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A, is the symbol for relative atomic mass.

absolute zero (0 K) is the temperature at which atoms and molecules in crystals
are effectively motionless. It is the lowest temperature on the absolute or kelvin tem-
perature scale. A plot of the volume of a sample of gas against temperature at constant

pressure 1s a straight line that on extrapolation cuts the temperature axis at
—273.16°C.

Gases appear 1o behave as if they would have zero volume at absolute zero. This
would be true of a nonexistent ideal gas but in practice real gases turn to liquids and
sohds and occupy a definite volume before absolute zero is reached.

Absolute zero is now defined precisely by setting the triple point of water at 273.16 K.

absorbance shows how strongly a sample absorbs radiation. Absorbance measures
the extent of absorption of electromagnetic radiation by a sample in a spectrometer or
by colorimetry.

I

Absorbance, A is defined by this relatonship: A = lg -~

I

S
where lg is the logarithm to base 10. [ is the intensity of the radiation beam after pass-
ing through the reference, which is typically the solvent used to dissolve the material
bemg examimed. /[ is the intensity of the beam after passing through the sample.

The advantage of this definition of absorbance is that it is proportional to the
concentration of the absorbing molecule or ion in a soluton.

absorption of liquids and gases happens when a flind soaks into the pores
of a material, like water soaking into a sponge. Absorption should be carefully
disunguished from adsorption.

absorption of radiation: when electromagnetic radiation passes through a material
some or all of the wavelengths of the radiation may be absorbed. When white light
passes through a red filter, for example, all the wavelengths are absorbed except for
red, which passes through - so it looks red.

The gases in the atmosphere absorb most of the radiation reaching the Earth from the

Sun.
Wavelength
0.1 nm 10nm I um 100 um I cm I m 100m tOkm
l N — | | | l E—
" Visual (optical) 1 Radio window

window

The bands of wavelengths in the electromagnetic spectrum of sunlight that can pass through
the Earth's atmosphere to reach the surface of the Earth. It is as if there are two “windows”
letting through bands of radiation while all other wavelengths are shut out (by absorption).









acid-base reactions

Indicators such as phenolphthalein, methyl orange and bromothymol blue change
color over a range of pH values and are used to detect the end point in acid-base

0.5 O N = NON—CHB

titrations.

CH,
sH | | -1
0.8 O N— N:C\/: N — CH,
g CH,

The structures of methyl orange in acid and alkaline solutions. In acid solution the added
hydrogen ion (proton) localizes two electrons to form a covalent bond. In alkaline solution the
removal of the hydrogen ion allows the two electrons to join the other delocalized electrons.
The change in the number of delocalized electrons causes a shift in the peak of the
wavelengths of light absorbed, so the color changes and the molecule acts as an indicator.

The pH range over which an indicator changes color is determined by its strength as
an acid (or base). Typically the range is given roughly by pK =1 (sec the
Henderson—Hasselbalch equation for an explanation).

Indicator pk color change pH range over which
Hln/In" color change occurs

methyvl orange 3.6 red/vellow 3.2-4.2

methvl red 5.0 vellow/red 4.9-6.3

bromothymol blue 7.1 vellow/blue 6.0-7.6

phenolphthalein 9.4 colorless/red 8.2-10.0

acid-base reactions, according to the Bronsted—Lowry theory, are reactions involving
the transfer of protons from an acid to a base.

acid-base titration: a practical technique used to determine the concentration of
an acid or an alkali. A titration measures the volume of a standard solution of alkali or
acid needed to react exactly with a measured volume of the unknown solution. The
procedure for an acid-base titration is the same as for any other titration but the
method for finding the end point is distinctive: the analyst either adds an acid—base
indicator or uses a pH meter,

Worked example:
Limewater 1s a saturated solution of calcium hydroxide in water, 25.0 cm® of
0.04 mol dm* hydrochloric acid from a burette neutralized 20.0 cm? of limewater
What was the concentration of the limewater?

Notes on the method

Always start by writing the equation for the reaction. See utration for a general
method for the calculations.



acid dissociation constants

Remember to convert volumes in cm?® to volumes in dm* by dividing by 1000.

In any titration there is one unknown — in this case the concentration of the
limewater. c,.
Answer

The equation for the reaction is:

Ca(OH),(aq) + 2HCl(aq) —> CaCl,(aq) + 2H,O(1)

200 .
The volume of calcium hydroxide in the flask, V, = 1000 dm’

Let the concentration of calcium hydroxide be «,.

25.0
The volume of hydrochloric acid added from the burette, V, = 7000 dm’

The concentration of hydrochloric acid, ¢, = 0.04 mol dm™

\'\ X ¢, _ n,
XB X ¢, Ny
©o0s X U
%000 X Gy -2
25.0 x 0.04 .
Therefore G, = 7% 0.0 = 0025 moldm™

2
3

The concentration of the limewater was 0.025 mol dm™.

acid catalysis: any reacuon speeded up by an acid catalyst. One example is the acid-
catalvzed liydrolysis of esters to give a carboxylic acid and an alcohol. Al} the chemicals are
in the same solution so this 1s an example of homogeneous catalysis.
acid dissociation constants mcasure the strength of acids. They show the extent
to which acids dissociate into 1ons in solution. Acid dissociation constants are used to
compare the strengths of relatively weak acids, which are only partly ionized in solution.
For a weak acid represented by the formula HA:

HA(aq) + HO(l) == H,0"(aq) + A (aq)
According to the equilibrium law, the equilibrium constant,

" [H,0(aq) ] [A(aq) ]

< [HA(aq)1[H,OM)]

In dilute solution the concentration of water is effectively constant, so the expression
can be written i this form:
[H,O"(aq)][A(aq)]

K = THA(aq)] ., where K is the acid dissociation constant
Acid K /mol dim?

nitric (1) acid (nitrous acid), HNO, 7 x stronger
methanoic acid, H(‘I()zI{ L6 X 16"

ethanoic acid, CH,CO,H 1.7 x 107

chloric(1n) acid, HOCI 3.7 x 107"

phenol, C H.OH 1.9 x 107" weaker



acidic oxide

Worked example:
Calculate the hydrogen ion concentration and the pH of a 0.0l mol dm™
solution of ethanoic acid. K for the acid is 1.7 x 10> mol dm .

Notes on the method
Two approximations simplify the calculation.

| The first assumption is that [H,O'(aq)] = [A (aq)]. In this example A~ is the
ethanoate ion CH,CO,".This assumption seems obvious from the equation for
the ionization of a weak acid but it ignores the hydrogen ions from the ioniza-
tion of water. Water produces far fewer hydrogen ions than most weak acids
so its ionization can be ignored.

2 The second assumption is that so little of the ethanoic acid ionizes in water
that [HA(aq)] = 0.01 mol dm 2 Here HA represents ethanoic acid. This is a
riskier assumption that has to be checked because in very dilute solutions the
degree of ionization may become quite large relative to the amount of acid in

the solution.
Answer
C HO@QIA ] [HO(aq)) R
K = [HA(aq)] = 001 moldm = 1.7 x 10> mol dm™*

Therefore [H,O"(aq)]* = 1.7 x 107 mol> dm*®
So [H,O%'(aq)] = 4.12 x 107 mol dm™3
pH = —lg [H,0*(aq)] = —Ig[4.12 x 10] = 3.39

Check the second assumption: in this case about 0.0004 mol dm> of the
0.0100 mol dm™ of acid (4%) has ionized. In this instance the degree of ionization
Is just about small enough to justify the assumption that [HA(aq)] = the
concentration of un-ionized acid.

acidic oxide: an oxide of a nonmetal that reacts with water to form an acid. Some
acidic oxides are insoluble but they can be recognized because they react directly
with basic oxides to form salts. Note that acidic oxides are not themselves acids
as defined by the Bronsted-Lowry theory because they do not contain ionizable
hydrogen atoms, so they cannot act as proton donors.

Oxide Acid formed with water

carbon dioxide, CO, carbonic acid, H,CO,

sulfur dioxide, SO, sulfurous acid, H,SO, [sulfuric(1v) acid]
sulfur trioxide, SO, sulfuric acid, H,SO, [sulfuric(vi) acid]
phosphorus(v) oxide, P,O. phosphoric acid. H,PO,

Stlica or silicon dioxide (510,) is an acidic oxide that is insoluble in water. Silica reacts
with basic metal oxides at hmh temperatures in furnaces during glassmaking and in
steehnaking. Calcium oxide (quicklime) is added to a blast funmu) to remove silica
and other impurities. The calcium silicate is a hquid at the temperawre of the fur-

nace; it runs toward the bottom where it floats on top of the molten iron as a sldcr
that can be tapped off separately.

CaO(s) + SI0,(s) —> CaSi0, (1)



acid rain is a tpe of poltution produced when burning fuels or industrial processes
release acidic oxides into the air. Sulfur dioxide (SO,) and nitrogen oxides (NO,) torm
when fuels burn in engines, furnaces and power stations. These primary pollutants
are converted to secondary pollutants by chemical reactions in the air. Among the
secondary pollutants are sulfuric acid. nitric acid and ammonium sulfate. The pollu-
tants cause acidificauon by being deposited in the environment as gases or particles
(dry deposition) or in the form of rain or mist (wet deposition).
acids are compounds with characteristic properties. Acids:

e form solutions in water with a pH below 7

e change the colors of acid-base indicators

o react with metals such as magnesium to produce hvdrogen gas

. e /. 3 i
Mg(s) + 2HCl(aq) —> MgCl,(aq) + H,(g)

e react with carbonates such as calcium carbonate to form carbon dioxide
gas and water

CaCO,(s) + 2HCHaq) —> CaCl,(aq) + CO,(g) + H,0(g)
o react with basic oxides 10 form salts and water
CuO(s) + H,SO (aq) —> CuSO,(aq) + H,O(g)

Pure acids may be solids (such as citric and tartaric acids), hquids (such as sulfuric,
nitric and ethanoic acids) or gases (such as hvdrogen chloride, which becomes
hydrochloric acid when 1t dissolves m water).

Definitons of acids are based on the theories used to explain why they have similar
properues. Chemists use different theories m different contexts. When considering
acids in solution i water they sull sometumes refer to the theory suggested by the
Swedish chemist Svante Arrhenius (1859-1927). He explained the behavior of acids
in terms of hvdrogen ions. What acids have in common, according to this theory, is
that they produce hydrogen ions when they dissolve in water.
HCl(g) —> H'(aq) + Cl(aq)

The definiuon of an acid generally used today 1s based on the Brgnsted—Lowry theory,
which defines an acid as a molecule or 1on that can give away a hydrogen ion to some-
thing else. Acids are hvdrogen 1on (proton) donors. This definition 1s more general
than the Arrhenius theory because it covers reactions that happen without water.
According to this theory hvdrogen chloride molecules give hydrogen ions to water
molecules when they dissolve in water, producing hvdrated hydrogen 1ons called
oxonium ions. The water is acting as a base.

R’
S %
HCl(g) + HOM) = HO'(aq) + Cl(aq)

An example of an acid-base reaction in the absence of wateris the formauon of a white
smoke of ammonium chloride when ammonia gas mixes with hydrogen chloride gas.

én’%

NH,(g) + HCKg) == NH CI(s)



Lewis put forward an even more general theory defiming Lewis acids and bases includ-
ing changes that are not covered by the Bronsted-Lowry theory, such as the reaction
of an acidic oxide with a basic oxide.

acid salt: a compound formed by partly neutralizing acids such as sulfuric acid,
H‘_)SO4, or phosphoric acid, HISPOl. These are acids with two or three ionizable hyvdro-
gen atoms. Sodum hydrogensulfate, NaHSO,, and sodium dihvdrogenphosphate,
Nat,PO,, are examples of acid salts.

The negatve 1on in an acid salt can act either as an acid by giving away a further pro-
ton, or as a base by accepting a proton. The pH of an aqueous solution of an acid salt
depends on the acid strength of the parent acid.

A solution of sodium hydrogensulfate, a salt of a strong acid, is acidic with a pH
below 7 because the hydrogensulfate ion is also an acid, giving protons to water
molecules:

HSO, + HO == SO *+H 0"

A solution of sodium hvdrogencarbonate, a salt of the weak acid called carbonic acid,
is alkaline with a pH above 7 because the hydrogencarbonate ion is a base, taking
protons (H*) from water molecules:

HCO, + H.O == H,CO, + OH"
acid strength: sce strong acid, weak acid and acid dissociation constant.

acid strength of organic hydroxy compounds: the order of acid strength for
organic compounds with — OH groups is:

carboxylic acids > phenols > water > alcohols.

Carboxylic acids are weak acids that ionize to a significant extent by giving protons to
water, forming a solution with pH 3—4. Phenol is acid enough to lower the pH of a
solution i water to 5-6 but it ionizes significantly only when mixed with a stronger
base such as the hydroxide ions in a solution of sodium hvdroxide. Ethanol and
other alcohols are such weak acids that they do not ionize to a significant extent in
water or m a solution of a strong alkali.

actinides (or actinoids) are the f-block elements in period 7 of the periodic table. Thev
are the 14 elements from thorium to lawrencium that lie between actinium (element
89) and element 104, unnilquadium.

activated complex: a combination of reacting atoms, molecules or ions at that
point during a chemical reaction when they are at the top of the activation energy bar-
ricr between reactants and products. An activated complex is a combination of react-
ing particles at a higher energy because chemical bonds are stretched. The activated
complexis the transition state for the reaction step.



activation energy

Activation energy

Energy

HO + CH, - Br
Reactants

HO - CH3 +Br
Products

Progress of reaction

Activated complex formed in the course of a substitution reaction

activation energy: the mmimmum energy needed in a collision between molecules
if they are to react. The activaton energy is the height of the energy barrer separating
reactants and products during a chemical reaction. (See activated complex.)

Actvatuon energy is an mmportant idea mn the collision theory of reaction rates. It
accounts for the fact that reactions go much more slowly than would be expected 1if
every collision between atoms and molecules led 1o a reacton. Only a very small pro-
poruon of collisions bring about chemical change. Molecules react only if they collide
with enough energy between them to overcome the energy barrier. At around room
temperature only a small proporton of molecules have enough energy to react.

300K

Number of molecules with

energy greater than
310K 50k mol "' at 310K

Number of molecules with

energy greater than
50k mol ' at 300K

kinetic energy E

Activation energy
E =50k mol '

Number of molecules with

Kinetic energy (E)

Maxwell-Boltzman distribution curve for the kinetic energies of molecules at about room
temperature, 300 K and 310 K. The shaded area shows the proportion of molecules having
at least the activation energy for a reaction. This area is bigger at a higher temperature.

Activation energies account for the way in which reaction rates vary with tempera-
ture, 70 At a higher temperaunmre there are more molecules with enough energy to
react when they collide.

The activation energies for many reactions in biochemical systems are around
50 k] mol™" and for these reactions the rate of reaction doubles for each 10 K rise

l(‘l’]l]’)('l‘iillll'(‘.



[tis possible to determine the activation energy for a reaction by measuring its rate
over a range of temperatures and then using the Arrhenius equation.

active site: the part of a catalyst that is responsible for its catalytic activity. Zeolites
are examples of inorganic catalysts, for example, which owe their catalytic actuvity to
active sites in the crystal structure that can adsorb specific molecules so that they can
react to produce the required products.

Enzymes are biological catalysts. An enzyme molecule consists of a coiled protein chain.
The cotling gives rise to an active site with a precise three-dimensional shape. The
enzyme can act only on molecules with the right shape to fit into the active site. This
accounts for the specificity of enzymes.

Active site free

. to accept .
} Ac‘uve ! — ! —_— } another reactant
ol molecule :

enzyme reactant reactant in enzyme product
molecule molecule active site molecule molecules

A model illustrating an enzyme with an active site splitting a molecule into two smaller molecules

activity series: a series that compares the reactivities of elements. The actvity series
for metals is a list of metals in order of reactivity. Metal reactivities are compared by
watching reactions of samples of the metals with a range of substances such as air, water
and acids. The disadvantage of a series defined in this way is that it confuses rates ( reac-
tion kinetics) and equilibria (thermochemistry). Aluminum, for example, is a reactive metal
as measured by thermochemical quantities but it is covered by a laver of oxide that acts
as a barrier, slowing down or stopping reactions that might otherwise be expected to
be fast. The metal reacts as fast as expected if the oxide film is removed.

It is better to compare the reactivities of elements and compounds with the help of
an electrochemical series based on standard electrode potentials.

acyl chlorides arc made from carboxylic acids by replacing the hydroxyvl group with
a chlorine atom.

O
I

CPI:%—(IOQH + SOC]Q > CH:%—C—CI + HCI + SO2
sulfur dichloride oxide

O

(‘,Hﬁ—(l()gll + PCl, ——> CH,—C—Cl + POCI;, + HCI
phosphorus
pentachloride

Formation of ethanoyl chloride from ethanoic acid












adsorption is a process in which atoms, molecules or 1ons are held on the surface
of asolid. Adsorption processes are important in heterogencous catalysis and in some
types of chromatography. Adsorpuon should be carefully distinguished from absorption.
aerobic respiration: scc respiration.

aerosols arc colloids in which particles of a solid, or droplets of a liquid, are finely
dispersed 1 a gas. Smoke is an acrosol in which the dispersed particles are solid.
Examples of acrosols with liquid droplets are mist, clouds and insecticide or paint
sprays.

agrochemicals iclude pesticides that destroy the organisms that damage crops such
as msccts (insecticides) and weeds (herbicides). Other agrochemicals include
growth regulators that can stimulate or inhibit plant growth. The chemical industry
cistinguishes agrochemicals from fertilizers, which provide the chemicals needed for
healthy plant growth.

air 1s a mixture of gases as shown in the table. The proporton of water vapor in the
air varies widely according to the weather conditions. Air pollution adds other gases
such as nitrogen oxides, sulfur dioxide, ozone and hydrocarbons (see also acid rain and
photochemical smog).

gas percentage by boiling pomnt/K

volume n dry air

nitrogen 78.0 77
oxygen 21.0 90
argon 0.9 87

carbon dioxide (about 0.04%) and small
traces of neon, helium and krypton 0.1

The gases are separated on a large scale by fractional distillation of liquid air.

air condenser: a glass tube without a water jacket used for condensing vapors dur-
g distillation or refluxing (see reflux condenser). An air condenser is fitted when the
temperature of the vapor is so high that the surrounding air is cool enough to con-
dense the liquid. Normally this is when the boiling point of the liquid bemor disulled
is above about 150°C.

alcohols arc compounds with the formula R— OH where R represents an alkyl
group. The hydroxy group — OH is the functional group that gives the compounds
therr characteristic reactions.

The chemical industry makes alcohols by the hydration of alkenes in the presence of
an acid catalyst.

H H
H b phosphoric acid
\( . - catalyst I\ l
/ =0 i H‘_,() 30Wm H—C—C—OH
H S e |
H H

Equation for the industrial production of ethanol. Ethanol is also produced by fermentation.












aliphatic hydrocarbons

aliphatic hydrocarbons are /ydrocarbons with no rings of carbon atoms. The
chains of carbon atoms may be branched or unbranched. Alkanes, alkenes and alkynes
are all ahphatic compounds.

aliquot: a mecasured volume taken from a liquid sample for analysis. Typically
ahquots are taken by a pipette for titration.

alkali metals: the elements in group 1 of the periodic table. All the elements react
with water to form alkaline solutions of the metal hydroxide. Sodium, for example,
reacts to form sodium hydroxide. 1t 1s important to remember that the hvdroxides are
alkaline because of the presence of OH- ions. Alkali metal ions themselves, such as
sodium 1ons, Na*, do not make solutions atkaline.

alkaline cell: an clectrochemical cell in which the electrolyte is the alkali, potassium
hydroxide. Alkaline cells last longer than zinc—carbon dry cells; they are less likelv to
leak and can supply a larger current. They are suitable for toys and cassette recorders
with a motor drawing a heavy or continuous current.

alkaline earth metals: the clements in group 2 of the periodic table. The alkaline
earths are the oxides of these metals and are much less soluble in water than the
corresponding group 1 oxides.

alkalis arc bases that dissolve in water. The common laboratory alkalis are the hydrox-
ides of sodium and potassium, calcium hvdroxide (in limewater) and ammonia. Alkalis
form solutions with a pH above 7 so they change the colors of acid=base indicators. What
alkalis have in common is that they dissolve in water to produce hydroxide (OH") ions.
Sodium hydroxide (Na*OH-) and potassium hydroxide (K'OH") contain hydroxide
ions n the solid as well as in solution. Ammonia produces hydroxide ions by reacting
with water. Ammonia acting as a base takes protons from water molecules.

15 om
T T +{, -
NH,(g) + HO(g) = NH/(aq) + OH (aq)
alkaloids are organic nitrogen compounds extracted from plants. Alkaloids can
have a powerful effect on the human nervous system and can be VETy po1sonous.

Caffeine, the stimulant in tea and coffee, is an alkaloid. Other alkaloids are the (hzurs
quinine, morphine and codeine.

o
H.C )
)
O \l N
CH,

Structure of caffeine

alkanes arce the hydrocarbons that make up most of crude oil and natural gas. Alkanes
are saturated compounds with the general formula C E, . .. The LdlbOl] atoms 1n

alkane molecules may be in straight chains or bldn(hed chams but all the bonds are
single bonds.






+ H.O
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heat with steam ) B
CH.CH. > CH, = CH,
== cracking 3 3
ethane ethene

CH,CH,Cl + HCI
and other substitution products

Alkanes: reactions with ethane as
the example

alkenes, such as ethene and propene, are products of cracking oil fractions (see
catalytic cracking, steam cracking). They are important starting points for making other
chemicals because of the reactivity of their double bonds.

Alkenes are unsaturated hydrocarbons with the general formula C H, . The character-
istic functional group of the alkenes is a carbon-carbon double bond. The presence of
the double bond makes alkenes more reactive than alkanes.

H H
S N
H  C=C PN BN
LN Nk I -
\C/ \H H/ \H H/ \H
H/ \H but-2-ene, C4H8
H
but- | -ene, C4H3 H\C /
N M N s
C_ 4 —
H/ \H H/ \H

Names and structures
of alkenes propene, C,H ethene, C,H

The name of an alkene is based on the name of the corresponding alkane with its
ending changed to -ene. Where necessary, a number in the name shows the position
of the double bond in the structure, as in the two structural isomers but-1-ene and
but-2-ene. Counting starts from the end of the chain that will give the lowest possible
number. The number in the name shows the first of the two atoms connected by the
double bond. In but-1-ene, for example, the double bond is between the first and the
second atoms m the carbon chain.

The boiling points of alkenes increase as the number of carbon atoms in the mole-
cules increase. Ethene, propene and the butenes are gases at room temperature.
Alkenes with more than four carbon atoms are liquids or even solids. Alkenes. like
other hydrocarbons, do not mix with, or dissolve in, water.

The charactenstic reactions of alkenes are ()/e)('{rophilir addition reactions.






R'— N:
|

General formula for a tertiary amine R"

alkylation is a rcaction that introduces an alkyl group into a molecule by addition
reactions or substitution veactions. Industrially the alkylation of alkenes produces
branched alkanes needed to raise the octane number of gasoline.

CH, CH, CH, CH,
I 7 I acid ‘ ‘
CH,—C=CH, + CHCHCH, ——> CH,—C—CH,—C— CH,
: - ' 7 catalyst ‘ l - l
H CH,
methylpropene methylpropane 2,2 4-trimethylpentane

Production of a branched alkane by alkylation of an alkene

The Friedel-Crafts reaction adds alkyl groups to benzene rings in arenes.

alkynes are hydrocarbons with a triple bond between two carbon atoms. They are
unsaturated hydrocarbons with the general formula C H, .. The best-known example
is ethyne (historically known as acetylene), the first member of the series.

The structure of ethyne H—C=C—H

allotropes arc different forms of the same element in the same physical state.
Oxygen has gaseous allotropes with different molecular structures: normal diatomic
oxygen (O,) and ozone (O,) (systematically called trioxygen). Sulfur has solid
allotropes with the same molecular structure (S,) but different crystal structures:
rhombic and monoclinic sulfur.

Carbon has allotropes consisting of the different giant structures of atoms: diamond
and graphite. Carbon also exists in molecular form as the fullerenes.

Fragment of a Fragment of a C,, Molecule
. ) O
diamond graphite
glant structure glant structure

Allotropes of carbon



Other elements with allotropes are phosphorus and tin. (See also enantiotropy and
monotropy.)

alloys are usually mixtures of metals. but steel 1s an altoy of iron with the nonmetal
carbon. Allovs are often more useful than pure metals. Controlling the composition
of an allov makes 1t possible to vary its properties. Examples of alloys are:
e mild steel —an alloy of iron with 0.12-0.25% carbon: it is relatively cheap,
casily rolled into sheets and can be pressed into shape
e Drass—an allov of copper with less than 20% zinc: it is easily worked, has a
gold color and does not corrode
e bronze—an allov of copper with up to 12% tin; it 1s strong, hardwearing and
resistant to corrosion
e solder —an alloy of lead and tin that melts at a low temperature and can
be used to jom metals
o duralumin - an allov of 95% aluminum with 4% copper and smaller
amounts of magnesium, ron and silicon: 1t 1s stronger, harder and more

resistant to corrosion than pure alumimum.

alpha decay is the enussion of an alpha particle from the nucleus of an atom of a
radioactive element. Alpha decay produces an atom of an element two places to the
left in the periodic table because the proton (atomic) number of the atom decreases by
two. At the same time the nucleon (mass) number decreases by four. When an atom of
uramum-238 decays by loss of an alpha particle it turns into an atom of thortum-234.

™U —> %iTh + He
alpha (o) particles consist of two protons and two neutrons and are identical with
the nuclei of helium atoms. They are emitted from the nucler of radioactive elements

during alpha decay.

e

Alpha particle

An alpha particle emitted from a radioacuve nucleus s usually represented as JHe but
chemically it is THe?".

aluminum (Al) is a silvery metal. It is very useful because it has a relauvely low
density while being resistant to corvosion and is a good conductor of thermal energy
and clectricity.

Aluminum is the second element in group 3, coming below boron in the periodic
table. The electron configuration of aluminum is [Ne]3s°3p'. Aluminum has a cubic
close-packed giant structure with the atoms held together by metallic bonds.



aluminum chloride

Aluminum is a reactive metal with a negative standard electrode potential such that
[° = -1.66 V for the Alf‘*(aq)|/\l(s) half-cell. This puts aluminum above zinc¢ in the
electrochemical series. A thin, tough and transparent layer of aluminum oxide on the
surface of the metal stops most reactions. As a result aluminum does not corrode n
alr or dissolve 1 acids as might be expected. The oxide layer i1s so important that it
is often thickened by anodizing.

The oxide layer protects the metal from dilute acids but aluminum is attacked by
fairly concentrated hydrochloric acid.

2Al(s) + 6HCl(aq) —> 2AICI (aq) + 3H,(g)

Concentrated nitric acid is an oxidizing agent that thickens the oxide laver making
the metal less likely to react (“passive”™).

The oxide layer and the metal itself dissolve in concentrated, strong alkalis.
2Al(s) + 20H (aq) + 6H,O(1) —> 2[AI(OH),]” + 3H,(g)

On heating, aluminum reacts directly with nonmetals, including oxygen, sulfur,
nitrogen and the halogens. Aluminum combines very strongly with oxygen and is
used to reduce the oxides of other metals in the thermit reaction.

Important aluminum compounds include aluminum oxide and hydroxide, aluminum
chloride and salts containing the hydrated aluminum(iir) ion. In all its compounds alu-
minum is in the oxidation state+3. The relatively high charge and small size of the Al*
ion state help to account for the differences between aluminum compounds and the
compounds of metals in group 1 and group 2. In some ways aluminum compounds
have properties more characteristic of nonmetals than metals. Compared with the
larger Na™ ions, Al ions have a strong tendency to polarize neighboring anions, giv-
Ing rise to polar covalent bonds rather than ionic bonding. Only the fluoride and oxide
are 1onic. (See also Fajan’s rules.)

aluminum chloride (AICL)) is an off-white solid that sublimes on heating and
fumes in moist air because of hydrolysis to hydrogen chloride and the hvdroxide.
Aluminum chloride is manufactured on a large scale by injecting a stream of chlo-
rine gas into molten aluminum at 800°C. At this temperature the product vaporizes
and is collected as a solid in condensers.

