up to 
300*C. The X-ray structure shows that this has a sandwich structure in 
which the metal atom is sandwiched betweem two parallel planar cyclo- 
pentadienyl rings. This gave the clue that organic ligands could use their x 
system to bond to metals, and this opened up the study of compounds with 
metal-carbon bonds. 

For ferrocene the symmetry of the space group requires the two five- 
membered rings to have the staggered conformation. In contrast, in the 
corresponding Ru and Os compounds ruthenocene and osmocene the rings 
adopt the eclipsed conformation (Figure 24.9). The exact arrangement in 
ferrocene is not simple. The barrier to internal rotation of the rings is only 
about JkJ mol *. and electron diffraction (on the gas) suggests an eclipsed 
arrangement. It is possible that crystal packing forces result in the 
staggered arrangement. More recent X-ray and neutron diffraction studies 
oe a group symmetry Is met oya disordered 

aL EM di I" a with an angle of 9 between the 
E Beca. : V - 36 for a staggered conformation. 

M dE : is In the cyclopentadieny! ring are equidistant from 
Snas a hapticity n of 5, i.e. 1°-CsHs. All the first row transition 

elements form simil: 
^ similat com ounds but the * e ferrocen p y al much less stable than 

The Perpendicular distance between the rings is 3.25 A compared with 
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3 35 Á in graphite. The C—C bond lengths are all equal (1 39 À 4 0 06 À) 
This 15 exactly the same bond length asin benzene, and the bond orders are 
also similar to those in benzene. The cyclopentadienyI rings do not undergo 

reactions of dienes such as the Diels- Alder reaction or catalytic hydro- 
genation, but they do display aromatic character Thus ferrocene under 
goes Friedel-Crafts acylation With an equimolar amount of acetyl 
chloride the following reaction occurs 

(n° CsHs)sFe + CH,COCI > (n° CsH CO CH;)(n*-C.H,)Fe + HCI 

With excess acetyI chloride, disubstitution occurs. (Other cyclopentadieny! 
compounds are decomposed ) This suggests that the ligand 1s really CaHs 

2C4H, * 2EGNH + FeCl; — Fe(CHs) + 2EGNH;CI 

The general method for malang cyclopentadienyl compounds is from 
Cyclopentadiene i1 tetrahydrofuran solution 

C.H, + Na — Na* + CsHy + 4H; 

2CsHz + FeCl; > (n°-CsHs):Fe + 2CI^  terrocene 

2CsHS + NiCl, > (n°-CsHs)2Ni + 2CI~ — nickelocene 

Another preparative method uses C,;H;T], which ts stable, and insoluble m 
waler 

C.H, + TIOH 2, C,Hj4TI - HO 
ICHTI + FeCh 5 (n*-C4H,);Fe 4 2TICI 

Another convenient preparative method ts to use a strong base to remeve 4 
proton from C,H, 

2CsH, + FeCl, + 2EtNH ~ Fe(CsHs) - 2EGNH,CI 

A large number of n°-CsHs complexes are now known 
Other ring systems are now known to form similar sandwich compi€*e. 

including C.H,, Call,, CsPhy, C,H, and CH, Examples include [crm " 

CcH«);] and (U(n"-C4H4);] 
Some cyclopentadienyl compounds have two nngs at an angle, rather 

than forming a sandwich For example, ((7n°-CsH,5}2TiCls], [Tif n- C4Hs): 
(CO)4]. [Tin -C4Hs)(NR3);], [Ti(n?-C4H4)(SCN);] and [V(? C4H9^ 
Cl) have roughly tetrahedral] structures, but the cyclopentadienyl mole 
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Table 24.9 Some di-y°-cyclopentadienyl sandwich compounds 

[(n*-C5Hs); V] Vanadocene Dark violet solid, air sensitive 

[(n°-CsHs)2Cr"] Chromocene scarlet crystals, m.p. 173°C; very air 
sensitive 

((4°-CsHs)2Fe"] Ferrocene Orange crystals, m.p. 174°C; stable to 
>500°C 

[(n°-CsHs)2Co'']* ^ Cobalticenium Yellow salts, stable in water, stable to 
about 400°C 

((n>-CsHs)2Ni"] Nickelocene Bright green solid, m.p. 173°C (dec); 
oxidizes in air to [(n°-CsHs)2Ni]* 

2 n c BE 

cules are pentahaptic, with five C atoms in each ring attached to TI. 
Reduction of these compounds gives [Ti(CsHs)2 - X] or [Ti(Cs5Hs)2]2. Note 
that the latter compound is dimeric, and thus has a different structure to 

ferrocene. 
Ti(CsHs), is unusual because two cyclopentadienyl rings are pentahaptic 

(x bonding) and two are monohaptic (o bonding), i.e. [Ti(n°-CsHs)2(n’- 
CsHs)2]. A similar arrangement is found in [Nb(n°?-CsHs)2(n!-CsHs)2], 

[Nb(n°-CsHs)2(n'-CsHs)2Cl2] and [Nb(n°-CsHs)2(n'-CsHs)2Cls]. 
Other compounds have only one ring, e.g. [Cr(4>-Cs5H;)(CO)3] — , [Mn(4> 

CsHs)(CO)3], [Cr(m®-CgH¢)(CO)3], [Mo(y?-C7H7)(CO)3]+ and [Fe(n*- 
C4H3(CO)J]. | 

Ferrocene is sometimes regarded as a compound of Fe?* and two C4H;3 
ions. The bonding in these aromatic sandwich-type structures is better 
considered as m bonding involving the lateral overlap of the d,, and d,, 
orbitals on Fe with the delocalized pa aromatic orbital from each cyclo- 
pee ring. The bonding is too complicated to be described in detail 
ere. 
The sandwich compounds were discovered and studied independently by 

E.O. Fischer in Munich and G. Wilkinson at Imperial College, London. 
m" work they were jointly awarded the Nobel Prize for Chemistry in 
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Group 9 — the cobalt group 

Table 25.1 Electronic structure and oxidation states 

Element Electronic structure Oxidation states" 
m n icu i s 

Cobalt Co [Ar] 3d’ 4s? (—1) 0 (I) II III (IV) 
Rhodium Rh [Kr] 4d° 5s! (-1)) 0(D) II IH IV (VI) 
Iridium Ir [Xe] 4f ̂ 54? (-1) 0 (I) (ID) HI IV. (V) (VI) 

* The most important oxidation states (generally the most abundant and stable) are 
shown in bold. Other well-characterized but less important states are shown 
in normal type. Oxidation states that are unstable, or in doubt, are given ín 
parentheses. 

1 

OCCURRENCE, EXTRACTION AND USES 

The elements have odd atomic numbers and have low abundance in the 

earth’s crust. Co occurs to the extent of 23 ppm by weight, whilst rhodium 
and iridium are extremely rare. 

Table 25.2 Abundance of the elements in the 
earth's crust, by weight 

ppm Relative abundance 

Co 30 29 
Rh 0.0001 77 = 
Ir 0.001 74 

There are many ores which contain Co. The commercially important 
ones are cobaltite CoAsS, smaltite CoAs, and linnaeite Co4S4. These are 
always found together with Ni ores, often with Cu ores and sometimes with 
Pb otes. Co is obtained as a by-product from the extraction of the other 
metals. In 1992, world production of Co ores was 30100 tonnes of 
contained metal. The main producers were Zaire 22%, Canada 17%, 
Zambia and the Soviet Union 15% each, and Australia 9%. 

The ore is roasted to convert it to a mixture of oxides called 'speisses'. 
AssOw and/or SO; come off as gases and are valuable by-products. The 

continued overleaf 
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oxides are treated with HSO, when Fe (which 1s often present as an 
impunty), Co and Ni dissolve and can be separated from Cu or Pb. Lime is 
added to the solution to precipitate Fe as ihe hydrous oxide Fe;O,. (H,0) 
Then NaOCI is added to precipitate Co(OH), The hydroxide is ignited to 
give Co4O4 which is reduced by heating with H> or charcoal to give Co 
metal 

Co farms important high temperature alloys with steel and about one 
third of the metal produced ıs used for this purpose These alloys find 
Important uses in gas turbine engines and in high speed steel which 1s used 
to make cutting tools for lathes High working speeds can be used as these 
tools retain their hardness and cutting edge even atred heat Exceptionally 
hard alloys can be made which can be used instead of diamonds in rock 
dnils, eg stellte (50% Co, 27% Cr, 12% W, 5% Fe and 2 5% C) and 
widia metal (tungsten carbide WC with 10% Co) 
A third of the Co produced is used to make pigments for the ceramic 

glass and paint industries. Historically the oxide was used as a blue pigment 
in the ceramic industry [tis used to make blue glass Nowadays 1t 1$ mainly 
used to counteract the yellow colour of Fe and give a white colour 

Co ts ferromagnette (1 e tt can be magnetized permanently) like Fe and 
Ni One fifth of the Co produced is used to make magnetic alloys such as 
Alnico (containing AL, Ni and Co) These alloys make powerful permanent 
magnets which are 20-30 times more powerful than magnets of Fe 

Small amounts of the Co salts of fatty acids from linseed oil and 
naphthemc acid are used as ‘driers’ to speed the drying of oil paints 

Co is an essential constituent of fertile soil and is present in some 
enzymes and in vitamin B; 
The artificial 150tope *""Co i5 radioactive, and undergoes B decay (half 

life 52 years) At the same time it gives out intense high energy Y 
radiation, which is used in hospitals for radiotherapy of cancerous 
tumours “Co ıs prepared by neutron irradiation of the only naturally 
wccurting isotope °’Co in a nuclear reactor 

Co — HN + fe tu ty 

Trace amounts of rhodium and indium are found in the metalhe state 
together with the platinum metals and the coinage metals 1n the NiS/CuS 
ores mined in South Africa, Canada (Sudbury, Ontario), and the Soviet 
Union (the nver sand from the Ural mountains) World production of all 
six platinum group metals was only 281 tonnes in 1992 The largest 
sources were South Africa 54%, the Soviet Union 37%, and Canada 4% 
Rh and Ir are obtained from the anode shme which accumulates 10 

the electrolytic refining of Ni This contams a mixture of the platinum 
metals together with Ag and Au The elements Pd, Pt, Ag and Au are 

dissolved in aqua regia and the residue contains Ru, Os, Rh and Ir 

After a complex separation Rh and Ir are obtained as powders Their 

melting points are very high and powder forming techniques are used to 

fabricate metal components (The powder is formed into the required 
shape, then sintered, 1e heated in hydrogen until it congeals It does not 
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melt.) These elements are both scarce and expensive, and have a limited 

number ot specialist uses. 

All the platinum metals have specific catalytic properties. A Pt/Rh alloy 

was formerly used in the Ostwald process (for making HNO3) to oxidize 

NH, to NO. Rh is an important catalyst in the control of car exhaust 

emissions. Rh-phosphine complexes are used as catalysts for hydro- 

genation reactions. Ir (like Os in the previous group) is used to make very 

hard alloys which are used to make pivots for instruments. A Pt/Ir alloy 

is used to make the electrodes for long life sparking plugs. These are 

expensive but have important military uses, for example in helicopters. 

The USA used a lot of this alloy during the Vietnam war. 

OXIDATION STATES 

The trend for the elements in the second half of the d-block not to use all 
their outer electrons for bonding in the maximum oxidation state is 
continued. A possible report of Co(+¥V) has been disproved, and even 
Co(+1V) is unstable. The maximum oxidation state for Rh and Iris (+ VI). 
For Co, the (+II) and (+III) states are by far the most important. The 
trend in the later elements of the first row for the (+H) state to be more 
stable than (+III) is also observed. Co** ions and the hydrated ion 
[Co(HO),]** exist in many simple compounds and the hydrated ion is 
stable in water. In contrast simple compounds containing Co(--III) are 
oxidizing and are relatively unstable. However, Co(-- III) is stable and is 
very important in complexes. 

The most stable states for the other elements are Rh(--1HI), Ir(4-1II) and 
Ir(-- IV). Simple ionic compounds of these elements are uncommon. The 
oxides and halides formed are shown in Table 25.3. 

GENERAL PROPERTIES 

Co resembles iron and is very tough. It is harder and has a higher tensile 
strength than steel. Co is bluish white and lustrous in appearance. Like 
iron it is ferromagnetic, but on heating above 1000°C it changes to a non- 
magnetic form. 

Co is relatively unreactive, and does not react with HO, Ho, or No, 
though it reacts with steam, forming CoO. It is oxidized when heated in air 
and burns at white heat to Co3;O4. Co dissolves slowly in dilute acids, but 
like Fe it is rendered passive by concentrated HNO4. Co combines readily 
A the halogens, and at elevated temperatures with S, C, P, As, Sb and 

. Rh and Ir are also hard metals. In common with the other platinum 
on wie are much more noble and unreactive. Ir has the highest density 
UE e Ren — gcm™”. Rh and Ir are resistant to acids, but react 
a e halogens at high temperatures (Table 25.5). All three 

ents form a large number of coordination compounds. 
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Table 25.3 Oxides and halides 

Oxidation states 
Sogl. 

Cr HT) (IIT) (IV) (V) (- VI) Others 

CoO (Co,0.)" (CoO,)" - - Co30, 
Rho Rh;0, RhO; = — 

=- [r3O IrQ; -— KCIr Ox) 

CoF; Cor; = — ~. 

CoCl, - - - - 
CoBr; — -= — — 

Col; - -— — ~ 

- RhF, RhF, (RhFs) RhF, 
™ RhCl, -— - — 

= RhEr, -— - — 

- RhI, - - - 
- rF; IcF, (IrFs) IrF, 

(Irci?) IrCl; (IrCly) - - 
= IrBr, — — — 

— Irl, - — -= 

The most stable oxidation states are shown in bold, unstable ones in brackets 
h = hydrous oxide 

Table 25.4 Some physical properties 

Covalent onic radius (A) Melting Boiling | Density Pauling s 
radus _—SOs porn point electro 
(À) M^* M'* (*C) (C) — (gem)  negatty 

Co 1 16 0 745^ 0 61^ 1495 3100 8 90 13 
0 65! 0 545! 

Rh 125 - 0 665 1960 3760 12 39 21 
le | 26 - 0 68 2443 — (4580) 22. GI 27 
yg yg a a a rs a ae ana "À— À 

= high spin value, 1 — low spin radius 

Table 25.5 Some reactions of Co, Rh and Ir 
—————— ———— —— ———MM—— UM ULL a 

Reagent Co Rh lr 
ag P Rs RR PEU ER HR I RR RR e ER ER ER ER Á 

O: Co,0, Rh.O; at 600°C — IrO; at 1000 C 
F, CoF, and CoF, RhF, at 600°C —s fr F, > 
Ch CoC, RhC); at 400°C Ci, ar 600 C 
H.O No reaction No reaction No reaction 
Dilute HClor HNO, =[Co(H,0),]’* + H. No reaction No reaction 
Conc HNO, Passive No reaction No reactic® 



LOWER OXIDATION STATES 

LOWER OXIDATION STATES 

The oxidation states (—I) and (0) occur in a few compounds with n bonding 
ligands such as CO, PF3, NO and CN'. The (- I) state is found in the 

tetrahedral complexes [Co(CO)4] , [Rh(CO)4], [Co(CO)sNO] and 

K[Ir(PF;),]. The zero oxidation state occurs in Cox(CO)s, though there is 

some doubt about the corresponding Ru compounds (Figure 25.1). Other 

zero-valent compounds are Ka[Co(CN)4] and [Co(PMe;),]. 

o 90 O i O 

aÈ f d ` 3 x 
“Gor FÁ 

JA Nd 

egy mG 
Figure 25.1 Two isomeric forms of Co2(CO)s, both with metal-metal bonding. 

The carbonyls Co4(CO),2, Rh4(CO),2 and Ir4(CO))2 all have M—M 
bonds and contain a cluster of four metal atoms. The CO groups may be 
either apical (terminal) or bridging. There are slight differences between 
compounds of the metals. The Co and Rh compounds have three bridging 
CO groups but the Ir compound has none (Figure 25.2). 

O 

N ip O J 
N o V. C “i 

Nig? SUPE 
M ir 

S eo 

on IM | e l k =C—- —C=0 0=C—Ir [--CzO 1 \ M" Nz oz LA eso 
l «s =O oc | Caso 

S C 
iil No Wt 

(a) (b) 

Figure 25.2 The structures of (a) Coy(CO),2 and Rh,(CO),2 and (b) Ir4(CO) 2. 

1 carbonyl ion from Nai[Cos(CO),4] and the carbonyls Cos(CO),s 
a Rh«(CO),, have unusual structures, comprising an octahedral cluster SI metal atoms with a CO group bridging three metal atoms on each tri a riangular face of the octahedron. The remaining CO groups are normal 
terminal groups. 
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(+1) STATE 

Co(-r1) exists 1n many complexes with z bonded ligands The (P) state js 
better known for Co than for any other first row transition metal except 
Cu Compounds are usually made by reducing CoCl; with Zn or N;H, 
in the presence of the ligand Their structures are typically a trigonal 
bipyramid of tetrahedral 

The 10n (Co^! (CO)4]" reacts with. organic isonitriles R—NC, giving 
[Co(CNR),]* which has a trigonal bipyramid structure A dimtrogen 
complex can be formed by direct uptake of N, gas at atmospheric pressure 

Co(acac), -- N; + 3Ph;P — [Co'(H)(N;2)(PPh4)j] 

The ligand (acac) 1s acetylacetonate The complex [Co'(H)(N3(PPh;),] 
also has a trigonal bipyramidal structure (Figure 25 3) which has a N==N 
bond length of 1 11 A compared with 1 098 Á im Na Since the N==N bond 
length 1s almost unchanged, this indicates that o bonding from N to Co i 
extremely weak Thus the N—Co bond is mainly due to x bonding (back 
bonding) from Co to N similar to that in ([Ru(NH3)SN]*. (Dinitrogen 
complexes are discussed in Chapter 24 under '+II state — complexes’) 

i 
N 

PRP PPh, 

PPh, 

H 

Figure 25.3 The structure of [Co! H(N2)(PPh;),] 

The reduced form of vitamin B;; also appears to contain Co(4 1) 
There 15 a fairly extensive chemistry of Rh(+1) and Ir(+1) complexes 

with x bonding ligands such as CO, phosphines PR, and alkenes These 
normally have either a square planar structure, for example trans-[Ir(Cl) 
(COXYPPhji)] (called Vaska's compound) and (Rh(CI(PPh);] (called 
Wilkinson's catalyst), or a trigonal bipyramid structure as in [Rh(H)(CO) 
(PPh;)] The square planar (--I) compounds undergo an unusual type of 
reaction called oxidative addition In this a neutral molecule 1s added to the 
(+I) complex to give a (+III) octahedral complex 

[I (CI) |COXPPh);] + HCI [Ir (C), (CO)(PPh3);H] 

A similar reaction occurs with H>, H2S, CHI, and CI—HgCI A different 
reaction occurs when other molecules such as O;, SO,, CS2, RNCS 



(41) STATE 

PPh, 

oN Ed 

fc 

PPh, 

Figure 25.4 [Ir"'CI(CO)(O;)(PPh:);] complex. 

RNCO and RC=CR are added to the (+1) square planar compounds. 

(The added molecules all contain multiple bonds.) Here the added 
molecule acts as a bidentate ligand, thus forming a cyclic structure (Figure 

25.4). 
Vaska’s compound is yellow, and it readily absorbs O2 and becomes 

orange coloured. The O, may be removed by flushing with N3. This rever- 
sible oxygenation has been studied as a model for the oxygen carrying 
ability of haemoglobin (see Chapter 24). Oxidative addition reactions have 
been observed for complexes where the central metal has a d" or d'? 
configuration involving Rh!, Ir', Ni", Pd", Pt", Pd! and Pt!! There must be 
non-bonding d electrons available on the metal, and also two vacant 
coordination sites. 

Wilkinson's catalyst [Rh(CI)(PPh);] is red-violet in colour, and is made 
by refluxing RhCl, -3H2O with tripheny! phosphine. It has a square planar 
Structure; It is very effective for selective hydrogenation of organic 
molecules at room temperature and pressure. Alkene groups at the end of a 
chain (alk-1-enes) are hydrogenated but double bonds elsewhere in the 
chain are not affected. It is of importance in the pharmaceutical industry. 

Wilkinson's catalyst and various Co compounds such as the carbonyl 
hydride HCo'(CO), have been used as catalysts in the OXO process. In 
this process, CO and H, are added to an alkene, thus forming an aldehyde. 
A temperature of 150°C and 200 atmospheres pressure are required. The 
OXO process is of considerable industrial importance. as the aldehydes 
produced can be converted into alcohols. About 3 million tonnes of Ce-Cy 
alcohols are produced annually in this way. These are a mixture of straight 
chain and branched chain molecules depending on the position of the 
double bond in the hydrocarbon. The Straight chain alcohols are used to 
make polyvinyl! chloride and detergents. Efforts to improve the yield of the 
Straight chain products involve the use of triphenylphosphine substituted 
carbonyls of Co. The complex trans-[Rh(CO)(H)(PPh3)3] has also been 
used in the OXO process, and is an important catalyst in the hydrogenation 
of alkenes. It is active at 25°C and | atmosphere pressure, and for steric 
reasons it IS specific to terminal alkenes rather than double bonds 
elsewhere in the chain. 
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RCH-CH, 4 HCo(CO), + RCH,CH,Co(CO), 
RCH;CH;Co(CO), 4 CO — RCH;,CH;CO Co(CO), 

RCH,CH,CO Co(CO), 4 H;-» RCH;CH;CHO - HCo(CO), 

Acetic acid is also produced synthetically from methyl alcohol and this 
reaction 1s catalysed by complexes such as [Rh(CID(CO)(PPhi);] Or 

[Rh(CD(CO);h in the presence of CHI, I; or HI as activator 

CH40H «* CO — CH4COOH 

(+i) STATE 

The (+11) state 1s the most important for simpie compounds of Co (though 
the (+TED state is the most important in complexes) Rh(- 1) and f1(+1)} 
are only of minor importance 
A wide range of simple Co(-- II) compounds are known including CaO 

Co(OH);.. CoS, and salts of the common acids such as CoCl;  CoBr, 
CoSO,, Co(NO,). and CoCO, The hydrated salts are all pink or red and 
contain the hexahydrate 10n [Co(H,O),]?* Most Co(+II)} compounds 
except the carbonate are soluble in water 

If NaOH is added to a solution contaimng Co^* then Co(OH), ss first 
obtained as a blue precipitate which turns pale pink on standing This its 
mainly basic, but rt 15 weakly amphoteric as it. dissolves in. very strong 
NaOH, giving a blue coloured solution which contains [Co(OH)] ̂ 
Co(OH); slowly oxidizes 1n air to brown CoO OH 
CoO is olive green and is formed by heating Co(OH); or bv heaung 

many Cof -- 11) salts such as CoCO, in the absence of ar Jf CoO is melted 
with. 8i). and. K4CO, à deep blue glass potassium cobalt(II} suicate is 
formed Commercially this blue glass ts ground up and the powder which 
15 called sstalt, is used as a pigment to give a blue colour to glass enamels 
and glazes Smait was known to the ancient Egyptians and the Romans In 
the laboratory ‘cobalt glass is used to observe the flame test for potasstum 
in the presence of sodium The blue glass absorbs the intense yellow 
coloration from sodium. thus. allowing the colour from potassium ta be 
seen 
CoCh 1s used as a test for water, both as "cobalt chloride paper and as an 

indicator added to the drying agent silica gel Hydrated CoCi, 6H;0 15 
pink coloured and contains octahedral [Co(H:O},] 7 ions IF this i 
partially dehydrated by heating then blue coloured tetrahedral ions 

(Co(H,0),]"* are formed Addition of water produces the reverse change 
Thus when the indicator in silica gel is blue the drying agent is effective 

but when it is pink the drying agent needs changing 

(Co(H.Oy,] * = ICo(H;OY,* 9- 2H,0 
fink biu. 

In a similar way the octahedral aqua ion reacts with excess CIT to give the 

blue coloured tetrahedral ron (CoCt,]°7 
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[(Co(H20),]** + 4Cl™ > [Co(CD4]" + 6H;O 

pink uc 

Co(--II) has « d" configuration. [Co(H;O)g]^* and most Co(+II) com- 

plexes are low-spin octahedral. Tetrahedral complexes are also common 

and have more intense colours than octahedral complexes. This is because 

4 tetrahedron lacks a centre of symmetry and thus easily overcomes the 

Laporte selection rule (that Al = 1), whereas the octahedral complexes 

have to rely on asymmetric vibrations of ligands to destroy the centre 

of symmetry. The magnetic moments of both octahedral and tetrahedral 

complexes are higher than predicted using the spin only formula which 

would give p = 3.87 BM. In the octahedral case this is because there is an 

orbital contribution since with a (t2,)? (e;)^ arrangement it is possible to 

transform one fy Orbital into another. In tetrahedral complexes the 

electronic arrangement is (e,)* CAR so transformation of the fy, orbitals is 

not possible and the orbital contribution is zero. However, in this case 

spin orbit coupling occurs. This accounts for the higher than expected 

value of u (see ‘Measurement of magnetic moments’, Chapter 18). 
Cobalt(II) acetate Co(CH3;COO), - 4H20O is formed by dissolving CoCQ; 

in acetic acid. It forms red crystals which are very soluble, and is used as a 
drying agent for varnish and lacquers. 
Anhydrous Co salts cannot be made by heating the hydrated salts, 

because they decompose to the oxide. Thus dry preparative methods are 
used. Anhydrous CoF; is pink and is obtained from the reaction of HF with 
CoCl,. Anhydrous CoCl, (blue) and CoBr2 (green) are made by heating 
the elements. Anhydrous Col], is blue-black and is made by heating the 
metal with HI. They all have solid structures in which Co?* is octahedrally 
coordinated. 

Co(+II) forms a number of complexes, but these are less stable than 
those of Co(-- III). Co(--II) complexes may be tetrahedral or octahedral. 
Since there is only a small difference in stability between them the two 
forms sometimes exist in equilibrium. The large monodentate ligands Cl", 
Br”. 17, OH™ and SCN- commonly form tetrahedral complexes. Co(+II) 
forms more tetrahedral complexes than any other transition metal ion. 
This is associated with the fairty small loss of crystal field stabilization 
energy of 0.27A,, with a d' ion in a weak ligand field (see Table 7.15). 

The blue coloured complex Hg[Co(NCS),] is unusual. The Co?* is tetra- 
hedrally coordinated by N atoms, and Hg?* is tetrahedrally coordinated 
by S atoms, giving a polymeric solid. This compound is often used to 
calibrate a magnetic balance when measuring magnetic moments. 
mc Co( +H) complexes are high spin, but the CN™ ligand produces 

low-spin complexes. If a solution of a Co^* salt is treated with excess CN^ 
a coloured complex [Co(CN)s]*~ is formed. This can be isolated as 
MEE = Itisa good catalyst for the hydrogenation of alkenes. The 

s Larga diee with one unpaired electron, and its shape Is à 
ML - —— to give purple [Cox CN)u]"". which is 

BRUM Mui, hai. ee aie 
. 2 io It IS interesting that [Col {CN} T is formed instead 
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RCH=CH, + HCo(CO), —^ RCH,CH;Co(CO), 
RCH;CH;CofCO), + CO — RCH-CH-CO ‘Co(CO), 

RCH;CH:CO Co(CO) + H: — RCH;CH;CHO + HCo(CO}; 

Acetic acid :s also produced synthetically from methy! alcohol, and this 
reaction ts catalysed by complexes such as [Rh(CI)(CO)(PPh,}:] or 
[Rh(CI)(CO);]: in the presence of CH4I, 1? or Hl as activator 

CH4OH + CO > CH,COOH 

(+I) STATE 

The (4-H) state ts the most important for simple compounds of Co (though 
the (T) state i5 the most important in complexes). Rh(--ID) and li(H1l) 
are only of minor importance 
A wide range of simple Co(-t 11) compounds are known including CoO, 

Co(OH),. CoS, and salts of the common acids such as CoCl,, COBrm 
CoSO,, Co(NO),. and CoCO, The hydrated salts are all pink or red and 
contain the hexahydrate 1on [Co(H2O),)?* Most Co(+II} compounds 
except the carbonate are soluble in water 

If NaOH is added to a solution containing Co** then CofOH), 3s first 
obtained as a blue precipitate which turns pale pink on standing This ts 
mainly basic, but it is weakly amphoteric as it dissolves in very strong 
NaOH. giving a blue coloured solution. which. contains [Co(OHX] " 
Co(OH), slowly oxidizes in air to brown Co! O OH, 
CoO is olive green and 15 formed by heating Co(OH), or hy heating 

many Co(-- 1I) salts such as CoCO, tn the absence of air If CoO 15 melted 
with S10, and K,;CO, a deep blue giass potassium cobalt(II) silicate i5 

formed Commercially this blue glass 1s ground up and the powder which 
is called smalt is used as a pigment to give a blue colour to glass, enamels 
and glazes Smalt was Known 10 the ancient Egyptians and the Romans In 
the laboratory ‘cobalt glass’ 1s used to observe the flame test for potassium 
In the presence af sodium The blue glass absorbs the intense yéllow 
coloration from sodium, thus allowing the colour from potassium [0 be 
seen 

CoCl; 1s used as a test for water, both as ‘cobalt chloride paper and as an 

indicator added to the drying agent silica gel Hydrated CoC, 6H:0 i5 
pink coloured and contains octahedral [Co(H;OX]* (ons If phus. Is 
partially dehydrated by heating then blue coloured tetrahedra) 100$ 

{Co(H,0),)°* are formed Addinon of water produces the reverse change 
Thus when the indicator in silica gel is blue the drying agence ts effective. 
but when 1t is pink the drying agent needs changing 

[Co(H3O)* = |Co{H,0),f* + 2H,O 
prn blue 

In a similar way the octahedral aqua ron reacts with excess CI to gi*€ the 
blue coloured tetrahedral ron [CaCl 7 



[Co(H,0).°* + 4CI” — [Co(CD4" * 6H,O 
pink " 

Co(+II) has a d’ configuration. [Co(H20),]** and most Co(+II) com- 

plexes are low-spin octahedral. Tetrahedral complexes are also common 

and have more intense colours than octahedral complexes. This is because 

a tetrahedron lacks a centre of symmetry and thus easily overcomes the 

Laporte selection rule (that AJ = 1), whereas the octahedral complexes 

have to rely on asymmetric vibrations of ligands to destroy the centre 

of symmetry. The magnetic moments of both octahedral and tetrahedral 

complexes are higher than predicted using the spin only formula which 

would give ji — 3.87 BM. In the octahedral case this is because there is an 

orbital contribution since with a (t5,)? (e)? arrangement it is possible to 

transform one fz orbital into another. In tetrahedral complexes the 

electronic arrangement is (€,)* (t2,)° so transformation of the fzx orbitals is 

not possible and the orbital contribution is zero. However, in this case 

spin orbit coupling occurs. This accounts for the higher than expected 
value of pt (see ‘Measurement of magnetic moments’, Chapter 18). 

Cobalt(11) acetate Co(CH3COO); - 4H5O is formed by dissolving CoCO, 
in acetic acid. It forms red crystals which are very soluble, and is used as a 
drying agent for varnish and lacquers. 

Anhydrous Co salts cannot be made by heating the hydrated salts, 
because they decompose to the oxide. Thus dry preparative methods are 
used. Anhydrous CoF; is pink and is obtained from the reaction of HF with 
CoCl,. Anhydrous CoCl, (blue) and CoBr, (green) are made by heating 
the elements. Anhydrous Col, is blue-black and is made by heating the 
metal with HI. They all have solid structures in which Co?* is octahedrally 
coordinated. 

Co(-- II) forms a number of complexes, but these are less stable than 
those of Co(- III). Co(-II) complexes may be tetrahedral or octahedral. 
Since there is only a small difference in stability between them the two 
forms sometimes exist in equilibrium. The large monodentate ligands Cl, 
Br’. 1”, OH™ and SCN~ commonly form tetrahedral complexes. Co(+II) 
forms more tetrahedral complexes than any other transition metal ion. 
This is associated with the fairly small loss of crystal field stabilization 
energy of 0.27A, with a d? ion in a weak ligand field (see Table 7.15). 

The blue coloured complex Hg| Co(NCS),| is unusual. The Co?* is tetra- 
hedrally coordinated by N atoms, and Hg?” is tetrahedrally coordinated 
by S atoms, giving a polymeric solid. This compound is often used to 
calibrate a magnetic balance when measuring magnetic moments. 
uM Co(--11) complexes are high spin, but the CN™ ligand produces 
I i EP Legit If a solution of a Co salt is treated with excess CN^ 
E = u complex [Co(CN)«] ^ is formed. This can be isolated as 

cT salt. It is a good catalyst for the hydrogenation of alkenes. The 
i e MM TEE with one unpaired electron. and its shape is a 
dime. x: LE to give purple [Cox(CN)u] ^", which is 

carbéndi Mn4CO) n i te Structure (CN);:Co—Co(CN); similar to the 
~ 2 i. fL iS interesting that [Co (CN)&]"^ is formed instead 
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of an octahedral complex [Co"(CN),]! A low spin octahedral complex 

would have the configuration (t3,)^ (ej)! and as the e, level ts not sym 
metrically filled st would suffer from Jahn-Teller distortion The CN 
hgand is a strong x acceptor 1e it accepts electrons from the metal in 
back bonding Back bonding increases the crystal field splitting A which 

makes the e, orbitals very high 1n energy and thus strongly antibonding If 

an octahedral complex was formed these high energy e, orbitals must 
contain one electron This makes the octahedral complex too unstable to 
exist. (In marked contrast Co(-- Hf) has the configuration (75,)^ (e). and 
the octahedral complex [Co'{CN),]* :s extremely stable) 
The (Co (CN),]' complex is oxidized by air to give a brown coloured 

peroxo complex K4[(CN).Co!'——O-—O-—CoV(CNY] which ts discussed 
under (+I) complexes 

Less commonly Co(-* I1) forms square planar complexes with bidentate 
ligands such as dimethylglyoxrme and with tetradentate ligands such as 
porphymns Magnetic measurements can be used to distinguish between 
tetrahedral and square planar arrangements Tetrahedral complexes have 
three unpaired electrons and square planar only one 

Co?* ions are very stable and are difficult to oxidize. Co** 10ns are less 
stable and are reduced by water In contrast many Co(4- II) complexes are 
readily oxidized t0 Co(--11) compliexes and Co(- 111) complexes are very 
stable 

[Co (NH 2* em 27, (Co (NH;)s* 

This happens because the crystal field stabilization energy of Co(4- III) with 
a d° configuration ts higher than for Co(+H) with a d’ arrangement 
(Figure 25 5) 

Certain porphyrin complexes of Co{+H} are structurally similar to 
haemoglobin (Figure 25 6} 

gs 

Figure 25 § Electronic arrangements for d^ and d' 10ns in a strong octahedral field 



CH, 

Figure 25.6 Vitamin Bj?. The corrin ring is shown in heavy type. 

The complex (Figure 25.7) is a Schiff's base and is capable of reversible 
oxygenation and deoxygenation in pyridine solution at room temperature. 
Though Co complexes are not involved in oxygen metabolism in the body, 
they serve as useful models for metal-oxygen binding in biological 
systems. 

CH 
CH3 7" NC CH4 

€— N= 

Co 
\ Sf 

CH3- CH, 

Figure 25.7 A complex of Co(+II) with both N and O donors. 

Ferrocene-like complexes- are formed by Co and Rh. Cobaltocene 
[Co'(15-C;H;);] is formed by reacting sodium cyclopentadienide NaCsH; 
with anhydrous CoCl, in tetrahydrofuran. It is dark purple, and is air sensi- tive. It is easily oxidized (i.e. loses an electron) to form the very stable yellow 
coloured ion [Co'!(55-C.H.).] * . The latter is not oxidized even by con- 
centrated HNO; , but like ferrocene the rings are attacked by nucleophilic 

193 
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reagents Rhodocene [Rh'(n°-CsHs)2} 18 rather less stable, and tends to 
dimerize 
Rhodium and iridium form few (411) compounds The existence of Rho 

is uncertain, and IrCl, exists as a polymer There appear to be no 
complexes comparable with those of Co(+1i) However, if RhCi, 3H,O15 
warmed with a solution of sodium acetate in methanol, a dimeric dyacetate 

is formed HOH;C Rh (R COO), Rh CH40H The four carboxylate 

groups brdge the two Rh atoms, giving a structure hike that for 
chromium(11) acetate (Figure 22 2) Thus has à M—M bond length oí 
2.39 À which is interpreted as a quadruple M—M bond Some complexes 
with phosphine ligands are known 

(+i) STATE 

This is the most common oxidation state for ail three metals, particularly in 
complexes Co(- III) occurs in only a few simple compounds such as 
Co.(SO,); 18H,O, NH4Co(SO,); 12H;Oand KCo(SO,;); 12H20 These 
are blue coloured and contain the hexaaqua 10n [Co(H50),]'* They are 
all strongly oxidizing Co,0, 1s not known in the pure state, only as a 
hydrated oxide which oxidizes water CoF; ts a light brown solid, which 
ss made from Cof- and F} Cof, is rapidly hydrolysed by water It 1s 
commonly used as a strong fluorinating agent. as 1£ 15 easier to handle and is 
less reactive than F;. Anhydrous Co (NO4), may be prepared from CoF, 
m a non aqueous solvent such as N5O, or N50, at Jow temperatures t has 

an unusual structure with Co at the centre of an octahedron of O atoms 
from three bidentate NO groups The chemistry of Co( 11) is largely 
that of its coordination compounds 
The oxide Co4QO, 1s black and is formed by heating the metal in air at 

S(X)^C It has a spinel structure like FeO; These are better written 
Fe'lFe!'O, and Col'Co" LO. In tius structure the O atoms are approxi 
mately close packed The larger low spin Co(-* IIT) 10ns occupy halt of the 
octahedral holes and the smaller high-spin Co(-- II) are in one eighth of the 
tetrahedral holes 

Co(-- III) complexes are produced easily, in contrast to the difficulty in 
preparing compounds with simple Co'* ions Co(+III) forms more 
complexes than any other element 

Some common complexes are [isted below with their colours It can be 
seen that the cobalt can form cation, amon and neutral complexes 

(Co(NH,),]°* yellow 
[Co(NH4,) H;OP* pink 
(Co(NH4,CIP* purple 

[Co(NH4),CO,]* purple 

[Co(NH4)(NO;)] yellow 
[Co(CN),]7 violet 
[Co(NO;)4i^- orange 
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Practically all complexes of Co(--III) have six ligands in an octahedral 

arrangement. The metal has a d* configuration, and most of the ligands are 

strong enough to cause spin pairing, giving the electronic arrangement 

(t_)° (e,)”. This arrangement has a very large crystal field stabilization 

energy. Such complexes are diamagnetic. The one exception Is | CoF 6} 

which is a high-spin complex, and is paramagnetic, Complexes with nitrogen 

donor ligands (ammonia and amines) are the most common. 

These complexes may be prepared by oxidation of a solution containing 

Co** with air or HO, in the presence of appropriate ligands and a catalyst 

such as activated charcoal. It is also possible to substitute ligands in an 

existing complex. The complexes are very stable, and ligand exchange 

(substitution) reactions occur only slowly. This is the reason why 

complexes of Co(--1IT) have been so extensively studied since the 1890s 

by Werner and others. Much of our knowledge on the stereochemistry, 
isomerism and general properties of octahedral complexes has come from 
these studies. 

Co** has an affinity for N donors such as NH;, ethylenediamine, 
amines, EDTA and the nitrite ion NO>. The salt sodium cobaltinitrite 
Na;{Co(NO3),] is an orange coloured solid. It is used in both qualitative 
and quantitative analysis to precipitate K* as K3[Co(NO2),]. The complex 
[Co(CN),}*~ is extremely stable and is not decomposed even by alkalis. 
The CN" ligands are very firmly bonded by x back bonding, and the cry- 
stal field stabilization energy is very high. The complex is claimed to be 
non-toxic. 
An aqueous solution containing [Co'!(CN).<]*~ and KCN can be oxidized 

by air to give a brown coloured complex Ke{(CN)sCo!’—O—O—Co"™ 
(CN)s]. The peroxo bond length O—O is 1.45 A compared with 1.48 A in 
H202. This complex can be oxidized by air, or better by Br», to give a red 
complex Ks[(CN)s«Co—O —O —Co(CN).]. Whilst this might contain Co"! 
and Co'*, the X-ray structure shows that the O—O bond length is very 
much shorter than before at 1.26 Á. The reason for this shortening is that 
an antibonding electron has been removed from the O—0O** ion and this 
has now become a superoxide linkage with a bond order of 1.5 (see 
Chapter 4). If solutions of the peroxo or superoxo complexes are boiled, 
yellow coloured K3[Co(CN),] is formed. 

| Several different isomers are found in complexes with the bidentate 
ligands such as ethylenediamine (en), acetylacetone or oxalate ions: 

4Co** + 12en + 4H* + O, > 4{Co!(en)3]°* + 2H,O 

The complex | potassium tris(ethylenediamine)cobalt(III) contains the 
[Co (en);]* ion which is optically active and exists in d and / forms (see 
Chapter 7 under 'Isomerism'). A similar preparation in the presence 
m gives the dark green salt trans-[Co!'! (en); (CI);]* which on care- 
alc of a neutral solution gives the purple cis isomer. Both 
[Co(en) © E substitution reactions on heating with water, giving first 
acc 2 XH;0)] then [Co(en);(H;O;)*. Similar substitution re- 

ns occur with other ligands such as NCS™, giving [Co(en)(NCS),]*. 
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Complexes with O donors are generally less Stable but those with 
chelating ligands such as [Co(acetylacetone),] and [Co(oxalate),]* are 
stable and are optically active 

Halogen complexes are rare and [CoF,]° 1s the only hexahalide 
complex known This is blue as ss [CoF,(H O)J,] and both are unusual 
because they are high spin and hence are paramagnetic with è magnete 
moment of about 5 8 Bohr magnetons 

Vitamin By. is an umportant Co complex The vitamin was isolated from 
liver after it was found that eating large quantities of raw liver was an 

effective treatment for pernicious anaemia [njections of vitamin B, are 

now used for treatment (more pleasant than eating raw [iver!) Vitamin B. , 
is a coenzyme and serves as a prosthetic group which 1s tightly bound to 
several enzymes in the body but the precise role of vitamin B; is not fully 
understood Dorothy Crowfoot Hodgkin was awarded the Nobel Prize for 
Chemistry in 1964 far X ray crystallographic work including solving the 
structure of this enzyme The complex contains a. Co(-* H1) ion at the 
centre of a corrin ring system (Figure 25 6) This is similar to the arrange 
ment of Fe(-- II) in a porphyrin ring 1n haemoglobin except that the cornn 
ring IS less conjugated and rings A and D are joined directly The Co atom 
is bonded to four ring N atoms The fifth pos:ticn is occupied by another N 
from a side chain (a 5 6 dimethylbenzimadazole) and this 1s also attached 
to the corrin mng The sixth group which makes up the octahedron ts the 
active site and ts occupied bya CN group in cyanocobalamin The CN 
is introduced in isolating the coenzyme and 15 not present in the active 
form im living tissue This position i$ occupied by OH. in hydroxoco 
balamun by water or by an organic group such as CH4 (methylcobalamin) 
or adenosine This shows that a metal to carbon o bond can be formed 
The cobalamins cin be reduced from Co!" ta Co"! and Co! tn neutral or 
alkaline soiutions both in the laboratory and in vivo (in the hving body) 
The Co! complex its strongly reducing. [ts structure is five coordinate 1e 
the site usually occupied by CN. or OH is vacant 

Methylcobalamin 3s important tn the metabolism of certain. bacteria 
which produce methane These bacteria can also transfer a methyl group 
CH; to a few metals such as Pi" Au. and Hg". The latter poses a con 
siderable ecologica! problem as the bacteria can transform elemental Hg or 
inorganic Hg salts into highly toxic methyl mercury CHíHg^ or dimethyl 

mercury (CH;) Hg at the bottom of lakes 
Cobalt is also biologically important in some enzymes Glutamic mutase 

i5 involved in the metabolism of amino acids and ribonucleotide reductase 
in the biosynthesis of DNA Traces of cobalt are essential in the diet of 
dnimils Some sheep raised in Austraha New Zealand Florida and 
Britain suffered from a deficiency dise ise which was traced to them grazing 
on cobalt deficient soil. This can be remedied either by treating the soil 
penodically or by forcing the animals to swatlow a pellet of cobalt This 
pellet remains «n the rumen and slowly releases cobalt into the gut 
(Sometimes the anmmals are made té swallow a metal screw as well This 

too remains in the rumen and ats purpose is to ser pe inv coating off the 
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cobalt pellet. The pellet is recovered and reused when the animals are 

slaughtered.) Larger amounts of cobalt appear to be harmful. Traces of 

cobalt (1—1.5 ppm) are added to beer to make it froth better. This has been 

linked with an increased rate of heart failure among heavy beer drinkers 

who have a dietary deficiency of protein or thiamine. 

Ali the (+III) halides RhX3 and IrX3 are known. RhF; is prepared by 

fluorinating RhCl;, IrF5 by reducing IrFs with Ir, and the others by direct 

reaction. They are all insoluble in water, unreactive and probably have 

layer lattices. The oxide Rh35O; is obtained by burning the metal in air. 

]r;O, is only obtained with difficulty as the hydrated oxide, by.adding 

alkali to Ir! solutions under an inert atmosphere, as it oxidizes easily 

to Ir'YO,. In contrast to the oxidizing properties of [Co (H;O)s*, 
[Rh (H;O)sP^* exists as a stable yellow coloured ion. 
A considerable number of Rh(+III) and Ir(+ HI) complexes are known. 

Like the complexes of Co(--III) they are typically octahedral, stable, low 

spin and diamagnetic, e.g. [RhCl,]°>~, [Rh(H2O).]°*, and [Rh(NHs3)«]°*. 
The chloride complexes are made by heating finely divided Rh or Ir with a 
Group 1 metal chloride and chlorine. 

The complex Na3[RhCl.]-12H2O is red coloured and is the best known 
compound of rhodium. On boiling with water it gives [Rh(H.O),]°*, and 
with NaOH it gives Rh.O3-H2O. The yellow coloured hydrated ion is 
converted back to the chloro complex with HCI. If Rh2O3- HO is treated 
with a limited amount of HCI then [RhCl;-3H,O] is formed, but with 
excess acid [RhCl,]°~ is formed instead. [RhCk, - 3H,O] is octahedral, and 
should exist as two different isomeric forms fac and mer (see Figure 7.3). 
A small number of complexes are known which are not octahedral, e.g. 

[RhBrs]*~ and [RhBr7]*~. Metal-metal bonds are found in a few 
complexes: 

((R3As)3Rh"(HeCl)]*Cl- contains Rh-Hg bond 

[Ir Cle (SnCl3)4]*7 contains Ir—Sn bonds 

Rh(+HI) and Ir(+III) form basic acetates [Rh3O(CH4COO)4Lj]* 
Which have unusual structures. The Rh atoms form a triangle with an O 
atom at the centre. The six acetate groups act as bridges between the Rh 
atoms - two acetate groups across each edge of the triangle. Thus each Rh 
atom IS linked to four acetate groups and the central O, and the sixth 
position of the octahedron is occupied by water or another ligand. The 
magnetic moment is reduced due to partial pairing of d electrons on the 
three metal atoms by means of dx- pr bonding through O. This type of 
carboxylate complex is also formed by the trivalent ions of Cr, Mn, Fe, Ru, Rh and Ir. 

Several h 
{It(R3P)- 
of Rh(-1 
Co(--1IT) gives Co(- IL). 

ydride complexes are also known: [Rh(R3P)- H: Cl;]j* and 
H+ Cly]°*, [Ir(R3P);-H2Cl}** and [Ir(R3P)3H3]°*. Reduction 
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I) and Ir(-- II) complexes gives the metal, whereas reduction of — Figure 25.8 Structure of 

{Rh;0(CH;COO),(H20)3]” 
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{+FV¥) STATE 

This is the highest oxrdation state normally obtained for cobalt Oxidation 
of alkaline Co^* solutions gives an ill defined product thought to be 

hydrated CoO;, and a complex Ba;Co' VO, has been reported 
If the activated charcoal catalyst 1s omitted from the preparation of 

[Co(NH3)s]* by the arr oxidation of Co?*, then a brown compound 
containing [(NH4),Co!'! —0 —O— Co" (NH34)[** can be isolated. This 
is stable tn concentrated NH,OH solution, or as the solid. but can be 
oxidized by strong oxidizing agents such as persulphate (S3O4Y^ to give a 
green peroxo complex which formally contains Co( 4-IV) 

oxidize 
— 4 ((NH4).Co'!—0 —O-—Co" (NH) [* 

[(NH 3«Co!!1 0 —50-—Co' "(NH asf * 

The magnetic moment of the green complex is about } 7 Bohr magnetons 
This i5 in agreement with. the presence of Co(+]H) (d° low spm dha 
magnetic) and Co(+IV) (d° low spin, one unpaired electron) However 
electron spin resonance indicates that both Co atoms are identical Thus an 
electron must be abfe to move across the peroxo bridge and spend an equal 
amount of time on both metal atoms 

Several other binuclear complexes are known which use —O0—0—' 
OH”, NHy or NH?~ as bridging groups 

((NH,)<Co—-NH»—-Co(NH,).]°* (blue) 

NH» 
Jen 

N 
[(NH,)sCo Co(NH1]'* (brown) 

QO, 

OH 

m X (NHi4]* — (red) 1J4 0 o 1J4 re 

M 7 
OH 

Ir(+IV) ts one of the most stable states but Rh(-- IV) is unstable and 

forms few compounds Both metals form tetrafluorides RhF4 can be made 

from RhCl, and BrE, IrCl, 1s not very stable 110, is formed by burning 

the metal in air, but RhO, is only formed by strongly oxidizing Rh(-- HI) in 
alkaline solution, for example with sodium bismuthate Rhodium forms 

only a few complexes, e g K;(RhF,] and Kj[RhClI,] but these react with 

water, liberating O, and eventually forming RhO, Iridium forms à variety 

of hahde and aqua complexes [ICh]. HrCh(H;OXT. [IrCi,(H20)>] 

and {IrCl; H2O]~ The oxatate complex (Ir(oxalate),] ̂ can be resolved 

into d and f optical isomers 



FURTHER READING 

ND (4 VI) STATES 

') compounds do not exist under normal conditions. Rh(-- V) and 

exist as pentafluorides (RhFs)4 and (IrFs)4. These are very reactive 

readily hydrolysed. They have a tetrameric structure with M—F—M 

similar to Nb, Ta, Mo, Ru and Os (Figure 21.1). The only com- 

nown are Cs[RhF,] and Cs[IrF,]. 

VI) and Ir(-- VI) occur only in RhF, and IrFe, which are made by 

eaction. Neither is stable, though the heavier IrF, is more stable 

Fo: 
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Group 10 — the nickel group 

Table 26 t Electronic structures and oxidation states 

Element Electronic structure Oxidation states* 

Nickel Ni [Ar] 345 42 -I0() H(I) (IV) 
Palladium Pd [Kr] 44? 0 (1)? H IV 
Platinum Pt [Xe] 4f '* 54? &s! 0(I) H (III? IV (V)(VI) 

* The most important oxidation states (generally the most abundant and stable) are 
shown in bold Other well characterized but less important states are shown 
m normal type Oxidation states that are unstable or in doubt. are given in 
parentheses 

INTRODUCTION 

Nickel 15 moderately abundant and 1s produced in large quantities It 1s 
used in large quantities in a wide variety of alloys, both ferrous and non 
ferrous It is predominantly divalent and tonic in simple compounds, and 
exists as Ni(--ID) 1n the most of its complexes These are commonly square 
planar or octahedra) Palladium and platinum are both rare and expensive 
They are nobie and not very reactive but are slightly more reactive tiran 
the other platinum group metals They are both used as catalysts The 
most common oxidation states are Pd(--Il) and Pt(--II) and Pt(--IV) 
These are not tonic 

OCCURRENCE, EXTRACTION AND USES 

Nickel 

Nickel 15 the twenty second most abundant clement by weight m the 
earth’s crust Commercially important Ni ores include sulphides, which 
are usually mixed with Fe or Cu sulphides, and alluvial deposits of sih 
cates and oxtdes/hydroxides Pentlandite (Fe,Ni}oSg 1s ihe most impor 
tant ore It always has a Fe Ni ratio of 1. [. [t usually occurs with a form 
of FeS called pyrrhotite ~ both are bronze coloured, and are found in thë 

USSR, Canada, and South Africa Several other sulphide and arsemde 
ores such as millente NiS, mccolite N1Às and nickel glance NiAsS were 



OCCURRENCE, EXTRACTION AND USES 

once important, but are now little used. Important alluvial deposits in- 

clude garnierite, a magnesium nickel silicate of variable composition 

(Mg,Ni)¢Sis010(OH)s, and nickeliferous limonite (Fe,Ni)O(OH)(H20),,. 

Mine production of ore contained 850000 tonnes of Ni in 1992. The main 

sources of ore were Canada 23%, the Soviet Union 21%, and New 

Caledonia 12%. 
The extraction of Ni is complicated by the presence of other metals. 

Sulphide ores now provide most of the nickel produced. The ore is con- 

centrated by flotation and magnetically, then heated with SiO). FeS 

decomposes to FeO, which reacts with SiO, to form slag FeSiO3, which 

Table 26.2 Abundance of the elements tn 
the earth’s crust, by weight 

ppm Relative abundance 

Ni 99 22 
Pd 0.015 69 
Pt 0.01 70 

is easily removed. The remaining sulphide matte is cooled slowly giving 
an upper silvery layer of Cu2S and a lower black layer of Ni?S3 which can 
be separated mechanically. (A small amount of metallic Cu/Ni alloy is 
also formed. This dissolves any of the platinum group metals present, and 
is used as a source of these rare and expensive elements.) The Ni S} is 

then roasted with air and converted to NiO.'This may be used directly in 
steel making. Alternatively NiO may be reduced to the metal by carbon in 
a smelter. The metal is cast into electrodes which are purified by electro- 
lysis in an aqueous solution of NiSO,. 
The Mond process provides an alternative method for producing high 

purity Ni. This process was patented by L. Mond and was used in South 
Wales from 1899 until about 1970. NiO and water gas (H, and CO) were 
warmed under atmospheric pressure to 50°C. The H, reduced NiO to Ni, 
which in turn reacted with CO, forming volatile nickel carbonyl Ni(CO),. 
(This is highly toxic and flammable.) Any impurities remained solid. The 
gas was heated to 230°C, when it decomposed to give pure metal and the 
CO was recycled. A new plant in Canada now uses CO and impure metal, 
but runs at 150°C and 20 atmospheres pressure to form Ni(CO),. 

SUC 230* Ni + 4CO —. Ni(CO), Em + 4CO (Mond process) 

Nickel silicate ores such as garnierite are mixed with gypsum (CaSO,) m EN with coke. The silicates form CaSiO3 slag, and the Ni forms a sulphide matte which is treated as above. 
a of the Ni produced is used to make ferrous and non-ferrous alloys. 
i: uo both the strength of steel and its resistance to chemical attack. 

» 269000 tonnes of ferronickel were produced. Stainless steel may 
continued overleaf 
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contain 12-15% N: and steel for cutlery contains 20% Cr and 10% Ni 
Very strong permanent magnets are made from Alnico steel Mone! 
metal ts very tesistant to corrosion and ts used tn apparatus ta handle F, 
and other corrosive fluonmdes It contains 68% Ni 32% Cu and traces of Fe 

and Mn Several non ferrous alloys are important The Nimonic sefies of 
alloys (75% Ni with Cr Ca Al and Ti} are used tn gas turbine afd jet 
engines where they are subjected to high stresses and high temperatures 
Others such as Hastelloy C ate tused for their corrosion resistance Nich 
rome contains 6095 M1 and 4095 Cr and is used to make the wire Which 

gets red hot 1n electric radiators. Cupro nickel (8075 Cu and 2095 Ni) is 
used to make silver coins The so called nickel—-silver contains roughly 
60% Cu 20% Niand 20% Zn This is used to make imitation silver alticles 
and can be electroplated on other metals to give EPNS (electroplated 
nickel-silver) The name nickel-silver i5 confusing as it contains no allver 
Often steel 15 electroplated with Nt before electroplating with Cr Some Ni 
is used in INi/Fe storage batteries. which have the advantage that they can 
be charged at very fast rates without damaging the battery plates Small 
amounts of very finely divided Ni: (Raney Nr) are used for many reduction 
processes Examples include the manufacture of hexamethylenediamne 
the production of Hs from NH, and the reduction of anthraquincne fo 
anthraquino} in the production of H,O,; 

Palladium and platinum 

Pd and Pt are rare elements but they are appreciably more abundant than 
the other platinum group metals (Ru Os Rh and Ir) World product!on of 
all six platinum group metals was only 281 tonnes in 1992 Nearly 100 
tonnes of this was Pt Even though Pd is slightly more abundant than 
Pt, production of Pt i5 greater than that of Pd Fhe largest sources 
were South Africa 54%, the Soviet Union 37% and Canada 4% South 
African sources yield more Pt than Pd but Soviet sources yield mot Pd 
than Pt 

The platinum group metals occur as traces in the sulphide ores of Cu 
and Ni: They are obtained as concentrates as anode sludge from ¢¢ 
trolytic processes for the mayor metals The platinum group metals are 
also obtained from the Cu/N: alloy produced in the separation of the 
sulphide matte of CuzS and NiS, in the process outhned for Ni 320% 
Separation of the platinum metals is complex but in the last 212865 
(NH4)2{PtCl,] and [Pd(NH,) CI | are ignited to give the respct 
metals The metals are obtained as powders or sponges and are fabri 
cated into solid objects by sintering 

Roughly one third of the Pe produced ts used in jewellery one third in 
cars and one third for investment and for industrial uses. Pt has beer! U* 
in jewellery since several centuries BC The earltest users were the aee 
Egyptians and the Indians of Peru and Ecuador Nowadays it 15 ofter Use 

to make the mountings for diamonds m nags and other jeweller} 
resembles silver and has been called. white gold | Rather confusing 
name ts now used for a Pd/Au alloy 

this 



GENERAL PROPERTIES 

A new and increasing use of Pt is in ‘three-way catalytic convertors’. 

These convertors are fitted to many new cars to reduce pollution from the 

exhaust gases. It is essential that lead-free.petrol is used in the car. The 

main component of the convertor is a ceramic honeycomb which is coated 

with Pt, Pd and Rh. The exhaust gases from the engine exhaust pass 

through the honeycomb at about 300°C. The precious metals convert 

unburnt fuel, CO and oxides of nitrogen into harmless CO; and N;. 

(Leaded petrol must not be used as Pb poisons the catalyst.) | 

Both Pd and Pt find extensive chemical uses as catalysts. PdCl, is used 

in the Wacker process for converting C;H4 to CH4CHO. Pd is used for 

hydrogenations such as phenol to cyclohexanone, and also for dehydro- 

genations. Pt is very important as a catalyst in the oil industry in the 
reforming of hydrocarbons. Pt/PtO is used as Adam's catalyst for reduc- 
tions. At one time Pt was used in the Contact process in the manufacture 

| of H5SO, (to convert SO; to SO3); V20s is now used as catalyst instead 

of Pt as it is cheaper and less susceptible to poisoning. A Pt/Rh alloy was 
formerly used to oxidize NH3 to NO in the Ostwald process for making 
HNO3. 

In the laboratory Pt crucibles are sometimes used and Pt is also used to 
make apparatus to handle HF. Pt is also used to seal into soda glass to 
allow electrical connections to pass through the glass. This is important in 
making electrodes, thermionic valves etc. Soda glass and Pt have almost 

the same coefficient of expansion, so the glass does not crack on cooling. 

OXIDATION STATES 

Ni shows a range of oxidation states from (—I) to (+IV), but its chemistry 
is predominantly that of the (+II) state. [Ni(H2O),]?* ions are green 
coloured and are stable both in solution and in many simple co..ipounds. 
Ni(--1I) also forms many complexes, which are mainly square planar or 
octahedral. The higher oxidation states of all three metals are unstable. 

Pd(-1l) is the most important state, and occurs as the hydrated ion 
[Pd(H20),]^* and in complexes. Pt does not form an aqua ion. Both 
Pt(-1I) and Pt(--IV) are important, but these are not ionic. The (--II) 
complexes are square planar and (+ VI) complexes are octahedral. 

Zero-valent states occur for all three elements with x bonding ligands 
such as CO. The maximum oxidation state of (-- VI) is only attained in 
PtF;, and Pt(+V) occurs in [PtF,]~. The highest oxidation state attained 
by Ni and Pd is (+IV) in NiF, and PdF,. The so-called PdF; does not 
contain Pd"! but is really Pa?* [Pd! VF,]?- The oxides and halides formed 
are shown in Table 26.3. 

GENERAL PROPERTIES 

: is a silvery white metal, and Pd and Pt are both grey—white. All three 
Clements are unreactive in the massive state. They do not tarnish or react 
with air or water at normal temperatures. 

Ni is often electroplated on to other metals to provide a protective 
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Table 26 3 Oxides and halides 
n———————M— M dilc—DPU'"MACMLÀóéMI!,—' ""Ó—Á—— ——— — Á—— d————— 2S] 

Oxidation states 

(+11) (III) (+1V) (+V) CEVI) — Other 
m a e a A m I a a i 

NO (51,04) MO; - - 
PdO - (PdO,)" - 
(PO) (Pt;0;)" PiO, -— (PtO4) Ft,0, 

NiF; -~ — = - 

NiCl; ~ — - _ 

NIBr; t ra — — 

Nil; - — = - 

PdF; PdIPdF,] PdF, - - 
PAC! - - - - 
PdBr; — — = - 

Pdl; - - - 
— ~ PIF; (PtF5), PIF, 

PtCl; PtCl,? PCI, - - 
PtBr; FiBr,? PtBr, ~~ = 

Pti; Pti? Pil, - - 

The most stable oxidation states are shown in bold unstable ones in brackets 

h = hydrous ovide 

Table 26 4 Some physical properties 

Covalent Iome radius (Å) Melting Botting Density Pauling é 
radus oo pont point electro 

7 1 -1 (À) Mit M'* (*C) (C)  (gcm^)  negatmt) 

Ni 115 0 69 0 60" 1455 2920 8 9] 18 
0 56 

Pd 128 D 86 D 76 1552 2040 11 99 22 
Pt 129 0 B0 - 1769 4170 21 41 22 
——————————Áá 

h = high spin value, I = jow spin radius 

coating However N: does tarnish when heated in air Raney Ni is a very 
finely divided form of Ni used as a catalyst It ss readily oxidized by ai 
and is pyrophoric. Red hot Ni reacts with steam 

Ni dissolves readily in dilute acids, giving hydrated {N1{H2O),]?* ions 
and H; Like Fe and Co it 1s rendered passive by concentrated HNO} 
and aqua regia. Pd and Pt are more noble (less reactive) than Ni but ar® 
more reactive than the other elements in the platinum group Pd dissolves 
slowly in concentrated HCl in the presence of O; or Cl;, and fairly readily 
in concentrated HNQs,, giving [Pd " (NO); (OH);] Pt is the most ré 

sistant to acids but dissolves ın aqua regia, giving chloroplatinıe ac! 
H,[PtCl,} (see Table 26 5) 

N: is unaffected by aqueous alkais and ıs therefore used to make the 



LOW VELENCY STATES (-I), (0), C1) 

Table 26.5 Some reactions of Ni, Pd and Pt 

Reagent Ni Pd Pt 

O; NiO PdO at red heat PtO at high temp. 
and pressure 

F, NiF; Pd!! [Pa' VFg] PtF, at red heat 

| at 500*C 

Cl; NiCh PdCl, PtCl; 

H;O No action No action No action 

Dilute HCl or Ni?^* - H; Dissolves very 'No action 

dilute HNO; slowly 

Concentrated HNO; Passive Dissolves No action 

Aqua regia Passive Dissolves H2[PtCl,] 
ee € a aaa € 

—Ó— ————
——————m

 

apparatus for manufacturing NaOH. Pd and Pt are both rapidly attacked 

by fused alkali metal oxides and peroxides, e.g Na;O and Na20;. 

Ni reacts with the halogens on heating. It reacts only slowly with 

fluorine, so Ni and alloys such as Monel are often used to handle E; and 
corrosive fluorides. Ni also reacts with S, P, Si and B on heating. Red hot 
Pd reacts with F,, Cl; and O;. Pt is less reactive but at red heat it reacts 
with F», and at a high temperature and pressure it reacts with Op. 

All three metals absorb gaseous H5. The,amount absorbed depends on 
the physical state of the metal. However, Pd absorbs very large volumes 
of Hz, more than any other metal. If red hot Pd is cooled in H; it can 
absorb 935 times its own volume of H5. The hydrogen is mobile and 
diffuses through the metal lattice. The conductivity of the metal falls as Hz 
is absorbed. The H, is evolved on heating. Other gases, including He, are 

not absorbed, so this process is used to purify H3. 
Pt(--II) and Pt(+IV) form an extremely large number of complexes. 

(The two most prolific complex forming elements are Co and Pt.) 

LOW VALENCY STATES (—I), (0), (+1) 

Ni(—I) is found in the carbonyl anion [Ni2(CO),]?~. 
The zero-valent state is formed by all three metals. [Ni(CO),] is 

formed by warming Ni and CO. Its formation and subsequent pyrolysis 
was Important in the Mond process for the purification of the metal. 
Though the original process became obsolete in about 1970, a modified 
process ts used in Canada. [Ni(CO),] is perhaps the best known carbonyl, 
but its stability is much lower than that of carbonyls in earlier transition 
metal groups. The [Ni(CO),] molecule is tetrahedral, volatile, very 
nane easily oxidized and flammable. A phosphine derivative 
E (PFs)], and mixed compounds such as [Ni(CO);(PF4);], are also nown. Reduction of [NI (CN)4]^" by potassium in liquid ammonia gives K,[NI'(CN),], whilst reduction with hydrazine sulphate in aqueous 
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media gives Ka[Ni(CN),] Pd and Pt do not form simple carbonyls like 
[Ni(CO)4], but they do form phosphine complexes such as [Pt?(PFh;),] 
and [Pt?{PPh;)3] 

ErOH 
2K;[Pt!ICL] -- NH, - 8PPh4——» 2[PÜ(PPh3),]  4KCI 4 4HCI * N; 

Pd" (CO)(PPh4);] and [P (CO); (PPh1);] are also known The hgand CO 
i$ a weak o donor and a strong x acceptor, whilst PPh3 ts a stronger o donor 
but a weaker n acceptor The absence of simple carbonyls for Pd and Pt is 
probably because they form x bonds less readily than N1 Introducing 2¢ 
bonded ligand such as a halogen reverses the position, and [PP (COH 
is stable, [Pd (CO);Ch] is not very stable, and Ni does not form any 
carbonyl halides. [NIi(CO)4] 1s reduced by sodium in liquid ammora to 
give a carbonyl hydride [[N((COAH)S] (NH4), This i5 red. coloured 
and is dimenc Reduction may also yield cluster compounds such as 
[Nis(CO),2]°~ and [Nig(CO))2]° A series of cluster compounds such as 
([Pt,(CO),]2~— are formed by reducing [PtCl;]^^ in alkaline solution under 
an atmosphere of CO No similar Pd compounds have so far been observed 

(Il) STATE 

The (--II) state 1s very important for all three elements A wide variety of 
simple Ni7* compounds exist These include all the halides, the oxide: Sul- 
phide, selenide and telluride, salts of all the common acids and also Some 
less stable ones such as NICO; and salts of oxidizing 10ns like Ni(CIO4: 
The hydrated 10n [Ni(H;O)4]^* gives rise to the green colour character- 
istic of many hydrated Ni salts Many anhydrous N: salts are yellow 
Double salts are formed with alkalt metals and NH, for example 
NISO;(NH4);SO, 6H;O These are isomorphous with the correspond- 

ing double salts of Fe^*, Co?* and Mg^* 
Though the chemistry of Ni is simplified by the dominance of the (+1) 

state, the Ni(--1l) complexes are quite complicated | Octahedral and 
square planar complexes ait commonly formed, and a fen vetratedal, 
trigonal bipyramidal and square-based pyramidal structures are also 
formed Pd(--I1) and Pt(--II) complexes are all square planar 

Figure 26 1 d" arrangement in (a) weak and {b} strong octahedral fields 
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The complexes formed with ammonia [Ni(NH3).]°*. [Ni(H20), 

(NH3)2]°*, and the complex ethylenediamine [Ni(ethylenediamine)3]** 

are all octahedral. These octahedral complexes are usually blue in colour, 

and they are paramagnetic as the d* ion has two unpaired electrons (Figure 

26.1a). In complexes with strong field ligands such as CN”, the electrons 

are forced to pair up and diamagnetic square planar complexes such as 

[Ni(CN)3]°~ are formed (Figure 26.1b). | 

The red coloured complex precipitated by Ni^* and dimethylglyoxime 

from slightly ammoniacal solution is also square planar. However, in the 

solid the square planar molecules are stacked on top of each other and a 

Ni- Ni interaction occurs. The Ni- Ni distance is 3.25 A. This was one of 

the earliest examples of metal to metal bonding, and in the solid Ni should 
be regarded as octahedrally coordinated rather than square planar. The 
formation of this complex is used both for the detection and quantitative 
estimation of Ni. The dimethylglyoxime loses a proton, and forms a stable 
complex molecule. The complex is stabilized because two five-membered 
chelate rings are formed, and also by internal hydrogen bonding, shown by 
dotted lines in Figure 26.2. 

OH O---HO 

fe 7 hs 
CH4—C-N CH;—C—N N=C—CHs 

PR / 
x 

2 + N? t — Ni + 2H* 

AON 
i 7 N 

CH3—C-—N CH,—C—N. Qi CP 

OH 'OH--O 

Figure 26.2 Nickel dimethylglyoxime complex. 

The square planar complexes are generally red, brown or yellow in 
colour. The reason for the formation of square planar complexes is dis- 
cussed further in Chapter 7. 

Several tetrahedral Ni(+II) complexes are known. These generally 
contain halide ligands, and often phosphine, phosphine oxide or 
arsine ligands as well, as in [PhyAs]}[NiCl,]*~, [(Ph3P);- NiCl;] and 
[PhiAsO);NiBr,]. These complexes are typically intensely blue coloured, 
and can be easily distinguished from square planar complexes both by 
the colour, and because they are paramagnetic (Figure 26.3). 
When nickel cyanide is crystailized from a mixture containing ammonia 

and benzene, benzene ammino nickel cyanide is formed. The benzene 
molecules are not bonded, but are trapped in the cagework of the crystal. 
Such compounds are called clathrates and other molecules of a similar size 
may be trapped in a similar way. 
un x Pt(--II) exist as oxides, halides, nitrates and sulphates. The 
in (one solids ate generally not ionic. PdO exists in the anhydrous state, 
oid : only known as an unstable hydrated oxide. All the dihalides 

: nown except for PtF;. Unlike the other halides, PdF; is ionic. 
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Figure 26.3 d" arrangement in tetrahedral field 

The Pd?* ion has a d? configuration and is paramagnetic The [Pd(H,O},]’* 
ion exists in water, and is diamagnetic Because this complex 1s spin 
paired it 18 presumed to have a Square planar structure Ali Pd(+H) and 
Pt(+1]) complexes are diamagnetic Im hydrochloric acid the diamagnetic 
[PdC]? ion is formed All the other dihalides are molecular or poly 
merc, and are diamagnetice PdCl; and PtCl; are made fram the elements 
and both exist in a and È forms Which :s formed depends on the exact 
conditions used The a forms are the more common 

B55)*C 
Pd+ Cl, -—> a-(PdCl),, 

ey 

SHIL l 
B-(PdCI;) 

u-PdCl; i5 a dark red solid, whilst a-PtCl 1s olive green u-PdCl; has a fiat 
chain polymeric structure (Figure 26 4a), in which the Pd atoms are in a 
square planar arrangement It ts hygroscopic and ts soluble in water The 
Structure of a-PtCl, 1s not Known, but itis insoluble in water, and dissolves 
in HCI, giving [PtCl,]?~ 10ns 
The B forms of PdCl; and PtCl, have an unusual molecular structure 

This 15 based on a Pd,Cl,5 or P1,Cl,2 unit The structure is best described 
as the metal surrounded by four Cl atoms in a square planar environment, 

SOO df 
(a) a (PdCl,), (b) #(PdCt,), 

Figure 26.4 Structures of a and §-PdCl, 



(HII) STATE 

with six such, units linked by halogen bridges (Figure 26.4b). This is 

remarkably similar in shape to the [Nb&CI;;]^* cluster compound shown 

in Figure 21.3d. In this the six Nb atoms were linked in an octahedral 

cluster with halogen atoms bridging all 12 edges. B-PdCl, is soluble in 

benzene and retains its structure. Despite the similarity in shape, the 

8-PdCl, structure appears to be covalent and stabilized largely by halogen 

bridges rather than by metal-metal bonding as in [Nb,Cl,2]**. 

An important reaction occurs between PdCl- and alkenes. With ethene, 

complexes such as [Pd(C2H,)Cl;]~. [Pd(C2H4)Cla]2 and [Pd(C2H4)>Ch] 
are formed. 

Cl cl T [C;H, CI CI CHa CI 
M E f 

Pd Pd 
7 7 N 

Cl CH, CI Cl CoH, Cl CH4 

Similar compounds are known for Pt: for example, Zeise's salt 
K[P(C;H4)(Cl)4]-H5,O forms yellow crystals and has been known 
since 1825. The structure of these alkene complexes is unusual. In 
Zeise’s salt the [Pt(C2H,)(Cl)3]~ ion is essentially square planar with 
Cl at three corners and H;C-—CH5 at the other corner. However, the 
H;C--CH; molecule is perpendicular to the PtCl4 plane, and the two 
C atoms are almost equidistant from the Pt. (The Pt—C distances are 
2.128A and 2.135 À.) The C—C distance in the complex is 1.375 À 
compared with 1.337 À in ethene and a C—C distance of 1.54 À in ethane. 
Thus the double bond is only lengthened slightly in forming the complex. 
The double bond occupies the coordination position rather than a single 
C atom, and C;H, acts as a dihapto ligand. Thus the complex should be 
written K[Pt(n^-C;H4)(Cl)4] - H5O. 

The bonding in these alkene complexes was not understood until 1951 
when Dewar suggested that the x bond donated electrons to a vacant o 
orbital on the metal, rather than involving bonding an individual C atom. 
This idea was extended by Chatt in 1953, and current thinking is that 
bonding is in two parts: 

1. A dative bond in which the electron pair in the filled x orbital on ethene 
overlaps with an empty hybrid orbital on the metal, giving a o bond. 

. X overlap also occurs between a filled metal d orbital and an empty 
antibonding orbital on ethene. This is x back donation or back bonding. 
Most of the transition elements form complexes with alkenes. The 
exceptions are the first few elements where the d orbitals on the metal 
are not sufficiently populated to allow back bonding. The extent of back 
bonding varies from one complex to another, and is related to the C—C 
bond length. 

2 
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Figure 26.5 Zeise’s salt 

[Pt(n?-C,H,)(Cl)3]7 
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Besides theoretical interest in the bonding in these complexes, some are 
of importance tn commercial processes Complexes between PdCl, and 
alkenes are decomposed by water, giving ethanal (acetaldehyde) 

This reaction forms the basis of the Wacker process for the production of 
acetaldehyde The Pd is converted back into PdCl, in situ by CuCl, 

Pd + 2CuCl, > PdCl, + 2CuCl 

The solution contains HCI and the CuCl, is regenerated by passing tn O; 

2CuC] + 2HCI + 302 -» 2CuCl, + H,O 

Thus the overall reaction is 

H,C-—CH; + 40; — CH,CHO 

This process ts practicable because the reaction between Pd and CuCl, + 
quantitative, so the catalyst ıs recycled and only small amounts of Pd are 
required for replenishment 

With propene CH, CH=CH;, the product 15 acetone. This reaction 
is also of commercial importance If the reaction is carried out in acetic 
acid, ethene 1s converted to vinyl acetate Though this is not a commercial 
process because of corrosion problems and difficulty in catalyst recovery» 
it has led to a study of palladium(H) acetate [PR(CH4COO);], This has 
an unusual structure, comprising three metal atoms in a triangle, held 
together by six bridging acetate groups 

PdCl, catalyses the reacuon between ethene, CO and H,O 

CH,—CH, 4 CO 4 H, 5 CH,CH,COOH 
Magnus’ green salt has the formula [Pt(NH:3);]?* [PtCL,]?*, and 

the square planar anions and cations are stacked on top of each othef 
This structure also occurs in other complexes such as [PANH h 
TPAUSUNJA S and]Cu(NHj)] ̂ |[PtCHu]* Tne metal atoms in aájacer? 
units may interact. with. each. other. gwing weak metal-metal bonds 
Evidence for this is that if the anion and cation contain Pt(4-11) they afe 
colourless, pale yellow or pale red individually, but when stacked tagether 
they show an unusual iridescent green colour They also show increased 
electrical conductivity [Pt(ethylened:amine)Cl,] 1s stached in a similaf 
way (Figure 26 6) 

K,(Pt(CN),] 3H,O is a well known complex and 1s colourless and 
stable In the crystal structure the square planar {Pt(CN),4]*~ units afé 
stacked on top of each other, but the solid does not conduct electneity 
However, several complexes can be derived from it which show electneal 
conduction in one dimension, and they are also dichroic (Dichroic mate 

nals have a different refractive index in different directions, so when they 

are viewed from different directions they appear differently coloured } if 
this compound is oxidized it is possible to obtain bronze coloured com 
pounds which are cation deficient such as K;[Pt(CN)4|]Bro ,. 3H;O and 



Figure 26.6 Stacks of square planar [|Pt(ethylenedamine)Cl;] molecules. 

K;[Pt(CN)4]Clo 3: 3H;O0. The filled dż orbitals on the Pt atoms overlap, 

giving a delocalized band along the Pt chain. In Ko[Pt(CN)4] - 3H520 this 

band is full: hence it cannot conduct. In K2[Pt(CN)4]Bro.3-3H2O the Br 

act as electron acceptors, removing on average 0.3 electrons from each 
[P(CN),]?7 unit. Thus the d? band is only five sixths filled, and hence 
the solid conducts electricity by a metallic mechanism in one dimension 
(Figure 26.7). In K,{Pt(CN),]-3H2O the Pt—Pt distance is 3.48A, but 
the strong overlap of the d? orbitals in K[Pt(CN)4]Bro.3° 3H ,O reduces 
the Pt—Pt distance to 2.8-3.0A. 
A very important medical use of Pt(-- II) compounds is the use of the cis 

isomer of [Pt(NH3)2(Cl)2] as an anti-cancer drug for treating several types 
of malignant tumours. The trans isomer is ineffective. The cis isomer is 
called cisplatin, and is highly toxic. It is injected into the bloodstream, and 
the more reactive Cl groups are lost so the Pt atom bonds to a N atom in 

guanosine (part of the DNA molecule). The cisplatin molecule can bond to 
two different guanosine units, and by bridging between them it upsets the 
normal reproduction of DNA. Those cells which are undergoing cell divi- 
sion are attacked by cisplatin. Tumours are usually growing rapidly, but so 
also are the bone marrow cells (producing red and white blood cells), and 
cells in the testes (producing sperms), so these are also affected. Dramatic 
results are possible, and a large number of patients are completely cured. 
There is a critical balance between giving enough cisplatin to kill the tumour 
and leaving sufficient white blood cells to protect the body from attack by 
bacteria and viruses. 

(+01) STATE 

oe in not important for any of the three metals. Few Ni(- IIT) 
B ne E — Oxidation of Ni(OH), in alkaline solution with 
bd 103° 2H20 as a black solid, which decomposes to NiO on de- 

aration. If Ni is fused in NaOH and dioxygen bubbled through, sodium 
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Figure 26 7 Structure of K;[Pt(CN),]Bro 4 3H;O 

Br oS H4 

= m 

Figure 26 8 Structure of [Pt(NHj3);Br4] 



(IV) STATE 

nickelate(III) Na[Ni'O;] is formed. The (IIT) state can be stabilized in 

complexes. K3[NiFs] can be prepared by fluorinating NiCl; and KCl at a 

high temperature and pressure. It is a violet solid but is strongly oxidizing 

and reacts with HO, evolving O2. The structure is octahedral, but is 

slightly elongated as expected from Jahn- Teller distortion due to its 

asymmetrically filled (to,)° (eg)' electronic arrangement. (Ni!"(ethylene- 

diamine);Cl;]Cl is also octahedral. The structure of [Ni (PEt;);Br;] is a 

trigonal bipyramid. 

Pd(+III) compounds are very rare and it is doubtful if Pt(-- III) exists. 

Hydrated oxides may be known. The complexes Na"[PdE,] and 

NaK;[PdF;] have been reported. The [PdF;]?" ion has four short bonds 

and two long bonds as expected for a low-spin d’ octahedral complex. 

Heating Pd and F, gives a stable solid which was once thought to be 

PdF,. This has since been shown to be a mixed valency compound 

Pd?*[Pd'VF;]?" containing Pd(--II) and Pd(-IV). Complexes which 
are apparently in the (4-III) state such as [Pt(ethylenediamine)Brs] and 
(Pt(NH;)2Br3] consist of chains of alternate square planar Pt(--II) units 
and octahedral Pt(--IV) units (Figure 26.8). 

(+IV) STATE 

Ni(+IV) is rare. The hydrated oxide is made by powerful oxidation of 
Ni** in fused alkali, and the product oxidizes Mn** to MnO; and de- 
composes water. Fluorination of NiCl, and KCl gives the red complex 
K,[Ni!YF,] which is strongly oxidizing and liberates O, with water. 
PdO; is only known in the hydrated form. In contrast PtO; is the most 

stable oxide of Pt and exists in both anhydrous and hydrated forms. The 
Lu" oxide is insoluble, but the hydrated form dissolves in acids and 
alkalis. 
PdF, is the only known halide of Pd, but all four Pt halides PtX, are 

known. Direct reaction of Pd and F> gives PdF; (really Pd!!(Pd!VF,]) and 
PdF4, whilst Pt gives PtF4, PtF; and PtF,. PtCl, is formed either by direct 
reaction, or by heating H;[PtCI;]. 

pp P5, H,[PtCI] 5 PtCI, 4- 2HCI 
Pd(+IV) forms a few octahedral complexes [PdX¢]?~ where X = F, CI 

or Br, and [PdX,(NH3)2]. These are generally reactive. [PdF,]?~ hydro- 
lyses rapidly in water whilst the other halide complexes are decomposed 
by hot water, giving [Pd"'X,]*~ and halogen. 
Pa d forms a very large number of very stable octahe- WORDEN eM m tera Pm, 
a wide range of li ands incl di EY OB ro UH abies "Nr ee = : gands inclu Ing F ~, Cl”, Br’, I”, OH’, acetyl acetone, 
D : = a : eCN', and CN . Some of these were studied by Werner in 
Ch y : Hes On coordination complexes (see Chapter 7). 

Oroplatinic acid is commercially the most common Pt compound. It 
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1s formed when a Pt metal sponge dissolves in aqua regia of concentrated 
HCI saturated with Cl, It forms red crystals of formula H>[PtCl,| 2H,0 
The sodium or potassium salts are a common starting matertal for making 
other Pt(--IV) compounds Platinized asbestos 1s used as a catalyst Jt, 
made by soaking asbestos in a solution of chioroplatinic acid, followed by 
strong heating to decompose the complex to Pt metal This leaves a smali 
amount of Pt spread over a very large surface 

Platimzed platinum, or platinum black, electrodes are often used for 
conductivity measurements, and these are made by electrolysing hexa 
chloroplatinates [PtCis]^^ 

Platinum is unusual im that it forms alkyl derivatives by a. Grignard 
reaction 

There were reports af {(CH,},Pt],, but these were incorrect and the 

compound formed ts actually [((CH,),Pt OH], These complexes exist 

as tetrameric solids in which Pt ts six coordinate The Pt-—C bond is very 
stable These organo derivatives are soluble in organic solvents 

(+V} AND (+ VI} STATES 

These are only found for Pt, and are rare The (+V) state is represented 
by PtF;, which :5 tetrameric and has the same structure as many trans! 
tion metal pentafluorides (Figure 21 1) The [PtF;]^ 10n also conta 
Pt(-- V) and was first formed by reacting PtF5 and O; to give the com 
pound OZ[PtF,) A similar reaction between Xe and PiF, ted to reports 
by Bartlett in. 1962 of the formation of Xe*[PtF,]~, the first reported 
compound of the noble gases (This compound was subsequently shown 
to be [XeF]" [P;F;;] ) The only examples of the (-- VI) state which are 
known for certain are PtO, and PtF, 

HORIZONTAL COMPARISONS IN THE IRON, COBALT AND 
NICKEL GROUPS 

The ferrous metals Fe, Co and N: show horizontal simularities and differ 
from the platinum metals in that the ferrous metals are much more reac 
tive Within the ferrous metals the reactivity decreases from Fe to Co to 

Ni Although the maximum oxidation states are Fe(+ VJ}, Co(+IV) and 

Ni(-HIV), these elements rarely exceed an oxidation state of (+11) The 
tendency to trivalency decreases across the period Fe'* ys the usual stale 
but Co'* is a strong oxidizing agent unless complexed, and nickel 's 
divalent in ail its simple compounds The jower valency states exist %& 

ample wns The elements are relatively abundant 
The platinum metals Ru, Rh, Pd Os Ir and Pt are much more noble 

than the ferrous metals, and are little affected by acids The reactivity of 

the metals increases from Ru ta Rh to Pd and from Os to Ir to Pt. which 

is the opposite of the trend in the ferrous metals The halogens react wrth 



FURTHER READING 815 

the metals only at high temperatures, and bring out the higher valencies, 

e.g. OsF«. IrFe, PtFe. The lower valency states are unstable except in 

complexes. Few simple ions exist. Because of the lanthanide contraction, 

the radii of the second and third rows of transition elements are very 

similar. Thus their atomic volumes are almost the same, so the densities 

of Os, Ir and Pt are almost double those of Ru, Rh and Pd. All six ele- 

ments are rare. 
Both the ferrous metals and the platinum metals are typical transition 

elements, and are characterized by: 

. coloured compounds 

. variable valency 

. catalytic properties 

. an ability to form coordination compounds 4 GW N — 

The differences between the two groups are: 

1. increased stability of higher oxidation states 
2. disappearance of simple ionic forms 
3. increased nobility 

These are the normal changes expected in a vertical group. 
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Group 11 — the copper group: 

coinage metals 

Table 27.1 Electronic structures and oxidation states 

Element Electrome structure Oxidation states* 

Copper Cu [Ar] 34 4;* IT (111) 
Silver Ag [Kr] 4d? 5e! 1 (18 
Gold Au [Kej a't Sd" bs! i nmn y 

* The most mportant oxidation states (generally the most abundant and stable) are 
shown in bold Other well characterized but less rmportant states are. shown 
m normal type. Ooudation states that are unstable or in doubt, are given in 
parentheses 

INTRODUCTION 

The elements all have one s electron outside a completed d shell They 
show only shght similarities in properties and considerable differences 
All three metals have the same crystal structure (cubic clase packed) 
They conduct electneity and heat particularly well, and they tend to be 
noble (unreactive) The only ions which exist in solution (apart from 
complexes) are Cu^* and Ag* The most stable oxidation state vanes, 
Cu(4 1I), Ag(--I) and Au(tIH) Copper is produced on a large scale and 
11 million tonnes were used in. 1992, mostly as the metal and in alloys 

Copper is biologically important in various oxtdase enzymes, as an oxygen 
cartier in invertebrates and in photosynthesis There 1s great interest in 
various mixed oxides of copper which act as superconductors 

ABUNDANCE, EXTRACTION AND USES OF THE ELEMENTS 

Copper 1s moderately abundant and ts the twenty fifth most abundant 
element in the earth’s crust It occurs to the extent of 68 ppm by weight 
Silver and gold are quite rare (Table 27 2) 
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Table 27.2 Abundance of the elements in the 

earth's crust, by weight 

ppm Relative abundance 
a ee ae e Eel LT cue ie erees eire 

Cu 68 25 

Ag 0.08 66 = 

Au 0.004 73 
EEE À 

Copper 

Copper nuggets (i.e. pieces of metal) have been found in the earth, but 

this source is largely exhausted. The most common ore is chalcopyrites 

CuFeS;. This has a metallic lustre and is similar in appearance to pyrites 

FeS, (fool’s gold) but is more copper coloured. Other ores include Cu55 

(called copper glance or chalcocite; dark grey coloured), basic copper 

carbonate CuCO;- Cu(OH), (which is called malachite and is green), 
copper(I) oxide Cu;O (which is called cuprite and is ruby red coloured) 

and CusFeS, (called bornite or ‘peacock ore’ because it has a mixture of 
iridescent colours like a peacock’s feathers (blue, red, brown and purple)). 
Turquoise CuAlg(PO4)4(OH)g:4H2O is a popular gemstone because of 
its blue colour and delicate veining. 

The sulphide ores are often lean and may contain only 0.4-1% Cu. 
These are crushed and concentrated by froth-flotation, giving a concen- 
trate with 15% Cu. This is then roasted with air. 

2CuFeS,; —— 5 Cu,S + Fe,O; + 3SO, 
1400- 1450°C 

sand is added to remove the iron as iron silicate slag Fe,(SiO3)3 which 
floats on the surface. Air is blown through the liquid matte of Cu2S with 
some FeS and silica, causing partial oxidation: 

2FeS 4- 30; — 2FeO 4 2S0; 
FeO + SiO, — Fe;(SiO4)4 

CuS T O- — CuO T SO; 

After some time the air is turned off and self-reduction of the oxide and 
sulphide occurs, giving impure ‘blister copper’ which is 98-99% pure. 

Cus5S + 2Cu,0 — 6Cu + SO- 

pper’ is cast into blocks and refined by elèctrolysis using Cu 
ectrodes with an electrolyte of dilute H5SO, and CuSO,. 
a Au to treat very lean ores in this way, so these are dug up 
ER. exposed to the air to weather. The CuS oxidizes slowly to CuSO, 

uch ts leached (dissolved out) with water or dilute HSO,. Copper is 
displaced from the resulti : ting co which is sacrificed. 8 copper sulphate solution by adding scrap iron 

The ‘blister co 
el 

Fe + Cu2* —» Fe?* + Cu 
continued overleaf 
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World production of mined Cu was 93 million tonnes in 1992 The 
largest sources of copper ores are in Chile 2176, the USA 19%, the 
Soviet Union 9%, Canada 8% and Zambia 5% In addition, about 1 7 
million tonnes of scrap metal were recycled, giving a total of 11 million 
tonnes 

The metal is used in the electrical industry because of its high conduc- 
tivity It :s also used for water pipes because of tts mertness Over 1000 
different alloys of copper exist These include brass (Cu/Zn with 20-50% 
Zn), so called ‘nickel silver (55-65% Cu 10-18% Ni 17-27% Zn) 

phosphor bronze (Cu with 1 25-10% Sn and 0 35% P) and various alloys 
for making coins Copper sulphate is produced in moderately large amounts 
123956 tonnes 1n 199] Several copper compounds are used in agricul 
ture For example, Bordeaux mixture is basic copper hydroxide, and is 
made from CuSO, and Ca(OH), It is an important spray for preventing 
fungus attack on the leaves of potatoes (potato blight) which caused the 
potato famine in [reland in 1845-1846 It ts also used to spray vines ta 
prevent fungal attack Basic copper carbonate, copper acetate and copper 
oxochioride have also been used Paris Green 15 an insecticide made from 
basic copper acetate arsenious oxide and acetic acid 

There has been enormous interest 1n a variety of mixed oxides of cop 
per such as Lay ,,Ba,CuO,4_,, since these behave as superconductors 
at temperatures below 50K G Bednorz and A Muller were awarded 
the Nobel Prize for Physics in 1987 for work on these compounds Other 
superconductors which work at higher temperatures (up to. 125 K) are 
based on YBa;Cu,O; , These are desenibcd in Chapter 5 under. Super 
conductivity’ 

Silver 

Silver 15 found as sulphide ores ApoS (argeniite) as the chlonde AgCl 

(horn silver) and as the native metal There are three extraction processes 

1 Most is now obtained as a by product from the extraction of Cu Pb ar 
Zn It can be obtained from the anode shme formed in the ciectrolytic 
refining of Cu or Zn 

2 Zinc 1s used to extract silver bv solvent extraction from molten leud in 
Parke's process 

3 Silver and gold are extracted hy making soluble cyanide complexes 

World production of silver was 13818 tonnes in 1992 The main pro 
ducers were Mexico 17%, the USA 13%, Peru 11% Canada and Australa 
9% each, and the Soviet Union and Chile 7% each The main uses of 

silver are as AgCI and AgBr ın photographic emulsions for jewellery and 
Silver ornaments, for batteries and for silveruig mirrors 

Gold 

Historically gold has been found as lumps of metaf in the ground called 

nuggets Finds of this kind have started gald rushes in the USA How 



_ OXIDATION STATES 

ever. gold occurs mainly as grains of metal disseminated in quartz veins. 

Many of these rocks have weathered with time. The gold and powdered 

rock are washed away in streams and accumulate as sediments in river 

beds. The grains of gold can be separated from silica by ‘panning’, i.e. 

swirling them both with water. Gold is very dense (19.3gcm ^) and, 

rapidly settles to the bottom, but the SiO», with a density of 2.5 gem", 

settles more slowly and is thrown away with the water. This method is little 

used nowadays since the sources are largely exhausted. 

Nowadays rocks containing traces of gold are crushed and extracted 

either with mercury or with sodium cyanide. Water and powdered rock 
are passed over mercury, in which the gold dissolves, forming an amalgam. 
The gold is recovered by distilling the amalgam, when the mercury distils |. 

off and is reused. This process is also used with river water and silt in 
Brazil. Losses of mercury have poisoned considerable stretches of the 
River Amazon. giving environmental problems. In the cyanide process 
the crushed rock is treated with a 0). 1-0.2% solution of NaCN and aerated. 

4Au + 8NaCN + 2H,O + O- — 4Na{Au(CN).] + 4NaOH 

The sodium argentocyanide complex is soluble, thus separating gold from 
the rest of the rock. The gold is precipitated from this solution by adding 
Zn powder. World production of gold was 2134 tonnes in 1992, and the 
main producers were South Africa 29%, the USA 14%); Australia 11%, 
the Soviet Union 10%, Canada 7% and China 6%. The major uses are as 
gold bullion (which in used as international currency) and for jewellery. 
Gold used in jewellery gold is usually alloyed with a mixture of Cu and 
Ag. These alloys retain the golden colour, but are harder. The proportion 
of gold in the alloy is expressed in carats. Pure gold is 24 carats. The 
alloys commonly used are 9 carat, 18 carat and 22 carat, and these contain 

9/24, 18/24 and 22/24 pure gold respectively. Small amounts of gold are 
used to make corrosion-free electrical contacts, for example on computer 
boards. A thin film 107?! m thick is sometimes deposited on glass windows 
in prestigious skyscraper buildings (e.g. a bank in Toronto). This thin 
metal film reflects unwanted heat from the sun in the summer, thus 
keeping the building cool. The film keeps heat in during the winter. 

OXIDATION STATES 

The elements Cu, Ag and Au show oxidation states of (+1), (+1) and 
(+111). However. the only simple hydrated ions found in solution are Cu** 
and Ag*. The univalent ions Cu* and Au* disproportionate in water, and 
aS à result they only exist as insoluble compounds or complexes. Cu(+III), 
AgCETIT) and Ag(--11) are so strongly oxidizing that they reduce water. 
Thus they only occur when stabilized in complexes. or as insoluble com- 
pounds. The oxides and halides formed are shown in Table 27.3. 

819 | 
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Table 27 3 Oxides and hahdes 

Oxidation states 

(+f) (+E) (+U) (+1V) (+V) Others 

Cu;O CuO — — 

Ag;Q AgO (Ag»O1?) - - 
Au.O ~ Au 0 — 

- Cut, — — _ 

Cull CutCh — — = 

Cur CuBr; - - - 

Col - m — ~ 

AgF AgF» - - - AgF 
AgCl — - _ - 
AgBr — = — - 
Agt - ~ ~ - 

- - AuF; - (AuFs) 
AVCI - Auch, - ~ 

~ ~ AUB - — 

Aul - - — = 

The most stable oxidation states are shown in bold unstable ones in brackets 

STANDARD REDUCTION POTENTIALS (VOLTS) 

Atid solution 

Oxidation state 

+il] II 

- * [8 cur 0 15 Cu* +0 52 Cu 

L4 4——— 
+ 
tel Ag?* _ +1 98 Ag* +0 80 

Ag 
<+ . 

Aut S129 uw 2129 u^ +168 ay 

La 50 

* Disproportionates 

GENERAL PROPERTIES 

Group 11 metals (Cu, Ag and Au) have the highest electrical and thermal 

conductivities known They are the most malleable and ductile structural 
metals This ts associated with their cubic close-packed structure When 
sufficient force is applied, one pline may be forced to shp over another 

plane The structure is very simple, so that when it slips it remate 3 

regular cubic close-packed structure 
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Atoms of Cu. Ag and Au (Table 27.1) have one s electron in their 

outer orbital. This is the same outer electronic arrangement as for the 

Group | metals. In spite of this, there are few similarities apart from the 

formal stoichiometry of compounds in the (+F) state and the high elec- 

trical conductivity of both groups of metals. SE 

Group 11 elements differ from Group 1 elements in that the penultimate 

shell contains ten d electrons. The poor screening by the d electrons 

makes the atoms of the copper group much smaller in size. As a result the 

Cu group have higher densities and are harder. Their ionization energies 

are higher (Table 27.4). and their compounds are more covalent. 

In the Cu group the d electrons are involved in metallic bonding. Thus 

the melting points and enthalpies of sublimation are much higher than for 

Group | metals. . 

The higher enthalpy of sublimation and higher ionization energy are the 

reasons why Cu, Ag and Au tend to be unreactive, i.e. show noble 
character. Group 1 metals have large negative standard reduction poten- 
tials (E? values) and are at the top of the electrochemical series. They are 
the most reactive metals in the periodic table. In contrast the coinage 
metals have positive E^ values and are thus below hydrogen in the elec- 
trochemical series. Thus they do not react with water or liberate H5 with 
acids. The nobility increases from Cu to Ag to Au, whereas on descending 
Group | the reactivity increases. The inertness of Au resembles that of the 
platinum metals. Cu is inert towards non-oxidizing acids, but reacts with 
concentrated HNO, and H5SO,. 

3Cu 4 8HNO, 5 2NO 4 3Cu(NO,), - 4H.O 
dilute 

Cu + 4HNO, e 2NO, + Cu(NO4); T 2H,O 
concentrated 

Table 27.4 Some physical properties 

Covalent lonic radius (A) Melting Boiling Density  Pauling's 
radius point point electro- 
(A) M* M-* M" (*C) (°C) (gem^)) negativity 

Cu  LI7 077 0.73 — G4 — 1083 2570 — 895 
Ag 1.34 1.15 (0.94 0.75 961 2155 10.49 

1:9 
1.9 

Au — [.M 1.37 e 0.85 1064 2808 19.32 2.4 

| = low spin radius. 

However, Cu is very Slowly oxidized on the surface in moist air. giving à 
green coating of verdigris. This is basic copper carbonate CuCO4,- Cu(OH)? 
and is familiar on the roofs of buildings covered with copper sheet, and 
also on copper statues such as the Statue of Liberty in New York. 
Ag will dissolve in concentrated HNO and in hot concentrated H5SO.. 

Au is inert to all acids except aqua regia (a 3:1 mixture of concentrated 
HCI and HNO4). The HNO, acts as an oxidizing agent and the chloride 
fons as a complexing agent, 

Cu reacts with dioxygen, but Ag and Au are inert. 
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red heat higher temperature 
————————— 1 Cu + O,;———— CuO Cu;O 4 O5 

Cu and Ag metals react with HS and S, but Au does not Silver objects 
tarnish slowly in ait (1e polished silver articles gradually blacken} This 

is due to traces of H-S in the air which react with Ag forming black Ag,S 

2Ap + HS — ApS + H 
black 

In a similar way passing H5S into solutions contaamng Cu’* or Ag* gives 
black precipitates of CuS and Ag.S All three metals react with the halo 
gens Simple compounds of Au decompose to the metal quite readily, 
those of Ag can be reduced fairly easily, and those of Cu less readily 

For metals to react, an atom must first be isolated from the crystal 

structure and then be ionized A high enthalpy of sublimation and a high 
ionization energy will reduce reactivity, though this may be partly offset 
by the energy gained when the ron is hydrated. Companng Cu and K, Cu 
has a much higher melting point (and hence a higher enthalpy of sub 
limation) Because of the increased nuclear charge of copper. the orbital 
electrons are more tightly held (and hence the ionization energy is higher) 
The enthalpy of hydration is not large enough to offset these large amounts 
of energy, and so potassium is much more reactive than copper 

The oxides and hydroxides of Group j are strongly basic, and are soluble 
in water In contrast the oxides of copper are insoluble and weakly basic 
Group 1 compounds all contain simple colourless univalent wns and only 
form complexes with very strong complexing agents In contrast the 
copper group elements show variable valency The most common oxida 
tion states are Cu(--II) Ag(--I) and Au(—1II), and the three elements 
differ widely in therr chemistries Their compounds are. mainly coloured 
and they show a strong tendency to form coordination complexes 

Copper 1s 1mportant in several catalysts Cu is used in the direct process 
tor manufacture of alkylchlorowlanes such as (CH4).SiCb, which 15 used 
to make silicones Cu and V catalyse the oxidation of cyclohexanol/cyclo 
hexanone mtxtures to adipic acid which is used to make nylon 66 
CuCl, was used as the catalyst in the Deacon process for making CI» from 
HCi 

(+1) STATE 

In the (+1) state most of the simple compounds and complexes are dia- 
magnetic and colourless because the ions have a d configuration There 
are a few coloured compounds For example, Cu;O is yellow or red 
Cu,CO; 15 yellow and Cul ts brown In these cases the colour arises from 

charge transfer bands and not from d-d spectra 
It might be expected that the (+1) state would be the most common and 

most stable because of the extra staminy resulting from a full d shel 
Surprisingly this is not so Although Ag” is stable in both the sold state 
and solution Cu^ and Au^ disproportiagate in water 



+(1) STATE 

2Cu* = Cu^* 4 Cu K= [Cu*]? — l.6 x 10° 

A 3+ 

3Au* = Au** + 2Au K = eae = 1x 109" 

The equilibrium constant for the disproportionation of Cu* in solution is 

high, showing that the equilibrium is largely to the right. Thus the con- 

centration of Cu* is very low in solution and typically a Cu* ion exists in 

aqueous solution for less than a second. Similarly Au” is virtually non- 
existent in solution. The only copper(I) and gold(I) compounds that are 

stable to water are either insoluble or present as complexes. Examples of 

insoluble Cu(+I) compounds include CuCl, CuCN and CuSCN. Copper(I) 
thiocyanate CuSCN is used to estimate copper gravimetrically. 

2Cu2+ + SOZ 4 28CN^ 4 H5,0 — 2Cu!SCN 4 H5SO, 

Cu?* is reduced to copper(I) oxide Cu;O by mild reducing agents. This is 
the basis of Fehling's test for reducing sugars (monosaccharides such as 
glucose). Equal quantities of two different solutions, Fehling's A and 
Fehling's B. are mixed immediately before adding the sugar and warming. 
The solution is deep blue coloured and if a reducing agent is present a 
yellow or red precipitate of Cu.O is formed. (Fehling’s A solution is a 
solution of copper(II) tartrate, made from CuSO, and Rochelle salt 
(sodium potassium tartrate). Fehling's B solution is NaOH.) 

CuO is a basic oxide and reacts with the halogen acids HCl, HBr and 
HI. giving insoluble CuCl, CuBr and Cul. CuF is unknown. CuCl and 
CuBr are usually made by boiling an acidic solution of CuCl, or CuBr 
with excess Cu. This gives a solution containing the complex ions [CuCl ]~ 
and [CuBr;]^ which are linear in shape. Diluting these solutions gives 
white CuCl or yellow CuBr. 

Addition of KI] to a solution containing Cu?* results in the I~ ions 
reducing Cu** to copper(I) iodide Cul and at the same time I~ is oxidized 
to l. This reaction is used to estimate Cu?* in solution by volumetric 
analysis. Excess of KI is added to an acidified solution and the I; produced 
Is estimated by titrating with sodium thiosulphate. 

2Cuv^* + 417 > 2Cul 4+ 1, 

2Na-S.0, T I^ — NasS,O0, + 2Nal 

The copper(I) halides are partly covalent and have zinc blende structures 
with tetrahedrally coordinated Cu* ions. In the vapour CuCl and CuBr 
are polymeric and the main species is a six-membered ring. 
The copper(I) halides are insoluble in water. However, they dissolve in 

solutions containing an excess of halide ions by forming soluble halide. 
coinplexes such as [CuCl.]~. [CuCla]2~ and [CuCl,]*~. These and other 
Cu complexes are tetrahedral in the solid. (In KCuCl, and K,CuCl, there 
ate chains in which Cu is tetrahedrally surrounded by Cl, with simple units 
joined into a chain by shared halide ions.) 

823 
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The copper(I) hahdes also dissolve tn strong HCl HNO, and aqueous 
soluttons of ammonia Solutions of CuCl in concentrated HCl and CuC] In 

NH,OH are important because they absorb carbon monoxide Three 

points arise from this 

1 A solution of CuCl im NH,OH is often used to measure the amount of 

CO 1n gas samples simply by measuring the change in volume of the 

as 
2 Though the metals of this group do not form neutral carbonyl com 
pounds an unstahle carbonyl halide ICu(COXCI] is farmed by bubbling 

CO through a solunen of CuC] Both Cu and Au form carbonyl halides 

[M(CO)CI] when CO 1s passed over the heated halide 
3 Several complexes with alkenes and alkynes can be made tn a similar 

way by bubbling the hydrocarbon through a solution of Cu! or Ag! 
Alkene complexes can also be made by passing the hydrocarbon over 
the heated halide These have the formula [MRX] where R ıs an 
unsaturated hydrocarbon and X a halogen These complexes are very 
reactive and are often polymeric The M—C bonds are not sym 
metrical suggesting © rather than a bonding Au! forms complexes 
less readily and only with high molecular weight alkenes 

Cyanide complexes are well Known and are used to extract Ag and Au 
as soluble complexes The metals ire recovered from the complex by 
reduction with zinc 

4Au + 8CN 2H O- O — 4[Au'(CN);] * 4OH 
Two coordinate complexes such as [Au(CN)>} have a linear structure 

However in solid K[Cu (CN);] the Cu is bonded to three CN. giving a 
planar tnangular arrangement The CN are bonded in the usual way 
through C butthe third CN acts as a bridging group to another Cu atom 

Cyanide jons may react with metal tons in two ways 

| asa reducing agent 
2 as complexing agent 

Thus 1dding KCN to 2 CuSO, solution first causes reduction and pre 
cipitates copper{}) cyanide This reacts with excess CN = forming a soluble 
four coordinate compl.x [Cu(CN),]^ which us tetrahedral tn shape 

2Cu* +4CN +2CutCN + (CN) 
Cunegern 

CuCN + 3CN = (Cu(CN),}' 

Cu(+1) forms several different polymeric complexes which involy¢ 4 
cluster of four Cu atoms at the corners of tetrahedron but which do not 
involve metal-metal bonding The phosphine and arsine complexes 

Cu dW (PR), and Cugl,(AsRy}4 are examples of such clusters In these 

the four Cu form a tetrahedron The four phosphine or arsine hpands 

are attached to the four corners and the | atoms arc located above the 

four faces of the tetrahedron with each E triply bridged to three Cu atoms 
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(+I) STATE 

In [Cu.(SPh)s]^" the Cu atoms form a tetrahedron and the six S atoms 

bridge the six edges of the tetrahedron. | | Ea 

Ag(+I) is the most important state for silver and many simple ionic 

compounds are known containing Ag”. Practically all Ag’ salts are in- 

soluble in water. Exceptions include AgNO;, AgF and AgCIO, which 

are soluble. The salts are typically anhydrous except for AgF -4H2O. The 

Agt ion is hydrated in solution but only as the dihydrate [Ag(H20),]*. 

Ag! commonly forms two-coordinate complexes rather than four-coordi- 

nate complexes as in Cu’. 
AgNO; is one of the most important salts. Ag;O is mainly basic, dis 

solving in acids. Moist Ag;O absorbs carbon dioxide and forms Ag,COs. 

Since Ag;O dissolves in NaOH it must have slight acidic properties too. 

The silver halides are used in photography (see later). AgF is soluble 

in water but the other silver halides are insoluble. In qualitative analysis 
solutions containing the halide ions Cl”, Br” and 1” are tested by adding 
AgNO; solution and dilute HNO;. A white precipitate of AgCl indicates 
the presence of a chloride, a pale yellow precipitate of AgBr indicates a 
bromide and a yellow precipitate of Agl indicates an iodide. The presence 
of these halide ions may be confirmed by testing the solubility of the silver 
halide precipitates in ammonium hydroxide. AgCl is soluble in dilute 
NH,OH, AgBr dissolves in strong 0.880 ammonia. and Agl is insoluble 
even in 0.880 ammonia. When AgCl and AgBr dissolve, they form the 
ammine complex [H;N— Ag<-NHs3]*, which is linear. 
A few silver compounds with colourless anions are coloured. For 

example, Agl, Ag;CO; and Ag;PO, are yellow and AgS is black. This 
is because the Ag” ion is small and highly polarizing and the anion, e.g. 
I~, is large and highly polarizable. This leads to some covalent character. 
Ag" forms a variety of complexes. Most simple ligands result in two- 

coordination and a linear structure, for example [Ag(NH3)2]*,[Ag(CN)2|~ 
and [Ag(S203)2]°~. Bidentate ligands form polynuclear complexes. The 
halide complexes of Cu* and Ag* are unusual because the stability 
sequence is | > Br > Cl > F, whilst for most metals the sequence is the 
reverse. Ligands capable of x bonding, such as phosphine derivatives, may 
form both two- and four-coordinate complexes. 
Au(+T) is less stable. It is known as the oxide Au;O. The halides AuCl 

and AuBr can be obtained by gently heating the corresponding AuX; 
halide. Aul is precipitated by adding 1^ to Aul,. These Au(+1) com- 
pounds disproportionate in water to Au metal and Au(-^ III). 

Au(--l) also exists in linear complexes such as [NC Au —CN]', 
[Cl AueCl]~, [R;P— Au-«—CI] and [R;P— Au -—CH;]. The cyanide 
complex is soluble in water and is formed in the cyanide extraction pro- 
cesses by dissolving Au in an aqueous solution containing CNT in the 
presence of air or H5O;. Phosphine complexes are made by treating 
2 m R,P in ether solution, giving R;PAuCI. The Cl may be sub- 
Od yanar groups such as I, SCN or Me. If R4PAuCl is strongly 
formed i with. NaBH,. then a cluster compound Au; Clh(R4P); is 

- the cluster has a structure related to an incomplete icosahe- 
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dron There is an Au at the centre and Au at ten of the 12 corners of the 
iIcosahedron 

An important use of Au(-+]) 1s in drugs to treat rheumatoid arthritis 
The drugs are thought to be linear complexes of the type [RS— Au SR] 
or [R;P— Au —PR;] Changing the organmc group R varies the solubility 
of the drug in lipids and affects how readily the drug 15 spread round (he 
body 

There is some evidence that goid can exist as the Au” aunde j0n. This 
has an electronic configuration d'?^s? which is a stable arrangement The 

compound CsAu has no metallic iustre and the solid does not conduct 

electricity like a metal. This compound is ionic Cs" Au^ and ts not an 
alley The Au ton has been confirmed tn Itquid ammonia solutions Au” 
is large and has been isolated in solids with several targe cations 

Photography 

The silver halides are of great importance in photography A photographic 
film consists of a [ight sensitive emulsion of fine particles (grains) of silver 
salts in gelatine spread on a clear cellulo:d strip or a plass plate The grain 
size 15 Very important to photographers as this affects the quality af the 
pictures produced AgBr is mainly used as the light sensitive material 
Some Agl is used ın ‘fast emulsions (r e ones which can take photographs 
when the intensity of the light 1s low or are used for photographing maY 
ing objects like racing cars where the exposure must be very short) AgCl 
may aiso be present in the emulsion 

The film is placed ma camera When the photograph is exposed, hght 
from the subject enters the camera and is focussed by the fens to give 4 
sharp image on the film The Ight starts a photochemical reaction by 
exciting a halide ton which loses an electron The electron moves 1) 4 
conduction band to the surface of the grain, where tt reduces a Ag" ion fO 
metallic silver. In the early days of photography. exposures were long 
often 10 or 20 minutes, so that sufficient silver was produced to give 4 
negative picture. Parts of the subject which are light become black on she 
fiim In modern photography only a short exposure of perhaps 1/100th ol 
a second is used In this short time, only a few atoms of stiver (perhaP? 

10-50) are produced in each grain exposed to light. Parts of the film which 
have been exposed to the bright parts of the subject contain a fot of gra!ti* 
with some silver. Parts exposed to paler parts of the subject contam a fe 
grains with some silver, whilst parts not exposed contain none Thus 1" 
film contains a latent mage of the subject. However. the number of sils£? 
atoms produced is so small that the image is not visible to the eye 

Next the film ts placed in a developer solution This 1s a mild reduci? 
agent usually contasning quinol Its purpose 1s to reduce more silver halide 

to Ag metal Ag is depostted mainly where there are already some Ag 

atoms Thus the developing process intensifies the latent image on the fi 
so it becomes visible The correct conditions for processing must be ust 

to obtain an image of the required blickness The smportant factors a 
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the concentration of the developer solution, the pH, the temperature and 

the length of time that the film is kept in the developer solution. 

If the film was brought out into daylight at this stage, the unexposed 

parts of the emulsion would turn black and thus destroy the picture. To 

prevent this happening any unchanged silver halides are removed by 

placing the film in a fixer solution. In the early days, strong ammonia was 
used to dissolve the unchanged AgBr. Though this was effective, the smell 
of ammonia in the confined space of a darkroom must have been un- 
pleasant and harmful to the photographer. Nowadays a solution of sodium 
thiosulphate is used as fixer. It forms a soluble complex with silver halides. 

AgBr T 2Na5S,04 — Na;[Ag(S20;)>] + NaBr 

After fixing, the film can safely be brought out into daylight. Parts 
blackened by silver represent the light parts of the original picture. This is 
therefore a negative. 

To obtain an image with light and dark the right way round, a print must 
be made. Light is passed through the negative onto a piece of paper coated 
with AgBr emulsion. This is then developed and fixed in the same way as 
before. 

(+I) STATE 

The (+II) state is the most stable and important for Cu. Cu?™ has the 
electronic configuration d? and has an unpaired electron. Its compounds 
are typically coloured due to d—d spectra and the compounds are para- 
magnetic. CuSO4-SH,O and many hydrated copper(II) salts (formerly 
called cupric salts) are blue. 

On strong heating, oxosalts such as Cu(NO3)2 decompose into CuO 
which is black. Very strong heating (>800°C) gives Cu;O. The addition 
of NaOH to a solution containing Cu?* gives a blue precipitate of the 
hydroxide. The hydrated ion [Cu(H5O)4]^* is formed when the hydroxide 
or carbonate are dissolved in acid, or when CuSO, or Cu(NO3)2 are 
dissolved In water. This ion has the characteristic blue colour associated 
with copper salts, and has a distorted octahedral shape. There are two long 
bonds trans to each other, and four short bonds (Figure 27.1). This is 
called tetragonal distortion and is a consequence of the d? configuration. 
The octahedral arrangement causes crystal field splitting of the d orbitals 
on Cu into low energy f2 and higher energy e, levels. The nine d 
electrons are arranged CAK and (eg). The three e, electrons occupy the 
d,:-y2 and d.2 orbitals, two in one orbital and one in the other. Since the e, 
level is not symmetrically filled, Jahn- Teller distortion occurs. This re- 
asa the degeneracy of the €x and fs, orbitals (i.e. they-are no longer the 
a energy). Thus the complex is distorted. The d,2_y: orbital is under the 
in uence of four ligands approaching along the directions +x, —x, ty and 
i bins — is under the influence of only two ligands approaching 
TR I and —z. Thus the energy of the d,»_,: orbital is raised more than 

O! the d>: orbital. Because of this, the three electrons in the fo, level are 
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Cu 

Figure 27,1 Tetragonally distorted octahedron, with four short bonds in a square 
planar arrangement, and two long trans bonds 

; 
arranged (d, Y (d, -y) Because the d, orbital contains two electrons the 
heands approaching along the +z and —z directions are prevented from 
coming as close to the copper as those approaching along +x, ~x, +y and 
—y (see Chapter 7 ) 

This distorted octahedral arrangement is common in copper com- 
pounds For example, the halides CuX2 have a distorted rutile (T10;) 
structure with a coordination number of 6. The bond lengths in the Cu"X, 
haitdes are 

CuF, 4 bonds 1 93A and 2 bonds 227A 
CuCl, 4 bonds 2 30 À and 2 bonds 2 95 À 

CuBr 4 bonds 2 40 À and 2 bonds 3 18 À 

Similar reasoning to that for the distortion of octahedral Cu?* com 
plexes alsa apples to octahedral complexes of any other metal son where 
the e, orbitals are not symmetrically filled, 1e when they contam one or 
three electrons Distortions of this kind are found in 

Co^* and Ni'* low-spin (ize)? (e,)' 

and Cr^* and Mn'*  high-spin CA (ea) 

Aqueous Cu^' solutions form many complexes with ammonia 
and amines, such as [Cu(H;OXNH;] *. ICu( HO) (NHx);]^*. 

[Cu(H;ON(NH,A]^* and [Cu(H;O) (NH4X]?*. It is difficult to add 
a fitth or sixth NH,, though it i5 possible to make [CUNHA] using 

liquid ammonia as solvent. The reason far this is the Jahn-Teller effect 
which distorts the octahedral complex and makes the fifth and sixth bonds 
long and weak Similarly with the bidentate ligand ethylenedriamine (en) 
the complexes [Cu(en)(H;O),]7* and {Cu(en),(H,O),]?* are formed 
quite easily but [Cu(en)X]^* 1s formed only with a large excess of ethyl 

enediamine 
The halide complexes show two different stereochemrstries fn 

(NH,).fCuCl,) the [CuCiy}*~ ton 1s square planar, but m Cs; [CuCli] 
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and Cs,[CuBr,] the [CuX,]" ions have a slightly squashed tetrahedral 

shape. Tetrahedral [CuCl,]°~ tons are orange and square planar [CuCl,]-~ 

ions are ycllow. 

Most Cu( +11) complexes and compounds have a distorted octahedral 

structure and are blue or green. The metal ion has the d" electronic con- 

figuration. This leaves only one ‘hole’ into which an electron may be 

promoted, so the spectra should be similar to the d' case (e.g. Ti^*) and 

have a single broad absorption band. This is observed, and these com- 

plexes absorb in the region 11000—16000 cm !. However, octahedral 

complexes of Cu! are appreciably distorted (Jahn-Teller effect) so there 

is more than one peak. These overlap so the band is not symmetrical. It is 

not possible to assign the peaks unambiguously. The anhydrous salts of 

CuF, and CuSO, are, perhaps surprisingly, white. 

For many years no anhydrous nitrates of the transition metals were 

known. Heating the hydrated salts simply decomposed them. Water is a 

stronger ligand than the nitrate group, and so a hydrated nitrate prepared 

in aqueous solution will lose nitrate groups rather than water on heating. 
The remedy is to prepare anhydrous nitrates without water rather than 
attempting to remove water from hydrated salts. Many anhydrous nitrates 
have now been prepared using a non-aqueous solvent such as liquid 
N2O,. 

Anhydrous copper(II) nitrate can be made by dissolving Cu metal 

in a solution of NO, in ethyl acetate. The reaction is vigorous, and 

Cu(NO4); - NO, is crystallized from the solution. This has the structure 

NO"[Cu(NO;),]". Heating to 90°C drives off N-O, and gives blue an- 

hydrous Cu(NO;);. Anhydrous Cu(NO4); can be sublimed at 150—200°C, 
and has an unusual crystal structure. There are two different crystalline 
forms. The structure of one of the two solid forms shows infinite chains of 
Cu and NO? groups. Each Cu forms two short Cu—O bonds (1.9 A), and 
the Cu is coordinated to six more oxygen atoms in other chains, forming 
longer bonds (2.5 A), making Cu eight-coordinate (Figure 27.2). In the 
vapour, Cu(NO4)» is monomeric. 

Copper(II) acetate is dimeric and hydrated, Cu2(CH;COO),-2H.20. 
The Structure (Figure 27.3) is similar to that of the carboxylate complexes 
of Cr, Mo", Rh" and Ru", but there is an important difference. The 
Structure consists of two Cu atoms each with a roughly octahedral struc- 
ture. The four acetate groups act as bridging ligands between the two Cu 
atoms. Thus O atoms from the acetate groups occupy four positions (in a 
Da Hh round each Cu. The fifth position round each Cu is occupied 
Ec. eligi n" a water molecule. The other Cu atom occupies the 

UE m e in positions. So far the structure is the same as that of 
ae Pind T difference is that the Cu—Cu distance is 2.64 A. 
nac n y longer than the distance of 2.55 A found in metallic 
M. eod u Goes not form a M—M bond, whereas Cr and the other 

ions in his comple, Lo sre COTaplenes do form M—M bonds. The Cu 
iT C d ex have a d’ configuration with one unpaired electron. If 

ns form a metal-metal bond these electrons will be paired 
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Figure 27.2 The crystal structure of one form of anhydrous Cuf NO»); (SC Wall 
work, Proc Chem Sec (London), 34, 1959 ) 

i 
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Figure 27.3 Structure of (Cu(CH4. COO), H;O), 

and the complex will be diamagnetic [E they do not form a bond then the 
complex will be paramagnetic However, the magnetic moment measured 
at 25°C is 1 4 BM per Cu atom, rather than the spin only value of 1 73 BM 

This suggests that there 15 an ‘interaction’ or weak coupling of the unpaired 
spins on the two Cu atoms in this complex This ts thought to involve 
lateral overlap of the 3d,2_,2 orbitals on the copper atoms, and 15 some: 

times called ô bonding 

Ag(+II) 1s known as the fluortde AgF, This 1s a brown solid and i5 
made by heating Ag in F, AgFs ts a strong oxidizing agent, and a £ 
fluonnating agent hke CoF, It decomposes on heating 

AgF;-, AgF AF, 



Ag! is more stable in complexes such as [Ag(pyridine),]?*, 

[Ag(dipyridyl)]]"" and [Ag(ortho-phenanthroline)?]^* which form 

stable salts with non-reducing anions such as NO; and ClO;. They 

are usually prepared by oxidizing a solution of Ag* and the ligand 

with potassium persulphate. The complexes are square planar and 

paramagnetic. . 

A black oxide of formula AgO is formed by strong oxidation of Ag;O 

in alkaline solution. Ag! has a d? configuration and must be paramagne- 

tic, but AgO is diamagnetic. AgO does not contain Ag(+II), but is a 

mixed oxide Ag'Ag'"O>. _ 
Au(-II) probably occurs in dithiolene compounds and in 

[Au(BgC3H;1)2]^. but otherwise it only exists as a transient 
intermediate. 

Ro, 

p 
R^ S 

(+H) STATE 

The (+JII) state is uncommon for Cu and Ag. In alkaline solution Cu?* 
can be oxidized to KCu''O,, and if a fused mixture of KCI/CuCL, is 
fluorinated, K3[Cu'F,] is formed. Strong oxidation with periodic acid 
(H3IO&) gives K;Cu'!! (IO4); - 7H2O. Fluorination of a fused mixture of 
alkali metal halide and silver halide gives M*[Ag''F,]~, and electrolytic 
oxidation of Ag* can give impure Ag,Q 3. Oxidation of alkaline Ag ,O 
with persulphate gives the mixed oxide Ag'Agl"O;. Persulphate in 
the presence of periodate or tellurate ions gives compounds such as 
K;H[Ag" (IOc);] and Na,H3[Ag!!!(TeO,)2]. These compounds are all 
unstable and are strong oxidizing agents. 

In contrast. Au(--III) is the most common state for gold. There are few 
simple compounds, and these do not contain Au?* ions. Au! has a d^ 
configuration like Pt", and like Pt it forms square planar complexes. 
These compounds decompose to the metal quite readily on heating. 

[Au CR] + OH7 > Au(OH), tme, Au s Au + Au.O + O; 

Alt the halides AuX3 are known. AuCl; is made from the elements, or 
by dissolving gold in aqua regia and evaporating. 

Au + HNO; + HCl H30*[AuCl,]~ -3H,O > AuCl, 
AuBrs is made from the elements and Aul; is made from the bromide. 
AuF; can only be formed with a strong fluorinating agent: 

Au + BrF;3 — AuF; 

The fluoride Is made up of square planar AuF, units linked into a chain by 
cis fluoride bridges. The chloride and bromide are dimeric. 
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Cl CI C] 
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The ‘liquid gold’ used to decorate picture frames, glass and ceram, 
ornaments is a chloro complex of Au" dissolved in an organic solven 
The complex is probably polymeric, and possibly a cluster compoung 
When 'liquid gold' is heated 1t decomposes, leaving a film of metallic goly 

Hydrated gold oxide 1s amphoteric It dissolves in alkalis to give sa) 
such as sodium aurate NaAuQ, HO, and in strong acids to give H[AuCI, 
H[Au(NO;),] and HIAu(SO;);] Catiomc Au(4- HI) complexes are also 
known, eg [Au(NH4,),I(NO4)s which is square planar The complexe, 
are generally square planar, and more stable than the simple compounq, 
The dialkyls R2AuX where X — CI", Br. CN^,SO are stable organg 
metallic compounds with strong Au-——C bonds The halides are dimey,, 
and the cyanides are tetrameric 

[5 

R R 

K-—Au—C==N—Au—R 

R CI R | i 

ZN Z C C 
Au Au li Ji 

Z NZ“ N N 
R CI R | | 

R~—Au—C = N—Au—R 

| | 
R R 

(+V) STATE 

AuF;s 1s the only (-- V) compound known It is formed as a dark red dig 
magnetic polymeric solid by warming O,AuF, and condensing the produci 
on a cold finger The compound rs unstable, and decomposes to Aus atyg 
F, above 60°C 

VHC 
Au + 3F, + 0, O2AuF, — AuF; 4 3E; 4 O; 

h gh pressure 

BIOLOGICAL ROLE OF COPPER 

Copper 15 essential to life and adult humans contaim about 100 mg This ıs 
the third largest amount of a transition metal, after Fe (4g) and Zn (2g) 
Though small amounts of Cu are essential, larger amounts ate toxic 
About 4-5 mg of Cu are required daily in the diet, and deficiency jn 
anumals cesults tt the inability to use iron stored 10 the liver Thus tle 



animal suffers from anaemia. The Cu is bound to proteins in the body 

either as metalloproteins or as enzymes. Examples include various oxi- 

dases and blue proteins. These include: 

1. Amine oxidases (oxidation of amines). 

2. Ascorbate oxidase (oxidation of ascorbic acid). 

3. Cytochrome oxidase (acts with haem as the terminal oxidase step). 

4. Galactose oxidase (oxidation of an OH group to CHO in the mono- 

saccharide galactose). 

Copper is also important in: 

1. Lysine oxidase, which affects the elasticity of aortic walls. 

2. Dopamine hydroxylase, which affects brain function. 

3. Tyrosinase, which affects skin pigmentation. 

4. Ceruloplasmin, which plays a role in Fe metabolism. 

Wilson's disease is a hereditary shortage of ceruloplasmin, causing Cu 
accumulation in the liver, kidneys and brain. This disease is treated by 
feeding the patient with a chelating agent such as EDTA. The Cu forms a 
complex and is excreted. At the same time many other essential metals 
involved in other enzyme systems form EDTA complexes and are ex- 
creted. The treatment would thus upset many different enzyme systems, 
so the required metals must be replaced in the diet and treatment must be 
very carefully monitored. 

Haemocyanin is a copper containing protein which is important as an 
oxygen carrier in some invertebrate animals. Despite its name it is a non- 
haem protein. The molecular weight is roughly one million, and the 
molecule contains two Cu!" ions. Despite the d? configuration of Cu?* the 
molecule is diamagnetic because of strong antiferromagnetic coupling 
between the copper ions. Haemocyanin is found in the blood of snails, 
crabs, lobsters, octapuses, and scorpions. The oxygenated haemocyanins 
arc blue coloured (unlike human blood), and have one dioxygen molecule 
attached to two Cu atoms. Deoxygenated haemocyanin contains Cu! and 
Is also blue. E 

There are several blue proteins which contain Cu. They act as electron 
transfer agents by means of a Cu**/Cu* couple. Their colour is much 
more intense than would be expected for d-d spectra. The colour is 
thought to be caused by charge transfer between Cu and S. Examples 
include plastocyanin and azurin. Plastocyanin occurs in the chloroplasts 
of green plants, has a molecular weight of about 10500 and contains one 
B a ; : het gg in photosynthesis as an electron carrier. Azurin is 
MES x eria. i contains one Cu per molecule and is structurally 

plastocyanin, but it has a molecular weight of about 16000. 
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Group 12 — the zinc group 
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Table 28.1 Electronic structures and oxidation states 
gr ARR EE E E ——————— 

Element Electronic structure Oxidation states* 

Zinc Zn [Ar] 3d"? 4s? [I 
Cadmium Cd [Kr] 4d!9 55? I 
Mercury Hg [Xe] 4f!^ sd!? 6s? IH 

* The most important oxidation states (generally the most abundant and stable) are 
shown in bold. Other well-characterized but less important states are shown 
in normal type. 