Aluminum atoms in AICI, have only six electrons and have a strong tendency to
accept two more. As a result, aluminum chloride vapor contains ALCI, dimers (see
dimerization) . Solid AICI, has a layer lattice with bonding intermediate between ionic
and covalent.
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A dot and cross diagram for AICI, and the bonding in an ALLCl, dimer. Lone pairs on chlorine
atoms form dative bonds with aluminum atoms.

AlICL, 1s a strong acceptor of electron pairs, making it a powerful Lewis acid.
Aluminum chloride is the catalyst for Friedel-Crafts and related reactions. In industry

this means that it is an important catalyst for the manufacture of a wide range of
uscful products including polymers, pigments, pharmaceuticals, dyes and detergents.
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Cross sectional diagram of an electrolysis cell for extracting aluminum

aluminum extraction: qluminuwm is obtained by electrolysis of a solution of alu-
minum oxide in molten crvolite. Na AlF . Pure alumimum oxide for the process is
obtained by purifving bauxite.
The discovery that aluminum oxide dissolves in molten crvolite was essential to the
development of the process because the pure oxide melts at 2015°C — much too high
for economic industrial processing.
Electrolysis takes place in carbon-lined steel tanks called “pots.” The carbon hning is
the cathode of the cell. The anodes are blocks of carbon. The currents used are high,
of the order of 100 000 A, so the process 1s generally carried out where electricity is
relatively cheap, often close to a source of hydroelectric power.

Reduction at the cathode: Al + 30 —> Al

The aluminum is iquid at the temperature of the molten electrolyte (970°C) and it
collects at the bottom of the pot. The molten metal 1s tapped off from time to time.

Oxidation at the anode: 207 —> O, + 4e”
Much of the oxvgen reacts with the carbon of the anodes, forming carbon dioxide.
The anodes burn away and have to be replaced regularly.
Waste gas from the cell contains fluorides and has to be thoroughly cleaned to avoid

pollution of the region surrounding the plant.

aluminum(u) ions are hydrated i aqueous solution and are present as a complex
ion [AI(H,0),]7. Six water molecules form coordinate bonds with each metal 1on.

The electrons in the water molecules are pulled toward the highly polarizing alu-
minum ion, making it easier for the water molecules Iinked to the alummum ion to
give away protons. The hvdrated aluminum ion is as strong an acid as ethanoic acid.
The hydrated ion gives protons to water molecules, forming oxonium iwons. The solution
is acidic enough to release carbon dioxide when added to sodium carbonate.

[AI(H,0),]* + H,O = [AI(H,0),0H]* + H,0"
[AI(H,0),OH]* + HLO == [AI(1L,0),(OH),]" + HO'

Adding a base such as hydroxide ions to a solution of aluminum ions removes a third
proton, producing an uncharged complex. The uncharged complex is much less



aluminum oxide
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soluble in water and precipitates as a whi[ejellylike precipitate — hydrated ahuminum
hydroxide.

[AI(H,0) (OH),]" + OH- == [Al(H,0),(OH),](s)

Adding excess alkali removes yet another proton, now producing a negatively
charged 1on that is soluble in water so that the precipitate redissolves. This
demonstrates the amphoteric properties of aluminum hydroxide,

[AHH,0),(OH) ] (s) + OH- = [Al(Il, ,0),(OH) J(aq)

All these changes are reversed by adding a solution of a strong acid such as hvdro-
chloric acid, which turns the hydroxide ions in the complex back to water molecules.

aluminum oxide (Al,0,) is a white solid with a very high melting point. Alu-
minum oxide exists naturally as a group of minerals called corundum. Corundum is
an umportant abrasive; its hardness is 9 on the Mohs scale of hardness. Emerv is a
grayish-black variety of corundum made of aluminum oxide mixed with iron oxide
minerals. Some gemstones are varieties of corundum including rubies, which are red
because of the presence of some chromium (1) ions in place of aluminum (i) in the
crystal structure. Sapphires are blue because some of the aluminum ions are
replaced by a mixture of titanium (1v) and cobalt(11) or iron(i1) jons.

Aluminum oxide is widely used as an engineering ceramic. It is used to make the insu-
tator m spark plugs. A translucent, polverystalline form of the compound encloses
high-pressure, high-temperature sodium street lamps. which give a much whiter hight
than yellow tow-pressure lamps.

Aluminum oxide is an amphoteric compound but the pure solid is insoluble and this pro-
perty is more easily demonstrated by adding alkali to a solution of aluminum (111 ions.
The amphoteric behavior is used in the production of the pure oxide from bauxite.

alums are double salts that crystallize easily from solutions in water, forming attractive
octahedral crystals. Alums have the general formula M@ M) (SO,), 19H O. M(1)
is an 1on with a 1+ charge such as Na’, K* or NH_~and M(im) is a metal ion with a 3+
charge such as AV, Cr¥ or Fe'".












amino group

amino group: the — NH, functional group found in primary amines and amino
acids. As i ammonia, there is a lone pair of electrons on the nitrogen atont. The amino
group, like ammomnia, can act as a base, form complex ions with metal 1ons and react as
a nucleoplle.

ammines arc complex wns formed between metal 1ons and ammonia molecules.
Examples are the diamminestlver(r) 1on and the tetraammine copper(i) on. The
lone parr on the nitrogen atom of cach ammonia molecule forms a dative covalent
bond with the central metal 1on (see coordinate bond).

[Ag(.\'ll»i)._,]’ [(I;l(x\'}l,,)h]""
diamminesilver(l) ion hexaamminecobalt(ll) 1on

Ammine complexes

Ammine complexes are useful i qualitative analysis. Formation of a complex may
produce a color change or redissolve a precipitate. Adding ammonia solution to a
solution with copper (i) 1ons first produces a pale blue precipitate of the hvdroxide,
but with excess ammonia the precipitate dissolves to give a deep blue solution when
the tetraammine complex forms.

Adding ammonia solution to a precipitate of a silver halide can distinguish the chlo-

ride from the bromide or 1odide. Only silver chloride (the least insoluble) will freely
ciissolve in dilute ammonia solution to form the diammine complex.

ammonia (NH,) is the simplest compound of nitrogen and hvdrogen. It is a color-
less gas with a pungent smell. It is the only common alkaline gas. The molecule has
a pyramidal shape:

NG N
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Dot and cross dragram for ammonia and the shape of an ammonia molecule. There are
three bonding pairs and one lone pair in the outer shell the nitrogen atom. The four electron
pai's point to the vertices of a distorted tetrahedron. The bond angle is less than the regular
tetahedral angle (109.5°) because repulsion between the lone pair and the bonding pairs rs
greater than the repulsion between bonding pars (see shapes of molecules).

The properties of ammonia are aftected by hydrogen bonding. Ammonia molecules can
form hyvdrogen bonds with cach other and with water molecules. As expected for a
compound with small molecules, ammonia is a gas at room temperature but because
of hydrogen bonding it is quite easily liquefied by cooling or increasing the pressure.
Ammonia is also very soluble in water because of hvdrogen bonding.

Many of the important properties of ammonia involve the lone pair of electrons on
the nitrogen aton. The lone pair means that ammonia is:



ammonia manufacture

o a weak base. NH, (g) + HCl(g) ——> NH “Cl(s)

h,
o a ligand m complex tous (see anmines):
[Cu(H,0) " (aq) + 4NH (aq) — [Cu(NH,), (H,0) ]* (aq)
F4H O (aq)

o a nucleophile. CH CH, CH Br + NH,(aq) —= CH CH, CH NI 1, Br(aq).
Other reactions of ammonia involve the N — H bonds. In particular, the reactions in
which ammonia acts as a reducing agent. Ammonia burns in oxygen to form nitrogen
and steam. It reacts with chlorine to form miurogen and ammonium chloride. h
reduces metal oxides. such as copper (i) oxide,

3CuO(s) + 2NH (g) — 3Cu(s) + N,(g) + H,O(l)
The catalyvtic oxidation of ammonia is important in nitvic acid manufacture.

ammonia manufacture: the Haber process for the synthesis of ammonia combines
nitrogen with hydrogen in the presence of an iron catalvst.

N,(g) + 3H,(g) == 2NH. (g AH = =924 k] mol™!
Hydrogen for the process comes from natural gas and steam (see steam reforming).
The nitrogen comes from the air.
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Flow diagram for the synthesis of ammonia

The reacton is very slow at room temperature. Raising the temperature increases the
rate of reacton but the reversible reaction s exothermic so, according 1o Le Chateliery
prinaple, the higher the temperature, the lower the vield of ammonia at equilibriam.
A catalvst makes it possible for the reaction to go fast enough without the tempera-
ture being so high that the vield 1s o low. Also, according to Le Chatelier’s
principle, increasing the pressure raises the percentage of ammonia at equilibrium.
The process npically operates at pressures between 70 atmospheres and 200
atmospheres with temperatures in the range 400°C 1o 600°C.

Fritz Haber applicd theory to develop the process and made it work ona small scale.
The kev to success was to find the right conditions and to identify a suntable catalyst.
Haber used platinum i his smallscale demonsuration process. The engineering
problems of manufacturing ammonia on a large scale were solved by Carl Bosch. who
worked for the chemical company BASE. Bosch's team also carried out thousands of
experiments o find a cheaper catalyst. They eventually developed a catalyst based on
iron oxide mixed with small amounts of the oxides of other metals such as potassin,
alumimum and magnesium. The first industrial plant went into production in 19135

near Mannheim i Gerniany,






amphoteric compounds

Ammonium salts such as ammonium sulfate and ammonium nitrate are soluble
nitrogen compounds manufactured and used on a large scale as fertilizers.
Ammonium nitrate is also used as an explosive.

amorphous solids have no regular crystal structure: their particles are in a
random jumble. Glasses are amorphous solids.

amount of substance: the measurement that allows chemists to find formulas.
write equations and make comparisons between equal numbers of atoms, molecules
or 10ns.

Amount of substance i1s a physical quantity (symbol n) that is measured in the unit
mole (symbol mol). In chemistry the word "amount™ has this precise meaning. There
Is no measuring instrument for determining amounts directly, unlike balances for
determining masses in kilograms or graduated glassware for measuring volumesin dm’®
(hters). Instead. chemists first measure masses or volumes and then calculate the
amount in moles given the molar mass. concentration or molar volume of the specified
substance or entity.

For any pure substance:

mass of substance (g)
molar mass (g mol™”)

amount of substance (mol) =

For a soluuon:

volume of concentration of

AL i SULSas (d) solution (dm?) * solution (mol dm™)
For a gas:
amount of volume of a gas at a specified temperature and pressure (m°)
substance (mol) molar volume of any gas under the same conditions (m* mol™')

(See also the Avogadro constant.)
ampere: the ST unit of current. A current of one ampere is a flow of one coulomb of
charge persecond. 1A = 1C/s.
amphetamines are drugs that sumulate the central nervous system and make

people feel more alert. For a while amphetamines, such as Benzedrine, were used
medicinally until it was found that they cause strong psvchological dependence.

H H
@(2112—(3——N— H
Molecular structure of Benzedrine CH,

amphoteric compounds arc substances that can behave both as acids and as bases.
Water is an example. Water can both accept protons from acids forming oxonium ions
and donate protons to stronger bases forming hydroxide ions.

Water acting as a base (taking protons from an acid):

H,O() + H = H,0(aq)

from acid



_-amphoéteric oxides

Water acung as an acid (giving protons to a base):

HO) == OH(aq) + H
i to base

Alternauvely, these substances are described as being amphiprouc. Other examples
are the hvdrogencarbonate ion (HCO “yand amino acids.

amphoteric oxides arc oxides that react both ke acidic oxides and basie oxides.
Examples are: ZnO, ALO,, Cr,O,, SnO, SnO . PHO, PHO,. The anhvdrous oxides are
olten relatvely ert to aqueous reagents so that it is casier to demonstrate their
amphoteric behavior on a test-tube scale with freshly formed samples of the metal
hydroxides. Zinc hvdroxide, for example, dissolves in acids to form salts (so acting as
a base): 1t also dissolves in a solution of a strong alkali, forming zincate 1ons (thus
acting as an acid) .

Zn(OH),(5) + 2H (aq) == Zn* (aq) + 2H,0(D)
7,11(()[1)2(5) + 20H(aq) = Zn()f‘(uq) + ‘.’lL_,()(l)

amylases arc enzymes that catalvze the hydiolysis of starch molecules o sugas.
Amvlases are found i saliva and in the juices seereted into the small intestine by the
pancreas,

anaerobic respiration: scc espiration.

analgesics: drugs that relieve pain. Analgesics may be mild like aspirin ov powerful
like morphine (from the opru poppy). which is a narcotic.

analytic chemistry is concerned with determining the gualitative and quantitative
composition of substances.

anesthetics: total anesthetics are used in medicine o induce pain-free sleep dur-
ing surgery. Early anesthetics were wichloromethane (chloroform). ethoxvethane
(cther) and dinitrogen oxide (laughing gas). Since 1956 the most commonly used
anesthetce has been halothane, CF CHBrCl. Local anesthetics, such as Novocaine, for
minor surgery and denustry prevent pain in the region of the body where they are
apphied or injected.

f\ngstrém, Anders (1314-1874) was a Swedish spectroscopist who detected hydro-
genn the Sun from a study of the lines in the spectrum of sunlight. He gave his name
to the angstrom unit, a non-S/ wnit of Tength that is sometimes used to measure the
sizes of atoms and molecules and the wavelength of light. 1A = 107" m = 0.1 nm.

anhydrides: sce acid anhydrides.

anhydrous salts are the compounds leftafter removing the water from a hydrated
salt. Hvdrated copper (i) sultate, for example. is blue. Heating drives off the water of
crystallization as steam, Teaving a white solid. anhvdrous copper(n) sultate.

CuSO 5H,O(s) —> CuSO, (s) + 5H,0(1)

aniline 1~ the taditional name for phenylamine. Aniline and related compounds are
used to make azo dyes, which are therefore also called aniline dves.

anions are negatve ions attracted to the anode during electholysiy,



charge anion symbol
- bromide B~
chlonde Cl-
ethanoate CHy GO
hydrogencarbonate HCO, _
hvdroxide OH- |
1odide -
nitrate [nivate(\)] NO -
nitrite [nitrate (1) ] NO,”
manganate (Vi) MnO -
2- carbonate CO,~
oxide O
sulfate [sulfate(v1)] SO.E
sulfide S
sulfite [sulfate (V)] SOL*
thiosulfate S,0,7
dichromate(vi) Cr,O.%
3— nitride N*
phosphate R@)

anion tests arc used in qualitative analysis to 1denufy the negatve 1ons n salts. The
tests use reagents that can produce color changes, gases and precipitates. Knowledge
of the chemistry makes 1t possible to nterpret the changes and idenufy the 1ons. See
the table on page 36.

anisotropic solids have properties that depend on the direction in which they
arc measured. Examples of highly anisotropic substances are fibrous materials such
as asbestos, and laver structures such as mica. The carbon atoms in graphite are
arranged m lavers. The properaes of large single crystals of graphite show differ-
ences when measured parallel to the planes of atoms and at nght angles to the planes
of atoms.

annealing is a process of controlled heating and cooling used to modify the proper-
ties of a matenial, for which purpose itis kept for a time in a furnace at a temperature
below 1ts melting point. Annealing is used to remove internal stresses from glass
objects after blowing or casting. Anncaling 1s an important part of the heat reatment
used 1o modity enystal structures of metals and hence control then properties.

anode: the electrode at which oxidation takes place. During electrolysis the external
power supply removes clectrons from the anode so that it becomes the posiuve clec-
trode. attractuing negative ions; the latter lose electrons (oxidation), thus turning into
atoms or molecules.

The term anode 1s also sometimes used in electrochemical cells, where the oxidaton
process at this electrode in one of the half-cells forces clectrons onto the clecurode,
which becomes the negative terminal of the cell.

Note that electrons flow out of the anode to the external circuit both during
clectrolyvsis and when a current is drawn from a chemical cell.






anodizing is an electrolytic process for thickening the oxide laver on the surface of
alwminum. It 1s an example of anodic oxidation. In the process an aluminum sheet or
component 1s the anode of an electrolysis cell containing sulfuric acid. The newly
formed oxide laver can absorb dves so that the surface of anodized aluminum is eas-
ily colored. The thicker oxide film helps to protect the metal, so anodized aluminum
IS more resistant to corrosion.

antacids are ingredients of indigestion tablets taken to neutralize acid in the stom-
ach. After a meal the cells lining the stomach produce gastric juice that contains,
among other things, a mixture of hydrochloric acid and enzymes to digest food.
Antacids are bases that neutralize acids. Examples are sodium hydrogencarbonate,
calctum carbonate, aluminum hvdroxide and magnesium hvdroxide.

antibiotics are chemicals that prevent bacteria growing or kill them. Thus ant-
biotics can cure bacterial diseases. Most antibiotics are the products of micro-
organisms. Some of the antibiotics used in medicine are natural but have been
modified chemically, such as the semisynthetic penicillins. Other antibiotics are
made entirely by chemical synthesis.

antifreeze 1s a chemical added to the cooling system of engines to prevent water
freezing and damaging the engine during frosty weather. Antfreeze lowers the freez-
ing point of water well below 0°C. Ethane-1,2-diol is used as antifreeze becausc it
mixes freely with water but has a higher boiling point (198°C) so that it does not
evaporate from the coolant when the engine 1s hot.

antiknock additives prevent knocking in engines by raising the octane number
of gasoline and preventing the fuel from igniting too early. From the 1920s the main
antiknock additive was the volatile lead compound tetraethyl lead, Pb(C,H,) . Lead
compounds in exhaust gases are toxic and so poison the metal catalyst i catalytic
converters. So petroleum companies now produce high-octane fuels by refining the
fuel further and adding alcohols and ethers such as MTBE.

antiseptics arc chemicals that kill microorganisms, but, unlike disinfectants, can
safely be used on the skin. Phenol was the first antiseptic used in surgery, by Joseph
Lister in 1857. Lister found that a spray of phenol controlled the growth of bacteria
in open wounds but it also made the wounds difficult to heal so he moved on to other
methods.

aqua regia was well known to alchemists for its ability to dissolve noble metals such
as gold, hence its name, which is based on Latin for “royal water.” It is a mixture of
three parts concentrated hydrochloric acid with one part concentrated nitric acid.

aqueous solution: a solution of one or more solutes dissolved 1n water. The state
svmbol (aq) in chemical equations shows that a species 1s in aqucous solution.

arenes arc hiydrocarbons such as benzene with rings of carbon atoms stabilized by
delocalized electrons. Traditionally, chemists have called the arenes “aromatic hydro-
carbons,” ever since Kekul¢ was struck by the fragrant smell of oils such as benzene.
In the modern name, the “ar-” comes from aromatic and the ending “-ene” means
that these hydrocarbons are unsaturated compounds like the alkenes.

As well as arenes related to benzene, there are others with fused ring systems such as
naphthalene and anthracene.
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benzene methylbenzene |.3-dimethylbenzene

Structures of arenes. The circle in the benzene ring represents six delocalized electrons. This
representation explains the shape and stability of benzene. The Kekulé structure is more
helpful when describing the mechanism of the reactions of benzene.

Structure of naphthalene with fused rings, showing both the Kekulé structure and
delocalization. The delocalized electrons are shared across both the rings.

Arenes are nonpolar. The forces between the molecules are weak van der Waals forces.
The boiling points of arenes depend on the sizes of the molecules. The bigger the
molecules, the higher the boiling points. Benzene and methyvlbenzene are liquids at
room temperature. Naphthalene is a solid.

The important reactions of benzene and other arenes are verv different from those
of alkenes because of the delocalized electrons. Instead of electrophilic addition
reactions, the useful changes are electrophilic substitution reactions.

Heaung a mixture of an arene bearing a hvdrocarbon side chain with alkaline
O O ;
potasstum manganate (Vi) oxidizes the side chain to a carboxvlic acid group.
CH, CO,H

KMnO,/ OH"

7

heat

methylbenzene benzoic acid

Oxidation of the hydrocarbon side chain of methylbenzene

argon (Ar) is the third member of the familv of noble gases coming below neon in
the pertodic table with the electron confizuration [Ne]3s23p°. It is a colorless. odorless
gas consisting of single atoms.

Argon makes up about 0.9% of dry «ir but it was not identified until the late nine-
teenth century because of its inertness. It was discovered in the 1880s when the
physicist Lord Rayleigh attempted to determine very accurately the densities of
gases. He discovered a discrepancy of 0.1% bewween the density of the nitrogen he
got from the airand the nitrogen made by decomposing ammonia gas. Prompted by
this observation, William Ramsav set about removing all known gases from the air,






arsenic (As) is a grayish-white metalloid that forms very toxic compounds. The
clement comes below phosphorus in group 5 of the periodic table and has the electron
configuration [Ar]3d'"4s*4p*.

aryl group: a group of carbon and hydrogen atoms that forms part of the structure
of a molecule. The simplest example is the phenyl group, C.H, — , which is benzene
with one hydrogen atom removed. In general aryl groups are arene molecules minus
one hydrogen atom.

asbestos is the name given to various fibrous silicate minerals in which SiO, groups
are linked mto long chains. These minerals have very high melting points and they
do not burn. The fibers are flexible enough to be woven into fabrics that are heat
resistant, fireproof and do not conduct clectricity. Breathing asbestos fibers can
cause lung disease many years later, including asbestosis and mesothelioma (a form
of cancer). For this reason the use of the asbestos has been phased out in many parts
of the world, especially blue asbestos, which is particularly hazardous.

ascorbic acid (vitamin C) is a white crystalline compound found dissolved in
the juices of fresh fruit and vegetables. Lack of ascorbic acid in the diet leads to
scurvy. Ascorbic acid is relatively soluble in water and may be washed out of foods on
cooking. It is thermally unstable and is progressively destroyed during cooking.

H
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Structure of ascorbic acid HO O

The ascorbic acid molecule does not contain a free carboxylic acid group because its
carboxyl group reacts with its hydroxyl group, eliminating water to form a ring com-
pound. Ascorbic acid is a good reducing agent. It is added to some processed foods as
a preservative; as an antioxidant, it prevents oxidation of other food components.

aspirin is the common name for the most widely used medical drug. Chemically it
is the ethanoyl (acetyl) ester of 2-hydroxybenzoic acid (salicylic acid). (See acylation.)

Aspirin is a mild painkiller (analgesic); it also helps to lower fevers and reduce inflam-
mation of joints. Large-scale studies have shown that people who have had a heart
attack are less likely to have a second attack if they take half an aspirin tablet a dav.

assaying is a process of quantitative analysis that determines the amount of a
substance in a given sample. So a piece of gold is assaved to see what proportion of
the metal sample is gold. Gold and silver articles are assayed before being
hallmarked. A range of assaying techniques has been developed to determine the
purity or biological activity of drugs, enzymes and other substances that affect living
things.

astatine (At) is the rarest element in the halogen family. It is the element below
iodine in group 7 of the periodic table. It has the electron configuration
[Xe]4£5d"6s°6p>. There are twenty known 1sotopes of astatine, all of which are highly



radioactive. The longest lived is astatine-210 with a half-life of 8.3 hours. The element
was discovered in 1940 when it was prepared artificially by bombarding bismuth with
alpha particles n a cvclotron.

asymmetric molecules arc molecules with no centers. axes or planes of symmetry.
Asymmetric molecules are chiral and can exist in distinct mirror image forms, giving
rise o optical isomerism. Any carbon atom with four different groups or atoms
attached to 1t 1s asymmetric.
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The murror image forms of the asymmetric molecule, lactic acid

atactic polymer: a form of addition polymer, such as poly(propene), in which the
side groups along the polymer chain are randomly orientated. Atactic poly(propene)
1s an amorphous, rubbery polvmer of htle value, unlike isotactic poly(propene).

CH H H CH H CH

5 3 3

Part of a chain of atactic poly(propene)

atmosphere: the zone around the Earth that contains all the gases in the air. By
convention the upper limit of the atmosphere 1s taken to be 1000 km above the
Earth's surface. However, because of gravity, most of the air is concentrated i the
lower regions. About 50% by mass hes within 5.6 km of the surface and 99% within
40 km. Most of the climate and weather processes take place in the wroposphere,
which extends up to about 17 km.

atmospheric pressure usually means the pressure of the atmosphere at ground
level. Standard atmospheric pressure (1 aum) = 101 325 Nm™ = 101.325 kPa. The
choice of this value dates back to the days when atmospheric pressure was normally
measured by a column of mercury in a barometer. A pressure of one atmosphere was
defined as the pressure needed to support a column of mercury 760 mm high.
atom: the smallest particle of an element. An atom consists of a tiny nucleus sur-
rounded by a cloud of electrons. The nucleus consists of protons and neutrons. All
the atoms of the same element have the same proton number. The number of neutrons
may vary and this accounts for the existence of wsotopes.



. atomic absorption spectroscopy

-———— Cloud of electrons

- Protons
Nucleus

Neutrons

Atomic structure

Chemical reactions involve the electrons in the outer shells of atoms. As a result the
clectron configuration of an c¢lement helps to account for its chemical behavior,
Radioactvity and the changes in nuclear reactors involve the nuclei of atoms. When
describing nuclear changes it helps to use svimbols that show the nucleon number
(mass number) and proton nuwber.

Nucleon number— AX

Element symbol

Proton number ———— 7/,
Symbols for atoms. The proton number gives the number of protons in the nucleus. In a
neutral atom the number of electrons is the same. The difference between the nucleon
number and the proton number gives the number of neutrons in the nucleus.

atomic absorption spectroscopy is a technique of quantitative analysis for mea-
suring the amount of an element in a sample. The procedure depends on the fact
that the atoms absorb radiation at particular frequencies.

The sample is vaporized and split into gaseous atoms by a very hot flame at around
2000°C. Light from a special lamp produces radiation with a wavelength absorbed by
the element to be measured.

By measuring the absorbance at a partcular \\';1\'(*length 1t 1s possible to determine the
amountof certain elements in the sample. The procedure is calibrated using samples
of known concentration.

Atomuc absorption spectroscopy provides a sensitive and reliable method for deter-
mining more than 60 elements. Examples include the determination of traces of
mercury in the environment. lead in blood. or heavy metals in the effluent from a
tactory. The technique is widely used in commercial laboratories. for example in the
water imdustry.

atomic emission spectroscopy is u very sensitive method of analysis used to
identfy and measure the elements in a sample. Atomic emission spectra of pure
clements also provide the evidence needed to determine the energy levels and electron
configurations i atoms.

Carrying out a flame test and examining the colored light from the flame with a
hand-held spectroscope is a simple demonstration of this tvpe of spectroscopy.
The firststep in a more sophisticated analysis is to vaporize the sample using a very

hot flame or an clectric spark to atomize the sample and produce a gas consisting of






atomic radius

The probable location of the electrons in the first shell is spherical. [t is an example
of an s-orbital (1s).

The four orbitals in the second shell are made up of one sorbital (25) and three
dumbell shaped prorbitals. The three frorbitals (2/)‘, ‘2/}\, ‘2/)/) are arranged at right
angles to cach other.
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2p, 2p, 2p,

s-orbital p-orbitals

The shapes of s and p atomic orbitals

atomic radius: a mcasure of the size of an atom in a crystal or molecule. Chemists
use X-ray erystallography and other techniques to measure the distance between the
nuclet of atoms. The atomic radius of an atom depends on the type of bonding and
on the number of bonds. Usually atomic radii for metals are calculated from the dis-
tances between atoms in metal crystals (metallic radii). Atomic radii for nonmetals
are calculated from the lengths of covalent bonds in crystals or molecules (covalent
radi).

Atomic
radius

Atomic radius

Atormic radii in a molecule and in a crystal

Atomic radii increase down any group in the periodic table as the number of elec-
tron shells mcreases. In group I the metallic radii rise from 0.157 nm for lithium to
0.272 nm for cesium.