INTRODUCTION 

These elements all have a d? s? electronic arrangement and they typically 

form M^* ions. However, many of their compounds are appreciably 
covalent. Hg(+II) compounds are more covalent and its complexes are 
more stable than is the case for Zn and Cd. Because these ions have a 
complete d shell, they do not behave as typical transition metals. Though 
the ions are divalent, they show only slight similarity with Group 2 
elements. Thus Zn shows some similarities to Mg. However, Zn is more 
dense and less reactive due to its smaller radius and higher nuclear charge. 
Also Zn has a much stronger tendency to form covalent compounds. Zn 
and Cd are broadly similar in most of their properties. The behaviour of 
Hg differs appreciably from that of Zn and Cd. In many ways Hg is unique. 
It Is à liquid at room temperature, it is noble, and it forms 'apparently 
univalent’ mercury(I) compounds. Mercury is the only element in the 
group with a well established (+I) oxidation state. The increased stability 
of the lowest oxidation state in the heaviest element in the group is more 
typical of the p-block elements than the transition elements. 

Zn is produced on a large scale. In 1992, 7.3 million tonnes of the metal 
Were produced. It is mostly used as a metal for rustproofing, for casting and 
for making alloys. ZnO is also important commercially. 

Zinc has an important role in several enzymes. Biologically it is the 
second most important transition metal. 
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ABUNDANCE AND OCCURRENCE 

Zn occurs 1n the eartfi's crust to the extent of 132ppm by weight. It is the 
twenty fourth most abundant element World production of Zn was 73 
million tonnes in 1992 The maim regions where it 1s mined are Canada 
18%, Australia 1495, China 1095, and the Soviet Union, Peru and the 

USA 8% each Cd production in 1992 was 20700 tonnes, and Hg 
production. was 3200 tonnes Cd and Hg are quite rare In spite of this 

the elements are familiar because their extraction and purification are 
staple 

Table 28 2 Abundance of the elements in the 
earth scrust by weight 

ppm Relative abundance 

Zn 76 24 
Cd 0 16 65 
Hg 0 08 66 = 

When the earth was formed Zn was deposited as sulphides ZnS 1s mined 
and 1s called sphaelente 1n. the USA and zinc blende in Europe The 
structure is like that of diamond with half the positions occupied by S and 
half by Zn or some other metal Sphaelente almost always contains ion, 
and the formula may be written (ZnFe)S This commonly occurs with 
gaiena PbS Hydrothermal weathering of the sulphides gave deposits of 
carbonates and silicates ZnCO, 1s another important ore It 1s called 
smithsonite tn the USA (after James Smithson the founder of the Smith 
sonian Institution in Washington DC), but ZnCQ; is called calamine m 
Europe Hemrmorphite Zng(OH),(S1.07) HO 1s less important commer: 
cially but as an interesting example of a pyrostlicate In 1988 the main 
sources of ores were Canada 19%, the USSR 13 §%, Australia 11%, and 
China and Peru 7% each Cadmium ores are very rare. Cd is fourid as 
traces in Zn ores and it is extracted from these. Hg is mined as the rather 
Scarce ore cinnabar HgS mainly in the USSR, Spatn, Mexico and Algeria 

EXTRACTION AND USES 

Extraction of zinc 

Zinc ores (mainly ZnS) are concentrated by flotation, then roasted in air to 
give ZnO and SO, (The SO; is used to make H,SO, ) Zn is extracted 
from the oxide by two different processes 

1 ZnO may be reduced by carbon monoxide at 1200°C in a smelter The 
reaction IS reversible, and the high temperature ts required to move 

the equilibrium to the mght At this temperature the Zn 1s gaseous jí 
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the gaseous mixture of Zn and CO; was simply removed from the 

furnace and cooled, then some reoxidation of Zn would occur. Thus the 

zinc powder obtained would contain large amounts of ZnO. 

ZnO + CO = Zn + COQ, 

Modern smelters minimize the reoxidation in two ways: 

(a) by having excess carbon, so the CO; formed is converted to CO. 

(b) by shock cooling the gases leaving the smelter so they do not have 

time to attain equilibrium. This rapid cooling is achieved by spray- 

ing the hot gas with droplets of molten lead. This gives 99% pure 
Zn. Any cadmium present can be separated by distillation. 

. Alternatively ZnS is heated in air at a lower temperature, yielding 
ZnO and ZnSO,. These are dissolved in H5SO,. Zn dust is added to 
precipitate Cd, and then the ZnSO, solution is electrolysed to give pure 
Zn. The electrolytic process is expensive and is not used in the UK. 

t2 

Extraction of cadmium 

Cd is found as traces (2-3 parts per thousand) in most Zn ores, and is 
extracted from these. The ore is treated and yields a solution of ZnSO, 
containing a small amount of CdSO,. Cd is recovered by adding a more 
electropositive metal (i.e. one higher in the electrochemical series) to 
displace it from solution. Zn powder is added to the ZnSO,/CdSO, 
solution, when the Zn dissolves and Cd metal is precipitated. Zn is higher 
in the electrochemical series than Cd, and elements high in the series 
displace elements lower in the series. 

2 2 
ZN (cond) + C dicotution) SO ZH C oit T Cdisond) = 0.36 V 

The Cd concentrate so obtained is then dissolved in H2SO,, and purified by 
electrolysis. The Zn is recovered from the ZnSO, solution by electrolysis. 

Extraction of mercury 

Hg is also scarce. It is mined as the bright red coloured ore cinnabar HgS 
mainly in the USSR. Spain, Mexico and Algeria. Sometimes droplets of 
He are found in these ores. The ore is crushed and as HgS has a very high 
density (8.1 gcm™*) it is separated from other rocks and concentrated by 
sedimentation. If the ore is lean, it is heated in air. The Hg vapour formed 
I$ condensed, and the SO, is used to make H5SO,. 

600°C 
HgS x — Hg a SQ, 

Pich ores are heated with scrap iron or quicklime. 

HgS + Fe — Hg + FeS 

4HgS + CaO -> 4Hg + CaSO, + 3CaS 
continued overleaf 
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Hg obtained tn this way may contain traces of other metals dissolved in it, 
particularly Pb, Zn and Cd Very pure Hg may be obtained by blowing air 
through the metal at 250°C, when traces of other metals form oxides 
These oxides float on the surface and are easily removed 

1 By scraping them off the surface as scum 
2 By treatment with dilute HNO;, when the oxides dissolve 
3 Hgcan be purified and separated from the other metals and oxides by 

distiilation The boiling points are Pb, 1751°C, Zn, 908°C, Cd, 765°C, 
Hg, 357°C 

Uses of zinc 

Zn 15 used 11 large amounts for coating iron to prevent it from rusting A 
thin coating of Zn may be applied electrolytically (galvanizing) Thicker 
layers may be apphed by hot dipping (dipping the metal in molten zinc) 
The latter process ıs misleadingly called ‘hot galvanizing’ Alternatively the 
object may be coated with powdered Zn and heated (Sherardizing) or 
sprayed with molten Zn Large amounts of Zn are used to make alloys 
The most common alloy ts brass (a Cu/Zn alloy with 20-50% Zn) Zinc s 
the most widely used metal for casting metal parts Zinc ts also used as the 
negative electrode in sealed ‘dry’ batteries (Leclanche cells, mercury ceils 
and alkaline manganese cells) ZnO 1s sometimes used as a white pigment 
in paint Itis particularly bright as it absorbs UV light and re emits it as 
white light 

Uses of cadmium 

Most of the Cd produced is used for protecting steel from corrosion. It i5 
applied electrolytically by Cd plating Cd absorbs neutrons very well, and 
is used to make control rods for nuclear reactors Cd is also used for 
alkaline Ni/Cd storage batteries used both in diesel locomotives and also 
as the 'nicad" rechargeable ‘dry batteries’ used in radios and electrical 
apphances CdS is an important but expensive yellow pigment Thisis used 
In paint 

Uses of mercury 

The largest use of mercury 1s in electrolytic cells for the production of 
NaOH and Ci, The electrical industry uses Hg in mercury vapour street 

lights, switches and rectifiers Historically Hg has been, and still 1s, used m 
the extraction of precious metals (particularly silver and gold) as amalgams 

Phenyl mercury(II) acetate and other oganomercury compounds have 
fungicidal and germicidal properties They are sometimes used in agricul 
ture for treating seeds Mercury(I) chloride (Hg,|Cl, 1 used for treating 

club root, a disease in brassicas (the cabbage family of plants) HgO has 
been used in antifouling paints for ships. ete. HgCl; rs used to make organo 
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derivatives. All Hg compounds are toxic, but the organo compounds are 

extremely dangerous and have lasting ecological effects. Small scale uses of 

mercury include thermometers, barometers and manometers, amalgams, 

as a detonator (mercury fulminate) and in some medicines. 

OXIDATION STATES 

The elements in this group all have two s electrons beyond a completed d 

shell. Removal of the s electrons results in divalent compounds, and the 

(+11) oxidation state is characteristic of the group. 

Hg(+I) compounds are important. The univalent ion Hg^ does not 
exist, as mercury(I) compounds are dimerized. Mercury(I) chloride is 

therefore Hg;Cl; and contains [Hg—Hg]^* ions. In these, the two Hg* 

species which have a 6s! configuration are bonded together using their 5 
electrons. Thus mercury(I) compounds are diamagnetic. Unstable species 
Zni* abd Cd$* have been detected in fused mixtures such as Cd/CdCLl;, 
and Cd/CdCl;/AICI,. A yellow compound [Cd;|[ AICl4]; has been isolated 
from such melts, but it disproportionates instantly in water. 

[Cd;]* — Cd?* 4 Cd 

The norma! trend is that on descending a group the bonds become weaker 
because the orbitals are larger and moie diffuse. Thus overlap is less 
effective. The reverse trend is observed in this group. The Hg— Hg bond is 
much stronger than the Cd—Cd bond. This is because the first ionization 
energy of Hg is much higher than for Cd (Table 28.4), and hence Hg shares 
electrons more readily. | 

Oxidation states higher than (--II) do not occur. This is because removal 
of more electrons would destroy the symmetry of a completed d shell. 

SIZE 

The ionic radii of the M** ions of Group 12 are appreciably smaller than 
for the corresponding clements in Group 2. This is because Zn, Cd and 
Hg have 10 d electrons which shield the nuclear charge rather poorly. The 
difference in size accounts for the lack of similarity in properties 
between the two groups. 

Ca^* — 1.00À — Zn?* — 0.74 À 
Sr?* = 1.18Å Cd?* = 0.95A 
Ba** = 1.35A  Hp?+ = 1.02A 

The lanthanide contraction results in the size of the second and third 
row transition elements being nearly the same. With earlier pairs of 
transition elements, Zr/Hf and Nb/T a, the sizes were particularly close. 
With Cd/Hg the effect of the lanthanide contraction is still felt, but to a 
much smaller degree. Hg^* is larger than Cd?* but the increase is size is 

I} 
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Table 28 3 Some physical properties 
En — —pÀ— —Ó— Í—À —sáá————— ———M—— — — — rU) 

Covalent lonic Melting Barling Density Pauling s 
radius radius point pint electro- 

(A) M?* (A) CC) CC) (gcm 7) negatywity 

Zn ] 25 0 740 420) 907 7 14 1 6 

Cd 1 4} 095 32] 765 5 65 17 
lig | 44 102 —39 3557 13 534 19 

smaller than that between Zn^* and Cd*^* ‘The chemical evidence 15 
that Cd and Hp are dissimilar 

IONIZATION ENERGIES 

The first ronization energy for Group 12 elements (Table 28 4) is consider 
ably higher than for the corresponding Group 2 elements This i5 because 
the atoms are smaller and the filled d level is poorly shielding. The filled 4f 
shell in Hg further increases the binding energy of the outer electrons, and 
the first tonization energy for Hg ts greater than for any other metal The 
second ionization energies are high, but M?* 10ns are known for all three 
elements as the solvation ar lattice energy ts sufficient to affset this 
Mercury tends to torm covalent compounds The third 1ontzation energies 
are so high that (III) compounds do not exist 

Table 28 4 Promotion and ionization energies 

Promotion energy lomzauon energy 
$^ — slp! (kJ mol^!) 

(kJ moi!) 1st 2nd 3rd 

Zn 433 O06 1733 3831 
Cd 408 876 163] 3616 
Hg 524 ,1007 1810 3302 

GENERAL PROPERTIES 

Zn, Cd and Hg show few of the properties associated with typical transirion 
elements This xs because they have a complete d shell, which 3 not 

available for bonding 

1 Zn and Cd do not show vanable valency 
2 They have a d™ electronic configuration and so cannot produce d-d 

spectra Thus many of ther compounds are white However, some 
compounds of Hg(-411) and a smaller number of Cd(-II) are highly 
coloured due to charge transfer from the ligands to the metal (The 
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GENERAL PROPERTIES 

metals of this group are smaller and thus have a greater polarizing 

power than Group 2 metals. This increases the chance of covalency and 

also the chance of charge transfer.) 

3. The metals are relatively soft compared with the other transition 

metals. This is probably because the d electrons do not participate in 

metallic bonding. 

4. The melting and boiling points are very low. This explains why the 

metals are more reactive than the copper group, even though the 

ionization energies for the two groups suggest the reverse. (Nobility is 

favoured by a high heat of sublimation, a high ionization energy and a 

low heat of hydration.) 

Mercury is the only metal which is liquid at room temperature. The 
reason for this is that the very high ionization energy makes it difficult for 
electrons to participate in metallic bonding. The liquid has an appreciable 
vapour pressure at room temperature. Thus exposed mercury surfaces 
should always be covered (for example with toluene), to prevent vaporiza- 
tion, and hence poisoning. The gas is unusual because it is monatomic like 
the noble gases. 

Similarities between Group 2 elements with an outer electronic struc- 
ture s? and the zinc group an outer electronic structure d'“s* are slight. 
Both groups are divalent. The hydrated sulphates are isomorphous, and 
double salts such as K;,SO4,- HgSO4-6H;O are analogous to KSO,- 
MgSO, -6H;O. However, the zinc group is more noble, more covalent, 
has a much greater ability to form complexes and is less basic. 

STANDARD REDUCTION POTENTIALS (VOLTS) 

Acid solution 

Oxidation state 

+H b oO +H H 0 +11 +I 

24 —().76 TM. 7 zn cg -4 5 0. >, +0.79 
Cd Hg^* Ë ?! Hg?* H 

+().85 

The reactivity decreases from Zn to Cd to Hg. This is shown by their 
Standard reduction potentials. Zn and Cd are electropositive metals. Hg 
has a positive potential and is therefore quite noble. The large difference 
between Cd and Hg may be partly explained by Hg having the highest first 

ation energy of any metal, and by the higher solvation energy of Cd?* 

Zn?* 4 2e —. Zn E? — —0.76V 

Cd^* + 2e — Cd E” = —0.40V 
but Hg?* + 2e —> Hg £° = +0.85 V 

841 
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Zn and Cd are silvery solids which tarnish raprdly im motst air. Hg ts a 
silvery liquid and does not tarnish readily Zn and Cd dissolve in dilute 
non-oxidizing acids, liberating H2. but Hg does not All three metals react 
with oxidizing acids such as concentrated HNQ, and concentrated H,SO, 
forming salts and evolving a mixture of oxides of nitrogen and SO, Under 

these conditions Hg forms (+H) salts, but with dilute HNO, a mercury(I) 
salt Hgo(NO3)2 18 slowly formed 

Zn i5 the only element in the group which shows any amphoteric proper 
ties, and it ts soluble in alkalis, forming zincates These are formulated 

Na Zn(OH),I. Na[Zn(OH)4 H-0; OT Na[Zn(OH), (H;O)Al similar to 

aluminates 
All three metals form axides MO sulphides MS and halides MX, by 

heating the elements On stronger heating HgO decomposes, and this has 
been used as a preparation of O, 

He + O: =e Heo ÉC, He + O; 
All three elements form insoluble sulphides In qualitative analysis CdS 
(yellow) and HgS (black) are precipitated by passing. H5S into acidified 
solutions ZnS (white) ts more soluble and ts precipitated by H,5 only from 
alkaline solutions. ZnCl; and CdCl; are 10n:c, but HgCl; is covalent The 
energy to promote an s electron to a p level prior to forming two covalent 
bonds decreases from Zn to Cd, but rather surprisingly increases from Cd 
to Hg Zn and Cd react with P to give phosphides but Hg does not 

All three metals form alloys with several other metals Those formed by 
Cu and Zn are called brass, and different brasses have from 2095 to SO 
Zn These are commercially important Alloys of other metals with Hg are 
called amalgams Sodium amalgam ts produced in the mercury cathode cell 
m the manufacture of NaOH Both zinc and sodium amalgams are used as 
strong reducing agents 1n the laboratory. Many of the first row transition 
elements do not form amalgams, and Mn Cu and Zn are the only ones to 
do so The heavier transition elements form amalgams quite readily 

In a vertical group in the d block the second and third row elements are 
very similar in both size and chemical properties and differ from the first 
row element in this group Zn and Cd are very similar and differ 
considerably from Hg 

OXIDES 

ZnO 1s the only oxide of commercial importance Its main use i5 im the 

production of rubber since it shortens the time taken for vulcanization 14 

occur ZnO is also used as a white prgment in paint Ht is much less used for 

this purpose than,is TiOs, which has a higher refractive index and hence 

a better covering power ZnO 1s the starting point for making other Z1 

compounds such as zinc stearate and zinc palmitate These two compounds 

are ‘soaps’ and are used to stabilize plastics and to make paint dry World 

production of ZnO was 366500 tonnes in 1991 



Basic properties increase down the group. ZnO is amphoteric. It dis- 

solves in:acids, forming salts, and in alkali, forming zincates such as 

[Zn(OH)4]^^ and [Zn(OH)- H;O] . Addition of alkali to an aqueous 

solution of a Zn^* salt first gives a white gelatinous precipitate of 

Zn(OH), which redissolves in excess alkali, forming zincates. CdO is 

largely basic, but with very strong alkali Na;/[Cd(OH),] is formed. Both 

Zn(OH); and Cd(OH); dissolve in excess ammonia, giving ammine com- 

plexes. HgO is completely basic. 

All three oxides are formed by direct combination of the elements or by 

heating the nitrates. ZnO and CdO both sublime, showing that they are 

appreciably covalent. HgO does not sublime as it decomposes on heating. 

2HgO 5779 5, 2g -- O; 

The thermal stability of the oxides thus decreases from Zn to Cd to Hg. 
ZnO is white when cold but turns yellow on heating. It returns to white 

on cooling. CdO may be yellow, green or brown at room temperature, 
depending on its previous heat treatment. However, it is white at liquid air 

temperature. These divalent compounds have a complete d shell, so the 
colour is not from d-d spectra. Their colour is due to defects in the solid 
structure. (On heating ZnO it loses O.) The number of defects increases 
with temperature and is zero at absolute zero (see Chapter 3). HgO exists 
in red and yellow forms. 

Addition of a base to a solution of the salts precipitates Zn(OH), 
Cd(OH), and a yellow form of HgO, not Hg(OH);. The yellow form of 
HgO has the same crystal structure as the more common red form which is 
formed by heating the elements or Hg(NO3);. The difference in colour 
is due to the particle size. 
When Zn(OH), and Cd(OH), are treated with HO, they form per- 

oxides which have variable compositions. 

DIHALIDES 

All 12 dihalides MX, are known. The fluorides have appreciably higher 
melting points than the other halides, and the fluorides are ionic. The 
melting points of the chlorides, bromides and iodides are fairly low. This 
Suggests that they are partly covalent. 

ZnF;, CdF, and HgF, are white solids and are considerably more ionic 

Table 28.5 Dihalides and their melting points 

2 872 °C CdF, 1049 x d HgF; 645 eC (decomp.) 

d 283 € CdCl, 568°C HeCl, 276°C 

nora 394°C CdBr; 567°C HeBr, 736°C 

Znl, 446°C Cdl, 387°C Hgl; 259°C 
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and have higher melting points than the other halides They are not very 

soluble a water This ts partly because of their higher lattice enerpies, and 
partly because they do not form halogen complexes in solution ZnF, has 
the rutile (TiO) structure in which Zn*™ 1s octahedrally surrounded by six 
F^ ions The larger Cd^* and Hg^* ions are eight-coordinate with a 
Auortte (CaF) structure 

ZnCl,, ZnBr, and Znl, may be considered as close-packed arrays of 

halide rons, with Zn^* ions occupying one quarter of the tetrahedral holes 

The CdX; compounds are close-packed arrays of halide ions with. Cd^* 
occupying half the octahedral holes There is a considerable amount of 
polanzation, and the crystal latices are not completely regular as expected 

for iome compounds CdCl, and Cdl, form slightly different layer lattices, 
in which Cd** sons occupy all the octahedral holes tn one layer, and none 
inthe next This illustrates that they are partly covalent (see Chapter 3} In 
contrast HeCl,, HgBr2 and Hgl, are covalent with low melting pornts 
HeCt, solid contains linear Cl—Hg—Cl] molecules with a bond length 
He—Ci of 225A There is little interaction between the Hg and Ci atoms 
other than between the Hg and the two Cl atoms st 1s closely associated 
with (interatomic distance 334A) HgBr; and Hel, form layer lattices 

The halides are ali white except for CdBr; which is pale yellow, and Hel, 
which exists in red and yellow forms The colour is due to charge transfer 

The chlorides, bromides and iodides of Zn and Cd are hygroscopic, and 
are very soluble in water The solubilities are 

ZnCl, .— 432gin 100¢ water at 25°C 

CdCiz . 140g in 10M) g water at 20°C 

The high solubility 1s partly because the crystal lattice is not very strong 
(hence the low melting points) Another reason for the high solubility i5 
that the metal ions form a variety of complexes in solution such as 

[Zn(H;O)] ZC hydra ZnClbawucus and |ZnCI(H30);] ̂ Sotu- 
tions of Zn"? and Cd^* salts are acidic. because of hydrolysis 

H;O * [Zn(H;O)]** — [Zn(H,O),OH]|* 4 H4O* 
Concentrated solutions of ZnCl are corrosive, and dissolve paper ZnCl; 
IS commercially important and is used for treating textiles. ZnCl; is also 
used as a flux for soldering This is sometimes caled kilted salts and 1 
dissalves metal oxides, thus allowing the solder to stick to a clean metal 
surface 

Zn salts are usually hydrated Cd salts are less hydrated and when the 
halides dissolve they do not tonize completely. and may undergo self 
complexing Thus Cdl; may give a mixture of hydrated Cd**, Cdl 
[Cd] ̂ and [CdL] in solution, thc proportions depending on the con 
centration Mereurs(11) salts are usualy anhydrous and dki not tonc 
appreciably on dissolution in water HgeCh i caled corroe suhblimat H 

was made by heating HgSO, and NaCl and has becn uscd as an antiscptic 
since the Middle Ages It is very poisonous. However, calomel HeoCh 5 
used in medicine as a powerful luxatie 
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COMPLEXES 

Zn?* and Cd?* form complexes with O donor ligands and also with N and 

S donor ligands and with halide ions. Hg(+I1) forms complexes with N, P 

and S donor ligands, but is reluctant to bond to QO. The stability of Hg 

complexes is much greater than that of the other two elements. This is 

unusual because smaller ions usually complex best. No complexes are 

known with x bonding ligands such as CO, NO or alkenes. However, Zn 

and Cd do form complexes with CN^, e.g. [Zn(CN)4]^ . Zn complexes are 

usually colourless, but Hg complexes (and to a lesser extent Cd complexes) 

are often coloured because of charge transfer. Coordination numbers from 

2 to 8 are known. Since the elements have a d configuration there is no 
crystal field stabilization energy. 
Zn! and Cd! occur largely in four-coordination as tetrahedral complexes. 

Many tetrahedral complexes are known (e.g. [MCL]^, [M(H;0)4"*, 
[M(NH;):]?*, [M(NH;):(C1)2], [Zn(CN)4?~, [Zn(pyridine);Cb] and 
[Cd(pyridine);Cl;]). In [Zn(NCS)4]^* the ligand is bonded through N, but 
in [Cd(SCN),]** the ligands bond through S. 
Zn and Cd form several six-coordinate octahedral complexes such as 

[M(H0),]?*, [M(NH3)]?*, [M(ethylenediamine)3]** and [Cd(ortho- 
phenanthroline),]**. The octahedral complexes of Zn are not very stable, 
but Cd forms octahedral complexes more readily and they are more stable 
than those of Zn because Cd is larger. 

Most Hg" complexes are octahedral. These are appreciably distorted 
with two short bonds and four long bonds..In the extreme this distortion 
results in only two bonds. Examples of this are the compounds Hg(CN); 
and Hg(SCN)2 and the complex [Hg(NH3)2]Clz. The latter contains the 
linear [H;N—Hg—NH3]** ion. Hg!! also forms some tetrahedral com- 
plexes (e.g. [Hg(SCN),]?~ and halide complexes such as K,]Hgl4]). The 
latter Is used as Nessler's reagent for the detection and quantitative deter- 
mination of ammonia in solution. Nessler's reagent gives a yellow colour or 
brown precipitate with concentrations as low as | part per million of NH3. 
This test is used on drinking water. The presence of NH? ions in water at 
this concentration is not in itself harmful, but it may indicate contamina- 
tion of the water with sewage. Mercury(II) chloride in solution is mainly 
HeCb. but [HgCL]?7 can be formed if CI^ are in excess. In the Hg 
complexes, two ligands are held more strongly than the others, and some 
ammine complexes lose ammonia from the solid. 

[Hg(NH3),](NO3); — [Hg(NH3)2](NO3)2 + 2NHs 
Two-coordinate complexes are rare for Zn and Cd. 
_ Three-coordination is rare but an example is [HgI5] . Five-coordination 
s not common, but examples include [CdCl;P^- and [Zn(terpyridyl)Cl;], 
which have a trigonal bipyramid shape. There are a few complexes with 
coordination numbers of 7 and 8. Examples of coordination number 8 are 
[Zn(NO.),]?7 and [Hg(NO3),]^^. These involve bidentate O donor ligands 
With a small ‘hita’ : S. ed : «su Wise small *bite' such as NO; , in which two O atoms occupy coordination 

itions. 
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Figure 28.1 Structure of basic zinc acetate (CH4COO), Zn,O 

Zinc forms basic zine acetate (CH;,COO), Zn4O, a complex very like 
basic beryllium acetate both in structure and properttes (see Figure 28 !) 
The zinc complex hydrolyses more readily than the beryiltum complex. as 
zinc can increase rts coordination number to 6 

MERCURY(-) COMPOUNDS 
Only a few Hg(I) compounds (formerly called mercurous compounds) are 
known They contain the 10n (Hg—Hg)^, not Hg* The two Hg atoms 
are bonded together using the 6s orbitals Mercury i$ umque m formng 
stable dinuclear metal 10ns The only other metals which form dinuclear 
ions are (Zn—Zn)^* and (Cd—CdY^ These ions are unstable and have 
only been detected spectroscopically 1n melts of Zn/ZnCl; and Cd/CdCl 

Mercurv(I) compounds can be made by reducing the mercury(I!) salt 
with the metal. Alternatixely mercury(T) nitrate can be made by dissolving 
He in dilute HNO, Other salts are made from this by adding NaHCO, to 
precipitate Hg; CO,, and treating thus wit HCl, HF, HO, ete 10 
produce the salt required 

All four mercury(])} halides are Known [Hg:]F; ts hydrolysed by water, 
and then disproportionates 

[Hg;]F; + 2H.0 — 2HF + [Hg;]( OH); 

unstable 

disnroportienates 
a a Dg. (Hg. (OH), He"O + He’ + HO 

(HeslCl., [Hg;]Br. and [He.ll, are insoluble in water The nitrate 

(Hg; (NO 4); - 2H;O is soluble in water, and contains the linear [H:0— 

Hg—Hg—OH,J* ion, and JSHgj(CIO;).. 4H;O is also soinble No oxide, 
hydroxide or sulphide is known 

The standard reduction potentials are so close that oxidizing agents like 
HNO, will convert Hg to Hg?* rather than Hg(I) if the oxidizing agent 5 

present tn excess 
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He?* > Hg E° = +0.85V 

and [Hg.]* — Hg E° = +0.79V 

The reduction potential diagram shows that [Hg5]^* is stable to dispropor- 

tionation by a small margin under standard conditions. 

He?* + He = Hgs* E° = 40.13V 

The equilibrium constant K for the reaction can be calculated from the 

potential £^: 

RT eum K 
E Fr" 

. Ni 

concentration (Hgs)^* 
Een 

concentration Hg^* 
S — approx. 170 | 

Thus solutions of mercury(I) compounds contain one Hg** ion for every 
170 [Hg,]°* ions. The equilibrium is finely balanced. If a reagent is added 
which removes Hg** from this mixture (by forming either an insoluble 
compound or a complex) then the equilibrium moves to the left. Under 
these conditions (Hg>)-* ions disproportionate completely into Hg?* 
and Hg. For example, the addition of OH" or S?" ions gives a precipitate 
of HgO and Hg. or HgS and Hg. The absence of several mercury(I) 
compounds such as hydroxides, sulphides and cyanides is because they 
precipitate Hg**, and allow disproportionation to occur. Conversely, 
mercury(I) compounds can be made by heating mercury(II) compounds 
with at least a 5076 excess of Hg. 

HgCl; 4 Hg — [Hg;]^* CL 

In qualitative analysis the presence of Hg2Cl, in solution is confirmed by 
the formation of a black precipitate when treated with NH4OH. The dark 
residue may be Hg(NH3);CLb, HgNH5CI or HgjNCI - H50 or a mixture of 
all three together with Hg. 

Mercury(I) ions form few complexes. This is because of the large size of 
the binuclear ion, and because most ligands cause disproportionation. 

Mercury is unique in the Hg(--I) state in that it consists of two directly 
linked metal atoms. The mercury(I) ion thus has the structure [Hg— Hg]^* 
Evidence for this comes from several sources: 

X-ray diffraction 

The crystal structures of several mercury(I) compounds have been 
determined by X-ray diffraction. For example. consider Hg!Cl. If the 
compounds comprised Hg” and Cl™ the structure should contain alternate 
Hg" and CI" ions. It does not have this structure, but contains a linear 
arrangement Cl—Hg—Hg—Cl. The other Hg! compounds also have 
Hg—Hg pairs rather than discrete Hg* ions. The Hg—Hg bond length 
Varies in different compounds: [Hg;]F.. 2.51 À: [Hg;]Cl.. 2.53 À: [Hgs]Br;. 
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249 À, [Hg,]la. 2 69 À, [Hg;(NO«); 2H3O, 2 54 À, [Hg;]SO,. 2 50À 
These are all much shorter than the Hg— Hg distance of 3 00À in solid 

mercury 

Equilibrium constant 

Equilibrium constants can be measured and provide evidence about the 
species present. Mercury(1) compounds can often be made from the cor- 
responding mercury(I) compound by treatment with mercury If the 
reaction ts 

Hg(NO4). * Hg — 2HgNO, 

Hg*-- Hg 2Hg* 

then by the law of mass action 

[Hg*]" 7 = constant 
[He"*] 

Experiments have shown this to be untrue [f however 

[Hef Hg'* + Hg = (He:)°* then = constant 
[Hg] 

This has been verified experimentally, thus proving that mercury(I) 10ns 
are (Hgj)^*, that is (Hg—HgY* 

Concentration cell 

Measurement of the e m f. of a concentration cell of mercury(I) nitrate 
shows that the mercury(I) 10n carries two positive charges For the cell 
below, the potential E? was measured and found to be 0 029 V at 25°C 

Hg 0 005M l) 005M | He 
mercury(1) nitrate mercury(I) nitrate 

in M/10 HNO, in M/1G HNO, 

(7} (2) 

_ 2303RT tr 
nF log C} 

E 

Substituting values 1n this equation 

0 059 ( (5 
0 = m ——— () 029 » log 0 005 

hence n= 2 fh 

The number of charges on the ion n can be calculated since R the gas 
constant, T the absolute temperature, F the Faraday, and c, and c; the 
concentrations of the solutions, are all known The value of n was 2 

confirming (Hg;)^* 



POLYCATIONS 

Raman spectra 

The Raman spectrum for mercury(I) nitrate contains the lines characteris- 

tic of the NO; group. Similar lines appear in the spectra of many other 

nitrates. Mercury(I) nitrate has an extra line in the spectrum at 171.7 cm? 

which is attributed to the Hg—Hg bond. Homonuclear stretching of a 

diatomic species is Raman active but not infra-red active. This was the first 

example of Raman spectra identifying a new species. 

Magnetic properties 

All mercury(I) compounds are diamagnetic both in the solid state and in 
solution. Hg* would have an unpaired electron and would be paramagne- 
tic, but in [Hg—Hg]^* the electrons are all paired and it should therefore 
be diamagnetic. 

Cryoscopic measurements 

The depression of freezing point produced depends on the number of 
particles dissolved in the liquid. The observed depression fits for mer- 
cury(I) nitrate ionizing into Hg$* and two NO} ions, not into Hg* and 
NO;. 

POLYCATIONS 

The compounds Hg4(AICI4); and Hg4(AsFg); contain cations with three 
and four mercury atoms joined together in an almost linear chain. They 
can be made by reactions such as: 

3AHg zs JASF; — Hg3( AsFg); T AsF3 

4Hg + JASF; -> Hg,(AsF6)2 F ASF; 

Their crystal stuctures give the following bond lengths in the cations: 
> o 24 o o 2+ m "out p u 2704 uz 2:374 Hg] 

The bond lengths, though not identical, are within the range shown in 
most mercury(T) compounds. The nature of the bonding in these ions is of 
interest, In the mercury(I) Hp3* ion the two Hg atoms are bonded together 
using the 6s orbital. This idea cannot be extended to three or four Hg 
atoms. If the mercury(I) ion was made from a Hg?* ion with a Hg atom 
coordinated toit Hg?* «— Hg, then this might be extended to the trimer Hg 
=> Hg* Hg. However, it is hard to see how a linear tetramer could be 

I The answer may lie in multi-centre bonding. An unusual solid 
8: «<(AsF,)];, can be made in liquid SO;: 

On(Hg) + 3n(AsFs) > [Hg gs(AsFo)Jn + n(AsFs) 

849 
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The crystal structure contains chains of Hg atoms tn the r and x direction, 
The compound conducts electricity almost às well a« mercury and it 
becomes a superconductor at [ow temperatures 

ORGANOMETALLIC COMPOUNDS 

The first organometalhc compound was Zenes salt RK[Pi(q — 

CIHQ,)Ch[H,O This was isolated im 18250 but remained a chemical 
curiosity The first useful organometallic compounds were prepared by Sir 
Edward Frankiand in [849 and they found use in organic synthesis 
These were of two types 

I zinc aikyls ZnR and 
2 alkyl zinc halides RZnX 

They were originally prepared as follows 

mert atmosphere heat 
—— — o À— Et] + Zn EtZnlI— EtZn + Zul, 

The reaction works best with alkyl or aryl 10dides, but it 15 cheaper to use 
RBr with a Zn/Cu allay CO. may also be used as the inert atmosphere 
The products ZnR» are either covalent liquids or low melting solids The 
alkyl zinc halides RZnX apparently have the structure 

R X 
N / 
Zn—Z0 

/ \ 
R X 

These were used in organic syntheses before Grignard reagents RMgX 
were discovered Grignard compounds are usually more convenient to 
make and use 
Organo compounds of Zn and Cd (and also Lt and Mg) all decompose 

rapidly on contact with water and ar The Zn and Cd alkyls are 
conveniently prepared from Grignard or alkyl lithium reagents. or alkyl 
mercury compounds 

CdCl, + 2RMeCl -» CdR; + 2MgCl; 

2ZnCl + 2RLI— ZnR; * 2IaCl 

Zn 4 HgR; — ZnR; + Hg 

If required the Grignard type compounds can be made as follows 

CdR, + Cdl, — 2RCdI 

R2Zn and R2Cd react in a similar way to Grignard reagents and hthium 
alkyls, but are less reactive and are unaffected by CO; Ther lesser 

reactivity allows selective alkylation 

> Zn + EtOH — RZnOEt c RH 



BIOLOGICAL ROLE OF ZINC 

The most important use of organocadmium compounds is to produce 
ketones. This also exploits the lower reactivity of the Cd alkyls, as 

Grignard reagents would react further with the ketone produced. 

R 

N 

/ 
CH; 

A large number of organomercury compounds are known of types R;Hg 
and monomeric RHgX. They are much more stable to air and water than 
the zinc compounds. They are easily made by Grignard reactions with 
HgCl, in tetrahydrofuran, or by reacting HgX» with a hydrocarbon: 

HgCl, + RMgBr — RHgCI + 3MgCl; 4 3MgBr, 

RHgCl + RMgBr — R5;Hg + MgCl; + JMgBr, 

HeX, + RH— RHeX + HX 
Arylmercury compounds may be prepared from mercury(II) acetate: 

Cc Hg T (CH3COO);Hg => CASE : HgOOC : CH; 

phenylmercury(II) acetate 

Organomercury compounds are important for the preparation of organo- 
metallic compounds of Groups 1 and 2, Al, Ga, Sn, Pb, Sb, Bi, Se, Te. 
Zn and Cd. 

R2Hg + 2Na > 2RNa + Hg 

HgR, compounds are covalent liquids or low melting solids They are 
extremely poisonous. RHgX compounds are solids, and they are ex- 
tremely toxic. Many RHgX compounds, particularly EtHgCl, PhHgCl and 
PhHgOOC > CH3, and Hg(Me), have been widely used for treating seeds, 
and as pesticides and fungicides. 
Mercury(II) salts will add to double bonds in alkenes. 

HgCl, + jc-c( -> CISC— CC-HaCl 

Mercury(II) salts also act as catalysts in the hydration of alkynes (acety- 
lenes). The production of ethanal (acetaldehyde) from ethyne (acetylene) 
IS Commercially important. 

CH=CH 2, cH,—cHoH P9, CH;—CHO 

BIOLOGICAL ROLE OF ZINC 

Zn has an important biological role in the enzyme systems of animals and 
Plants. Humans contain about 2 g of Zn. This is the second largest amount 
of a transition metal after Fe, 4g. There are about 20 enzymes containing 
Zn, and some of the best known are as follows: 
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1 Carbonic anhydrase which is present in red blood cells ts involved m 
respiration. It speeds up the absorption of CO. by red blood cells in 

muscles and other tissues. and the reverse reactton involving the release 

of CO, in the lungs At the same time it regulates the pH 

CO + OH = HCO, 

2 Carboxypeptidase which 1s present in the pancreatic juice 1s involyed 

in the diges ion of proteins by animals and protein metabolism 15 plants 
and animals The enzyme catalyses the hydrolysis of the terminal 

peptide (amide) link at the carboxy! end of the peptide chain The 
enzyme is selective It works only when the group R in the terminal 
amino acid 15 aromatic or a branched aliphatic chain and has the L 
configuration 

R^ Q R O R O 

MEN NE | l 
—CH—-C—NH—CH—C—NH—CH—C—OH + H 0 

R O R O R O 
l | i | d 

—CH-—C—NH-—CH—C--OH ^ NH,—CH—C—0H 

3 Alkaline phosphatase (energy release) 
4 Dehydrogenases and aldolases (sugar metabolism) 
5 Alcohol dehydrogenase (metabolism of alcohol) 

TOXICITY OF CADMIUM AND MERCURY 

It i5 strange that Zn is an essential elernent for hfe but that the other tW? 
elements in the group Cd and Hg are both extremely toxic The ma 
threat from Cd 1s in places near Zn smelters as Cd may escape as dust with 
flue gases The manufacture of NifCd battenes has caused problems © 
Sweden and Japan There 1s also concern at the amount of Cd in cigarette 
smoke Ji Cd is ingested at accumulates in the kidneys It causes mål 
function of the kidneys and also replaces Zn in some enzymes thus ple 
venting them from working 

Mercury vapour i$ toxic. and 1f inhaled can cause piddiness tremo'S 
lung damage and bram damage In the laboratory mercury should 
covered with oi or toluene and spiilages should be treated with flowe™ 
of sulphur forming HgS 

Inorganic compounds such as HgCl, Hg,Ci, and HgO are 259 
posonous i£ eaten. Mercury is a cumulative poison (hke Cd. Sn. Pb and 
Sb) Because they have no biological function. there is no mechanism fO 
excreting them from the body Hg inhibits enzymes. particularly thos? 
containing thiol groups 

These imorganic mercury compounds have been used for controlling the 
growth of slime moulds in wood pulp and paper making factones They ®® 
also used in antifouling paints for boats as a fungicide for treaung seeds 
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and plants. and for treating a plant disease called clubroot in brassicas. 

More recently organomercury compounds such as dimethyl mercury 

He(Me)s and MeHgX have been used for treating seeds against attack by 

fungi. Alkyl mercury compounds such as dimethyl mercury are much more 

toxic than inorganic mercury compounds. Aryl mercury compounds are 

even more dangerous. They cause brain damage giving numbness, loss of 

vision. deafness, madness and death. 

There have been several alarming incidents involving mercury poisoning. 

1. In the early 1900s mercury salts were used in the production of felt hats. 

` The dust affected the central nervous system of workers, causing tremor 

of muscles called ‘hatter’s shakes’. This led to the expression ‘mad as a 
hatter! 

. More recently 52 people died at Minamata (Japan) in 1952 through 
eating fish contaminated by mercury. The Hg came from losses from a 
factory using Hp!! salts to catalyse the production of ethanal (acetal- 
dehyde) from ethyne (acetylene). The HgCl, was converted to an 
organomercurial compound MeHgSMe by ariaerobic bacteria in the 
mud on the sea bed. This is concentrated in the food chain. First it is 
taken up by plankton, which is eaten by the fish, and other seafood, 
which in turn is eaten by man. There were outbreaks of mercury 
poisoning in Japan in 1960 and again in 1965 arising through eating 
contaminated shellfish. 

3. Corn seeds which had been treated with an organomercurial compound 
to prevent fungal attack were eaten as food:rather than being planted to 
grow a crop in Iraq in 1956 and again in 1960. This resulted in many 
deaths. There have also been problems through loss of mercury salts 
used as antifungicides in paper mills in Sweden. 

QU 

Thé problems of mercury poisoning are now better understood. Though 
inorganic mercury salts are poisonous, they are nothing like as toxic as 
alkyl and aryl mercúry compounds. However, the loss of ínorgánic 
mercury compounds must be prevented as Hg** and (Hg,)** can be 
methylated by bacteria present in tivérs, lakes and the sea. Algae, molluscs 
and fish may concentrate the small amounts present by a factor of 2-10 
umes, and they may be eaten by something else and concentrated again. 
HeMe, and Hg—Me* are both very stable and persist for a long time 
because they hdve a strong He—C bond. Considerable efforts are now 
being made to prevent the discharge of mercury compounds with industrial 
effluent. The main problems come from acetaldehyde and vinyl chloride 
monomer plants where mercury compounds are used as a catalyst, and 
from the electrolytic production of NaOH and Cl, where it is used as the 
cathode. 

4. The most recent problem is from the widespread use of mercury to 
extract gold in Brazil. River water and silt are passed Over mercury, 
When the gold dissolves in the mercury, forming an amalgam. Losses of 
mercury have poisoned considerable stretches of the Amazon river. 
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PROBLEMS (CHAPTERS 19-28) 

1 Explain why La;O; is not reduced by AI 

2 Explain why TiO, ts white but TiCl, 1s violet 

3 Draw the structure of rutile What is the coordination number of the 

ions and what is the radius ratio? 

4 Describe how Ti metal 15 obtained, and explam why it has been called 
the wonder metal 

35 Describe the uses of titanium compounds in paint, in the polymeriza- 
tion of ethene and in the fixation of dinitrogen 

6 Explain why the physical and chemical properties of Zr and Hi 
compounds are much more similar than the properties of Tr and Zr 

7 Describe what happens when the pH of a solution contaimng [V04] 
tons 18 pradually reduced 

8 When ammonium vanadate is heated with oxalic acid solution, 2 
compound (Z} ts formed A sample of (Z) was titrated with. KNnO, 
solution in hot acidic solution. The resulting liquid was reduced with 
SO, the excess SO, boiled off, and the liquid again titrated with 
KMnO, 

The ratio of the volumes of KMnO, used in the two titrations was 
5 1 What conclusions can you make regarding the nature of 
compound (Z) (KMnO, oxidizes all oxidation states of vanadium to 
vanadium (--V) SO, reduces vanadium (+V) to vanadium (+IV) ) 
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PROBLEMS (CHAPTERS 19-28) 

. Give equations to show the reactions between CrO, Cr;O; and CrO, 
with aqueous acids and alkalis. 

. Describe the structures of chromium(I]) acetate and copper(II) 

acetate, and comment on any unusual features they have. 

` How may the last traces of dioxygen be removed from dinitrogen? 

. Manganese has been described as ‘the most versatile element’. Explain 

this, and show the similarities and differences between the chemistry 
of manganese and rhenium. 

Explain why [Mn(OH),]** is pale pink, MnO; is black and MnOj is 

intensely coloured purple. 

Explain why a green solution of potassium manganate(VI) K;MnO, 
turns purple and a brown solid is precipitated when carbon dioxide is 
bubbled into the solution. 

. Draw the crystal structure of ReO;, and compare it with the perovskite 
structure. 

Why do metals such as iron corrode, and how may this be prevented? 

Describe how iron is extracted from its ores, and how it is converted 
into steel. 

What are pig iron, wrought iron, mild steel, high carbon steel and 
stainless steel? 

Predict the electronic arrangement on the metal from crystal field 
splitting and the nature of the ligands in the following complexes: 
(a) [Fe(H2O)gl**, (b) [Fe(CN)g]^- and (c) [Fe(CN)sP^. How many 
unpaired electrons are there in each complex, and what would you 
expect their magnetic moments to be? 

Iron pentacarbonyl has a trigonal bipyramidal structure, yet the C 
nmr spectrum of Fe( CO); shows only a single peak even when the 
‘sample is held at low temperatures. Two peaks would be expected for 
a trigonal bipyramidal molecule. (The °C nucleus has a spin of 5 and 
behaves in much the same way as a proton in nmr.) Explain the 

unusual spectrum. 

Compare and contrast the structures of haem, vitamin Bj, and 
chlorophyll. 

. Outline the essential features involved in the binding of O; to the 
myoglobin molecule. 

It "Qt z E : . 
- Write a critical account of the various ways in which the nine elements 
in the iron, cobalt and nickel groups have been grouped together for 
comparison purposes. 

- Draw and name the possible isomers of the following complexes: (a) 
[Co(en),P*, (b) [Co(en);(SCN);]* 

[8] 
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A monomeric complex of cobalt gave the following results on analysis 

Co NH; cr S057 

Fo 2124 2477 12 81 34 65 

The compound ts diamagnetic. and contams no other groups or 
elements except water might be present 

Calculate the empirical formula of the compound, prve the structura} 
formulae of all possible isomers and suggest methods to distinguish 
between the Somers 

Give examples of metal clusters in transition metal tons 

Draw the structures of six different carbonyl complexes 

Discuss the origin of square planar complexes formed by Ni(H) and 
explain what ather st anes may he formed 

Suggest reasons why the noble metals are relatively unreactive 

Gie examples of compounds contamine metal-metal bongs 

Compare and contrast the chemistry of the elements copper, silver and 
gold 

What are the electromc structures of Zn Cd and Hg and of their 2+ 
tons? Discuss their position in the periodic table Would you expect 
them to behave as typical transition elements? 

Draw the structure of znne bende What i5 the coordination number of 

the i0ns and what i5 the radius ratio? 

Explain how 2n 1s sacrificed in the extraction of Cd 

Explain why a solution of zinc sulphate gives a white precipitate when 
added to an aqueous solution of ammonia but not when added to an 
aqueous solution of ammonia containing ammonium chloride 

What is cadmium used for how 3 it produced and why ate there 
problems of cadmium poisoning in the vicinity of zinc smelters? 

List the main ways in which mercury compounds are discharged into 
the environment Comment on the toxicity of inorganic and organo 
mercury compounds 

Give an account of disproportionation Why ss the mercury(}) ion 
written He3* whilst the copper(]) 10n is written Cu*? 

What evidence is there that the mercury(I) 10n is Hg?* rather than 
Hg"? 

When mercury ts oxidized with a limited amount of oxidizing apent 
(re an excess of Hg) then Hg’ compounds are formed If there 1s an 
excess of oxidizing agent then Hp! compounds are formed Explain 
this 
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The lanthanide series 

INTRODUCTION 

These 14 elements are called the lanthanons, or lanthanides. They are 
characterized by the filling up of the antepenultimate 4f energy levels. 
They are extremely similar to each other in properties, and until 1907 they 
were thought to be a single element. In the past they were called the rare 
earths. This name is not appropriate because many of the elements are not 
particularly rare. Furthermore, the name is not precise since in addition to 

the 14 lanthanides it has been used to include La, or Sc, Y and La which 
are d-block elements, and sometimes Th (an actinide) and Zr (another 
d-block element). 

ELECTRONIC STRUCTURE 

The electronic structures of the lanthanide metals are shown in Table 29.1. 
Lanthanum (the d-block element preceding this series) has the electronic 
structure: xenon core 5d! 65^. It might be expected that the 14 elements 
from cerium to lutetium would be formed by adding 1, 2, 3,. . . id electrons 
into the 4f level. However, it is energetically favourable to move the single 
2d electron into the 4f level in most of the elements, but not in the cases of 
Ce, Gd and Lu. The reason why Gd has a 5d! arrangement is that this 
leaves a half filled 4f level, which gives increased stability. Lu has a 5d! 
arrangement because the f shell is already full. The lanthanides are 
characterized by the uniform (+III) oxidation state shown by all the 
metals. They typically form compounds which are ionic and trivalent. The 
electronic structures of the ions are Ce?* IPPUISNqUP butt fp 
The 4f electrons in the antepenultimate shell are very effectively 

shielded from their chemical environment outside the atom by the 5s and 
Sp electrons. Consequently the 4f electrons do not take part in bonding. 
They are neither removed to produce ions nor do they take any significant 
Part in crystal field stabilization of complexes. Crystal field stabilization is 
very important with the d-block elements. The octahedral splitting of f 
orbitals A, is only about 1 kJ mol-!. Whether the f orbitals are filled or 
empty has little effect on the normal chemical properties. However, it does 
affect their spectra and their magnetic properties. 
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Table 29 1 Electronic structures and oxidation states 

Element Elecironic Electronic Oxidation 
structure structure states* 
of atoms of M“ 

Lanthanum La [Xe] Sd! 6« [Xe] +L 
Lessa a a e a a a r aaa aaa“ 

Cenum Ce [Xe] 4f Sad! Gs [Xe] 4f' -HI IV 
Praseodymium Pr Ae] 4/* ds [Xe] 47’ +IH (IV) 
Neodymium Nd Xe] af? 65? [Xel 4£? (HH) 1t 
Promethium Pm [Xe] 4f" Gs [Xel 4/7 (+10) + 
Samanum Sm [Xe] 4/° 65 [Xe] 4/^ (+D +I 
Europium Fu [Xe] 4f 65 [Xe] 4/* +11 +10 
Gadolinium Gd [Xe] 4/! 5d* 6s [Xe] 4/7 Hi 
Terbum Tb [Xe] 4f" fs [Xe] 4/^ +i (+Y) 
Dysprosum Dy [Xel 4f Gs [Xe] 4f HIN (+V) 
Holmium Ho  [Xel4/! 6s [Xe] 4f Hl 
Erbium Er [Xe] 4f! ds [Xe] 4" 1 ITI 
Thulrum Tm  ]Xe]4/" 6 Xe] 4^ — (II) ill 
Yrerbium Yb j|Xej4dj ^ ér Xe] 4f" RH oH 
Lutetsum Lu {Ne} af Sd’ Gs [Xe] ag Hl 

*'The most important oxidation states (generally the most abundant and stabfe) are 
shown in bold Other well characterized but bss importint stttes are shown 
In normal type Oxidaton states that ite unstable of in doubt are given in 
parentheses 

OXIDATION STATES 

The sum of the first three ionization energies for each eiement are given m 

Table 29 2 The values are low Thus the oxidation state (+11]) 1s rome and 
Ln^* dominates the chemistry of these elements The Ln’* and Ln’* tons 
that do occur are always less sjable than Ln'*. (In this chapter the symbol 
Ln ss used to denote any of the lanthanides ) In just the same way as for 
other elements the higher oxidation states occur in the fluondes and 
oxides and the lower oxidation states occur m the other halides par 

ticularly bromides and iodides Oxidation numbers (+11) and (+1V) do 
occur particularly when they lead to 

| a noble gas configuration e g Ce** (/") 
2 a half filled f shell e g Eu'* and To** (f?) 
3 acompletely filied f level eg Yb?* (/!*) 

in addition (--ID) and (4-IV) states exist for elements that are close to these 

states Thus Sm^* and Tm?" occur with f° and f!* arrangements and Pr°* 
and Nd** have f' and f? arrangements The (+III) state 1s always the most 
common and the most stable The only (--TV) and (- II) states which have 
any aqueous chemistry are Ce^*. Sm^* Eu?* and Yb** 

The lanthanide elements resemble each other much more closely than do 
a horizontal row of the transition elements This 1s because the lanthanides 

effectively have only one stable oxidation state. (--TIT) Thus in this series 
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Table 29.2 lonization energies and standard electrode potentials 

ABUNDANCE AND NUMBER OF ISOTOPES 

Sum of first three E? Radius 
ionization energies — Ln^* | Ln Ln3+ 

(kJ mol`!) (volts) (A) 

Lanthanum La 3493 —2.52 1.032 

Cerium Ce 3512 —2.48 1.020 

Praseodymium Pr 3623 —2.46 0.99 

Neodymium Nd 3705 —2.43 0.983 
Promethium Pm = —2.42 0.97 
Samarium Sm 3898 —2.41 0.958 

Europium Eu 4033 —2.41 0.947 
Gadolinium Gd 3744 —2.40 0.938 
Terbium Tb 3792 —2.39 0.923 
Dysprosium Dy 3898 752.32 0.912 
Holmium Ho 3937 —-2.32 0.901 
Erbium Er 3908 —2.30 0.890 
Thulium Tm 4038 —2.28 0.880 
Ytterbium Yb 4197 —2.27 0.868 
Lutetium Lu 3898 —-2.26 0.861 

' Radii are for six-coordination. 
i 

it is possible to compare the effects of small changes in size and nuclear 
charge on the chemistry of these elements. 

ABUNDANCE AND NUMBER OF ISOTOPES 

The lanthanide elements are not particularly rare. Cerium is about as 
abundant as copper. Apart from promethium, which does not occur in 
nature, all the elements are more abundant than iodine. 
The abundance of the elements and the number of naturally occurring 

isotopes vary regularly (Table 29.3). Elements with an -even atomic 
number (i.e. an even number of protons in the nucleus) are more abundant 
than their neighbours with odd atomic numbers (Harkins' rule). Elements 
with even atomic numbers also have more stable isotopes. Elements with 
odd atomic numbers never have more than two stable isotopes. Through- 
out the periodic table the stability of a nucleus is related to both the 
number of neutrons and the number of protons in the nucleus (Table 29.4). 

Element 61. promethium, does not occur naturally. It was first made and 
Studied at Oak Ridge in Tennessee, USA, in 1946. Its absence may be 
explained by Mattauch's rule. This states that if two elements with con- 
secutive atomic numbers each have an isotope of the sanie weight, one of 
the isotopes will be unstable. Since elements 60 and 62 have seven isotopes 
each, there are not many stable mass numbers available for promethium. 
element 61 (Table 29.5. 

According to Mattauch's rule, if promethium is to have a stable isotope. 
Aaa have à mass number outside the range 142—150. The only isotopes 
of Pm which have been made so far are radioactive. 

continued oyerleaf 
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Table 29 3 Abundance of the elements tn the earths crust by werkt ind mumbur 
of nitur il isotopes 

Atomic Element Abundance Relative Naturally 
number (ppm) abundance Occurrini, 

im earth s crust IsOLopes 

58 Ce bh 2f ] 
59 Pr 9] 37 ] 
60 Nd At) 27 7 
61 Pm 0 ü 
62 Sm 7 fi) 7 
63 EU 21 i} = 2 
64 Gd 6 | 4] 7 
65 Tb 12 YO = ! 
66 Dy 45 42 7 
67 Ho 1.3 85 i 
68 Er i5 41 6 
69 Tm 05 61 i 
70 Yb 3] 44 7 
7] Lu 0 8 SU à 

Table 29 4 Numbers of stable nuclei with odd and even numbers of 

neutrons and add and ever atomi. number 

Atomic number Number of neutrons Stable nuclet 

Even Even 164 
Even Odd 55 
Odd Even 50 
Odd Odd 4 

Table 29 5 

Element 60 142 143 144 145 146 144 150 
Element 62 144 1437 148 149 130 152 [54 

a ar gg ERU o Ho Ho Hs RU s RR s p a 

EXTRACTION AND USES 

Worid production of rare earth minerals was S000 tonnes in 1992 

containing 47900 tonnes of lanthanide oxides Ln Oy The main sources of 

minerals are the USA 27% China 20% Australia & Yo and India 6% 

1 Monazite sand i5 the most important and most widespread mineral. [t 
accounts for 78% of the rare earths mmed Before 1960 monazite was 

the only source of lanthanides Jt is a mixture containing mostly La 

phosphate and tnvalent phosphates of the Jighter lanthanide elements 

(Ce Prand Nd) In addition it contains smaller amounts of Y and the 

heavier lanthanides and thorium phosphate Th is weakly radioactive 
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and traces of its daughter product Ra are also present, and are more | 

radioactive. 

? Bastnaesite is a mixed fluorocarbonate M''CO3F where M is La or the 

lanthanides. Large amounts are mined in the USA, and it provides 2296 

of the total supply of lanthanides. It is only found in the USA and 

Madagascar. 

3. Very small amounts of another mineral, xenotime, are also mined. 

Monazite is treated with hot concentrated H.SO,. Th, La and the lan- 

thanides dissolve as sulphates, and are separated from insoluble material. 

Th is precipitated as ThO by partial neutralization with NH4OH. Na5SO, 

is used to salt out La and the light lanthanides as sulphates, leaving the 

heavy lanthanides in solution. The light lanthanides are oxidized with 

bleaching powder Ca(OCl);. Ce?* is oxidized to Ce** which is precipitated 
as Ce(IO;), and removed. La?* may be removed by solvent extraction 
with tri-n-butylphosphate. The individual elements can be obtained by ion 
exchange if required. The treatment of bastnaesite Is slightly simpler as it 
does not contain Th. 

Once the different lanthanide elements have been separated completely 
or partially, the metal may be obtained as follows: 

|. By electrolysis of the fused LnCl,, with NaCl or CaCl, added to lower 
the melting point. 

2. La and the lighter metals Ce to Eu are obtained by reducing anhydrous 
LnCl; with Ca at 1000-1100°C in an argon-filled vessel. The heavier 
elements have higher melting points and so require a temperature of 
1400°C. At this temperature CaCl, boils, so LnF, are used instead, and 
in some cases Li is used instead of Ca. 

About 5000 tonnes of La and 13000 tonnes of the lanthanides are 
produced annually. The metals are of little use on their own. The main use 
is for an unseparated mixture of La and the lanthanides called Mischmetal 
(50% Ce, 40% La, 7% Fe, 3% other metals). This is added to steel to 
improve its strength and workability. It is also used in Mg alloys. Misch- 
metal is also used in small amounts as ‘lighter flints’. LaO; is used in 
Crooke’s lenses, which give protection from UV light by absorbing it. 
CeO; is used to polish glass and as a coating in ‘self-cleaning’ ovens. 

| Ce" (SO). is used as an oxidizing agent in volumetric analysis. Gas 
mantles are treated with a mixture of 196 CeO; and 9996 ThO»; to increase 
the amount of light emitted by coal gas flames. Other lanthanide oxides are 
used as phosphors in colour TV tubes. ‘Didymium oxide’ (a mixture of 
praseodymium and neodymium oxides) is used with CuCl, as the catalyst 
n the new Deacon process to make Cl; from HCl. Nd5O, is used dissolved 
Vaid as a liquid laser. (Selenium oxochloride ts used as the solvent 
i € it Contains no light atoms which would convert the input energy 

eat.) Lanthanide elements are present in warm superconductors such 
| Ard oy Be CUO Gs and YBa,Cu,O7_,. and others (Sm, Eu, Nb, Dy 
Ls )) have been substituted. These are described at the end of Chapter 5. 
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SEPARATION OF THE LANTHANIDE ELEMENTS 

The properties of metal tons are determined by thei size and charge The 
lanthanides are all typically tnvalent and are almost identical in size, and 
so there chemical properttes are almost identical The separation of One 
lanthanide from another is an exceedingly difficult task, almost as difficult 

as the separation of isotopes of one element The classical methods of 
separation exploit slight differences in basic properties stability or 
solubility These are outlined below However, in recent years the only 
methods used are 10n exchange and valency change 

Precipitation 

With a lumited amount of precipitating agent the substance with the jowest 
solubility 15$. precipitated. most. rapidly and. most completely Suppose 
hydroxyl ions are added to a solution contaming a mixture of Ln( NO); 
The weakest base Lu(OH); 1s precipitated first, and the strongest base 
La(OH); is precipitated last The precipitate contains more of the elements 
at the right of the series Thus the solution contains more of the elements at 
the jeft of the senes The precipitate can be filtered off. Only partial 
separation js effected, but the precipitate can be redissolved in HNO, and 
the pracess repeated to obtain greater purity 

Thermal reaction 

If a mixture of Ln(NO4), 1s fused, a temperature will be reached whe the 
least basic nitrate changes to the oxide The mixture 1s Jeached with wale! 
The nitrates dissolve and can be filtered off, leaving the insoluble oxides 
The oxides are dissolved in HNO, and the process repeated 

Fractional ceystallization 

This can be used to separate lanthanide salts The solubility decreases from 
La 10 Lu Thus salts at the Lu end of the series will crystallize out first 
Nitrates, sulphates, bromates, perchlorates and oxalates have all been used 
as also have double salts such as Lo(NO;) 3Mg(NO.), 24H;O0 because 
they crystallize well The process needs repeating many times to optan 
good separations Non aqueaus solvents such as diethyl ether have peen 

used to separate Nd(NO:h and Pr(NO4)4 

Complex formanon 

A mixture of lanthamde sons 15 treated with a complexing agent such 35 
EDTA (ethylenediaminetetraacetic acid). AIL the 10ns form complexes 
Those 10ns at the right hand side of the lanthanide sertes such as Lu'* form 
the strongest complexes as they have the smallest rons Oxalates of the 
lanthanides are insoluble However addition of oxalate sons to ts 
solution does not give a precipitate since the Ln” rons are all! complexed 
with EDTA 
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HOOC—CH,; : CH;—COOH 

N—CH;—CH;—N 

HOOC—CH:3 CH,—COOH 

Figure 29.1 EDTA. 

If some acid is added to the solution, the least stable EDTA complexes are 

dissociated. This releases ions at the left hand side of the series Ce^*, Pr^*, 

Nd^* which are immediately precipitated as the oxalates. These are filtered 

off. Separation is not complete, so the oxalates are redissolved and the 

process repeated many times. | ` 

Solvent extraction 

The heavier Ln** ions are more soluble in tri-n-butylphosphate than are 
the lighter Ln^* ions. Their solubilities in water and ionic solvents, 
however, are reversed. The ratios of the partition coefficients of La(NO3)3 
and Gd(NO3)3 between a solution of the metal ions in strong HNO; and 
tri-n-butylphosphate is 1: 1.06. This difference is quite small, but by using 
a continuous counter-current apparatus a very large number of partitions 
can be performed automatically. This is much less tedious than performing 
10000 or 20000 crystallizations. Kilogram quantities of 95% pure Gd have 
been obtained by this method. The technique was originally developed in 
the early days of atomic energy to separate and identify the lanthanide 
elements produced by fission of uranium. 

Valency change 

A few lanthanides have oxidation states of (--IV) or (--II). The properties 
of Ln^* or Ln?* are so different from those of Ln?* that separation is fairly 
easy. 
Cerium can be separated from lanthanide mixtures quite easily as it is 

the only lanthanide which has Ln**+ ions stable in aqueous solution. 
Oxidizing a solution containing a mixture of Ln°?* ions with NaOCl! under 
alkaline conditions produces Ce**. Because of the higher charge, Ce** is 
much smaller and less basic than Ce?* or any other Ln?*. The Ce^* is 
Separated by carefully controlled precipitation of CeO, or Ce(103)4, 
leaving the trivalent ions in solution. 

Alternatively Ce** can readily be extracted from other Ln?* lanthanides 
9y solvent extraction in HNO; solution using tributyl phosphate. Ninety- 

nine per cent pure Ce can be obtained in one stage from a mixture con- 
taning 40% Ce. 
In a similar way the properties of Eu?* are very different from those of 

Ln". Europium sulphate Eu?*SO2- resembles the Group 2 sulphates and 
I5 insoluble in water. Ln?* sulphates are soluble. If a solution of Ln»?* ions 
I5 reduced electrolytically using a mercury cathode, or by using zinc 
‘malgam, then Eu?* will be produced. If H2SO, is present EuSO, will be 
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precipitated Ths can be filtered off (Smf* and Yb’* may also be 
produced in the same way, but these are oxidized slowly by water ) 

Valency change is still a useful method for punifying Ce and Eu despite 
the advent in recent years of ron exchange 

lon excnange 

This 1s the most unportant, the most rapid and most effective general 
method for the separation and purification of the lanthanides A solution 
of lanthanide ions is run down a column of synthetic son exchange resin 
such as Dowex-50 This s a sulphonated polystyrene and contans the 

functional groups —SO;,H The Ln'* ions are absorbed onto the resin and 
replace the hydrogen atom on —504H 

Lniano) * 3H(resin),, — Ln(resin),. + 3Hiy 

The H* ions produced are washed through the column Then the metal 
ions are eluted that is are washed off the column tn a selective manner 
The eluting agent is a complexing agent for example a buffered solution of 
citric acid/ammonium citrate or a dilute solution of (NH,},(H EDTA) 
at pH 8 Consider the citrate case An equilibrium i5 set up 

La(resin), -- 3H* - (citrate)! = 3H(resin) + La(eitrate) 

As the citrate solution flows down the column Ln'* ions are removed 
from the resin and form the citrate complex A little lower down the 
column the Ln?* ions go back onto the resin As the citrate solution runs 
dawn the column the metal tons form complexes alternately with the resin 
and the citrate solution many times. The metal yon gradually travels down 
the column and eventually passes out of the bottom of the column as the 
citrate complex The smaller lanthanide tons such as Lu‘* form stronger 
complexes with the citrate ions than do the larger ions hhe La?” Thus the 
smaller and heavier ions spend more time in solution. and less ume or! the 
column, and are thus eluted trom the column first The atiferent meta) I 
present separate into bands which pass down the column The progress of 
the bands may be followed spectroscapically by atomic fluorescence The 
solution leaving the column 1s collected by means of an automate fraction 
collector m separate contamers By this means the individual elements C22 
be separated The metals may be preciprtated as insoluble oxalates an 
then heated to give the oxides 
The chromatographic process ts analogous to carrying out many separa 

tions OF many crystallizations but the separation is carried. out. on 4 
single column By using a long ion exchange column the elements 7125 

be obtained 99 9% pure with one pass 

CHEMICAL PROPERTIES OF (+I) COMPOUNDS 

The metals are all soft and silvery white They are electropositive and 

therefore they are very reactive The heavier metals are less reactive 180 
the lighter ones because they form a lascr of oxide on the surface The 
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chemical properties of the group are essentially the properties of trivalent 

ionic compounds. 
The sum of the first three ionization energies varies with minima at La?*, 

Gd** and Lu?* which are associated with attaining an empty, half full or 

full f shell. Maxima occur at Eu^* and Yb?* associated with breaking a half 

full or full shell. 

The standard reduction potentials (E^) are all high (Table 29.2). They 

vary in a regular way over a small range from —2.48 to —2.26 volts, 
depending on the size of the ions. 

The lanthanides are all much more reactive than is Al (E? — — 1.66 volts) 

and are slightly more reactive than Mg (E? — —2.37 volts). Thus they react 

slowly with cold water, but more rapidly on heating. 

ALn + 6H;O —» 2Ln(OH)3 + 3H; 

The hydroxides Ln(OH); are precipitated as gelatinous precipitates by the 
addition of NH,OH to aqueous solutions. These hydroxides are ionic and 

basic. They are less basic than Ca(OH), but more basic than Al(OH); 
which is amphoteric. The metals, oxides and hydroxides all dissolve in 
dilute acids, forming salts. Ln(OH); are sufficiently basic to absorb CO; 
from the air and form carbonates. The basicity decreases as the ionic radius 
decreases from Ce to Lu. Thus Ce(OH)4 is the most basic, and Lu(OH);, 
which is the least basic, is intermediate between scandium and yttrium in 
basic strength. The decrease in basic properties is illustrated by the 
hydroxides of the later elements dissolving in hot concentrated NaOH, 
forming complexes. 

Yb(OH), 4 3NaOH 2 3Na* + [YbÞ(OH) P7 
Lu(OH); + 3NaOQH — 3Na* + [Lu(OH),}?~ 

The metals tarnish readily in air, and on heating in O; they all give 
oxides Ln.O3. Yb and Lu form a protective oxide film, which prevents the 
bulk of the metal forming the oxide unless it is heated to 1000°C. The one 
exception is Ce which forms Ce!YO; rather than Ce5O,. The oxides are 
ionic and basic. Basic strength decreases as the ions get smaller. 
The metals react with H», but often require heating up to 300—400*C to 

start the reaction. The products are solids of formula LnH;. Eu and Yb 
both have a tendency to form divalent compounds and EuH; and YbH» are 
salt-like hydrides and contain M?* and two H^. The others all form 
hvdrides LnH; which are black, n:etallic and conduct electricity. These are 
better formulated as Ln'*, 2H- and an electron which occupies a 
conduction band. In addition Yb forms a nonstoichiometric compound 
approximating to YbH s. The hydrides are remarkably stable to heat, 
often up to 900*C. They are decomposed by water, and react with oxygen. 

CeH, + 2H,0 > CeO, + 2H> 

E 'dihydrides’ take up H if heated under pressure, and all except Eu 

uu salt-like hydrides LnH, made up of Ln?^* and three H^. These do not 
We a delocalized electron, and do not show metallic conduction. 
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The anhydrous halides MX, can be made by heating the metal and 

halogen or by heating the oxide with the appropriate ammonium halide 

Ln;O, + 6NH,C)27S, 2LnCi, + 6NH; + 3H O 

The fluorides are very insoluble and can be precipitated from solutions 
of Ln’* by addition of Na*F or HF This is used as a test for the 
lanthanides tn qualitative analysis However with excess F the smaller 
lanthanide 10ns may form soluble complexes (LnF(H20),|°” The chlondes 
are defiquescent and soluble and crystallize with six or seven molecules of 
water of crystalhzanon If the hydrated hahdes are heated they form 
oxohalides instead of dehydrating to anhydrous halides 

LnCl,; 6H,0—"S LnOC! + 5H O + 2HCI 
Heating CeX4 (H50), results in CeO The bromides and iodides are 
similar to the chlorides 

Atelevated temperatures the lanthanides react with B giving LnB, and 
LnB, 

On arc melting the metals with C in an inert atmosphere they form 
carbides of stoichiometry LnC, and Lns{C2},; The carbides can also be 
made by reducing Ln,O, with C in an electric furnace LnCz are more 
reactive than CaC, They react with water giving ethyne and also some 
hydrogen C,H, and C,H, They also show metallic conductivity They do 
not contain Lr{ +H) and are best described as acetylides of Ln°* and C3 
with the extra electron ih a conduction band 

2LnC; * 6H O 2 2Ln(OHJ, 4 2C-H. 4 H; 
d CGH, +H CH, —S CH, 

At elevated temperatures the metals also react with N P As Sband Bi 
giving LnN etc The latter is hydrolysed by water in a similar way to AIN 

LnN + 3H O— Ln(OH), + NH; 
A wide variety of oxosalts are known including nitrates carbonates 

oxalates sulphates phosphates and also salts of strongly oxidizing tons 
such as perchlorates 

OXIDATION STATE (4-1V) 

The oniy (FTIV) lanthanide which exists mn solution ind has any aqueous 
chermstry 1s Ce** Hus rare to find 4+ 10ns in solution The high charge 
on the ron leads to tt being heavily hydrated and except in strongly acidic 
solutions the hydrated Ce** is hydrolysed giving polymenc species and 

H* Ce(+1¥V) sotutions are widely used as an oxidizing agent in volumetrie 

analysis instead of KMnO, and K Cr O, In classical analysis burettes 

containing Ce** must be washed with acid since washing with water gives 
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the hydrated ion. Aqueous cerium(IV) solutions can be prepared by 
oxidizing a Ce** solution with a very strong oxidizing agent such as 
ammonium peroxodisulphate (NH1)2S,0x. Ce(--IV) is also used in organic 

reactions, for example the oxidation of alcohols, aldehydes and ketones at 

the a-carbon atom. The common compounds are CeO; (white when pure) 
and CeO,-(H,O),, (a yellow gelatinous precipitate). CeO, can be ob- 

tained by heating the metal, or Ce(OH); or CeJ" (oxalate),, in air. CeO; 
has a fluorite type of structure. It is insoluble in acids and alkalis, but 
dissolves if reduced. giving Ce** solutions. 

| Ce + Or > CeO; 
2Ce( OH)4 "T 40> => 2CeQ, = 3H;O0 

Ce;(C504)4 Jg: 20> <> 2CeO; T 6CO; 

Ce(SO,). (formerly called ceric sulphate) is well known and is yellow 
like K,CrO,. CeF, is obtained from CeF; and F3. It is white, and is 

rapidly hydrolysed by water. It has a three-dimensional crystal structure 
with the metal at the centre of a square antiprism. A number of complexes 
are stable, for example ammonium cerium(IV) nitrate (NH4)2[Ce(NO3)6]. 
Thé crystal strücture is unusual and contains bidentate NO; groups. The 
Ce atom has a coordination number of 12, and the shape is an icosahedron. 
This structure is stable even in solution. Two of the NO; ions may be 
replaced by phosphine ligands Ph4PO, giving a neutral 10-coordinate 
complex [Ce'Y(NO3).4(Ph3PO))]. 
The other (+IV) compounds are not stable in water and are known 

only as oxides, fluorides and a few fluoro complexes. Thus PrO», PrF4, 

Na.[PrF,], TbOs, TbF;, TbO2. DyF; and Cs3[DyF;] are all known. 
The elements Pr, Nd, Tb and Dy also form (+IV) states. These are 

generally unstable, occur only as solids, and are found as fluorides or 
oxides which may be nonstoichiometric. 

OXIDATION STATE (+11) 
The only ( iced +II) states which have any aqueous chemistry are Sm?*, Eu** 
n z a 

The most stable divalent lanthanide is Eu?*. This is stable in water, but 

the solution is strongly reducing. Eu'SO, can be prepared by electrolysing 
Ew (804), solutions, when the divalent sulphate is precipitated. Eu' Cl 
can be made as a solid by reducing Eu''Cl, with Hp. 

2EuCl; + H, > 2EuCl, + 2HCI 
Aqueous Eu?* 

electrolytically t 
resembles Ca in 

solutions can be reduced by Mg, Zn, zinc amalgam or 

o give Eu?*, EuH, is ionic and similar to CaH;. Eu(ll) 
several ways: 

; The insolubility of the sulphate and carbonate in water. 
| e insolubility of the dichloride in strong HCI. 

€ solubility of the metals in liquid NH3. 
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One major difference between Eu and Ca is that the dihalides EuX; have a 
magnetic moment of 7 9 Bohr magnetons corresponding to seven unpairred 
electrons, whereas Ca compounds are diamagnetic 

The couple Eu?*|Eu?* has a standard reduction potential of —0 41 
volts This ts about the same as for Cr^* [Cr^* , and these are both about the 
strongest reducing agents that do not reduce water 

Yb^* and Sm** can be prepared by electrolytic reduction of their 
trivalent 10ns in aqueous solution However, the Ln^* ions are readily 
oxidized by air These two elements form hydroxides, carbonates, halides, 
sulphates and phosphates 

The states Nd(--H), Pm(--II), Sm(-*- II) and Gd(--II) are only found in 
solid dihalides LnCl; and LnI; These dihalides can be made by reducing 
the trihalide with hydrogen, with the metal, or with sodium amalgam The 

dihalides such as Lal, and NdI, tend to be nonstoichiometric They show 
metallic conduction, and are better represented as La?* + 217 + electron 
A detailed study of the third 10nization energy shows the stability of a 

half filled and completely filled shell The :onization energies also suggest 
that there may alsa be extra stability associated with a three quarters filled 
shell 

SOLUBILITY 

Salts of the lanthanides usually contain water of crystallization Solubility 
depends on the small difference between the lattice energy and the solva 
ton energy, and there is no obvious trend in the group The solubility of 
many of the salts follows the pattern of Group 2 elements Thus the 
chlorides and nitrates are soluble in water and the oxalates carbonates 
and fluorides are almost insoluble Unlike Group 2, however the sulphates 
are soluble Many of the lanthanides form double salts with the corre- 
sponding Group 1 or ammonium salts, e ¢ Na;SO,Ln.(SO,); 8H,O and 
as these double salts crystallize well, they have been used to separate the 
lanthanides from one another 

COLOUR AND SPECTRA 

Many trivalent lanthamide ions are strikingly coloured both in the solid 
state and in aqueous solution The colour seems to depend on the number 
of unpaired f electrons. Elements with (5) f electrons often have a similar 
colour to those with (14 — n) f electrons. (See Table 29 6 ) However the 
elements in other valency states do not all have colours similar to their 
isoelectromic 3+ counterparts (Table 29 7) 

Colour arises because light of a particular wavelength 1s absorbed in the 
visible region The wavelength absorbed corresponds to the energy re 

quired to promote an electron to a higher energy level In the lanthanides 
spin orbit coupling is more important than crystal field splitting In the 
spectra of transition metals, crystal field splitting 1s of major importance 
All but one of the lanthanide ions show absorptions in the visible or near 
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Table 29.6 Colour of Lr?* ions 

Number Colour Number Colour of 4f of 4f 
electrons electrons 

La’? 0 Colourless Lu?* 14 Colourless Ce^* 1 Colourless Yo” 13 Colourless prt 2 Green Tm" 12 Pale green Nd^* 3 Lilac Er 11 Pink Pm?* 4 Pink Ho^* 10 Pale yellow Sm^* 5 Yellow Dy?* 9 Yellow Eu^* 6 Pale pink Tb^* 8 Pale pink Gd^* 7 Colourless Gd?* 7 Colourless eS 

Table 29.7 Colours of Ln**, Ln?* and their isoelectronic Ln3+ counterparts 

Electronic configuration Isoelectronic M?* 

Ce'* Orange- red 4f? La^* Colourless Sm?* Blood-red 4fó Eu^* Pale pink Eu’* Pale greenish yellow 4f? Gd?* Colourless Yb** Yellow gf's Lu** Colourless 

UV regions of the spectrum. The exception is Lu?* which has a full f shell. 
These colours arise from f—f transitions. Strictly these transitions are 
Laporte forbidden (since the change in the subsidiary quantum number is 
zero). Thus the colours are pale because they depend on relaxation of the 
rule. The f orbitals are deep inside the atom. Thus they are largely shielded 
from environmental factors such as the nature and number of ligands which 
form the complexes, and from vibration of the ligands. Thus the position of 
the absorption band (i.e. the colour) does not change with different 
ligands. Vibration of the ligands changes the external fields. However, this 
only splits the various spectroscopic states by about 100cm !, so the 
absorption bands are unusually sharp. The lanthanides are used for wave- 
length calibration of instruments because of their sharp absorption bands. 
For an f electron the subsidiary quantum number / — 3, so rn may have 
Values 3, 2, 1, 0, —1, —2, —3. Thus a large number of transitions are 
usually possible. This is in marked contrast to the transition elements 
where d-d Spectra give absorption bands whose position changes from 
ligand to ligand, and the width of the peak is greatly broadened because of the vibration of the ligands. It is also possible to get transitions from the 4f to the 5d level. Such transitions give broader peaks and their position is affected by the nature of the ligands. 
Absorption spectra of lanthanide ions are useful both for the qualitative detection and the quantitative estimation of lantnanides. Lanthanide ele- ments are sometimes used as biological tracers ‘for drugs in humans and 

‘nimals. This is because lanthanide elements can quite easily be followed 
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in the body by spectroscopy, because their peaks are narrow and very 
characteristic 

Ce^* and Yb?* are colourless because they do not absorb in the visible 
region However, they show exceptionally strong absorption in the Uv 
region, because of transitions from 4f to 5d. Absorption is very stronp for 
two reasons Since A/ = 1 this is an allowed transition and so gives stronger 

absorption than forbidden f—f transitions. Furthermore promotion of 
electrons in these irons 15 easier than for other ions The electronic con 

figuration of Ce?* 1s f! and Yb"* is f^ Loss of one electron gives the extra 
stability of an empty or half full shell. f-d peaks are broad, in contrast to 
the narrow f—f peaks 

Charge transfer spectra are passible due to the transfer of an electron 
from the ligand to the metal This is more probable if the metal is in a high 

oxidation state or the ligand has reducing properties Charge transfer 
usually produces intense colours The strong yellow colour of Ce** 

solutions arises from charge transfer rather than f—fspectra The blood red 
colour of Sm?* is also due to charge transfer 

MAGNETIC PROPERTIES 

La?* and Ce** have an f" configuration. and Lu?* has an f! configura 
tion These have no unpaired electrons and are diamagnetic All other f 

States contain unpaired electrons and are therefore paramagnetic 
The magnetic moment of transition elements may be calculated from the 

equation 

His 1, 1$ the magnetic moment in Bohr magnetons calculated using both 
the spin and orbital momentum contributions $ is the resultant spin 
quantum number and L is the resultant orbital momentum quantum 
number For the first row transition elements, the orbital contribution :5 

usually quenched out by interaction with the electric fields of the ligands in 
its environment Thus as a first approximation the magnetic moment can 
be calculated using the simple spin only formula (ps 15 the spin. only 
magnetic moment in Bohr magnetons S is the resultant spin quantum 
number and nis the number of unpaired electrons ) 

us = PAS(S + 1} 

us — yn(n -- 2) 

This simple relationship works with La** (f°) and two of the lanthanides 
Gd^* (f^) and Lu?* (f$) 

La?** and Lu?* have no unpaired electrons, n — D and ps = pO(0 + 2) = 0 

Gd?* has seven unpaired electrons n = 7 and 

us = Y7? + 2) = V63 = 7 9BM 

The other lanthanide 10ns do not obey this simple relationship The 4f 
electrons are well shielded from external fields by the overlying 5s and 5p 
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electrons. Thus the magnetic effect of the motion of the electron in its 
orbital is not quenched out. Thus the magnetic moments must be calcu- 
lated taking into account both the magnetic moment from the unpaired 

electron spins and that frem the orbital motion. This also happens with the 

second and third row transition elements. However, the magnetic proper- 

ties of the lanthanides are fundamentally different from those of the 

transition elements. In the lanthanides the spin contribution § and orbital 

contribution L couple together to give a new quantum number J. 

J2L-S wher the shell is less than half full 

and J=L+8S when the shell is more than half full 

The magnetic moment p is calculated in Bohr magnetons (BM) by: 

Hh = gyJU * 1) 

where 

suu S6 D - LU 10) 
Bote 2JU 4 1) 

Figure 29.2 shows the calculated magnetic moments for the lanthanides 
using both the simple spin only formula, and the coupled spin plus orbital 
momentum formula. For most of the elements there is excellent agreement 
between the calculated values using the coupled spin + orbital momentum 
formula and experimental values measured at 300 K. The range of experi- 
mental values are shown as bars. 
The agreement for Eu?* is poor, and that for Sm?" is not very good. The 

reason is that with Eu** the spin orbit coupling constant is only about 
300cm^!. This means that the difference in energy between the ground 

p (Bohr magnetons) 

RJ G3 L5 o eo d Co ce 

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb lu 

Figure 29.5 
values Paramagnetic moments of Ln?' lanthanide ions at 300K. Spin-only 

Pg are 

shown as a broken line, and the spin plus orbital motion as solid lines. 
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Table 29 8 Magnetic moments of La!* and the lanthanide ** 10ns 
a SS SS i SS M e — — 

Element Electronic Magnetic moment 
structure 
of M'* Calculated Observed 

(BM) (BM) 

Lanthanum La [Xe] 4f" 0 0 

Cerrum Ce [xe] 4/! 2 54 23-25 
Praseodymium Pr [xe] 4/7 3 58 14-36 

Neodymium Nd [5e] 4/' 362 315-36 
Promethium Pm [xe] 4^ 2 68 27 
Samarium Sm [xe] 4f° 0 84 15-16 
Europrum Eu [Xe} 4f* 0 34-36 
Gadolinium Gd [Xe] 4/7 7 94 78-80 
Terbium Tb [Xe] 4/" 972 94-96 
Dysprostum Dy [Xe] 4/" 10 63 10 4-10 5 
Holmium Ho [Xe] 4/ 10 60 10 3-10 5 
Erbium Er [Xe] 4/"' 9 57 9 4-96 
Thulium Tm [Xe] 4/* 7 63 71-774 
Ytterbium Yb [Xe] 4/!' 4 50 44-49 
Lutetium Lu [Xe] 4/ ̂ 0 Ü 
— €——————————— —— M ——————————————— Mà: Q— 

state and the next state ss small Thus the energy of thermal motion Is 
sufficient to promote some electrons and partially populate the higher 

state Because of this the magnetic properties are not solely determined by 
the ground state configuration Measuring the magnetic moment at a low 
temperature prevents the population of higher energy levels The magnetic 
moment of Eu** at low temperature ts close to zero as expected (The 
measurement of magnetic moments 1s described tn Chapter 17 
The unusual shape of the spin plus orbita] motion curve arises because of 

Hund’s third rule When the f level is less than half full the spin and orbital 
momenta contributions work in opposition (J — L — S) When the f shiellis 
mote inan hati iul they work topgetner () — L x S) 

LANTHANIDE CONTRACTION 

Covalent and 10nic radu normally 1ncrease on descending a group in the 
periodic table due to the presence of extra filled shells of electrons On 

moving from left to right across a period, the covalent and ionic radu 
decrease This 1s because the extra orbital electrons incompletely shield 
the extra nuclear charge Thus al} the electrons are pulled in closer The 
shielding effect of electrons decreases in the order s > p > d > f The 
contraction in size from one element to another is fairly small However 
the additive effect over the 14 lanthamde elements from Ce to Lu is about 

0 5 À, and this 15 known as the lanthanide contraction 

The hardness, melting points and boiling points of the elements all 
increase from Ce to Lu Thus 1s because the attraction between the atoms 
increases as the size decreases 
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The properties of an ion depend on its size and its charge. The Ln?* 

lanthanide ions change by only a small amount from one element to the 

next (Table 29.9), and their charge is the same, and so their chemical 

properties are very similar. Since Lu?* is the smallest ion it is the most 

heavily hydrated. Though the lanthanides do not form complexes very 

extensively, since Lu?* is the smallest ion the complexes formed by Lu?* 

are the strongest. La?^* and Ce?* are the largest ions so La(OH), and 

Ce(OH); are the strongest bases, 

The lanthanide contraction reduces the radii of the last four elements in 

the series below that for Y in the preceding transition series. Since the size 

of the heavier lanthanide ions, particularly Dy?* and Ho^*, are similar to 
that of Y?* it follows that their chemical properties are also very similar. 
As a result the separation of these elements is very difficult. 

Table 29.9 Ionic radii of Sc?*, Y?* and La?* and the Ln>* ions (A) 

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 
1032 102 0.99 0.983 0.97 0.958 0.947 0.938 0.923 0.912 0901 0.890 0 880 0.868 0.861 

lonic radii depend on how aany electrons are removed. For simplicity, 
the radii of ions with the same charge are compared in Table 29.9. A 
similar change in size across the series is observed if covalent radii are 
compared (Table 29.10). 

Because of this contraction in size across the lanthanide series, the 
elements which follow in the third transition series are considerably smaller 

than would otherwise be expected. The normal size increase Sc —^ Y — La 
disappears after the lanthanides. Thus pairs of elements such as Zr/Hf, 
Nb/Ta and Mo/W are almost identical in size. The close similarity of 

properties in such a pair makes chemical separation very difficult. The SIZES 
of the third row of transition elements are very similar to those of the 
second row of transition elements (see Table 29.10). Thus the second and 
third rows of transition elements resemble each other more closely than do 
the first and second rows. 

Table 29.10 Covalent radii of the transition elements (À) eL LL E E 

n V Cr Mn Fe Co Ni 
44 1,32 1.22 1.17 1.17 1.17 1.16 1.15 — l9 — 12 — 197 — i17 — 17 —166 ^» 

ih at Nb Mo Tc Ru Rh Pd 
is 1.45 1.34 1.29 E 1.24 1.25 1.28 

2 + Hi Ta W Re Os Ir Pt 

B [os 1.34 1.30 1.28 1.26 1.26 1.29 
NN LN NE RENNES RENS 

14 Lanthanide elements 
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COMPLEXES 

The tanthanide ions Ln** have a high charge, which favours the formation 
of complexes However, the 10ns are rather large (1 03-0 86 A) compared 

with the transition elements (Cr’* = 0 615A, Fe** = 055A (low spin)) 
and consequently they do not form complexes very readily Complexes 
with amines are not formed in aqueous solution because water Js a stronger 
ligand than the amine However, amine complexes can be made in non 
aqueous solvents Very few stable complexes are formed with CO CN™ 
and organometallic groups This isin contrast to the transition metals The 
difference arises because the 4f orbitals are well shtelded and are ‘inside 
the atom’ Thus they cannot rake part in z back bonding, whereas in the 
transition elements the d orbitals are involved in x bonding. The most 
common and stable complexes are those with chelating oxygen ligands such 
as citric acid, oxalic acid, EDTA* and acetylacetone These complexes 

frequently have high and variable coordination numbers, and water or 
solvent molecules are often attached to the central meta] [--Diketone 
complexes of Eu** and Pr'* dissolved in organic solvents are used as 
lanthanide shift reagents in nmr spectroscopy 

Coordination numbers below 6 are uncommon and occur only with 
bulky ligands such as (2 6 dimethylpheny!)~ and [N(SiMe,)]~_ In contrast 
to the transition elements the coordination number 6s nat common The 
most common coordination numbers are 7 § and 9 and these give a variety 
of sterebchemistries Coordination numbers 10 and 12 occur with the 
larger (hghter) lanthamdes and small chelating ligands NO} and soy 
(Table 29 11) 
Complexes with monodentate oxygen ligands are much less stable than 

the chelates, and tend to dissociate in aqueous solution There are hardly 
any complexes with nitrogen donor hgands except ethylenediamine and 
NCS”, and these are decomposed by water Fluoride complexes LnFiag 
are formed particularly by the smaller ions but chloride complexes are ndt 
formed ın aqueous medta ar concentrated HCL Tius ts an wmhartant dis- 
tinction between the lanthanide and actinide groups 

Ce** 1s smaller and more highly charged, and [(Ce{NO,),]?~ Is formed in 
the non aqueous solvent N;O,, and is 12 coordinate. Each NO uses tw 
oxygen atoms to coordinate to the metal 

The tanthanides form no complexes with x bonding ligands, and the lack 
of x bonding 1s attributed to the unavailabilty of the f orbitals for bonding 

It 1s difficult to explain the bonding in complexes with high coordination 
numbers If one s orbital, three p orbitals and all sıx d orbitals IN the 
valency shell are used for bonding this accounts for a maximum coordina 
tron number of 9 The higher coordination numbers of 10 and 12 presenta 
problem They imply e:ther participation of f orbitals in bonding, of bond 
orders of less than one 

There are few organic compounds of the lanthanides Alkyls and aryls 
can be made with lithium reagents in ether solution 

LnCl, + 3LiR -» LnR, + 3LiCt 
LaR, + LiR + LifLnR,] and [LaMes} 
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Table 29.11 Some lanthanide complexes 

Coordination Complex Shape 

number 

4 [Lu(2.6-dimethylphenyl);]" Tetrahedral 
6 [Ce'YCI,}°7 Octahedral 
6 [Er(NCS),] Octahedral 
7 [Y(acetylacetone),H2O] Mono-capped trigonal prism 
g [Lafacetylacetone)(H:0);] Square antiprism 
g [Ce' (acetylacetone);] Square antiprism 
8 [Eu(acetylacetone); Square antiprism 

(phenanthroline)] 
8 |Ho(tropolonate),]^ Dodecahedral 
9 INd(H;O),]* Tri-capped trigonal prism 
10 [Ce "(NO43),(PhiPO);] Complex 

(each NO; is bidentate) 
12 [Ce' «(NO ]^7 Icosahedral 

(each NO; ts bidentate) 

Cyclopentadieny! compounds — [Ln(CsHs);]. [Ln(CsHs)2Cl] and 

{[Ln(C;Hs)Cl,] are known but are sensitive to water and air. 
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PROBLEMS 

1 Name the lanthanide elements in the correct order, and give their 
chemical symbols and electronic structures 

2 In what way are the observed oxidation states of the lanthanides related 
to their electronic structures? 

3 Why is it difficult to separate compounds of the lanthanide elements? 
What methods have been used, and which of these is still used" 

4 What is the lanthamde contraction, 3nd what are it5 consequences? 

5 In what ways does the filling of the 4f energy level affect the rest of the 
periodic table? 

6 Contrast the electronic spectra of the lanthamde and transition metal 
ions Why do the lanthamde 10ns give rise to very sharp bands in their 
electronic spectra, and why are the magnetic properties of their com- 

plexes little affected by the nature of the ligands? 

7 Compare the coordination numbers and stereochemistries commonly 
found in lanthanide complexes with those commonly found in transition 
metal complexes 

8 Work out the number of unpaired electrons in the ground state of the 
following 10ns 

La?^*, Ce**. Lut, Yb^*. Gd^*, Eu?*, Th*t 



The actinides 

Table 30.1 The elements and their oxidation states ——————————————————————— MÀ 
Atomic Element Symbol Outer electronic Oxidation states* 
number structure 

eee LLL 
89 Actinium Ac 6d! 7s? Iit eee 
90 Thorium Th 6d? 7s? III IV 
9] Protactinium Pa 5f? 6d! 7s? III IV V 
92 Uranium U Sf? 6d! 7s? HI IV V VI 
93 Neptunium Np Sf^ Gd! 7s? HI IV V VI VI 
94 .Plutonium Pu sf Ts? III IV V VI VII 
95 Americium Am sf? 7s? II II IV V VI 96 Curium Cm 5f? 6d' 7s? III IV 
97 Berkelium Bk Sf? 78 HI IV 
98 Californium Cf 5f" — 7s H HI 
99 Einsteinium Es SF 0s II III 
100 Fermium Fm 5f? 7g II III 101 Mendelevium Md Spe Jy I! IH 
102 Nobelium No Ss II III 
103 Lawrencium Lr Sf'* 6d! 7s? Ii 

—Ó ÀÁ € i À à 

104 Rutherfordium Rf 4f'* 6d? 7s? 

The most important oxidation states (generally the most abundant and stable) are shown in bold. Other well-characterized but less important states are shown In normal type, 

ZUM STRUCTURE AND POSITION IN THE PERIODIC 

Examination of the preceding elements in the periodic table shows that francium Fr and radium Ra belong to Groups 1 and 2 and their outermost electrons must be in 7; orbitals. The next element actinium Ac begins to fill 
the penultimate d shell (—6d'7s"). It has properties typical of the Sc, Y, La 
ld analogy with what happened after La, it might be expected that 
ea ollowing 14 elements electrons would enter the 5f shell and form a 

imner transition series, The next 14 elements from atomic number 
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90 thorium to atomic number 103 lawrencium are called the actinide 
elements However, the electronic structures of the actinides do not follow 

the simple pattern found in the lanthanides 
Immediately after La the 4f orbitals become apprectably lower in energy 

than the Sd orbitals Thus in the lanthanides the electrons fill the Af orbitals 
in a regular way (apart from minor differences where it 1s possible to attain 

a half filled shell) It might have been expected that after Ac the 5f orbitals 
would become lower in energy than the 6d orbitals However, for the first 
four actintde elements Th, Pa U and Np the difference in energy between 
5f and 6d orbitals is small. Thus in these elements {and their ions) electrons 
may occupy the 5f or the 6d levels, or sometimes both Later in the actinide 
series the 5f orbitals do become appreciably lower tn energy Thus from Pu 
onwards the 5f shell filis in a regular way and the elements become very 
similar 

Before 1940 the only actinides known were Th Pa and U These 
elements were (wrongly) thought to be part of the dseries The reasons for 
this were some chemical similarity with groups of transition metals Ti, Zr 
Hf Th? and Cr, Mo W WU? The increase in the number of 
oxidation states formed by the elements Ac, Th. Pa and U i5 reminiscent of 
the inverted pyramid of oxidation states obtained with the d-block 
elements (see Table 17 2) Also the increased stability of the higher states 
follows the same pattern as found in the d block This 1s in contrast to the 
almost uniform (+1]]) oxidation state of the janthamdes U 1s the heaviest 
naturally occurring element As a result of work on the utomic bomb 
during World War 1], and of later work on atomic energy al least 12 more 
elements have been made artificially Since these man-made elements have 
atomic numbers higher than gU they are sometimes called the trans 
uranium elements 

However, as the transuranium elements were discovered and studied it 

became apparent that they were f-block elements from 

|. the sharpness of the lines in their UV visible spectra 
2 magnetic studies 
J the increasing importance of the (4- III) oxidation state 

It is now generally accepted that the actinides are a second inner transition 

Series, beginning with thorum and ending with lawrencium 

The lanthanide and actinide elements may be compared (Table 30 2) 

Table 39.2 The lanthanide and actinide elements 

Transition 
elements Lanthanides 

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 
Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lt 

Actinides 



OXIDATION STATES 

There are many similarities between the lanthanides and the later 
actinides. Cm closely resembles Gd, and both have the electronic con- 
figuration f’, d’, s°. The elution of Am, Cm, Bk and Cf from an ion- 
exchange column exactly parallels that of the lanthanides Eu, Gd, Tb and 
Dy. The melting points and densities of the actinide elements do not fit 
with the values for the d-block (see Appendices II and II). 
The elements Pa, U, Np, Pu and Cm have very sharp lines in their 

absorption spectra. This is a characteristic feature of f—f spectra. Spectral 

lines from the actinides are about ten times as intense as those from the 
lanthanides. If there is only one f electron present there will be only one 

peak in the spectrum, and therefore it will be easy to interpret. Usually the 
spectra are Very complex, and are very difficult to interpret. The magnetic 

properties of the actinides are also difficult to interpret. 
Whether the elements possess any d electrons in their ground state 

configuration is of little practical importance. In the most common 
oxidation state (+111) the two s electrons and the d electron (if present), 
will be removed. The energies of the 5f and 6d orbitals are very close. The 
bond energy is greater than the promotion energy 5f — 6d. The 7s and 7p 
orbitals are of comparable energy. Thus the levels occupied by electrons 
may change depending on the nature of the ligands, or between the solid 
state and a solution. It is often impossible to say which orbitals are being 
used. 

The 5f orbitals extend into space beyond the 6s and 6p orbitals and 
participate in bonding. This is in direct contrast to the lanthanides where 
the 4f orbitals are buried deep inside thé atom, totally shielded by outer 

orbitals and thus unable to take part in bonding. The participation of the 5f 
orbitals explains the higher oxidation states shown by the earlier actinide 
elements. The greater extension of the 5f orbitals compared with the 4f is 
shown by the difference in electron resonance spectra, of Nd?* and U^* 
ions in CaF; or SrF;. Both ions have an f? ground state (spectroscopic term 
symbol ^Ig; — see Chapter 29). The U?* signal shows hyperfine structure 
caused by interactiori with fluorine nuclei, whilst Nd^* ions do not. 

OXIDATION STATES 

The known oxidation states of the elements are shown in Table 30.1. 

The (+H) state is quite rare. Am?* has an f configuration. It is the 
analogue of Eu’* in the lanthanides, but it only exists in the solid as the 
fluoride. In contrast Cf^*, Es?*, Fm?*, Md?* and No?* exist as ions in 
solution. Their properties are like the Group 2 metals, particularly Ba^. 
Ít is the most stable oxidation state for No. and corresponds to an I^ 
arrangement, 
The actinides all have an oxidation state of (+III), like the lanthanides. 
owever, this is not always the most stable oxidation state in the actinides. 

(+I) is not the most stable oxidation state for the first four elements Th, 
Pa, U and Np. For example, U?* is readily oxidized in air, and in solution. 
The (+I) state is the most stable state for the later elements sAm —> 



1o3LW (excluding 4,02No) Their properties are similar to those of the 
lanthanides 

The most stable oxidation states for the first four elements are Th (+1V), 
Pa (+V)} and U (4+ VI) These high oxidation states involve using all the 
outer electrons (including f electrons} for bonding Though Npn(* Vil) 
exists, 1t 1s oxidizing and the most stable state 15 (-- V) Pu shows all the 
oxidation states from (-- IH) to (4 VIT), but the most stable is Pu(IV) Am 
has a range of oxidation states from (+I) to (+VII) However, for Am and 
almost alf the remaining elements the (-- TII) state is the most stabfe 

The (--1V) state exists for all the elements from Th to Bk, and it is 

the most important state for Th and Pu. M'* ions are known in acid 
solution, and are precipitated by F_ , POY” and JO; 1ons The elements al) 
form solid dioxides MO; and fluorides MF; 

The (+V) state occurs for the elements oí Pa — osAm, and It 1s the most 
stable state for Pa and Np. A few solid compounds are known M** ions do 
not occur in solution, but MOs ions exist between pl 2-4, and these 
oxorons are linear [O—M-—O]|* These ions disproportionate rapidly in 
solution, but are found in solid compounds 

(+¥) (+1¥) (YD 

2UOf + 4H* 5 U** * UO;* + 2H,0 

The (-- VI) state exists as fluorides MF, for the elements U, Np Pu and 
Am The (--VI) state is more widelv found as the dioxo 10n MQ3* This 
ion ts linear [O—M-—O]**, and is stable It exists both in solution and in 
crystals The crystal structure of uranyl mtrate UO;(NO3);(H 0); consists 
of the linear (O—U—O)}** 10n surrounded by two NOZ groups and two 
H,O molecules The NO, groups are bidentate, so two Ò atoms from each 
NO; bond to the U O atoms from the two H,O atoms ako bond to U, 
giving a coordination number of 8. Similarly in the crystal structure of 
sodium uranyl acetate Na[UO.(CH,COO),] the acetate groups are 
bidentate using both O atoms, so U ts eight coordinate 

The lower oxidation states tend to be iome. and the higher ones 
covalent M**, M‘* and M** ions are all Known Hydrolysis of these tons 
occurs quite readily, but can be suppressed by using acid solutions Perch- 
loric actd 1s often the most surtable as tt has little tendency to form com 
plexes Hydrolysis of compounds in the higher oxidation states give (V) 
— MOT ions and (-- VI) -» MO?* ions 

OCCURRENCE AND PREPARATION OF THE ELEMENTS 

All the elements after g2Pb, that is from g4Bi onwards, have unstable nucle: 

and undergo radioactive decay The elements up to and including o2V 
occur iri náture and have been known for a long time. Even though they 
undergo radioactive decay, Th and U are by no means rare. They make up 
8 1 ppm and 2 3 ppm of the earth's crust respectively The fact that Th and 
U occur at all on the earth is because the isotopes *35Th, ?223U and ^53U 
have half hives sufficiently Jong for some to have remained since the earth 
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was formed (ty for 7g8U is 4.5 x 10° years, and tix for 233U is 7.04 x 10° 
years). The elements following U have shorter half lives, and any present 

when the earth was formed has already decayed. 

If the elements are significantly radioactive they must be handled with 

care. The later actinides have very short half lives (often a few minutes or 

less). Thus it is not possible to get high concentrations, or perform any- 

thing other than quick tracer experiments. Studying some of the elements 

is complicated because the radiation decomposes water into H and OH 

radicals. These radicals may reduce higher oxidation states such as 

Pu(-- VI), Pu(- V), Am(+VI), Am(+V) and Am(+IV). 

The radioactivity produces self-heating. Ten grams of 23Pu generates 

0.02 watts of heat. This cannot be used as a large scale power source since 

this isotope is fissile and thus undergoes nuclear fission. (The critical mass 
of ??Pu is only about 1 kg.) The heat may decompose some compounds. It 
also prevents accurate structure determination by X-ray diffraction, since 
the atoms have an unusually high degree of thermal motion. The 
production of heat in this way by some of the actinides is used in light- 
weight power sources. For example, the heat is used to produce electricity 
with a thermopile in heart ‘pace-makers’. They were used in the first moon 
probes, the Apollo space mission and in satellites. The isotopes 733Pu and 
*2Cm are used for this purpose. They are a emitters, and very little 
shielding is required as a particles are easily stopped by surrounding 
material, *g:Am has also been used, but it emits y rays in addition to a 
rays, and thus requires extensive shielding. 
Up to 10% Th is found in Monazite sand, mixed with the lanthanides as 

(ThLn)PO,. It is also found as the ore thorite ThSiO,. U is mined as the 
ore pitchblende UO;. Very small amounts of Ac, Pa, Np and Pu have been 

detected in these ores. These four elements are only available by synthetic 
toutes. Plutonium is formed in large amounts by irradiating uranium fuel 
in nuclear reactors. This is important because plutonium is fissile, and can 
be used for military purposes (to make atomic weapons) and also as a fuel 
for nuclear generating stations to make electricity. 
The chemistry of Th and U resembles that of the Ti and Cr groups of 

transition metals in several respects. The elements with higher atomic 
numbers than U are called the transuranium elements. These have all been 
produced artificially in the period since 1940. These elements were pro- 
duced using a nuclear reactor to irradiate suitable elements with neutrons. 
They are also made using an accelerator to bombard a sample with a 
particles (He nuclei), or the nuclei of light atoms such as C,B,N, OorNe. 
Most of the transuranium elements were discovered (first made) at the 
University of California. 

PREPARATION OF THE ACTINIDES 

The early members of the series are usuall 
which are usually followed by 
bombardment of U in a cvcl 

are y formed by (n,y) reactions 
P emission. They were first made in 1940 by 
otron at Berkeley. They are now obtained 
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from spent U fuel rods Though the main reaction im a reactor is fission of 
73U into two smaller nucle: with the release of a lot of energy, several 
secondary reactions occur The U fuel rod is irradiated with slow neutrons 
(of energy 1MeV) A neutron may be captured by the nucleus in a (n x) 
reaction The neutron increases the mass number of the nucleus by one 
and some energy 18 released as y radiation Further neutrons may be 
added in a similar way Addition of neutrons increases the neutron to 
proton ratio (the n/p ratio) This eventually makes the nucieus unstable 
because it contains too many neutrons The nuclet decay by converting a 
neutron into a proton and a p particle (electron) This reduces the n/p 
ratio and also increases the atomic number by one Thus a new element is 
formed, one place to the right in the periodic table of the original elernent 
(see Chapter 31, under Stability and the ratio of neutrons and protons) 

When the fuel rod i$ eventually removed from the reactor, it 15 processed 
and the new elements can be recovered There 15 not much use for Np so 
normally only Pu is recovered. (Pu is useful both as a nuclear fuel, and for 
weapons ) 

15 21 p 2BU 4 4n — 28U + dn > ZU "UND 
t 51 days 

21s i 21) B 210 ft 
mU + gh — yat g1Np ———— Pu 

4, 233mm fy 2 Vduys 

The yield of the heavier elements is controlled by two factors 

] The half lives of the various rsotopes 
2 Bytheir ability to absorb neutrons that 1s their neutron cross section 

Isotapes of elements after Pu can be made by a succession of {1,4} 
reactions Starting with Pu in a nuclear reactor 

Wy. (OY) 24395,, Ut Y). 2a) p 
?54Pu ——, “Pu ET u ————— tAm 

Aye U3 2 years 

The stepwise addition of slow neutrons is tedious A quicker method i5 
to subject the sample to a very high flux or density of fast neutrons, without 
allowing time for the intermediate products to decay This happened 
during the hydrogen bomb explosions when elements g9Es einstemium and 

jooPm fermirum were formed As yet this does not provide a convenient and 
practicable synthetic. route! [n reactor fuel elements SU adds a fast 
neutron and then loses two neutrons 

1, & 7 days 

An alternative method ts to bombard the sample with small rons These 
must have sufficient energy to avercome the coulombic repulsion between 

the ton and the heavy nucleus These ions are given a high kinetic energy Of 
motion by accelerating them to a great speed in a linear accelerator, or mà 
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Table 30.3 The main isotopes and their sources 

Atomic ` Element Main Half life Source 

number isotopes 

Z 
n 
eT 

i ny 22 227 

89 Actinium 2 AC 21.7 years Natural Ra —= 72’Ra gi? jAc 

90 Thorium oo Th 1.4 x 10 years Naturally occurring ores 
9] Protactinium 3iPa 3.3 x 10! years Natural (0.1 ppm in U ores) and from 2U fuel 

elements 

92 Uranium s x 10° years Natural (0.7% abundance in U ores) 7.1 
S] 4.5x10° years Natural (99.3% abundance in U ores) 

93 Neptunium 27Np 2.2x 10°years Formed from U fuel elements 
3 n n ^ 
aU e zy D RIU "ND 6.7 d 

^93U (n, 2n) 
94 Plutonium Pu 86.4 years Several isotopes are formed in fuel elements 

SINp He ny 238Np = a 238Py 

^?Pu 2.4x 105 years. — ̂ 45U YU te p Np ear Pu 23 min 

%42 Pu 3.8 x 10° years — ̂ Pu three (ny), opu 
“Py 8.2x 10’ years — "Pu five (ny), 244, 

two (ny) 

95 Americium "lAm ——433years AU X 2 Pu mE Am 

"Am 7.7X 10° years — "Pu four (nY) zapu Be Am 
n 

tAm Y) 22 Am 

16.0 h 

96 Curium *2Cm 162 days *9aPu = 9CM 

““Cm 17.6 years "Pu Jour (ny), spy D Am — 

sAm 26 min ‘Cm 

97 Berkehum “Bh 314 days | 249 
d: Catonnium XC 2 UA Intense and prolonged neutron bombardment of 
99 Einsteini E 250 days *JPu in nuclear reactors 

100 Fermium “em 4.5 days 
01 Mendelevium “Md 1.5 hours Bombardment of 7Cf with He^ followed by i 
102 Nobelium : QNO 3 seconds Bombardment of ^Cm with C^* 
103 Lawrencium SE 8 seconds Bombardment of ?“Cf with B** 
104 Rutherfordium — ?"!Rf Approx. 70 

seconds 
— ——— M——— reper erent €— À— a Ü—— 
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cyclotron The simplest ion used 1s the a particle (that ts a He nucleus) 
These increase the mass number by four and the atomic number by mo 

sfPu + $He —> 78Cm 
Often the addition of the helium nucleus upsets the ratio of neutrons to 
protons (see Chapter 31), and one or more neutrons are emitted The 
equations for nuclear reactions may esther be written showing all the 
particles in the equation, e g 

2)jPu t 2He — ?$!Cm 4 2(in) 

or in a shorthand way with the particles added and lost shown in brackets 

(a 2n) 
Pu ——— Cm 

(a n) 
Am —— EBk 

ta 2n) ^" 

"Cm ——» ^Cf 

(a Zn) 

Cf mod toyFm 

(a n) 
Es ———— 776Md 

The heaviest elements were obtained by bombarding the sample with 
accelerated 1ons B^*, C?*. N7?* or O** 

(QU + SN + AEs + 3(hn) 

"BU £O TaFm 4 4(dn) 
sem + C — T$No - 4(4n) 

"Ct UB ML + 6(hn) 

The sources, halt lives and mass numbers of the most accessible isotopes 
are given in Table 30 3 

Other isotopes are known, and some have long half lives. "Bk is only 
prepared with difficulty by 10n bombardment in an accelerator, but it has a 
half life of about 7000 years 
The quantities of these elements which are available are given im Table 

30 4 The elements above atomic number 100 fermium exist only as short 
lived species, and only minute quantities (a few atoms) have been 
prepared The most stable isotopes are 73*Md = 53 days, #3No = 18° 
seconds, jisLr = 45 seconds and IRF = approx 70 seconds 

GENERAL PROPERTIES 

Some properties of the elements are given in Table 30.5 The elements af 
all silvery metals Their melting points are moderately, high but are 
considerably lower than those for the transition elements. The size of the 
rons decreases regularly along the series, because the extra charge on the 
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Table 30.4 Availability of various isotopes 

Tonnes Kilograms 100 grams Milligrams Micrograms 
iai ire esse iie orici mta 

ee ee ee
e RIPE I T E 

227TH 27Np 231 Pa 244 Pu 257Em 

2381 J 29pu 238py Bk 

242p 242 u Cm 
241 Am Cf 

23Am Eg 
MiCm 254. 

Table 30.5 Some properties of the actinides 

m.p. b.p. Density Radius . Radius 

(°C) (°C) (gcm7?) M?* (À) M** (À) 
puc ME LN LL os LU ALL a 
AC 817 2470 _ 1.12 = 

a ee ce 
Th 1750 4850 11.8 (1.08) 0.94 
Pa 1552 4227 15.4 1.04 0.90 

U 1130 3930 19, } 1.025 0.89 

Np 640 5235 20.5 1.01 0.87 
Pu 640 (3230) 19.9 1.00 0.86 

Am 1170 2600 13.7 0.975 0.85 

Cm 1340 13.5 0.97 0.85 

Bk 986 14.8 0.96 . 0.83 

Cf (900) - 0.95 0.82 
Es (860 

nucleus is poorly screened by the f electrons. This results in an 'actinide 
contraction’ similar to the lanthanide contraction. Comparison of the M^* 
ionic radii with whose for lanthanides (Table 29.9) shows that the actinide 
and lanthanide ions are very similar in size. Hence their chemical 
properties are alike. However, the actinides have much higher densities 
and a much greater tendency to form complexes. 

The actinides are reactive metals like lanthanum and the lanthanides. 
They react with hot water, and tarnish in air, forming an oxide coating. In 
the case of Th this coating is protective, but this is not so with the others. 
The metals react readily with HCl, but reaction with other acids is slower 
than expected. Concentrated HNO, passivates Th, U and Pu. The metals 
are basic and do not react with NaOH. They react with oxygen, the 
halogens and with hydrogen. Tire hydrides are nonstoichiometric and have 
ideal formulae MH; or MH}. 
The metals are usually obtained by electrolysis of fused salts, or by 

reducing the halides with Ca at high temperatures. 

THORIUM 

uae ee by no means rare. It comprises 8.1 ppm of the earth’s crust and 
is the thirty-ninth most abundant element. The main source is monazite 
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sand in which it occurs up to 10% as the phosphate mixed with phosphates 
of the lanthanides Thorium is also found as ur inothornite (à mixed silicate 
of Th and U) in the Sudbury ores (Canida) Mon izte is treated with 
NaOH The insoluble hydroxides are filtered off and dissolved in HCI The 
pH is adjusted to 6 when the hydroxides of Th(IV) U(IV) ind Ce(IV) are 
precipitated This separates them from the trivalent lanthanides The 
hydroxide precipitates are dissolved in 6M HCI and extracted with tr 
butylphosphate ind kerosene If required the metal can be obtained by 
reducing ThO. with Ca. or ThCl, with Cior My These re ictions must be 
carried out under in ttmosphere of argon as This very reactive when hat 

The only stable oxidation státe is Th(-IV) ind the Th** ron 1s known 
both mn the solid ind in solution Th{NO,), 5H O 15 the best known 

salt and it 15 very soluble in. water. In dilute solutions hydrated y qs 
ITh(H O) |* exist and on iddine NaOH . a precipitate of TH(OH) p 
produced The oxide ThO rts formed by heitins the nitrate or by he ut ne 

the metal in air. The oxide is white and his thc hii hest melting point c f am 
oxide (3220?C) ]t 1s unreactive except that it dissolves in a mixture of 

HNO, and HF The other actinide oxides are also refractory 

Anhydrous hal! des Thy are formed by direct reaction They are also 
formed by strongly heating the oxide with the appropriate halogen acid of 
heating the oxide with CCI, it 600°C The halides ire high melting and 

white On strong heating Thl, decomposes to the elements This has been 
used to purify the metal by the van Arkel method (sce Chapter 6 under 
Thermal decomposttion methods of extraction ) The halides hydrolyse in 
Moist air giving oxohabdes ThOX — The white colour of Th(IV) com 
pounds is associated with the absence of d or f electrons The high charge 
of Tht favours the formation of complexes These often have high 
coordination numbers and uncommon structures (Table 30 6) 

Table M) 6 Some h gh coordination numbers 

Coord nat on number Shape 

Ki[Th{oxalate,] 4H O 8 Square antiprism 
(NHjA[ThF.,] 9 Tr capped tr gonal pnsm (ThFy) 

sharing twoedge log te 
infinite cha ns 

Mg[TH(NO jal I? Icosahedral The NO. groups 
are hidentate 

Th(IIl) compounds are rare and are only found as solids Thi, and 

ThOF have been made but they react with water forming Th(/V) and 

liberating hydrogen Thi, and ThE can be made 

2Thl,  Th-—— 2Thl, + Thi 

Th] i a gold coloured solid and 1s a good electrical conductor These 

lower valent compounds all have some metall e. conduction Th] i5 
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probably Th?*.21^ and 2 electrons in a conduction band. ThI, is probably 

Th**. 317 and an electron in a conduction band. ThS has also been made. 

About 500 tonnes of thorium compounds are produced annually. The 

two industrial uses are as follows: 

1. When thorium dioxide containing 1% cerium is heated in a gas flame 

it emits a brilliant white light. Because of this it was widely used for 

making incandescent gas mantles. At one time gas lighting provided the 

main source of artificial light. (Electric light bulbs and fluorescent tubes 

have largely replaced gas lighting except for mobile use, e.g. in 

caravans. However, making gas mantles still accounts for half the Th 

produced.) 
2. Naturally occurring thorium is almost entirely ^?Th. This isotope is 

not fissionable, but if irradiated in the outer part of a nuclear reactor, 
233U) is formed. 

ny p 233 p 3 eT hi-—> *$Ih——5'WPa-——2»43U 
22 min 27 days 

This isotope of uranium does not occur in nature, and has a half life of 
1.6 x 10° years. It is fissionable. Since more reactor fuel is produced 
than is consumed by the reactor it 1s important as the basis of ‘breeder- 
reactors’. 

PROTACTINIUM 

Traces of Pa (about 0.1 ppm of ?'Pa) are found in the uranium ore 
pitchblende UO;. The Pa is formed as a decay product of ??U in the 
actinium decay series (see Chapter 31). It also occurs in the neptunium and 
uranium natural decay series. It is difficult to isolate Pa from minerals. It is 
usually prepared artificially either from Th by the reaction given above, or 
obtained as **!Pa from processing spent uranium fuel elements removed 
from nuclear reactors. 

The study of protactinium is a story of scientific cooperation which is 
rarely encountered. The chemistry of this element was almost unknown 
until 1960 when A.G. Maddock and a team at the UK Atomic Energy 
Authority extracted 130g of the element from over 50 tonnes of waste from 
the extraction of U. They sent samples to major laboratories throughout 
the world. This rapidly produced most of the information on this element. 

The chemistry of Pa is particularly difficult to study because the 
compounds hydrolyse readily. In addition the ions polymerize forming 
colloidal precipitates in water and most acids. These ‘precipitate’ are 
adsorbed on to the vessel walls or onto other precipitates. Colloidal pre- 
cipitates are not lormed when Pa is handled in fluoride solutions, because It 
forms fluoride complexes. 

Pa can be extracted from s olutions in HCI 
phosphate. It is then precipitate oF D d as PaF,, and reduced to the metal with 
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Ba at 1400°C Pa has been obtained in 100 g quantities The metal ts shiny, 
malleable, and tarnishes 1n arr 

The most stable oxidation state 1s (+V)} Pa2Os ts obtained as a white 

solid by igniting Pa compounds in air. The oxide is weakly acidic as it is 
attacked by fused alkal Heating in a vacuum, or reduction with hydrogen 

at 1500°C, gives a black nonstoichiometric phase PaO; 4 and eventually 
PaO, PaF;can be made by the action of E; on PaF4, or BrF; on Pa;O, It 
is reactive, and can be sublimed. PaCl; and oxohalides PaOX, and PaQ,X 
are also known  Pa(V) complexes with oxalate, citrate, tartrate, sulphate 

and phosphate tons are known, and some unusual fluoride complexes have 
been studied. In Rb[PaF;] the Pa atom is eight coordinate. The complex 
K;[PaF;] contains nine coordinate PaF, groups These form two F bndpes 
to neighbouring groups on either side, giving a chain In Na;[PaF,] the 
PaF} 10n 1s a shightly distorted cube In the (+IV) state, PaO; and the 
halides PaX, are all known, and also oxohalides PaOX, Reduction of 
aqueous Pa(V) solutions with zinc amnalgam or Cr?* gives Pa(IV), but thus 
is readily oxidized by air. Spectra of PaCI, in HCl or HCIO, are similar to 
those for Ce^*(4f!) This suggests that Pa(IV) has a 5f! configuration, and 
is an actinide Pa({IIJ} has been detected polarographically 

URANIUM 

Uranium ores were onginally mined as a source of Ra, which was used for 
radiotherapy treatment of cancer Small amounts of U were (and still are) 
used to produce pale yellow or green coloured glass This glass fluoresces 
under UV light Some uranium oxide 1s used for colourmg ceramics 

The discovery of uranium fission by Otto Hahn in December 1938 
stimulated a very detailed study of nuclear physics and of uranium 
chemistry The liberation of energy by splitting a nucleus was of such 
importance that on 2 August 1939 Albert Einstein. wrote about it to 
Franklin D Roosevelt (the President of the USA) He said ‘Some recent 
work by E Ferm and L Sztlard leads me to expect that the element 
uranium may be turned to a new and important source of energy in the 
mimediate future’ History shows how nght he was 

Enrico Ferm (a refugee from Italy working at the University of 
Chicago) used the fission process to create the first man made nuclear chain 
reaction on 2 December 1942 Hts reactor consisted of a pile of alternate 
layers of fuel (U and UO,) and moderator (graphite) Strips of Cd served 
to absorb neutrons and thus control the chain reaction Ferm used 400 
tonnes of graphite, 50 tonnes of UO» and 6 tonnes of U metal 

This led to the Manhattan Project to make atomic bombs to the 
discovery of the transuranium elements (elements with higher atomic 

numbers than U) and the development of nuclear power Two atomic 

bombs were used against Japan in 1945 Urantum 1s now of great commer 

cial importance as a nuclear fuel In 1989 there were over 120 nuclear 

power plants producing electricity in the USA, and over 400 in the rest of 

the world 
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Occurrence 

Uranium vanadates such as carnotite K,(UO2)2(VO4)2-3H20 constitute 

the chief ore of U. It occurs as a distinctive yellow or green—yellow crust, 

or in sandstones and soft aggregates. U is also mined as oxide ores, the 

most important being uraninite and pitchblende. These are black—brown 

coloured, nonstoichiometric and approximate to UO;. They are often 

oxidized, and gummite is orange—yellow, brown or black and is a mixture 

of weathered U and Th ores. The stoichiometric oxides UO5, U45O, and 

UO, are black—brown, green- black and orange— yellow respectively. U is 

the forty-eighth most abundant element in the earth's crust (2.3 ppm). It is 

more abundant than some *well known' elements such as Ag, Hg, Cd and 

I. World production of U was 34400 tonnes in 1992. This is based on the 

metal content, and is equivalent to 40600 tonnes of U,0 5. The main 
producers of U ores are the Soviet Union 32%, Canada 27%, Niger 9%, 
Australia and Namibia 7% each, France 6%, and the USA and South 
Africa 5% each. Half of the USA production comes from the Grants area 
of New Mexico. 

Extraction 

The extraction processes are complex. Ores are crushed and concentrated 
by physical and chemical means. Ore may contain 0.2% U, so 1 tonne of 
ore yields only 4lbs or under 2kg of U4O,. First the ore is concentrated 
using the very high density of U in flotation methods. Then it is roasted in 
air, and leached with H5SO, (often with an oxidizing agent such as MnO; 
to ensure conversion to U(-- VI)). This is precipitated as sodium diuranate 
Na3U5;O;,, a bright yellow solid called ‘yellowcake’. This dissolves in 

HNO3;, forming uranyl nitrate UO.(NO;)3(H2O),. Uranyl nitrate is 
purified either by adding ammonia to precipitate UO3, or by solvent 
extraction of uranyl nitrate from aqueous solution into tributyl phosphate 
in an inert hydrocarbon diluent. The final steps are conversion to UF, 
followed by reduction of UF, with Ca or Mg to give the metal. 

Nuclear fission 

Naturally occurring uranium contains three isotopes: 99.3% 7U, 0.7% 
~"U and traces of ““U. The isotope 25U is fissile, and if it is irradiated with thermal (slow) neutrons the nucleus breaks up into two smaller nuclei. At least a million times more energy is liberated by this fission than from a 
chemical reaction. The nucleus may split giving several products (see Induced nuclear reactions’, Chapter 31), one such reaction being: 

235 ; aU + on — IBI] 4 SY + 3(gn) + 2 x 10 kJ mol7! energy 

sies neutrons evolved splits another ?*U nucleus then a self- 
: m nuclear chain reaction will be started. This liberates energy at 

stant rate, Since three neutrons are evolved per fission, these could in 
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principle split three further PU nucle: This would liberate even more 
neutrons and start a branched chain reaction This would run out of 
control liberating energy at an ever increasing rate, resulting i an 
explosion 

It is very difficult to start and maintain a chain reaction The neutrons 
produced by the fission are ‘fast neutrons’, and have enerpies of 2 x 10" kJ 
mol"! They tend to escape and are not very effective at causing further 
fission They are much less effective than ‘slow neutrons with an energy of 
about 2hJ mol~' (These are sometimes culled ‘thermal neutrons’, because 
their energy is equivalent to thermal energy attainable at room tempera 
ture ) Two things can be done to increase the chance of a chain reaction 

| The fast neutrons may be slowed down by collision with. atoms of 
hydrogen deuterium or carbon These materials are called moderators 

2 A large enough mass of RU ts needed to ensure that sufficient neutrons 
hit another fissile U nucleus rather than escape Thus there 1s a critical 
mass The size of this depends on the shape of the material and of its 
purity A sphere has the minimum surface area, which minimuzeS the 
chance of neutrons escaping Rods or sheets have a much larger Area 
hence neutrons can escape more easily The chance of neutrons cavstng 
fission increases if the proportion of the fissile isotope 1s increased ‘Thus 
it i5 usual to enrich’ the fuel 

Control rods are used to make sure that the reaction does not get out of 
control The control rods absorb neutrons The rods are lowered int? the 

reactor to absorb neutrons and slow tt down, or are raised out of the 
reactor to allow it to speed up Control rods may be made of boron steel 
cadmium or hafnium 

B + in — ER + Y 

acd + dn — Wicd + y 

Paradoxically chain réactions can only be made to result in an explosion 
with difficulty To get an explosión, conditions must be such that the 

neutron propagation factor is greater than one This means that more than 
one neutron from each fission is effective at causing another fission This '8 
called a branched chain reaction To attain these conditions bomb grade 

fuel is very highly enriched. ft may contain up ta 80% ? ^U There are great 
difficulties tn achieving this magnitude of enrichment: Normally tbe ertcrEy 
liberated melts the radioactive material thus allowing it to spread OUt 
Because of the inéreased surface aréa, more neutrons escape hence the 
chain reaction ceases Only f thé fisslle maternal is prevented from 

spreading out by some form of contamment will a chain reaction result tn 
an explosion The temperatures reached are similar to that of the sun and 
there 18 no casing that will withstand such teinperatures The first aromc 
bomb dropped on Hiroshima used ĦU Two sub critical masses of 
enriched ^" U at opposite ends of a gunbarrel were shot together by à small 
conventional explosion, which held them together long enough for a 

nuclear explosion to occur 



In a nuclear reactor, the neutron propagation factor is very close to one. 

This means that only one neutron from each fission is allowed to cause 

another fission. Thus the release of energy is controlled, and can be used 

for peaceful purposes such as generating electricity. The surplus neutrons 

may escape, or may be absorbed by the neutron absorbing control rods or 

by ***U which is also present in the fuel rods. 
The preparation of enriched U fuels containing large amounts of fissile 

235U is difficult. Fuel is usually enriched to between 2% and 496 of ̂ ?U for 
civil nuclear reactors in power stations. À much higher enrichment is 
required for bombs and reactors for submarines (7076 or 8076). There are 
four methods of separating the isotopes of U: thermal diffusion, gaseous 

diffusion, electromagnetic separation and using a gas centrifuge. Large 
scale separation is now carried out using the different rates of diffusion of 
gaseous SUF, and SUFs (see Chapter 31). The gas centrifuge method 
is increasing in importance. 

UO; d-HP-s UE, UR e) 

U + 3CIF; $ UF, 4 3CIF, 

When 2**U absorbs neutrons it forms the heavier element Pu which is itself 
fissile and can be used as a nuclear fuel. Since a larger quantity of Pu may 
be formed than the quantity of 7°°U that is consumed, the reactor is called 
a fast breeder reactor. 

Chemical properties 

Uranium and the next three elements Np, Pu and Am show oxidation 
states of (+HI), (+IV), (+V) and (+VI). These are similar to each other, 
except that the most stable state drops from U(VI) to Np(V) to Pu(IV) to 
Am(III). In the (—IIT) and (--IV) states the compounds are similar to 
lanthanides. The ions formed in the oxidation states (IH), (IV), (4 V) 
and (+VI) are M°*, M**, MO} and MO3* respectively. Oxidation- 
reduction reactions are rapid between M?* and M^*, or MOF and MO3*, 
as these only involve the transfer of an electron. Oxidation of M^* to 
MO;* is slow because it involves transfer of oxygen. 

Uranium is a reactive metal. Finely divided metal reacts with boiling 
water to give a mixture of UH; and UO). The metal dissolves in acids, and 
reacts with hydrogen, oxygen, the halogens and many elements. 