Atomic radii decrease from left to right across a period. Across the period Na to Ar.
atomic radii fall from 0.191 nm for sodium to 0.099 nm for chlorine. From one ele-
ment to the next across a period the charge on the nucleus increases by one as the
number of electrons in the same outer shell increases by one. Shielding by electrons in
the same shell is limited so the “effective nuclear charge™ increases and the electrons
are drawn more tughtly to the nucleus.



atomic theory

Atomic radii decrease

Atomic radii increase

Trends in atomic radii in the periodic table

atomic spectrum: the pattern of lines seen with a spectroscope when the atoms of
an element emit radiation. Atoms emit radiation when excited by heat or electricity.

1N

Violet Blue Green Red

The line emission spectrum for hydrogen in the visible and ultraviolet (UV) regions of the
spectrum

Some elements emit radiation in the visible region of the spectrum and these are the

elements that give colored flames m flame tests.

Quantum theory explains why atomic emission spectra consist of a series of sharp hnes.

Each line in an emission spectrum corresponds to an energy jump of a definite size

as electrons drop back from a higher to a lower energy level.

Atoms also absorb radiaton. If radiation passes through the vapor of an elementand

is viewed through a spectroscope, the absorption spectrum appears as dark lines

where particular frequencies are absorbed from the continuous spectrum.

atomic theory: the theory that all matter is made up of very tiny parucles called

atoms. Modern atomic theory was foreshadowed in ancient Greek philosophy but

chemists now trace the development of the theory back to the work of John Dalton.

The significant ideas developed between 1800 and 1930. Studies of the structure of

atomic nuclei continue with the help of huge particle accelerators such as those of

CERN 1n Switzerland.

1804 John Dalton’s theory of atoms as solid spheres explains the differences
between elements and compounds. In this theory all the atoms of the same
clement weigh the same. It begins to be possible to determine chemical
formulas by finding the combining masses of elements.

1896 Henri Becquerel discovers radioactivity, leading to the work of Marie
and Pierre Curie who in the next few vears separate and identfy more
radioactive elements.






autocatalysis

1926 Erwin Schrodinger publishes his mathematical theory of wave mechanics.
The Schrodinger wave equation explains the pattern of energy levels in the
hvdrogen atoms and gives rise to the picture of electron in atomic orbitals
with particular energies and shapes.

1932 James Chadwick discovers the neutron, making it possible to explain the
existence of isotopes and radioactivity.

atomic weight is an outdated term now replaced by relative atomic mass.

atomization is a process in which an element or compound is converted into
gaseous atoms. (See also enthalpy change of atomization and bond enthalpies.)

ATP (adenosine triphosphate) plays a crucial role in the energy traunsfer processes of
Iving organisms. Hydrolysis of ATP. under the control of enzymes. splits off one of the
three phosphate groups. releasing 31 k] mol™ to drive biochemical processes and for
muscle movement.

adenine
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Structure of ATP

attacking group is a term used o describe the mechanism of chemical reactions.
Nucleophiles and electvophiles are examples of attacking groups.
aufbau principle: the principle that the electron configurations of atoms build up
according to a sct of rules. The three rules are that:
o clectrons go into the orbital at the lowest available energy level
o cach orbital can only contain at most two electrons (with opposite spins)
o where there are two or more orbitals at the same energy, they fill singly
before the electrons pair up.
autocatalysis is catalysis of a reaction by one of its products. An autocatalyuc
reaction starts slowly but then speeds up as the catalvtic product starts to form. The
oxidation of ethanedioate ions by manganate (Vi) 1ons in acid solution 1s catalyzed
by manganate (11) 1ons, thus:

2MnO “(aq) + 5(]2()13‘(21(]) + 16H (aq) — 10CO,(g) + 2Mn* (aq) + SH,O(1)

At first bubbles of carbon dioxide appear very slowly but once the reacton ])r()du(‘('s
some manganese (1) 1ons it speeds up and gas is evolved more rapidly.



Avogadro constant
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Aufbau principle: electrons in energy levels for four atoms to show the application of the
aufbau principle

Avogadro constant: the number of atoms, molecules, ions or other chemical
entities n one mole of a substance. The Avogadro constant (L) = 6.02 x 102 mol-".

amount of substance (mol) x Avogadro constant (mol') = number of specified entities

S0 0.25 mol carbon atoms contains 1.50 x 10** atoms while 0.5 mol oxygen molecules
contains 3.10 x 10% molecules.

Avogadro’s law states that equal volumes of gases under the same conditions of
temperature and pressure contain equal numbers of molecules. This means that one
mole of any gas occupies the same volume under the same conditions. The volume
occupied by a gas at 273 K (0°C) and one atmosphere pressure (101.3 kPa) is about
22.4 dm®. These are the conditions of standard temperature and pressure (stp). In a
warmish laboratory at 298 K (25°C) the volume of one mole of gas is about 24 dn®.

Amadeo Avogadro (1776-1856) was the Italian scientist who proposed this law to
account for Gay-Lussac’s law of combining volumes.

azeotropic mixture: a mixture of liquids that on boiling produces a vapor with
the same composition as the liquid. This means both that the liquids cannot be
separated by fractional distillation and that azeotropes are constant boiling mixtures.






back titration is an analvtical technique used when the reaction between the stan-
dard solution and the substance to be analyzed is stow. The procedure is to add a
measured excess of the standard solution, allow time for the reaction to finish and
then to use a titration with a second standard solution to measure how much of the
first standard solution remains unused.

This [echniquc 1s used to measure amounts of ammonium salts. An excess of a stan-
dard solution of sodium hvdroxide is added 1o a sample and the mixture heated to
drive off ammonia. In the process some of the sodium hvdroxide is used up.

NH, (aq) + OH(aq) —> NH,(g) + H,O(})

After all the ammonia has been driven off by boiling, a titration with standard
hydrochloric acid measures the amount of unused sodium hydroxide remaining,.
This shows how much of the alkali was used to react with the ammonium salt in the
sample and hence the amount of ammonium salt in the sample.

bacteria are a group of microorganisms. Some bacteria are harmful and respon-
sible for diseases such as cholera, tuberculosis and food poisoning. Most bacteria play
avital partin ecological processes. Soil bacteria, for example, help to break down the
remains of living things releasing the nutrient elements such as nitrogen. in a form
that plants can use for growth.

Bacteria are the basis of much traditional and modern biotechnology. In a wradi-
tional process, for example, bacteria are used to make yogurt. In new methods they
are altered by genetic engineering to produce substances such as human insulin for
diabetics.

Bakelite is the phenol-methanal plastic discovered by the Flemish-born chemist
L.eo Baekland in 1905 who was then hiving in the USA. This was the start of the mod-
ern plastics industry. Bakelite is a cross-linked, thermosetting polymer formed when
phenol and methanal (formaldehvde) are mixed and heated with an acid catalyst.

balanced equations show the amounts (in moles) of reactants and products
imvolved in chemical reactions. There is no change in the total number of atoms of
cach elementas reactants turn into products during a chemical reaction. Four steps
lead to the balanced equation for a reaction. Take for example the reacuon of
sodum with water,

Step | Identify the reactants and products by name:

sodium reacts with water to form sodium hydroxide and hydrogen.
Step 2 Write down the correct formula for reactants and products:

Na + HlO —> NaOH + H,

Step 3 Balance the numbers of atoms of each element by inspection and by
writing numbers in front of the formula as necessary. In this example
there has to be an even number of hydrogen atoms on the left (n H,O
molecules) so the number on the right must be even too. -



2Na + H\_,O —> 92NaOH + H;»

Never change any of the formulas to balance an equation. Do not add
an extra formula to balance an equation without carefully checking that
it 1s right to do so.

Step 4 Add state symbols:
2Na(s) + HO(l) —> 2NaOH(aq) + H,(g)
The balanced equation shows the amouwnts (in moles) of reactants and products. In
the example. 2 mol sodium atoms react with 1 mol water molecules to give 2 mol
sodium hvdroxide and 1 mol hvdrogen. This is the stoichiometry of the reaction. (Sce
also redox reactions.)
ball and stick models arc uscd to show in three dimensions the structure and bond-

mg of crystals. molecules and complex ions. Thev are beuter than space-filling models for
showing bond angles. but they do not show the relauve size of atoms and 1ons.

Ball and stick model of 2-methylpropane

Balmer series: a scries of lines that appear in the visible region of the hydrogen
CMISSION spectrum.

barbiturates arc drugs that depress the central nervous system. They are used as
sedatives and sleeping pills. They are now preseribed much less than before since 1t
was realized that they can produce dependence.

barium (Ba) is a siberv-white, soft metal that is one of the alkaline carth metals in
aroup 2 of the periodic table. Bartum occurs natuwrally as barites (BaSO ) and also as
witherite (BaCQO,).

Barium sulfate absorbs X-ravs strongly so it is the main ingredient in “barnnm meals”
used to diagnose disorders of stomach or intestines. Soluble barinm compounds are
toxic but barium sulfate is very insotuble and so cannot be absorbed into the blood-
stream from the gut. Xeravs cannot pass through the “barionm meal,” which therefore
creates a shadow on the X-rav film.

base: a1 molecule or ion that can accept a hvdrogenion (proton) from an acid. This
is the 1sual definition based on the Bronsted=Lowry theory. A base has a lone pan of
electrons that can form a datree covalent bond with a proton.



H:O ™ S ———»  H—0-—>H
A hydroxide ion has a lone pair of electrons that can form a dative bond with a hydrogen ion.

Common bases are the oxide and hydroxide 1ons, ammonia and amines, as well as the
carbonate and hydrogencarbonate tons. There is a lone pair on the nitrogen atom
of ammonia that allows 1t to act as a base:

LT

NH,(g) + HNO,(g) —> NH,'NO (s)

base acd

In biochemistry the term base often refers to one of the five nitrogenous bases that
make up nucleotides and nucleic acids (DNA and RNA). These compounds (adenine,
guanine, cytosine, uractl and thymine) are bases in the chemical sense because they
have lone pairs on nitrogen atoms that can accept hvdrogen ions.

base catalysis: any reactuon speeded up by a base catalyst. One example is the
base-catalyzed Aydrolysis of a nitrile to the salt of a carboxylic acid.

O
H,0/NaOH 4
CH,CH,CH, — C= N >  CH,CH,CH, — C
‘ . & heat ‘ - : AN
O™ Na®

Hydrolysis of propanenitrile to sodium butanoate with a base catalyst

base dissociation (ionization) constants mecasure the strength of bases by
showing the extent to which they accept hvdrogen 1ons in solution. Base dissociation
constants are used to compare the strengths of relatvely weak bases.

For the weak base ammonia: NH,(aq) + HO(l) == NH, (aq) + OH"(aq)
[NH, (aq)][OH (aq)]
[NH,(aq) ] [H,O(1)]
In dilute solution the concentration of water is effectively constant, so the expression
can be written n this form where K is the base dissociation constant:

NI, (aq)][OH (aq)]
R, = [HA](aq)

The equilibrium constant, K =

Dissocration constants are shown below for some weak bases in order of base strength
with the strongest of the bases at the top of the hst.

Base ]\h /mol dm™
ethvlamine, C,H NH, 54X 10
methylamine, CH,NH, 43 x10"
ammonia, NH, 18 X 1O
phenylamine, C H NH, 3.8 X 107"




Benedict’s solution

basic oxide: an oxide of a metal that reacts with acids to form salts and water.
Copper(il) oxide, for example, reacts with acids to produce copper(i1) salts.

CuO(s) + H,SO,(aq) —> CuSO,(aq) + H,O(1)

Note that 1t 1s the oxide 1on in the basic oxide that acts as a base by taking a
hydrogen 1on from the acid.

O* + 2H" —> H,0

Basic oxides that dissolve in water are alkalis. As the compound dissolves, the oxide
10n, acting as a base, takes a hydrogen ion from water and forms a hvdroxide ion.

CaO(s) + HO(l) —> Ca(OH) (aq)

batch process: a process that produces a specified amount of a product in a
single operation. In industry a batch process is used to manufacture chemicals
needed i relauvely small amounts so that a continuous process 1s not worthwhile.
Batch processing is typically used to make fine chemicals on a scale of up to 100
tonnes per vear. An industrial batch process is essenually a large-scale version of a
synthesis carried out in laboratory glassware. After producing a batch of a chemical
the apparatus is cleaned and used again.

Some metals are extracted by batch processes (see chromium extraction and titanium
extraction).

battery: two or more electrochemical cells connected in series make up a battery of
cells. This is the strictly correct meaning of the term battery. It s a term that scien-
tists borrowed from the army. where a line of guns is sull called a battery. An
automobile battery consists of six rechargeable lead-acid cells connected 1n series to
give a 12 volt supply. In evervday conversation, however, 1t 1s common to use the word
“battery” when referning to a single cell.

bauxite: an ore of aluminum consisting of impure alummum oxide. Impurities are
removed by heating powdered bauxite with sodium hyvdroxide solution. Aluminum
oxide, which is amphotenic. dissolves but other oxides such as ron(i) oxide and
ttanium (1v) oxide do not. After filtering, seed crystals are added and hyvdrated alu-
minum oxide crystallizes as the solution cools. Heating the hyvdrate crystals at 1000°C
produces anhvdrous aluminum oxide ready for aluminum extraction.

becquerel (Bq): the S/ wut for measuring radioacuvity. If one atomic nucleus
decays per second the acuvity is one becquerel,

bench reagents arc solutions traditionally kept on the laboratory bench for gen-
eral chemical use such as qualitative analysis. The concentratons of bench reagents
are only approximate. The concentration of bench acids and alkahs is often around
2 mol dm™ for hvdrochloric acid, nitric acid, sodium hydroxide and ammonia solu-
tions but 1 mol dm™ for sulfuric acid (which produces two moles of hvdrogen 1ons
per mole of acid).

Benedict’s solution is a reagent for detectung reducing sugars and for disungushing
aldehydes from ketones. The deep blue reagent contains copper(i1) 1ons complexed with
citrate ions in atkaline solution. A reducing sugar or aldehvde reduces the reagent o
copper(1) oxide. The blue color goes and a reddish-brown precipitate forms. The
reagent is similar to Fehling's solution but safer to use because 1t1s less corrosive. Also
Benedicet's solution 1s more stable and so does not have 1o be stored as two reagents.






Beryvllium is not a typical group 2 element. Resemblances between the chemisury of
bervilium and aluminum are examples of the diagonal relationship.

beta () particles are clectrons given off from the nuclei of some radioactive atoms
when they decay. During beta decay a neutron turns into a proton so the froton num-
ber of the atom increases by one while the aucleon numberis unchanged. An atom of
a new clement forms. The new elementis one place to the right in the periodic table.
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Ra —> "JAc+
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The symbol e for a beta particle means that the nucleon numbers and proton
numbers balance on the wwo sides of the nuclear equation.

bicarbonate is the traditonal name for hvdrogencarbonate. Sodinm bicarbonate
can be used as an igredient in baking powder and as an alkah in antacids.

bidentate ligands form two datuve covalent bonds with metal 1ons in complexes.
Examples of bidentate (or “two-toothed™) ligands are: 1.2-diaminoethane, amino

acids and the ethanedioate 1on.
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bifunctional compounds arc compounds with two functional groups. Important
examples are the amino acids.

biochemistry is the study of chenical changes in living organisms. Metabolism
describes the many chemical processes inall hving things. Many of these enzyme
catalvzed reactions are involved in the hydrolysis and oxidation of food. Others bunld
up small molecules into the complex molecules that cells need as they grow. The
techniques of molecular biology helped to transform: biochemisury because they
allowed scientists to work out the structures and shapes of large molecules such as
proteins and nucleic acids and hence to begin o reveal the way in which genene
material in cells controls metabolism. The following tmechart shows some highlights
in the development of molecular biology. Bear in mind that it may have taken
scientists up to ten or even twenty vears to develop the new techniques and carry out

the investigations leading to the discoveries at the dates shown.




biodegradable materials

1944 Oswald Avery shows that DNA is the genetic material in the chromosomes
of bactena.

1951 Linus Pauling interprets his X-ray studies to suggest that some protein
molecules have a helical structure he calls the alpha helix.

1951 Erwin Chargaff shows that in a DNA molecule the number of cytosine

units is the same as the number of guanine units while the number of
adenine units equals the number of thymine units.

1953 Max Perutz devises the technique that makes it possible to use X-ray
diffraction to work out the three-dimensional shapes of proteins such as
hemoglobin and myvoglobin.

1953 Francis Crick and James Watson propose the double-helix structure for DNA
based on X-ray photographs by Rosalind Franklin and Maurice Wilkins.

1955 Frederick Sanger announces the full sequence of amino acids in the two
chains of an insulin molecule.

1956 George Palade discovers ribosomes in cells and shows that they are the site
of protemn synthesis.

1956 Paul Berg finds the first example of transfer RNA, the molecules that
identfy amino acids during protein synthesis.

1961 Sydney Brenner, Francis Crick and others confirm that the genetic code is
based on triplets of bases in nucleic acids.

1970 Har Khorana finishes the synthesis of the first artificial gene by producing
bacterial DNA with a sequence of 126 nucleotide base pairs.

1970s Hamilton Smith isolates restriction enzyvmes that break DNA molecules at
specific points, allowing the development of genetic engineering and DNA
sequencing.

1973 Herbert Boyer demonstrates a technique for splicing together genes from

different bactena. By the end of the 1970s this recombinant DNA tech-
nique makes it possible to modify bacteria to produce useful substances
such as msulin and growth hormone.

1977 Frederick: Sanger uses restriction enzymes, radioactive labeling and
electrophoresis to work out the full sequence of bases in the DNA of a virus.

1984 Alec Jeffreys mvents the technique of genetic fingerprinting.

1990 Human genome project starts.

biodegradable materials break down in the environment due to the action of
MICroOrganisms.

biogas is mecthane gas produced by the action of bacteria on animal and plant
wastes - anaerobic conditions. Many sewage works produce biogas. Biogas also
forms in landfill sites as the waste rots down. The gas can be a hazard unless collected
and burnt. Small-scale biogas digesters are used in many parts of the world to supply
ncarby homes with gas for cooking.

biological oxygen demand (BOD) is a mcasure of water pollution by organic
matter from sources such as sewage. BOD is the quantity of dissolved oxvgen (mea-
sured in-mg dm™) removed from a sample of water by microorganisms when
mcubated for five days at 20°C. A sample of water containing much organic matter
will support large numbers of bacteria that use dissolved oxvgen as they break down
the pollutants.



body-centered cubic structure

biopolymers are naturally occurring polymers in living things. They include
polysaccharides. proteins and nucleic acids.

biotechnology makes use of microorganisms or enzymes to produce useful products.
Tradinonal biotechnology uses veast to make beer, bread and wine as well as bacteria
to make vogurt. Modern biotechnology, based on genetic engineering. makes it pos-
sible to use genetically modified bacteria to produce medically important substances
such as msulin, growth hormone and the blood clotting agent, factor VIIL.

Biuret test: a test to detect proteius. The procedure is to add sodium hvdroxide to
a test sample followed by a few drops of copper(in) sulfate solution. The solution
turns mauve if protein is present. The test actually detects peptide bonds.

blank determinations are used in guantitative analysis to eliminate errors. The
analyst works through the whole procedure with a blank solution containing the sol-
vent and all the reagents but none of the sample. In a titration a blank determination
makes it possible to allow for the volume of reagent needed to change the color of
the indicator at the end pomt. Blank determinations in colorimetry and spectroscopy
help to detect. and allow for, errors caused by contamination of reagents or the
effects of the apparatus used.

blast furnace: a furnace for extracting metals, which depends on a blast of pre-
heated air entering near the bottom of the furnace. fron extraction is a large-scale,
continnons process in blast furnaces.

bleaching is a process for destroving unwanted colors by oxidation or reduction.
Domestic liquid bleach is a solution of sodium chlorate (1) formed by the reaction of
chlorine with cold sodium hvdroxide solution. Bleaching powder is calcium chlo-
rate (1), Ca(OCI)
oxidizing bleaches. Another oxidizing bleach is hydrogen peroxide.

made by absorbing chlorine gas in calcium hydroxide. These are

)

Oxidizing bleaches not only remove color but also kill microorganisms.

Sulfur dioxide and sodium sulfite are reducing bleaches. Paper bleached white by a
reducing bleach mav tum vellow with age as oxygen in the air reverses the process.
Color in organic compounds is caused by delocalized electrons in sequences of
alternating double and single bonds (conjugated systems). Oxidizing bleaches break
some of the double bonds. Reducing bleaches convert double bonds to single

honds.

body-centered cubic structure is a crystal structure with an atom at each
corner of a cube surrounding one atom at the center of the cube. This structure 1s
more open than the two close-packed structwres.
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Metats with the body-centered cubic structure are the group I metals lithinm, sodium
and potassium, also the d-block metals chromium, vanadium and tungsten.

boiling: a liquid boils when it is hot enongh for bubbles of vapor to form within the
body of the liquid. This happens when the vapor pressive of the liquid equals the
external pressioe.

The boiling pointof a liquid varies with pressure. Raising the external Pressure raises
the boiling point. Boiling points are usually imeasured at atmospheric pressure. The
normal boiling point is the temperature at which the vapor pressure of the hquid
equals one atmosphere (101.3 kPa).

bomb calorimeter: an apparatus for measuring energy (‘hzmgcs when <‘()mp()un<ls'

burn.
Thermometer ——
. // Bomb calorimeter
u =
: P Oxygen under
] pressure
Water ——«r
- Crucible containing
] )
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wire to ignite sample -
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A bomb calornmeter \_ Y,

A measured amount of a sample burns in oxvgen under pressure and the tempera-
ture rise of the whole apparatus is measured. The calorimeter is calibrated using
benzoic acid for which the standard enthalpy change of combustion is known accurately.

A bomb calorimeter operates al constant volume so a correction is needed to convert
the results to enthalpy changes at constant pressure.

bond angle is the angle between two covalent bonds in a molecule or giant structure,
N-ray and electron diffraction studies make it possible to measure bond angles accu-
ratelv. The rvesults show that covalent bonds have a definite divection as well as length.
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Molecules showing the bond angles



bond enthalpies

Electron pair repulsion theory makes it possible to predict the shapes of molecules and
bond angles with great accuracy.

bond breaking: see heterolytic bond breaking and homolytic bond breaking. Note that it
takes energy to break bonds. Bond breaking is an endothermic change.

bond dissociation enthalpy is the enthalpy change on breaking one mole of a
covalent bond in a gaseous molecule. Energv is needed to break covalent bonds.
Bond breaking is endothermic so the enthalpy change is positive.

Chemists use spectroscopy to measure bond dissociation enthalpies. The bond
dissociation enthalpies for the hvdrogen halides are as follows:

HX(g) —> H(g) + X(g) AH = +562 k] mol™ for HF
AH = +432 K] mol™' for HCI
AH = +366 K] mol™" for HBr
AH = +299 K] mol™' for HI

I

For these compounds the bonds get easier to break as the halogen atoms get larger
and the bonds get longer down group 7.

In molecules with two or more bonds between similar atoms, the successive bond dis-
sociation enthalpies are not the same. In water, for example, the energy needed to
break the first O — H bond in H— O — H{(g) is 498 k] mol™ but the energy needed
to break the second O — H bond in O — H(g) 1s only 428 k] mol™".
bond enthalpies (o1 bond energies) are the mean values of boud dissociation
enthalpies used in approximate calculations to estimate enthalpy changes for reactions.
The mean values of bond enthalpies take into account the facts that:
o the successive bond dissociaton enthalpies are not the same in compounds
such as water or methane
o the bond dissociation enthalpy for a specific covalent bond varies slightly
from one molecule to another.

Worked example:
Use mean bond enthalpies to estimate the enthalpy of formation of hydrazine.

Notes on the method
Write out the equation showing all the atoms and bonds in the molecules to
make it easier to count the numbers of bonds broken and formed.

Look up the mean bond energies in a book of data. The symbol /{(N — H) stands
for the bond energy of a covalent bond between a nitrogen atom and a hydrogen
atom.

Answer
The equation for the reaction:

ll\ /ll

N=N +2H—H —— N—N
I l/ \l |
The energy needed to break the bonds in the reactants

= FIN=N) K mol ' + 2k(H— H) k mol






Born-Haber cycle

bonding: scc metallic honds. covalent bonds. ionic bonding. hydrogen bonding and
nitermolecular forces.

bonding molecular orbital: a region in space in a molecule where there is a high
probability of finding bonding electrons. Molecular orbitals, like atomic orbitals, are
solutions to the Schrodinger wave equation. At a simplified. descriptive level. a mol-
ccular orbital forms by overlap of atomic orbitals of the atoms linked by a covalent
bond.

When atomic. sorbitals overlap the result is a sigma (o) orbital. Two electrons can
occupy a c-orbital to form a sigma bond.

/@+®H @\

Formation of a sigma orbital sorbltal sigma bond

In ethene one of the bonds between the carbon atoms is a signia bond. The second
bond forms by sidewavs overlap of atomic porbuals. The bonding electrons are in a
pi (1) orbital with two regions of increased electron density above and below the
plane of the atoms.

o-bonds
H~_ -~H I~ AN
H- “SH - S
/ \ n-bond
Sigma and pi bonds in ethene p-orbital

A pi bond is not as strong as a sigma bond and so the double bond in ethene (or any
other alkene) 1s not twice as strong as a single bond.

borax (Na,B,0_.10H,0) is a naturally occurring mineral that has been used as a
flux in metallurgy for hundreds of vears. Molten borax cleans the surface of hot
metals by dissolving metal oxides. This makes for good contact between metal surfaces
when metals are welded or soldered together. Most borax is now nsed to make
horosilicate glass.

Adding acid converts borax to boric acid (H,BO ), which is separated by cooling the
solution in ice and filtering off the white ervstals. Boric acid is a weak acid and mild
antiseptic used in eve lotions and other medicines,

Born-Haber cycle: a thermochemical evele that can be used to calculate the lattice
energy for a compound of a metal with a nonnietal.

All the terms in the evele can be measured experimentally. Applying Hess's law makes
it possible to calculate the one unknown term. which is the lattice energy.

A Born-Haber ¢vcle can help reveal the factors that determine the stabidity or insta-
bility of @ compound. For a stable compound the lattice energy must be bigger than
the total energy needed o produce gaseous ions from the clements.



Lattice energy
of sodium chlonde

Na'(g)| +.| Cl'(g =INa Cl (s)
First 1onization Electron affinity
energy of sodium of chlorine
. Standard enthalpy
Na(g Cl(g , /
(8) (8) of formation of
Standard enthalpy sodium chloride

of atomization of sodium
Standard enthalpy

Na(s)+5Cl,(g) of atomization of chlorine

Born—Haber cycle for sodium chloride (see the separate entries for the definitions of the
terms)

A Born-Haber cvcle can also help to determine whether the bonding in a compound
1s truly 1onic. The experimental lattice energy calculated from a Born-Haber cvele
can be compared with the theoretical value calculated using the laws of electrostatics
and assuming that the only bonding in the crvstal is ionic.

Compound Experimental lattice Theoreucal latuce
energy from a energy calculated
Born-Haber assuming that the only
cvcle k] mol™! bonding is ionic/ k] mol™
NaCl —780 =770
KCl =711 702
AgCl —-905 —-333

The values in the table show that ionic bonding can account for the lattice energies
of sodium and potassium chlorides. The lattice energy of silver chloride is greater
than can be explained by ionic bonding. There must be a contribution from covalent
bonding.

boron (B) is a hard. black solid with a high melting point and the only nonmetal
in group 3 of the periodic table. Tts electron configuration is [He]252p Boron is in
oxidation state +3 in all its compounds. The bonding between boron and other
clements 1s covalent.

Boron has become mimportant as an clement since the development of the nuclear
industry. The isotope boron-10 absorbs neutrons strongly so the element was scattered
over the Chernobyl nuclear reactor after the explosion to quench chain reacuons.
Boron wichlonde (BCL) 1s a colorless iquid and like aluminum chloride. it is a strong
clectron pair acceptor (Lews acid).

Soduum tetrahydridoborate(nr) (NaBH ) 1s a useful reducing agent.

borosilicate glass is used to make oven glassware and laboratory equipment
because 1t has a higher melting point than cheaper. soda lime glass and is much less
likely to erack as 1t heats up or cools down. Borosilicate glass has a high refractive
index, making it useful for the production of lenses.



Boyle’s law states that the volume of a fixed amount of gas is inversely proportional
LO Its pressure at constant temperature.

1
P < T at constant temperature for a fixed amount of a gas

Hence p,V, = p,V, = constant

Brady’s reagent is a soluton of 2. 4&-dintrophenvihvdrazine in acid used o detect and
idenufy carbonyl compounds. Mixing an aldehvde or ketone with the reagent produces an
vellow-orange precipitate. The  addition—elimination reaction produces a 2 4-dinitro-
phenvihvdrazone. This solid derivauve can be filtered off. recrvstallized and identfied
by measuring its melung point. making it possible to identify the carbonyvl compound.

brasses arc «lloys of copper (60-80%) and zinc (20-409%). Brass is casilv worked,
has an attracuve gold color and does not corrode.

breathalyzer: an insutrument for estimating the concentration of alcohol in blood.
A breathalvzer measures the ethanol in a sample of air from the lungs. There is an
cquilibrium bewween ethanol dissolved i blood and ethanol vapor in the air in the
lungs and the constant ratio at body temperature makes it possible to infer the blood
alcohol concentration.

The first successful breathalyzer was based on the chemical reduction of orange
dichromate (V1) 1ons to green chromate (1) 1ons as they oxidize ethanol to ethanal.
The driver breathed through a tube containing the orange crystals and the extent to
which they turned vellow was calibrated 1o measure the blood alcohol concentration.
Many of the roadside breathalvzers are now fuel cells. At one electrode ethanol is oxi-
dized 10 ethanoic acid while at the other electrode oxvgen 1s reduced to water. The
higher the concentration of ethanol in the driver’s breath, the greater the voltage of
the cell.

brine is the term used industrially for a soluton of sodium chloride in water. Brine
is produced by “solution mining”™ of underground salt deposits. Water is pumped
into the salt down one pipe. The mineral dissolves and flows o the surface through
a second pipe.

Natural brines are solutions of a mixwure of salts and can be a useful source of
chemicals such as potassium. magnesium and bromine or their compounds.

bromination is a rcaction that replaces a hydrogen atom in an organic molecule
with a bromine atom. One example is the brominaton of alkanes —a free-radical cham
reaction imtated by ultraviolet radhatnon.

Another (-.\'ump]c is the brominaton of benzene by bromine i the presence of 1ron
bromide as the catalvst. This is an electrophilic substitution reaction.

bromine (Br) is a corrosive, dark red liquid that evaporates easily to give an orange
vapor. Itis the only liquid nonmetal at room temperature. Bromine is a halogen — the
third element in group 7= with the electron configuration [Ar]3d" 444,

Bromine consists of diatomic molecules with pairs of atoms held together by single
covalent bonds. The molecules ave nonpolar so the intermolecular forces are velatively

weak, van der Waals forees.






Buchner flask and funnel

Stage 3 Formation of hydrobromic acid.

The air with bromine vapor meets sulfur dioxide gas and a fine mist of
water, producing hydrobromic acid, which is 1onized in solution. After this
stage the concentration of bromine in the solution is 1500 times greater
than i seawater.

Bn_,(g‘) - S(_);,(g) - ‘ZI‘I,_,(')(I) —> 4H (aq) + 2Br (aq) + S(‘)f‘(uq)
Stage 4 Displacement and purification of bromine.

The solution from stage 3 now flows down a tower with a flow of chlo-
rine gas and steam passing up it. The chlorine oxidizes bromide ions to
bromine, which evaporates in the steam. The mixture of steam and
bromine 1s cooled and condensed, producing a dense lower bromine
layer under a layer of water.

Natural brines contain more bromine than scawater so that only stage 4 1s needed o
separate the bromine.

Bromine 1s used to make additves for leaded gasoline, flame retardants, agricultural
chemicals. syntheuc rubber for the mner hining of tubeless ures, dves and a range
of chemical mtermediates. Silver bromide is the photosensitive chemical used n
photography.

bromine water is the naditonal name for a soluton of bromine in water used as a
laboratory reagent. The reagent is orange because it consists largely of a mixture of
bromine molecules and water molecules, hence the preferred name “aqueous
bromine.” Bromine disproportionates m water to a very hmited extent, unlike chlorine.
Aqueous bromine is decolorized when shaken with excess alkene because the addition
reaction produces colorless products. Aqueous bromine loses its orange color when
mixed with phenol and gives a white preapitate of tribromophenol. This is an example
of electrophilic substitution that happens more readily with phenol than with benzene.
Bronsted-Lowry theory: the theory that acids are hvdrogen ion (proton) donors
and that bases are hvdrogen ion (proton) acceptors. Johannes Bronsted (1879-1947)
was a Danish physical chemist. He published his theory in 1923 at the same ume
as Thomas Lowry (1874-1936) of the University of Cambridge but the two worked
independently,

bronze is an «lloy of copper with up to 129 un. Bronze is a strong, hardwearing
allov with good resistance 1o corrosion. It is used to make gear wheels, bearings,
propellers for ships, statues and coins.

Brownian motion is the rapid random moton of minute particles suspended in a
liquid or gas. The phenomenon was first seen by the Briush botanist Robert Brown
looking at pollen grains in water through a microscope. Brownian moton is evidence
for the kinetic theory. The erratic random motion of pollen, smoke parucles or other
colloid-sized specks of matter is due 1o continuous bombardment by fast moving
molecules that are too small to be seen through a light microscope.

Buchner flask and funnel: the apparatus used for filtering solutions especially
when isolating and purifving solid products of reactions by reerystallization. A pump
(usually a water pump) lowers the pressure inside the flask so that a pressure difference
across the filter paper speeds up hluranon.






by-products

More generally the pH of a buffer mixture can be calculated with the logarithmic
form of the equilibrium law (sce Henderson-Hasselbalch equation).

| ) [salt]
pH = pk +lg [acid]
Diluting a buffer soluton with water does not change the ratio of the concentrations
ol the salt and acid so the pH does not change (unless the dilution is so great that

the assumpuons made when deriving the equation no longer apply).

Worked example:
What 1s the pH of a buffer solution containing 0.40 mol dm ™ methanoic acid and
1.0C mol dm ™~ sodium methanoate?

Notes on the method
Look up the value of pK in a book of data. The pK of methanoic acid i1s 3.8.

Answer
_ 384 1.00
pH =38 +lg 740

4.20

il

pH

bumping is violent boiling that shakes the apparatus and can throw hquid from the
container m which itis being heated. Adding a few fragments of porous pottery or
some jagged antibumping granules cuts the risk of bumping by helping the bubbles
of vapor to form smoothly.

Bunsen, Robert (13]11-1399) was a German experimental and analyucal chemist
who was one of the pioneers of spectroscopy. When the gasworks opened in
Heidelberg in 1854, ¢as burners could be used in the laboratones. Bunsen was
unhappy with the available burners so he (or more likely one of his technicians) came
up with the design sull used all over the world today. The great advantage of the
burner was that it could produce a hot and almost invisible flame. Bunsen hked o
make his own glass apparatus and he noticed the way that flames turned vellow as he
heated glass in them. He started heating a range of chemicals in burner flames and
discovered the use of flame tests but realized that they could not be used 1o analyze
mixtures. With his fellow scientist Kirchhoff he proneered atomic emission spectvoscopy
for analvsis and soon discovered two new elements in the waters of a local spa. He
called them cesium and rubidium, the Latin names for sky blue and dark red, from
the colors seen i their spectra.

burettes arc graduated tubes, with taps or valves, used 1o measure the volumes of
liquids or solutions during quantitative mvestigations such as fitrations. 'The accuracy
of a burette, when clean and properly used. depends on the precision with which 1t
is manufactured and calibrated. Grade B burettes measuring up to 50 cm® have an
alowed tolerance of £ 0.1 e,

by-products ¢ unwanted products of chemical synthesis or manufacturing. By-
products are formed by side reactions that happen at the same ume as the maimn
reaction, reducing the vield of the product required.












calorimeter

accurate concentration in moles per hiter. When using colorimeters or spectrometers,
for example. 1t is common to plot a calibration curve. Instrument readings are taken
for a series of standard solutions of known concentration.,

calorimeter: an apparatus for measuring the energv change during a chemical
reactuon. Typically a calorimeter is insulated from its surroundings and contains
water. The energy from the reaction heats up the water and rest of the apparatus. An
accurate thermometer measures the temperature rise. The apparatus is calibrated
to determine its overall specific heat capacity by measuring the temperatnre rise for a
reacuon with a known enthalpy change.

Enthalpy changes of combustion are measured using a bomb calorimeter.

Enthalpy changes for reactons in solution can be compared quickly using an
expanded polystvrene cup with a lid, as the calorimeter. Expanded polvstyrene is an
excellent msulator and has a negligible specific heat capacity. If solutions are dilute
it 1s suthicienty accurate 1o assume that their density and specific heat capacity are
the same as those of water.

Worked example:
When 50 cm”® of 2.0 mol dm™* hydrochloric acid mixes with 50 cm? 2.0 mol dm*
sodium hydroxide in a polystyrene cup the temperature rise is 13.5°C. What is
the enthalpy change for the neutralization reaction?

Notes on the method
Assume that the density of the solutions is the same as water = | g cm ® and that
for both the specific heating capacity, like water,is 4.18 ) g K'.

Note that the total volume of solution is 100 cm’ so the mass of solution heating
up can be taken as 100 g.

The enthalpy change is the energy exchanged with the surroundings when a
reaction proceeds as constant temperature and pressure. Here the energy from
the exothermic reaction is kept in the system to heat up the water. The calcula-
tion shows the energy that would otherwise be lost to the surroundings during a
constant temperature change.

The enthalpy change for a reaction, AH, is the energy change for the amounts (in
moles) shown in the chemical equation.

Answer

The amount of hydrochloric acid = the amount of sodium hydroxide
50

T000 dm’ x 2.0 mol dm -
= 0.1 mol

Energy given out by the reaction and used to heat the water in the cup
= 418)g ' K'x 100gx 35K
= 5643

5643 |

Energy given out per mole of acid = Ol mol 56 430 ) mol

56.4 k] mol






carbon cycle

hydrogen is usually present in the same ratio as in water The formula for ghicose,
for example. is C H O, which could be written C,(H,0) . Neither way of writing the
formula gives anv idea of how the atoms are arranged n a glucose molecule.
Glucose is a monosaccharide. Sucrose. with two sugar units joined together, is a
disaccharide.

Starch and cellulose are polvsaccharides. They both consist of Tong chains of glucose
unies. The difference lies in the links between the units,

Plants make glucose by photosynthesis. Some of the glucose thev store as starch, a
reserve of energy food. Some of the ghicose builds up the cellulose cell walls as the
plants grow. When people eat parts of plants, such as potatoes or rice, they can digest
starch but not cellulose. Cows feed on grass but relv on bacteria in their guts to break
down the cettulose to glucose. Cows chew the cud to give bacteria ime to digest the
tong chain molecules.

carbon (C) is a nonmetal clement with three solid allotropes: diamond. graphite and
buckmainsterfullerene. Charcoal is an impure form of carbon. Carbon is the first element
in gronp 4 of the periodic table. Tts electron configuration is [He 25247,

Carbon’s remarkable ability to form stable chains and rings of atoms with single,
double and wriple bonds gives risc o organic chemistry.

Carbon forms two oxides. both of which are colorless, molecular gases with no smell,
Carbon monoxide (CO) is a newtral oxide. It is highly poisonous because it is held
more strongly by hemoglobin than oxyvgen. Carbon monoxide is used as a reducing
agent i metallhurgy. for example during iron extraction in a blast furnace.

Carbon monoxide is also used on a targe scale o manufacture methanol. Steam
reacts with methane in natural gas in the presence of a nickel oxide catalyst to pro-
duce a mixture of carbon monoxide and hydrogen (see steam reforming). The mixture
of carbon monoxide and hvdrogen combines to make methanol at about 250°C over
a copper-based catalyst,

CO(g) + 3H,(g) = CH,OH (1)
Carbon dioxide (CO,) is an acidic oxide. It dissolves in water. forming carbonic acid,
which is a weak acid.

CO,(g) + HO() == H,CO  (aq)
The gas is strongly absorbed by alkalis such as potassium hyvdroxide.

The simplest chloride of carbon, tetrachloromethane ((I(?l‘). 1s a colorless liand
with tetrahedral molecules. Unlike many other nonmetal chlorides it is not
hydrolvzed by water or by alkalis. Carbon does not react directly with chlorine so
tetrachloroniethane 1s made by the reaction of carbon disulfide with chlorine.

carbon cycle: the cycling of the element carbon in the natural environment as

carbon compounds move between the main reservoirs of carbon in the atmosphere,
the oceans and on land (see environmental chemastry).



carbonium ions
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A highly simplified carbon cycle with estimates of the quantities in the main reservoirs
where the figures are in gigatonnes of carbon (I Gt = 1000 million tonnes). Also shown
are estimates of the flows of carbon in gigatonnes per year (Gt yr').

carbonium ions: scc carbocations.

carbonyl compounds contain the carbonvl group (C = 0). The two main classes
of carbonyl compounds are the aldehydes and the ketones. The C = O double bond is
polar with the clectrons drawn toward the more ¢lectronegative oxveen atom. The
characteristic reactions of carbonyvl compounds are wucleopnbie addition reactions and
addition—elimination reactions.

The carbony! group in aldehydes and O
£ —
ketones /

O

carborundum is the common name for silicon carbide (SiC). a shiny, black solid
made by heating silicon dioxide with carbon at 2000°C. Tt has the same crvstal
structure as diamond but with every other carbon atom replaced by a silicon atom.
Carborundum is a useful abrasive, being harder than corundum (aluminum oxide)
but notas hard as diamond. Like diamond. carborundum has a very high melting
point, making it a useful refractory.

carboxylic acids arc compounds with the formula R— CO_H where R represents
an alkyl group. aryl group or a hvdrogen atom. The carboxvlic acid group (— CO_H)
is the functional group that gives the acids their characteristic properties.

Carboxvhic acids are named by changing the ending of the corresponding alkaue 1o
-o1¢ acid. So ethanol becomes ethanoic acid,

Even the simplest acids such as methanoic and ethanoic acid are liquids at room tem-
perature because of hydrogen bonding between the carboxvlic acid groups. Also because









catalytic converter
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Often a catalyst changes the mechanism of a reaction and makes reactions more
productive by increasing the vield of the desired product and reducing waste.

Many catalysts are specific to a particular reaction. This is especially true of enzymes.
If the catalyst is in the same phase as the reactants it is a homaogenecous catalyst. 1f the
catalystis in a different phase itis a heterogencous catalyst.

Catalysts speed up reactions but they do not change the positon of equilibrium for
a reversible reaction.

Highlights in the development of industrial catalysts include:

o 1908 Fritz Haber discovered how to make ammonia from nitrogen and
hydrogen with a modified iron catalyst.

e 1912 Paul Sabatier first used a nickel catalyst o hydrogenate unsaturated
vegetable oils and turn them 1o solid fats for margarine.

* 1930 Eugene Houdry developed catalytic cracking of oil fractions (o make
gasoline.

o 1942 Vladimir Ipateff and Herman Pines found a catalytic method of alky-
lating hivdrocarbons 1o produce branched hydrocarbons with high octane
numbers o prevent knocking in gasoline engines.

e 1976 General Motors and the Ford Motor Corporation developed catalytic
converters 1o cut pollution from motor vehicles,

catalytic converter:a device in the exhaust system of an automobile that contains
a catalyst 1o covert pollutants in the exhaust gases 1o less harmful substances. Vehicle
exhausts pollute the air because the engine does not burn all the fuel and becanse
the temperature and pressure in the evlinders are high enough for nitrogen from the
alr to react with oxveen.

Pollutant Onigin of the pollutant

carbon dioxide, CO, Complete combustion of hydrocarbons in gasoline
carbon monoxide, CO Incomplete combustion of fuel

hydrocarbons, C H, Unburnt fuel

nitrogen oxides, NO_ Reaction of nirogen and oxvgen from thie air in the

hot engine

lead compounds From antiknock additives in leaded gasoline







Celsius temperature scale

amounts needed by customers. (}(*nm“all\' crude o1l contains too much of the high-
boiling fractions (bigger molecules) and not enough of the tow- boiling fractions
(smaller molecules) needed for fuels such as gasoline.

Catalvue crac King 1s a continuous process. The finely powdered catalvst made of silicon
and alummum oxides gradually gets coated with carbon so it circulates through a
regenerator where the carbon burns awav i a stream of air (see figure).

catenation: the ability of the atoms of an element 10 join together in long chains
or rings. Carbon atoms have an exceptional ability to catenate — hence the wide range
of organic compounds. Silicon. the second element in group 4. does not have the
same ability to catenate. Silicon forms hydrides, St H, » analogous o the alkanes but
the fargest known molecule has n equal o cwhl. dl](l onlv silane (SiH ) 1s stable for
any length of time.

Sulfur atoms can catenate. Both the rhombic and monoclinic allotropes consist of S
rings. Plastic sulfur is a wangled mass of long chains of sulfur atoms but it ld])l(”\
reverts to the rthombic form at room temperature.

cathode: the clectrode at which reduction takes place. During clectrolysis the external
power supply adds electrons to the cathode so that it becomes the negative electrode
attracting positive ions. which gain electrons (reduction) turning into atoms or
molecules,

The term cathode is also sometimes used in electrochemical cells where the reduction
process at this clectrode in one of the half-cells takes electrons from the electrode,
which becomes the positive terminal of the cell.

Note that electrons flow into the cathode from the external circuit both during
clectrolysis and when a current is drawn from a chemical cell,

cathodic protection: an clectrochemical method of preventing corosion used
with pipelines, oil rigs and the hulls ol ships. Steet corrodes where it is oxidized. This
happens wherever the metal is an anode. In anodic regions the iron atoms give up
clectrons, turning into ions. Attaching a more reactive metal, such as zine or nmag-
nesium, to iron creates an clectrochentical cell in which the iron is the cathode so the
more reacuve metal corrodes.

cations: arc posilive ions attracted to the cathode during electrolysis. (See cation tests for
examples of comnmon cations.)

cation tests arc uscd in qualitative analysis o identify the positive ions in salts.
Addimg sodium hydroxide produces a precipitate if the metal hydroxide is insoluble.
The precipitate dissolves in excess of the atkali if the hvdroxide is amphoteric.
Adding ammonia solution also precipitates insoluble hydroxides. These redissolve in
excess if the metal 1on forms stable complex wns with ammonia molecules.

These tests can be supplemented with flame tests 1o identify metal ions such as sodium
and potassium, which do not give precipitates (see table on page 81).

cell: sce clectrochemucal cells.

Celsius temperature scale: a scale in which the melting pointof ice is set at 0°C
and the boihng point of water at 100°C. The scale is based on the absolute or kelvin
temperature scale.

Temperature in °C = absolute temperature (K) — 273 K



cement is manufactred by heating clay with powdered limestone in a rotating kiln
and then grinding the lumps of product to a fine powder. Cement is a complex nmix-
ture of calcium silicates and calcium aluminosilicates that becomes hydrated and sets
when mixed with water. Stirring cement with sand, gravel and water makes concrete.
ceramics arc maltcrials such as pottery, glasses, cement, concrete and graphite.
Cerannics also incInde a wide range of crystalline materials such as carborundum, sili-
con nitride, aluminum oxide and magnetic ferrites. What all these materials have in
common is that they are nonmetallic, inorganic materials that are heated to a high
temperature in a furnace at some stage during their manufactre.

Typical advantages of ceramics Typical disadvantages of many ceramics
ave that they are: are that they are:
e very hard e weak mm tension
e SLrong In compression e briule
o chemically inert e hable to crack if there is a sudden
o refractories temperature change.

e clectrical insulators
cesium chloride structure is the cubic crystal structure of the ionic compound
cestum chloride (CsCl). In general it is a structure for a compound M X in which
cach positive ion is surrounded by eight nearest neighbors at the corners of a
cube and cach negadive ion is similarly surrounded by eight positive ions. So the
coordination numbers tor both elements is 8.

ON@!
® (s O/:?

Structure of cesium chlornde showing

8:8 coordination. The structure consists
of a simple cubic array of positive ions
interpenetrating a cubic array of negative
jons.

Other compounds with this structure include CsBr, CsI and NH ClL

This structure is only possible in compounds with a positive ion that is relativ elv large
SO 1t can be in contact with cight neighboring negative ions. Cesium, in period 6 of the
periodic table, forms larger ions than, for example. sodium. (See also unit cell.)

CFCs (chlorofluorocarbons) such as CCLF CCLF, and CCLFCC IF, are com-
pounds containing carbon, chlorine and ﬂuonnc Th(‘\ have d(]\dl][do(\ they are
unreactuve, do not burn and are not toxic. Also it is possible to make CFCs with chf-
ferent boiling points 1o suit different applications. These propertes make CFCs ideal
as the working fluid in refrigerators and air conditioning units. Thev are also used 1o
make the bubbles in cxpanded plasties and m\ula[m«r foams. CFCs make good
solvents for dry cleaning and removing grease from electronic cquipment.

The problem with CFCs is that they escape into the atmosphere where thev are
so stable that they last for many vears, long enough for them to diffuse up to the



stratosphere. In the stratosphere the intense ultraviolet ight from the Sun splits
CFCs mto free radicals including chlorine atoms. Chlorine atoms react with ozone

Cle+ O, —> ClOe + O,

ClIOe + Oe —— C(le + O,
The first reaction is much faster than other reactions in the stratosphere. The second
reacton mvolves oxvgen atoms that are common in the stratosphere and this
recreates the chlorine atom. This means in effect that one chlorine atom can rapidlv
destroy many ozone molecules.
Now that the damaging effects of CFCs are known they are being phased out where
possible. The hunt is on for alternative compounds with the desirable properties of
CFCs but without the environmental problems.

Posttive 10n 1n solution

Observations on adding Observations on adding

sodium hvdroxide solution
drop by drop and then

N excess

ammonia solution drop by

drop and then in excess

calcium. Ca~

AN B
magnesium, Mg

barium, Ba*

aluminum. Al*

chromium (). Cr*

manganese (1), Mn*

iron (1), Fe*
iron(nt). Fe*

copper (1), Cu™

/zmce, /n=
lead, Ph*

AMMONIUuN, .\'H}'

white precipitate but only
if the calcium ion
concentration is high

white precipitate insoluble
In excess reagent

no precipitate

white precipitate that
dissolves in excess reagent
green precipitate that
dissolves i excess to form
a dark green solution
off-white precipitate
msoluble in excess reagent
green precipitate msoluble
111 CXCEsS reagent
brownv-red precipitate
msoluble in excess reagent
pale blue precipitate

msoluble i excess

white precipitate that
dissolves in excess reagent
white precipitate that
dissolves in excess reagent
alkaline gas (ammonia)

given off on heaung

no precipitate

white precipitate msoluble in
excess reagent

no precipitate

white precipitate insoluble in
exXcess reagent

green precipitate msoluble

11 eXCess reagent

oft-white precipitate
insoluble in excess reagent
green precipitate insoluble
N exXcess reagent

browny-red precipitate
msoluble m excess reagent
pale blue precipitate
dissolving i excess to form a
dark blue solution

white precipitate that
dissolves i excess reagent
white precipitate msoluble in
excess reagent

no visible change

Cation tests



changes of state

changes of state urc changes from one state of matter to another. The following
are all examples of changes of state:

o asolid melting to a hiquid

o a hquid freezing 1o a solid

e aliqud evaporating and becoming a gas

e a gas condensing to a hiquid.
Energy is taken in from the surroundings during melung and evaporating (they

are endothermic processes). The cnergvis needed to break the bonds between atoms.
molecules or ions,

Energy is given out to the surroundings during [reczing or condensing (they are
exolhermic processes). E nergy is given out as the bonds between particles reform.

A few solids turn directly 1o gas when heated at atmospheric pressure. On cooling the
vapor turns directly back to a solid. This is sublimation.

charcoal is a form of carbon made by heating wood or bones in the absence of air.
Charcoal consists of minute graphite crystals. Heating charcoal in steam at about
1000°C produces activated charcoal by driving out volatile compounds from the
pores ol the solid. Activated charcoal is an excellent absorbent used to filter out
impurities from gases and solutions.

Charles’s law states that the volume of a fixed amount of gas at constant pressure
IS proportional to its absohute temperature.
.
Ve Tor —p — constant
The law follows from the deal gas equaton pV = aRTif pand « are constant. Real
gases deviate from ideal gas behavior, Note that the law only applies if there is no

chemical change dl[(‘llll(f the number of gas molecules as the gas gets hotter
colder,

chelates arc complex ions in which cach figaud molecule orion forms more than one
dative covalent bond with the central metal ion. Chelates are formed by bideatate and
polydentate ligands such as edta. The term chelate comes from the Greek word for a
crab’s claw, reflecting the claw-like wav in which ¢ helating hgands grab hold of metal
1ons. Chelate complexes are generally more stable than complexes formed by mono-
dentate ligands (sce stability coustants). Powerful chelating agents wap metal ions and
cftectivelv isolate them in solution.

chemical equations describe what happens during reactions by identifving the
reactants and products. State svimbols show the states of watter of the chemicals
mvolved. Equations may also show the reaction conditions bv including information
about temperature, pressure and catalvsts above or below the arrow leading from
reactants to products. There are various tvpes of chemical equation.

e Word cquations snnply name the reactants and products:
hvdrogen + oxvgen —> water

o Balanced cquations with formulas are used to calculate the amounts of
reactants and products:
‘_’llg(g) + (,)g(g‘) - ‘31]2()(1)



chemotherapy

* louic equations are balanced equations leaving out any spectator ions that do
not change:
H(aq) + OH (aq) —= H,0()
* Half-equations are balanced equations that show part of a redox reaction:
2H (aq) + 2¢- —> H, (g)
* Unbalanced symbol equations show just the main starting chemical and
the main product with the conditions for reaction written by the arrow:
. (:1;,()7‘-“ H-
C,H.OH = | CH,CO.H

eat

* Mechanistic equations show intermediate steps i the wmechanism for a
reaction:
H, + Bre ——= HBr + He
chemical industry: the industury that converts raw materials such as erude oil. nat-
ural gas and minerals into useful products such as pharmaceuticals, fertilizers,
detergents. paints and dyes,

A chemical plant consists not only of the reaction vessels and cquipment for sepa-
ratmng and purifying products. but also the storage vessels, pumps and pipes, sources
of energy and heat exchangers together with the control room.

Bulk chemicals are manufactured on a scale of thousands or even millions of tonnes
per vear. Examples are ethene, sulfuric acid, ammonia and chlorine. They are mainly
used as the starting point for making other substances. Fine chemicals such as pest-
cides and pharmaceuticals are made on a much smaller scale — a few tonnes or
hundreds of tonnes per vear.

Specialty chemicals are manufactured for their particular properties as thickeners,
stabilizers. flame retardants and so on (see table on page 84).

chemotherapy is the use of chemicals to treat discase. Chemotherapy began with the
work of Paul Ehrlich (1854=1915) who had the idea that it might be possible 1o find
chemicals that kill the microorganisms that cause discase without harming healthy hiv-
g cells. Paul Ehrlich worked as an assistant o Robert Koch (1843-1910) who
proncered the use of dyes 1o stain and identifv bacteria. Ehrlich was partcularly mter-
ested in selective dves. Some dves. for example, take well on cotton but not on wool.
Ehrlich found that methylene blue would dve nerve cells well but not other parts of the
body. This inspired him 1o search for chemical “magic bullets™ to target microorgan-
iss and diseased cells. After a long senes of experiments Ehrlich and his Japanese
colleague Sahachiro Hata finally discovered an arsenic compound that cured svphilis.
For the first tme a synthetic chemical was used to cure a bacterial disease.