Hydrides 

Uranium reacts with hydrogen even at room temperature, though the 
. ec * X reaction ts faster at 250°C, giving UH, as a black pyrophoric powder. The 

hydride IS very reactive, and is often more suitable than the metal for 
making other compounds: 
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2UH;  4H.0 — 2UO. - 7H; 
2UH: 4 4Cb. 5 2UCI, 4 3H, 
2UH, + BHE > 2UF, + 7H, 
UH; * 3HCi — UCI, 4 3H; 

Oxides 

The U-O system 15 complicated because there are several stable oxidation 
states, and the compounds are often nonstoichiometric UO, is brown- 
black and occurs in pitchblende U Og 1s greenish black, whilst UQ; Is 
oranpe-yellow Some reactions are given 

UO;(NO; 2H,0 225 yo, £2 vo, 
heat 700°C 

U + Q- —— U0 

All three oxides are basic and dissolve in acids UO, dissolves in HNO; 
forming the yellow uranyl 1on (O—U=O}'* Crystallizing this solution 
gives uranyl nitrate UO;(NO4),(H;0), The number of molecules of water 
of crystallization may be two three or six depending on whether it Is 
crystallized from fuming concentrated or dilute HNO; Crystals of the 
dihydrate have an unusual eight coordinate structure This comprises à 
linear (O=U=Ol]** group perpendicular to a hexagon of six oxygen 
atoms (four from two bidentate NOF groups and two from water 
molecules (Figure 30 1) 

Figure 30 1 Uranyl nitrate dihydrate UD;4(NO4,), 21,0 

Hahdes 

The main uranium halides and thesr colours are listed in Table 307 Some 
of the reactions of the fluomdes are given 
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UF; 

AL O0 C 

UO,— Uf, 225 UF;-— (UFj" and [UF 
F. 400°C HBr 65°C 

UFa 

UF, and UCI, are octahedral but all the other halides are polymeric, and 

have high coordination numbers. The halides are all hydrolysed by water. 

The hexahalides dissolve in strong acid and give the UO3* ion. At higher 
pH values this hydrolyses and polymerizes via hydroxyl bridges, giving: 

NU: O 
>UO 01 von 

O O 
H H 

UF, is obtained as colourless crystals, m.p. 64°C. It is a powerful fluori- 
nating agent. and is rapidly hydrolysed by water. UFs tends to dispro- 
portionate to UF, and UF,. The tetrahalides are the most stable. 

Table 30.7 Halides of uranium 

Oxidation Fluorides: Chlorides Bromides lodides 
State 

Tl UF, green UCI, red UBr; red Uli black 
+1V UF, green UCI, green UBr,brown X Ul, black 
+V UF; white-blue— U.Clj; red- brown 
+VII UF, white UCI, black 

U.Fy black 

UFa black 
U; F>» black 

Aa PA EET EE AR HUE i E Et 
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Except for “33Pu, which is very important as a nuclear fuel and for bombs, 
the other transuranium elements have few uses outside research. *j4Np and 
"wiPu can be extracted in kilogram quantities. and ?3lAm and ?33Am in 
100 g quantities from spent uraiium fuel rods which have been used in a 
nuclear reactor. Their separation is extremely difficult and hazardous. Not 
only are they mixed with highly radioactive fission products, but the 
material IS also fissile. The critical mass for a sphere of Pu metal is about 
IO Kg but in solution less than i kg may be critical. Furthermore. Pu is 
evtremely toxic (a dose of 10 °g may be fatal and smaller doses are 
carcinogenic), Am can be obtained from spent fuel rods. It is produced 
by Intense neutron irradiation of pure Pu at the Oak Ridge National 
Laboratories in Tennessee. 



The reprocessing of nuclear fuel rods is an important new technology 
Piainly, reprocessing ts necessary in breeder reactors to extract the new 
elements produced so that they may be used as fuel Reprocessing is also 
essential in normal thermal reactors This is because some of the fission 
products that are produced absorb neutrons Thus they will stop the chain 
reaction before all the ?°U or “°Pu has been used There are over 30 
different elements produced, including Sr, the second row transition 
elements, I, Xe, Cs, Ba, La and the lanthanides (Many of the isotopes 
formed are radioactive the best known are *’Sr and '“"I ) There are large 
amounts of U and Pu, and small amounts of the other transuramum 
clements 

Fuel rods removed fram a reactor are immersed in water for 100 days 
This keeps them cool while the highly radioactive isotopes with short half 
lives such as 1311 (fiz = 8 days) lose most of their activity 

In the Purex process the fuel rods are dissolved tn 7M HNO, and 
extracted with tributyl phosphate UOS* and Pu( 4- IV) are extracted in the 
same way This leaves the other transuranium elements (mainly Np Am 
and Cm) together with other fission products (mainly second row transition 
elements and lanthanides) in the aqueous solution Careful reduction of 
the UO2*/Pu(--IV) solution with SO;, NH;OH or iron(II)sulphamate 
Fe(NH;SO4); gives Pu(--IIT) This is easily separated from UO?* and U** 
by solvent extraction U 1s precipitated as uranyl nitrate and Pu as the 

oxalate ar fluoride Eventually UO; and PuO, are recovered 
Np, Pu and Am are reactive metals similar to U They dissolve in acids, 

and react with hydrogen, oxygen the halopens and many elements The 
oxidation states (+111) — (-- VI) are present in solution as M** M**, 
MO% and MO* The (VI) state becomes increasingly oxidizing in the 
order U — Np — Pu Am AmO3$" is as strongly oxidizing as KMnO, 
The most stable states are Np(-F V) Pu(--IV) and Am(- III) Very strong 
oxidation of alkaline solutions of NpO$* and PuO2* with ozone or HIO; 
yields the (+ Vil} state which has been isolated a5 Li.j NpO,] and LifPuOg} 
The (+VII) state 15 strongly oxidizing and when actdified it 1s raprdly 
reduced to the (+ VI) state and H,O 1s oxidized to O; 
The most important oxides are the dioxides MO,, but the oxide systems 

may be nonstaichtometric, and contain various solid solutions. The halides 

are similar to those of uranium in structure, properties and preparation A 
list of known compounds is given 1n Table 30 8 

All isotopes of plutonium are important as nuclear fuels 7"Np is 
converted by neutron irradiation ta ~*Pu for use as a power source in 

satellites ^ Am is a valuable laboratory source of a particles 

THE LATER ACTINIDE ELEMENTS 

Much less is known about the later elements curium — einstemmium 

fermium, mendelevium nobelim and lawrenesum This is due ut part to 

their limited availability and partly to their instability Table 30 4 shows 

that only Cm 1s available in macroscopic quantities and mformation on the 

others 1s largely from tracer studies 
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Table 30.8 Halides of neptunium, plutonium and americium ; 
eee 

I NpF, purple- black PuF, purple AmF, pink 

T NpCI. white PuCl, emerald green AmCl, pink 

NpBr, green PuBr; green AmBry, white 

Npl brown Pul, brown Aml, yellow 

+IV NpF, green PuF, brown AmF, tan 

NpCl, red-brown 
NpBr, red-brown 

+VI NpF, brown PuF, red-brown 
re ———ÁÓ——á— Ó————————M

— —À 

Interest in these elements is largely concerned with showing that the 

second half of the actinides resemble the lanthanides quite closely. In spite 

of similarities, the actinides can be separated from the lanthanides quite 

easily, as the actinides form complexes more readily. For example, with 

concentrated HCI the actinides form chloro complexes. If both groups of 

ions are adsorbed on a cation exchange column, the actinides can be eluted 

with concentrated HCI. The actinide ions are separated from each other by 
ion exchange using citrate solutions to elute them. The order in which the 
actinides are eluted shows a close similarity to the order in which the 
lanthanides are eluted. 

The (41II) oxidation state is the most stable for all but one of the 
elements with atomic numbers 96— 103, i.e. Cm, Bk, Cf, Es, Fm, Md, (No) 
and Lw. The exception is No, which is most stable as No(--II). This is 
stable because it has a favourable f'* electronic configuration. 

There is evidence of (+I) states for the elements 98-102, i.e. cali- 
fornium to nobelium. Except for nobelium this state is reducing or strongly 
reducing in nature. Higher oxidation states of Cm(+IV) are found in the 
solid but not in solution with compounds such as CmF, and Rb{CmF,]. 
Bk(+IV) compounds are oxidizing. They exist in both.the solid and in 
solution. and BkKO; and Cs;[BkCI,] have been isolated. Lawrencium exists 
only in the (III) state and resists both oxidation and reduction, again 
illustrating the stability of an f'* electronic arrangement. 
The first three elements curium, berkelium and californium have been 

obtained in milligram quantities. Their chemistry has been studied by 
normal small scale methods, and compounds have been isolated. The 
remaining elements have been studied by radioactive tracer methods, 
ipei ein e E in such minute amounts. In this technique 
ne soni S: buen. clements are precipitated, or form complexes, in 
deo MEE oe of a carrier clement which has similar 

: . thus mendelevium is studied using the lanthanide 
clement europium, and the mendelevium is detected and followed by its 
radioactivity, 

The elements up to 100 fermium 
emitting a particles or B 
increasingly unstable 
halt hfe ot oniy th 

| undergo radioactive decay mainly by 
particles (see Chapter 31). The elements become 

as the atomic number increases, and nobelium has a 
ree seconds (Table 30.3). With these very heavy 
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elements spontaneous nuclear fission becomes the most important method 
of decay ^"Cf could become a valuable neutron source 

FURTHER EXTENSION OF THE PERIODIC TABLE 

The actinide series is complete at element 103 lawrencium Elements 
104-109 have been reported recently and are d block elements There are 
currently two major groups working on producing, superheavy elements 
one in California USA and the other at Dubna ne ic Moscow in the USSR 
By convention the workers who discover 1 new element have the risht to 
name it Element 104 (Ung) was first reported by Russian workers and 
named kurchatovium Ku (after [gor Kurchatov) However their work was 
repeated by American workers who obtained different results and named 
the element rutherfordium Rf (after Ernest Rutherford) It appeirs to 
resemble hafnium in the d block Tracer studies have been carried out. and 
UnqCl, seems to be similar to HfCl;. Element 105 (Unp) provision illy 
named hahnium Ha (after Otto Hahn) seems to resemble tantalum 
UnpCl, and UnpBr, have both been studied Element 105 Unp has 1: half 
life of about I 5 seconds and UnpBr. was observed from only I8 toms 
Both elements 104 and 10> have been made by bombarding actinides with 
the accelerated nucle; of ght atoms For example element 15 was mule 
from caltfornium by won bombardment with '°N nuclet The very short half 
lives of the isotopes and the increasing rmportancc of spontancous fission 
as the mode of decay of the elements with atomic numbers greater than 100 
would suggest that extension of the periodic table to much higher atom e 
numbers 1s not very phkely 

The IUPAC proposed a system for niming elements with Z > 100 

|. The names are derived by using roots for the three digits in thc atom c 
number of the element and adding the ending, sum The roots tor the 
numbers are 

O OOOO o umm 

Ü l 2 3 4 5 fy 7 8 9 

n] un bí! tn quid. pent hx sept oct — enn 
mn aa a o aumŘ‚ĂŐōŐ— M 

2 In certain cases the names are shortened for examph bi ium And tri 

Ium are shortened to bium and trium. and enn nil is shortencd to ennil 

3 The symbol for the element is made up from the first letter» from the 

roots which make up the name The str inge mixture of Litn and Greek 

roots has been chosen to ensure that the «ymbols are all different 

Though the names are written as a complete word in the examples below a 

hyphen has been inserted between euch part of the name to make them 

more understandable These hyphens should be omitted 

Isotopes of the superheavy elements which were known with re sonable 

certainty in. 1989 are hsted ın Fable 30 10 together with therr half [rves 
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Table 30.9 IUPAC nomenclature for the superheavy elements 

Atomic Name Symbol Atomic Name Symbol 

numher number 
E MM 

l 110 un-un-nilium Uun 

101 un-nil-unium Unu iii un-un-unium Uuu 

102 un-nil-bium Unb 112 un-un-bium Uub 

103 un-nil-trium Unt 113 un-un-trium Uut 

104 un-nil-quadium Unq L]4 un-un-quadium Uuq 

105 un-nil-pentium  : Unp 11S un-un-pentium Uup 

106 un-nil-hexium Unh 116, un-un-hexium Uuh 

107 un-nil-septium Uns 117 un-un-septium Uus 

108 un-nil-octium Uno 118 un-un-octium Uuo 

109 un-nil-ennium Une 119 un-un-ennium Uue 

120 un-bi-nilium =~ Ubn 

E 130 wnt Utn 

140 un-quad-nilium Uqn 
150 un-pent-nilium Upn 

Hyphens have been put in the names for clarity. They should be omitted. 

Table 30.10 Superheavy elements and their half lives 

Atomic Name Symbol Halt life 
number 

I4 | un-nil-quadium imUnq 35 or 255 257s 
iUnq 63s 

105 un-nil-pentium wUnp 4s 

msUnp 1.55 

, — WRUnp Ms 
106 un-nil-hexium Unh 180s 

i Unh () 9s or 259264s 

107 un-nil-septium Uns 0.125 

LOR un-nil-octium Uno 2 x 107"s or 2632645 
109 un-nil-ennium iUne 5 x 107°s 
un C c A ————— sii 

Hyphens have been put in the names for clarity. They should be omitted. 

t 

Elements with an even number of protons in the nucleus (even atomic 
number) are usually more stable than their neighbours with odd atomic 
numbers (Harkins’ rule). This means that they are less likely to decay. and 
are more abundant. Also nuclei with both an cven number of protons and 
an even number of neutrons are more likely to be stable. The nucleus has a 
shell structure, with different energv levels, broadly similar to the energy 
levels of extra-nuclear electrons. A nucleus is more stable than average if 
the number of neutrons or protons is 2, 8, 20. 28. 50. 82 or 126. These are 
called *magic numbers’. and can be explained by the shell structure of the 
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nucleus Thus theory also requires the inclusion of numbers 114. 164 and 
184 1n the senes of magic numbers The stability 15 particularly high if both 
the number of protons and the number of neutrons are magic numbers 
Thus "Pb is very stable with 82 protons and 208 — 82 = 126 neutrons 
This suggests that nuclides such as ?7fUuq 77{Uuq and 7!2Ubh might be 
stable enough to exist 

]t is just possible that stable isotopes of the very heavy elements could be 
made but that the preparative techniques have 5o far only succeeded 
in producing unstable isotopes Considerable efforts are being made 
to produce elements 1i4 and 126 which seem to be favourable nuclear 
arrangements The elements up to atomic number 105 have been made by 
bombarding actinides with light nuclei such as He. B. C, N and O. instead 

of continuing to build up the elements gradually in small steps attempts 
are being made 10 make elements beyond Z = 105 by bombarding fartly 
heavy nuclei such as y2Pb or 44Bi with nucle: of medium sized atoms The 
nucleus formed when they fuse is chosen to be close to a magic number 
The newly farmed nucleus will decay emutting various particles and the 

energy of the accelerated particle 1s kept as low as possible to lessen the 
chance of fission There are enormous practical difficulties In addition it is 
extremely expensive to build accelerators capable of imparting sufficient 
energy to the medium weight nucle: prior to bombardment Element 107 
has been made by bombarding *43Bi with accelerated 33Cr 

ABB + ACr -> i07 Uns + 25n 

Element 109 has been reported from the USSR and was made by 
bombarding Bi with accelerated Fe. forming (Une. Only a few atoms 
have been prepared There are islands of stability around Z = 114 which 
Should be lıke tead and around Z = 126 The latter 1s interesting and 
could contain a new series with g electrons 
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PROBLEMS 

l. Name the actinide elements in their correct order, and give their 
chemical symbols. 

. Which actinide isotopes are available (a) in tonnes, (b) in kilograms and 
(c) in gram quantities? 

. Compare and contrast the pyramid of oxidation states found in the first 
row of the transition elements with the oxidation states found in 
lanthanides and in the actinides. 

. What are the main sources of Th and U? How are the metals obtained? 

Describe the methods which have been used to separate the isotopes of 
uranium. Explain the difficulties. 



2; 
6 Give some typical reactions and comment on the structures of +3 and 

- 4 10ns of the actinides 

7 What elements would you expect rutherfordium (atomic number 104) 
and the elements of atomic numbers JUS 106 107 and 112 to resemble? 

® The electronic configurations end postor of the heavier elements w 
the periodic table are controversia! What are the possibilities, and what 
x the evidence? 
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The atomic nucleus 

STRUCTURE OF THE NUCLEUS 

An atom consists of a positively charged nucleus, surrounded by a cloud of 
one or more negatively charged electrons. The charges balance exactly and 
the atom is electrically neutral. The nucleus is made up of positively 
charged protons and electrically neutral neutrons, which are bound 
together by very strong forces. These are short range forces, which fall off 
very rapidly as the distance between the particles increases. The particles 
which make up the nucleus are called collectively nucleons. 

The radius of a nucleus is incredibly small, roughly 10^ ^ m. Nuclear 
distances are measured in femtometres (1fm — 10^? m). (Most atoms are 
1-2À, i.e. 1-2 x 107 m in radius. The nucleus of oxygen, for example, 
has a radius of 2.5 fm.) To get some feel for how small the nucleus really is, 
imagine the nucleus measures 1cm in diameter. On the same scale the 
diameter of the atom would be about 1000 m. Most of the mass of an atom 
Is concentrated in the nucleus. As a result its density is very high, approxi- 
mately 2.4 x 10'*gcm? or about 10!? times the density of the densest 
element iridium (22.61 g cm ̂ ?). 

The atomic number Z of an element is the number of protons in the 
nucleus. This is equal to the number of orbital electrons round the atom. 
The mass number A is the sum of the neutrons and protons in the nucleus. 

Liquid drop model 

The nucleus is sometimes described in terms of a ‘liquid drop’. A small 
liquid drop is almost spherical. It is held together by short range forces — 
the attraction to near neighbours. Molecules at the edge of the drop feel 
the attractive force on one side only: this is the surface tension effect. A 
large liquid drop becomes elongated, and needs only a little disturbance to 
make it break into pieces. 

uL t a nucleus is held together by short range forces (the 
Bele sies LP The 'surface tension effect ensures that small 
Bede. —— E S the mass of the nucleus increases, the repulsion 

creases more rapidly than the attractive forces. To 
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minimize the repulsive force, the shape of the nucleus 1s deformed, just 
like the elongation of a large liquid drop 

This model was suggested by the Danish physicist Niels Bohr to explain 
why heavy nuclei undergo nuclear fission Uranium (element number 92) 
of mass number 235, 723U, 1s so deformed that the addition of a little extra 
energy, e g absorption of a neutron, causes the nucleus to break into two 
smaller nucle: This ts called nuclear fission, and when it occurs a large 
amount of energy is released Nuclei with mass numbers farger than that of 
uranium are so deformed that they undergo spontaneous fission This 
means that the nuclei disintegrate (break up on their own) without any 
external peturbation 

The density of all nuclei except the very lightest is almost constant Thus 
the volume of the nucleus 1s directly proportional to the number of 
nucleons present Nuclei with differing numbers of nucleons are regarded 
as different sizes of drop The range of nuclear attractive forces 1s very 
small (2fm-3fm) The nucleons can move inside the nucleus rather Ike 
the particles in a liquid 

Shell model 

In the electron cloud surrounding an atom we can distinguish different 
electronic energy levels The electrons are arranged in different shells and 
orbitals which may be described by four quantum numbers The nucleons 
are thought to be arranged 1n a definite way in the nucleus Thus the 
nucleons are arranged in shells, corresponding to different energy levels 
When the nucleons occupy the [owest energy levels this corresponds to 
the ground state. Under different conditions the nucleons may occupy 
different (higher or excited) energy Jevels Usually the population of these 
higher nuclear energy levels isso short-lived that it cannot be observed 
Thus the properties of the nucleus depend only on the number of neutruns 
and protons, and not on the energy levels they occupy 

In a few cases the excited nuclear states have a measurable life, and 
when thts occurs nuclear isomers can exist Nuclear isomers are simply 
nucler with the same number of neutrons and protons, hut whose energies 
differ It follows that the masses of the isomers differ by a very small 

amount corresponding to the difference tn energy 
Many nuclei are unstable even when they correspond to the ground 

state Unstable nuclei decompose by emitting various particles and electro- 
magnetic radiation, and this is called radioactive decay. Over 1500 unstable 

nuclei are known If no radioactive decomposition can be detected the 
nucieus 1s sard to be stable 

The shell structure is supported by a periodicity in nuclear properties 
Certain combinations of neutrons and protons are particularly stable 

1 Elements of even atomic number are more stable and more abundant 

than neighbouring elements of odd atomic number This 1s known 2$ 

Harkin's rule (The rule applies almast universally, but ‘H 1s a notable 

exception ) 



FORCES IN THE NUCLEUS 

2. Elements of even atomic number are richer in isotopes and never have 

less than three stable isotopes (average 5.7). Elements with odd atomic 

numbers often have only one stable isotope and never have more than 

two. 

3. There is a tendency for the number of neutrons and the number of 

protons in the nucleus to be even (Table 31.1). 

' Table 31.1 The number of neutrons, protons and stable nuclei 

Number of protons Number of neutrons Number of 
P (= Z) N stable isotopes 

Even Even 164 

Feven Odd 55 

Odd Even 50 

Odd f Odd 4 

V 

This suggests that nucleons may be paired in the nucleus in a similar way 
to the pairing of electrons in atomic and molecular orbitals. If two protons 
spin in opposite directions. the magnetic fields they produce will mutually 
cancel each other. The small amount of binding energy generated is 
sufficient to stabilize the nucleus. However, this is not the most important 
source of energy in the nucleus. 

Certain nuclei are extra-stable, and this is attributable to a filled shell. 
Nuclei with 2, 8, 20, 28, 50. 82 or 126 neutrons or protons are particularly 
stable and have a large number of isotopes. These numbers are termed 
‘magic numbers’. The numbers 114, 164 and 184 should also be included in 
the series of magic numbers. When both the number of protons and the 
number of neutrons are magic numbers the nucleus is very stable. For 
example. "Pb is very stable and has 82 protons, and 208 — 82 = 126 
neutrons. The emission of y rays by the nucleus is readily explained by the 
shell model. If nucleons in an excited state fall to a lower nuclear energy 
devel, they will emit energy as y rays. 

.. Thus some nuclear properties imply that the nucleons are free to move 
within the nucleus, and others suggest that nucleons exist in energy levels. 

FORCES IN THE NUCLEUS 

Protons have a positive charge. In any nucleus containing two or more 
protons there will be electrostatic repulsion between the like charges. In a 
stable nucleus, the attractive forces are greater than the repulsive forces. In 
an unstable nucleus the repulsive forces exceed the attractive forces and 
spontaneous fission occurs. The attractive forces in the nucleus cannot be 
electrostatic for two reasons: 

: . There are no oppositely charged particles. 
2. The forces only act over a very short distance of 2—3 fm. 
— nuclear particles are separated by a distance much greater than this, 

racuion ceases. Electrostatic forces diminish only slowly with distance. 



The attractive force does not depend on the charge as the same attractive 

force binds protons to protons protons to neutrons and neutrons tp 
neutrons 
Two atoms may be held together by a sharing of electrons because the 

exchange forces result in a covalent bond By analogy two nuclear 
particles may be held together by sharing a particle The particle 
exchanged ts called a x meson Mesons may have a positive charge n* a 
negative charge xn or no charge n? Exchange of r^ and n* mesons 
accaunts for the binding energy between neutrons and protons The 
transfer of a charge converts a neutron to a proton or vice versa. The 
resultant attractive forces are indicated by dotted lines in the examples 
below 

n P p n 
)e-- at 

p ü n p 

A n’ meson is exchanged between two protons or between two neutrons 

p p n n 
) TO rf ) TO -— 

p P n n 

The attractive forces between p-n n-n and p-p are probably all simlar 
in strength The different types of mesons have simular masses The mass of 
a n" meson ts 264 times that of an electron and the masses of both x* and 
x mesons are 273 times that of an electron All mesons are very unstable 
outside the nucleus There are many other less common elementary 
particles in the nucleus This topic is really within the field of parttcle 
physics and is beyond the scope of this book The number of charged 
particles in a nucleus remains constant However the continual transfer of 
mesons means that the particles representing neutrons and protons are 
constantly changing The transformation of neutrons into protons and vite 
versa are first order reactions The rates of the reactions depend on the 
relative numbers of neutrons and protons present In a stable nucieus 
these two changes are in equilibrrum 

STABILITY AND THE RATIO OF NEUTRONS TO PROTONS 

The stability of a nucleus depends on the number of protons and neutrons 
present For elements of low atomic number (up to Z = 20 1e Ca) the 
most stable nuclei exist when the nucleus contains an equal number of 
protons P and neutrons N Ths means that the ratio NIP = į Elements 
with higher atomic nurnbers are more stable if they have a slight excess of 

neutrons as this increases the attractive force and also reduces repulsion 

between protons Thus the ratio N/P increases progressively up to about 
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1.6 at Z = 92 (uranium). In elements with still higher atomic numbers, the 

nuclei have become so large they undergo spontaneous fission. These 

trends are shown in the graphs of neutron number WN against proton 

number P, and N/P ratio against proton number for the stable nuclei 

(Figure 31.1). 

Figure 31.1 Neutron to proton ratio. 

MODES OF DECAY 

Stable nuclei lie near to these curves. Nuclei with N/P ratios appreciably 
higher or lower than the stable ratio are radioactive. When they decay they 
form nuclei closer to the line of maximum stability. 

If the N/P ratio is high, the isotope lies above the curve. Such a nucleus 
will decay in such a way that it reduces the N/P ratio and forms a stable 
arrangement. The ratio can be reduced in two ways. 

Beta emission 

Electrons or B radiation may be emitted from the nucleus when a neutron 
is converted into a proton, an electron and a neutrino. This reduces the 
N/P ratio. The neutrino v is a strange particle. It has zero mass and zero 
charge, and is postulated to balance the spins. A neutrino is emitted in 
almost all nuclear transformations. The change of a neutron into a proton 
may be written: 

aes ip + De + v 

The mass numbers are shown at the top and must be balanced on both 
sides of this equation. The nuclear charges are shown at the bottom. These 
too must be balanced on both sides of the equation. The loss of an electron 
from the nucleus in this way decreases the N/P ratio. If an isotope is not far 
from the stable N/P line one D decay process may be sufficient: 

«C — UN + Te + v 
BAI — Si 4 ETN 

Isotopes further from the stable 
resultant nuclei become 
life period, until ev 

line may undergo a series of f decays. The 
progressively more stable and have a longer half 

entually a stable isotope is formed. 
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Ba — La — BiCe o, pr 
Fy = [Rma t — Th f, z: 2M abs 

in B decay the mass number remains unchanged but the nuclear charge 
increases by one unit Thus when B decay occurs the element moves one 
place to the right in the periodic table 

Neutron emission 

An obvious way to decrease the N/P ratio would seem to be to emit a 
neutron from the nucleus This form of decay is rare and only takes place 
with highly energetic nuclei This 1s because the binding energy of the 
neutron in the nucleus ts high (about 8 MeV} One of the few examples 
involves 5ZKr. which can decay either by neutron emission or (3 decay 

Kr —————— Kr -+ on 

| t 
VRb — Sr 

It the N/P ratio is too low, the isotope Ires below the curve There are 
three possible modes of decay 

Positron emission 

Positrons or B+ radiation {positive electrons) result from the trans 
formation of a proton to a neutron The positron is ejected from the 
nucleus together with an anti neutrino Y 

Ip in + fe +9 
The anti neutnno 1s postulated to balance the spins When the positron 15 
ejected from the nucleus it very quickly collides with an electron in the 
surroundings The two particles anrihilate each other and their energy i5 
released as two y ray photons These photons are released 1n opposite 
chrecuons (180° apart), so there is no resultant imear or angular 
momentum Thus each photon has exactly half of the annihilation energy 
of | 022Mev. 1e each photon has an energy of 0 511 Mev This energy 
came originally from the parent nucleus It follows that the mass of the 
parent nucleus 1s greater than the mass of the daughter nucleus This 
process increases the N/P ratio. Gamma radiation usually arses in another 
way, as described later Some examples of positron emission are 

(Ne — BF + fe + V 
WO — RB + te + ¥ 

Orbital or K electron capture 

The nucleus may capture an orbital electron and thus convert a proton into 

a neutron with the emission of a neutrino 
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ip + „fe — in v 

This process increases the N/P ratio. Usually an electron from the shell 

closest to the nucleus is captured. This is called the K shell, so the process 

is called K-electron capture. An electron from a higher energy level drops 

back to fill the vacancy in the K shell and characteristic X-radiation is 

emitted. Electron capture is not common. 1t occurs in nuclei where the N/P 

ratio is low and the nucleus has insufficient energy for positron emission, 

that is 2 X 0.51 — 1.02 MeV. Some examples are: 

TBe + _Ye > {Li + v 

WK + Ye — IRAr +v 

Where the difference in mass of parent and daughter nuclei is equivalent to 
more than the required 1.02 MeV for positron emission, both positron 
emission and K capture occur. 

B' (58%) l 
AV ATi 
| K capture (427) | 

Proton emission 

Except for nuclei in a very high energy state, proton emission is unlikely as 
the energy needed to remove a proton is about 8 MeV. 

GAMMA RADIATION 

Immediately following any nuclear change, the neutrons and protons often 
have not arranged themselves in their most stable positions. The newly 
formed daughter nucleus is thus in an excited state, and has a higher energy 
than the ground state. Generally the nucleons rearrange themselves quite 
rapidly, thus lowering the energy of the daughter nucleus to the ground 
state. The corresponding amount of energy is emitted. This is in the range 
0.1-1MeV, and is emitted as electromagnetic radiation of very short 
wavelength, called y rays. 

HALF LIFE PERIOD 

The time taken for half the radioactive nuclei in a sample to decay is called 
the half life period. This is a characteristic of a particular isotope. 
For a single radioactive decay process, the number of nuclei which 

disintegrate in a short time period depends only on the relative number of 
radioactive atoms present. Thus the size of the sample does not affect the 
her taken to undergo radioactive decay. Nuclear decay is therefore a first 
Order reaction. If n is the number of radioactive nuclei and ¢ the time 
interval, the Tate of decay (that is the change in the number of radioactive 
nuclei with time) is piven by: 
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dn — --—À 1] 

À. 1s the decay constant for the process which indicates how rapidly the 

sample ıs decaying (A hasthe units time! ) [tis usual to quote the time of 
half bfe rather than the decay constant The two are related Integrating 
equation (31 1) between limits from time = 0 to time = £ gwes 

n T =e 
"o 

where no s the original number of nuclei at time 0, and n the number 

remaining at time £. Fhe half hfe ta is the time taken for the number 

of radioactive nucle: to fall to half the original number, that is to reach 

n ng Since there is no way of counting the number of radioactive nuclei 

present, we cannot calculate Ain this way However, we can substitute the 
activity at time = 0 (Ag) and the activity at time = ¢(A} for the number of 
atoms The activity can be measured and 1s the number of counts recorded 
in a fixed time on a Getger counter of a scintillation counter Thus we can 
evaluate A 

A = Hn — BM 1 

Ap "nn 2 

Taking natural logarithms of both sides of the equation 

~Alyp = in (3) 

In(3) 0693 
f m eee oe hence 1/2 i X 

Nuclear energies are of the order of 10°kJ mol™! of nucleons The 
energies involved in chemical reactions are about 10—10^ kJ mol"! Clearly 
transmutation of one element to another by chemical means 1s impossible, 
because of the exceedingly high nuclear energy For the same reason a 
change tn temperatute has no observable effect on the rate of decay 

The radioactivity of a sample is traditionally measured in cunes (Ci) 
Originally a curie was taken as the amount of radioactive disintegratioA !n 
ig of 4Ra It is more precisely defined as the amount of a radioisotope 
which gives 37 x 10!° disintegrations per second Thus one cune of 
different radioisotopes contains a widely different number of atoms The 
SI unit of activity ts the becquerel (Bq), and ıs defined as the amount Ofa 
radioisotope which gives one disintegration per second Thus 1 Bq = }7 x 
)0 ^Q 

BINDING ENERGY AND NUCLEAR STABILITY 

The mass of a hydrogen atom }H 15 equal to the sum of the mass of One 
proton and the mass of one electron For all other atoms the mas$ 9 

the atom i5 less than the sum of the constituent neutrons, protons 2" 
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electrons. The difference is called the mass defect. The mass defect is 

related to the binding energy holding the neutrons and protons together in 

the nucleus. A stable nucleus must have less energy than its constituent 

particles or it would not form. | | 

Energy and mass are related by the Einstein equation AE — Ame? 

were AE is the energy liberated, Am the loss in mass (the miass defect) 

and c the velocity of light (2.998 x 105 ms^!). The mass defect can be 

calculated, and converted to the binding energy in the nucleus. The larger 

the mass defect, the larger the binding energy, and therefore the more 

stable the nucleus. 

Mass of !p = 1.007277 a.m.u., Mass of jn = 1.008665 a.m.u. 

(931 is the conversion factor from atomic mass units a.m.u. to MeV). 

Mass of $He nucleus = 4.0028 amu Mass of $Li nucleus = 6.0170 
Mass of 2n + 2p  - 4.0319 Mass of 3n + 3p = 6.0478 

Mass defect = 0.0291 Mass defect = 0.0308 
Binding energy = Binding energy =. 

0.0291 x 931 = 27.1 MeV 0.0327 x 931 = 28.7 MeV 
or 2.6 x 10? kJ mol"! or 2.8 x 10? kJ mol"! 

It is quite easy to calculate whether a nucleus is stable against decay. Some 
possible decay processes are given below. 

3He — (n + 3He SLi — gn + SLi 

sHe > jn + dn + 3He SLi — ip + 3He 

3He > |p + 7H éLi — $He + 7H 

In each of the above reactions the mass of the parent is less than the 
combined mass of the suggested products. Thus none of the above decay 
processes occur. 
The total binding energy of the nucleus increases with the number of 

nucleons present. To compare the stability of nuclei of different elements 
we calculate the average binding energy per nucleon: 

binding energy per nucleon — 
number of nucleons 

The graph of binding energy per nucleon against atomic number, for the 
different elements, shows that nucleons are held together with increasing 
force up to a mass number of about 65. The binding energy for each 
additional nucleon decreases as the nuclei get larger (Figure 31.2). For 
most nuclei the average binding energy per nucleon is about 8 MeV. 
Consequently 8 MeV of energy is needed to remove either a proton or a 
neutron from the nucleus. 

ALPHA DECAY 

AS A : 1 ae larger, the repulsive force between protons increases and the 
£y Of the nucleus increases. A point is reached where the attractive 
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Figure 31 2 Binding energy per nucleon 

forces are unable to hold the nucleons together Thus part of the nucleus 
breaks off Ana particle 1s emitted from the nucleus An a particle is a 
helium nucleus 2He This 1s a particularly stable nuclear fragment as all 
the nucieons are 1n the lowest possible energy level and both the number 
of neutrons and the number of protons are magic numbers At the same 
time energy 1s liberated In the decay of “g3U 4 2MeV of energy 1s 
released because the mean binding energy per nucleon of the two daughter 
nuclet 28;Th and 3He 1s greater than for the parent nucleus 733U This is an 
enormous amount of energy (1 MeV = 96 48 x I0" kJ mo^!) 

SU — *ÀTh -- $He * energy 

Po > “pb + iHe + energy 

Alpha particles have no electron cloud, and have a charge of +2 Once 
emitted, an o particle quickly takes up two electrons from any atom in the 
vicinity, thus becommg a neutral He atom The formation of He can be 
detected when a decay occurs 
The mass of the parent nucleus must provide both the mass of the 

daughter nucleus and that of the a particle, plus the small amount of mass 
which ts converted into energy It can be calculated from the mass of the 
nucleus whether a decay in any element is energetically possible Natural 

a activity 1s only possible among elements with mass numbers greater than 

209, as only these elements have the required energy Conversely 200 ts the 

largest number of nucleons which will fit into a stable nucleus 

If ejection of one a particle does not completely stabilize the nucleus 
then further a particles may be emitted. However, a decay raises the NIP 

rati so tt rs often followed by B emission 
Nuclet of mass number above 230 may undergo spontaneous fission 

forming two lighter nucle: Thus two elements of lower atomic number aie 
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formed. Elements of low atomic number have a smaller N/P ratio, so some 

neutrons will be left over after fission. Most of these neutrons are emitted, 

but a few mav change to protóns with B emission. The neutrons emitted 

mav be captured (absorbed) by another nucleus. This nucleus then 

becomes unstable and itself undergoes fission, liberating more neutrons. 

Thus a chain reaction has been started. 

Alpha decay occurs only very rarely with nuclides with Z « 83 (atoms 

lighter than Bi). However, the great stability of the a particle causes a few 
very light. unstable atoms whose nuclear composition corresponds to, or 

nearly corresponds to, two or three a particles to undergo decay. When 
*Be undergoes this type of a decay the energy released is 0.09 MeV. 

‘Be — 2(3He) + energy 

‘Li > 2(5He) + _Ye + energy 

RADIOACTIVE DISPLACEMENT LAWS 

|. Emission of an a particle produces an element which is four mass units 
lighter and the atomic number decreases by two. The daughter element 
is therefore two places to the left of the parent in the periodic table. 

2. When a f particle is emitted the mass number remains the same. 
However, the atomic number increases by one and the new element is 

. one place to the right of the parent in the periodic system. These 
changes are shown in the following series: 

23 > 

Ra 7!9Rn—> 24po 211 pb É 2MBi 207r] È, 2 Pb 

RADIOACTIVE DECAY SERIES 

The heavy radioactive elements may be grouped into four decay series. 
The common radioactive elements thorium, uranium and actinium occur 
naturally and belong to three different series named after them. They are 
the parent members of their respective series and have the longest half life 
periods. They decay by-a series of a and B emissions, and produce radio- 
active elements which are successively more stable until finally a stable 
isotope is reached. All three series terminate with lead ($Pb, *23Pb and 
“s3Pb). Following the discovery of the artificial post-uranium elements, the 
neptunium series has been added, which ends'with bismuth, 748Bi. ` 

Thorium (4n) series 
Neptunium (4n + 1) series 
Uranium (4n + 2) series 
Actinium (4n + 3) series 

The numbers in brackets indicate that the parent and all the members of a 
particular series have mass numbers exactly divisible by four, or divisible 
by four with a remainder of one, two or three. There is no natural cross- 
linking between the four series, although this can be performed artificially. 

E 
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Thorium (4n) series 

232Th >> 322Ra —— 722Ac -L5» 3ERTh. Ra —> ?2Rg 
PISAŁ = 2 ipa E 

J * f ' b" 

"IMPO "iB "Pb 
= A a sae? ant 

Neptunium (4n + 1) series 
g "Pu —fAm 

Ma a it a 

237Np —» 233Pa —> 233U ——> 228Th —» 223Ra > 8Ac 
2s RN 

2374) 
?BPO, 

PF 
a a B 

2? pr ——» PITA ——> 1B 299pp —— 3 2090. 
Zz 

Uranium (dn + 2) series 

uü B 
2297 ——35 ?31Th ——. ?3iPa T 

x 
a a a 

2340 —— 738Th ——» 723Ra —> Ro B 

2MNp > "Pu | 

f TIRAT, ed 

= , s a M "es BE 39b ——. 213Bi — )]Po —» "Pb 
a Fal a fi 

"Pb LL 

à 

Actimum (4n 4- 3) series 

aa B B a 
2331 —~» 238Np ——> 723Pu —~> 238U > 221TH > 22tPa mas 

aah Poe 
"y i 

"HAC À I 7 207Ph 
a u a E 

aR Ra —> 3I Ra > Pl Po —> 344 Pb -> 24B; of 
i 

AF 207TI 

Natural radioactivity also. occurs in. mine of the lighter elements. ]t i5 
possible that as the sensitivity of detecting instruments increases other 
radioactive elements wil! be found Of these the two most important are 
fC and 7K The WK isotope was probably formed when the earth was 
created Its existence an earth 1s due to tts long half life of £ 25 x 10" years 
This isotope only constitutes (0 0195 of naturally occurring potassium but 
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its presence makes living tissue appreciably radioactive. It may decay 

either by B emission or K capture. 

p 
i9K —— S0Ca 

| K capture 
SAT 

!4C has a half life of 5720 years and any originally present in the earth will 

have decayed before now. The fact that some exists shows that it must have 

been produced since the earth was formed. «C is produced continuously 

from the action of the neutrons in cosmic rays on nitrogen in the 

atmosphere. This involves a nuclear reaction: 

MN + fn BC + dp 
It is important in radiocarbon dating (see Chapter 12 under ‘Carbon 

dating’). 

INDUCED NUCLEAR REACTIONS 

Many nuclear reactions can be brought about by bombarding the nucleus 
with y rays or various particles. The particles include electrons, neutrons, 
protons, a particles or the nuclei of other atoms such as carbon. The nuclei 

of C atoms which have had the orbital electrons removed are called 
'stripped carbon'. The particle may be captured by the nucleus (fusion), or 
the nucleus may undergo fission, depending on the conditions of the 
bombardment. 

Natural radiation may be used to induce nuclear reactions, but this limits 
the energy of the bombarding particle. More usually the charged particles 
are accelerated by a high voltage using a linear accelerator, or by alternate 
attraction and repulsion using a cyclotron or a synchrotron. (There are 
very large accelerators at CERN in France and Switzerland, at Berkeley 
USA and in the USSR.) In this way particles can be accelerated, giving 
them a very high kinetic energy which can be used to promote the nuclear 
reaction. This high energy is necessary to overcome the repulsion between 
a positively charged nucleus and a positively charged bombarding particle. 
Neutrons have no charge so they would not be repelled by the nucleus, but 
the absence of a charge means that they cannot be accelerated in this 
manner. Thus neutron bombardment can only be carried out using 
neutrons produced by nuclear reactions. 

some nuclear transformations are given below. 
14 IN + 3He — YO 4 '!H 
3 

AL + 3He > WP + In 
M 3 
Na r3 iH — Mg + an 

SR? \ 
axCd + mM — "uc energy 

In the first example the nitrogen is bombarded with a particles and a 
roton i > is j i pre E n is formed. This is described as an (u.p) reaction. An alternative 
Nav of writing the reaction is: 



(u p) lan "0 

This reaction was first carried out by E Rutherford in 1919 and this was 
the first induced nuclear transformation (He was awarded the Nobel Prize 
for Chemistry in 1908 ) The second example was carried out in 1932 by F 
Joliot and Irene Joliot Curie and is an (u n) reaction (They were awarded 
the Nobel Prize for Chemistry in 1935 ) 

ALT KP 
In à similar way the third example ıs a (p n) reaction. In the last example 
the energy ts emitted as y rays and so thisis an (n. y) reaction. The nuclei 
formed in this way may be stable or may subsequently decay The 
transuranic elements are all obtained by bombarding a heavy nucleus with 
a particles stripped carbon of the nuclei of other light atoms to produce 
an even heavier nucleus 

NUCLEAR FISSION 

Very heavy nuclei have a lower binding energy per nucieon than nuclei 
with an intermediate mass Thus nucle: of intermediate mass are more 
stable than heavy nuclei When a slow neutron enters a nucleus of a 
fissionable atom such as uranium (which ts already distorted) the extra 
energy may cause the nucleus to split into two fragments and spon 
taneously emit two or more neutrons This is called fission The fission 
process results 1n the release of large amounts of energy (about 8 x J0’kJ 
moi") In the case of ^;'U several different primary fission products are 
formed depending on exactly how the nucleus splits up Three of the more 
common reactions are 

LE + A KI + 2(ln) 

SU BR AE AY + 3(n) 

Cs tT Hi Rb + A(n) 

Note that the daughter nucle: formed fall snto two classes The heaver 
group have masses from 130 to 160 and the Iighter group have masses from 
80 to 110. It is rare for the two daughter nuclei of about the same mass to 
be formed (Figure 31 3) 

The total mass of the fission products ts some (1 22 mass units less than 
the mass of the uranium atom and neutron This corresponds to an energy 
release of over 200MeV This ts more than twelve times the energy 
hberated in a normal nuclear reaction The complete fission of llb 
(0 45kg) of uranium releases as much energy as the explosion of 8000 
tonnes of TNT 

The nuclei formed as primary fission products have a high neutron to 

proton ratio and decay by f) emission to lower this ratio Usually several 

such steps are required before a stable nucleus 1s obtained Thus each of 

the primary decay products is associited with a decay chain for example 



p imp P, xe P, tC. 6 (BBa (stable) 

Sy P, gZr Š "Nb %SMo (stable) 

About 90 decay chains have been identified from the fission of ^33U, giving 

a total of several hundred different nuclides. 
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235 Figure 31.3 Percentage yields of elements from slow neutron fission of 233U. 

Chain reaction 

One fission reaction can cause another. The neutron produced by a fission 
will either: 

|. Cause another nuclear fission reaction. 
2. Be lost from the fissionable material 
3. Be used in a non-fission reaction. 

When neutrons produced in fission reactions initiate new fissions, this is 
called a chain reaction. There are two major applications of chain reactions 
i the atomic bomb (A-bomb) and nuclear powered electricity generating 
Stations, 

If more than one neutron per fission causes another fission we have a 
branched chain reaction, and a rapidly increasing release of energy takes 
place. This is what happens in the atomic bomb. !n a nuclear reactor. 
control rods are used to absorb some of the neutrons, so that on average 
only one neutron per fission causes another fission. À chain reaction of this 
- Is self-perpetuating. The energy is released at a slow enough rate to be 
used, 
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Critical mass 

There is a minimum amount of fissionable material that can produce a self 
sustaining cham reaction. Thus is called the critical mass The critical mass 
depends on several factors 

1 The purty of the sample 
2 The density of the material 
3 Its geometnc shape and its surroundings 

These all affect the neutron propagation ratio If the sample ts impure 
many neutrons will be lost through colliding with non fisstle atoms The 
more dense the material the greater the chance that neutrons will collide 
with another nucleus The shape of the sample is also 1mportant since 
neutrons are more hkely to escape from a fong thin strip of matenal than 
from a sphere 

THE STORY BEHIND PRODUCTION OF THE ATOMIC BOMB 

Nuclear fission of heavy nuclei was first achieved sn Berlin in December 
1939 and in 1944 Otto Hahn received the Nobel Prize for Chemistry for 
this work The first German reactor (sub critical Pile. B Ill) was sur 
pnsingly housed im the Virus House at the Katser Wilhelm Institute for 
Biology at Dahlem At that time nuclear reactors were called atomic piles 
and the German reactor conststed of alternate layers of uranium metal and 
paraffin wax in an alummium sphere which was immersed m water 
Though the pile contained 551 kg of uranium tt was sub-critical This 
means that less than ene neutron produced from each fission caused 
another fission Thus a neutron source was placed in a chimney at the 
centre of the sphere to keep the pile cunning 
Two years later Enrico Fermi made a pile go critical (self supporting) 2t 

the University of Chicago USA (Fermi was an Italian and was awarded 
the Nobci Pre for Physics wi 1938 for produang new radioactwe 
elements by neutron irradiation. He fled from World War II and Fascist 
Italy to the USA ) The Chicago pile consisted of a huge block of graphite 
surrounded by several feet of high density concrete Horizontal channels = 
the graphite were used to insert enough slugs of uranium to produce the 
chain reaction Air was blown through to cool the pile and to remove the 
energy produced One thousand kilowatts of heat were extracted. The pile 
was housed in the squash courts! Larger piles were then built at Clinton 
Tennessee and Hanford Washington 

A secrel minary base was built at Oak Ridge in Tennessee as part of the 
Manhattan Projec to conduct research into making an atomic bomb 
Naturally occurring U consists largely of two isotopes 993% of sU 
which is non fissile and 0 795 of '55U which i5 fissile 

Separation of tsotopes 

Enormous efforts were made to separate the isotopes to obtain sufficient 
^ 

fissile “U to make a bomb Four methods were used 
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Thermal diffusion 

Two gases of different density are placed in a long vertical tube with an 

electrically heated wire down the centre of the tube. The lighter gas 

diffuses more readily towards the hot wire, where it is heated and rises in a 

convection current. Thus the lighter gas accumulates at the top of the tube, 

and the heavier gas streams downwards on the surface of the tube. 

Electromagnetic separation of UCI, using a mass spectrometer 

Ions must first be produced by bombarding the sample with electrons at 

low pressure. The ions are attracted by a high voltage across a vacuum 

chamber. À magnetic field deflects the particles by different amounts 

deoending on their mass. This method can deliver pure isotopes, and 

though it is primarily used for small quantities, kilogram quantities have 
been produced. 

Gaseous diffusion of UF ¢ 

UF, is gaseous above its sublimation temperature of 56°C. The gas is 
pumped through thousands of filter barriers (pinholes) in the enrichment 
process. The slightly smaller **^U passed through the barriers a little more 
easily. The rate of diffusion of a gas is determined by Graham's law of 
diffusion: 

rate of diffusion = K//D 

where K is a constant and D is the density of the gas. The vapour density is 
equal to the molecular weight/2. Thus the rate of diffusion of ??UF, is 
marginally faster than that of PUF, by a factor (352/349) — 1.0043. This 
operation is repeated many thousands of times by pumping the gas in a 
cascade process. After each stage the lighter fraction is passed forwards 
and the heavier fraction backwards. Gaseous diffusion plants are very 
large. The K25 building at Oak Ridge housed the original gaseous diffusion 
plant and occupied 10° square feet of floor space. A second plant was built 
at Hanford in Washington State. The method uses an enormous amount of 

electrical energy. (The Oak Ridge site had two advantages in the wartime 
period. Its remoteness and low population were advantages as the work 
had unknown hazards. In addition cheap electricity was available from 
numerous hydroelectric power stations built in the Tennessee valley in the 
1930s to make work during the years of the depression.) Gaseous diffusion 
Was Once Important but now is only carried out at one site in the USA. 

Using a gas centrifuge to separate SUF, and? RUF, 

a - subsequently become the method used in the UK and the 
Y a " etherlands. Centrifuges rotating at 1700 revolutions per second con- 

ce * 2A5 : 
Y trate “UF, towards the centre and 7*“UF, towards the walls of a 

cylindrical centrifuge, 



There were immense difficulties in obtaining a sufficient quantity of ?U to 
make a bomb The critic2] mass depends on the purity, and the bomb had 
to be fight enough to carry in an aeroplane 

Meanwhile a second fissile element plutonium Pu was discovered by 
Glenn Seaborg at the University of California (Berkeley) in 1940. Pu is 

produced by irradiating the relatively plentiful ZEU with neutrons in a 
nuclear reactor 

p P 
72U + gn — '9$U —— —» ^33Np -———9 ^jiPu 

fie 23 5mm (523 days 

All isotopes of Pu are fissile, and Pu became important as a nuclear fuel 
Work on plutonium was mainly carried out at Hanford 

Bomb making 

A third site at Los Alamos (New Mexico) concentrated mainly on the 
technical problems of how to make bombs The problems are how to 
transport sub-critical masses of Pu or L in an aeroplane., and combine them 
to give a critical mass when over the target Then the material must be 
contained for a long enough time for the nuclear reaction to occur 

In the case of the Pu bomb an implosion device was used Several sub 
critical masses of ^"Pu were placed round the edges of a sphere and sur- 
rounded by high explosives. The conventional explosives were detonated 
ihe implosion blew the sub-critical masses of Pu into the centre where they 
formed a critical mass. The force of the explosion held the Pu together for 
long enough for a nuclear explosion to occur The first atomic bomb used 
this principle and. was tested on a 100 foot-high tower at Trinity in New 
Mexico at 5 209a m (just before sunrise) on 16 July 1945. [t worked! Fermi 
estimated that the temperature.produced was four times that at the centre 
of the sun, and a pressure of over 100 billion atmospheres was produced 
The radioactivity emitted was a million times greater than from the world s 
total radium supply Parts for another similar atomic bomb were shipped to 

the Far East to be assembled and dropped on Japan. 
Meanwhile sufficient “U to make a bomb had laboriously been 

collected The most practical way to make a bomb was to use a gun barre! 
and shoot a sub critical mass of FU down the barrel into another sub- 
critical mass at the end of the barrel This had not been tested, since up till 
then there had not been enough TUU for a test Parts to assemble this 
bomb were shipped to the Far East 

The Pu bomb was called "Fat Man’. and was 10 feet 8 mches long and 00 
inches in diameter, and weighed 10800]b The bomb was so wide that the 

doors on the bomb bay of the aeroplane had to be altered to get the bomb 

in and to allow it to be dropped The U bomb was called ‘Little Boy’ and 
was 10 feet long, but only 28 inches in diameter, and weighed 89001b The 

smaller diameter allowed u to fit in the aeroplane, and made st possible to 

use the U bomb first 
The U bomb Little Boy was dropped on Hiroshima on 6 August 1945 
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The yield was equivalent to 13 kilotonnes of TNT. Four square miles were 

devastated, and there were 70 000 immediate deaths. On 9 August 1945 the 
Pu bomb ‘Fat Man’ was dropped on Nagasaki. The yield was equivalent to 
23 kilotonnes of TNT. Two square miles were devastated, and there were 
45000 immediate fatalities. 

NUCLEAR POWER STATIONS 

A nuclear power station consists of a nuclear reactor in which a controlled 
chain reaction occurs using either U or Pu as fuel. The heat produced is 
extracted from the reactor and used to generate steam, which drives a 
turbine and produces electricity. The earliest nuclear reactors were built to 
irradiate U and produce plutonium for bombs, and for experimental 
purposes. The first commercial nuclear power station was commissioned in 
1956 at Calder Hall (Cumberland, UK). In 1989 there were over 120 
nuclear power plants in the USA and over 400 in the rest of the world. 
France produces two thirds of its electricity from nuclear plants. 

Table 31.2 Countries with seven or more nuclear plants 

USA 129 Spain 18 
France 67 Czechoslovakia 13 
USSR 61 Sweden 12 
UK 42 India 10 
Japan 42 Korea 9 
West Germanv 28 East Germany 7 
Canada 22 

Moderators 

Neutrons can only be obtained by nuclear reactions. and they are divided 
into three groups depending on their kinetic energy: 

l. Slow neutrons, with an energy « Q.1eV 
2. Intermediate neutrons, with an energy 0.1 eV to 2 MeV 
J. Fast neutrons, with an energy > 2MeV 

Neutrons ejected from a nucleus usually have a very high energy and are 
called ‘fast neutrons’. These travel so fast that they escape. ‘Slow neutrons’ 
are needed to cause fission and maintain a chain reaction. 

In a thermal reactor a moderator is used to slow down some of the fast 
neutrons. The neutrons collide with the nuclei of the moderator, and thus 
lose some of their kinetic energy. The best moderators are light atoms 
Which do not capture neutrons. for example 1H, 3He. 3Be and '&C. 
Graphite is the most widely used. Heavy water DO which contains 1H is 
also used. Sometimes ordinary HO is used. Be and He are not used 
because Be is poisonous and expensive, and He. being gaseous, is not sufficiently dense. Fast breeder reactors do not use a moderator. 
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Fuel 

Early reactors used uranium metal Most thermal reactors now use UO: as 
this has a higher melting point and 1s less chemically reactive Natural U 
may be used as fuel (99 3% 7¥U and 0 795 ?9U) However, it 15 usual to 
ennch the fuel to between 2% and 3% *°U to allow for some neutrons 
being absorbed by the metal case cladding the fuel rods, or by the 
moderator Enriching U reduces the critical mass, and hence the size of the 
reactor However, 1t 1$ very expensive. Enrichment beyond 395 1s only 

carried out for military purposes — to make bombs or for special small High 
temperature reactors for submarines The latter use UC; enriched to over 
90% as fuel 

Fast (breeder) reactors use plutonium oxide as fuel They have no 
moderator, so the fast neutrons produced can convert non-fisstle "UJ nto 
fissile Pu by the reactions 

SU + an — WU y 

"uU — *ANp -* ie 
Np "Pu + Te 

More Pu is produced than is used. hence the name ‘breeder reactor 
Sometimes thorum (which is non fissile) 1s incorporated into the fel 
When this is irradiated with fast neutrons, the isotope iU is formed and 

this is fissionable by slow neutrons 

aU + an 2Q3Th + y 

"Th — 7y{Pa + _Ye 
3 4 MPa => U + e 

TYPES OF REACTOR IN USE 

Gas cooled thermal reactors (all use graphite as moderator) 

Magnox reactors 

These use U metal rods as fuel, enclosed ma Mp/Al (magnox) casing ihe 
fuel is natural, 1 e. not enriched, and CO, pas is used as the coolant. MOS! 
of the early reactors in the UK are of this type. These are now nearing the 
end of their life 

Advanced gas cooled reactors {AGR) 

These use UO; pellets enriched to 296 as fuel. with CO- as the coolari 

Higb temperature reactor (HTR) 

These are used for military purposes such as submarines The fuel 1s UC: 

which 1s enriched to over 90% thus allowing the reactor to be small phe 
coolant s He and the control rods are made of Cd 



Water cooled thermal reactors (all use H;O or D;O as moderator) 

Canadian deuterium uranium reactor (CANDU) 

These are a Canadian design. and use natural (not enriched) UO» as fuel, 

and heavy water D-O as both moderator and coolant. 

Pressurized water reactor (P WR) 

These are a US design, and use UO; pellets enriched to 376 as fuel. Water 

is used as both moderator and coolant. The casing must withstand the huge 

pressure from the steam produced, and is typically 10 inches (25cm) of 
stainless steel surrounded by concrete. 

Boiling water reactor (B WR) 

This is similar to the PWR except that the UO, fuel is only enriched to 
2.2%. It works at a much lower pressure, and so the reactor casing need 
not be so strong. 

Steam generating heavy water reactor (SGH WR) 

These use UO, pellets enriched to 2.3% as fuel, with D5O as moderator 
and H-0 as coolant. 

Fast breeder reactors (these do not use a moderator) 

These are much less developed than are thermal reactors. They use PuO; 
as fuel. Enrichment is not necessary as all isotopes of Pu are fissile. No 
maderator is used. and so the neutrons in the reactor are ‘fast neutrons’. 
Some reactors use liquid Na as coolant, whilst others use He gas under a 
high pressure. If depleted UO; (i.e. UO, which has had the fissile ^"U 
removed) is put in such a reactor, then the non-fissile “SU is converted into 
fissile Pu. The name ‘breeder reactor’ arises because more fissile material is 
produced than is used in the process. Potentially this process could provide 
an unlimited source of energy. 

in Great Britain there are three generations of nuclear power stations: 

. The ageing Magnox reactors (British design). 
The second generation advanced gas cooled reactors (British design). 

. A limited number of American designed pressurized water reactors. 
These arc claimed to be the design which will be used into the twenty- 
first century. However. the cost. the time taken to commission and the 
safety aspects (particularly of the pressure casing) of these PWRs have 
been called into question. 

tsd [d ma 

NUCLEAR FUSION 

Nuclear fusion is the process of releasing energy from matter. which occurs 
in the sun. = V. 

ihe stars and the hydrogen bomb. During fusion. atoms of light 

— | 
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elements combine to form heavier elements The binding energy per 
nucleon for light elements 1s less than that for elements of intermediate 
mass Thus the fusion of two light nuclei results in a more stable nucieus, 
and a large amount of energy is hberated Both fusion and fission are 
methods of releasing large amounts of energy In fusion, light atoms are 
combined to give heavier elements, whilst in fission heavy radioactive 
atoms are split into atoms of intermediate mass 

The simplest nuclear fusion reaction involves the isotopes of hydrogen 
deutenum 7H and titium JH A large amount of energy 1s required to 
overcome the repulsion between the positively charged nuclei ta get them 
close enough (1-2fm) to react One way of producing high energy pat 
ticles 1s an accelerator This is not appropriate tn this case The other way 
to produce high energy nuclei is to raise them to a vary high temperature 
(roughly 10* K) If deuterium and tntrum are heated to a temperature of 
over a million degrees a gas plasma 1s produced. (A plasma is a fourth síate 
of matter, which 1s composed essentially of gaseous 10ns and a matrix of 
free electrons ) Since the atoms have been stripped of their electrons, 
collisions wil be between nucle: Some nuclear colhsions will occur with 
enough energy for the nuclei to approach closely enough to experience 
each others’ strong attraction, and a fusion reaction occurs. The mass lost 
in this reaction is converted into energy according to E:nstein’s equation 
E = me 

iH + {H > 3He + dn + energy 

This fusion reaction. has a relatively low ignition. temperature, and 
produces a large amount of energy Deuterium is available from natural 
sources, but tntium 1s difficult to obtain and is extremely expensi¥e 
Tritium could be generated in a fusion reactor by bombarding a blanket of 
lithium with neutrons 

dn + SLi— 7H + 4He 

in -- ii 3H + 3He + Jn 

simular reactions are carried out using only deuterium, but these reactions 
require a temperature of several million degrees Several reactions could 
occur, of which the simplest are 

iH + 7H—> jH e IH 4 40MeV energy 

iH + 7H — 3He + In + 3 3MeV energy 

Fusion is in. principle a. thermal reaction. not inherently different 1n 8 
kindling from an ordinary fire. Unlike fission, ıt does not require a cnivca 

mass Once ignited its extent depends on the amount of fuel available 

However, for fusion to occur, extreme physical conditions must Ye 
achieved 

1 A very high temperature must be attained 
2 Sufficient plasma density rs required 



3. The plasma must be confined for an adequate time to allow fusion to 
occur. 

These and other ‘hydrogen burning’ processes occur at the centre of the 

sun. This provides the enormous amount of solar energy which is radiated 
to earth and the rest of the solar system. 

Thermonuclear weapons , i 

The only fusion processes carri?d out successfully on earth have been the 
hydrogen bomb and other similar thermonuclear weapons. The very high 
temperatures and high densities required to bring about nuclear fusion 
reactions have been brought about by means of a small uranium fission 
bomb. This heats a jacket of lighter elements to a sufficiently high 
temperature to start the fusion reactions in the hydrogen and nitrogen 
bombs. These are called thermonuclear reactions. The first thermonuclear 
device was detonated at Eniwetoc in 1952: The energy yield is 100 times 
greater than that from an atomic bomb using U or Pu fission. The complete 
fusion of the nuclei in 11b (0.4 kg) of deuterium would result in the same 
energy release as 26 000 tonnes of TNT. 

Controlled fusion reactions 

Many attempts have been made to build apparatus in which controlled 
fusion reactions will occur. So far none have been successful. The problem 
is how to handle very hot gas plasmas. If the plasma touches a solid (e.g. a 
steel vessel), the solid is vaporized and the plasma cools down rapidly. The 
two main methods of confinement are magnetic and inertial. Since a 
plasma consists of charged particles moving at high speed, it can be 
deflected by a magnetic field. Plasma can be contained inside a doughnut 
shaped ‘magnetic bottle’. (The extremely high magnetic fields required are 
obtained with electromagnets using a superconducting niobium/titanium 
allay cooled in liquid helium to about 4K.) Inertial confinement involves 
the rapid collapse of the fuel container to make the fuel so dense that the 
fusion reactions occur. Alternatively laser fusion can be used, when high 

D" pulsed laser beams are used to heat and compress small ‘pellets’ 
of fuel. 

It is just possible that fusion may be achieved by some totally different 
technique without using plasma to attain the high energy conditions. There 
Was great excitement in March 1989 when Fleischmann and Pons claimed 
to have achieved ‘cold fusion’ in the laboratory at the University of Utah, 
USA. They electrolysed 99.5% enriched heavy water D,O made con- 
ducting by dissolving in it some LiOD (D is 7H). Heat appeared to be 
generated, and this was attributed to D—D fusion. In a similar experiment 
Jones at Brigham Young University claimed neutrons were released. 
Unfortunately they were wrong. 
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Another interesting technique which may show promise is to replace an 
electron ina Dj molecule by a negatively charged muon which weighs 207 
times as much as an electron This should reduce the D-D spacing by a 
factor of 200 which should make fusion easier 

Nuclear fusion halds the promise of being an important future source of 
energy World energy consumption is high, and fuel resources are finite 
and hmuted Oil and natural gas reserves may well be exhausted in 50 
years Coal may last rather longer perhaps 200 years Uranium resources 

are finite, and the use of nuclear powered electricity generating statieris 
will only delay an eventual energy shortfall All these fuels pose environ 
mental problems Fossil fuels (œl gas and coal) contribute to fhe 
Greenhouse Effect and acid rain A long term energy replacement needs to 
be found "There is concern over the safety of nuclear power stations, and 
even greater concern over the storage of nuclear waste products If fusion 
can be fully developed 

] The fuel for fuston (hydrogen) ts almost infinitely available 
2 The nuclear processes in fusion are inherently safer than those of 

fission 

3 Fusion promises to have minimal pollution problems 
4 Difficulties with spent fuel rods and reaction by products are far 1855 

than with fission 

Fuston 1s an advancing research programme but many breakthroughs 
are required The severe and demanding conditions for controlled fusion in 
the laboratory have yet to be achieved Ifa controlled fusion reactor can be 
built it will supply almost unlimited power 

THE GENESIS OF THE ELEMENTS 

It is an interesting, phulasontncal nowt ta consider kaw the umxerse was 
formed how the vanous elements were formed and why the different 
elements and their individual tsotopes occur in the relative abundances Ye 
observe on earth 

The Doppler effect provides evidence that the umiverse ts expand:8 
Light from the outermost galaxies has a longer wavelength than expected, 
that 1s it 1s towards the red end of the spectrum, because these galaxies 4° 
moving away from us There are several theories for the origin of the 
universe 
The 'steady state theory suggests that hydrogen is created continuously 

to fill the gaps in space created by the expanding universe The other 
elements are formed from hydrogen by nuclear reactions 

The “big bang theory 1s currently the most favoured It assumes that all 
the matter in the umiverse was packed as elementary particles into 4 
‘nucleus’ of tmmense density, temperature and pressure Thts exploded 
hence the name big bang and dispersed the matter umformly throughoul 
space as neutrons The neutrons then decayed grving protons electr?n? 
and ants neutrinos 
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in lp 4 Te + ¥ 

During the big bang and the fireball which followed, temperatures of 
105-10? K occurred, and in the first hour or so a number of nuclear 

reactions occurred: 

IH + én > ‘H 

?H + 1H — 3He 

3He + jn — 5He 

4He + gn — >He 

The isotope 3He has a half life of only 2 x 10-?!s, so building progressively 

heavier nuclei by the sequential addition of neutrons or protons stopped at 

this point. Once the temperature had fallen all of these reactions stopped. 

Thus most of the universe was in the form of H, with a small amount of He, 
and from this matter the galaxies of stars condensed. 

Regardless of the origin of the universe, it Is generally accepted that 

heavier elements may be produced by reactions in the stars. H still 
accounts for 88.6% and He for about 11.3% of all the atoms in the 
universe. Together these constitute 99.9% of the atoms, and over 99% of 
the mass of the universe. 

The first process in the synthesis of heavier nuclei in stars is hydrogen 
burning. Stars are extremely dense (10° gcm~*) and there is an enormously 
large gravitational force. Some of this force is converted into heat and the 

temperature rises to about 10’ K. It has been mentioned previously (under 
‘Nuclear fusion’) that this temperature is sufficient to overcome the 
repulsion between two positively charged H nuclei, and so these nuclei can 
undergo nuclear fusion, forming deuterium. 

Energy evolved (MeV) 

iH - IH 7H + Bt + v 1.44 
iH + IH > 3He + y 5.49 
He + 3He > $He + 2(1H) 12.86 

overall 4(1H) 2 $He 4- 28* -- 2v + 2y 

The process is exothermic. A small amount of mass is lost and energy is 
evolved. Thus more stable nuclei are formed. The process is also slow. The 
Sun Is estimated to be 5 billion years old, but still has about 90% of the 
hydrogen left. 

As hydrogen is used up, helium accumulates in the core. The tem- 
p at the core of the star drops, and the star expands to conserve 
ace = IS cooler than before and is called a red giant. The core 
es »- y collapses under intense pressure and the temperature rises to 

r10 K., At this point the nuclei begin to fuse. 



sHe + 5He — Be + Y 

The nuclei formed in this way fuse with more He 

fBe 4 He —^ C + y 
EC 4+ $He $0 4+ y 

OQ. + $He -» 73Ne + ¥ 

These reactions use up the He in the core and replace 1t with C, O and Ne 
When most of the H and He have been used, small stars contract and 
become hotter and are called white dwarfs 

However, in larger stars (14 times the mass or the sun or greater) 
contraction gives even higher temperatures than before (6 x 105 K) and a 
carbon-nitrogen cycle occurs. involving the reaction of these elements 
with hydrogen, provided some ‘ZC 1s available as catalyst 

d 
BC + jH— EN 6 q yO + Bt ty 

» i ‘3 Y jsp, GeCays as + 
oN + iH e a + ¥ aO -—— IN +8 uv 

ISN + !H — He 4 '2C 

overat 4(}H) — 3He + 2B* + 2v + 2y 

In addition these nuclei may fuse with helium 

HC + iHe Oty 
LO + 5He — 19Ne -- y 

?oNe -- He — Meg + y 

At these temperatures carbon and oxygen burning may occur 

$C + $C  BMg 
or ZNa « IH 

or Ne + He 

BO + '$O — 165 + gn 
5O + ÑO — 1151 4 3He 

C -F2He -» !20 + y 

SO + He 5 QNe + y 

In some cases the star may contract further and the temperature rises to 

10K At this pomt the y radiation produced in many of the nuclear 
changes has sufficient energy to promote endothermic reactions such as 

Ne -- y — '$O - He 

The He so produced reacts further 



931 
?0Ne -- 2He — Meg + y 

286i. + 3He — S + y 
26 +3He > Art y 

20Ca t 2He > 33Ti + y 

These fusion reactions are exothermic up to 3@Fe, and Figure 31.2 shows 
that the binding energy per nucleon increases from H up to Fe, and then 
decreases with the heavier elements. 

The discussion so far explains why H and He make up so much of the 
universe. The most abundant and stable nuclei up to atomic number 20 

have a 1:1 ratio of neutrons to protons, e.g. 3He, ‘N, '80, 7$Mg and $8Ca. 
Most of these (except N) have an even number of neutrons and an even 
number of protons (even atomic number) A few light isotopes are common 
and abundant but do not have a 1:1 N/P ratio, e.g. !3F, {13Na and ZAI. 
These elements have an odd atomic number and hence an odd number of 
protons, but they have an even number of neutrons. These odd-even 
nuclei are more stable than the corresponding odd—odd nucleus which has 
a 1:1 N/P ratio. The elements Li, Be and B are of very low abundance 
compared with their neighbours. It is surprising that they occur at all since 
the small amounts produced by H and He burning are converted into 
heavier elements. The small amounts that are found are probably 
produced by spallation reactions where cosmic rays collide with C, N and O 
nuclei and cause them to break into lighter nuclei. This is sometimes called 
the x-process. A number of elements such as !2C, !$O and ?2Ne are more 
abundant than their neighbours, and they differ by a 5He, nucleus, which 

reflects their mode of formation by fusing with helium. The nucleus 3¢Fe is 
particularly abundant because it has the largest binding energy per 
nucleon. It is thus the most stable nucleus and is formed by fusion. The 
abundances of the elements preceding Fe (Sc, Ti, V and Cr) are also higher 
than expected, and this is probably due to spallation reactions where high 
speed cosmic rays collide with Fe, producing Sc, Ti, V or Cr as well as 
some Li, Be and B. 

Nuclei-heavier than 3eFe are endothermic, and can only be produced by 
supplying energy. Thus it becomes increasingly difficult to make these 
elements by fusion. The heavier elements are synthesized by neutron 
capture reactions in stàrs. There are two main processes by which this may 
occur, called the s-process (slow neutron capture) and the r-process (rapid 
neutron capture). 

In the slow neutron capture process neutrons are added one by one to 
the nucleus. The addition of a neutron increases the N/P ratio, and 
eventually the addition of a neutron makes the nucleus unstable. Because 
of the long time scale the nucleus has time to decay, and the unfavour- 
able N/P ratio is corrected by f decay. Then the process is repeated and 
another neutron is added. 

56 1 57 : t 
5eFe + on — >ar e + in — 35Fe T in — »sFe — > 33Co + _%e 
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The neutrons are produced in red grants and in second generation stars by 
the normal processes tn the star, such as 

AC + 3He — ‘kO + on 

Or RO + RO — 45S + un 

The slow addition of neutrons can produce nuclei up to "ABi There are 
much higher than expected abundances of elements round about mass 
numbers 90, 138 and 208, and the isotopes 55 Y and 25Zr, Ba and Ce, 
and Pb and Bi occur in relatively high abundance in the discussion on 
the number of neutrons and protons in the nucleus at the beginning of this 
chapter 1t was noted that nuclei: with 2, 8, 20, 28. 50, 82 or 126 neutrons or 
protons are particularly stable, and that these numbers are termed 'magic 
numbers’ The three clusters of elements with high abundances are close to 
the neutron magic numbers 50, 82 and 126 This means that they have 
unusually low neutron absorption cross-sections so they do not capture 
neutrons very readily and bence their concentration buildsup Thes process 
produces the lighter or proton-rich tsotopes of an element 
A different source of neutrons occurs just prior to and during a super- 

nna penod m astar In this, big stars become extremely hot (8 x 10' K), 
and nuclei in the core break down into neutrons protons and a particles 
which undergo a variety of reactions The core contracts and eventually 
tmplodes, resulting in an explosion of the outer sheli which scatters 
matertal out into space In the r-process, many neutrons are added in a 
period of a few seconds. before [| decay eventually takes place 

Fe + 13(in) — SFe 

Fe ~» $Co + ie 

The very heavy elements are produced in this way by adding many 
neutrons at once, and traces of 54Cf are present in stars. and this isotope i5 
also formed during nuclear explosions. In à similar way the elements wEs 
einstemmium and ,y,Em fermium were formed during the hydrogen bomb 
explosions The r-process gives neutron rich isotopes. It is also possible 
that neutron-rich isotopes of several lighter isotopes, eg 5. Ca anid 
suCa, may be formed by the r-process It 1s possible that proton capture 
may also occur in a supernova on u very short time scale This 1s called the 
p-process and it s possible that a range of sotopes from use HSn nsn 
and "Sn up to Hg are formed in this wav 

The short half life periods of all the isotopes ot technetium and 
pramethium explains why they are absent on earth 

SOME APPLICATIONS OF RADIOACTIVE ISOTOPES 

The applications of radioisotopes are so numerous that only a small 
seiection of them 1s covered here 

Measurements of radioactivity dre used to estimate the age of various 
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objects. $C occurs naturally and is used in radiocarbon dating of materials 
of plant and animal origin. This is described in Chapter 12. It depends on 
calculating when the sample was removed from free exchange with its 
surroundings. '¢C is produced continuously from the action of the neutrons 
in cosmic rays on nitrogen in the atmosphere. Whilst the plant or animal is 
alive it will have the same proportion of 'C as the surroundings. When the 
plant or animal dies, the intake of radiocarbon stops and that already 
present gradually decays. In a similar way helium dating may be used to 
estimate the age of certain mineral deposits. Uranium minerals decay by 
emitting a particles, thus producing helium. One gram of U produces 
about 107” g of He in a year. The age of the mineral can be estimated if 

both the U and He contents are known. Corrections must be made for 

some He escaping, and for the production of He from other elements such 
as Th which may be present. 

Isotope dilution analysis can be used to determine the solubility of 
sparingly soluble materials. For example, a solid sample containing radio- 
active 389r$O4 and normal SrSO, can be prepared and the activity per 
gram measured. A known volume of a saturated solution is evaporated 
and the activity of the residue measured. Comparison of the activities 
gives the solubility. In a similar way the isotope 72P has been used to 
measure the solubility of MgNH,PO,-6H.O, and '2{I has been used 
to measure the solubility of PbI;. A similar technique can be applied to 
vapour pressures of rather involatile materials. 

Activation analysis is used to determine the amount of an element in a 
sample. The sample to be analysed and another sample containing a known 
amount of the element are placed in a nuclear reactor where they are 
bombarded (usually with neutrons). After irradiation for a suitable period 
(several times the half life of the expected radioisotope) the samples are 
removed from the reactor. The induced radioactivity in both samples is 
measured. The amount of the element present in the unknown sample is 
obtained from the ratio of the activities of unknown and standard samples. 

More than 50 elements (or strictly isotopes) can be determined in this way. 
The method is most used to determine trace quantities. It has the 

advantage that the sample is not destroyed, but the disadvantage that it 

requires access to a reactor. Not all elements can be determined in this 

way; for example, it is not feasible to determine C because '%C has a very 
low absorption cross-section for neutrons, though activation analysis of C 

can be performed by bombarding with deuterium in a cyclotron. 

Isotope exchange reactions provide information on the mechanisms of 

certain reactions. Thus exchange of 2D in heavy water D;O for iH in a 
compound occurs rapidly if H is bonded to N or O, but exchange is slow or 

hardly occurs in most cases where H is bonded to C. This is related to the 

mobility of protons and the higher polarity of N—H and O—H bonds. 

D-O + RO—H = HDO + RO—D 

If labelled '5NH,CI is dissolved in liquid NH, and the solvent evaporated, 
the activity from '3N is evenly distributed between the NH,CI and the 
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NH; Since '3NH,Cl ionizes mto '3NH7 and Cl, this provides evidence 
for the romzation of liquid NH; 

2NH; = NH? + NHz 

Similarly the lack of exchange between !$C in a solution containing 
labelled CN^ and the complex [Fe(CN)s]^7 shows that the CN^ groups in 
the complex are not labile Proof that the two 5 atoms 1n the thiosulphate 

ton S,0$^ are not tdentical can be obtaimed by heating labelled 728 with an 
aqueous solution of sodium sulphite to form the thiosulphate 

SOi- + 2$ — #258037 

If the thiosulphate so formed 1s decomposed by treatment with acid, al] che 
radioactivity returns to the sulphur, and none to the SO, formed 

2H* + 12580417 — $0, + ŽS + H,O 

The isotope Co emits both P and y radiation It ıs used for Y 
radiography to detect cracks and flaws in metal parts such as pipes, aircraft 
parts and welded joinís, for example in the pressure vessels for nucleàt 
reactors It 15 also used to irradiate malignant tumours in the body as one 
method of cancer therapy 

The nuchde !21I is used to locate brain tumours and also in the diagnosis 
and treatment of disorders of the thyroid gland In the case of brain 
tumours, the isotope 1s incorporated into a dye and injected into the 
patient It 15 preferennally absorbed by the cancerous cells, and the 
position of the tumour can be found by scanning the skull For thyrdtd 
cases the patient consumes a low dose of this isotope as NaI The 
radioactive ] concentrates 1n the thyroid gland and can be measured by 
counting the y activity 

Labelled NaCl solution which contains the isotope 2 Na Is injected inf 
the veins to discover the location and extent of blood clots and other 
circulation disorders 

SOME UNITS AND DEFINITIONS 
1 

amu - atomic mass unit — 1 the mass of the "C carbon atom 

Mass number = number of neutrons + number of protons 

Mass of hydrogen atom IH = 1 007825 amu 

Mass of proton !p or 1H = 1 007277 amu 
Mass of neutron 4n = 1 008665 amu 

Mass of electron —%e = 0 00054859 amu 

Mass of helium atom 2He — 4 00260 amu 

Mass of helium nucleus (a particle 3He) — 4 00150 amu 

MeV = million electron volts (1 MeV = 9 648 x 10’kJ mol") 

1 amu = 931 4812 MeV = 8 982 x 10k] mo"! 
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PROBLEMS 

1. What is the nature of the binding forces in atomic nuclei? How does 
the average binding energy per nucleon vary with the atomic number 
of the element? 

2. Define the following terins: atomic number, mass number, isotope, a 

decay, B decay, y radiation, nuclear fission, nuclear fusion. 

3. In what way is the mode of decay of a particular nucleus related to (a) 
the ratio of neutrons and protons, and (b) the size? 

4. Explain the terms mass number, isotopic mass ánd nuclear binding 
energy used in the description of an isotope. 

Draw a diagram to illustrate how the binding energy per nucleon varies 
with the mass number. Comment on the shape of the curve. 
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THE ATOMIC NUCLEUS E 

How would you work out the binding energy per nucleon for a pwen 
atomic nucleus? What is the sigrificance of this value? 

Work out the binding energy per nucleon (in MeV per nucleon) for the 
isotope 3¢Fe given the masses “Fe 55 93494 amu. neutron 1 008665 
amu, proton 1 00783 amu, electron. 0 00054859 amu (Answer 
8 79 MeV per nucleon ) 

&Na is an unstable isotope of sodium with a half Ife of 15 hours 
Calculate the value of the radioactive decay constant Explarn how vou 
woald attempt to predict the mode of decay 

What is the radioactive displacement law? Ilustrate the radioactive 
displacement law by reference to the four radioactive decay series 

Write equations showing how the following nucle: undergo a decay 
(a) 768U, (b) Th (c) "àhBi. (d) 'MRn (e) "Po 

Write equations showing how the following nuclei undergo B decay 

(a) 7iMg. (b) ^wPb. (c) iuNe. (d) $Co. (e) ^C 
Write equations showing how the following nuclei undergo electron 
capture 
(a) 13K, (5b) JBe, (c) 3Ge. (d) "Sb, (e) iie 

Write equations showing how the following nucle: undergo positron 
p* emission 

(2) "N, (b) SF. (c) Na. (d) iNe, (e) %Zn 

Write an equation to show what would happen if a nuclide {poem 
underwent spontaneous fisston producing two identical daughter 
nuclei and liberating four neutrons. Write another equation assuming 
that the daughter nuclei differ frorn each other by 40 mass numbe's 

In the naturally occurring uranium decay series the nuclide RU 
decays in succession by a [| f. a, a a, a, B decay Write an 
equation showing the mass numbers atomic numbers and symbols for 
the nuchdes formed by these decays 

In the naturally occurring thorium decay series, the nuciide AoTh 
decays m succession by 4, 8, B.a.a a A decay Write an equalton 
showing the mass numbers, atomic numbers and symbols for the 
nuchdes formed by these decays 

The following reaction 1s one of the processes which occurs dung 
fisston 

TU - 'RCe + UiZr + in + 6_Ye 

Given that the masses are U 235 0439 amu Ce 1399054 amu 2! 
93 9063 amu, n 1 008665 amu. e 0 00054859 amu. calculate how much 

energy ıs released ii MeV per fission. (Answer. 205 MeV per fissid? ) 



18. Explain the main differences between the two atomic bombs that were 
dropped on Japan. 

19. (a) What is the difference between a chain reaction and a branched 
chain reaction. 

(b) What is a moderator? Give examples. 
(c) Explain what the critical mass of a fissile material is, and way does 

the critical mass vary? 

20. Compare the processes of nuclear fission and fusion as sources of 
energy. 

21. Calculate the energy released in MeV per fusion in the following 
process: 

‘D + lH 2 iH 

given that the atomic masses are: ^D 2.01410 amu, !H 1.007825 amu, 
*He 3.01603 amu. (Answer: 5.5 MeV per fusion.) 

22. Explain how nuclei heavier than uranium can be prepared. 

23. List uses for radioactive isotopes. 



Spectra 

Electrome spectra from transition metal i0ns and complexes are observed 
in the visible and UV regions Absorption spectra show the particular 
wavelengths of light absorbed, that is the particular amount of energy 
required to promote an electron from one energy level to a higher Jevel, 
whilst emission spectra show the energy emitted when the electron fails 
back from the excited level to a lower level Transitions involving the 
outer shell of electrons are generally observed in the wavenumber region 
100000cm^! to 10000cm^!, but most spectra are measured in te 
50000—10000cm ! regpon (200—1000 nm) "The interpretation of specta 
provides a most useful tool for the description and understanding of tlie 
energy levels present 

ENERGY LEVELS IN AN ATOM 

The energy levels :n an atom are described in Chapter 1 1n terms of four 
quantum numbers 

] n the principal quantum number which may have values 1, 2, 3 4 
corresponding to the first, second, third or fourth shell of electrors 
around the nucleus 

2 lis the subsidiary quantum number, and may have 5 values These 
values are QO, 1, 2, — (n — 1) They describe the orbital angul! 
momentum or shape of the orbital. Thus 

n=1  ¢=0  sSsphencals orbital 

n=2 f=0Q — sphencal s orbital 
f=] dumb bell shaped p orbital 

n-3 F= 0 5 orbital 
f=] p orbital 
1-2 d orbital 

3 mthe magnetic quantum number may have values from +/, (2 — 1) 

0 —i 
4 m, the electron spin quantum number which has a value of either +} 

or —} 



| ENERGY LEVELS IN AN ATOM 

The build-up of electrons in the elements follows three simple rules: 

|. Electrons normally occupy the orbitals of lowest energy. 
_ Hund’s rule: when several orbitals have the same energy, electrons are 

not paired if this can be avoided. Thus in the ground state, an atom will 
contain the maximum number of unpaired electron spins. 

3. The Pauli exclusion principle: no two electrons in one atom can have all 
four quantum numbers the same. 

In? 

This can be illustrated using boxes for orbitals, and arrows for electrons 
(Figure 32.1). The two electrons in the 1s orbital for He have opposite 
spins; thus f denotes m, = +3and | denotes m, — —3. The filling of the 
1s and 2s energy levels is straightforward. 

At boron. an electron occupies a 2p orbital. The three 2p orbitals have 
identical values of n — 2, and / = 1, but have different values of m (+1, 0 

Pnncipal quantum no. n 1 2 
t rc OOS 

Subsidiary quantum no. / 0 0 1 

(M MÁS 

Magnetic quantum no. m 0 0 t1 0 -1 

1s 2s 2p 

H 

[2] 

He 

3 g a D B 
Be 

Hm 

HEE 

cm — é — _ 

B 

tT 
C 

n 
N 

O 

Figure 32.1 Electronic arrangements of the elements. 
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and —1) giving the p,. p, and p, orbitals Allowing for two values for M, 
for each of these, there ts a total of six possible arrangements for this single 
electron The three p orbitals are degenerate, $o tt does not matter which 
arrangement is adopted When only one electron is present in a degenerate 
energy level or subshell such as 2p, 3p or 3d, the energy depends on/ the 
otbital quantum number 

D. Py De 

Figure 32 2 Electronic arrangements of muicrostates for p configuration 

In the case of carbon, two electrons occupy the 2p level, and there are 
15 nossible electronic arrangements (Figure 32 2) These can be divided 
into three main groups of different energy — called three energy states 
Thus even though the p orbitals are degenerate and have the same energy 
the electrons present in them interact with each other and result in the 
formation of a ground state (lowest energy) and one or more excited states 
for the atom or ton In addition to the electrostatic repulsion between 
electrons, they influence each other (1) by the interaction or coupling of 
the magnetic fields produced by their spins and (2) by coupling of the 
fields produced by the orbital motion of the electrons (orbital angular 
momentum) When several electrons occupy a subshell the energy states 
obtained degend on the resutt af the achttal angular quantum numbers Of 
each of the electrons This resultant of atl the / values is denoted by a n&¥ 
quantum number L, which defines the energy state for the atom 

L = Ü l 2 3 4 5 6 7 8 
state S P D F G H I X K L 

(The Jetter J is omitted since this 15 used for another quantum numDer 
described later ) 

Coupling of orbital angular momenta 

p* configuration 

Angular momentum is quantized into ‘packets’ of magmitude A/2n (where ^ 
is Planck's constant) For a p electron, the subsidiary or azimuthal 
quantum number / = 1, and the orbital angular moment = 1(h/2n) and 5 
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EE Resultant f= 1 
L=2 Resultant 

] 2 1 -. D state jx 7" [=] 

^ -. P state 

Figure 32.3 Resultant of / terms for p? configuration. 

shown as an arrow of unit length. The ways in which the / values for two p 

electrons may interact with each other are shown diagrammatically using 

vector diagrams (Figure 32.3). Because angular momentum is quantized, 

the only permissible arrangements are those where the resultant is a whole 

number of quanta. Thus three possible states of spectroscopic terms D, P 

and S arise. For the P state, the vectors / must be at an angle to each other 

such that the resultant is a whole number of quanta and in this case L = 1. 

p! configuration 

The coupling of the / values of three p electrons by vectorial addition can 
be considered in an analogous way, and for simplicity this 1s considered as 
the interaction of a third p electron on the states obtained for the p^ case 
(Figure 32.4). The result of coupling the orbital angular momenta is the 
production of one F state, two D states, three P states and oné S state. 

| x 14 Resultant 
L=3 a, 

L=2 ^. F state uus if fads 

<. D state 

Iz 1 Resultant 
L-2 [21 

941 

Resultant 

L=0 

<^ S state 

Resultant 

L= 1 
P state 

. D state 

Resultant 

L=Ol/=1?>L=1 
<. P state 

Resultant 

Lom] 

< P state 

Figure 32.4 Resultant of / terms for p? configuration. 

3 

d- configuration 

The coupling of / v 
that for 

Resultant 

L=0 

L=1 f=4 S state 

alues for d electrons follows a similar pattern, except 
adelectron/ = 2, so the arrows are of double length (Figure 32.5). 
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} = 5 j Resultant Resultant 

Hesuttant 

Eud f= 2 
te G sta BEN Le? 

fee r F state l= 2 

Hesultant 

TE Resultant 

feo 2 f= 2 f=? 

N Z= L=0 

7 P state S stata 

Figure 32,5 Resultant of / terms for d’ configuration 

Coupling of spin angular momenta 

For a single electron, the spin quantum number a, has a value of +4 af - 
If two or more electrons are present in a subshell, the magnetic fields 
produced interact with each other, that 1s ‘couple’, giving a resultant Spin 
quantum number § (It :s unfortunate that the symbol 5 is used both for 
the resultant spin quantum number, and for the spectroscopic state When 
L = 0, but in practice this does not normally cause confusion ) 

p* or d* case 

By using arrows to depict the quantized amounts of energy associated “ith 
the mt, value of each electron, it can be seen that the resultant 5Ptn 
quantum number 5 must have a value of 0 or 1 (Figure 32 6) 

Mn mM m=» | m= -} {Rosa 

Figure 32 6 Resultant of rr, terms for p^ or d^ configuration 

p! or d? case 

Here 5 has a value of 13 or 3 (Figure 32 7) 
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Hr mm 
Figure 32.7 Resultant of m, terms for p? or d" configuration. 

Spin orbit coupling 

When several electrons are present in a subshell, the overall effect of the 
individual orbital angular momenta / is given by the resultant angular 
quantum number L, and the overall effect of the individual spins m, is 
given by the resultant spin quantum number S. In an atom, the magnetic 
effects of L and $ may interact or ‘couple’, giving a new quantum number J 
called the total angular momentum quantum number, which results from 
vectorial combination of L and S. This coupling of the resulting spin and 
orbital quantum numbers is called Russell-Saunders or LS coupling. 

Spin orbit coupling p^ case 

jt has been shown previously that with a p^ arrangement, resultant orbital 
quantum number values of L = 2, 1 and 0, and also resultant spin quantum 

number values of S = 1 and 0, are obtained. These may be coupled to give 
the total angular quantum number J (Figure 32.8). 

S - 1 Resultant S21 
m~ Resultant Resultant 

L /, |s t L=2 Jg x /^ J=2 L=2 J= 1 

7 
/ 

Full spectroscopic : 3D, "D, 
term symbol ?D, 

S21 Resultant S - 1 Resultant Resultant 
~ 

L=1| | J=2 ial 2 J=1 L=1| |S=1f J=0 
Full spectroscopic f SP, °Po term symbol °P, 

Resultant Lo] s- 

J= 1 

Full spectroscopic 
term symbol 3S, 

Figure 32.8 Obtaining spectroscopic term symbols by combining the resultant L 
and S terms. 
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Each of these arrangements corresponds to an electronic arrangement 
sometimes called a spectroscopic state which is descnbed by a full tern, 
symbol] The letter D indicates that the L quantum number has a value qf 
two P indicates that L — 1 and 5 denotes a vatue of L — 0 as desenbeg 
previously The lower right hand subscript denotes the value of the total 
quantum number J and the upper left superscript indicates the multipl, 
city which has the value of 25 + 1 (where $ ıs the resultant spin quantum 
number} The relation between the number of unpaired electrons the 
resultant spin quantum number S and the multiplicity is given in. Tabl, 
32 ] 

Table 32 1 

Unpatred electrons $ Multipl city Name of state 

(} Q l S nglet 
Í l 2 Doublet 
2 ] 3 Triplet 
1 |! 4 Quartet 
4 2 5 Quintet 

Thus the symbol 'D.; (pronounced triplet D two) indicates a D state 
hence L = 2 the multiplicity 1s three hence 5$ — 1 and the number of 
unpaired electrons i$ 2 and the total quantum number J = 2 

All of the spectroscopic terms derived above for a p^ configuration 
would occur for an excited state of carbon Is? 2s? 2p! 3p! However 1 
the ground state of the atom is” 2s’ 2p? the number of states 1s limited by 
the Pauli exclusion principle since no two electrons in the same atom cay 
have all four quantum numbers the same In the ground state configura 
ton the two p electrons both have the same values of n = 2and/= l Sy 
they must differ in at least one of the remaining quantum numbers rm or m, 
[Tis restriction reduces the number ofterms ftom "D. P Y "O ‘Fandy 

to !D "Pand !5 
This can be shown by writing down only those electronic arrangements 

of m and m, which do not violate the Pauli exclusion prnnaple. For 5 
electrons the subsidiary quantum number / = 1 and the magnetic 
quantum number at may have values from t / — 0 — —/ givingan this case 
values of nt = +1 Oand —1 There are 15 possible combinations ( Table 

322) The values af M. and M, (the total spin and total orbital quantum 
numbers in the z direction) are obtained by adding the appropriate ms ang 
m values 

Ms = Em, 

M, = =m 

M, has values from -L 0 <—L (a total of 2L + 1 values) and 
Ms has values from +$ 0 —-S (a total of 25 + 1 values) 
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Table 32.2 Allowed values of m and rn, for the p* configuration 

m= +] 0 -—] Ms M, Term symbol 

| 0 2 'D 

2 0 —2 'D 

3 0 0 ; 
4 0 0 L DS 
5 0 0 

6 0 1 dass d 

7 0 1 | F.D 

8 0 =l 3p | ; : } 9p, tp 
10 1 1 3p 
11 ] 0 3p 
12 l -] 3p 
13 -] l P 
1d —] 0 "p 
15 -1 -1 P 

The L and $ quantum numbers associated with each electronic 
configuration (and hence the spectroscopic term symbol) can be worked 
out from the M; and M, quantum numbers in Table 32.2. First choose the 
maximum M; value, and select the maximum M, associated with it. This 

gives Ms = 1 and M, = 1 (number 10 in table), and corresponds to a group 
of terms where L = | and S = 1. Since L = 1, this must bé a P state, and 
since § = 1, the multiplicity (25 + 1) = 3, so it is in fact a triplet P state °P. 
Using the equations above: 

if L — 1. M, may have the values 4-1, 0 and —1 

and 

if 5 = 1, My may have the values +1, 0 and —] 

There are nine combinations of these two terms: 

M, = +1 M; = +1,0, ~1 

M; =90 Ms = +1.0, -1 

M, — —1 M, = +1,0. -1 

Examination of Table 32.2 shows that 13 of the allowed values could be 
assigned a “P term symbol. 
From the unassigned combinations we next pick out the maximum Ms 

and M,. In this case M,=OQOand M, = 2. From this it is deduced that L = 2 
and 5 — 0. Since L = 2 this must be a D state. The value of S = 0 gives a 
multiplicity of 25 + 1 = 1, so it isa singlet D state 'D. 

If L - 2, then M, may have values 4-2, --1. 0, —1 and m and since § = 
0. M, — 0. This gives five combinations of M, and Ms. Examination of 

Il 
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Table 32 2 shows that nine of the allowed values could be assigned a ! D 
term symbol 
The ?P and !D states account for 9 -+ 5 = 14 combinations, and tne 

remaining one which corresponds to M, = 0 and Ms = 0, must correspond 

to L = D and S$ =0 This gives a singlet S state iS Thus all 15 permissible 
electronic arrangements are accounted for by the 'D, *P and ‘S states 
Where two or more allowed electronic configurations have the same values 
for M, and M; (for example configurations 3, 4 and 5 in Table 32 2), moie 

than one term symbol will describe the arrangement In these cases a lineal 
combination of the functions should be taken, and it is incorrect to at- 
tribute any one term to a particular arrangement 

DETERMINING THE GROUND STATE TERMS — HUND'S RULES 

Once the terms are known, they can be arranged in order of energy and 
the ground state term identified by using Hund s rules 

1 The terms are placed in order depending on their multiplicities acd 
hence their $ values The most stable state has the largest S value, and 
stability decreases as S decreases The ground state therefore possess? 
the most unpaired spins because this gives the minimum electrostat!* 
repulsion 

2 For a given value of 5, the state with the highest £L value is the most 
stable 

3 If there 1s still ambiguity, for given values of $ and L, the smallest / 
value is the most stable if the subshell 1s Jess than half filled, and th 
biggest J 1s most stable if the subshell js more than half filled 

(Hund's rules should not be used to predict the order of excited 
configurations such as C 1s?, 25?, 2p!, 3p! ) 

Applying the first rule to the terms arising from p? in the ground state f 
carbon the ?P state must be the ground state since there is only one triple! 
state, `D and *S being singlets Using the second rule the `D state 
corresponds to a value of L = 2 and is more stable than the ! S state whe" 
L=0 Finally, the triplet P state has three terms 7P2, ^P, and ^P, so from 
the third rule °Pp < “P,; < FP, The experimentally measured energies {OF 
the terms ansing from the ground state of carbon are shown m Figure 32 ? 
It can be seen that for a hght atom hke carbon, the sphtting of the ‘P teri 
because of the J terms from spin orbit coupling is much smaller than the 
splitting into ‘S, 'D and ?P terms resulting from coupling of 7 quantv™ 
numbers For the lighter elements below atomic nusfiber 30, the splitting 91 
levels of different J 1s small compared with the splitting of levels of 
different £L (see Figure 32 9}, hence Russeli-Saunders coupling gives the 
correct result for the sequence of energy levels or terms for the first row Of 
transition elements For the heavier elements, the J splitting 1s greater tha” 

the L splitting and Russell-Saunders coupling can no longer be used af 
an alternative form of s-; coupling is used instead 
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21648 cm^' (259.0 kJ mol" ') 

16.4 cm*^' (0.20 kJ mol" !) 

Energy 1S, 

1 

Carbon De 

is?, 2s?, 2p? 
(ground state) 

SP, 

3p SP, 

Ü 
“Po 

Figure 32.9 Splitting of terms in carbon ground state. 

HOLE FORMULATION 

When a subshell is more than half full, it is simpler and more convenient to 

work out the terms by considering the ‘holes’ — that is the vacancies in the 
various orbitals — rather than the larger number of electrons actually 
present. The terms derived in this way for the ground state of oxygen which 
has a p* configuration and hence two ‘holes’ are the same as for carbon 
with a p^ configuration, that is !S, ! D and ^P. However, oxygen has a more 
than half filled subshell, and hence when applying Hund's third rule, the 
energy of the triplet P states for oxygen are °P, < ^P, « ?P,, making °P, 
the ground state. In a similar way, by considering 'holes', the terms which 
arise for pairs of atoms with p" and p?^" arrangements, and also d" and 
d'°", give rise to identical terms (Table 32.3). 

Table 32.3 Terms arising for p and d configurations Ese ue M M ee ee ee 
Electronic Ground state Other terms 
configuration term ue E I UE. 

PrP? 2p 
PP 3P !'S, !D 
p. 4S P D 
p tS 
d', d? 2p 

dd 3E 3p, !G, !p, lS 
d*. d M2 4p. 2H 2G. ?F 2D 2p 

d^, d* 5p 347 3G, 3F 3D, 3P. "1, 'G, 'F, 'D, 's 

i i "GF, De Peal, G PD PS 

10195 cm ' (122.0 kJmol^!) 

43.5 cm"! (0.52 kJ mol- !) 

947 
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Decation of the term symbol for a closed subshell 

ff a subshell «& completely filled with electrons. for example p^ or af 
arrangements the derivation of terms is greatly simplified 

m= +f 0 d M, M, 

p 0 0 
m= 424+) 0 -—1 ~2 

j^ (} () 

In both of these cases the total spn quantum number in the z direction M, 
which equals the sum of all the individual az, values 1s zero: hence $ 7 0 
and the muluphety 25 + 1 = 1. Also in both p' and d" cases the total 
orbital angular quantum number in the z direction M, — $1 —( hence L 
= i) corresponding to an 5 state Thus a closed shell of electrons always 
praduces d singlet S state Sy 

Denvation of the terms for a d* configuration 

For d electrons. the subsidiary quantum number / i$ 2. and the magnetic 
quantum number rr has values from +/— 0— —/ giving im this case mt = 
*2. 1.0 ~i and ~2 There are 45 ways in which two d electrons may bi 
arranged which. do not violate. the. Pauli: exclusion. principle These 
arrangements are shown in Table 32 4 

The terms are assigned in a similar way as for the p° case The highest 
value of M, - 4 can only anse if L = 4 corresponding to a G state and 
since Ms — 0, S must be Q, and wis a singlet G term 'G M, can have 
values from +L O | Ls inthiscase +4 F3 92 +1 0 -1 -2 -3 
and —4 but M, has only one value so there are aime conhgurdtons 

assactiated with this term 
The menesi unassigned 44, value is 5 indicaung an } state anù Wire 

occurs with M4 — +1 Oand —1, suggesting a triplet F state ‘F Af; m 
have values of +3, 42 41 0 -—1 ~2 and —3 and since Af, has three 

values there are 21 configurations associated. with the. F term 
Thirty of the 45 configurations have been accounted for and examin. 

tion of the groups of conheurations which have the same Af, and Af, values 
shows that the remaining 15 terms are the same as for the p` case that 
! D. 'P and 'S. The full list of terms for a d^ configuration is therefore ‘GC 
'F,'D. 'P and !'S. Applying Hund s rules, the ground state is 'F, and the 
energy of the various states is 'F « 'P « !G «'p«'s 

The spectra of a number of d? ions have been measured. and the energy 
of the ‘P state ts shown to be higher than the ‘F ground state in each case 
(Table 32 5) Quantitative data are available for the energy levels in free 

metal ions in the gas phase. and the next step is to find how these energy 
levels change when higands approach to form a complex 



Table 32.4 Allowed values of m and m, for the d^ configuration 

mz42410-1-2. Lms=Ms Um=M, Term symbol 

0 4 IG 

3 XE | 3 SF 

3 Ü 3 IG E 

4 0 3 
5 —] 3 3F 
6 2. | 2 AF 

7 CEI 0 2 
8 ae 0 2 'G.3F.'D 
9 KIM 0 2 

10 Tree zi 2 SF 
E ae ke l | 3p 3p 

12 Ea :EM | 
13 ET uH eu l | IF 3p 

14 -] | ` 

E () l 

() | 
: : | IG. OF, ! D, ?P 

18 () | 

|9 | () | des 

20 | ( torus 

21 () () 

22 () () 
23 () () 'G.OF.'D AP'S 
24 0 () 
25 0 () 

26 -| 0 E 
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Table 32 5 Energy of °F and *P states for d* free ions 

Ti^* yit Cr'* 

åp 10600cm^! 13250cm ^! 15700 cm^'! 
IF 0 0 0 

CALCULATION OF THE NUMBER OF MICROSTATES 

Each different arrangement of electrons in a set of orbitals has a slightly 
different energy and ts called a microstate, eg Table 322 for a p' 
arrangement or Table 324 for a d^ arrangement The number of 
microstates may be calculated from the number of orbitals and the number 
of electrons, using the formula 

(") ni 

r) r{n-ry 

where n ts twice the number of orbitals and ris the number of electrons 

(Note zn! 15 factonal n and r? is factorial r ) Thus for a p? case there are 
three orbitals so zn = 6, and three electrons sor = 3 Hence 

(5) = 6! 18 QÓXSX4x3x2X1», ag tates 

3] 3(6-3) 3x3 3x2x1X3Xx2xl mcrosiat 
Similarly, for a d* case there are five orbitals so zn = 10, and two electrons 
sor=2 Hence 

(^) E 10)! TL 

2/ 2'10—-2) 2'x8' 

OIX 9X8x7XxGX^5SXxAX3x2xl 
JXIX8SxTXGXxXSXAX3i1x2xl 

= 45 microstates 

In a similar way the number of microstates can be worked out for all of th? 
cecromrce arrangements p^ -/? anà d^ -d^ 

Table 32 6 The number of microstates for various electron arrangements 
a—— Hi — Ha —Á———— '— ——U———— ''———— — —X—!—V—————'/HÓP/J—————'———Á—ÁÜ üt 

Electronic Number of Electronic Number of 

arrangement microstates drrangement microstates 

P. 6 d! 10 
P. 15 d^ 45 
P 20 d' 120 
P. 15 d' 210 
p. 6 d' 252 
P l d^ 210 

d 120 
d 45 
d” 10 
uU I 
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ELECTRONIC SPECTRA OF TRANSITION METAL COMPLEXES 

Spectra arise because electrons may be promoted from one energy level to 

another. Such electronic transitions are of high energy, and in addition 

much lower energy vibrational and rotational transitions always occur. The 

vibrational and rotational levels are too close in energy to be resolved into 

separate absorption bands, but they result in considerable broadening of 

the electronic absorption bands in d-d spectra. Band widths are commonly 

found to be of the order of 1000—3000 cm" !. 

The spectrum of a coloured solution may be measured quite easily using 

a spectrophotometer. A beam of monochromatic light obtained using a 

prism and a narrow slit is passed through the solution and on to a 

photoelectric cell. The amount of light absorbed at any particular 

frequency can be read off, or a whole frequency range can be scanned, and 

the absorbance A plotted as a graph on a paper chart recorder. The 

absorbance was formerly called the optical density. If Jp is the intensity of 

the original beam of light, and / the intensity after passing through the 

solution, then 

TE 
ihe molar absorption coefficient € is usually calculated from the 
absorbance 

1 

where c is the concentration of the solution in moll^!, and / is the path 
length in centimetres. (Cells are commonly 1 cm long.) 
Not all of the theoretically possible electronic transitions are actually 

observed. The position is formalized into a set of selection rules which 
distinguish between ‘allowed’ and ‘forbidden’ transitions. ‘Allowed’ transi- 
ttons occur commonly. ‘Forbidden’ transitions do occur, but much less 
frequently, and they are consequently of much lower intensity. 

Laporte ‘orbital’ selection rule 

Transitions which involve a change in the subsidiary quantum number 
A! = tl are ‘Laporte allowed’ and therefore have a high absorbance. 
Thus for Ca, s? — s!p!. | changes by +1 and the molar absorption 
coefficient € is 5000-10000 litres per mol per centimetre. In contrast d-d 
transitions are ‘Laporte forbidden’, since the change in / = 0, but spectra of 
much lower absorbance are observed (& — 5—10 1 mol^! cm!) because of 
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Figure 32.10 Mn^* in weak 
octahedral field 

Table 32.7 Molar absorption coefficients for different types of transition 
a € ———À—Gà"——À————' n —QHáá— n Qi P 

Laporte (orbital) Spin Type of £ Example 
spectra 

Allowed Allowed Charge 10000. [T1Cl] ̂ 
transfer . 

Partly allowed Allowed d~d SU [CeBr,] ^. {CoCh,] - 
some p- d mixing 

Forbidden Allowed d-d 8-10 od |'*. [V(H.O),}** 
Partly allowed, Formdden d-d 4 MaBr 

some p--d mixing . 

Forbidden Forbidden i-e 002 — [Mn(H:.O,] * 
—————————ÁÀ—— ————————— d —————————————É———————— ———— À —— À—Ó — 

slight relaxation in the Laporte rule When the transition metal ion forms a 
complex it ts surrounded by ligands. and some mixing of d and p orbitals 
may occur, 1 which case transitions are no jonger pure d~d m nature 
Mixing of this kind occurs in complexes which do not possess a centre of 
symmetry for example tetrahedral complexes. or asymmetrically subst 
tuted octahedral complexes Thus [MnBr;] which ts tetrahedral and 
[Co(NH4)CI] t which is octahedral but non centrosymmetric are both 
coloured Mixing of p and d orbitals does not occur in octane 
complexes which have a centre of symmetry such as [Co(NH,),}°* 
[Cu H-O} However in these cases the metal-ligand bonds brate s w 
that the hgands spend an appreciuble amount of tme out of their centro 
symmetric equilibrium. position. Thus a very small amount of mixing 
occurs, and low-intensity spectra are observed Thus Laporte allowed 
transitions are verv intense. whilst Laporte forbidden transitions vary from 
weak intensity if the complex i$ non-centrosymmetric 1o very weak if it 1s 
centrasymmetric (Table 32 7} 

Spin selection rule 

During transitions between energy levels. an electron does not change its 
spin. that is AS = O There are fewer r exceptions than for the Laporte 
selection rule Thus in the case of Mn’? in a weak octahedral field such as 

[Mn(H;O),] * the d-d transitions are spin forbidden because each of the 
d orbitals is singly occupied. Many Mn" compounds are off white or pile 
flesh coloured but the intensity i only about one hundredth of that for à 
spin allowed" transition (Table 33 7). Since the spin forbidden transitions 
are very weak, analysis of the spectra of transition metal complexes can be 

greatly simplified by tgnoring all spin forbidden transitions and considering 
onh those excited States which have the same muluphicity as the ground 
suite Thus fora d’ confimuration the only terms which need be considered 
are the ground state "E and the oxoted state TP 
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SPLITTING OF ELECTRONIC ENERGY LEVELS AND 
SPECTROSCOPIC STATES 
Ans orbital is spherically symmetrical and is unaffected by an octahedral 
(or any other) field. p orbitals are directional, and p orbitals are affected by 
an octahedral field. However, since a set of three p orbitals are all affected 
equally, their energy levels remain equal, and no splitting occurs. A set of 

d orbitals is split by an octahedral field into two levels fa, and e,. The 

difference in energy between these may be written as A, or 10D,. The t5, 
level is triply degenerate and is 4D, below the barycentre, and the e, level 
is doubly degenerate and 1s 6D, above the barycentre. For a di con- 
figuration, the ground state is a ^D state, and the t, and e, electronic 
energy levels correspond with the 75, and E, spectroscopic states. A set of 
f orbitals is split by an octahedral field into three levels. For an P 
arrangement the ground state is a °F state and is split into a triply 
degenerate Ti, state which is 6D, below the barycentre, a triply degenerate 
T3, level which is 2D, above the barycentre and a single A», state which is 
12D, above the barycentre (Figure 32.11). We will see later that the same 
arrangement of states occurs with d^ arrangement. 

/ 
/ 
/ 
/ 
/ 12D, 

Energy i 

/ 
/ 
/ A T2 

/ Ey / pd 2D, | 
r ! F l| ̂ i 

/ 8b, paa 
D o d N 

` i E N 6D, 

Ww 4D, N 
S i N, 

Tag Bd ccc E ad Tig 

(a) (b) 

Figure 32.11 Splittin i isi ; i ` g of spectroscopic terms arising from (a) d! electronic arrange- ment and (b) d? electronic arrangement. " : 

In the ‘o ‘s! pl qd! i i ne electron cases`s!, p!, d! and f' there is a direct correspondence betw itti i un splitting of electronic energy levels which occurs in a crystal nd the splitting of spectroscopic states. Thus in an octahedral field 
the M d - ` + * : nd P states are not split. D states are split into two states and F states 
re split into three states. 
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Table 32.8 Transforming spectroscopic terms into Mulliken symbols 
-————— ——————!!Á'' ————— ———A————————————À ——— a, 

Spectroscopic tenn Mulitken symbols 
— aaam aaeeea 

Octahedral field Telrahedrat field 

$ A ig A; 

P li T, 
D E, + 73. E+ T; 

F Ag * Fig + Ta As + 11 + T, 
G Ay t+ £, + Tig + T+ A,+E+T, +7, 

SPECTRA OF d! AND d? IONS 

In a free gascous metal ion the d orbitals are degenerate, and hence there 
will be no spectra from d-d transitions When a complex is formed, the 
electrostatic field from the hgands splits the d orbitals into two groups n, 
and ¢, (This crystal field splitting 1s described tn Chapter 7 ) The simplest 
example of a d! complex 1s Ti(fl]} in octahedral complexes such as 
[T:CL] ̂. or [TiH(H2O),['* The sphtting of the d orbitals 1s shown in 
Figure 32 124. In the ground state the single electron occupies the lower n, 
level, and only one transition is possible to the e, leve]. Consequently the 

Wavelength (À) 

3000 4000 5000 7000 
10 

we 

e 
(n 

D 
BS 
rJ 

5 
oO 
= 

0 30000 20000 19.000 

Frequency (cm ') 

Metal lon in Metal sort in 
spherical field octahedral field 

e) (b) 
Figure 32.12 (a) Diagram of energy levels in octahedral field (b) Ultraviolet and 
visible absorption spectrum of [Ti(H;O),]* 
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Figure 32.13 Splitting of energy levels for d! configuration in octahedral field. 

absorption spectrum of [Ti(H?O)g]^* which is shown in Figure 32.12b, 
shows only one band with a peak at 20300cm !. The magnitude of the 
splitting Ay depends on the nature of the ligands, and affects the energy of 
the transition, and hence the frequency of maximum absorption in the 
spectrum. Thus the peak occurs at 13000 cm^! in [TiCIg]" , 18900 cm ̂ ! in 
[TiF4]^^, 20300 cm^! in [Ti(H;O)g]^* and 22300 cm ̂ ! in [Ti(CN)g]^". The 
amount of splitting caused by various ligands is related to their position in 
the spectrochemical series (see Chapter 7). The effect of an octahedral 
ligand field on a d' ion is shown in Figure 32.13. The symbol ^D at the left 
is the ground state term for a free ion with a d! configuration (see Table 
32.3). Under the influence of a ligand field this splits into two states which 
are described by the Mulliken symbols ^E, and ^T;,. (These symbols 
originate in group theory, and are used here without attempting to derive 
them. Useful references are given at the end of the chapter.) The lower T5, 
state corresponds to the single d electron occupying one of the tz, orbitals, 
and the "E. state corresponds to the electron occupying one of the e, 
orbitals. The two states are separated more widely as the strength of the 
ligand field increases. 

Octahedral complexes of ions with a d? configuration such as 
{(Cu(H,0),]°* can be described in a similar way to the Ti?^* octahedral 
complexes with a d! arrangement. In the d! case there is a single electron 
in the lower 15, level whilst in the d ? case there is a single hole in the upper 

€, level. Thus the transition in the d! case is promoting an electron from 
the ^, level to the e, level, whilst in the d? case it is simpler to consider the 
promotion of an electron as the transfer of a ‘hole’ from é, tO f,. The 
energy diagram for d? is therefore the other way round, that is the inverse 
of that for a d! configuration (Figure 31.14). 

If the effect of a tetrahedral ligand field is now considered, the degen- 



Ligand f eld strength 

Figure 32.14 Splitung of energy levels for d? configuration in octahedral field 

erate d orbitals split into two e, orbitals of lower energy and three 5, 
orbitals of higher energy (see Chapter 7) The energy level diagram for d! 
complexes in a tetrahedral field ıs the inverse of that in an octahedral field, 
and is similar to the d? octahedral case (Figure 32 13), except that the 
amount of splitting in a tetrahedral field 1s only about 5 of that in an 
octahedral fieid 

In a similar way the d° high-spin octahedral arrangement (Figure 32 15a) 
is related to the d' octahedral case Since transimons which mvolve reversal 
of the electron spin are forbidden’, and hence give extremely weak bands 
the only permitted transition is the pared electron in the z+, level which 

(a) iG) 

Figure 32.15 (a) d° and (b) d* Ingh spin octahedral arrangements 
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has the opposite spin to all the other electrons, to the e, level. The energy 

level diagram for dÉ high-spin octahedral complexes is the same as the d! 

case (Figure 32.13). 

By similar reasoning. octahedral complexes containing d" ions in a high- 

spin arrangement (Figure 32.15b) may be considered as having one ‘hole’ 

in the upper ej level and thus they are analogous to the d? octahedral case 

(Figure 32.14). | | 

In addition, d° tetrahedral compiexes have only one electron which can 

be promoted without changing the spin, and have a diagram like that for d! 

tetrahedral, which is qualitatively similar to that for the d ? octahedral case. 

Finally, d* and d? tetrahedral complexes with one *hole' are qualitatively 

like the d! octahedral example with one electron. 

Figures 32.13 and 32.14 can be combined into a single diagram (Figure 

32.16) called an Orgel diagram, which describes in a qualitative way the 

effect of electron configurations with one electron, one electron more than 

a half filled level. one electron less than a full shell, and one electron 

less than a half filled shell. 

j Energy 

d’ tetrahedral Es 
dê tetrahedral 72, 

Tag 

dt octahedral E, 
d? octahedral 

Increasing j Increasing 

ligand ligand 
field field 

Figure 32.16 Orgel combined energy level diagram for d!. (Note that g subscripts 
are dropped in tetrahedral cases.) 

SPECTRA OF d? AND d? IONS 

The ground state for a d? electronic arrangement has two electrons in 
different orbitals. In an octahedral field the d orbitals are split into three t», 
orbitals of lower energy and two e, orbitals of higher energy, and the 
electrons will occupy two of the fo, orbitals. When an electron is promoted 

(e) => (e,)' (fg)! there are two possibilities. It requires less energy to 
Promote an electron from the d,. or d,, orbitals to the d.: orbital than it 

d' octahedral 
d? octahedral 

d^ tetrahedral 
d? tetrahedral 

957 
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does to promote the electron to the do- orbital This difference tn energy 
arises because the former transition gives à (da V (d..)' arrangement w here 
the electrons are spread around all three directions x, 4. and z which 

reduces electron-electron repulsion compared with the (d,,)'(d, _, y 
arrangement where the electrons are confined to the x} plane If both 

electrons are promoted another high energy state will be formed Thus 
from a consideration of the electrons we would expect four energy levels 

Table 32 3 shows that the terms ansing for a d^ configuration are the 
ground state ^F and the excited states 'PoiG,!Dand !S The ground state 

contains two electrons with parallel spins. but the 'G, 'D and 'S states 
contain electrons with opposite spins. Thus transitions from the ground 
state to these three states are spin forbidden, will be very weak, and can be 

ignored The two remaining states 7F and °P can have spin permitted 
transitions [Tt will be remembered that p orbitals are not split by ap 
octahedral field, but that f orbitals are split into three levels. Similarly in an 
octahedral field P states are not split (but are transformed into a Ti; state, 
and F states split into As, + Ti, + To, (see Figure 32 11 and Table 32 8) 
The energy level diagram for these is shown in Figure 32 17a 

Three transitions are possible from the ground state Ti (F) to Ts. 
*T, CP) and "Ar respectively, and hence three peaks shauld anpear in the 

Spectrum (This may be compared with only one transition in the d! case ) 

Table 32.9 Ground terms for d'~d'" configurations 

3 Configuration Example Ground term "m, M, 
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Figure 32.17 Orgel diàgram and spectrum for a d? ion. (a) Energy diagram tor d" 
configuration in octahedral field (simplified by including only the triplet states) 
showing three possible transitions. (b) Ultraviolet—visible absorption spectrum for 
the d^ complex [V(H;O)s^*. 

The spectrum of a d^ complex ion [V(H;O)gP* is shown in Figure 
32.17. Only two peaks occur in this spectrum because the ligand field 
strength of water results in transitions occurring close to the cross-over 
point between the ?T;,(P) and ^A», levéls, and hence these two transitions 
are not resolved into two separate peaks. A V°* ion complexed with a 
different ligand would show three peaks. 
Complexes of metals such as Ni^* with a d? configuration in an 

octahedral field can be treated in a similar way. There are two 'holes' in the 
€, level, and hence promoting an electron is equivalent to transferring a 
‘hole’ from e, to t,. This is the inverse of the d? case. The °P state is not 
split, and is not inverted, but the °F state is split into three states and is 
inverted (Figure 32.18). Thus the ground state term for Ni?* is A;,. Note 
that in both the d? case and the d? case the ?F state is the lowest in energy. 

Three spin allowed transitions are observed in the spectra of 

[Ni(H;O)4]?*, [Ni(NH3)s?* and [Ni(ethylenediamine),]?* 
"Using the same arguments as applied to the d! case, the d? octahedral 

energy diagram is similar to the high-spin d” octahedral, and d? and d” 
tetrahedral cases. The inverse diagram applies to the d? and d? octahedral 
as well as d? and d” tetrahedral complexes. As before, the g subscript is 
Omitted in tetrahedral complexes. 

In a similar way Cr(III) has a d? configuration, and for octahedral 
complexes the inverted diagram at the left hand side of Figure 32.19 
applies. This is similar to the d? diagram except that the energies of the 
three states derived from the ?F state are inverted in order. The spectra of 
chromium complexes would be expected tó show three absorption bands 
from the ground state Ap to “Tops Ti p(F) and *Tip(P) respectively. 

°Tig(F) > “Tao (F) 

10000 

°Ti9(F) => A. 
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Figure 32 18 Orgel diagram and spectrum for a d^ 1on. (a) Energy diagram fo d 
configuration in an octahedral field (simplified by mcludmg only the triplet states) 
showing three spin allowed transitions. (5) Ultraviolet- visible absorption spectrum 
for the d" complex |[Ni(H.O),] *. Nate the middle peak shows signs of splitting 1010 
two peaks because of Jahn-Teller distortion 

Chromtum(IlT) complexes show at least two well defined absorption peaks 
in the visible region. In some cases the third band can be seen. though 1UIS 
often hidden by a very intense charge transfer band 

The combined Orgel energy level diagram for two electron and [Wo 
‘hole’ configurations 1s shown in Figure 32 19 Note that there are tw0 Tig 
states. one from the P state and the other from the F state The two Tie 
states are shehtly curved hnes Decruse they have the same symmetry and 
they interact with one another This interelectramic repulsion lowers the 
energy of the lower state and sere tes the energy of the higher state The 
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Figure 32.19 Combined Orgel energy level diagram for two-electron and two- 
'hole' configurations. (Note that the g subscript is omitted in tetrahedral cases. 
The same diagram also applies to the d" and d" arrangements except that the 
spectroscopic terms are ^F and *P, and the Mulliken terms have a multiplicity of 4.) 

effect is much more marked on the left of the diagram because the two 
levels are close in energy. If the lines had been straight, they would cross 
each other, implying at the cross-over point that two electrons in one atom 
may have the same symmetry and the same energy. This would be imposs- 
ible, and is prohibited by the non-crossing rule, which says that states of 
the same symmetry cannot cross each other. The mixing or interelectronic 
repulsion which causes the bending of the lines is expressed by the Racah 
parameters B and C. 
The Racah parameters can in principle be calculated from linear com- 

binations of exchange integrals and coulomb integrals, but they are usually 
obtained empirically from the spectra of free ions. The difference in energy 
between states of the same multiplicity for example in a d? ion such as V^* 
the separation between ^F and ^P is 15B. Thus if all three bands are 
observed in the spectrum, B is readily obtained. In many cases it is 
sufficient to use only the parameter B to explain the positions of the bands 

in the spectrum. Both the B and C parameters are necessary for terms of 
different multiplicity. For example. in the d? V?* ion the separation 
between "F and ?G is 4B + 3C. For most transition metal ions B is 
approximately 700— 1000 cm ̂ and C is approximately four times B. 

Experimentally measured spectra may be compared with those expected 
from theory. Consider for example the spectra of Cr(III). Cr^* is a d^ ion. 
(See also Chapter 22.) In the ground state, the dıy, drz and dy, orbitals 
each contain one electron and the two €, orbitals are empty. The d? 

arrangement gives rise to two states ^F and *P. In an octahedral field the *F 



Table 32 10 Racah parameters B tor transition 

metal ions in cm! 
a 

Metal M?^* M'* 
S uaaa 

Ti 695 — 
V 755 861 

Cr 810 918 

Nin 860 965 

Fe 917 1015 

Co 971 1065 

NI 1030 I115 
— EE — ——— EQ —— A — — sl I 

From Sutton D Electronic Spectra of Trans: 

ton Metal Complexes McGraw Hill. 1968 

with 
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Figure 32 20 The sphtting of the ^F and *P states in Crt 

state 1s split into *A2,(F), *T3,(F) and "71,(F) states, and the ^P state is not 
split but transforms into a ^T,,(P) state (Figure 32 20) 

Three transitions are possible ^A;, — ^T5,, ^45, — "Ty, (F) and "Az, > 
4 + T,,(P) The Racah parameters for the free Cr^* 10n are known exactly 
(B = 918cm™ and C = 4133cm7}) 

Table 32 11 Correlation of spectra for (CxE,P- Gn en 

Observed spectra Predicted 

Ay ‘Tig (P) 34400 30700 (12D, + 158) 
AnS RF) v 22700 26 800 (18D,) 
Ay, — “Tz Yi 14900 14 900 (10D,) 

(The crystal field splitting may be defined as Ag or as 10 D, ) 
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The lowest energy transition correlates perfectly, but agreement for the 

other two bands is not very good. Two corrections must be made to 

improve the agreement. 

i. If some mixing of the P and F terms occurs (bending of lines on the 
Orge! diagram), then the energy ot the T CP) state is increased by an 

amount x and the energy of' the "Ti,(F) state is reduced by x. 
. The value for the Racah parameter B relates to a free ion. The apparent 

value B' in a complex is always less than the free ion value because 

electrons on the metal can be delocalized into molecular orbitals cover- 
ing both the metal and the ligands. The use of adjusted B' values 
improves the agreement. This delocalization is called the nephelauxetic ` 
effect, and the nephelauxetic ratio D is defined: 

B' 

P5 

tho 

f decreases as delocalization increases, and is always less than one, and 
B' is usually 0.7B to 0.9B). B' is easily obtained if all three transitions 
are observed since: 

ISB’ = V3 + Vo — 3vi 

Using both of these corrections gives much better correlation between 
observed and improved theoretical results (Table 32.12). (The use of 
adjusted B and C terms is the basis of ligand field calculations.) 

Table 32.12 Correlation of spectra for [CrF,]>~ (using corrected constants) (in 
cm") 

Observed spectra Corrected theoretical 

Ax “Tig (P) vi 34 400 34800 (12D, + 15B’ +x) 
Ax TF) vi 22 700 22400 (18D, — x) 
Are "Tre vi 14 900 14900 — (10D,) 

As a second example consider the spectrum of crystals of KCoF;. There 
are three absorption bands at 7150 cm" !, 15200 cm ̂! and 19200 cm" '. The 
compound contains Co** ions (d?) surrounded octahedrally by six F^ ions. 
This case should be similar to the d? case and we would expect transitions 

vi (Ti > Tag), va (Tig > *A3,) and v3 (Tig > “T1,(P)). Dz may be 
calculated from v, since: 

Vy = 8D, 

However, this makes no allowance for the configuration interaction 
between the "Ty, and *T3, states (i.e. bending of lines on the Orgel 
diagram). It is therefore better to evaluate D, from the equation: 

V= vy = 10D, 

since this is not affected by configuration interaction. Thus: 



om 
15200 — 7200 = 10D, 

hence D, = 800cm^! 

The value of the configuration interaction term x ts obtained either from 
the equation 

Y= 8D, Tx 

or from v = 18D, * x 

The Racah parameter B for a free Co^* ion 15 971 em ̂ ! (Table 32 10) but 
the corrected value B’ may be calculated from the equation 

V4 — I5B' 4 6D, + 2r 

The pale pink colour of many octahedral complexes of Co(tI) are of 

interest The spectrum oi [CofH,0),]}°* 1s shown in Fipure 32 21 

Mola? absorbance 

I» 

29000 20000 15 000 10 000 5 000 

Frequency (cm '} 

Figure 22 21 Electronic spectrum of [Co(H;O),]* 

The spectrum of [Co(H2O),] * is less easy to interpret. [t shows a weak 
but well resolved absorption band at about 8000 cm" !, and a multiple 
absorption band comprising three overlapping peaks at about 20000cm™' 
The lowest energy band v, at 8000 cm" is assigned to the *Tj, ~ “Tr 
transition The mult:ple band has three peaks at about 16000, 19400 and 
21600cm ̂! Two of these are the Tip —> *A;, and 'Tj, — "Ti,(P) 
transitions, and since the peaks are close together this indicates that thts 
complex 1s close to the cross-over point between the “A>, and *7), states 0n 
the energy diagram This means that the assignments are only tentative 
but the following assignments are commonly accepted 

v; CT, — An) 16000 cm7! 

and v Tie => Ti (P) 19400cm7' 

The extra band 1s attributed either to spin orbit coupling effects or 09 

transitions to doublet states 



' SPECTRA OF d5IONS 

Tetrahedral complexes of Co** such as [CoCl,]*~ are intensely blue in 
colour with an intensity « of about 600 1 mol^' cm^! compared with the 
pale pink colour of octahedral complexes with an intensity € of only about 
61mol"! cm^!. Co^* has a d' electronic configuration, and in [CoCL^- 

the electrons are arranged (e) (6,)". This is similar to the Cr?* (d?) 
octahedral case since only two electrons can be promoted. There are three 

possible transitions: 4A, > “T2(F), *A4(F) ^ *TQ(F) and *A;(F) > 
ST, (P). Only one band appears in the visible region at 15000cm^! 
(Figure 32.22). This band is assigned v3. There are two bands in the 

infrared region at 5800 cm —' assigned v, and the lowest energy transition 

(assigned v3) is expected at 3300 "D 

3A,— ^T,(P) v3 15000cm !in the visible region 

44,2 ‘4T\(F) v 5 800cm~’ in the visible region 
bdo aT. Vi (3300 cm^! in the infrared region) 

600 

(QD 
Oo 
C 

8 P — 400 
Uo 
a 
(U 

S 
O 

= 

200 

25 000 20 000 15000 10000 5 000 

Frequency (cm) 

Figure 32.22 Electronic spectrum of [CoCl]^". 