The high hopes raised by Ehrlich’s work led o many disappomunents until 1932
when Gerhard Domagk was involved in testing the medical effects of new dves pro-
duced by a German chemical company. He found that the dye Prontosil red was
remarkably effective against streptococcal infections in mice. Domagk saved his
daughter's life with the new drug when she accidentally picked up a serious infection
by pricking her finger in his laboratory. This led to the development of sulfonamide
drugs that were used to treat bacterial diseases until the discovery of antibiotics.



chemotherapy

Today chemotherapy is widely used to treat cancer but few drugs are “magic bullets.”
I they are effective in destroying cancerous cells they are generally toxic and

damage other parts of the body too (see csplatin.

Main raw materials

Large-scale processes

and products

Uses of the products

Crude ot and natwral gas

for the petrochemical

in(lustry

Fractional distillation, steam

cracking, steaom reformng and

somerization and many other

processes to prodnce the
butlding blocks for the
industry such as

ethene, propence and

benzene

Manufacture of polymers,
solvents, pharmaccuticals,
agrochemcals, dyes,

pigments and detergents

Salt (sodium chloride)
and hmestone for the

chloralkali mdustry

Electrolysis of brine for making

chlorine, sodium
hydroxide and hyvdrogen.
Solvay process to make
sodium carbonate

Manufacture of bleaches,
disimfectants, solvents,
some polvimers and in the
glass and paper

mcdustries

Sulfur from under-

eround deposits of the

clement or from the
purification of oil and
gas plus oxvgen from

the air

Contact process for

sulfuric aced manufacture

Manufacture of paints,
pigments, fertilizers,
detergents, plastics and
many uses in the chemical,
metatlurgical and

petrochemical industries

Nitrogen from the air,
natural gas and oil

fractions

Haber process for ammonia
manufacture and catalvtic
oxrdation of ammonia for

nitric actd manufacture

Manufacture of fertlizers,
dves, pigments, detergents,
explosives, plastics

and fibers

Calcium phosphate rock

Treatment of phosphate
rock with concentrated
sulturic acid to make
phosphoric(v) acid and

phosphates

Ferulizer industry,
manufacture of washing
powders, toothpaste.
food industry, enamels

and glazes

Fluorite (calcium

fluoride)

Action of concentrated
sulfuric acid on

fluorite to make hyvdrogen
fluoride: electrolvsis of
fluorides in hvdrogen

fluoride 1o make fluorine

Etching and polishing
glass and integrated
circuits: manufacture of
fluorocarbons and
hydrofluorocarbons

(to replace CICs):
pharmaceuticals and the

polvmer ptfe

Chemical industry



chiral compounds

chiral compounds arc asymmetric so that they have mirror-image forms that are not
idenucal. The most common chiral compounds have a carbon atom attached to four
different atoms or groups. The two mirror-image forms are known as enantiomers.

CO,H | HO,C
, 2
| I |
o | C
/ T~ OH . HO -~ \
H | H
CH, Mirror H.C

Mirror-image forms of 2-hydroxypropanoic acid (lactic acid)

Enantiomers behave identically in ordinary chemical reactions and their main phvs-
ical properties are the same. They differ in their effect on polarized light — thev are
optically active. One mirror-image form rotates the plane of polarized light in one
direction. The other form has the opposite effect. They are optical isomers.

Chirality is very important in living organisms. Living cells are full of messenger and
carrier molecules that interact selectively with the active sites and receptors in other
molecules such as enzymes. The messenger and carrier molecules are all chiral and
the body works with only one of the mirror-image forms. In most living things all the
amimo acids, for example, are L-amino acids.

The miportance of chirality in living things was brought home o pcople forcibly by
the impact of the thalidomide wagedy. Thalidomide was a sedative used in the carly
1960s. Doctors believed that it was very safe and prescribed it widely. Sadly it was soon
ciscovered that thalidomide could harm babies if taken by mothers during the carly
months of pregnancy.

Thahdonide is chiral. One isomer is the effective sedative. The other isomer causes
malformations in babies (it is a teratogen) . Ever since the thalidomide affair, the phair-
maccutical and agrochemical industries have (o test the mirror-image forms of chiral
chemicals separately before they can be used as drugs or agrochemicals.

Some complex 1ons are chiral.

i i o
/] |
Mirror-image forms of T : .
a complex between |
chromium(in) 1ons and //Q&—V% :
|.2-diaminoethane, 7 G e ,
en (see bidentate r/——zr—“r—\/ :
ligands). Three- \ ,
dimensional models \en :
make it easier to _ T |
see that they are |
non-superimposable. Mirror






chromatography

Cl,(aq) + HO(l) == HOCI(aq) + Cl(aq) + H"(aq)
Chlorie oxidizes a range of ions or molecules in solution:

e 1ron(In) 1ons to iron (1) ions

e bromide 1ons to bromine

e 10dide 10ns to 10dine

e sulfite 10ns to sulfate ions

e thiosulfate ions to sulfate ions

e hvdrogen sulfide 1o sulfur.
chlorine oxoanions form when chlorine reacts with water and alkalis. In these
compounds chlorine is oxidized 1o positive oxidation states through a series of
disproportionation reactions.
When chlorine dissolves in potassium (or sodium) hvdroxide solution at room
temperature it produces chlorate (1) and chloride jons.

Cl(aq) + 20H (aq) —= ClO~(aq) + Cl(aq) + H.,O(1)

On heatung the chlorate (1) ions disproportionates to chlorate(v) and chloride ions:
3CI0 (aq) —> ClO, (ag) + 2CI-(aq)

Potassium chlorate (1) can be cervstallized from the solution. Careful heating just

above the melung point converts potassium chlorate (V) to potassium chlorate (Vi)
and potasstum chloride.

KCIO . (s) —> 3 K(LI()}(\\) + KCl(s)
cholesterol 1s a sieroid that pl;l)s an impm‘l:ml part i metabohism. It is a part of

cell membranes and the precursor of steroid hormones such as testosterone and

progesterone.

H,C _CH,

CH,

HO

High levels of cholesterol in the blood may lead to deposits building up in arteries,
resulting in heart disease. Cholesterol levels are monitored in some older people and
in those thought likely to suffer from heart disease.

chromatography is a method for separating and identifving the chemicals in a
mixture. Chromatography can be used to:

e scparate and identify the chemicals in a mixture

o check the purity of a chemical product

o 1denuly impurities in a product

o purify a chemical product (on a laboratory or industrial scale).
All tvpes of chromatography have a stationary phase (a solid or a hquid held by a
sohd) and a mobile phase (a liquid or gas). The components of a mixture separate
as the mobile phase moves through the stationary phase. Components that tend 1o



mix with the mobile phase move faster. Components that tend o be held by the
stanonary phase move slower.
The basic principle underlving the separation is:

o adsorphon when the stationary phase is a sohd

e partition when the stationary phase is a hamd held as a thin taver on the

surface of a sohd.

There are several types of chromatography including: liguid chrvomatography, high-
performance liguid ('/1r()ma/()gm/)/zy (hpl(‘), paper ('/1)'()))1(1/()@1‘7'{1/)/1'\', //1in—/r1)'/'r ('/1mnzalogra/)lz)
(tle) and gas=lbiqurd chromatography (glc).
chromium (Cr) is a hard, sibvery d-block metal with the electron configuration
[Ar]3d™4s'. This electron configuranon is an exception to the normal [Ar]3d 4s?
pattern for the first series of d-block elements. Energeticatly it is more favorable to
have one clectron in each dcorbital and thus to half-till the dsubshell.

In soluton chrominm forms ion in the +2., +3 and +6 oxidation siates.

(}1‘()3 ( Ir‘_,(v);‘)f Sne .

+6 —
red orange yellow
+5 —
+4 |
Cr,O, Cr"
+3 —= 2R
green green
) Cr-
blue
+| —
Oxidation states of chromium 0 ¢

There is an equilibrium between vellow chromate (Vi) ions and orange dichro-
mate (V1) 1ons i aqueous sohition. The position of equilibrium depends on the pH.
In acid the hydrogen ion concentration is high so the sohution is orange because
dichromate ions predominate. Adding alkali removes hvdrogen ions and wurns the
sotution yellow as chromate ions form. These shifts in the positon of equilibrium are
as predicted by Le Chatelier’s principle. Note that this is not a redox reaction.
Chromium is in the +6 state on both sides of the cquation.

200 (aq) + 2H (aq) === Cr,0*(aq) + H,O(1)
Dichromate 1ons in acid sohution are used to oxidize alcohols and aldehydes. Paper moist-
ened with dichromate (Vi) sohation is used in the gas lest tor suttur dioxide. The paper
turns from orange to green as dichromate (Vi) ions are reduced to chromium (111) ions,
Potasstum dichromate (vi) s used as a primary standard in redox titvations.

Cr,0.7(aq) + 14H" (aq) + 60 —> 2Cr" (aq) + 7H,O(1)
Zime reduces a green sohution of chromium (i) o a blue solution of chromium ()
ons. Chromium (1) is a powerful reducing agent and 1s quicklv converted to
chromium (1) by oxvgen in the air.
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clay minerals

chromium extraction: chromium is extracted from chromium(i) oxide in a
batch process using aluminum as the reducing agent. The commercial ore is chromite,
which contains other metals as well as chromiun. especially iron. The first step 1s to
convert the ore to pure chromium (111) oxide. A mixture of the oxide with powdered
alummum is then ignited in a reaction vessel. The exothermic reaction produces
Y7-99% pure metal.

Cr,0,(s) + 2Al(s) ——> 2Cr(s) + ALO,(s)

Carbon can reduce chromium oxide but the metal contains carbon as an IMpurity,
which makes the metal brittle and less resistant to COTrTOsIon.

Chromium, like aluminum. is protected from corrosion by a thin laver of oxide on the
metal surface. The main use of chromium is to make alloys with iron (stainless steels).
Electroplating with chromium gives a shiny, corrosion-resistant finish to metals.
chromophore: the part of a molecule that gives rise to its color, Chromophores in
carbon compounds have an extended system ot delocalized electrons. Families of dyes
with the same chromophore are made by attaching different functional groups 1o
modify the color. Functional groups linked to a chromophore may also make the dve
more soluble in water and help it stick to the fibers of a textile.

CO,H
@j—.\'zxﬁ’;:\)—f\'ll: @—NZN OH
H,N
hrysoidine alizarin yellow

'.’C ,':":;;:y :»«',‘y‘,'. j Of the \’,""’6 ('(‘(Orﬁo’f‘)ho,e

cisplatin is an anticancer drug consisting of a complex 1on of platinum,
Pt(NH,) CI,. The ion is planar and can exist as cis and frans isomers (see geomeltrical
isomerism). The cis isomer mhibits cell division but does not prevent cell growth. This
makes 1t a useful treatment for cancer. Unfortunately cisplatin is toxic and has

nunpleasant side effects.

F I -
Il NH, I NH,
. _ B B N/
Structure of the as and trans Pt Pt
isomers of PU(NH,),CI, Zgm\ /N
o NH, NH,
ciIS 1somel lrans isomer

cis=trans isomerism: scc geometrical isomerism.

clay minerals arc hydrated aluminosilicates formed by the weathering of feldspars
m igneous rocks. Kaolhnite is the main component of kaolm, which is used as a coat-
mg agent and filler. Kaolinite is also the main constituent of hall clay used to make

ceramc tableware, porcelam and wall tles.



close-packed structures

Kaolinite has a laver structure. Each laver consists of a sheet of silicate (Si();)
tetrahedra mterlocked with an aluminate sheet.

close-packed structures arc found in metal crystals. In a laver of close-packed
spheres each atom has six other spheres touching it. In three dimensions, lavers of
close-packed atoms stack up in two possible ways. In hexagonal close packing the
third layer is directly over the first laver (aba). In cubic close packing it is the fourth
layer that corresponds with the first laver (abea). In the two structures each atom
touches 12 nearest neighbors, so for both the coordination number is 19.

Hexagonal and cubic close
packing of metal atoms

The wnit cell of the cubic close-packed structure is a face-centered cube.

coal is a fossil fuel formed by the action of heat and pressure on the remains of plant
buried under sediments. Heating coal in the absence of air at 1000°C drives off coal
tar, ammonia and coal gas, leaving a residue of coke. Coke is required for a range of
industrial processes including iron extraction in blast furnaces. Coal tar was a major
source of organic chemicals until crude oil took over in the 1940s. Coal tar is a rich
source of arenes and was the main source of benzene when William Perkin was
proneering the production of synthetic dyes.

cobalt (Co) is a hard. silvery d-block metal that is less reactive than iron. It has the
electron conficnration [Ar]3d7 45>,

Cobalt is an ingredient of alloy vieels such as the ferromagnetic allov, Alnico, which
makes excellent permanent magnets.
In solution cobalt forms ions in the +2 and +3 oxidation states. Cobalt(n) 1s the more
stable state. Anhvdrous cobalt(n) chloride is blue but it turns pink on adding water
as the cobaltions are hvdrated to the [Co(H\_,O)ﬁ]"" 1on. This is used as a test 1o detect
water. The granules of the drving agent “self-indicating silica gel” are blue because
they contain anhydrous cobalt ions. When the gel's drving action is exhausted the
granules turn pink.
A dihite solution of cobalt chloride is pink because the cobalt(i) ions are hyvdrated.
A concentrated solution is blue. A dilute solution also turns blue on adding concen-
trated hydrochloric acid. The color change is due 1o a hgand exchange reaction as
chloride ions replace the water molecules. The reaction is reversible:

[Co(H,0) 7 + 4Cl (aq) == [CoCl, 17 + 61 1,O(aq)

s normally very difficult to oxidize aqueouns cobalt(i) to cobalt(111) but the reac-
tion goes readily if the cobalt(n) jons are complexed with ammonia molecules. The
Co(i) complex with ammonia is more stable than the Co(11) complex. The value for
the standard electrode potentiol shows that aqueous Co(1n) is a stronger oxidizing agent
than potassium manganate (Vi) in acid solution:



collision theory

[(“,()(H‘,O)ﬂ]""+ eo =— [Co(H0).]* ES = 1180V

When the two states are complexed with ammonia the standard electrode potential
shifts to a value that shows that the Co(11) state is much more stable. C obalt(1r) 1s now

a reducing state and can be oxidized to Co (1) by oxvgen or hydrogen peroxide.
©

[Co(NH,) J"+e == [Co(NH,) ]* E- = +0.10V

colligative properties are the properties of solutions that depend on the con-
centration of solute particles but not on the nature of the particles. Dissolving salt,
sugar or any other solute in water lowers its vapor pressure, raises its boiling point,
lowers its freezing point and increases its osmotic pressure. The extent of these changes
depends only on the mole fraction of solute particles and not on the nature of the
dissolved molecules or ions.

collision theory accounts for the effects of concentration, temperature and catalysts
on reaction rates. The idea is that a chemical reaction happens when the molecules or
tons of reactant collide, making some bonds break and allowing new bonds to form.

Lower concentration Higher concentration .
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Raising the concentration means that the reacting particles are closer together. There are
more collisions and reactions are faster.

Smaller surface area O Larger surface area
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In a heterogeneous reaction of a solid with either a liquid or gas the reaction is faster if the
olid is broken up into smaller pieces. Crushing the solid increases its surface area, collisions
can be more frequent and the rate of reaction is bigger.




[tis not enough for the molecules to collide. In soft collisions the molecules simply
bounce off cach other. Molecules are in rapid random motion and if every collision
led to reaction all reactions would be explosively fast. Only pairs of molecules that
collide with enough energy to stretch and break chemical bonds can lead to new
products. Reactant molecules have to overcome the activation energy.

Collision theory refers to the Maxwell-Boltzman distribution of energies of molecules
to explain the effects of temperature and catalysis on reaction rates.

colloids consist of fine particles (the disperse phase) of one substance finely dis-
persed in another (the continuous phase). The dispersed particles in liquids and
gases are large enough to scatter light but they do not settle out and thev show
Brownian motion. The diameter of colloid particles is typically around 10 to 1000 nm
(much larger than atomic diameters, which are around 0.2 nm).

Continuous phase Disperse phase Type Example

gas liquid liquid aerosol mist

gas solid solid aerosol smoke

liquid gas foam whipped cream

liquid liquid emulsion hand cream,
mavonnaise

liquid solid 50l paint, muddy

river water,

sewage
solid gas solid foam pumice
solid liquid gel or solid jelly, butter
emulsion
solid solid solid sol pearl,
pigmented
plastics

colored compounds in many instances get their color by absorbing some of the
radiation in the visible region of the electromagnetic spectrum with wavelengths
between 400 nm and 700 nm.

Itis the electrons in colored compounds that absorb radiation as they jump from
their normal state to a higher excited state. According to quantum theory there is a
fixed relationship between the size of the energv jump and the wavelength of the
radiation absorbed. In many compounds the jumps are so big that they absorb in the
ultraviolet part of the spectrum. These compounds are colorless.

Color in transition metal ions arises from electronic transitions between d-orbitals. In
a free atom all of the five d-orbitals have the same energy. When a transition metal
ion forms complex ions the dorbitals split into two groups with different energies.
The size of the split depends on the number and nature of the ligands in the
coniplex. ‘This helps to account for color changes.

It all the dorbitals are full there is no possibility of electronic transitions between
them. This explains why Zn*" and Cu” ions are colorless.



Five d-orbitals with ~ o
the same energy in ~
a free ion

The orbitals split into
Energy difference between d-orbitals in a two groups with different
transition metal complex ion energies in a complex ion

Color in organic compounds is often associated with delocalized electrons. The energy
Jumps between molecular orbitals absorb visible radiation in molecules with
extended systems of alternating double and single bonds (see conjugated system).

Skeletal formula of

B—carotene, the main

orange color in carrots, A S Ve Ve T 2 Y e P
used as a colorant in

foods, drugs and cosmetics

Some colors are caused by physical effects rather than electronic transitions,
Examples of such effects are:

e hght scattering — moonstones. blue skies

e interference —soap bubbles and oil filims on water

e diffraction - opal, liquid crystals

o refraction of some wavelengths more than others - “fire” in gemstones.
colorimetry is a method for measuring the concentration of compounds in solution
that can be used with chemicals that are themselves colored or which give a color
when mixed with a suitable reagent.
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Diagram of a colorimeter

The filter lets through light, which is strongly absorbed by the solution. The extent
of absorption depends on the path length of the light through the solution (which
i1s a constant for the sample chamber used) and on the concentration of the solution.,
The mstrument is calibrated by measuring the absorbance of a series of standard
solutions. It can then be used to measure the concentration of unknown samples.



combustion is the reaction of a fuel with oxygen to release energy. Carbon in the
fuel turns o carbon dioxide and hydrogen turns to steam (water). Any sulfur in the
fuel is oxidized to sulfur dioxide. Nitrogen in a fuel may end up as the element after
combustion or if the temperature is high enough, combined with oxvgen to form a
mixture of nitrogen oxides.

combustion analysis is a incthod for determining the empirical formulas of organic
compounds. A weighed sample of the compound is burnt in excess oxvgen mixed
with helium. This converts the carbon to carbon dioxide and the hvdrogen to water.
A catalyst ensures that combustion is complete. The inert helium carries the prod-
ucts of combustion and the excess oxvgen through a tube that contains chemicals to
remove any volatile halogen, sulfur or phosphorus compounds. Oxides of nitrogen
are converted to nitrogen gas and the excess oxygen combines with copper.

The water vapor is absorbed in magnesium chlorate (vir). Carbon dioxide is absorbed
i soda lime. In a modern instrument. measurements of the thermal conductivity of
the hehum before and after absorption make 1t possible to determine the masses of
water, carbon dioxide and nitrogen formed by burning the sample.

From the results it is possible to calculate the percentage composition of the compound.
Any mass of the sample not accounted for is assumed to be due to oxyvgen.

Worked example:
Complete combustion of 0.15 g of a liquid compound produced 0.22 g of carbon
dioxide and 0.09 g water. What is the empirical formula of the compound?

Notes on the method
The molar mass of carbon dioxide, CO, = 44 gmol' of which carbon s
12 g mol!

The molar mass of water, H,O = 18 g mol ' of which hydrogen is 2 g mol

Answer

. 12
The mass of carbon in the sample = 27 X 022¢g = 006¢

2
The mass of hydrogen in the sample = T8 X 009¢g = 00l g

The total mass of carbon and hydrogen = 0.07 g in a sample with mass 0.15 g
So the difference gives the mass of oxygen in the sample, which is 0.08 g
These are the amounts of the elements in the sample:

carbon:  006¢g = 12 gmol" = 0.005 mol

hydrogen: 0.01 ¢ = | gmol™" = 0.0 mol

oxygen: 0.08g = 16 gmol’ = 0.005 mol

The ratio C:H:O is 1:2:1

The empirical formula of the compound is CH,O.




complex-forming titration

common ion effect: the change in cquilibrium position observed on adding an
ionic compound that contains one of the ions involved in the equihibrium.

The common ion effect can change the extent of the ionization of weak acids and
weak bases. The effect influences the behavior of buffer solutions. In a typical buffer
solution a weak acid. such as ethanoic acid. is mixed with one of its salts, such as
sodium ethanoate. In this example the common ion is the ethanoate ion. Ethanoate
ions from the salt suppress the ionization of the acid as predicted by the equilibrivm
law. The added common ion from the sodium ethanoate shifts the cquilibrium to the
left and lowers the concentration of aqueous hvdrogen ions.

CH,CO,H(aq) + HO(l) == CH,CO, (aq) + H,O"(aq)

CH,CO, (aq) common ion
from sodium ethanoate

For a 0.25 mol dm~ solution of ethanoic acid the pH = 2.7 In the presence of
0.1 mol dm~ sodium ethanoate the concentration of H.,O"(aq) falls markedly and
the pH = 4.4,

This effect can also alter the solubility of sparingly soluble salts. making it possible to
control their precipitation.

complex-forming titration is a practical technique used 1o determine the con-
centration of metal ions. A titration measures the volume of a standard solution of a
complex-forming reagent needed 10 react exacty with a measured volume of the
unknown solution of metal ions. such as zinc jons.

Complex-forming titrations often use a standard solution of edia. which forms very
stable complex ions with metal 1ons. The procedure is the same as for any other titration.

To find the end point the analyst adds an indicator and a buffer solution, which forms
a colored but unstable complex with the metal ion in the flask. A suitable indicator is
Eriochrome black T, which is blue in solution at pH 10. At the start of the titration it
produces a wine-red complex. Edta from a burette forms a more stable complex with
zinc ions and so takes the metal ions from the indicator. At the end point all the zince
ions have been complexed by titraton with edta. The last drop of edta leaves no Zn*
1ons to form the red complex with the indicator so the indicator turns blue again.

Worked example:
An alkaline buffer and a few drops of Eriochrome black T indicator were added
to 25.0cm’ of a solution of zinc sulfate. In the titration 23.2 cm® of 0.010
mol dm™ edta were run in from a burette until the indicator changed from red
to blue. What was the concentration of the zinc ions?

Notes on the method
Always start by writing the equation for the reaction. See titration for a general
method for the calculations.

Remember to convert volumes in cm? to volumes in dm? by dividing by 1000.

In any titration there is one unknown — in this case the concentration of the zinc
Ions, ¢,




complex ions

Answer

The equation for the reaction Is:

Zn*(aq) + edta*(aq) —> [Zn(edta)]*(aq) 9
. ,

The volume of zinc sulfate solution in the flask, VA = 7000 dm

Let the concentration of zinc ions be ¢,

232
The volume of hydrochloric acid added from the burette, V, = T000 dm’

The concentration of hydrochloric acid, ¢, = 0.010 mol dm™

Rl
VB X ¢, n,
2000 X Gy |
B0 X 0010 n T
232 x0010
Therefore ¢, = 5T 0 = 0.0928 mol dm™’

The concentration of the zinc ions was 0.0928 mol dm™.

complex ions consist of a central metal 1on linked to a number of molecules or
ions with lone pairs of electrons. The surrounding molecules or ions are ligands, which
use their lone pair of electrons to form a coordinate bond with the metal 1on. The
number of ligands in a complex ion is typically two, four or six.

The overall charge of a complex ion is the sum of the charges on the metal 1on and
its ligands. (See also shapes of complex ions.)

composites are made by combining two or more materials to create a new material.
A composite combines the desirable properties of 1ts constituents and compensates
for their disadvantages. Steel-reinforced concrete is a composite material as is galva-
nized steel. Kitchen worktops are composites consisting of chipboard covered with
paper impregnated with a polymer such as a thermosetting melamine-methanal resin.

Many important composites consist of fibers of one material, such as glass, aramids,
or graphite, embedded in a polymer, metal or ceramic matrix. The combinations are
designed to give new materials with better properties, especially high stiffness per
unit weight, which is important in road and rail transport, aircraft, sporting goods
and many other applications.

Glass fibers in a polyester matrix (so-called fiberglass) are used to make boat hulls and
automobile bodies. Parts of aircraft and some sports gear are made from carbon
fibers In an epoxy matrix.

concentrations of solutions arc usually measured in moles per liter of solution
(mol dm~). There are small volume changes when chemicals dissolve in water so 1t
1s important to note that concentrations normally refer to liters of solution, not to
liters of the solvent.

amount of solute/mol

volume of solution/dm?

concentration/mol dm



conductiometric titrations

Writing the formula of a chemical in square brackets is the usual shorthand for
“concentrauon in mol dm=." (For example: [CaCl] = 0.1 mol dm™.)

When 1onic crystals dissolve the ions separate and become independent.
CaCl,(s) +aq —> Ca¥(aq) + 2CI(aq)
So if [CaCl,] = 0.1 mol dm=, then [Ca*] = 0.1 mol dm=* but [CI7] = 0.2 mol dm.

Other ways of measuring the concentrations are to use mole fractions or parts per
mallion. ppm.

Worked example:
What is the concentration of a solution of potassium manganate(vil) made by
dissolving 3.95 g of the solid in water and making the solution up to 500 cm®

Answer
The molar mass of potassium manganate(vil), (KMnO,) = 158.0 g mol"!
A fKMnO, in solution = 228 =

mount of KMnQO, in solution = 1580 g mol’ 0.025 mol

_ 50 . .
Volume of the solution = 1000 dm’ = 0.5 dm°

_ 0.025 mol §
Concentration of the solution = 05 dm? = 0.05 mol dm™®

condensation polymers arc produced by a series of condensation reactions
splitting off water between the functional groups of the monomers. Examples of
condensaton polymers are polyamides and polyesters. Where each monomer has two
function groups this type of polymerization produces chains.

Cross-linking is possible if one of the monomers has three functional groups.
condensation reaction: a rcaction in which molecules join together by splitting
off a small molecule such as water. The addition—elimination veactions of carbonyl com-
pounds are examples of condensation reactions. The formation of an ester from an
acid and an alcohol is also a condensation reaction.

O O
4 ; | 4
(III§—(I - H()—(L,H,) e CH“—(I + H,O
\ N ol 1 ‘ \ ‘ 9
OH O—CH,
acid alcohol ester water

Condensation reaction to form the ester ethyl ethanoate

conductiometric titrations usc a conductivity cell and meter to measure the con-
ductivity of the reaction mixture during a titration and hence to determine the end
pomt. The conductivity can change during a titration because there is a change in:

o the ability of the ions present 1o move through the solution and conduct

electricity












copper refining

i [Ni(NHs)ﬁ]Cl{_, containing the posiuvely charged complexion [Ni(NH,), ]
e Ni(CO), a neutral complex between nickel atoms and carbon monoxide
molecules.

coordination number: the number of nearest neighbors of an atom or ion in a
crystal structure or the number of ligands bonded to a metal ion in a complex ion.

copolymerization is used to modify the properties of polymers by producing
polymer chains from a mixture of monomers. ABS. for example, 1s a rigid, tough
plastic widely used for the casing of domestic equipment and for parts of auto-
mobiles. It is a copolymer of Acrylonitrile (CH,= CH — CN), Butadiene
(CH,= CH — CH = CH,) and Styrene (C;H,— CH = CH,).

copper (Cu) is a ductile metal with a familiar reddish color. It has the electron
configuration [Ar]3d'"4s'. This electron configuration is an exception to the normal
[Ar]3d*4s® pattern for the first series of d-block elements. Energetically it is more
favorable to have fill the d-subshell and leave only one electron in the 4s.

Copper is relatively unreactive. It corrodes very slowly in moist air and is not attacked
by dilute nonoxidizing acids. Copper is a good conductor of electricity; it is widely
used m electricity cables and for domestic water pipes.

Copper’s mechanical properties are enhanced by making alloys such as brass and
bronze.
Copper forms compounds in the +1 and +2 states. Under normal conditions

copper (i) 1s the stable state in aqueous solution. Copper(1) disproportionates in
aqueous solution.

2Cu”(aq) == Cu*(aq) + Cu(s)
The equilibrium lies well to the right. Copper(1) in the presence of water can exist
as very insoluble compounds such as Cu,O, Cul or CuCl. Iodide 1ons, for example,
reduce copper (i) to copper (1) ions, which immediately precipitate with more iodide
1ons as white copper(1) iodide.

2Cu*(aq) + 4I"(aq) —> 2Cul(s) + L,(s)
Copper(1) can exist in aqueous solution as stable complexes such as [Cu(NH,),]* or
[Cu(CN),]™.
Fehling’s solution and Benedict’s solution contain deep blue copper(i) complexes in
alkali. The reagents are used 1o detect reducing sugars and to distinguish aldehydes
from ketones. A reducing sugar or aldehyde reduces the reagent on heating to

copper (1) oxide. The blue color goes and a reddish-brown precipitate forms.
copper refining uscs clectrolysis to turn copper that is 99.5% pure into 99.99%
purc metal. High purity is important especially when copper is to be used as an
electrical conductor.

Impure copper is cast into anodes while the cathodes are thin sheets of pure copper.
The clectrolyte is a mixture of copper (i) sulfate and sulfuric acid.

Atthe anodes:  Cu(s) —> Cu* (aq) + 2¢

At the cathodes: Cu* (aq) + 2¢- —> Cu(s)

Valuable mmpurities such as gold and silver are recovered from the bottom of the
electrolysis cell because they do not dissolve in the clectrolyte.



corrosion of a metal

corrosion of a metal is a redox process in which oxygen, water and acids attack
metals. Most metals are extracted from oxides. Corroston turns them back mto
oxides.

The most familiar and economically serious example of corrosion is the rusting of
iron. Rusting 1s an clectrochemical reaction.

O,
O, g
\' Air
O, O,
Water Fe(OH), Fe,O,.nH,0O rust — 2

drop I
Fe2t 20H- Qe + H:,O = 1/‘_)O2
Fe j

Anodic Cathodic
region region

Iron or steel

An electrochemical cell on the surface of iron in contact with water and the air. Regions rich
in oxygen are cathodic. In these regions oxygen is reduced to hydroxide ions. Other parts of
the metal surface are anodic. In these regions iron is oxidized to iron(ll) ions. Iron(l) ions and
hydroxide ions diffuse together and form a precipitate of iron(il) hydroxide, which is then
oxidized to rust, hydrated iron(iil) oxide.

coulomb (symbol C) is the S/ unit of electric charge.

electric charge (C) = current (Cs™) X time (s)
A coulomb is the amount of electric charge flowing each second past a point in a

circuit when the current is one ampere (1A = 1 Cs™) .

covalent bonds form when atoms share electrons. The atoms are held together by
the attraction between the positive charges on their nucler and the negative charge
on the shared electrons.

\
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covalent bond between hydrogen i Proton in
atoms in H, nucleus









crystal structures of nonmetals

by heat and pressure to petroleum. Crude oil is now the main source of fuels and
organic compounds. The composition of crude oil varies from one oilfield to another.
Some crudes contain significant quantities of sulfur and nitrogen compounds as well
as traces of various metals. Fractional distillation of ol 1s the first step in refining 1o
produce fuels and fubricants as well as feedstocks for the petrochemical industry.
crystallinity of polymers arises when the long-chain molecules are regular
enough to lie more or less parallel to each other in some regions of the solid. The
rest of the solid where the chains are tangled together is amorphous.

The crystallinity of polymers with regular, unbranched chains is generally higher than
in polymers with branched or irregular molecules. Relatvely strong intermolecular
Jorces between chains also favor crystallinity. Highly crystalline polvmers are stronger
and less flexible than more amorphous polymers.

Crystalline region

Crystalline and amorphous

regions in a polymer Amorphous region

crystal structures of ionic compounds include the sodinvm chiloride, cesinm
chilonide, [luonite, wine blende, wrizite and rudile structures. In an jonic crystal the ions
behave like charged spheres in contact. The structures are only stable if each ion is
in contact with its nearest neighbors. The cesium ion is large enough to have eight
chloride ions around it as in the cesium chloride structure. Sodium ions are
smaller and only big enough to touch six neighboring chloride ions as in the sodium
chlorde structure.

Use of the Born—Haber eycle to determine experimental lattice cnergies makes it pos-
sible to decide whether the bonding in a crystal is purely 1onic, due o electrostatic
Jorces between ions.

crystal structures of metals: the mmportant metal structures are the two
close-packed structnres and the body-centered cubie strocture.

crystal structures of nonmetals: most solid nonmetals, such as r1odine, sulfur and
white phosphorus are molecular so the forces between the particles in the crystals are
weak van der Waals forces. The crvstals casily melt or wrn to vapor on gente heating.






dative covalent bond: sce coordinate bond.

d-block elements are the clements in the three horizontal rows of elements in
periods 4. 5 and 6 of the periodic table for which the last electron added to the atomic
structure goes mnto a d-orbital. In period 4. the dblock elements run from scandium
(15°25°2p°35°3p"3d'45) 10 zinc (19282323134 5%)

The changes in the properties across a series of d-block elements are much less
marked than the big changes across a p-block series. This is because from one element
to the next. as the proton number of the nucleus increases by one. the extra electron
goes nto the mner dsubshell. In period 4. the outer shell is always the 4s orbital,
which is filled before the 3d starts to fill.

3d 4s
Sc [Ar][T T
Ti [Ar][T [T Tl
VoIAIT T T Tl
Crarjf T tirpn] 0
Ma[APJTIT T DT O
Fe [AQTUT T 1T 1] |1l
Co [AJTUTUT T 1T 1L
Ni [(ATUTUTIT T 0l
Cu [AJITUTHTUTUTY T
Zo (A UTUTHTUTY (1)

Electron confisurations of d-block elements as free atoms. Note that orbitals fill singly before
/18 gly
the electrons start to pair up. Note that the configurations chromium and copper do not fit
the general pattern.

The chemisuy of an atom 1s to a large extent determined by its outer electrons
because they are the first to get mvolved i reactions. So the elements Sc to 7Zn in
pertod 4 are similar i MANY Ways.

All the dblock elements are metals with useful properues for engineerimg and con-
struction. Most have high melung pomts. A plot of physical properties agamst proton
number often has two peaks corresponding to the half-filling and then filling of the
d-shell. (See hgure.)

Some, but not all, of the d-block elements are classified as transition elements.

decantation involves gently pouring off most of a hquid or solution fronr a sohd
after centrifuging or simply allowing 1t to settle 1o the bottom of a container.

Filtering is often quicker if the solid is first allowed to settle and then most of the lig-
uid decanted through the filter paper before pouring m the bulk of the solid. As a
result most of the liquid passes through the filter paper before its pores are clogged

by solid parucles,






delocalized electrons are bonding electrons that are not fixed between two atoms
in a bond but are shared between three or more atoms. Electron delocalization
accounts for the shape, stability and properties of benzene rings, nitrateions and other
oxoanions, the acidity of carboxylic acids and phenols, and the color of some organic
compounds.

Electron delocalization takes places in molecules where the conventional structure
shows alternaung double and single bonds. Delocalization also affects ions where an
atom with a lone pair of electrons and a negative charge is separated by a single bond
from a double bond.

An extreme example of delocalization is metallic bonding where electrons are shared
between all the atoms n a crystal. Extended delocalization over the planes of carbon
atoms explains the electrical conductivity of graphite.

ethanoate ion nitrate ion
O

H— (.I-;\— O—N\ .
O O

Examples of delocalization in molecules and ions

denaturation of proteins happens when the three-dimensional shape of a protein
is disrupted by heating or by extremes of pH. The chemical activity of protein mole-
cules is linked to their shape. Changing the structure of proteins means that they lose
their normal activity. Enzymes, for example, cease to act as catalysts when denatured.

density is the mass per unit volume of a material.

Mmass

density = volume

The symbol for density is p and the SI unit is kg m™. In chemistry densities are
generﬁlly given in g cm™. The densities for most solids and liquids are in the range
0.5 to 10 g em™.

The density of water at 0°C is 1.00 g cm™ and in approximate laboratory work 1t is
common to assume that dilute aqueous solutions have the same density as water.
Solids and immiscible liquids float if they are less dense than water. The density of ice
at the same temperature is 0.917 g em™so ice floats on water.

At room temperature and pressure the densities of gases are about a thousand times
smaller than those of solids and liquids. Measurement of gas densities can be used to
calculate the molar masses of gases.



depression of freezing point

depression of freezing point: scc colligative properties.
desalination is a process for obtaining pure water from seawater or other sources
of water containing dissolved salts. Methods of desalination include distillation at tow
pressure, freezing, reverse osmosis, electrodialysis and won exchange.
desiccator: a container with a drying agent used to remove the moisture (or other
hquids) from chemical products that decompose if warmed in an oven. Chemicals
that can be oven dried may also be stored in a desiccator as they cool to stop them
picking up moisture from the air. A desiccator is a useful place to store chemaicals that
must be kept dry,
Vacuum desiccators are fitted with a tap so that air can be pumped out. The partial
vaciim speeds up evaporation and diffusion of the vapor to the drving agent,
detergents clcan things by removing dirt from surfaces. The chemicals that act as
detergents are surface-active agents or surfactants. Water is a polar solvent with a high
surface tension. This means that water alone it is not good at removing dirt and grease.
Detergents help to clean by:

o lowering the surface tension of water so that it spreads out and wets the

surface

e separating grease and particles from the surface

o suspending the dirtin water so that it can be rinsed away.
There are two main tvpes of detergent:

o soap detergents (usually just called soaps) made from animal fats or
vegetable ols

o soapless detergents (usually just called detergents), which are made using
chemicals from oil.

Washing powders or liquids for clothes are complex formulations that may include:
o detergents to increase wetting power, separate grease from fabrics and
Keep dirt in suspension
o sequestering agents such as sodium polyphosphate to soften hard water
o ¢enzymes to break down protein stains such as blood stains
o opucal brighteners to keep white fabrics looking bright and white
o oxvgen bleach such as sodium peroxoborate(in), which only acts above
60°C
o perfumeand color to make the product distinctive and attractive to customers.
Zeolites are replacing phosphates to aid the action of detergents in hard water. The
problem with phosphates is that they contribute to eutrophication of rivers and lakes.

deuterium is the 1solope of hvdrogen with proton number I but nucleon (mass)
number 2. The symbols used for deuterium are *H or D. About 0.015% of natural
hydrogen is the deuterium 1sotope. Deuterium oxide (heavy water) 1s DO,

The velative mass of D is twice that of H and this difference means that deuterium com-
pounds react more slowly than their normal hvdrogen equivalents. During electrolysis of
acidified water H, is formed at the cathode more readily than D, so the conci‘n[m-
ton of deuterium increases as (‘1(*(‘[1‘()1}'sis CONUNuUCES. Eventually itis possible to make
almost pure heavy water: this is nsed as a moderator in some nuclear power stations.



diazonium salts

diagonal relationship: the similarities between the first member of one group
m the periodic table with the second element in the next group, to the right, found
particularly with these three pairs of elements: Li-Mg, Be-Al, and B-Si.
The diagonal relationship is a consequence of the relatively small size of the ions of
the elements in the second short period. The polarizing power of the positive ion of
an clement determines 1o a large extent the type of bonding between the element
with nonmetals such as oxygen and chlorine and hence the chemical characteristics
of the compounds (see Fajan’s rules).
These are some of the similarities between bervllium and aluminum that are not
shared by the other group 2 elements:

e their bonding in compounds is mainly covalent

e their oxides and hyvdroxides are amphoteric

e thenr anhvdrous chlondes vaporize casily and form dimers in the vapor

phase (Be,Cl, and ALCI).

Decreasing : N S~
~ N

polarizing power: ~ S
~N
same charge,

\\
~N
larger size . \'

i

>
Increasing polarizing power:
Increasing charge, smaller size

Diagonal relationships related to polarizing power

dialysis is used to separate dissolved ions and small molecules from colloid particles.
Dialysis uses a selectively permeable membrane, which lets through the small 1ons and
molecules but traps larger colloid particles. Dialysis is used m medicine to treat the
blood of paticnts with kidney failure. Dialysis removes the waste products of metab-
olism from blood and helps to adjust the concentration of ions. Blood cells and
colloidal sized protein molecules cannot pass through the membrane. (See figure.)
diatomic molecule: strictly a molecule with two atoms such as N, or HCI but the
term is generally used for the molecules of elements with two identcal atoms.
Examples of diatomic elements are oxygen, O, nitrogen, N, and the halogens, F,,
Cl,, Br, and I,

diazonium salts: salts formed when aryl amines, such as phenylamine, react with
nitrous acid (Ilf\'()g) below about 10°C.

Diazonium salts are unstable so they are made as needed and kept cold. Above 10°C,
benzene diazonium chloride decomposes to phenol and nitrogen.
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The commercial importance of diazonium salts is based on their coupling reactions
to form azo dyes.

Diazonium satts are also useful intermediates that make it possible to form derivatives
of arenes.

sec

Formation of benzene diazonium chloride

N, CI

dienes are hydrocarbons with two double bonds. Buta-1,3-diene is a product of
steam cracking and is a useful intermediate for making other organic compounds.
Synthetic rubbers are copolymers of butadiene, or one of its derivatives, with other
unsaturated compounds such as styrene.

diffusion is a spreading out and mixing process in gases or solutions as molecules
or ions mingle with each other. Molecules diffuse from a region where they are more
concentrated to a region where their concentration is lower. Eventually diffusion
evens out differences in concentration. The smaller the molecules or ions, the faster
thev diffuse. Diffusion is a consequence of the rapid random motion of molecules in
gases and liquids. Diffusion through membranes is important in dialysis and osmosis.

dilution is the process of adding more solvent to a solution to lower the concen-
tration.

Quantitative ditution is an important procedure in analysis. The purpose is to make
a solution with known concenuation bv accurately diluting a standard solution.

Successive dilutions provide a series of solutions that can be used to calibrate
instruments such as colorimeters,

[he procedure is to take a measured volume of the more concentrated solution with

a pipette and run it into a graduated flask. The flask is then carefully filled to the
mark with purified water.






dipole-dipole interactions

dipole-dipole interactions arc intermoleciular forces involving polar molecules with per-
manent dipoles. The cohesive forces are stronger than dispersion forces and account for
the fact that compounds such as propanone are hquids at room temperature while
compiarable nonpolar hvdrocarbons are gases.

Attractions between molecules with permanent dipoles

diprotic acid: an ond such as sulfuric acid (H,SO,) that can give away two protons
(H").
disaccharides: scc carbohydrates.

disinfectants arc chemicals that destroy microoganisms. Chlorine and oxveen
bleaches are used as disinfectants. Unlike antiseptics, disinfectants cannot be used on
skin and other living tissues.

disperse phase: scc colloids.

dispersion forces arc the weakest itermolecular forces that affect all molecules but
particularly account for the attractions between nonpolar molecules such as the mol-
ccules of iodine, alkane molecules and between the atoms of noble gases.
Intermolecular attractions explain why nonpolar substances can be liquids or sohds.

When nonpolar atoms or molecules meet there are fleeting repulsions and attrac-
tions between the nuclei of the atoms and the surrounding clouds of electrons.
Temporary displacements of the electrons lead to temporary dipoles. Dispersion

forces are the attractions between induced dipoles that give rise to the tendency for
the molecules to cohere.

Molecules meet:
there are temporary
attractions and repulsions
between electrons and nuclei

Y

Two nonpolar molecules: Weak, short-lived
the centers of positive and attractions between
negative charge coincide temporary dipoles

Diagram to illustrate the origins and effect of temporary induced dipoles

The greater the number of clectrons, the greater the polarizability of the molecule
and the greater the possibility for temporary, nduced dipoles. This explains why the



dissociation

boiling points rise down group 7 (the halogens) and group § (the noble gases). For
the same reason the boiling points in alkanes increase with the increasing number
of carbon atoms in these hvdrocarbon molecules.

displacement reactions arc redox reacuons that can be used to compare the
relauve strengths of metals as reducing agents and nonmetals as oxidizing agents.
A more reactive metal displaces a less reactive metal from one of its salts. Zinc, for
example, displaces copper from a copper(il) sulfate. The zinc atoms reduce the
copper ions.

n(s) + Cu"(aq) —> Zn*(aq) + Cu(s)
In group 7. a more reactive halogen displaces a less reaction halogen. The order of
reactivity for the halogens is CI>Br>I. The more reactive halogen oxidizes the ions of
a less reacuve halogen.

Br,(aq) + 2I7(aq) —> 2Br(aq) + I,(s)
Standard electrode potentials make 1t possible to predict the direction of change in a

displacement reaction (see electrochemical series).

displayed formulas show all the atoms and bonds in a molecule (see also
structural formulas).

H H
H H H H \(‘ 4
H—C—C—C—OH H— ¢ C
| | | I
H H H— ~ .
H—C—H = G
| Ty A
e
H H n
2-methylpropan- 1 -ol cyclohexene

Examples of displayed formulas

disproportionation reaction: a rcaction m which the same element both
increases and decreases its oxidation number. Copper(1) ions disproportionate in
aqueous solution to a mixture of Cu™ (aq) ions and copper atoms. A series of dispro-
portionation reactions is used to make chlorine oxoanions. Hydrogen  peroxide
disproportionates when it decomposes.
dissociation: a reaction in which a compound splits into two or more smaller products
that can recombine to form the original compound if the conditons change.
Some compounds dissociate on heating. Examples are ammonium chloride and
dinitrogen tetroxide. These thermal dissociation reactions are reversible. On cooling, the
original compounds reform.

heat

NH,Cl(s) == NH,(g) + HCl(g)

cOOl



distillation

heat
N0 == 2NO,(g)
- OO

Acids dissociate into ions on solution in water. The extent to which they ionize dis-
tinguishes strong and weak acids and this is nmeasured by the acid dissociation constant.

distillation: a (cchinique for separating and purifying a liquid by heating to vapor-
ize the liquid and then cooling to condense it. Simple distillation is 11:9(‘(1 to purify
waler, to recover pure solvents and to separate liquid product from reaction mixtures.
Substances that do not evaporate are left behind in the disullanon flask.
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Apparatus for simple distillation

One of the easiest ways to determine the boiling point of a liquid is to distill a pure
sample of the liquid i an apparatus with a thermometer.

(Sec also fractional distillation, steam distillation and vacuum distillation.)

DNA (deoxyribonucleic acid) is a double helix made up of two polynucleotide chains.
Both chains have a sugar phosphate backbone. Every sugar unit has one of four bases
linked to it. The four bases are adenine (A)), cvtosine (C), guanine (G) and thvmine
(T). The links between the chains are formed by hydrogen bonding between pairs of

bases: A pairs with T and C pairs with G. (See figure.)
Ageneisaregion of DNA with a discrete function, found in the chromosomes of cells,

dolomite is a carbonate mineral with the composition MgCO,.CaCO,. It is a raw
matenal for the production of magnesium and 1ts salts.

d-orbitals arc the five atomic orbitals in a dsubshell. In a free atom or ion the five
drorbitals are at the same energy level. The five orbitals are not the same shape and
they sphit into two groups with different energies when a d-block element ion is sur-
rounded by molecules or tons in a complex ion. This helps to account for the color
of complex ions.

dot and cross diagrams show the wav 1 which the outer electrons of atoms are
shared or wansterred when covalent bonds and onic bonds form. Dots, crosses and

small circles help to keep count of the number of electrons contributed by each atom
to bonding.






drug: in medicine, asubstance used for the treatment, relief, diagnosis or prevention
ol discase. There are many classes of medical drugs, which include:
e drugs that act on the central nervous system such as hvpnotics, sedatives,
tranquihzers, antudepressants, narcotics, auesthetics and analgesics
o drugs that kill bacteria such as antibiotics and sulfonamides (see chemo-
therapy)
o antiviral drugs such as those used to suppress HIV
o cardiovascular drugs that help to lower blood pressure, stimulate the heart
or control the heart beat
o drugs such as cisplatin used in cancer treatment
o drugs used for the digestive system such as antacids, laxatives and drugs to
treat ulcers
o Jwormones such as tusulin, growth hormone and steroids.

People also take drugs for pleasure, sumulation and relaxation. Some recreational
drugs such as alcohol and nicotine are legal. Others such as marijuana, cocaine and
opiates are illegal. Drugs used to treat disease may also be exploited to enhance per-
formance in sport. Sensitive methods of chemical analysis are widely used to detect
traces of drugs i blood, breath and urine (see breathalyzer).

drug development is the rescarch and development program that leads to the
launch of a new drug. Ibuprofen, for example, is a drug that was developed to reduce
mflammation in the joints of people suffering from rheumatoid arthrits. Testing
showed that the drug was also an effective pain reliever and a rival to aspirin. The
research and development (R & D) program took 30 vears.

Before a new compound can become a marketable drug it has to show that:

o 1t:meets a definite need of patients and their doctors
e itis technically possible to make it on a large scale

o there s a big enough market to make it commercial
e 1Lis safe.

dry cells arc clectrochemical cells in which the electrolvte is made into a paste to stop
it leaking out. The commonest cell for evervday use is the zinc—carbon dry cell, which
produces an emfof 1.5 V. (See figure.)

At the negative terminal zinc atoms are oxidized into zinc ions:
n(s) —> 7n*(aq) + 2¢

At the positve terminal hydrogen is reduced from the +1 state but is then oxidized
by manganese (V1) oxide:

2NH,(aq) + 26 —> 2NH,(aq) + H,(g)
2MnO,(s) + H,(g) —> Mn,O,(s) + H,O(1)

Fhe voltage of the cell falls at high currents because hvdrogen forms faster than it
can be oxidized by the manganese (1v) oxide. This makes the cell unsuitable for
high-power uses, for which alkaline cells are preferred.
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dry ice is solid carbon dioxide. Above =79°C 1t sublimes to carbon dioxide gas (sce
sublimation). This makes 1t a useful coolant.

drying agents remove water from moist liquids and gases. Liquid products of
organic preparations are often dried with small amounts of anhydrous sodium sul-
fate or anhydrous magnesium sulfate before the final disullation step. Gases made
with laboratory reagents are often moist and can be dried by bubbling them through
concentrated sulfuric acid, or more safely by passing them though a U-tube contain-
ing silica gel. Anhvdrous calctum chlornide is frequently used in desiccators 1o absorb
water, alcohols or amines.

drying oils arc oils such as linseed o1l that polymerize and set when exposed to air.
As a drving oil linseed ol is used in the manufacture of paints and varnishes.
ductility is a property of materials, especially metals, that can be drawn out under
tension without breaking. Copperis a ductile metal that can be pulled through a die
(narrow hole) to make thi wire.

dyes arc colored materials used to dve fabrics and other materials such as paper,
hair, leather and food. A good dve is a fast dye, which means that it 1s not only col-
ored but can also autach itself strongly to a material so that 1t does not wash out nor
should 1t fade in the light.

Plants were the main source of natural dves unul William Perkin chanced on the first
svnthetic dye, mauveine, in 1856, Alizarin and mdigo are plant dyes that were the
basis of large-scale industries. The discovery of synthetic routes 1o these dyes m the
late nineteenth century was an carly wramph for organic chenstry.

Examples of synthetic dyes are azo dyes, vat dyes and fiber veactive dyes.






edta is the common abbreviation for a particular 1on that binds so firmly with metal
1ons that it holds them in solution and effectively makes them chemically inacuve. A
very little edta is added to salad dressing to trap traces of metal ions that otherwise
would catalvze the oxidation of oils. Another practical application is where edta is
included in bathroom cleaners to help remove scale by dissolving deposits of calcium
carbonate left by hard water. Thanks to this ability to act as a chelating agent, edta can
be used to treat lead poisoning.

In laboratories edta is the disodium salt of ethylene diaminetetraacetic acid (or as it
is now called 1.2-bis[bis(carboxymethyvl)aminoJethane). The 1on can fold itself
round metal ions so that four oxygen atoms and two nitrogen atoms can present lone
pairs to form coordinate bonds with the metal ion. Itis a hexadentate ligand.

(See also complex-forming titration.)
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Complex ion formed by edta with a metal O _(‘
ion. For simplicity the disodium salt is often O

represented as Na,Y. L ]

efflorescence is the loss of water 0[0)‘.5[(1//2'2,(111'072 from a hydrated salt keptin an open
container. Hvdrated crystals of sodium carbonate (sal soda, Na,CO,. 10H,0) turn
powder\' in an unsealed container as they gradually lose most of thelr water.

elastomers arc polymers that can be stretched to several times thenr normal length
and recover their original size and shape when released. They are elastic materials.
Natural rubber is an elastomer, as are synthetic rubbers such as the copolymer of
butadiene and styrene.

electric arc furnace: a furnace for making steel by recycling scrap iron and steel. The
heat of an arc from carbon electrodes melts the metal. Added lime combines with
impurities to form a slag. Other ingredients are added as necessary. The process can be
precisely controlled to give small batches of steel matched to a spectfied composition.



electrical conductors

electrical conductors arc solids, liquids or gases that conduct electricity because
thev contain charged particles that are free to move. They include:

o metals and graphite in which the charge carriers ave delocalized electrons

o clectrolyvtes in which the charge carrters are positive and negative ions.
electrical insulators are solids, iquids or gases that do not conduct electricity
because they contain no free-moving charged partcles. Increasing the applied volt-
age may turn an insulator mro a conductor if the voltage becomes high enough to
ionize the atoms or molecules.

electrochemical cells produce an electric potential difference from a redox reaction.
Some electrochemical cells are designed for practical use. Examples include dry cells,
alkaline manganese cells and rechargeable nickel—cadmium (NiCad) and lead-acid cells.
The reaction of zinc metal with aqueous copper(11) 1ons is a redox reaction that can
be described by two half-equations. Zinc is oxidized to zinc ions as copper(i) ions are
reduced to copper metal.

n(s) —> 7Zn*(aq) + 2e”

Cu¥(aq) + 20 —> Cu(s)
In an electrochemical cell the two half-reactions happen in separate half-cells. The

clectrons flow from one cell to the other through a wire connecting the electrodes.
The electric circuit is completed by a salt bridge connecting the two solutions.

The tendency for the current to flow is measured with a high-resistance voltmeter
that measures the cell's emfwhen no current is flowing. In the example shown elec-
trons tend to flow out of the zinc electrode (negative) round the circuit and into the
copper electrode (positive). The emf of the cell is 1.14 V under standard conditions
(298 K and concentrations of 1.0 mol dm ™).

There is a convenient shorthand for describing cells. The standard emf of the cell.

L, 1s written alongside the cell diagram. The agreed convention is that the sign
S .

of I/ is the charge on the right-hand electrode.

High-resistance voltmeter
s

i Salt bridge 2

Copper strip “_>T [e——— Zinc strip

S ( . (

Solution of — 5 ~<— Solution of
Cu'(aq) Zn*(aq)
(I moldm™?) L= ) i d ] (I moldm™)

Diagram of an electrochemical cell



electrochemical series
<

Zn(s)l Zn**(aq) # Cu*(aq)ICu(s) £ = +1.14V

If the cell emf'is positive the reaction tends to go according to the cell diagram read
from left to right. As a current flows in a circuit connecting the two electrodes. zine
atoms wurn mto zine ions and dissolve. as copper ions turn into copper atoms and
deposit on the copper electrode.

n(s) + Cu(aq) —> Zn (aq) + Cu(s)

k., values can be calculated for anv redox reaction with the help of a table of

standard electrode poteatials.
S s ~©

E° = F

] “ tright-hand electroded — * (efichand électrode)
electrochemical series: a series showing half-reactions for oxidation and reduc-
tion with the most powerful reducing ageat at the top of the list and the most powerful
oxidizing agent at the bottom of the list.