SPECTRA OF d° IONS 

The d? configuration occurs with Mn(II) and Fe(III). In high-spin octa- 
hedral complexes formed with weak ligands, for example [Mn"F,]*~, 
[Mn"(H,0),]@* and [Fel !F,P7, there are five unpaired electrons with 
parallel spins. Any electronic transition within the d level must involve a 
reversal of spins, and in common with all other ‘spin forbidden’ transitions 

any absorption bands will be extremely weak. This accounts for the very 
pale pink colour of most Mn(II) salts, and the pale violet colour of iron(IIT) 
alum. The ground state term is 5$. None of the 11 excited states shown in 
Table 32.3 can be attained without reversing the spin of an electron, and 
hence the probability of such transitions is extremely low. Of the 11 excited 

965 



states, the four quartets ^G, ^F, ^D and "P involve the reversal of only one 

spin. The other seven states are doublets, are doubly spin forbidden, and 

are unlikely to be observed In an octahedral field these four split into ten 

states, and hence up to ten extremely weak absorption bands may be 

observed The spectrum of [Mn(H20),}** 1s shown in Figure 32 23 

Several features of this spectrum are unusual 

L The bands are extremely weak The molar absorption coefficient e is 

about 0 02-0 03 1 mol"! cm*^!, compared with 5-10 Imol~em™! for 

spin allowed transitions 

2 Some of the bands are sharp and others are broad Spin allowed bands 

are tmvariably broad 

Arg 

2 0 03 E 

E g 4 

B TaD} 
c 
5 0 02 4 TS] *E DI 

E: * TAG) 
Q 

= 
004 

<0 000 25000 30000 

Frequency (cm. *) 

Figure 32.23 Electronic spectrum of [Mn(H;O)s]^* 

The Orgel energy level diagram for octahedral Mn?” is shown im Figure 
32 24 Only the quartet terms have been included becatse transitions to 
the others are doubly spin forbidden 

Note that the ground state Sis not split, and transforms to the ^A pẹ state 
which is drawn along the horizontal axis Note also that the *E,(G) Ag 
tE (D), and *A;,(F)} terms are also honzontal hnes on the diagram so 
their energies are independent of the crystal field The ligands in a complex 
Vibrate about mean positions so the crystal field strength 10D, varies 
about a mean value Thus the energy for a particular transition Vanes 
about a mean value, and hence the absorption peaks are broad The degree 
of broadening of the peaks ts related to the slope of the lines on the Orgel 
diagram Since the slope of the ground state term “App :s zero. and the 
slopes of the "*E,(G), Aip E(D) and 'Ax(F) terms are also zero, 
transitions from the ground state ta these four states should give rise to 
sharp peaks By the same reasoning transitions to states which slope 
appreciably such as “7\,(G) and *75,(G) give broader bands 

The bands are assigned as follows 
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Figure 32.24 Orgel energy level diagram for Mn** (d>) octahedral. 

“Aig “Tig 18900 cm7! 
“Aig *T4(G)  23100cm-! 
"Alp — AE g sel 24 970 and 25 300 Z" = he | an cm 

"Aug — *T4(D)  28000cm*^! 
"Aw *E,D) —29700cm:! 

The same diagram applies to tetrahedral d? complexes if the g subscripts are omitted, 

TANABE-SUGANO DIAGRAMS 
The simple Orgel energy level diagrams are useful for interpreting spectra, but they suffer from two important limitations: 
l. They treat only the high-spin (weak field) case. 

. They are only useful for spin allowed transitions when the number of 
Observed peaks is greater than or equal to the number of empirical 
Parameters: crystal field splitting D,, modified Racah parameter B’ and bending constant x. 
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Figure 32 25 Tanabe~Sugano diagram for d^ case, e g. V?* 

Though it 1s possible ta add low spin states to an Orgel diagram 
Tanabe-Sugana diagrams are commonly used instead for the interpreta 
tion of spectra including both weak and strong fields Tanabe- Sugano 
diagrams are simular to Orgel diagrams in that they show how the energy 
levels change with D,, but they differ in several ways 

L The ground state ss always taken as the abscissa (horizontal axis) and 
provides a constant reference point The ather energy states aré plotted 
relative to this 

2 Low-spin terms, 1 e states where the spin multiplicity is lower than the 
ground state, are included 

3 Inorder to make the diagrams general for different meta! ions with the 
same electronic configuration, and to allow for different ligands. both of 
which affect D, and B (or B'), the axes are plotted in units of energy/B 
and D,/B 

A different diagram 1s required for each electronic arrangement Only two 
examples are shown here The T-S diagram for a d? case such as V`? is 
shown in Figure 32 25 Note that in this case there 1s no fundamental 
difference between strong and weak fields 

The Tanabe-Sugano diagram for a df jon such as Co?* is shown m 
Figure 32 26 This is a simplified version and only the singlet and quintet 



TANABE-SUGANO DIAGRAMS 
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Figure 32.26 Tanabe-Sugano diagram for d* case, e.g. Co?* 

terms are shown. There is a discontinuity at 10D,/B = 20, and this is shown 
by a vertical line. At this point spin pairing of electrons occurs. To the left 
of this line we have high-spin complexes (weak ligand field), and to the right we have low-spin complexes (strong ligand field). The free ion ground state is D. This is split by an octahedral field into the “Tz ground state and 
the "E, excited state. The singlet !/ state in the free ion is of high energy. 
This Is split by the octahedral field into five different states, of which the 
Aig 's Important. This state is greatly stabilized by the ligand and drops 
rapidly in energy as the ligand fieid strength increases. At the point where 
I0D,IB = 20 the 'A,, line crosses the horizontal line for the ^T», state M Is the ground state). At still higher field strengths the 'A,, state is the lowest in energy, and becomes the ground state. Since the ground state 
rs as the horizontal axis, the right hand part of the diagram must be 

egit the fluoride ion is a weak field ligand, the complex [CoF,]^" is 
mes complex is blue in colour, and a single peak occurs at 7h This is explained by the transition 5T;, —> 5E, shown as an 



70 
arrow in the left hand part of the diagram The spectrum of a low-spin 

complex such as [Co(ethylenediamine)4]"* should show the transitions 
‘Ate T. and Aj, — ‘Trg (shown as two arrows in the right hand part of 

the diagram) 
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PROBLEMS 

l. Electronic transitions of the d-d type displayed in spectra of octahedral 
transition metal complexes should be forbidden by the Laporte 
selection rule. Why are moderately strong spectra actually observed? 

2. Why do tetrahedral complexes of an element give much more intense 
d-d spectra than its octahedral complexes? 



Abundance of the elements APPENDIX 

in the earth's crust A 

Name Symbol Abundance* Name Symbol Abundance 

| Oxygen Q 45S Q00 40 Samarium Sm 7.0 

2 Silicon Si 272 000 41 Gadolinium Gd 6.1 

3 Aluminium Al 83 000 42 Dysprosium Dy 4.§ 
4 Hon Fe 62 000 43 Erbium Er 3.5 

5 Calcium Ca 46 600 44 Ytterbium Yb 3.1 

6 Magnesium Mg 27 640 45 Hafnium Hf 2.8 
71 | Sodium Na 22 700 46 Caesium Cs 2.6 

8 . Potassium K 18400 47 Bromine Br 2.5 

9 Titanium Ti 6320 48 Uranium U 2.3 

l0 Hydrogen H 1520 49- Tin Sn 2. 
l1 Phosphorus P 1 120 49 = Europium Eu 24 
12 Manganese Mn 1 060 51 Beryllium Be 2.0 
B Fluorine F 544 52 Arsenic As 1.8 

ld Barium Ba 390 53 Tantalum Ta 1.7 
I5 Strontium Sr 384 54 Germanium Ge 1.5 

l6 Sulphur S 340 55 Holmium Ho 1.3 
I7 Carbon C 180 56= Molybdenum Mo 12 
l8 — Zitconium Zt 162 56 = Tungsten W 1.2 
19 — Vanadium V 136 56- Terbium Tb 1:2 

20 Chlorine Ci 126 59 . Lutetium Lu 0.8 
21 = Chromium Cr 122 60 Thallium TI 0.7 
22 Nickel Ni 99 61 Thulium Tm 0.5 
23 Rubidium Rb 78 62 Iodine I 0.46 
24 Zinc Zn 76 63 Indium In 0.24 
25 Copper Cu 68 64 Antimony Sb 0.20 
26 Cerium Ce 66 65 Cadmium Cd 0.16 
27 Neodymium Nd 40 = ‘Silver Ag 0.08 
28 — Lanthanum La 35 = Mercury Hg 0.08 
29 Yttrium Y 31 68 Selenium Se 0.05 
30 Cobalt Co 29 69 Palladium Pd 0.015 
Jl Scandium Sc 25 70 | Platinum Pt 0.01 
32 Niobium Nb 20 71 Bismuth Bi 0.008 
33= Nitrogen N 19 72 Osmium Os 0.005 
33- Gallium Ga 19 73 Gold Au 0 004 
3Y — Lithium Li 18 74= Iridium Ir 0.001 
36s Lead Pb 13 74= Tellurium Te 0.001 
3] Praseodymium Pr 9.1 76 Rhenium Re 0.0007 

33 Boron B 90 77= Ruthenium Ru 0.0001 
39 Thorium Th 81 77-2 Rhodium Rh 0.0001 eruere a EE 

E are ppm of the earth's crust, which is the same as g/tonne. Values mainly from 
tochemistry by W.S. Fyfe, Oxford University Press,.1974, with some newer data. 



B i Melting points of the elements 
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APPENDIX 

C Boiling points of the elements 
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APPENDIX Densities of the solid 

D and liquid elements 
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APPENDIX Electronic structures of 

E the elements 

f, Element Symbol Structure 

1 Hydrogen H Is! 
2 Helium He Is 

4 Lithium Ls [He] 2s! 
4 Beryllium Be [He] 25 

S Boron B {rie} 2e 2p! 
6 Carbon C iHe] 2s? 2p? 
7 Nitrogen N [He] 2s, 2p' 
8 Oxygen O [He] 2s* 2p" 
Q Fluorine F [He] 25” 2p" 
i) Neon Ne |He] 2: 2p* 

I1 Sodium Na [Nel] 3«' 
12 Magnesum Mg [Ne] 3s 

13 Aluminium AI [Ne] 3«^ 4p! 
14 Silicon NT [Ne] LJ ip 
[5 Phosphorus P [Ne] 3$'. 3p' 
lb Sulphur S [Ne] 3 3p" 
17 Chlorine CI [Ne] 35° 3p" 
ls Argan AT [Ne] 45" 3p^ 

I9 Pot sium K [Ar] 4: 
N) Calcium Ca [Ar] 45° 

2l Sc indium Sc [Ar] xt 4s 
22 Titanium T! [Ar] M. T 
23 Van tdium V [Ar] MU As" 
24 Chromium Cr PEOR MEUS 
25 Manganese Mn [Ar] 4° 4s" 
26 Iron Fe [Ar] 3d* 4s 
27 Cobalt Co (Ar| 3d? 4s” 
28 Nickel Ni: [Ar] 34" 4s. 
29 Copper Cu [Ar] 34"? As 
Y) Zinc Zn [Ar] 32" 4s" 

M G iium Gi [Ar] 34^ 4c 4p, 
3 Germanium Gc [Ar] 34" 4s". 4p 



a E a a a E 

Z . Element Symbol 

33 Arsenic AS 
34 Selenium Se 
35 Bromine Br 
36 Krypton Kr 

37 Rubidium Rb 
38 Strontium Sr 

39 Yttrium Y 
4l) Zirconium Zr 

41 Niobium Nb 

42 Molybdenum Mo 
$3 Technetium | Tc 

Tc 

44 . Ruthenium Ru 

45 Rhodium Rh 

46 Palladium Pd 

47 Silver Ag 
48 Cadmium Cd 

49 Indium In 
50) Tin Sn 
S| Antimony Sb 
32 Tellurium Te 
A3 lodine I 
M Xenon Xe 

35 Caesium Cs 
56 Barium Ba 

37 Lanthanum La 

SN Cerium Ce 
59 Praseodymium Pr 
60 Neodymium Nd 
6l Promethium Pm 

Q2 Samarium Sm 
63 Europium Eu 
(4 Gadolinium Gd 
65 Terbium Tb 
66 Dysprosium Dy 
67 Holmium Ho 
68 Erbium Er 
69 Thulium Tm 
10) Ytterbium Yb 
n Lutetium Lu 

72 Hafnium Hf 
73 Tantalum Ta 
14 Tungsten W 
75 Rhenium Re 
76 Osmium Os 
7] Iridium Ir 
T8 Platinum Pt 

7) Gold Au 

80 Mercury Hy 

Structure 

[Ar] 3d!" 45? 
[Ar] 3d!" 4s? 
[Ar] 3d" 45? 
[Ar] 3d! 45? 

[Kr] 5s! 
[Kr] 5s* 

[Kr] 4d! 5s? 
[Kr] 4d* Ss? 
[Kr] 4d? 5s! 
[Kr] 44^ Ss! 
[Kr] 4d? Ss? 
[Kr] 4d^ 5s! 
[Kr] 447 5s! 
[Kr] 4d? 5s! 
[Kr] 4d!" 55° 
[Kr] 4d" Ss! 
[Kr] 4d! 5s? 

[Kr] 4d! 5s? 
[Kr] 4d" 55? 
[Kr] 4d!" 5s? 
[Kr] 4d!" 5? 
[Kr] 44'* 55° 
[Kr] 4d!" 5s? 

[Xe] 6s! 
[Xe] Gs? 

[Xe] 5d! 6s° 

{Xe] 4f' 5d! 
[Xe] 4f? 54" 
[Xe] 4f^ Sq" 
[Xe] 4/^ S4" 

[Xe] 4/"* Sd? 
[Xe] 4/" 54^ 

[Xe] 4/"* Sa” 
[Xe] 4f'? Sd® 
[Xe] 4f"? Sd’ 
[Xe] 4f" Sd" 
[Xe] 4/'* sd'" 6s' 
[Xel 4f" sq" Gy“ 
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Z Element Symbol Structure 
—— ee 

RI Thallium Ti xd 4[ 5d ar eut 
82 Lead Pb [Xe] 4f Sd" és" bp" 
83 Bismuth Bi IXe| 4f! 54 ty op! 
&4 Polonium Po [Xe| 4f!5 S4 e Gp! 
85 Astatine At [Xe] 46" Sad!" Gs? épi 
86 Radon Ra [Xe] 4" Sd" 6 6p" 

&7 Francium Fr [Rn] 7s! 
RS Radium Ra [Rn] ^ 

RY Actimum Ac (Rel él! 7," 
9 Thorium Th [Rn] Ad 7" 
9] Protuctinium P: [Rn] s/^ 6d' 7' 
92 Uranium U Rn} 5/^ &^ w 
93 Neptunium Np [Rn] $/*^. &d! 7e 
94 Platomum Pu Ral 4ff ad" 7° 
95 A mercium Am IRnI 5/7. Gd" 7° 
96 Curium Cm IRn| 5/7 6d" 7° 
97 Berkelium Bh [Ral Sf? 6d" 7" 

Bi [Ra] SË 6d! 7 
OK Californium Cf [Rn] 5/! &". 7^ 
99 Einsteimium L^ Ra] U 6d" 7 
10 Fermium Fm Raj SE 6d' 7 
101 Mendetevium Md IRn] 5f Gi Fs" 
102 Nobehum No [En] 5f! ed' 0 
107 Lawrencium Lr {Raj sf" Gd! 7" 
IH Rutherfordium Rf (Raj 5/ 6&4 7 
105 Hahnium Ha [Rn] 5/* 6d' ^ 



Some average single bond 
energies (kJ mol" !) 

ge ee ERREUR RUPEE AERE E PEU ARE REED PU 

[ Br Cl F S O P N Si C H 

297 368 43] 3565 339 464 318 389 293 414 435 H 
C 2348 276 330 439 259 351 263 0293 280 347 
Si 213 280 360 539 226 0368 213 - 176 
N - 243 201 272 e: 20] 209° 159 
P 213 272 330 489 230 35r 213 
O 200 == 205 184 E 138 
S - 213 251 284 213 
F - 288 184 159 
Cl 209 217 243 
Br IN) | 193 

| 151 | 

“Indicates value estimated using electronegativity difference. 

Some double and triple bond energies (kJ mol!) 

C=C 611 C=C 836 
C—N 615 C=N 891 
C=O 740 C=O 1071 
N—N 418 N==N 045 
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APPENDIX Solubilities of main group 
G 

F CI Br I OH" NO, CO, SO, 
E LE — ——————À——————À—————— ——————À——————————— aÀ—ÓgÁ 

NHF vs 37 75 172 I9? [2 7^ 

Lt O27 BS 177 165 12 5 7 ] 33 35 
Na* 4 46 Ul 179 109 87 2l 19 4 
K* 05 34 7 67 144 112 316 1012 lil 
Rb* 1I 9| HO — 152 177 51 450 48 
Cx* VID TRA IOR — 79 4%} 24 v^ 179 

Bu * vs vs ^ dcc 44 107 34 
Me * (008 S82 J02 14^ 0X9 —— 70 && 13 
Cit DRIA HS |4? 209 (à 156 [29 y 0 21 

Sr* (0I32 54% [OC ifs () &(] fl yy 0 013 

Bi* DI2 356 H 205 10 R7 s th NXY24 

AI* 0455 Adee dec dx e n 4K 
GH OB ws 4 ade s^ v^ 

int DH w Y dec ay 
Ti* Tae” ot 005. 00006. 23 9 955 4 ` 
TI'* d v^ ^ ^ ^ 4 #7 

mT y dec the >+ 
Gc dhe dcc ke ke 

Sn x 0 dic! « (1 Uh "^ de 33! 

Sn vs dcc dec hae 
Ph 06s oy OR HOI HG 88. UQOXHI. ws 
Ph dec 

Av" dc ic dic 60! 
AS 

oh u.c do dee dex d.c ^ 

S dc 

BU w dec Qc s 0 U0D0TIA4. dc de 

compounds in water 

Solubilities m. er ims of soluto por. 100 arim of a ner n MPE unk oth rw 
ndn ated «s 2 very solublk s = soluble ss — shehti soluble det = thiomposs 
y= MCL h— ut bC c MIEC d= Ic 



Atomic weights based on 

12€ = 12.000 

Atomic weight 

164.93 
1.00797 

114.82 
126.904 

192.2 

55.847 
83.80 

138.91 

201.19 
6.939 

174.97 

24.312 

54.938 

(256) 

200.59 
95.94 

144.24 

20.183 

(237) 

58.71 
92.09] 
14 0067 

(254) 

190.2 
15.9994 

106 4 

30.9738 

195.09 

(242) 
(210) 

39.102 

140 9] 
(147) 

(231) 
(226) 

(222) dies dm dm 

Element Atomic weight Element 
n e Uu n de E M 

Actinium 227 Holmium 

Aluminium 20.982 Hydrogen 

Americium (243) Indium 

Antimony 121.75 lodine 

Argon 39.948 Iridium 

Arsenic 74.922 Iron 

Astatine (210) Krypton 

Barium 137.34 Lanthanum 

Berkelium (249) Lead 

Beryllium 9.102 Lithium 

Bismuth 208.98 Lutetium 

Boron 10.811 Magnesium 

Bromine 79.909 Manganese 

Cadmium 112.40 Mendelevium 

Caesium 132.905 Mercury 
Calcium 40.08 Molybdenum 
Californium (251) Neodymium 
Carbon 12.01115 Neon 
Cenum 140.12 Neptunium 
Chlorine 35.453 Nickel 
Chromium 51.990 Niobium 
Cobalt 58.933 Nitrogen 
Copper 63.54 Nobelium 
Curium (247) Osmium 
Dysprosium 162.50 Oxygen 
Einsteinium (254) Palladium 
Erbium 167.26 Phosphorus 

Europium 151.96 Platinum 
Fermium (253) Plutonium 
Fluorine 18.993 Polonium 
Francium (223) Potassium 
Gadolinium 157.25 Prascodymium 
Gallium 69.72 Promethium 
Germanium 73.89 Protactinium 

Gold 196.967 Radium 
Hafnium 178.49 Radon 
Helium 3.003 Rhenum 1856.22 
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js 
 -————————À———————————ÓÀ —————— À— — — — S IJ 

Element Atomic weight Element Atomic weight 
a—————  — —— À——————————————————————M— MM 

Rhodum 102 91 Tetbium 151 92 
Rubidium 85 47 Thallrum 204 37 
Ruthenium 10t 07 Thorium 232 (M 
Samanum 150 35 Thulium 168 91 
Scandium 44 96 Tin [UR 69 
Selenium 78 96 Titanium 47 QI) 
Silicon 28 086 Tungsten 183 85 
Silver 107 870 Uranium 238 01 
Sodium 22 9898 Vanadium Su 9427 
Strontium 87 62 Xenon 132 3 
Sulphur 32 064 Ytterbium 173 04 
Tantalum ] 8) 95 Yttrium RA 91 
Technetyum (99 TAWG 6S 1] 
Tellurum 127 60 Zirconium 9i 22 
REP RR RR RR RR PU RR P a ERR. 

Values in parentheses are for the most stable isotope 



Values of some fundamental 

physical constants 

Planck's constant h — 6.6262 x 107 Js 

mass of electron m - 9.1091 x- 1077! Kg 

charge on electron e 2 1.60210 x 107 ^C 

permittivity of a vacuum £p = 8.854 185 x 107 ̂ kg^! m^ A? 

permeability of a vacuum py 2 4x x 10" kgms ^ A^? 

velocity of light in a vacuum c = 2.997925 x 10®ms7! 

Avogadro constant N* — 6.022045 x 10? mor"! 

Boltzmann constant k = 1.3805 x 107 J K7! 

Bohr magneton uj — 9.2732 x 1077 A m? = JT! 

magnetic moment and dipole moment p units are Am? = JT7! 

-as a——— — ee 
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APPENDIX 

J 
Electrical resistivity of the 

elements at the stated 

temperature 

Element Symbol Temp Resistivity El. muni Symbol Tump = Resistivity 
(^C) (pohmcm) (CC) (pohmtm) 

Silver Ap H) | *9 Vungdeum V 2) 25 

Copper Cu H) T&N —Galium* Cia w 27 
Geld Au 2t] 235 Y tto rhium Yb 25 29 

Aluminium Al 30 J &^5 Urinrum U ef} WI 

Calcium Ca AN RS Aa fc o As 20 1331 
Be rylrum B. 30 4 0 H imum Hf 25 I 
Sarum N i i 123 Zirconium Zr H} A 

Magnesium Meg H) 446 Antimony a Sh 20. — 47 
Rhuxlium Rh A) 4 5l Tanum Ti N) 42 

Moyi nom Ma ü ^ 2 B irum Br HU ^i 
Iruhium Ir A) $3 Yunum Y 15 $7 

Tung n W 37 *5 65 Dysprostum Dy 34 57 

Linth inum La a4 s 7 Sc unin, Sc 23 ål 

Zinc Zn H 592 Nrodymium Nu 25 f 
Polusuum K ü h 15 Pr cod ynuum Pr 2^ 6s 

C uh ili Cu 2t 6 € cnim Ce 38 75 

Cadmium ( d Ü ONTI Thuliym Tim 24 79 
Nicks! Ny ^u & KI (unfun Lu 34 79 

Ruth. mum Ru t 7h Holmium Ho 28 M 
indium In Hi R7 S am rium Sm 25 KR 
Lihium Li An) h 55 Europiym Eu 35 ut 
Osmium Os H) US M. rcury ET ND 958 
Icon FE. xy U 71 Erluum Er SOM 
Platinum Pt H) Iu 6 Bismuth à Bi 30 — M 
Pill dium Pd W 10 & C wfolinium Gd 25 — [105 
Jin B Sn 0 i Plutonium Pu lg —— dl 

Tantalum Ts 35 {> 45 M ink inis d Mn R 
Rustudvans Rh A 315 T. oriom Te 3s 6446 Wy 
Niobium Nh u 174 Cr. rmanmium Gk 33 .— 417 x Ihi 
Chromium Cr 1) I? 9 Silicon S! A — 48 x pn 
Thorum th i) i} Baron n ^X AP EA 
Thallium Ti u E hnli I ^n — 1 3x |u!* 

Rh mum Re AM 19 Sc nium Se m 12x 
Curium C4 2U X Phosphorus # P 1! | x dan 
Lead Ph N NIIN Carbon ( 20] px H 
Strontium Sr "0 21 Sulphur 4 ul >» fn’ 

Pa gS gS € RR 

Kenia ef (raris SO 13 8 ar 588 3pohimuim id p mim on ecg 
X M hit pharsphorus 



Position 
msa 

C C NM BG à 8. 

Ca CO AO O0 -3 C tn £ C9 t3 A 

— 

Oto 

Chemical 

Sulphuric acid 
Nitrogen 
Oxygen 
Ethylene 
Lime 
Ammonia 
Propylene 
Sodium hydroxide 
Phosphoric acid 
Chlorine 
Sodium carbonate 
Ethylene dichloride 
Nitric acid 
Ammonium nitrate 
Urea 
Vinyl chloride 
Benzene 
Methyl t-butyl ether 
Ethyl benzene 
Styrene 
Carbon dioxide 
Methanol 
Aylene 
Terephthalic acid 
Formaldehyde 
Ethylene oxide 
Toluene 
Hydrochloric acid 
p-Xylene 
Ethylene glycol 
Cumene 
Ammonium sulphate 
Phenol 
Acetic acid 
Propylene oxide 
Butadiene 
Carbon black 

Top fifty chemicals in the 
USA, 1994 

Billion Ib/year 

89.20 
67.54 
49.67 
48.52 
38.35 
37.93 
28.84 
25.83 
25.26 
24.20 
20.56 
18.70 
18.65 
17.61 
16.13 
14.81 
14.66 
13.67 
11.87 
11.27 
10.99 
10,81 
9.06 
8.64 
7.94 
6.78 
6.75 
6.71 
6.23 
5.55 
5.16 
5.08 
4.05 
3.82 
3.70 
3.40 
3.31 

Million tons/year 

44.6 
33.8 
24.8 
24.3 
19.2 
19.0 
14.4 
12.9 
12.6 
12.1 
10.3 
9.4 
9.3 
8.8 
8.1 
7.4 
7.3 
D oo 

m c 1 EJ F9 09 09. C9. C9. C9 C9. E E CA Ut CA CA uuo u—5oUunooor-m AARONA 



APPENDIX K (0 
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Position Chemical Billion lb/year Millon tonsea 

38 Potash 3 14 lé 
39 Acrslonitnle 3 08 15 
40 Vinyl acetate 302 15 
4] Acetone 2 71 1 4 
42 "Titanium dioxide 2.74 1.4 
43 Aluminium sulphate 2.30 1.2 
41 Sodium silicate 2.13 1.1 
45 Cyclohexane 2 11 li 
46 Adipic acid ] 80 09 
47 Caprolactam 1 68 08 
48 Bisphenol A 1 48 07 
49 n Butyl alcohol ] 45 07 
50 Isopropyl alcohol 1 39 07 

Inorganic chemicals are shown in bold type Data are reproduced from Chemical & 
Engineering News, page 39, 26 June issue, 1995 These figures are updated annually 
and published under Facts and Figures in June/July 



Chemical Million tonnes/year Chemical Million tonnes/year 

Cement 1396 (Polystyrene) 9.9 
Cast iron and steel 717 Bentonite 9.2 
Coke 390 Mn 9 

NaCl 183.5 Tale 8.4 
H.SO, 145.5 Soap 7.4 

CaO 127.9 Zn 7.3 
NH, 110 Pb 5.3 
O, 100 CaC, 4.9 
CaSO, 88.2 BaSO, 4.9 

N, 60 Carbon black 4.5 

S 57 Na.SO, 4.3 

Cl; 35.3 Fuller's earth 4.2 
NaOH 38.7 TiO; 4.] 
CO(NH;), 35 Al,(SO 4); 3.7 
Phosphates 34 CaF, 3.6 

(based on P5O, content) Ferrosilicon 3.5 
Glass 33.4 Ferromanganese 3.4 

Na,CO, 31.5 Cr 3.3 

HNO, 24.7 Ferrochrome 3.1 
(Polythene) 24.6 Asbestos 2.8 
Potassium salts 24.5 Soluble silicates 2.6 

(based on K,O content) (in terms of SiO, content) 

24.4 Explosives 2.5 
Kaolin 22.5 Na;B40; 22 
(Polyvinyl chloride) 14.9 Kieselguhr 2 
Chalk 14.2 HF 1.5 
Tin plate 14 CaNCN l 
HCI 12.3 P l 
(Polypropylene) 12 H-0- l 
Cu 11 Si >I 
MgCO, 10.8 Na;SO; >l 
i 10 | 
MM a cen At MÀ 

Inorganic chemicals 
manufactured in large 
tonnages (worldwide) 

Organic compounds in parentheses. 
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Chemica! Tonnes/year Chemical Tonnes/year 

NaOCI 950000 AICI, 50000 Natural graphite 930000 Lanthanides 47900 Zitcon/baddeleyte 918000 (based on Ln.O, content) NaHCO, 900 00) ASO; 47000 Active charcoal 864 200 Organotin 40000 Ni 850 000 Ww 39000 Ar 700 000 U 34400 PbO/Pb (black oxide") 700000 Co 30100 Sodium peroxoborate 700 000 V 28400 Ferronickei 596 000 Cd 20700 Vermiculite 500 00 PCI, 20000 Br, 
370000 N.H, 20000 ZnO 366 500 He 18 800 

SiC 300 000 I: 17 500 Silicones 300 000 Nb 15200 HCN 300 000 Ag 13818 Strontium compounds 283 100 Lithium salts 8900 CS; 280400 (based on Li content) PbO (Itharge) 250 000 5000 3 250000 B: 3600 P4Sio 250 000 Hg 3200 Mica 214000 BF, 3000 H4BO; 211000 Au 2134 Sn 177 000 Se 1670 Ca(OCI), 150000 Ca 1000 PbEt, 150000 n-Buty! lithium t 000 Mo 129 000 Ta 600 Cuso, 123 956 Th compounds 500 NaCN 120000 Boron 300 Garnet 106 099 Pt group metals 2R] Freons 100000 Te 152 Sb 84000 In [45 Na 80 000 Ge 50 Na;Cr,O, 
69 XX) Re 

3 Li;CO, 50000 Ga 28 Ti 50 000 Diamonds 19 68 
Ti 145 



Minerals used in 
large amounts 

Mineral Million Uses 
tonnes/year 

Coal 4530 Energy, chemicals, coke 
Crude oil 3034 Energy, petrochemicals 
[ron ore 959 Iron, steel and ferrous alloys 
Sodium chloride 183.5 Chlor-alkali industry, NaOH, Cl, 

E Na;CO,, HCl 

Phosphate rock 145 Fertilizers, detergents, water 
treatment, phosphorus, HPO, 

Limestone 127.9 CaCO 3, CaO, Ca(OH), CaC>, Ca 
Bauxite 108.6 Al, ALO;, Al(OQH)3, AlL(SO,); 
Gypsum 88.2 Used in plasterboard, plaster, 

cement retarder 
Sulphur 54.1 Sulphuric acid manufacture 
Sodium carbonate 31.5 Cleaning products 
Potassium compounds 24.5 Fertilizers, KOH, KO2, K 
(sylvite, sylvinite, carnallite) | 
Pyrolusite 22.7 Mn alloys, MnO,, paint driers 
Kaolin 22.5 Ceramics (porcelain), paint, filling 

paper, roofing, plastics filler 
Chalk 14.2 Filler 
Magnesite 10.8 Mg and its compounds 
Copper ores 9.3 Cu 
Bentonite 9.2 Drilling mud, thixotropic paint 
Talc 8.4 Ceramics, paint, paper, roofing, 

plastics, cosmetics 
Imenite and rutile 8.3 TiO, pigments (paint, paper, 

plastics, rubber), and Ti (jet 
engines, space, missiles) 

Zinc ores 7.3 Zn alloys and rustproofing 
Barytes 4.9 Slurry used for oil/gas drilling, Ba 

compounds, fillers, pigments 
Fullers earth 4.2 Absorbent, and used to decolorize 

and deodorize mineral and 
: vegetable fats/oils 

Sodium sulphate 4.3 Paper, glass, detergents 
Fluorite 3.6 HF, AIF;, Na3[AIF,], Fo, organic 
Chrom; fluorides | 

romite 3.2 Chromates, dichromates, ceramics, 
Gal pigments, chromium 

ena 3.1 Pb batteries, Pb sheet, solder, 

Asbestos EE . 2.8 Heat-resistant material, filler, 
reinforced cement, roofing sheets a a a a OER COE roO lne SUGER 
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Minera! Million Uses 
tonnes/year 

Rieselguhr $105 20 Inert filler, filtration plants, abrasive 
Borates iQ Borax, boric acid, perborates glazes 
Graphite 0 93 Refractories, brake lings, lubricants 

pencils, moulds and used in reactors 
Zircon/baddeleyite ü 87 Zr (cladding for nuclear fuel rods} 
Nickel ores D 66 Ni and alloys 

Sodium nitrate 055 Fertilizers, explosives 
Vermiculite 05 Packing and artificial soil 
Bromine compounds 0 37 Bromides, agricultural chemicals 
(sea water} 
Cobalt ores 031 Alloys 
Mica ü 21 Cement, paint. roofing, electrical 

insulation. filler 
Cassiterite 0 18 Sn 

Strontiantite 017 Sr compounds 
Molybdenite 0 13 Alloys, MnO, 
Garnets 0 106 Sandpaper, gemstone 
Monazite/bastnaesite 0 08 Lanthanide and thorium compounds 
Uranium ores 0 034 Nuclear power and weapons 
Iodine compounds 0 017 Pharmaceuticals photography, iodates, 

1odides, rodine, anımal feed supplements 
catalysts, inks 

L: minerals 0 009 Li; CO, (A! production), Li stearate 
(spodumene/lepidolite) {greases}, LIOH = ceramics/glass 
Beryl 0 005 Be 



Hardness of minerals — 

Mohs' scale 

Sometimes rocks are called soft because individual particles, which may 
he quite hard in themselves, are loosely held as an aggregate and fall apart 
fairly readily. The hardness of a mineral is something quite different and 
refers to the resistance of the whole surface to be scratched. 

More than a century ago a mineralogist called Friedrich Mohs devised a 
scale of hardness called after him. He arbitrarily assigned talc (the softest 
known mineral) a hardness of 1, and diamond, (the hardest known 
mineral) a value of 10. The scale is arbitrary and does not indicate any 
exact hardness. Thus a mineral of hardness 6 can scratch those below it in 
the scale but it, does not imply that it is twice as hard as a mineral of 
hardness 3. Two minerals of the ‘same hardness will both scratch each 
other. There is a very large difference between 9 and 10 on the scale. 

Table N.1 Mohs’ scale of hardness 

Mohs’ scale Minera! 

d 

-— h39 UO a AND Nuc 

Diàmond 

Corundum 
Topaz 
Quartz 
Microcline 
Apatite 
Fluorite 

Calcite 
Gypsum 
Tale 

Common objects such as a fingernail, a copper coin, a knife blade or a 
len flle can also be used as test instruments. It may be convenient to use 

these to test samples for hardness quickly and easily when out in the field. 
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Table N 2 Tools tor hardness testing 

Mohs’ scale Tool 

65 Steel nail file 
55 Penknife blade 

or window glass 
Copper coin 
Fingernail b3 tJ Cn th 

Minerals of hardness below 6 5 can be scratched by a nail file, those under 
3 5 are scratched by a penknife, those under 3 5 ure scratched by a Capper 
coim and those under 2 5 are scratched by a fingernail and will leave a mark 
on paper Conversely minerals over 5 5 will scratch glass 



Standard textbooks 

FURTHER READING 

[n addition to the further reading lists given at the end of each chapter, 
further information or a different treatment may be found in the following. 

Advanced and reference 

Bailar, J.C., Eméleus, H.J., Nyholm, R.S. and Trotman-Dickinson, A.F. (eds) 
Comprehensive Inorganic Chemistry, (5 vols), Pergamon; 1973. (A collection of 
reviews systematically covering the elements with a few special topics. Slightly 
dated, it stil! provides much detailed information and many earlier references.) 

Cotton, F.A. and Wilkinson, G.. Advanced Inorganic Chemistry, Sth ed., John 
Wiley, 1988. (A comprehensive research level text by the well-known Nobel 
laureate. It contains extensive up-to-date references to the original literature.) 

Eméleus, H.J., gen. ed., MTP International Review of Science, (10 vols), Butter- 
worths, 1975. Individual volumes are edited by Lappert, M.F., Sowerby, D.B., 
Gutmann, V., Aylett, B.J., Sharp, D.W.A., Mays, M., Bagnall, K.W., 
Maddock, A.G., Tobe, M.L. and Roberts. L.E.J. (Like Comprehensive 
Inorganic Chemistry it collects reviews systematically covering the elements with 
à few special topics. It too is slightly dated but still provides much detailed infor- 
mation and many earlier references.) 

Greenwood, N.N. and Earnshaw. A., Chemistry of the Elements, Pergamon, 1984. 
(A large and comprehensive advanced text for undergraduates and post- 
graduates, Best in its class, it provides an excellent treatment of systematic 
inorganic chemistry including both theoretical and practical aspects and many 

. up-to-date references to the literature.) 
Kirk. R.E. and Othmer, D.F. (eds). Encyclopedia of Chemical Technology. 

3rd. ed., (26 vols), Wiley, 1984. (A comprehensive treatment of the chemicals 
used in the chemical industry, how they are made and what they are used for.) 

Other general university-level texts 

Burns. D.T., Carter, A.H. and Townshend, A., Inorganic „Reaction Chenustry’ 
Reactions of the Elements and Their Compounds, (Ellis Horwood Series in 
Analytical Chemistry), Halsted Press, 1981. 

Cotton, F.A., Gaus, P.L. and Wilkinson, G., Basic Inorganic Chemistry, 2nd ed., 
John Wiley, 1986. 

Douglas, B.. McDaniel. D.H. and Alexander. J.J.. Concepts und Models of 
Inorganic Chemistrv, 2nd ed.. John Wiley & Sons, 1983. 
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Jolly, WL. Principles of Inorganic Chemistry, McGraw Hill, 1985 
Mackay, K and Mackay, A , Introduction to Modern Inorgame Chemistry , 4th eg 

Prentice Hall, 1989 ' 
Massey, A G , Mam Group Chemistry, Ellis Horwood, 1990 
Mortimer, C E , Cherustry, 6th ed , Wadsworth, 1986 
Sharpe, A G , Inorganic Chemistry, 2nd ed , John Wiley. 1987 
Shinver DF, Atkins, PW and Langford, CH  /norgatuc Chemistry, Oxtorg 

University Press, 1990 

Bioinorganic chemistry 

Broimorganic Chemistry, Journal of Chemical Education, 1986 (ISBN 0-910362- 
25~4) 

Hay, R W , Bio Inorganic Chemistry, (Ellis Horwood Series in Chemical Science} 
Halsted Press, 1984 

Hughes, MN , The Inorganic Chemistry of Biological Processes, 2nd ed , John 
Wiley, 1981 



Index 

Page numbers in bold refer to the most important reference for the entry. 

Absorbance 951 

Abundance of gases in dry air 470 
Abundance of elements 178, 

Appendix A 
Acetaldehyde (ethanal), manufacture of 

803, 810, 851 
Acetone, manufacture of 810 
Acetylene, see Ethyne 

Acids and bases, theories of 256, 257, 

258, 260-68 
Arrhenius theory 258 
Bronsted-Lowry theory 262-64 

hard and soft 267-68 
in proton solvents 260-62 
Lewis theory 265 

Lux-Flood theory 267 
pH scale 261—62 
Usanovich theory 267 

Acid rain 245, 538-39 
Actinides 879-902 

americium 895-96 
availability of isotopes 887 
comparison with lanthanides 880 
electronic structure 879 
Fermi, E. 890, 920, 922 
further extension of the periodic 

table 898-900 
general properties 886-87 
later actinides 896-98 
Maddock, A.G. 889 
main isotopes and their sources 885 
Manhattan project 890, 920 
neptunium 895-96 

decay series 915-16 

nomenclature for the superheavy 
elements 898-99 

nuclear fission 891-93, 918-20 

Occurrence and preparation 882-86 
oxidation states 881-82 
physical properties 887 
plutonium 895-96 
position in the periodic table 879-80 
protactinium 889-90 
superheavy elements 

half lives 899 
nomenclature 898-99 

thorium 887-89 
decay series 915-16 
monazite sand 679, 862-63, 883, 

887-88 
thorite 883 

uranium 890-95 
carnotite 697, 891 
chemical properties 893 
decay series 915, 916 
extraction 891 
fission 891-93, 918-20 
fluorides 586, 599 
halides 894—95 
hydrides 893-94 
occurrence 891 
oxides 894 
pitchblende 883, 891 
uraninite 89] 
uranyl nitrate 894 

Actinium 679, 680 
decay series 915, 916 
see also Scandium group 



Activation analysis 933 
Adipic acid 506 698 
Alkali metals see Group | 
Alkaline earth metals see Group 2 
Alkyl chlorositanes 447-51 
Alloys 132-40 
Hume Rothery rules 135-40 
interstitial 132-35 
substitutional 135-40 
superconducting HI 
types 132 

Allred and Rochow electronegativity 
162-63 

Alnico 784 802 
Aipha radiation 913-15 
Aluminium 

alky! catalysts 397-98 
alumina 381-82 
aluminates 29]. 382-83 
alums 194 372 723 770 
amphoteric behaviour 382-81 
bauxite 360 

boiling point 360 
carbide 417 

cement 373 
chloride 387-88 
complexes 389 
cryolite 362 586 
cfectronegativity valuc 167 
electromi¢c Structure 359 
ethyl 397-08 
extraction and uscs 362-63 
fluoride 362. 586. 599 

Friedel-Crafts reaction 386 
Piae oah process (At) 360-653 
onie rdia 167 
ionization energy 149 369-70) 
Ithium aluminium hyvdridc 297 

TLRS 

melting point 366 
mit tli rida 137 367 

org inomit the compounds 197-98 
ocuurTenige and bundam a 3640 

contd 387-82 
re hons of 17077 

sind ird roduction potenti ils 167 
168-69 

sulph it 372 
uses 364 

see diso Group 13 
Alumin ites 291 352-51 

Alums 191 372 723 770 
Americium see Actinides 
Ammonia 479-80 492-94 

bonding 34 
cyanamide process 492 
detection 479 
liquid 263-64 302-03 335 486-87 
production by Haber~Basch proces: 

242 243 244 491, 492.94 
—soda process 323 
structure 73 77, 8I 

Ammonium ion 35 
dichromate 722 
nitrate 499 

perchlorate 619 
pertechnate 735 
salts 480 

Amphiboles 438-39 
Andrussow process (HCN) 453 
Angular part of wave function 17-9 
Aniline 506 
Antimony 

allotropic forms 475-76 
boiling point 472 
covalent radius 475 
electronegativity 475 
electronic structure 468 
halides 494—98 
hvdnde 481 
iomzation energy 475 
melting point 472 
Occurrence. extraction and uses 

471-72 
oxide ion SBO* 495 

Giides S0&-£r 
standard reduction potentisis 167. 400 
see also Group 15 

Anti neutrino 9i0 

Applications of radioisotopes 932-34 
ArJgonite 426 

Argon see Group I8 
Arrangement of the elements in groups 

25-7 

Arrhenius theory of acids 258 
Arsenic 

Wlotropic forms 475-76 
boiling point 472 
coih nt r1dius 475 

electronegativity 475 
Llectrome structure 468 
hilidcs 494-08 



hydride 481 

ionization energy 475 

melting point 472 

occurrence, extraction and uses 

471-72 

oxides 508-11 

standard reduction potentials 167, 490 

see also Group 15. > 
Arsine 481 

Asbestos 319, 438—39 

Astatine 583, 590 
Atomic 
bomb 892 

number 1, 905 
orbitals 13-21 

orbitals and quantum numbers 15 

size 905 

structure 1,2 

Atomic spectra 2-10 
Balmer series 2, 8~9 
Brackett series 2, 3, 8-9 

Humphries series 2, 8-9 

Lyman series 2, 8-9 
Paschen series 2, 3, 8-9 

Pfund series 2, 3, 8-0 

ATP 471 
Attainment of a stable configuration 

30 
Aufbau build-up principle 21, 23-4, 

98-9 
Azeotropic mixture 560, 602 
Azides 117, 487-89, 488, 499 
Azotobacter 474 

Baking powder 294 
Balmer series 2, 8-9 
Band gaps in semiconductors 64 
Band theory of metals 128-31 
Barium, see Group 2 
Basic beryllium acetate 350-51 
Basic beryllium nitrate 343 
Basic oxygen protess (steel) 535-36, 

759 
Bessemer-Thomas process 757-58 
Kaldo and LD processes 759 
puddling 757 
Siemens electric arc furnace 758-59 
Siemens open hearth furnace 758 

Basic properties of the halogens 629-31 
Bastnacsite 863 
Bauxite 361) 

INDEX 

Bednorz and Müller 142 
Benzene ammino nickel cyanide 

(clathrate) 807 
Berkelium, see Actinide 
Beryllium 

anomalous properties 325, 332-34, 
353-54 

atomic structure 2 
basic acetate 350-51 
basic nitrate 343 
carbide 417 

electronic structure 325 
extraction 327-28 
fluoride 73, 83-4 
metallic structure 125 
molecule 100-01 
Occurrence and abundance 326 
oxalate complex 350-51 
tetrafluoroberyllate ion 350 
uses 328 
see also Group 2 

Bessemer—Thomas converter 757-58 
Beta emission 909—10 
Bicarbonates 294-95 
Bidentate ligands 223 
Binding energy 912-13, 914 
Bioinorganic chemistry of iron 775-79 
Biogradable detergents 555-56 
Biological importance 

of calcium and magnesium 353 
of chromium and molybdenum 732 
of cobalt 796-97 
of copper 816, 832-33 
of manganese 734, 751 
of sodium and potassium 279, 308 
of zinc 851-52 

Birkeland-Eyde process (HNO,) 505 
Bismuth 

boiling point 472 
- .bismuthine 48} 

covalent radius 475 
electronegativity 475 

electronic structure 468 
halides 494-98 
hydride 481 
ionization energy 475 
melting point 472 
occurence, extraction and uses 471-72 

oxides 508-11 
oxide ion BiO* 495 
standard reduction potentials 490 



Bismuth (con! ) 
structure 476 
see also Group 15 

Bismuthine 481 

Blast furnace 755-57 
Blister copper 817 
Blue baby syndrome 494 
Body centred cubic structure 36-9 
Bohr 

theory 6-5 
orbits 9 

refinements (o theaty 8-10 
Sommerfield orbits 10 

Bomb making 922 
Bond 

coordinate 34-5 
covalent 30-1, 33-4 724119 

MO theory 89-119 
heteronuclear diatomic examples 

109-12 
homonuclear diatomic examples 

99-107 
examples of delocalized mult: 

centre t bonds 112-18 
Sidgwick-Powell theory 74-5 

table of shapes 75 
valence bond theory 80-9 
VSEPR theory 74-80 

delta 96, 830 

double 35-6, 73 
extent of d orbital participation 85-7 
four centred 114, 304, 386, 507 
hydrogen 255-57, 533 

ionic 30-3, 43-65 

metallic 36-9, 121-45 

free electron theory 128 
valence bond theory 128 
MG ot band theory 128-3) 

M-M bonds in compounds 674, 703, 
706, 709, 711, 722 726, 737, 
738, 745, 147, 163, 781, 191, 
810 

muilicentre 112-18, 252, 381, 422 
of intermediate character 31-2 
order of 105 
pa-dz 456, 509-10 
quadruple 713, 725-26 
three-centred 116, 117, 333, 384. 

395-97, 424, 489, 504, 541, 606 
transition metal complexes 

crystal field theory 202, 204-10 

6 — — —— EE TT] 
molecular orbital theory 202-03. 

227-30 

valence bond theory 202, 203.54 
triple 35-6 

types of 30-1 
Bonderizing 762 
Bonding 

extent of d orbital participation 85.7 
in CaCl, 33 

m CCI, 33 

in Cl, 33 
in HE 34 

m H0 34 

in NaCl 31-2 

in WH, 34 
Borates 374-79 
Bordeaux mixture 818 
Borides 380-81 
Born exponent 55-7 
Born-Haber type of cvcle 154-56, 169, 

282-84, 595, 603-04 
Bornste 817 

Born-Landé equation 56 

Boron 
atomic structure 2 
boiling point 360 
borates 374-79 
borax 360-61, 377 
borax-bead test 374 
borazine 393-94 

borides 380-81 
borohydrides (tetrahydridoborates) 

297, 383-85 
rrrasicate giass df§ 
carbide 361, 381, 418 
carboranes 397 

differences B and rest of group 389 
dihalides 388 

electronegativity value 367 
electronic structure 359 
extrachon 360-61 

fluoboric acid 380 
Friedel-Crafts reaction 386 
hydrides 390-97 
compounds known 390 
preparation 390-92 
reactions of 392-94 

hydroboration 392-93 
10mzation energy 149, 365-70 
isopoly acids 379-80 
nitride 393-94 



1003 
melting point 366 
metallic radii 137, 367 
molecule 101-02 
monohalides 388-89 
nitride 393-94 

occurrence and abundance 360 

order of MO energy levels 98, 102 

organometallic compounds 397-98 
orthoboric acid 375-77 
Pyrex glass 362, 445 
qualitative arialysis 380 
reactions of 370 

steel 892 

structure of 

boron 366, 395 

borates 376-79 

sodium peroxoborate 361—62, 379 

sesquioxide 362, 374 
sodium borohydride 297, 384—85 
tetrahydridoborates 383-85 
trifluoride 73, 82, 84, 385-87 

uses 361-62 

see also Group 13 
Borohydrides (tetrahydridoborates) 

383-85 
Borosilicate glass 445 
Brackett series 2, 3, 8~9 

Brass 139, 818, 838 

Bridging halides 606 
de Broglie dual nature of electrons 11 
Bronsted-Lowry theory of acids 262-64 
Bronze 406 

Bromine 

colour of X; 583 
covalent radius 591 
electron affinity 154, 591 
clectronegativity 160, 592 
electronic structure 582 
cAtraction and uses 588-89 
hydration energy 591 
Interhalogen compounds 621-27 
tonic radius 591 
ionization energy 149, 592 
melting point 593 
occurrence and abundance 583-84 
oxides 611-12 

oxidizing power of X, 594-96 
OxOacids 614-21 

Polyhalides 628-29 
positive bromine 629-31 
reaction with water 596-97 

reactivity 597-98 
standard reduction potentials 592, 

613-14 
trifluoride 626 
see also Group 17 

Brown ring test 500, 765 
Build up of the elements 21, 23-4, 

98—9 

Cadmium, see Zinc Group 
Caesium 

chloride structure 48 

see also Group 1 
Calamine 836 

Calcite 425-26 

Calcium 

biological role 353 
carbonate 425-26 

electronic structure 325 

extraction 329 

carbide 51-2. 346-47, 417 
chloride 33, 323, 345 

cyanamide 346-47, 417, 492 
fluoride 48, 327, 345 

fluoroapatite 327 

hydroxide 315-17, 323, 337 

hypochlorite (bleaching powder) 340 
occurrence and abundance 326-27 

phosphate 470-71 
sulphate 327, 341-42 

uses 329 
see also Group 2 

Calgon 516 
Californium, see Actinides 

Cancer treatment 811, 934 

Carats (gold) 819 
Car batteries 407 

Carbides 

covalent 418 

crystal structure CaC; 51-2 
interstitial 417-18 

of Group 1 303 
of Group 2 346-47 

Carbon 

activated charcoal 404 

allotropy 407-09 
atomic structure 2 

black 403 
C, molecule 102-03 

carbides 416-18 

covalent 418 



Carbon 
carbides (con ) 

interstitial 417-18 
salt hike 416-17 

carbonyls 420-25, 711, 727, 739—40, 
763-64, 765, 768, 787-88, 
BOS-O6 

carbonyl! halides 422-23 
catenation 409-10 
coal gas 419 
coke 403, 755 
cycle 427—28 
covalent radius 411 

dating 410-11, 917 932-33 
diamond 404 407-08 

differences from $1 and Group 14 
409-10 

dioxide 73, 87-8, 116-17, 423-25 

abundance in dry air 470 
solid 423 

disulphide 428-29, 458, 539 
electronic structure 402 

electronegativity values 160, 411 
extraction and uses 403—04 
graphite 404, 408-09 

compounds 414-16 
halides 33, 73,457, $86 
hydrides 451 
ronization energy 411 
melting point 411 
mixed chilorofluoracarbans 458 

586-87 599 
monoxide 419-23 

c5timation 612 
molecular structure 100-12 

multiple bonds 409 
occurrence and abundance 403 
order of MO energy levels 98 
producer gas 419-20 
reactivity 442-13 
suboxides 425 
tetrachloride (tetrachtoromethane) 

33 73 457 771 

tetrafluoridc (tetrafiuoromethane) 
457 586 

water gas 419 
see also Group 14 

Carbonate won E12-[4 

CarbonyI hi ilides 422. 457 
Carbonyl 420-22 711 727, 39-40 

764-04 765 765, 7R7-NH 
S0 5-46 

Carborundum 418 
Cardice 423 
Carnallite 194 

Carnotite 697, 891 

Caro's acid 563 

Cartesian and poiar coordinates 16 
Cassiterite 405 
Cast iron (pig tron) 755 
Castner Kellner process (NaOH) 318 
Castner process (NaCN) 453 
Catalase and peroxidase 775, 778 
Catalytic convertors (cars) 803 
Catalytic properties of transition 

metals 671-72 
Cavendish 635 

Cellophane 428-29 
Cement 373 

Cementite 418 
Cecamics 444 

Cerium see Lanthanides 
Chain reactions 919 

Chalcoite 817 
Chatconyntes 817 
Charge transfer Spectra 466, 702, 705, 

707, 719, 724, 738, 750, 766, 
767, 771, 173, 822, 833, 84D, 
844, 845 

Chelates 222-24 

Chile saltpetre 295-96, 539, 590 

Chlior-alkah industry 243, 315-24 
Chlorine 

bonding 33 594 
colour of X; 583 

covalent radius 591 

dioxide 583 610 
electron affinity 154 591 
electronegativity 160 592 
electronic structure 582 

extraction and uses 587-89 

hydration energy 59] 
interhalogen Campounds 621-27 
rone radius ^91 
ionization energy 149. 592 
manufacture and uses of 315-21 

melung point 593 
occurrence and abundance 583-54 
oxides 609-1 I 

oxidizing poser of X; 394-96 
oxpacids 6[4—2] 
DPerihloran 610-11 
polvh tides 628-29 

Fc icfjon wirh s iter 96-97 



1005 
reactivity 597-98 
standard reduction potentials 592, 

613-14 

trifluoride 586, 624-26 

see also Group 12 
Chlorophyll 351-52 

Chromates 718, 728-31 

Chromite 713-14 

Chromium group 713-33 

abundance, extraction and uses 

713-15 

biological importance Cr and Mo 732 

carbonyls 727 
chromates 718, 728-31 

chromite 713-14 

chromium(II) acetate 713, 725-26 

chromium(IlIT) oxide/chromic acid 
719-20 

cluster compounds 713, 726-27 
(+V) compounds 721 
(--IV) compounds 722 
(+III) compounds 722-25 
(-- II) compounds 725-27 
(+1) compounds 727 
(0), (-I) and (-IT) compounds 727-28 
cutting steel 715 
cyclopentadienyl compounds 727-28 
dibenzene chromium 727-28 
dichromate 713, 718 
clectronic structures 713 
ferrochrome 714 
Fischer, E.O. 727-28 

general properties 716-18 
halides 716, 721 
M-M bonds 726, 727 
molybdates 713, 728-3} 
molybdenite 714 
molvbdenoferredoxin 732 
molybdenum disulphide 715 
nitrogen fixation 713. 732 
oxidation states 715-16 
oxides 716., 719-20) 
oXohalidcs 712 
Peroo compounds 719 
Physical properties 716 
polvacids 713, 728-31 
quadruple bond 713. 725-26 
qualitative analysis 717 
rcactivitv 716 
Spectra Cr(- HT) (d) 724 
scheelite 715 
standard reduction potentials 167.717 

tungstates 713, 728—31 
tungsten bronzes 731-32 
tungsten carbide 417, 715 
Wilkinson, G. 727-28 
wolframite 715 

Chrysotile 440 
Cinnabar 836 

Cis-isomers 197-98, 234-35 

Cisplatin (anti cancer drug) 811 
Clathrate compounds 638-39, 807 
Clay minerals 442 
Close packing of spheres 36-9, 46-7 
Clostridium botulinium 504 
Clostridium pastorianum 474 
Cluster compounds 461, 674, 697, 

705-07, 713, 726-27, 743-45 
Coal gas 419 
Cobalt group 753, 783-99 

basic acetate 797 
biological importance of cobalt 

796-97 
carbonyls 787-88 
cyclopentadienyl compounds 793 
(—1) and (0) compounds 787 
(+1) compounds 788 
( - ID:compounds 790—94 

(+III) compounds 794-98 
(+1V) compounds 798 
(+V) and (-- VI) compounds 799 
electronic structures 783 

general properties 785 
halides 786 
Hodgkin, D.C. 796 
nitrogen complex 788 
OXO process 789-90 
oxides 786 

occurrence, extraction and uses 
783-85 

oxidation states 785 
oxidative addition reaction 788 

physical properties 786 
some rcactions 786 

spectra 

of [Co(C1,)]^" 965 
of [Co(H;O),]^* 964 

speisses 783 
Vaska's compound 788-89 
vitamin B,. 784. 793. 796 

Wilkinson’s catalyst 788-89 

Cobaltite 783 

Cohesive force in metals 122-26. 285 

Colour 662-63 



INDEX 

Columbite 698 
Complexes 

bonding in 202-10 
by transition elements 657-59, 675 

chelate 222-24 
class-a and class-b acceptors 659 
conductivity of 198-99 
crown ethers and crypts 306-08, 353 
eryoscopic measurements 199-200 
dipole moments of 200 
distorted octahedral 214-17 
effeepve atome numbers of 200-9} 
electronic spectra 200), 207 
isomerism [97-98 , 232-36 

Jahn-Teller distortion 214-19 
magnetic moment of 225-26 
nomenclature 230-32 
number of isomers 197-98 

gc acceptors 229 
a donors 229-30 
octahedral 205-14 
polynuciear 230-31, 235 
shapes of d orbirals 201 
spectrochemical senes 208 
square-planar 217-19 

see also Nickel group 
tetrahedral 219-22 
Werner's work 195-08 
with alkenes 808-10 

Computer chips manufacture 68 
Conductivity 

measurements of complexes 198-99 
of tonic covalent compounds and 

metals 4Q 
of metals 121-22 

Conductors insulators and sem: 
conductors 131-33 

Conductors, one dimensional 310-11, 
812 

Contact process (foc SO) 552, 583, 
698, 803 

Controlled fusion reactions 927-28 
Coordinate bond 34-5 
Coordination 

compounds 194-239 
somersm 233 

number 196 
position Iisomcrism 234 

Copper group 8316-34 
abundancc, extraction and uses 

816-10 

allovs 
brass [39, 818, 838 
nickel silver 818 

anhydrous copper(II) acetate 829-30 
anhydrous copper(I} mtrate 829, 830 
biological rmportance of copper 816, 

832-33 
blister copper 817 
Bordeaux mixture 818 
carats (gold) 819 
catalytic properties 822 
colour 822, £27 
complexes with alkenes 824 
(+1) compounds 822-26 
(-- IT) compounds 827-31 
(41H) compounds 831-32 
copper(II) chloride as a catalyst 317 
conductivity 816, 820 

cyamde process (gold) 819, B24 
disproportionation 820, 822-23 
electronic structures 816 
general properties 820-22 
halides 589-90, 220 
oxidation states 819 
oxides 820 
panning (gold) 819 
Pans green 818 

Parke’s pracess (silver) 818 
photography 562, 589-90, 826-27 
physical properties 821 
reactivity 816, 821 
standard reduction potentials 167, 

820 
tetragonal (Jahn-Teller) distortion 

827-28 
turquoise 817 

Correlation diagram 118 
Corundum 381 
Coupling 

of orbital angular momenta 940-47 
of spin momenta 942-43 

of spins and angulac momenta 943-16 

Covalent bond 30-1, 33-4, 72-119 

Covalent radu, table of 147 
Cracking of hydrocarbons 252 
B-Cristobalite 49, 430 
Critical mass 920 
Crown ethers 306-08, 353 
Cryolite 362 
Cryoscopic measurements 199-200 
Cryptands 306-08, 353 



INE) 007 
Crystal field theory 202, 204-

10 

assumptions made 204-05 

magnitude of Ao 207-09 

octahedral complexes 204-11 

spectrochemical series 208 

splitting by various ligands 208. 

splitting on descending a group 209 

splitting related to charge 208-00 

square-planar complexes 217-19 

stabilization of lattice energy 213 

tetrahedral complexes 219-22 

Crystal structures of metals 36-9, 125-26 

Cubic close packing 36-9 

Cuprite 817 

Cupronickel (coins) 802 

Curie law (magnetism) 670-71 

Curium, see Actinides 
Crooke's lenses 680, 863 

Coinage metals, see Copper group 

Cyanamide 346-47, 492 
Cyanates 454 
Cyanides 453-54 
Cyanide process (gold) 819, 824 

Cyanogen 454 
Cyanuric tnazide 488 

Cyclohexanol 506, 698 
Cyclohexanone 485-86, 506, 698 

Cyclopentadienyl compounds 695-96, 
711, 727-28, 779-81, 793 

Cyclotron 883, 917 
Cytochrome 754, 777 

Daniell cell 
Dative bonding, see Bond, px—dx 
d block 651-56 
abundance 673-74, 676 
boiling points 661, Appendix C 
catalytic properties 671—72 
CFSE of dihalides 213 
chromium group 713-33 
class-a and class-b acceptors 659 
cobalt group 753, 783-99 
colour 662-63 
complexes 657~59, 675 
copper group 816-34 
covalent radii 147, 659-60, 675 

and the lanthanide contraction 660 
density 661, Appendix D 
differences between Ist row and 

other two rows 674-76 
electronegativity values 160 

Gouy magnetic balance 664—65 
magnetic moments of some 1st row 

complexes 669 
measurement of magnetic 

properties 666 
horizontal comparisons in the Fe, Co, 

Ni groups 814-15 
introduction to transition elements 

653-77 
ionic radii, effect of lanthanide 

contraction 660 
lonization energies 151, 661-62 
iron group 753-82 
lattice energy and (CFSE 213 
magnetic properties 663-71, 675-76 

Curie law 670-71 
of octahedral complexes 211 
of tetrahedral complexes 222 

manganese group 734-52 
measurement of magnetic properties 

666 — 
melting points 661, Appendix B 
metallic 

character 654 
radii 137 

metalloenzymes and metalloproteins 
673 

metal-metal bonding and cluster 
compounds 674, 697, 705-07, 

713, 726-27 
names 653 
nickel group 753, 800-15 

noble character 661 
nonstoichiometry 672 
reactivity of the metals 661 
scandium group 679-83 
stability of various oxidation states 

656-57, 674 
standard reduction potentials 167, 

172-73, 681, 688, 706, 717, 
737, 820, 842 

titanium group 684-96 
vanadium group 697—712 
variable oxidation states 654-56 

zinc group 835-56 
Deacon process 317, 587-88, 863 

Defects 58-63 
F-centres 61-2 

Frenkel 59-61 

extrinsic conduction 64 

intrinsic semiconduction 60, 64 



Defects (cont ) 
metal deficient 63 
metal excess 51-2 
n-type semiconduction 62 
nonstmichiometne 61-3 
number of defects 59-60 
p type semiconduction 63, 65 
Schottky 59-60 
stoichiometric 59-61 

Degussa process (HCN} 453 
Delta bond 96, 830 
Denitrifying bacteria 473-74 
Density 

of elements Appendix D 
of nucleus 905-06 

Depression of freezing point 199 
Detergents 315, 555-56, 599 
Deuterium 245-48 

preparation of compounds 247 
Devarda s alloy 507 
Diagonal relations 189-90, 311 353-54 

359 
Diamond 404 407-08 

| 2-dibromoethane (ethylene 
dibromidc) 589 

[ 2-dichloroethane (ethylene 
dichlondey 600 

Diaphragm cell 318-19 
Dibenzenc chromium 727-28 
Didymium catalyst 317, 863 

Differences between [st row TE and 
other two rows 674-76 

Differerntiating solvents 264 
Dunethwl elyaxume camalex (Ny gaT 
Dinitrogen tetroxide 265-66 501-02 
Dinitrogen pentoxide 403 
Dipyridyl complexes 655 
Direct process (Rochow) 447 
Disproportionation [74-77 
Dithionous acid $56 559 
d orbit ifs 

extent of d orbital particip ition 84-7 
shape 20] 

Double bonds 35-6 
Double salts [94-95 764 770 
Dow natural brine process (Mg) 329 
Dow sea water process (Mg) 329 
Downs cell 277-78 
Drude free electron theory of metals 128 
Dry ice 423 
Dysprosium, sce Lanthanides 

pos] ^ a O .] 
EDTA 352-53 
Effective atomic number rule 200-91 

Eqnstesmiurs, sez Actindes 
Electrochemical series 165-67 

Electrode potentials 165-79 
Electron 

affinity 153-54 
deficiency 385, 395 
diffraction 11 

dual nature of 10--1 
mass ! 

pair repulsion theory of molecular 
shapes 74-80 

particles or waves 10-1 
reduced mass 8 

wave nature of 11 

Electronegative elements 30-3 

Electronegativity 157-63 
Allred and Rochow 162-63 
Mulhken 161-62 
Pauhng 157-60 

table of values 160 

Electronic structure, different ways of 
showing 23-4 

Electropositive 
character 163-14 

elements 30-2 

Ellingham diagrams 185-86 
Engel s sulphur 542 
Emission spectra 287 
Energy levels 

for heteronuclear diatomic molecules 
109-1] 

(ox basa nucleax dyatosoeus tolerant 
98-108 

for CO 110-12 

tor NO 109-10 

sequence of 98 
Environmental problems with 

acid rain 245, 538-39 

asbestos 439 
catalytic convertors (cars) 803 
detergents 555-56 
fluoride tons in drinking water 587 
mercury and cadium 838-39. 852-53 
nitrogenous fertilizers 493-94 
ozone laver 494, 543-14. 599 
phosphates 515 521 
photochemical smog 544 
water, EEC hmuits for contaminant 

566 



EPNS 802 

Ethanal (acetaldehyde), manufacture of 

803, 810, 851 

Ethanolamine 242, 423, 493 

Erbium, see Lanthanides 

Essential elements 308-09 

Ethanolamine 242, 423, 493 

Ethene 35-6 

Ethylene, see Ethene 

Ethyne 35-6, 346 
Europium, see Lanthanides 

Explosives 506 

Extent of d orbital participation 85—7 

Extraction and isolation of elements 

178-88. 

general methods 

displacement method 180-81 

electrolytic reduction 182-83 

high temperature reduction 181-82 
mechanical separation 178-79 

thermal decomposition 179-80 

thermodynamics of extraction 

processes 183-87 
Extraction methods 

and position in periodic table 188 
and reduction potentials 184 

Face-centred cubic, see Close packing 

Facial isomers 197, 797 
Fajan's rules 156-57, 364 
Fat man (bomb) 922-23 
f block 857-902 
F-centres 61-2 
Feldspars 443 
Femtometres 905 
Fermentation 423 
Fermium, see Actinides 
Ferredoxin 732. 754, 778-79 
Ferretin 778 
Ferrite (Lowig) process for NaOH 770 
Ferrocene 779-8] 
Ferrochrome 714 
Ferrocyanide ion 766-77 
Ferroin 767 
Ferromanganese 735 
Ferronickel 801 
Ferrosilicon 404 
Ferrous metals 733 
Ferrovanadium 697 
Fertilizer 470. 489. 493-94 

Problems with 493-94 

INDEX ; {1009 

Fission 890, 891-93 

Flame colouration 

Group 1 286-87 

sodium 2, 61 

Fluoborate ton 380 

Fluoride tons in drinking water 587 
Fluorine 

atomic structure 2 

colour of X, 583 

covalent radius 591 

electron affinity 154, 591 
electronegativity 160, 592 
electronic structure 582 

extraction and uses 584-87 

hydration energy 591 
interhalogen compounds 621-27 
ionic radius 591 

ionization energy 149, 592 
melting point 593 
molecular structure 107 

Occurrence and abundance 583-84 
oxides 608 

oxidizing power of X, 594-96 
reaction with water 506—097 

reactivity 597-98 
standard reduction potentials 592, 

613-14 

weakness of F-F bond 594 

Fluorite 48, 345 

Fluoroapatite 470, 494 

Forsterite 434 

Francium, see Group ! 
Frankland 850 

Frasch process (sulphur) 536 
Free energy (Ellingham) diagrams 

183-86 

Frenkel defects 59-61 

Freons 458. 586-87. 590 

Friedel-Crafts reaction 386 

Fullers earth 442 

Fusion reactions 247, 254 

Gadolinium. see Lanthanides 

Galena 406-07 

Gallium, see Group 13 
Galvanizing iron 762 
Gamma radiation 911 

Garnets 435, 680 

Gemstones 43] 

General properties of metals 121-27 
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Genesis of the elements 928-32 
r process 931 
$ process 931 
X-Process 931 
red grants 929 
spallanion reactions 931 
supernova 932 
white dwarfs 930 

Geometric isomerism 234 
Germanes 453 
Germanum 

as a semiconductor 63-5 
boiling point 4T1 
covalent radius 411 
elcctronegattvity values 160, 411 
electronic structure 407 
extraction and uses 405 
halides 460-61 
hydrides 453 
ionization energy 41] 
melting point 411 
occurrence and abundance 403 
oxides 431-32 
reactivity 412-13 
ultrapure 65, 405 
see also Group [4 

Glass 316, 322, 362. 445-56 
Glycol sphiting agent 620 
Gold, see Copper group 
Gouy magnetic balance 664-65 
Graham’s salt 516-17 
Graphite 404 408-09 
compounds 4[4--[6 

Greenhouse effect 245 427-28, 458 
Gnenatd compounds 328 347-49, 446 

Group 1 275-314 
alkyls 305 
atomie structure of Li 1,2 
baking powder 294 
bicarbonates 294-95 
boiling points 286 
halogicalimportance 279 318 
bond type 281-82 
Born-Haber cycle 282-83 
carbdes 303 
carbonates 279, 315—22 
cohesive energy 285 
colour of compounds 287-88 
complexes 305-08 
covalent radu 147 

crowns and crypts 30608 

density 280-81 
diagonal relationship 310-11 
differences Lt and rest 309 

clectronegativity 160. 281-82 
electronic structure 275 

extraction 277-78 
Downs cell 277-78 

flame colourations 286-87 
hahdes and polyhalides 296-97 
hardness of metals 285 
hydrides 297-98 
hydroxides 279 291-91, 294 

lontZdtion energy 149 151, 281 
melting points 286 
metalhc radu 137 
metallic structures 125, 285 
occurrence and abundance 275-77 
organic and organometallic 

compounds 303-05 
oxides 

normal 290) 

peroxide 291-93 
superoxide 105477, 291-93 

phosphates 512-17 
radius ratios of halides 52 
reactions of 288 

air 289-90 

nitrogen 289 
water 288-80 

solubility in liquid ammoma 302-203 
salubility of salts 298—302 
sulphides 293-94 
uses 278-80 

Group 2 325-56 
atormc structure of Be 2 
anomalous*behaviour of Be 324, 

332-34, 353-54 
bicarbonates 337 
biological cale 353 
boiling points 331 
carbonates 340 
carbides 51-2, 346-47 

compiexes 349-53 
basic beryllium acetate 350-51 
basic berylium mirate 343 
beryllium oxalate 350-31 
chlorophyll 351-52 
EDTA 352-53 
tetrafluaroberyllate ion 350 

cyanamide 346-47, 417, 492 
covalent radu 147 
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crown ethers and crypts 353 

Curie, Marie 327 

density 330 

electronegativity values 160, 331 

extraction 327-20 

Grignard compounds 328, 347-49 

halides 34445 

hardness of water 337-38 

hydration energy 331-32 

hydrides 342-44 

hydrolysis of salts 333 

hydroxides 336-37 

insoluble salts 347 

ionic radii 330 

ionization energy 149, 151, 331 

lime 315-17, 322-23, 340 

melting points 331 

metallic radii 137, 330 

metallic structures 125 

nitrates 342-43 

basic beryllium nitrate 343 
nitrides 345 
occurrence and abundance 326-27 

organometallic compounds 347-49 

oxides 338-41 
radius ratios of oxides, sulphides etc. 