The order of the half-reactions is determined by their standard electrode poteatials. The
half-cell with the most negative electrode potental is at the top of the list. The most
negative electrode has the greatest tendency 1o give up electrons so it is powerfully
reducing.

The half-cell with the most positive electrode potential 1s at the bottom of the list.
The most positive electrode has the greatest tendency o gain electrons so it is the
most powerfully oxidizing.

Half-cell Half-reaction I /V
Na™(aq)l Na(s) Na'(aq) + €& == Na(s) 9, 74
Mg (aq)l Mg(s) Mg (aq) + 2¢7 == Muy(s) -2.87
/7 (aq)l Zn(s) " (aq) + 2¢0 == 7n(s) —0.76
2FF (aq)IH (g) 2H (aq) + 2¢7 === H,(g) 0.00 (by definition)
Cu (aq)1Cul(s) Cu’ (aq) + 2¢ == (Cu(s) +0.54
[1,(aq).2F (aq) JIPt I(aq) + 2¢7 == 2l (aq) +0.54
[Br,(aq).2Br~(aq) | IPt Br,(aq) + 2¢7 == 2Br (aq) +1.09
[(;]3(';1(]).‘_’(;1 (aq) 1Pt (Il_,(;lq) + Q7 == 2CI (aq) +1.51

The top part of the given electrochenncal series shows half-reactions for metal ions
and metals. Sodium is the most reactive of the metals when it reacts as a reducing
agent forming metal ions, and copper is the least reactive. This broadly corresponds
to the activaly series for metals and the order of reaction shown by metal/metal ion
displacement reactions.

The bottom part of the series shows half-reactions for halogens and halide ions.
Chlorine is the most reactive of these halogens when it acts as an oxidizing agent
forming chloride ions. lodine is the least reactive. This corresponds to the order of
reactivity of the halogens as shown by their displacement reactions.

The “counterclockwise rule™ is a quick and easy reminder of the direction of change
from the electrochemical series based on electrode potentials. First identify the two
half-cquatons. Write them down with the more negative standard electrode poten-
tial on the top. The more positive half-reaction tends to go from right 1o left

oxidizing the more negauve half-reaction from right to left.
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e = +0.54V
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positive ) Cl,(aq) + Ze = 2C1 (aq)
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The counterclockwise rule predicts that chlorine will oxidize iodide ions.

I
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I
I

E® = +1.53V

Electrode potentials predict the direction of change but say nothing about the rate
of change. A reaction that is feasible may not in fact happen because it is so slow.

electrode: scc anode and cathode.
electrode potential: sce standard clectrode potentiol.

electrolysis is a process that uses an electric current to decompose a molten 1onic
C()mp(mnd or a solution of 1ons into elements. lons can only conduct electricity when
thev are free to move, which is why electrolvtes are molten (‘()mp()uncls or solutions.

Large-scale manufacturing processes that use electrolysis include aluminauom manufaoc-
twre and the dectrolysis of brine. Electroploting. copper refining and anodizmg are also
clectrolytic processes.

During the electrolysis of molten salts, such as molten lead bromide:

e metal deposits appear at the cathode, e.g. Ph*" + 2¢- — Pb
e nonmetals appear at the anode, e.g. 2B~ = Br, + 2¢™.

During the electrolvsis of a solution of a salt i water the change at the cathode
depends on the tvpe of metal ton in the salt. If the metal is:

e low in the electrochemical series, it forms at the cathode, e.g.:
Cu¥(aq) + 2¢~ - Cu(s)
o Iugh in the electrochemical series. the product at the cathode is hvdrogen.
from hyvdrogen ions produced by the 1onization of water:
O11-/. [y} .
27 (aq) + 2¢” — H,(g).
During the electrolysis of a salt solution in water the change at the anode may depend
on the type of electrode. 1t the anode 1s made of carbon or platinum the products
are:
e halogen molecules if the 1ons in the solution are chloride, bromide or
odide ons, ¢.g.:
2C1 (aq) = (‘.I\_,(g) + Qe
e otherwise oxvgen from the water:

10H" (aq) = O,(g) + 2H,O(1) + ¢~

Fhe concentadion of the solution can affect the product at the anode. Chlorine
forms at the anode during electrolysis of a concentrated solution of sodium chloride
but as the solution gets more dilute increasing amounts of oxveen form.

If the anode s a metal such as copper or silver, the atoms in the electrode turn into
ons, e.g. Cu(s) = Cu(aq) + 2¢.









electron configuration

There is a specurum of tvpes ol clectromagnetic radiation that differ only by their
wavelength, «, and frequency. v. In space all radiation travels at the same speed. that of
hght. ¢ = 2,99 x 10> m s7".

) ¢ 299 x 10" m s™!
L = v V
radio frequency ‘ microwave nfrared ‘ :5 ultraviolet l X-rays ’ y-rays
R . G 6 7 o T ; 2 5 >
Frequency wHz 107 10° 107 10° 107 10" 10" 10'2 100" “ N0 S0
Wavelength A/m 10° 1 10 10° 10

The electromagnetic spectrum

When electromagnetic radiation interacts with matter it behaves as if made up of
packets of energy. These energy quanta are also called photons. The higher the fre-
quency of the radiaton, the higher the energy of the quanta. given by E = hv. The
higher-energy photons of ultraviolet radiation and X-ravs can have a much greater
chemical effect than lower-energy photons of infrared and radio waves.

electron affinity: the cnthalpy change when gascous atoms of an element gain
clectrons to become negative ions. Electron affinities are precisely defined and onlv
used - thermochemical cycles such as the Born—Haber eycle. Chemical reactions in
taboratories do not normally involve frec gascous atoms and ions.
The first elecoron affinity of an element is the enthalpy change when one mole of
gasceous atoms gains clectrons to form one mole of gaseous ions. These two equations
define the first and second clectron affinities for oxveen:
S ©
O(g) + ¢ (g) —> O (g) AH = =111 k] mol™!
; - © . 3
O~ (g) +e (g) —> O (g) AH = + 798 k] mol™!

The gam of the first electron is exotherniic but adding the second electron to a neg-
auvely charged particle is an endothermic process. Overall adding two electrons o a

gascous oxvgen atom is endothermic.

electron configuration: the number and arrangement of electrons in an atom of
an clement. Electrons filh energy levels according o the anfbaw principle.

The clectron configuration helps to make sense of the chemistry of an element. The
clectrons in the outer shell largely determine the chemical properties of an element.
Elements in the same group ol the periodic table have similar properties because they
have the same outer electron configuration. There are wends in properties down a
group because of the shielding effect of the increasing number of inner full shells.
There are several common conventions for writing electron configurations.

A shortened form of clectron configuration uses the symbol of the previons noble
gas 1o stand for the mner full shells. According 1o this conventon the electron
configuration of sodium is [Ne]3s',



electron density maps
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Representations of the electron configuration of sodium, Is*2s"2p°3s

electron density maps show the whereabouts of electrons in ervstals. The limes in
the maps connect points with equal electron densities. Each map shows the pattern
of clectron density for a two-dimensional shice through the crvstal. The maps are an
interpretation of the information from X-ray diffraction studies. This 1s possible
because itis the electrons in a crystal that scatter X-ravs (see X-ray erystallography).
Electron density maps for an ionic crystal provide evidence for electron transfer from
the metal to the nonmetal. The 1ons show up as distinct particles. Electron density
maps for molecules show electrons shared between atoms v covalent bonds.
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Electron density maps for an ionic crystal and for a molecule

electron-pair repulsion theory: scc shapes of molecules.

electron transfer takes place during redox reactions. An atom. molecule or ion loses
clectrons when oxidized (oxidation is loss). The electrons are transferred to the
atom. molecule or 1on being reduced (reduction is gam). Hence the memory aide:
OIL RIG. Oxidation numbers and half-equations for redox reactions help to keep track
of electron transter reactions.

electronegativity mcasures the pull of an atom of an element on the electrons in
a chemical bond. The stronger the pulling power of an atom, the higher its clec-
tronegativity. There are two quantitative scales of electronegativity: one devised by
Linus Panling and the other by Robert Mulliken. However, the term electronegativity
is generally used 1o compare one element with another qualitatively so it is cnough
to know the trends in values across and down the periodic table. |



electrophilic addition

Electronegativity
INcreases X

Trends in electronegativity for s- and p-block elements

The highly elecuonegative elements. such as fluorine and oxvgen, are at the top
right of the periodic table. The least electronegative elements. such as cesium, are at
the bottom left.

The bigger the difference in the electronegativity of the elements forming a hond.
the more polar the bond. Oxygen is more electronegative than hvdrogen so an
O —H bond is polar with a slight negative charge on the oxveen atoms and a shght
posiuve charge on the hyvdrogen atom,

. O+ 25—
O+ o N0+ & H—O
H—CI CcC=0 I
H

H/ O+

Examples of polar bonds between atoms with different electronegativities

The bonding m a compound becomes ionic if the difference in electronegativity is
targe enough for the more elecronegative element to remove completely clec-
trons from the other clement. This happens in compounds such as sodium
chloride. magnesium oxide or caletum fluoride.

electrophiles arc reactive ions and motecules that attack parts of molecules that are
rich m clectrons. They are “clectron-loving™ reagents. Electrophiles form a new bond
by accepting a pair of electrons from the molecule attacked during a reaction.
Examples of electrophiles are the H™ and the NO, ions. Other electrophiles are the
atoms at the 6" end of a polar covalent bond. Sce electrophilic addition and electophilic
substitution.

electrophilic addition takes place when alkenes undergo addition reactions. The
clectrophile attacks the electron-rich region of the double bond between two carbon
atoms. Electrophiles that add to alkenes include hvdrogen bromide, bromine and
water (i the presence of an acid catalyst).

Hydrogen bromide molecules are polar. The hyvdrogen atom, with its 8 charge. is the
clectroplilic end of the molecule.

Bromine molecules are not polar but they become polarized as they approach the elec-
tron-rich double bond. Electrons i the double bond repel electrons i the bromine
molecule. The 8 end of the molecule is elecrophilic.






elimination reaction

Other examples of clectrophilic substitution are the nitration of benzene, the sulfonation
of benzene and the Friedel-Crafls reaction.

electrophoresis is a tcchnique for separating and identifving organic compounds.
It can be used to separate compounds such as amino acids that become clectrically
charged when dissolved in water at a particular pH. Electrophoresis is used in hos-
pitals to diagnose disease. It is important in genetic profiling to separate out the
bands that form the “fingerprint.” It is also used in research to study the structures
of proteins and wwcleic acids.

Electrophoresis takes place on strips of a gel soaked in a buffer solution to keep the
pH constant. Small spots of several samples can be put on cach gel. The charged mol-
ccules move when an electric voltage is connected between the ends of the gel and
they separate into bands according to their size and charge. Most samples are color-
less so.once the separation is complete. the gel is dipped into a stain to show up the
bands.

electroplating uscs clectrolysis to coat one metal with another. The process is often
used to coat metals with thin lavers of copper. nickel, chromium. silver and zine. The
object to be plated forms the cathode in an electrolysis cell containing a solution of
tons of the metal to be plated. Good results depend on careful control of the condi-
tons including the composition and concentration of the electrolvie, the
temperature and the size of the current.

electrostatic forces wc the forces between charged particles. Unlike charges
autract cach other. Positive 1ons. for example, attract negative ions in ionic com-
pounds. Like charges repel cach other. Positive ions in an electrolyte are repelled by
the positive anode while being attracted o the negative cathode.

The size of the electrostatic force between two charges varies according 1o Coulomb'’s
law. The bigger the charges. the stronger the force — the force is proportional 1o the
size of the charges. (. "The greater the distance, o, between the two charges, the
smaller the force — the force is inversely proportional to the distance squared.

clectrostauc force o« -~ s 2
PE

electrovalent bonding: scc /onic bonding.

elements arc chemically the simplest substances. All the atoms of an element have
the same number of protons i the nucleus. The proton number (atomic number)
identifies an element and fixes its position in the penodic table. When an atom turns
into an ion by gamming or losing clectrons it becomes a charged atom of the same cle-
ment. The sotopes of an element have different numbers of neutrons in the nucleus
but they have the same chemical properties because they have the same number of
protons and therefore the same electron coufignration.

elevation of boiling point: scc colligative properties.

elimination reaction: u rcaction that sphts off a simple compound front a molecule
o form a double bond.

Elimimaton of a hydrogen halide from a halogenoalkane produces an alkene. The elimi-
nation 1s favored if the halogen atom 1s m the middle of the carbon chain or at a
branch i the cham. Favorable condinons mvolve heating the halogenoalkane with



Ellingham diagrams

a solution of potassimn hydroxide in ethanol. (Using ethanol as the solvent istead

of water makes the alternative hvdrolvsis reaction less likely.)

B Br
oV
HO <P)l, . H,O . .
BN | \
H—C-=C—C—H L —> (ZZ(I—(IZ—H
I i’ |
H FI I H H

Elmination of hydrogen bromide from 2-bromopropane

Another example of an eliminaton reaction is the removal of water from an alcohol 10
form an alkene. This is a useful reaction in synthesis for introducing double bonds mto
molecules. The conditions for reaction are either to pass the vapor of the alcohol over
a hot solid catalyst such as alumimum oxide. Alternatively the alcohot is dehvdrated by
heating with concentrated sulfuric acid,

H OH H . H

l | I H.SO, . heat \ |
H—C—C—C—H S > C=C—C—1I1

I L0 1’ I

H H H H H

Formation of an alkene from an alcohol

Ellingham diagrams cxplain the conditions for metal extraction from oxide ores.

The diagrams are graphs showing how the free enerey changes of formau AGT) of
agrams are graphs showing how the free energy changes of formaton (AG) o

oxides vary with temperature.

T 7 5 & S

[he more negatve the value of AG™. the greater the tendency for the element to

combme with oxvegen. So the lower the lne in the diagram, the more stable the

oxide. Up to 1300°C zinc has a stronger tendency to combine with oxvgen than does

carbon. Above this temperature carbon has the stronger affinity for oxvgen and can

reduce zine oxide to zine in a blast furnace.

Carbon cannot reduce aluminum oxide o aluminum in the temperature range

shown on the graph. Industry uses electrolvsis for aluminum extraction,

emf (clectromotive force) measures the “voltage™ of an electrochemical cell. The sym-

bol for emfis £ and the SEunit is the volt (V). The emf is the energy transferred in

Joules per coulomb of charge flowing through a circuit connected to a cell. The defin-

on of the voltas a “joule per coulomb™ makes it possible to calculate Ih(‘g}n’ energy

change, AG  for reactions from the values of the emtf (or electrochemical cells, E
AGT = - :l'7:?u

cell”

where i the number of electrons transterred according to the equation for the
reacuon and Fis the Faraday constant.

empirical formula: the formula of a compound found by calculation from the
combiming masses of clements. The empirical formula shows the simplest ratio of the






emulsions consist of droplets of one liquid finely dispersed in another hquid.
Emulsions are colloieds. Milk is an emulsion of fat droplets in water. Salad cream is an
cmulsion of vegetable oil m vinegar.

An emulsion is often “thicker™ (more viscous) than cither hiquud on its own. Many
cosmetic and medical creams are emulsions. Foundation creams and brushless
shaving creams are oil-in-water emulsions. Cold creams and cleansing creams are
water-in-oil ennilsions,

Just shaking two hquids together generally produces droplets that quickly separate
back into two lavers on standing. It is usually necessary 1o add an emulsifyving agent
to stabitize an emulsion. Salad dressing is an emulsion stabilized using mustard as the
cnnulsifving agent. Mavonnaise is stabilized with egg volk. Many creamy foods are
cmulsions and the Tists of their ingredients include emulsifving agents such as
lecithin and alginates.

Emulsifying agents are surfactands.

enantiomers: scc chual compounds.

enantiotropy: the existence of two allotropes of an clement cach of which can be
stable over a range of conditions. Under atmospheric pressure, rthombic sulfur is the
stable form of the element at room temperature and up to 95.5°C. Above this tem-
perature the stable form is monochnic sulfur. At the trausition temperatuee the two
allotropes are i equilibrium. Both forms consist of S, molecules.

Tin is another element that shows enantiotropy. The normal, malleable form of
metallic tn s stable down to 13.2°C. Below this temperature the brittle, grav form is
stable, giving rise to “tin plague™ in samples stored for a time at low temperature. The
change from the metallic crystal structure to diamond-like structure of the gray form
15 slow.

endothermic changes ke in energy from their surroundings. Melting and
evaporation are endothermic changes of state.

For an cudothermic reaction the enthalpy change, AH, is positive. During an
cndothermic reaction more energy is taken up in breaking bonds in the reactants
than s given out as new bonds form in the products.
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energy transfers

A Products

+AH = energy gained from the
surroundings at constant
pressure

Energy

Reactants

Energy level diagram for an endothermic reaction

The fact that there are spontancons endothermic reactions shows that it is not safe to
predict that a reaction will not happen just because the enthalpy change, AH, is posi-
uve. Even il AH is positive. the free energy change (AG) can be negative if the entropy
change (AS_ ) is large enough and positive.

end point: the point during a tiration when a color change shows that enough of the
solution in the burette has been added to react exactly with the amount of chemical
in the flask. Ideally the end point corresponds with the equivalence point. In acid=base
Ltrations 1t 1s common to use a colored acid-base indicator 1o detect the end point.

In some redox titrations the end pointis shown by a permanent change in the color of
the solution in the flask once a drop of excess reagent has been added. In potassinvm
manganale(V1) utrations the solution in the flask becomes permanently pink with only
a small excess of the purple-colored solution of manganate (V1) 1ons.

energy conservation is a conscquence of the first law of thermodynamics. In the
sciences. energy conservation helps to keep account of energy transfers because the
total quanuty of energy before and after any change is the same.

Pubhic campaigns to “save energy” have a different meaning. They refer to the nmpor-
tance of conserving fuels and other useful sources of energy. Energy is conserved in
the scientific sense when fuels burn but the energy is spread around at a relatively
low temperature - the environment so it can no longer be used for heating and to
drive engines.

energy density is the amount of energy available from a kilogram of fuel. This is
espectally important for fuels used for vansport. The energy density of hexane (a
hvdrocarbon in gasoline) is 48 400 K] kg ', Ethanol. an alternauve fuel used on its
own, or in gasohol. only has an energy density of 29 700 k| kg™

energy (enthalpy) level diagrams arc a convenient way of displaving and com-
paring energy changes. The diagrams show the difference i energy between one
state and another. Chemists use these diagrams 1o show the energy levels in atoms, and
to summarize exothermic and endothermic processes.

energy levels in atoms arc the energies of the electrons i the available atomie
orbitals. According to quantum theory cach electron m an atom has a definite energy.
When atoms gain or lose energy the clectrons jump from once energy level to
another.

energy transfers {rom onc system to another system, or between a system and its
surroundings. happen in chemistry by heating, by the emission and absorptuon of
radiation (such as hight) or by the flow of electric charges.



enthalpy change

enthalpy change is the exchange of energy between a reaction mixtuure (system)
and its surroundings when the reaction takes place at constant presswre. The enthalpy
change is calculated when the starting temperature of the reactants and final tem-
peraturce of the products are the same. The symbol for an enthalpy change is Affand
the units are kJ mol ™.
The sign of Al is decided by noting what happens to the reaction mixture.
o Il the reaction is exothermic the system loses energy to 1ts surroundings and
AlT1s negative
o Il the reaction is endothermic the system gains energy from its surroundings
and Al11s positive.
Standard enthalpy changes for reactions are calculated for carefully specified condi-
tions and for precise amounts of chemicals (in moles). The standard conditons for
cnthalpy changes are 298 K and I bar (= 100 kPa). The symbol for a standard
5 ©
enthalpy change 1s A/, .
Books of data list standard enthalpy changes but it is often impossible to measure
them directly under the stated conditions. Many values are determined indirectly
using [less’s law. Values measured under nonstandard conditions are corrected to
give the value under standard conditions.

Enthalpy changes for changes of state (melting, vaporizing or sublimation) are usually
measured at the melung or boiling point.
enthalpy change of atomization is the enthalpy change to produce one mole of

gascous atoms from an element. The element at the start has o be in its standard state
(normal, stable state) at 298 Kand 1 bar pressure.

S
AH
element in its standard state —— gaseous atoms
| mol

Enthalpy of atomization

AH this way. ..

—

AH, = sum of bond

enthalpies to break all
Gaseous the bonds in a mole N Gaseous
compound of molecules of the atoms
compound

...I1S the same as
the total AF/
this way

A, =sum of AH® values
for the elements to give
the required amounts of
gaseous atoms

AH, = Allet-[compound (2)]

Elements

Thermochemical cycle to determine average bond enthalpies in methane, AH, = — AH, + AH,



enthalpy change of formation

Values for the standard enthalpy of atomization of elements are used in the Born—Haber
ovcle to determme lattice energies. They are also used o caleulate bond enthalpies.

Like all thermochemical quantities, the precise definition is important. The standard
enthalpy change of atomization of an element, AII?S,,\. is the enthalpy change when
one mole of gaseous atoms forms from the clement in its standard state under
standard conditions.

enthalpy change of combustion is the enthalpy change when one mole of a com-
pound burns completely in oxvgen. The compound and the products of burning
must be i their normal stable states. For a carbon compound complete combustion
mecans that all the carbon burns 1o carbon dioxide and that there is no soot or car-
bon monoxide. When burning a compound containing hvdrogen the water formed
must end up as a liquid, not gas.

Values of enthalpies of combustion are much easier to measure than many other
enthalpy changes. They can be calculated from measurements taken with a bomb
calorimeter. The importance of these values is that, with the help of Hess's law. they can
be used to calculate enthalpy changes of formation.

[ike all thermochemical quantitics, the precise definiton of standard enthalpy of
combustion is important.

s . . S © o
['he standard enthalpy change of combustion of a substance, AH . is the enthalpy

)

change when one mole of the substance completely burns in oxygen under standard
conditons with the reactants and products i thenr standard states.

enthalpy change of formation is the enthalpy change when one mole of a com-
pound forms from the elements i their normal stable states. The more stable state
of an elementis chosen where there are allotropes. For carbon, perhaps surprisingly,
graphite turns out to be more stable thermochemically than diamond.

AH this way. ..

-

AH, = Allef[compound]

Elements » Compound

+ oxygen “\\ T OoXygen

...1s the same as
AH this way

AH, = sum of AH® [elements] \ A, = sum of AIH® [compound]

!

X

Combustion
products

Outline of a thermochemical cycle for calculating standard enthalpies of formation from
standard enthalpies of combustion, AH, = AH,— AH,






enthalpy change of reaction

Na'(g) +aq —> Na'(aq) AH'

hvdianon

= — 390 k] mol™!

In this equation "+ aq™ is short for adding water.

enthalpy change of melting (fusion) is the enthalpy change when one mole of a
solid turns 1o a hiquid at its melting point.

Physicists generally use “specific latent heat” values when studving the energy
changes when solids melt. Specific latent heats of melting are measured in joules per
kilogram rather than joules per mole.

enthalpy change of neutralization is the enthalpy change of reaction when an acid
and an alkali neutralize each other.

HCl(aq) + NaOH(aq) — NaCl(aq) + H,O(l) AH =-57.1 k] mol™!

neutralizauon
The enthalpy of neutralization for dilute solutions of strong acid with strong base
1s alwavs close 10 57.1 K] mol™". The reason is that these acids and alkalis are fully
1onized., so 1n cvery instance the reaction is the same:
H (aq) + OH (aq) —= H, O(]) AH =~ 57.1 k] mol™

The enthalpy changes of neutralization for reactions involving weak acids and weak
bases differ from this value because there are other energy changes, such as the
cnergy needed 1o remove a proton from a weak acid.

Enthalpies of neutralization can be measured approximately by mixing solutions of
acids and alkalis in a calonmeter.

enthalpy change of reaction is the enthalpy change when the amounts shown in
the chemical equation react. The standard enthalpy change for reaction is defined
at 298 K. 1 atmosphere pressure and with the reactants and products in their nor-
mal. stable states under these conditions. The concentraton of any solution is
I mol dm™

The enthalpy change for a reaction can easily be calculated from tabulated values for
standard enthalpy changes of formation using Hess's law.

AH this way...

>

Reactants —————- — Products

15 the same as
AH this way

AH. = sum of AH®[products]

Elements

Outline of a thermochemical cycle for calculating standard enthalpies of reaction from stan-

dard enthalpies of formation



enthalpy change of solution

According to Hess's Taw:
AII = —-AH |+ AH,

[RSTI]

So AII = {sum of All?[products]} — {sum ofAlIef[reactants]}

reaction

Worked example:
Calculate the enthalpy change for the reduction of iron(i) oxide by carbon

monoxide.
A [Fe,0,] = =824 K mol-
AHT[CO] = =110k mol-

AITT[CO,) = =393 K mol

Notes on the method
Write the balanced equation for the reaction.

All the enthalpy changes are given except AH® for the reaction.
Note that by definition All?[element] = 0 k] mol

Pay careful attention to the signs. Put the value and sign for a quantity in brackets
when multiplying, adding or subtracting enthalpy values.

Answer

(%) +3C0O(g) —> 2Fe(s) +3CO,(g)
So AH = {sum of AH® [products]} — {sum ofAH?[reactants]}
AHT = 2X A [Fe] + 3 x AITF[CO,)} -~ {AH [Fe,0,] + 3 x AH [CO))

= {0+ 3% (- 393kfmol™)} = {(-= 824 kf mol"') + 3 x (=1 10k mol)}
= (= 179K mol™) = (=1154 k] mol”") = = 25k mol

enthalpy change of solution is the enthalpy change when one mole of a substance

dissolves in a stated amount of water under standard conditions.
=

NaCl(s) + ag —> Na'(aq) + Cl (aq) = — 407 k] mol™

solution

In this cquaton "+ aq is short for adding water.

The enthalpy change of solution is the difference between the energy needed 1o sep-
arate the ons from the crvstal lattice (= lattice energy) and the energy given out as the
ons are hvdrated (sum of the hydration enthalpies).
E=g S < =S
A —

= 1}
solution hvdiation catnon hvdration amon lattice

Note that the enthalpy change of solution is a small difference between two large
cnthalpy changes. Also note that the lattice cnergy and the hyvdraton enthalpies tend
to be atfected in the same wav by changes in the sizes of the ions and their charges.
The smatler the 1ons and the targer the charges, the greater the lattice energy but
also the greater the hvdraton cnthalpies. This means that it is not casy to make use
ot enthalpy cveles 1o account for trends in solubilities of ionic compounds down
group I or group 2 in the periodic wable.

Also note that an onic salt may well dissolve i water even if AH s \ll(’hll\ POsi-

olution

tve. Dissolving makes a significant difference in the numbers ofmnx that particles and



=5 .
energy can be arranged. The entropy change of the svstem, AS waens May be positive and
large enough to outweigh a negative entropy change in the surroundings.

Nf(9+<TIQ
A

| AH®, [Na']+ AH® [Cl]
~AH®, .= +788 K mol = +784 kl mol

- v Na'(ag) + Cl(aq)
Na'CF(s) | tag 4 AH® = +4i mol’

Energy level diagram for sodium chloride dissolving in water. Note that the enthalpy change
for going from the crystal to the gaseous ions is —(lattice energy).

enthalpy change of vaporization is the enthalpy change when one mole of a hqg-
uid turns to a vaporatits boiling point. Evaporation separates the particles in a hquid
so values for spectfic enthalpy of vaporization give a measure of the strength of the
bonding between partcles in liquids. Substances with strong 1onic or metathic bond-
ing have much higher boiling points and enthalpies of vaporization than substances
consisting of molecules with weak intermolecular forees.