52, 330 

reactions 

acids and bases 338 

water 335-36 

solubility of salts and lattice energy 

334-35 
solutions in liquid ammonia 335 
sulphates 341—42 
uses 328, 329 

Group 13 359-401 
alumina 381-82 
aluminates 291, 382-83 
aluminium chloride 387-88 
aluminium sulphate 372 
alums 372 

amphoteric behaviour 382-83 
atomic structure of boron 2 
boiling points 360 
borates 374-79 
borax 360, 361, 377 
borax-bead test 374 
borazine 393-94 
borides 380-81 
boron carbide 361 , 381 
boron nitride 393-94 

boron sesquioxide 362, 374 
boron trifluoride 73, 82, 84, 385-87 
Brown, H.C. 393 

carboranes 397 

.cement 373 

complexes 389 
corundum 381 
cryolite 362 
electronegativity value 36/ 
electronic structure 359 
ethyl 397-98 
extraction and uses 362-63 
Friedel-Crafts reaction 386 

Hall-Héroult process 362-63 
ionic radii 367 

ionization energy 149, 369-70 
lithium aluminium hydride 297, 

384—85 
melting point 366 
metallic radii 137, 367 

occurrence and abundance 360 

organometallic compounds 397-98 
oxide 381—82 
qualitative analysis 380, 382 

reactions of 370-72 

standard reduction potentials 167, 
368—69 

sulphate 372 
Group 14 402—67 

allotropy 407-09 
atomic structure of C 2 
bicarbonates 424, 425 

boiling points 411 
carbides 416-19 
carbonates 424, 425-26 

carbon cycle 427-28 
carbon dating 410-11, 917 
carbon disulphide 428-30 
carbonyls 420-23, 711, 727, 739-40, 

763-64, 765. 768, 787-88, 

805-06 
carbonyl halides 422, 423 
catenation 409—10 
cluster compounds 462 
complexes 455—56 
covalent radii 147, 411 

cyanides 453—55 
differences from Si and Group 14 

409-10 
electronic structures 402 
electronegativity values 160, 411 



Group 14 (cont ) hydroxylamine 485-86 

extraction and uses 403-07 ionization energy 149. 478 
graptute compounds 414-16 liquid ammonia as a solvent 486.54 
greenhouse effect 245 427-28 458 Marsh s test 48] 
halides 457-6 melting points 472 
hydrides 451-53 metalle and nonmetallic Properties 

mert pair effect 413 477-78 
internal 7 bonding using d orbitals 456 metaliic radii 1357 

ionization enecgy 149. 411 metallic structures 125 
melting points 411 nitrifying bacteria 473-74 

metallic and nonmetallic character nitrogen cycle 473-74 
412 nitrogen fixation 473-74. 489. 491,91 

metallic radu 137 713 732 
metallic structures [25 occurrence extraction and uses 
occurrence and abundance 403 408-72 
organic derivatives 446-5]. 463 organometallic compounds 526-97 
oxides 419-26 430-32 oxides 498-503 
reaction mechanisms 462-63 oxoacids of 
reactivity 413 nitrogen 503-11 
silicates 432-46 phosphorus 511-21 
stheanes 446-41 pwd bonding 509-10 
standard reduction potentials 167 414 phosphazenes (phosophonitrilic 

Group 15 468-531 compounds) 498 524-26 
allotrapic forms 474-76 phosphone acid series 51t- 10 
ammonia 479-80. 492 94 phosphorous acid series 519-21 

bonding 34 problems with nitrogenous fertilizers 
cyanamude nracess 492 493-94 
detection 479 rcactisity of the elements 478 
liquid 263-64. 302-03 335 486-87 standard reduction potentials 16? 499 
praduction by Haber-Basch structures ofthe elumoents 472. 4174 16 

process 242 243 244 49| sulphides 521-24 
492-94 uses of phosphates 520-2! 

Solvay process 323 Group 16 532-634 
structure 73 77 8I abundance 534 

atomic structure of N 2 dlotropy and structures 540-43 
aridas 117 487-89 488 499 omic Structure of O 2 
boiling points 472 boiling points 545 
bond lengths and p-d4 bonding chemistry of ozone 115-16 $40-4] 

516-47 543-45 

bond type 476-77 compounds of sulphur and nitrógen 
covalent radit 147. 475 576-17 
denitrifying bacteria 473-74 contact process (for $0,) 552 551 
clectronegativity values 160. 475 698 R03 
electronic structures 468 covalent radu 147 545 
environmental problems with differences betw cen O and the oher 

phosphates 515 571 clements 547 
fertilizer 470. 489. 493-94 clcetronegativity values 160. 545 
halides 494-98 electronic structures 532 
hydrazine 483-85 extraction and uses $35-36 
hydrides 478-85 Frasch process (sulphur) 536 

donor properties of 482-83 halides $72-75 
structures of 481-8? hydrides 565-69 



hydrogen sulphide 536-37 

ionic radii 545 

ionization energy 149, 545 

melting points 545 
metallic radii 137 
organo derivatives 577-78 

oxides 537-39, 547—54 

oxoacids 

of S$ 556-63 
of Se and Te 564 

oxohalides of Se 564—65 

pa-dp bonding 546-47 

peroxides and polysulphides 570-72 

reactions between oxides 549-51 

ring compounds of S and N 575-77 

standard reduction potentials 167, 546 

sulphide ores 537 
Group 17 582-634 

acid strength of HX 602-05 
atomic structure of F 2 
basic properties 629-31 

bond energy 

of halogen compounds 598 
of X 594 

bonding in HF 34 
colour of X. 583 

covalent radii 147, 591 
clectron affinity 154, 591 
clectronegativity 160, 592 
electronic structures 582 
energy cycle for 

oAidation potential of X, 595 
acid strengths of HX 603-04 

extraction and uses 584-90 

halides 605-07 

hydration energy 591 
hydrogen halides HX 599—605 

table of properties 601 
interhalogen compounds 621-27 
Ionic radii 591 

ionization energy 149, 592 
metallic properties 629-3] 
melting points 593 
occurrence and abundance 583-84 
oxides 607-14 
oxidizing power of X, 594-96 
OxOacids 614-2] 

polyhalides 628-29 
positive bromine and iodine 629-31 
Preparation of anhydrous halides 

606-07 
preudohalpgens 632 

reactions of the halogens 598 
reaction with water 596-97 
reactivity of the elements 597-98 
standard reduction potentials 592, 

613-14 
strengths of oxoacids 621 

types of bond formed 592-93 
Group 18 635-49 

abundance in the atmosphere 637 
atomic radii 637 
Bartlett (first true Xe compound) 639 
argon 

molecular ion 638 
boiling points 637 
Cavendish 635 
chemistry of xenon 639-43 
clathrate ‘compounds’ 638-39 
electronic structures 30, 635 
helium 

atomic structure 1, 2 

molecule 99 
molecular ion 99, 638 

ionization energy 149, 637 
melting points 637 
necn atomic structure 2 

occurrence and recovery 635-37 
radon, formation of 636 
special properties of helium 637-38 
structure and bonding in xenon 

compounds 643-48 
superconductivity 638 
uses 636-37 
xenon 

chemistry of 639-43 
difluoride 640, 641, 642, 643-45 
fluoride complexes 642-43 
hexafluoride 640, 641, 642, 643, 

645-46 
hexafluoroplatinate 639 
oxofluorides 640, 641 
perxenate ion 640, 64: 

tetrafluoride 640, 641, 645 
trioxide 640, 641 

xenate ion 641 
Gun metal 406 
Gunpowder 539 

Haber-Bosch process 242. 243. 244. 491, 
492-94 

Hadfield steel 735 
Haemerythrin 779 
Haemoglobin 775-77 

Hatnium., see Titanium group 
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Hahn O 920 
Half hife period 911-12 
Halic acids 617-18 
Halides of transition elements (tables) 

656-58 
Hall-Héroult process 362-63 
Halogen 

acids 599—605 
oxides 607-14 
oxoacids 614-2] 

Halogens see Group 17 
Halous acids 617 
Hard and soft acids and hases 267-68 
Hardness 

of mincrats 58 
see also Appendix N Mohs scale 

of water 347-38 
Harkins rule 673 861 899 906 
Hastellay C alloy 802 
Hravicr elements see Actinides 

Heisenberg uncertainty principle 11-2 
Helium see Group 18 
Hriteropolyacids 710. 730 
H«cx icyanoferrate(If) (ferrocvanide) 

766 
Hexagonal close packing 16-9 
High afumin i cement 373 
High temperature reduction methods 

I81-82 
Holmium see Lanthanides 
Horizont 31 comparisons in the Fc. Co 

Ni groups &14- 1^ 
Horizontal relationships in the periodic 

table 189-90 
Hot dipping 762 835 
Hume Rothery s rules 13940 
Humphries seris 2 8-9 
Hund s rule 21-3 935-9 39 

for determining ground state 946 
Hybrid orbitals 

Jp 83-5 

sp N2-5 
yr 81-2. 85 
p d Rih 

pud 86 
Hybridiz iion 81-7 
Hydrate some cism 243 

Hydrazinc 483-85 
R nschig process J84-85 

Hydrides 248-54 
covalent 250-52 

melting points of 251 
intermediate 254 
interstitial (metallic) 245, 252-54 
ronic 249-50 
table of 249 

Hydrides of 
Group ] 297-98 
Group 2 342-44 
Group 13 252 
Group 14 451-53 
Group 15 478-85 
Group 16 365-69 
Group 17 599-605 

Hydroboration 392-93 
Hydrogen 240-71 

abundance 241 
abundance of gas m dry air 470 
angular part of wave function 17-9 
atomic spectra 5 
atomic structure 1 2 
azide 487-89 

Balmer series 2 8-9 
bonding 255-57 533 602 
Brackett series 2 3 8-0 
chiorine flame 600 
economy 245 
electronic structure 240 
Humphries seres 2 8-9 
1am 24) 254-55 
isotopes 245-48 279 
Lyman senes 2 8-9 
manufacture 241-43 
molecule 99-10) 
mol cule ron 99 
ortho and para 248 
Powchensenes2 38-0 
peroxide 291-93 532 570-72 
Pfund series 2 3 8-9 
positian in th. periodic table 27 

240-4] 
properties 243—15 
radial part of wave function 17 
solutions in metals 245 
unique properties 27 

Hydrogen bromide 601 
acidic strength 602-05 
ionic character 161 
preparation 60] 

Hydrogen chloridu 581 600-401 
acidic strength 602-405 
ionic char icrer lol 



molecular structure 112 

preparation 600-02 

Hydrogen cyanide 453 

Hydrogen fluoride 583, 599 

acidic strength 602-05 

as a non-aqueous solvent 605 

ionic character 161 

preparation 599 

structure 73 

Hydrogen iodide 601 

acidic strength 602-05 

ionic character 161 

preparation 601 

Hydrogen peroxide 291-93, 532, 570—72 

Hydrogen selenide 565 

Hydrogen sulphide 536-37, 565-66, 

568 

Hydroxylamine 485-86 

Hypohalous acids 615-16 : 
Hypophosphoric acid 518-19 

Hypophosphorous acid 520 

Ilmenite 684, 689 

IMI process for Ti 686 

Indium, see Group 13 

Induced nuclear reactions 917-18 
Inert pair effect 365 

Inner transition elements 24, 857—902 
Insulators 131-33 

Integrated circuits 68 
Interhalogen compounds 621—27 
[ntrinsic semiconduction 60, 64 
Introduction to the transition elements 

653-77 
lodine 

basic properties 629-3] 
colour of X; 583 
covalent radius 591 
electron affinity 154, 59] 
electronegativity 160, 592 
electronic structure 582 
extraction and uses 589 
halides 605-07 
heptafluoride 627 
hydration energy 59] 
interhalogen compounds 621-27 
Ionic radius 59] 
ionization energy 149, 592 
melting point 593 
monochloride 623, 630-3] 
monocvanide 630 

INDEX 

number 623 
occurrence and abundance 583-84 
oxides 612-13 
oxidizing power of X; 594-96 
oxoacids 614—21 
pentafluoride 627 
polyhalides 628-29 
positive iodine 629-31 
reaction with water 596-97 
reactivity 597-98 
standard reduction potentials 592, 

613-14 
trichloride 624-26, 631 
triiodide ion 628 
Wij’s reagent 623 
see also Group 17 

Ion bombardment 883, 898, 917 

Ionic 

bond 30-3, 43-71 

radii 146, 148-49 

Ionic structures 

based on close packing 46 
cadmium chloride 51 

cadmium iodide 49-50 

calcium carbide 51-2 

caesium chloride 48 

calcium fluoride 48 

close packing 46-7 
lattice energy 54-8 

layer structures 49-51 
limiting radius ratios 44—6 
nickel arsenide 51 

perovskite 691, 749 

rhenium tnoxide 748-49 

rutile 48-9 

silica 49 

sodium chloride 47-8 

wurtzite 47 

zinc blende 47 

Ionization energy 149-53 

table of 15] 

Ionization isomerism 232-33 
Iridium, see Cobalt group 
Iron group 753-82 

abundance, extraction and uses 

755-60 
alums 194. 372, 723, 770 
bioinorganic chemistry of iron 775-79 

catalase and peroxidase 778 
cytochrome 754, 777 

ferredoxin 778-79 



Iron group [con ) 

ferretin 778 
haemerythrin 779 
haemoglobin 775-77 
myoglobin 777 

blast furnace 755-57 
brown ring test 500, 765 
carbonyls 763-64, 765, 768 
classification 

às ferrous and platinum metals 753 

as ron, cobtalt and nickel triads 
753 ‘ 

comparison of various steels 759 
complexes 766-69, 772-73 
( — II) and (0) compounds 763-65 
( - IT) compounds 76469 
(-- IIT) compounds 769-73 
(IV) compounds 773 
(-- V) compounds 773 
(t VI) compounds 774 
(t VIIE) compounds 774—75 
cyclopentadienyl compounds 695-96, 

711, 727-28, 779-81 
double salts 764, 770 
electronic structures 754 
ferron 767 
ferrecene 779-781 
galvamzing 762 
general properties 761-63 
hexacyanoferrate(H) (ferrocyanide) 

766 
hot dipping 762 
nitrogen fixation bu Ru complexes 

768-69 
oxidation states 760-6] 
oxides 765, 770, 774 

1,10 phenanthroline (o-phen- 
anthroline) 767 

physical properties 763 
pi-bonded complexes 766-69, 779-80 
production and uses of steel 760 
Prussian blue 766 
rusting 762 
standard reduction potentials 172-73 
steel making 535-36, 757-60 

basic oxygen process 759 
Bessemer—Thomas converter 

757-58 
Kaido and LD processes 759 
puddling 757 
Siemens electric arc furnace 758-59 

Siemens open hearth furnace 758 
Turnbull's blue 766. 

Isomerism 232-36 
coordination 233 
coordination position 234 
facial 197, 797 

peometric 198, 234 
hydrate 233 
ionization 232-33 
linkage 233 
meridianal 197, 797 
number of isomers 198 
optical 234-35 
polymerization 232 

Isomorphous replacement 443 
Isopolyacids 

borates 379-80 
chromates 713, 728-31 
molybdates 713, 728-31 
phosphates 511-21 
sihicaies 432-46 
tungstates 713, 728-31 
vanadates 709-10 

Isoprene 398 
isotope dilution analysis 933 
Isotape exchange reactions 933-34 

Jahn-Teller 214—19 
square-planar complexes 217-19 
tetragonal distortion 214-17 
theorem 216 

Kaldo process (steel) 535, 759 
Kaohn 440—1 
K electron capture 910-11 
Kieselguhr 431 

Kroll process 686 
Krypton, see Group 18 
Kurrol's salt 516-17 

Lanthanide contraction 874-75 
Lanthanides 24, 859-78 
abundance and number of isotopes 

861-62 
bastnaesite 863 
Crooke s lenses 680, 863 
colour and spectra 870-72 
complexes 875-77 
(+11) compounds 869-70 
(III) compounds 866-68 
(--1V) compounds 868-69 



1017 
contraction in size 874—75 

coordination numbers 877 

Deacon process 317, 587-88, 863 

didymium catalyst 317, 863 

electronic structure 859-60 

extraction and uses 862-63 

Harkins’ rule 861 

ionization energies 861 

ionic radii 861 

lighter flints 680, 863 

magnetic properties 872-74 

mischmetal 680, 863 

monazite sand 679, 862-3, 883, 887—88 

oxidation states 860 

position in periodic table 859 
properties of (+HI) states 866-68 
separation methods 864-66 
stable nuclei related to number of 

neutrons 863, 907 

solubility 870 
standard reduction potentials 861 
warm superconductors 143—44, 863 

Lanthanum, see Scandium group 
Laporte selection rule 771, 951-52 

Lattice energy 54-8 
and CFSE 212-13 

and hardness 58 

equation 54-6 
Lawrencium, see Actinides 

Layer structures 49-51 

LCAO methad 90 

rules for combination of orbitals 

97-8 

LD process (steel) 535: 759 
Lead 

azide 488 

boiling point 411 

Chamber process 559-60 
chromate 407 

covalent radius 411 

electronic structure 402 

electronegativity values 160, 411 
extraction and uses 406-07 
galena 406-07 
halides 460-61 ; 
hydride 453 | 

ionization energy 411 
melting point 411 
nitrate SOT 
occurrence and abundance 403 
Oxides 432 

red lead 407, 432 

reactivity 412-13: 
scavenger 589 
Standard reduction potentials 41. 
storage batteries 407 

sulphide 406-07 
tetra acetate 456 
tetraethyl 464 
toxicity 464 
white lead 407 
see also Group 14 

Leblanc process 315-17 
Leclanché cell 838 
Levelling solvents 264 
Lewis 

octet theory 72-4 

theory of acids and bases 265 
Ligands, field strength 208 
Lighter flints 680, 863 

Lime 315-17, 322-23, 340 
caustic soda process 315, 322 
water 337, 424 

Linnaeite 783 
Linear accelerator 883, 898, 917 

Linkage isomerism 233 
Liquid ammonia 263-64, 302-03, 335, 

486-87 

Liquid dinitrogen tetroxide 265-66, 502 
Litharge 432 
Lithium 

alkyls and aryls 305 
aluminium hydride 297, 384-85 
atomic structure 1, 2 

carbonate 278, 295, 309-10 

diagonal relations 310-11 
differences from the rest of the group 

309 
electronic structure 275 
flame colouration 286-87 

halides 310 
hydroxide 290, 309-10 

metallic structure 125 
molecule 100-01 

n-butyl 305 
nitrate 295-96, 309-10 

nitride 289, 310 
oxide 290 
stearate 278, 304 

see also Group 1 
Little boy (bomb) 922-23 
Liquid drop model of nucleus 905-06 
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INDEX 

Lowig (ferrite) process for NaOH 770 
Lustre of metals 122 
Lutetium, see Lanthanides 

Lux-Flood theory of acids and bases 267 
Lyman series 2, 8-9 

Maddrell's salt 516-17 
Madelung constants 55-7 
Magic numbers 907 
Magnesium 

biological role 353 
chlorophyij 351-52 

electronic structure 325 
extraction 327-29 
Dow natural brine process 329 
Dow sea water process 329 
Pidgeon process 328~29 

Grignard compounds 328, 347-49 
occurrence and abundance 326 
uses 328 

see also Group 2 
Magnetic moment 225-26, 872-73 

Curie faw (mapnetism) 670-71 
measurement of magnetic properties 

666 
of octahedral complexes 211 
of some Ist row complexes 669 
of tetrahedral complexes 222 

Magnetic properties 663-71, 675~76 
Magnetic quantum number 10, 13-5, 

22 
Magnus’ préen 810 
Malachite 817 
Malone acid 425 
Malleability and cohesive force 122-26 
Manhattan project 890, 920 
Manganese group 734-52 

abundance, extraction and uses 
734-36 

ammanum pertechnate 735 
basic acetate 734, 743 
biological importance 734, 751 
carbonyls 739-40 
cluster compounds 743-45 
colour 738, 740-47 
complexes 742-45 
(~I}, (0) and (+1) compounds 739-40 
{+i1) compounds 740-42 
(+III) compounds 742-45 
(FTIV) compounds 745—447 
(- V) campiund« 748 

(+ V1) compounds 748 

(+ VII} compounds 748-51 
electrome structures 734 
ferromanganese 735 
general properties 737-39 
manganese dioxide 745-47 
manganın 735 
oxidation states 736-37 
perrhenates 735, 750 
photosynthesis 743 
physical properties 739 
potassium permanganate 279, 734. 

748—50 
preparation ot 1c 735 
pyru!site 734 
Re;Cl, units 743-45 
rhenium trioxide 748-49 
spectra of [Mn(H,0),}°* 966 i 

standard reduction potentials 167, 
737 

Manganin 735 
Manufacture of computer chips 68 
Marsh's test (As and Sb) 481 
Mass number 905 
Mattauch’s rule 861 
Melamine 347, 492 

Melting points of 

ionic and covalent compounds 39 
the elements Appendix B 

Mendelevium, see Actinides 
Mercury, see Zinc group 
Mend:anal isomers 197, 797 
m-Mesons 905, 908 
Metallic 
bonds 36-9, 121—445 

see also Bond, metallic 
character 163-64, 654 
radu 137 

Metalloenzymes and metalloproteins 

673 
Metals 

alloys 132-40 
bond lengths 127 
Clusters, see Cluster compounds 
cohesive force 122-26, 285 

Conductivity 121-22 ! 
Coordination number 126 
crystal structures 36-9, 125-26 
general properties 121-27 
Hume-Rothery rules 135-40 
lustre 122 

M. M bonds 
see Bond M M 



1019 
malleability and cohesive force 

122-26 

radii 137 

solutions in liquid NH, 263-64, 

302-03, 335 
superconducting alloys 141, 687, 698, 

927 

theories of bonding 127-31 

free electron theory 128 
valence bond theory 128 

MO or band theory 128-31 

Metaphosphorous acid 520 

Methane 81 
Methanol 243 
Micas 440, 441—42 
Millerite 800 
Mischmetal 680, 863 
Modes of decay 

« decay 913-15 

f decay 909-10 
y emission 911 
K-electron capture 910-11 
ncutron emission 910 
positron emission 910* 
proton emission 911 
spontaneous fission 914 

Mohs' scale of hardness 58, 404, 408, 

417, 418, Appendix N 
Moissan (preparation fluorine) 585 
Molecular orbital theory 89-119 

Aufbau build-up principle 98-9 
bond order 105 
combinations of orbitals 

d-d 96 
p-d 96 

p-p 94-6 
$-p 93-4 

s-$ 90-3 
examples 

B; 101-02 
Be; 100-01 

C; 102-03 
CO 110-12 
F; 107 

Hj 99 
H; 99-100 
HCI 112 
He$ 99 
He; 99 

Li; 100-01 
Ny 104-05 
NO) 109 219 

O; 105-06 
O5 105-07 
O3 107 

examples involving delocalized 
7t bonding 

CO, 116-17 
CO3” 112-14 
N, 117 
NO; 116 
NO; 114 
O; 115-16 
SO; 114-15 

in transition metal complexes 
[CoF&]^* 227-28 
[Co(NH3)s]^* 227 

LCAO method 90 
non-bonding combinations 96-7 
of complexes 202-03, 227—30 
of inert gas compounds 645-46 
of metals 128-31 
order of MO energy levels 98 
rules for LCAO 97-8 
summary of multicentre z-bonded 

structures 117-18 
united atom method 118-19 

Molybdenite 714 
Molybdenum, see Chromium group 
Monazite sand 679, 862—63, 883, 887-88 

Mond (nickel) prócess 420, 801 
Monel metal 599, 802 

Monoclinic sulphur 542 
Mulliken electronegativity 161—62 
Multiplicity 944—46 
Mustard gas 574 
Myoglobin 777 

Nafion 319 
Natta catalysts 398 
Natrolite 443 
n-butyl lithium 305 
Neodymium, see Lanthanides 
Neon, see Group 18 
Neptuntum, see Actinides 
Nernst equation (electrode potentials) 

165 
Nessler’s reagent 479, 590, 845 
Neutrino 909, 911 

Neutron 1, 905 
emission 910 
fast 892 
/proton ratio 908-09 
slow 891 

ee - — m —— MH — — — ~~ 



Micad batteries £38 Nitnte ton 116 

Niccolite 800 Nitrogen 
Nickel glance 800 abundance of gases in dry air 470 

Nickel group 753, 800-15 atomic structure 2 

alloys azides 117, 487-89 

alnico 802 boiling point 472 

cupromckel (coins) 802 compounds of sulphur and nitrogen 
EPNS 802 576-71 
ferronickel B01 covalent radius 475 
Hastelloy, C 802 cycle 473-74 
Monel metal 599, 802 
Nimonic 802 
stainless steel 802 

arsenide 51 
basic acetate 81Q 
benzene ammuino nicke] cyanide 

(clathrate) 807 
carbonyIs 805-06 
catalytic convertors (cars) 803 
cisplatin (anti cancer drug) 811 
complexes with alkenes 808-10 
contact process {for $0,) 552, 553, 

698, 803 
dimethyl plyoxime complex 807 

electronic structures BOG 
general properties 803-05 

denitrifying bacteria 473-74 
differences from rest of group 472 
electronegativity 475 
electronic structure 468 
fertilizer ATQ, 489, 493—594 

fixation 473-74, 489, 491-93, 696. 
713,732 

halides 494-96 
ionization energy 475 

nitrifying bacteria 473-74, 491 
melting point 472 
molecular structure 104-05 

occurrence, extraction and uses 
468-70 

order of MO energy levels 104-05 
oxides 498—503 

halides B04 oxoacids 503-07 

horizontal comparisons in the Fe, Co, standard reduction potentials 167, 
Ni groups 814-15 490 

Magnus green 810 see also Group 15 
Mond process 420, 801 Nitrogenase 732, 775 
occurrence, extraction and uses Nitrogen cycle 473-74 

800-03 Nitrogen dioxide 501-02 
ome donemsiama! conductors 8f0-£(£, — Nitrogen sesquioxide SOf 

812 Nitronium 10n 505-06, 561 
oxidation states 803 Mitrosyl complexes 500 
oxides 804 Nitrous acid 503-04 
physical properties 804 Nitrous oxide 499 
(—D, (0) and ( - 1) states 805-06 Nobel Laureates 
(+11) state 806-11 Becquerel, H A , Curie, P. and 
(+111) state 811, 813 Curie, Marie (Physics 1903) 
( -1V) state 813 540 
(CF V) and (-- VI) states 814 Bednorz, G and Muller, A 
Raney nickel 802 (Physics 1987} 142 
Wacker process {eihanal) 803, 810 Bohr, N (Physics 1922) 6 

Nimontc alloys 802 Bosch, C and Bergius, F 
Niobium, see Vanadium group (Chemistry 1931) 492 
Nitrate ion 114 Brown, H C and Wittig G 
Nitric acid 5041207 (Chemistry 1979) 393 
Nitric oxide 109-10, 499-500 Curie, Marie (Chemistry 1911) 327 
Nitrifying bacteria 473-74 Fermi E. (Physics 1938) 890, 920,022 



Fischer, E.O. and Wilkinson, 
G. 

(Chemistry 1973) 728, 781 

Grignard, V. (Chemistry 1912) 347 

Haber, F. (Chemistry 1918) 492 

Hahn, O. (Chemistry 1944) 920 

Hodgkin, Dorothy Crowfoot 

(Chemistry 1964) 796 

Joliot, F. and Joliot-Curie, Irene 

(Chemistry 1935) 918 

Libby, W.F. (Chemistry 1960) 411 

Moissan, H. (Chemistry 1906) 585 

Ostwald, W. (Chemistry 1909) 505 

Pedersen, C.J., Lehn, J.M. and 

Cram, D. (Chemistry 1987) 

306 

Pauling, L. (Chemistry 1954) 80 

Rutherford, E. (Chemistry 1908) 

918 
Thomson, J.J. (Physics 1906) 6 
Werner, A. (Chemistry 1913) 195 
Ziegler, K. and Natta, G. 

(Chemistry 1963) 694 

Nobelium, see Actinides 

Noble gases, see Group 18 
abundance of gases in dry air 470 
electronic structure of 30 

Nomenclature for the superheavy 

elements 898-99 

Nomenclature of complexes 230-32 

Non-aqueous solvents 

HF 605 
NH; 263-64, 486-87 

N30, 265-66, 502 
Non-bonding combinations of orbitals 

96-7 
Nonstoichiometry in the d block 672, 

705, 708-09 
Normal oxides 547-48 

n-type semiconductors 62 
Nuclear 

binding energy 912-1379]4 
controlled fusion reactions 927-28 
distances 905 

fission 906, 918-20 - 
fuel 924 

fusion 925-28 

H-bomb 927 

moderators 923 

power stations 923-24 
Factors, types of 

fast breeder 924, 925 

gas cooled thermal 924 
water cooled thermal 925 

reprocessing 625, 896 
stability and N/P ratio 908-09 
thermonuclear weapons 927 
types of reactor 924-25 

Nucleus 905-37 

applications of radioisotopes 932-34 
atomic number 905 
atomic bomb 922 

Fat man (bomb) 922-23 
Little boy (bomb) 922-23 
production of 920-23 

carbon dating 410-11, 917, 932-33 

controlled fusion reactions 927-28 
chain reactions 919 
critical mass 920 

density 905, 906 
femtometres 905 
Fermi, E. 890, 920, 922 
fission 906, 918—20 

forces in 907-08 
fusion 925-28 
genesis of the elements 928-32 

r-process 93] 
s-process 931 
x-process 93] 
red giants 929 
spallation reactions 931 
supernova 932 
white dwarfs 930 

H-bomb 927 
Hahn, O. 920 
half-life period 911—12 
induced reactions 917-18 
Joliot, F. and Joliot-Curic, Irene 918 
magic numbers 9()7 

mass number 905 
z-mesons 905, 908 

moderators 923 
modes of decay 909-11 

a decay 913-15 

B decay 909-10 
y emission 911 
K-electron capture 910-11 
neutron emission 910 
positron emission 910 

proton emission 91] 
natural decav in lighter elements 

916-17 

nucicar distances 905 



Nucleus (cont ) $ 14, 18, 20 
nucleons 905 Orbits 
number of stable nucle: and number Bohr-Sommerfield 10 

of neutrons 863, 907 circular 1,2 

oscillation 8 elliptical 9-10 
radioactive Order ot MO energy levels 98 

decay senes 915-17 Orthophosphonc acid 511-13 
displacement laws 915 Orgel combined energy diagrams 

radius 905 d' and d? 957 
Rutherford 10, 918 d? and d" 961 
separation of isotopes 920-22 d' 967 

electromagnetic separation 97] Osazones 484 
pas centrifuge 921-22 Osmium, see Iron group 
gaseous diffusion 921 Ostwald process (HNO3) 501, 505,785 
thermal diffusion 921 OXO process (addition of CO to 

stability and N/P ratio 908-09 alkenes) 789-90 
structure of nucieus 905 Oxidation 

liquid drop model 905-06 number 164-65 
shell structure 906-07 states 164—065 

units and definitions 934 Oxidation-reduction reactions 170.72 
Number of stable nuclei and numberof Oxide son 107 

neutrons 863, 907 Oxides 537-39, 547—54 
Nylon-6 485-86 classification of 547-49 
Nylon-66 506, 698 normal, peroxide, suboxide 547-43 

basic, amphoteric, acidic, neytral 
Occurrence of the elements Appendix A 548-49 
Octahedral complexes 205~17 general properties of 547-51 

asymmetrical electronic arrangements of transition elements (tables) 
215 656-58 

crystal field theory 202, 204-14 reactions between 549-51 
crystal fieid splittings for hexa aqua Oxoacids strengths of 621 

complexes 209 Oxygen 
crystal field splittings by various abundance 534 

hgands 208 abundance of gases m dry aim 479 

distortion of 214-17 allotropy and structures 540-41 
MG theory 282-03, 777-57 atomic structure Z 

[CoF,]'* 227-28 boiling point 545 
MO theory [Co(NH4),]? * 227 bond lengths and px-d bonding 
symmetrical electronic arrangements 546-47 

215 carriers 775-70 
valence bond theory 202, 203-04 covalent radius 545 

Octahedral holes 46-7 differences from rest of group 547 

Octet rule 72-4 electronic structure 532 
exceptions to rule 73-4 electronegativity values 160, 545 

Oleum 559, 629 extraction and uses 535-26 
Qlivine 435 halides 572 
Optical isomerism 234-35 hydrides 566-69 
Orbitals - shapes of Ionic radius 545 

d 14, 18, 20, 201 Y'omzation energy 149, 545 
f15 melting point 545 
p 14, 13, 20 molecular structure 105-06 



organo derivatives 577-78 

peroxides 570-72 

preparauon 535, 618 
singlet 552 

standard reduction potentials 546 

uses 532 
see also Group 16 

Ozone 115-16, 540-41, 543-45 

layer 494, 543-44, 599 
ozonides 544-45 

Palladium, see Nickel group 

Panning (gold) 819 
Parathion 523-24 
Paris green 818 
Parkerizing 762 
Parke’s process (silver) 818 
Participation of d orbitals in bonding 

85-7 
Paschen series 2, 3, 8-9 

Pauli exclusion principle 21, 939 

Pauling’s electronegativity 157-60 

table of values 160 
Pauling’s valence bond theory 80-9 
p block 357-649 

orbitals 14, 18, 20 

p-type semiconduction 63, 65 
Pentlandite 800 
Peroxoborates 361—62, 379 

Periodic acid 620 
Periodic table (Preface) xxxv, 25-7 
Permittivity of vacuum 6-8 
Permutit 443 

Perovskite 749 
Peroxides 107,279, 291-93, 361-62, 532, 

547-48, 570-72, 691, 719 
Peroxo sulphuric acids 563, 57] 
Pfund series 2, 3, 8-9 
pH scale 261—62 
Phase diagrams 

copper/nickel solid solutions 135 
copper/zinc 139 
tron/carbon 134 
tin/lead 138 

Phenacite 434 
1.10-Phenanthroline (o-phen- 

anthroline) 767 
Phosgene 457 
Phosphates 51]—2] 

environmental problems 515, 521 
Graham's salt 516-17 

INDEX 

Maddrell's salt 516-17 
sodium pyrophosphate 514-15 
sodium tetrametaphosphate 517-18 
sodium trimetaphosphate 516-18 
sodium tripolyphosphate 515-16 
qualitative analysis 512 
triethyl 496, 512, 521 
tritollyl 496, 52] 
uses 520-21 

Phosphazenes 498, 524-26 
Phosphine 481 
Phosphonitrilic compounds 498, 524-26 
Phosphorus 

allotropic forms 474-75 
boiling point 472 
covalent radius 475 
electronegativity 475 
electronic structure 468 
halides 494-98 
hydrides 481 
in fertilizers 470, 494 

ionization energy 475 
melting point 472 
-nitrogen compounds (phosphazenes) 

498, 524-26 
occurrence, extraction and uses 

470-71 

organometallic compounds 526-27 
oxides 508-11 
oxoacids 511-21 

oxochloride 496 
pz-dz bonding 509-10 
pentachloride 85-6 
phosphoric acids 511-19 
phosphorous acids 519-21 
standard reduction potentials 167, 490 
superphosphate 494 
sulnhides 521-24 
test for phosphates 512 

see also Group 15 
Photocopiers 539 
Photochemical smog 544 
Photoelectric effect 11 
Photography 562, 589-90, 826-27 
Photosynthesis 424-25 
Photovoltaic cell 66 
Pi bonds 87-9 
Pig iron (cast iron) 755 
Pi mesons 905, 908 
Pidgeon process 328-29 
Pitchblende 883.89] 



Planck's constant 7, i0, 11 
quantum theory 7 

Planetary theory of atom 1-2, 10-1 
Platinum, see Nickel group 
Platinum metals 753 
Plumbane 453 
Plutomum, see Actimdes 
Polar and cartesian coordinates 16 
Polarizability 156-57 
Polanzng pawer 156-57 
Polonium 

abundance 534 
discovery and production 540 
electronic structure $37 
standard reducrmm parentis 346 
see also Group 16 

Polyhalides 296-97 
Polvmertization rsomeri&m 232 
Polyphosphates 513-17 
Polysulphides 293-94 

oligomer 397-98 
high density (stereoregular) 694-95 
low density 694-95 

Polyvinyl chloride 32] 
Polywaler 569 
Porphyrin 224 577-78 776 
Portland cement 373 

Positive bromine and i6dinc 620-3] 
Positron emmsron 910 

Potasswm 
Alum 194 

hicarbon itc 295 

bromide 589 
chieride 276, 279 

cobaltnitrite 300 
complexes 305-08 
clectronic structure 275 
flame colour ation 256 97 

hydrogen carbonate 295 
hvdroxidc 29( 
inn fo rtilizcrs 279 

nitrate 2499-96 
azanide 5443 

perbromate 62 
perchlorate UK! AlY 
perm wade ite. 279 FAs T4250 

perrhenate 735. 750 
photoclectri effect |] 
superoxide 279 2-93 
t Eraphon] borate 300 
see also Group 1 

Praseodymtum, see Lanthanides 
Preparation of anhydrous halides 

Principal quantum number 10, 13, 22 
Problems with 

acid rain 245, 538-39 
asbestos 439 

detergents 555-56 

fluoride tons in drinking water 587 
mercury and cadmium 838-39, 

$52-53 
nitrogenous fertilizers 493-94 
ozone layer 494, 543-4, 599 

phosphates 515, 521 
pharochemical smog 444 
water purity, EEC limits for 

contaminants 566 
Producer gas 419-20 

Production of the atomic bomb 920-23 
Promethtum, see Lanthanides 
Protactinium, seé Actinides 
Proton 1,905 
Proton emission 911 
Prussian blue 766 
Pseudohalogens 632 
p type sem:conductors 63, 65 
PTFE 457 
Puddling (steel) 757 
Pyrex glass 362. 445 
Pyrochinrite 698 
Pyrolusite 734 
Pyrosulphates 562 
Pyroxenes 437-38 

Quantum numbers 10, 13, 22 
and atomic orbitals 15 

magnetic 13-5 
n i.m nr 9-10, 13-5, 22 

principal 9-10 13 
sprn 10 
subsidiary 9-10, 13-5 

and shape of penodic table 22 
spectroscopic coupling 

J 941 
L 940—423 
S$ 942—113 

Quantum theory 7 
Quartz A130 

Racah pirameters 227. 961-61 
Radial distribution functians 17 



Radial part of wave function 15-7 

Radii 

covalent 147 

ionic 146, 148-49 

metallic 137 

Radioactive decay series 915-17 

actinium 915, 916 

neptunium 915, 916 

thorium 915-16 

uranium 915, 916 
Radioactive displacement laws 915 

Radiography 934 

Radioisotopes, applications of 932-34 

activation analysis 933 

cancer treatment 934 

carbon dating 932-33 

isotope dilution analysis 933 
isotope exchange reactions 933-34 

radiography 934 
Radius ratios 

calculation of limiting values 44-6 
cautionary word 52-4 
rules 43-4 

table of limiting values 44 
Radon, see Group 18 : 
Raney nickel 802 

Rare earths 24, see Lanthanides 

Raschig process (hydrazine) 484-85 
Reaction mechanisms 461-63 

Reactors 

fast breeder 924, 925 

gas cooled thermal 924 

water cooled thermal 925 

Rectifiers 65-6 

Red lead 407, 432 
Reduced mass 8 
Reduction potentials 165-78 

and methods of extracting elements 
184 

chromium group 717 

copper group 820 

examples of use of diagrams 

Am 175-76 

Cl; 176 
Cu 174 
Fe 172-73 

H,0, 174-75 
I; 177 

Mn 177 

Group 13 368—69 
Group 14 413 

Group 15 490 
lanthanides 681 
manganese group 737 
table of values 167 
vanadium group 706 
zinc group 842 

Reformer (steam) 242 
Refractory 381 
Rhenium, see Manganese group 
Rhizobium 474, 491, 732 

Rhodium, see Cobalt group 
Rhombic sulphur 542 
Rochow direct process (alkylchloro- 

silanes) 447 
Rubidium, see Group 1 
Rules for LCAO 97-8 
Russell-Saunders coupling 943-46 
Rusting of tron 762 
Ruthenium, see [ron group 
Rutherford 10, 918 
Rutherfordium, see Actinides 
Rutile 48-9, 684, 689 
Rydberg constant 8 

Salt cake method (HCl) 600 
Samarium, 5ee Lanthanides 
s block 273-356 

orbitals 14, 18, 20 
Scandium group 679-83 

electronic structures 679 
carbides 682-83 

chemical properties 681-83 
complexes 683 
extraction, separation and uses 

679-80 
halides 682 
hydrides 682 
monazitc sand 679, 862-63, 883. 

887-88 
oxidation state 680 
oxides and hydroxides 681-82 
physical properties 681 
size 680-81 
standard reduction potentials 681 

Scheele 315, 587 
Scheelite 713 
Schottky defects 59-60 
Schrodinger wave equation 12-21 

angular part of 17-9 

conditions for acceptable sojutioni-13 
radial part of 15—7 



Selection rules 951-52 

Selenium 
abundance 534 
allotropy and structures 543 

boiling point 545 
bond lengths and prx—dy banding 

546-47 
covajent radius 545 

electronic structure 532 
electronegativity values 160, 545 
extraction and uses 539-40 
halides 572, 574—75 

hydrides 565, 568-69 
ionic radius 545 

ionization energy 149, 545 
melting point 545 
molecular structure 543 

oxides 553, 554 

oxoacids 564 

oxohalides 564-65 
Photocopiers 539 
standard reduction potentials 546 
see also Group 16 

Semiconductors 
and transistors 63, 364 
band gaps in 64 
conductors, insulators and 131-33 
eXtrinsic conduction 64 

germamum 63—5 
intrinsic conduction of 60-1, 64 

onie mechanism 60-4 
n type 62 
P type 63, 65 
silicon 63—5 

uitrapure materials 65 
Semiconductor devices 

p-n junction 65-6 
integrated circuits 68 
photovoitarc cell 66 
rectrfiers 65 
transistors 66-9, 364 

Separation of isotopes 974-27 
electromagnetic separation 921 
gas centrifuge 021-2» 

gaseous diffusion 92] 

thermal diffusion 92] 

Sequence of atomic energy levels 24 
Shapes of covalent molecules 74-80, 

112-18 
Shapes of atomic orbitals 13 
Shapes of d orbitals 20] 

Shell structure of nucleus 906-67 

Sherardizing 762 
Shift convertor 242 

Sidgwick-Powell theory 74-5 
table of shapes 85 

Siemens electric arc furnace 758-59 
Siemens open hearth furnace 758 
Sigma bonds 87-9 
Silanes 451-52 

alkylchloro substituted 447-5] 

Silica 49, 429—31 
gel 431 

Silicates 432-46 

Bowen's reaction series 432-33 

chan 437-39 
cyclic 436-37 

3 dimensional 443 

in technology 444-46 

orthosilicates 434-35 

pyrosihcates 435-36 
sheet 440 

soluble 433 

Siltcon 

as semiconductor 63-5 

botling point 411 
carbide 418 

covalent radius 411 

electromc structure 402 

electronegativity values [6G 4T 
extraction and uses 404 
ferrosilicon 404 

halides 459 

hydrides 451-52 
ionization energy 411 

melting point 4]? 
occurrence and abundance 403 

organo derivatives 446-47 
oxides 430—31 
reaction mechanisms 462-63 

reactivity 412-13 
silicates 432-46 

silicones 447-51 
ultrapure 65, 405 

see also Group l4 
Silicones 447-51 

Silver, see Copper group 
Size of atoms 146-48 
Smaltite 783 

Smithsonite 836 

Soap 304, 315, 322 
Soda ash 322 



Sodamide 488. 499 
Sodium 

aluminate 291 
argentocyanide 819 
azidc 499 
bicarbonate 294, 295 

baking powder 294 

borohydride (tetrahydridoborate) 
297. 384-85 

carbonate 279 

manufacture and uses of 315-22 

chlorate 618 
chloride 31-2, 47-8, 61 
complexes 305-08 
compounds with carbon 303 
cyanide 453 
dithionite 559 - 
electronic structure 275 

extraction 277-78 
flame colouration 2, 286-87 
hydrogen carbonate 294, 295 
hydrogen sulphite (bisulphite) 552, 

557, 558 
hydroxide 278-94 

manufacture and uses of 

315-22 
hypochlorite 615-16 
in liquid ammonia 302-03 
iodate 590 

ion transport 309 
/lead alloy 279 
nitrate 2905-96 
nitrite 296, 504 
nitroprusside 500 
oxides 290-93 
palmitate (soap) 304 
peroxide 279, 290-93 

peroxoborate 361-62, 379 
pump 309 

pyrophosphate 514-15 
Stearate (soap) 294 
sulphate 279, 294-95, 316 
sulphide 293-94 
sulphite 532, 552, 558 
tetrametaphosphate 517-18 
thiosulphate 552, 559, 561-62 
trimetaphosphate 516-18 
tripolyphosphate 515-16 
trithiocarbonate 429 
see also Group 1 

Solder 138, 406 

Solubility in 
polar and non polar solvents 40 
liquid ammonia 302-03 

Solvay process (Na,CO3) 323 
Solvent system of acids 265-66 
Sommerfield elliptical orbits 9-10 
s orbital 14, 18, 20 
Spectra 938-71 

absorbance 951 
allowed and forbidden transitions 

951-52 
atomic (hydrogen) 5 
atomic absorption 287 
charge transfer 460, 702, 705, 707, 

719, 724, 738, 750, 766, 767, 
771, 773, 822, 833, 840, 844, 
845 

coupling 
spin-orbit 943-46 
of angular orbital momenta 940—42 
of spin angular momenta 942-43 

d' and d" ions 954—58 
d? and d* ions 958 
d? ions 965 
d—d 662-63, 938-71 
derivation of term symbols 

for closed subshel! 948 
for d? configuration 948-50 
for p^ configuration 943-46 

determination of ground state 946 
electronic arrangements of the 

elements 939 
energy levels in an atom 938-46 
emission 287 
f-f 870, 880 
Group 1 286-87 
hole formulation 947 
Hund's rule 21-5, 98-9, 939 

for determining ground state 946 
microstates 

calculation of possible number 950 
for p? configuration 940, 944 
for d? configuration 949 

of [Co(Cl,)]^^ 965 
of [Co(H;O)4]^* 964 
of [Mn(H;,O)4]^* 966 
of [Ni(H,O),]** 950 
of [Ti(H,0),]** 207, 954 
of [V(H2O).,]°* 959 
Orgel combined energy diagrams 

d' and d? 957 



INDEX 

Spectra 
Orgel combined energy diagrams 
(cont ) 

d? and d* 961 
d^ 967 

Pauli exclusion principle 2] 939 
Racah parameters 227 961-63 
sclection mules 

Laporte 951-52 

spin 952 
splitting of electronic energy levels 

953-54 
Tanabe-Sugano diagrams 967-70 

Spectrochemical series 208 
Spectrascopie states 940 
Spectroscopic term symbols 944-45 
Speed of reactions 4-2 
Spuisses 781 
Sphuelerite (zine blende) 47 836 
Spin orbit coupling 943-46 
Spin sekcction rule YS2 

Spin quantum number 10 22 
Spontancous fission 9[4 
Square planar complexes 217-19 
Stability of various Oxtdation states in 

d block 656-57. 674 
STind ird clectrode potentials 165-78 
St ind ird seduction potuntiifs table af 

if 
^fann ine 453 
Sic im ruformer 242 

SuL UO HH HAS tag 53816 

734 735 7539-6) 78" 

cuttini, 715 
dH udifeld 735 

phis adi ip r im 7640 
«Ennloss 69s. HOT 

Sfccl miking 5355-36. 737-80 
Disi oveen process 739 
Bussemcer=-Thom ts furn Itc 7»7-58 

Kilda ind LD processes 759 
pudulin,, 737 
Sic mens eclectic are furnace 738-39 
samem opn he MIB furn na 7% 

Sticllito 781 

Sten onone rsm 234 
^tCreorcuul ir pols mc rs 694 

Subin 44] 
Strontium see Group 2 
Structures 

bascidlan ciose packin. Ab-9. 46 

of covalent compounds 72-117 
of ionic solids 47-9 51-2 
of layer compounds 49 51 
of metals 36-9 125-26 

Suboxides 547-48 
Subsidiary quantum number 13-5 22 
Sulphamic acd 554 
Sulphide ores 537 
Sulphur 
abundance 534 
allotropy and structures 542-43 
boiling point 545 
bond lengths and px-dz bonding 

546-47 
compounds of sulphur and nitrogen 

576-77 
Contact process (for SO;) 552, $53 

698 803 
covalent radius 545 
dioxide 88. 551-52 

dcid rain 245 538-39 
detection and analysis 551-52 
non aqueous solvent 552 

clectronic structure 532 
chetronegativity values 160 545 
c Xlraction and uses 536-39 
Frasch process 536 
halides 572-75 
hexafluonride 86-7. 587 
hydride 536-37 565-66 568-69 
Ionic radius 545 

waization energy 149 S45 
melting point 545 

molecular structure 541—413 
OXOJctids 536-63 
oxohalidcs 964-65 
polvsulphides 570-72 
»tandard reduction potentials 546 
Iioxide 89. 11-4—-|[5. 5531-54 
FETE 332 

see also Group 16 
Sulphuric acid 512. 533 559-62 
Sulphurous acid scrics ^6. 558-59 
Sulphur compounds 56^ 
Supcrconductors 120—414 

] 2 Ystructures 142-43 
less 14]. 687 6958 977 
Budnorz and Muller 131 
helium 638 
possible future usis 143-44 
presu nt uses af Lal 



warm 143-44, 863 

Superheavy elements 

half lives 899 

nomenclature 898-99 

Superoxides 105-07, 291-93 

Superphosphates 494 

Talc (soapstone) 441 
Tanabe-Sugano diagrams 967-70 

Tantalite 698 
Tantalum, see Vanadium group 
Technetium, see Manganese group 

Teflon 457 

Tellurium 
abundance 534 
allotropy and structures 543 
boiling point 545 
covalent radius 545 
electronic structure 532 

electronegativity values 160, 545 
extraction and uses 539—40 
halides 572, 574 

hydrides 565, 568-69 
ionic radius 545 
ionization energy 149, 545 
melting point 545 
oxides 552-53, 554 
oxoucids 564 

standard reduction potentials 546 
see also Group 16 

Tetrachloromethane (carbon tetra- 

chloride) 33, 73, 457, 771 
Tetraethyl lead 463 
Terbium, see Lanthanides 
Terylene 506 

Tetragonal distortion 214-16 
Tctrahedral complexes 219-22 

electronic arrangement 222 
factors favouring formation 221 
magnetic moments of 222 
splitting energy levels 220—21 

Tetrahedral holes 46-7 
Thallium, see Group 13 
Theories of bonding in covalent 

compounds 
MO theory 89-119 
Sidgwick-Powell theory 74-5 
VSEPR theory 74-80 
delocalized multicentre x bonds 

112-18 

Theories of bonding in metals 
free electron theory 128 
MO or band theory 128-31 
valence bond theory 128 

Thermal decomposition 179-80 
Thermite reaction 182 
Thermonuclear devices 247 
Thermodynamics of reduction processes 

183-87 
Thionic acid series 562-63 
Thionyl compounds 564 
Thompson, J.J. 6 
Thorite 883 
Thorium, see Actinides 
Three-centre bonds 116, 117, 333, 384, 

395-97, 424, 489, 504, 541, 
606 

Thulium, see Lanthanides 

Tin 
boiling point 411 
bronze 406 
cassiterite 405 
complexes 460 
covalent radius 411 
electronic structure 402 
electronegativity values 160, 411 
extraction and uses 405-06 
gun metal 406 

halides 460—61 
hydride 451 
ionization energy 411 
melting point 411 
organo compounds 463 
oxides 405, 432 
plate 406 

reactivity 412-13 
solder 138, 406 

standard reduction potentials 413 
occurrence and abundance 403 
organotin compounds 406 
oxides 43-2 
see also Group 14 

Titanium group 684-96 
(+111) compounds 692-95 
(--IV) compounds 689-92 

cyclopentadienyl compounds 695-96 
electronic structures 684 
extraction and uses 685-87 

IMI process Ti 686 
Kroll process 686 
van Arkel de Boer process 686-87 



INDEX 

Titanium (cont ) 
ilmenite 684 689 

nitrogen fixation 491-93, 696 
occurrence and abundance 684 
arganometallic compounds 694-95 
oxidation states 687 
oxides 

dioxide 48-9, 536, 684, 6389-90 

mixed oxides 690-01 
peroxides 691 

perovskite 691, 749 
phosphate 512 
physical properties 685 
polythene 694-65 
reactivity/passive behaviour 688 
rutile 48-5, 684, 689 

size 687-88 
spectra and colour [Ti(H,0),}°* 207, 

954 

standard reduction potentials 688 
stereoregular polymers 694 
superconducting alloys 687 
tetrahalides 691-92 

Ziegler-Natta catalyst 556, 694-95 
TNT 506 
Tonnages of heavy chemicals produced 

316, Appendix K, Appendix L 
Trans isomers 197-98, 234-35 
Transistors 66-8, 364 

Transition elements, see d block 
Transition series 24 

Thaymit 420 

Tn 10dine 10n 628 
Tnple bonds 35-6 
Trisilylamine 456 
Tritium 245-48, 279 

Triethyl phosphate 496, 512, 521 
Tritollyl phosphate 496, 521 
Tungsten 

bronzes 731-32 
carbide 417, 715 
tungstates 713, 728-31 
see also Chromium group 

Turnbull's blue 766 
Turquorse 817 

Ultramarines 443—44 
Ultrapure matenals 64, 405 
United atom method 118-19 
Uraninite 89] 

Uranium, see Actinides 

Uranyi nitrate 494 
Urea 423-24, 494, 554 
Usanovich theory of acids 267 

Valence band theory 80-9 
applhed to complexes 202, 203-04 
applied to metals 128 
extent of d orbital parmcipation 85-7 
hybridization 81-6 
sigma and pi bonds 87-9 
some examples 

BeF, 83-4 
BF, 82-4 
CH, 81 
HF 80 

NH, 81 
PCI, 85-6 
SF, 86 

table of shapes and number of orbitals 

85 
Vanadates 709-10 
Vanadinite 697 
Vanadium group 697-712 

abundance, extraction and uses 
697-98 

addition to steel 698 
electronic structure 697 
carbides 417, 698, 700-01 

carbonyls 711 
carnotite 697 

cluster compounds 697, 703-07 
colour 700 
columbite 698 
complexes 708-09 
cyclopentadienyl compounds 71] 
ferrovanadium 697 
general properties 699-700 
halides 761-06 
hydndes 701 
low oxidation states 710-11 
M-M bonds 703, 705-07 
nitrides 700-01 
honstorchiometric compounds 705 

708-09 
organometallic compounds 711 
oxidation states 699 
oxides 707-09 
pentoxide catalyst 697, 608 
physical properties 699 
pyrochlonte 698 
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reactivity 699 

standard reduction potentials 706 

size 699 

spectra v>+ (d*) 704-05 

of [V(H20).]°* 959 
superconducting alloy 698 

tantalite 698 
vanadates 709-10 

vanadinite 697 
vanadyl compounds 708 

van Arkel de Boer process 686-87 

van der Waals forces 39, 50, 51, 56, 124, 

250 
van der Waals radii 637 
Variable valency 164-65 

in the d block 654—56 

Vaska's compound 788-89 

Vertical relationships in the periodic 

table 189-90 

Viscose rayon 428-29 

Vitamin B,; 784, 793, 796 
VSEPR theory 74-80 

effect of lone pairs 75-6 
effect of electronegativity 76 
some examples 

BF; 77 
BEP 77 
CIF; 78-9 
H4O 77-8 

I3 79 
IF; 80 
NH; 77 
PCI; 78 
SF, 79 
SF, 80 

Vulcanizing of rubber 539 

Wackenroder reaction 563 
Wacker process (ethanal) 803, 810 
Walden inversion 462 
Water 566-69 

bonding 34 
BEC limits for contaminants 566 
fluoride ions in drinking water 587 
Structure 73, 77-8, 80 

Water gas 242, 419 
Water softening 337-38, 566-67 
Wave equation 12-21 

angular part of 17-9 
radial part of 15-7 
total function 20 

Weldon process 317 
Wave mechanics 11-21 
Werner theory of complexes 195-98 

primary valencies 195 
secondary valencies 195 
isomers 197-98 

‘Wet ashing’ 619 
Widia metal 783 
Wij's reagent 623 
Wilkinson's catalyst 788-89 
Willemite 434 
Wolframite 715 
Wrought iron 757, 758 

Xenon 
bonding 643-48 
chemistry of 639-43 
difluoride 640, 641, 642, 643-45 

fluoride complexes 642—43 
hexafluoride 640, 641, 642, 643, 

645—46 
hexafluoroplatinate 639 
oxofluorides 640, 641 

perxenate ion 640, 641 
tetrafluoride 640, 641, 645 
trioxide 640, 641 

uses 636 

xenate ion 641 
see also Group 18 

Ytterbium, see Lanthanides 

Yttrium, see Scandium group 

Zeeman 10 

Zeolites 443-44 

Zeise’s salt 809, 850 

Ziegler catalysts 397-98 
Ziegler-Natta catalysts 556, 694-95 
Zinc group 835-56 

abundance, extraction and uses 

835--39 

basic zinc acetate 846 

biological role of zinc 851-52 
brass 139, 818, 838 

cadmium chloride structure 51 

cadmium control rods 890, 892 

cadmium iodide structure 49-50 

calamine 836 

cinnabar 836 

complexes 845—46 
conductivity cell 848 



Zinc group (cant ) oxidation states 839 
electronic structure 835 oxides 842-43 
Frankland 850 physical properties R4() 
general properties 840-42 size 839-40) 
hahdes 843-44 smuthsonite 836 
hot dipping 762. 838 standard reduttion potentials 832 
Leclanché ceil 838 toxicity of mercury and cadmium 

mercury cathode cell (NaQH} 319-21 818-19 852-53 
mercury (+J) compounds 846-47 Lese s salt 8500) 
nicad batteries 838 zinc blende (sphaclerite) 47. 836 
polycations 849—51) Zircon 435. 684 
NMessler s re (pent 479. 500. 845 Zirconium see Titanium group 
organometilhe compounds RA-5| Zom refining 64 405 