Physicists generally use specific Tatent heat values m studving the energy changes
when liquids evaporate. Specific latent heats of vaporization are measured in joules
per Kilogram rather than joules per mole.

entity: a tcrm that can refer to any distincet particle such as an atom, molecule, 1on,
clectron or free radical. The term is used in precise definitions such as the defimton
of amount of substance in moles. Tt is important to be precise when specifying a par-
ticular entw. These, for example, are four distinct chemical entities: a hvdrogen
atom. H: a hydrogen molecule, H:a hydrogen ion, H'; and a hydride 1on, H.
entropy (S) is a thermochemical quanuty that makes it possible to predict the
direction of changes. Change happens in the direction that leads o a total increase
in cntropy. When considering chemical reactions it is convenient to calculate the
(otal entropy change in two parts: the entropy change of the system and the entropy
change of the surroundings.

AS = AS +AS

total system susroundings

The entropy of a svstem measures the number of ways, W, of arranging the mole-
cules and sharing out the energy between the molecules. Nothing seems to be
happening to a closed flask of gas kept at a constant temperature. The kinetie
theory of gases tells us, however, that the molecules are in rapid moton, colhding
with cach other and with the walls of the contamer. The gas stays the same while
constanth rearranging its molecules and redistributing energy. The "number of
wavs,” Wois large for a gas. Gases generally have higher entropies than hquids,
which have higher entropies than sohids. (The relationship between S and Wwas
derived by Boltzman = sce thermochemstry.)



environmental chemistry

The entropy change of the surroundings during a chemical reaction is determined
by the size of the euthalpy change. A1, and the temperature, 7. The relanonship is:
Al

AS\..»,....,.A s o _T—
The minus sign is included because the entropy change mcreases as the amount ol
energy transferred to the surroundings mcreases. For an exothermice reaction, which
translers energy to the surroundings, Af1is negative, so =Affis positive.
For many exothermic reactions at about room temperature the value of — Al1/Ths much
larger than AS,_ . which means that AS,is positive. This explains why exothermic
reactions generally tend to proceed (see feasibidity), but there are exceptions.,
Chenists often find it more convenient to work with free energy chauges. which can be
regarded as “the total entropy changes in disguise.”
environmental chemistry is the study of chemical changes in the environment.
Chemists use a range of analvuical methods to esumate the amounts of elements n
the environment. They apply the theory of reaction kinetics, the equilibrium low, and
thermochemystry to explain the changes they observe.
Environmental chemists use models to summarize their findings and to make pre-
dictions. The models show how the vanous elements cvele through the environment
(see carbon cycle and witrogen cyele). The models show the main reservoirs for an
clement and the size of the flows of an element from one reservoir to another.
Knowledge of the scale of natural changes shows whether or not human ACuVILY 18
hkely to disturb nataral changes locally, regionally or globally. So environmental
chemistry helps scientists to assess the seriousness of various tvpes of acovity and the
pollution it causes (sce steady state systews, ozoue and greeuliouse effect).
environmental issues arc of growing concern to chemists, the chemical industry
and all who use chemicals, as scientists have shown the harm that some chemicals can
do to living things. Analytical chemists have contributed greatly to our knowledge of
what happens to chemicals in the environment by developing very sensitive analyti-
cal techniques, such as chromatography and spectroscopy, to measure minute traces
of substances that were once undetectable.
A challenge for chemists in recent vears has been 1o redesign chemical processes to
reduce both the cnergy required and the waste by-products formed. This is both
maore profitable and less damaging to the environment.

enzymes arc fnolenr molecules that are the catalysts fov biochemical reactions that
would otherwise be very slow. Saliva contains the enzvine amvlase. which aids diges-
ton by speeding up the hydrolysis of starch to sugar. Catalase is an enzvime that
protects hiving cells from a build-up of hyvdrogen peroxide by speeding up its decom-
position to water and oxveen. Some washing powders contain proteases — enzymes
that break down the proteins such as blood on dirty clothes.

Enzvmes are highly specific. Each cnzyme catalyzes a parucular reacton. An enzvme
has an active site that is just the right shape and size for the substrate molecules. Each
cnzyme works best at a particular temperature and pH, and s less elfective under
other conditions.



equilibrium law

epoxy resins arc uscd as adhesives. The resin is a sticky iquid polymer with relatively
short chains.

Mixing the resin with a hardener starts a chemical reactuon that cross-links the
chains to make a hard, strong. glass-like polvmer (see cross-linking). The higher the
temperature, the faster the reaction,

epoxyethane i1s an important chemical intermediate used o manufacture surfac-
lants, solvents and lubricants. Epoxvethane is made by mixing ethene with air or oxvgen
and passing the mixture at about 300°C under pressure over a heterogencous catalyst.
The catalvst is finely divided silver spread on the surface of an inert material such as
alumina.

O
7N\
2CH,=CH,(g) + O.,(g) —> 2CH,—CHy(g)

K=

Epoxvethane is a reacuve and hazardous chemical so 1t is generally made and stored
where 1t will be used.

Ep()X}'«lh;U]C reacts vigorously with water, producing a range of products depending
on the condiuons.

nCH,—CH, + HO —— HO{—(‘.H(,CH‘,O—]—H
\—()/ - : - n

Reaction of epoxyethane with water. When n = |, the produce is ethane-1,2-diol, which is
the main ingredient of antifreeze. When n is greater than 4 the poly(epoxyethane) may be
useful as a solvent or as a nonionic surfactant.

equilibrium law is a quantitative law for predicting the amounts of reactants and
products present when a reversible reaction reaches a state of dynamic equilibrivem.
In general, for a reversible reaction at equlibrinm:
a\ + B = cC + dD
K [C]'[D]’
o [A]YB)

This is the form for the equulibrinm constant I\'( when the concentrations of the reac-

tants and products are measured in moles per hiter. [A]. [B] and so on are the
(‘qui]il)l'ium concentranons.

The concentrations of the chemicals on the right-hand side of the equaton appear
on the top line of the expression. The concentrations of reactants on the left appear
on the botom line. Each concentraton term is raised to the power of the number
in front of its formula i the equation.

For gas reactions itis often more convenient to use partial pressures as the measure of
concentrations. The equilibrinm constant 1s then I\'P.

l“.(']ui]iln‘ium constants are constant for a paracular temperature. The vartaton of K
with temperature accounts for the temperatoe effect on equilibria.



equivalence point

Worked example:
Calculate the value of K_for the reaction: PCL(g) == PCl (g) + Cl,(g) given
that when 8.4 mol of PCI. (g) i1s mixed with 1.8 mol PCI,(g) and allowed to come
to equilibrium in a 10 dm’ container the amount of PCL(g) at equilibrium s
7.2 mol.

Notes on the method
Write down the equation. Underneath write first the initial amounts, then write
the amounts at equilibrium. Use the equation to calculate the amounts not given.

Calculate the equilibrium concentrations given the volume of the container.
Substitute in the expression for K.

Answer
Equation PCl.(g) . — PCl(g) * Cl(g)
Initial amounts/mol 8.4 1.8 0
Equilibrium amounts/mol 7.2 1.8+ 12 = 30 mol |.2 mol
(=84-1.2)
Equilibrium concentrations/ 7.2 = 10 = 0.72 3010 = 03 (2 =10 = 0.12
mol dm
[PCL(2)][Cl,(2)] 0.3 moldm™ x 0.12 mol dm™
KN = ’ D\] i - = = 0.05 mol dm™*
( [PCL ()] 0.72 mol dm"’

equivalence point is the point during anv ftration when the amount in moles of
one reactant added from a burette is just enough to react exactly with all of the
measured amount of chemical in the flask as shown by the bolanced equation.

In a well-planned uuraton the color change observed at the end point corresponds
exactly with the cquivalence point.

errors of measurement arc the differences between measured values and the
true values. Often the true value is not known so analysts have to assess the confidence
limits for their results.

There are random errors that cause repeat measurements o vary and to scatter
around a mean value. [\\'erzlging a number of readimgs helps to take care of random
errors. The smaller the random errors. the more precise the data.

There are svstemauc errors that atfect all measurements in the same wav, mdl\mw
them all lower or higher than the true value. Svstematic errors do not ave rage out.

I(lumf\mo and chmnm[mo svstematic Crrors 1s nnpm tant for muusmd the accuracy

of data. Systematic errors can be reduced by using better equipment or improved
pracucal technique.

esters are sweet t=smelling compounds found in perfumes and fruit flavors. The ester
)nulh\ll)ul\l(lh.nm.uc gIves pear drops their taste and smell. E thvl butanoate has
the odor of [)mu])plu [\l[)( frutts contain mixtures of esters.

The general formula for an ester is RCO_R’, where R and R” are alkyl or aryl groups.

Ethvl ethanoate is only slightly soluble in water:









exothermic reactions

For pairs of metals. such as tin and lead. the cutectic mixure is the @lloy with the low-
est melung point of all the possible allovs. An allov with the cutectic composition
freczes (or melts) at one temperature hke a pure metal. The melung point of the
cutectic, however, is lower than the melting points of the pure metals.

) ) O

The eutecuc mixture of un and lead melts at 183°C. This low temperature makes the
cutectic usetful as solder.

eutrophication happens when the water in rivers or lakes is enriched by ferulizers
from farmland or by nutrients from sewage and this makes 1t possible for algae o
muluply rapidly. Thick lavers of algae block out the light from plants growing below
the surface so that they cannot produce oxvgen as fast as usual. Then bactena start
to break down the mass of algae using up the remaining oxvgen in the water. Other
organisms such as fish die because thev are starved of oxvgen.

evaporation happens at the surface of a hquid as it turns to a gas. This 1s an example
of a change of state. As a hquid such as water evaporates, the faster-moving molecules
near the surface escape from the pull of imtermolecular forces and break away to
become a vapor. Liquids tend to cool as they evaporate because the faster-moving
molecules break away so that the average kinetic energy of the remaining molecules
falls.

Evaporaton is an endothermic process. Energy must enter from the surroundings o
keep a substance at a constant temperature as it evaporates. So liquids feel cold as
they evaporate on the skin.

excited state: the state of an atom or molecule when one or more of 1ts electrons
i1s raised 10 a higher energy above the stable ground state. Heating, electricity or elec-
tromagnetic radiation can provide the energy to excite atoms or molecules. Energy
is released back to the surroundings when the electrons fall back o the stable energy
levels of the ground state. This happens during flame tests. Heat from a Bunsen flame
excites the electrons in metal atoms from the sample. As the electrons drop back to
the lower energy levels they give off radiaton with a wavelength determined by the
size ol the energy jump (see quantum theory) .

exothermic reactions give out cnergy (o then surroundings. Freezing and
condensing are exothermic changes of state.
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Diagrams to illustrate an exothermic reaction



For an exothermic reaction the enthalpy change, Af, 1s negatve. During an exo-
thermic reaction more energy is given out as new bonds form i the products than

1s necded to break bonds in the reactants.

" Reactants
> AH = energy lost to the surroundings
] at constant pressure
G
Y Products

Energy level diagram for an exothermic reaction

Most spontancous reactions are exothermic but there are exceptions so the fiee energy
change (or total entropy change) must be examined to make reliable predictions about
the direction and extent of change.

explosions arc rcactions that go with a bang. Gunpowder explodes if ignited in a
confined space (see fireworks). The explosion is caused by the rapid build-up of pres-
sure as the reaction produces a large volume of hot gas from a small volume of solid.

The "pop™ during the test-tube test for hvdrogen is a small explosion. This reaction
explodes because itis a fiee-radical chain reaction with a step in which one radical reacts
to produce two radicals, which can then both react. The branching chain reaction
produces more and more reactive free radicals so the reaction goes faster and faster.

Explosives are compounds or mixtures of chemicals designed to produce explosions.
Explosions are used in quarrying, mining and road building and to demolish old
buildings. They are also used in warfare and as rocket propellants.

The Nobel prize was endowed with the wealth of the Swedish chemist Alfred Nobel
(1833-1896) who discovered that the dangerous explosive nitroglveerine (propane-
1.2.3-triol trinitrate) could be used safely 1f absorbed in the mineral Kieselguhr, He
sold this product as “dvnamite.” He also developed guncotton (cellulose nitrate) and
gelignite (nitroglveerine in nitrocellulose) .

High explosives only detonate if set off by a sudden shock. which is usually supphed
by a detonator. Mercury fulminate can be used as a detonator because it explodes
mstantly when ignited,

extrusion is a process for shaping a metal, such as aluminum. or a plastic, such as
pve. by forcing it through a shaped nozzle (die). Cooks use extrusion in a similar way
when decorating a cake with colored icing sugar or when mincing meat. A plastics
extruder works by melting pellets of the polvmer and then using a rotating screw to
push the molien material through a die. |
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lonic radi for metal ions in the third period

The larger the negative ion and the larger its charge, the more polacizable it becomes.
So 1odide 1ons are more polarizable than fluoride 1ons. Fluorine, which forms the
small, single charge fluoride ion, forms more ionic compounds than any other

nonmetal.

Fajan's rules help to account for the diagonal telatiouship between elements such as Li
and Mg, Be and Al B and Si.

Faraday constant (F) is the clectric charge on one mole of electrons. The Faraday
constant 1s used m calculations to determine the amount of change during electrolysis.

I©= el = 96480 C mol

where ¢is the charge on one electron and L is the Avogadro constaut. 1t is possible to
measure [rand e experimentally so this relationship can be used to arrive at a value
for the Avogadro constant.

fats belong 1o the family of compounds call lipids. Fats are esters of propan-1,2.3-
tiol (teiglycenides) that are solid at around room temperature (below 20°C) because
they contain a high proportion of saturated Jatty acids. Solid triglyeerides are gener-
ally found m animals. The triglveerides from plants are mostly hquids at around
room temperature; these are vegetable oils.

fatty acids arc carboxvlic acids with long hvdrocarbon chains that are combined
with propan-1.2.3-triol 10 make lutrl\(m(/m e fats and vegetable oils. Saturated fatey
acids do not have double bonds in the hvdrocarbon chain. There is one or more
double bond in an unsaturated faty acid.

Fatv acid - Chemical name Formula Type
palmitic  hexadecanoie CH,(CHL) | CO,H saturated
stearic octadecanoic Gl (G | GO saturated
oleic octadec-Y-cnoie CHS (G l:’)-(lll = (i} l((‘.H_,)‘_(L()_,H unsaturated

linoleic octadec-9 1 2-dienoie CHL(CH) CH = CHCH,CH = CH(CH ,)-COH unsaturated

Anmial faes have a higher proportion of saturated fats in their tglveerides. In lard, for
example, the mam fatty acids are palmitic acid (28% ). stearic acid (3%) and onlv 56
olerc acid. In olive oil the main fatty acids are oleic acid (80%) and linoleic acid (10%).

Polyunsaturated fats contain faty acids with two or more double bonds in the chain.

Some fats or oils provide fatty acids that are essendal to the human diet. m(ln(lmo
linoleic and Iinolenic acids,

f-block elements e the lanthanide and actinide elements in periods 6 and 7 of the
periodic table. For these elements the ast electron added 1o the atomic structure
goes mmto one of the seven Forbitals in the fourth or fifth shells. For convenience (WO



rows of fblock elements are usually shown underneath the penodic table 1o cut down
its overall width.
feasibility: a reaction is feasible if it tends to proceed — even if the reaction is very
slow. In this sense the reaction between methane (in natural gas) and oxvgen is
fcasible at room temperature but. because of a high activation energy, the reacuon is
so slow that it does not happen. Put a match to the mixture of air and gas and the
reaction is rapid.
The test of feasibility is fiee energy change for the reaction. If AG is negauve, the
reaction tends to proceed.
For many chemical reactions, AG approximately equals AH, so chemists often use the
sign of AH as a guide to feasibilit. This can be misleading if the entiopy change for
the reaction system is large.
For redox reactions, standard electrode potentials offer an alternative way of deciding
whether or not reactions tend 1o proceed. AG << —Ew”‘ so if the cell emfis positive the
redox reaction m the cell will tend o proceed.
For other reactions such as acid=base reactions. the easiest guide to the direction and
extent of change is the equilibrium constant. K. where AGe< —1In K.
What this shows is that AG. £ and K values can all answer the same questions for a
reaction:

e Will the reaction proceed:

e How far will it gor
In practice chemists use the quantity that is most convenient 1o measure. Knowing
the value of one of the three quantities. it is possible to calculate the other two
because they are all related.
[t is always important to bear in mind that even if a reaction is feasible it may be very
slow.
feedstock is the raw material for a process in the chemical imdustry.
Fehling’s solution is uscd to distinguish aldehydes from ketones and to identify veduc-
ing sugars. Aldehvdes and reducing sugars give a positive result. Ketones and other
sugars do not. The deep blue solution turns greenish and then loses its blue color as
an orange-red precipitate of copper(1) oxide appears.
Fehling's reagent does not keep so it is made when required by mixing two solutions.
One solution is copper(i) sulfate in water. The other solution is a solution of
9 3-dihvdroxvbutanedioate  (tartrate) ions in strong alkali. The 2.3-dihvdroxy-
butanecdioate salt is included to form a complex with copper(i) ions so that they do
not precipitate as copper(in) hvdroxide with the alkalt.
fermentation converts sugars o alcohol (cthanol) and carbon dioxide. Fermentaton
is an example of anacrobic respiration. Fermentaton is catalvzed by a group of enzymes
from veast referred 1o as zvmase. In brewing the aim is to produce alcohol in beer. In
baking fermentation produces the gas bubbles that make the dough rise.

C.H,O (aq) —> 2C0,(g) + 2C H.OH(aq)

glucose carbon ethanol
dioxide



ferrites arc compounds such as the magnete oxide of iron, Fe, O, that can be used
to make permanent nmagnets. They are ferromagneuce. Ferrites are ceramics so that
they can be molded into complex shapes before being fired. Thev also have the great
advantage that they do not conduct electricity.

ferromagnetism: the property of materials that can be used 1o make permanent
magnets. The three ferromagnetic metals are iron, cobalt and nickel. Alnico is a

magnetic allov ol these three metals.

fertilizers supply plants with the mineral salts they need for growth. Plants need
three major nutrients: nitrogen, phosphorus and potassium, which must be available
in the soil ina soluble form so that they can be taken up by roots.

Manure and compost are traditional fertilizers used in “organic farming.” They relcase
nutrients slowly as they rot down through the action of bacteria and fungi in the soil.

[ntensive agriculture relies on fertilizers made from minerals and the air. “Straight
tertlizers™ contain one of the three clements nitrogen (N), phosphorus (P) or
potassium (K). *Compound fertilizers™ contain two or more of these clements.

Water ~— J v Y .
N NH, HNO, B Straight N
Alr —> — "—>|NH NO, > -
plant plant "3 fertilizer
Natural gas -

Phosphate rock

Sulfur—>

=
o
®

Y

H:’)PO4

NPK compound
fertilizer

Potassium chloride —>

Flow diagram for manufacture of straight nitrogen and NPK compound fertilizers

Organic fertilizers, such as wea. have Jd\dnldUC\ over morganic nitrates and ammonium
salts. Organic fertilizers:

e release nitrogen more slowly by hvdrolvsis in the soil
e do not affect the pPH of the soil to the same extent when spread on fields.
The use of mannfactured fertilizers greatly increases crop vields. However, the use of

large amounts of fertilizer increases the risk of nutrients l(d(hmo from the soil into
rvers, lakes and groundwater. This can lead to eutrophication.

fiber reactive dyes a1¢ strongly bound to the fabrics they dve because they react

with the molecules in the fibers, [()nmno covalent bonds. They are fast dyes that do
not fade during washing.
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Structure of a fiber reactive dye that forms covalent bonds with amino groups in the protein
molecules of wool

fibers are long thin threads that make up materials such as asbestos. wool and poly-
ester fabrics. Most of the fibers used for textiles consist of natural or svnthetic
polvmers. Wool, silk and hair are natural fibers made of protein. Cotton, linen and
kapok are plant fibers made of the carbohydrate cellulose.

Semisvnthetic fibers are made by modifving cellulose. Heating cellulose from wood
with sodium hydroxide and then carbon disulfide produces a solution called
“viscose.” Forcing this solution through very small holes in a spinneret produces
fine filaments. The filaments turn back into cellulose fibers as they flow though a
tank of sulfuric acid. Cloth made from these fibers is known as ravon.

Treating cellulose from wood or cotton with ethanoic anhvdride produces cellulose
acetate. Cellulose acetate fibers are made by spinning a solution of the polymer in
propanone. Fibers form as the solvent evaporates.

Examples of synlhmio polvimers used to make fibers are /)()(\'(>.s'l(';; /)/)/\‘(nni(/m and the
addition polymer. polypropylene. Synthetic polymers are spun into fibers by forcing
the hot molten polymer through a spinneret. Fibers form as the liquid cools and
solidifies.

Fibers of inorganic materials are increasingly Important for making composite materials.
Examples are the fibers of glass and graphite.

fillers arc materials nixed with plastics or rubbers to modify their |)|'()|)crtics. Fillers
can make plastics stronger. tougher, harder or easier to mold. Fillers are also used to
cut costs by bulking out plastics with something cheaper.

filtration scparates an isoluble solid from a hquid. The liquid that passes through
the filter is the filtrate. The solid retaimed on the paper is the residue.

Filtering through a funnel with a filter paper folded into a cone can be very slow. FFor
efficient filtration 1t 1s Important that the paper is folded carefully and fitted accu-
rately into the funnel. The paperis then wetted with water, or other solvent, before
starting to filter. The funnel should never be filled to the top of the paper.

One wav of filtering faster is to fold the circle of paper more times to produce a
fluted filter paper so that the whole surface is available for filtration.

An even quicker method is to use a Buchner flask and funnel.

The use of a small ])Iug‘ of mmeral wool or cotton wool in a small fimnel cuts losses
when filtering off a drying agent from an organic liquid before final distillation.



fire extinguishers

fire extinguishers put out fires by excluding air or by cooling to slow down burn-
ing. The choice of fire extinguisher depends on the tvpe of fire. Water is the cheapest
way to put out burning wood. paper or rubbish. Water cools the fire as it evaporates
and produces steam, which helps to exclude air. Water is dangerous on electrical fires
and useless on burnming hvdrocarbons or metals. Burning oils loat on water and con-
tinues burning so water just spreads the fire. Burning metals react vigorously with
water. Alternative fire extinguishers use carbon dioxide gas or nonflammable liquids
such as hatons and dry powders,

fireworks make redox reactions entertaining. The main active mgredient of any fire-
work is gunpowder. Gunpowder is a mixture of two fuels, carbon and sulfur, with an
oxtdant, potassium nitrate. Gunpowder burns rapidly because the fuels are finely pow-
dered and well mixed with the source of oxygen. Gunpowder explodes with a bang
when confined because as the fuels burn they produce a large volume of the gases
carbon dioxide and sulfur dioxide (see explosions). One cubic centimeter of gun-
powder burns fast to make about 300 cm” of hot gas. The blue fuse that sets off
fireworks is paper impregnated with potassium nitrate so that it will burn even when
itis windy or damp.

The colors in fireworks come from tinv pellets of salts coated with gunpowder. The
colors are the same as in flame tests: sodium for vellow, copper for blue-green and
strontium for red.

first law of thermodynamics: scc thermodynmamics (laws of).

first-order reaction: a reaction is first order with respect to a reactant if the rate
of reactuon is proportional to the concentration of that reactant. The concentration
term for tns reactant is raised to the power one in the rate eqnation.

Rate = k([X] = k[X].

Vanation of concentration of a reac-

tant plotted against ume for a

first-order reaction: the gradient of this ~ Concentration
graph at any point measures the rate of a reactant
of reaction. The half-ife for a first-

order reaction is a constant so it is

the same wherever it is read off the

curve. It is independent of the initial

concentration.

Half-lives

Rate of

Vanation of reacton rate with
reaction

concentraton for a first-order reaction.
The graph is a straight line through the
origin showing that the rate s
proportional to the concentration of
the reactant Concentration of reactant




The rate of reaction of 2-bromo-2-dimethylpropane with hvdroxide ions is first order
with respect to the halogenoalkane but zero order with respect to hydroxide ions.

Rate = k[(CH,) ,CBr]

fission means sphitting. The word is used in two contexts in chemistry: bond breaking
(homolytic and  heterolytic bond breaking) and the splitting of atomic nuclei (nuclear
fission).

flame tests help to detect some metal ions in salts. They are particularly useful in
qualitative analysis to distinguish metal jons that otherwise behave in a similar way.
Both magnesium and calcium ions, for example, are precipitated by sodium hydroxide
to give white precipitates that are soluble in excess of the alkali. Calcium compounds
give an orange-red flame but magnesium compounds do not color a flame.

Metal ion Color

hithium bright red
sodium bright veltow
potassium pale mauve
calcium orange-red
strontium scarlet

barium vellowish-green
copper(11) blue-green

flammable substances arc hazardous because they easily catch fire in air
Flammable substances are classified according to their degree of flammability:

o flammable — a hiquid with a flash point equal to or below 55°C but above
21°C
e extremely flammable — a liquid with a flash pomnt below 0°C and a boiling
point less than or equal to 35°C.
Substances are labeled as highly flammable if they:

e may spontaneously catch fire in air
are liquids with a flash point below 21°C but above 0°C

are solids that may catch fire and keep burning after brief contact with a
flame
are gases that burn in air if ignited at normal pressure

o react to form flammable gases (such as hydrogen) in contact with water or
water vapor.
flash point: the lowest temperature at which a small flame can ignite the vaporfrom
a volatile liquid or sohd.

float glass process: the industrial process for manufacturing large, uniform and
smooth sheets of glass. Molten glass from a furnace at 1500°C pours onto a bath of
molten tin where it stays iquid long enough for both surfaces to become flat and par-
allel. The glass cools and solidifies as it moves over the bath of tin. Once the glass is
solid at about 600°C it can move onto rollers and gradually travel through an oven
where it cools slowly to room temperature. This is annealing.

fluids are materials that flow. Liquids or gases are fluids because the atoms or
molecules are not held in fixed positions but are free to move around.



fluorescent substances

fluorescent substances can absorb energy from ultraviolet (or other) radiation
and immediately re-emit the energy as visible light. The inside surfaces of fluorescent
lamps are coated with compounds such as magnesiun tungstate and zinc silicate.
These substances fluoresce when irradiated by the ultraviolet ight from the mercury
vapor in the lamp.

The optical brighteners in detergents are fluorescent. They absorb ultraviolet light
from the Sun and re-emit the energy as blue light. This compensates for any
yellowing of the fabric with age.

Fluorescence is an example of luminescence.

fluoridation involves adding traces of fluoride compounds to water supplies to
prevent tooth decay. The benefits were discovered in areas where water supplies nat-
urally contain fluoride ions. Adding fluoride 1ons to drinking water is controversial
and opposed by people who think that any kind of enforced treatment is wrong.
Others point to possible harmful effects because fluoride 1ons are foxic at higher
concentrations.

fluorine (F) is a pale vellow gas made up of F, molecules. It is the most reactive of
the halogens in group 7 of the periodic table. Its electron configuration is [He] 353,

Fluorine is the most electronegative of all elements (see electronegativity) so it forms
ionic compounds with metals. Fluorine is the most powerful oxidizing agent and 1its
oxidation state i1s =1 in all its compounds. It oxidizes other elements to their highest
positive oxidation state. Sulfur, for example, forms SF,.

Uses of fluorine include the manufacture of a wide range of compounds consisting of
only carbon and fluorine (fluorocarbons). The most famihar of these is the very
shippery, nonstck addition polymer, poly(tetrafluorethene), better known as Teflon.

Fluorocarbons are very inert, thermally stable and nonflammable. They are also non-
toxic. They are electrical and thermal insulators. Thev are used during the
manufacture and testing of electronic components, as refrigerants, coolants and
lubricants. One fluorocarbon is a good solvent for oxvgen and, in emergencies, can
act as artficial blood.

fluorite structure: the cubic crystal structure of the ionic compound calcium
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Structure of calcum fluoride showing 8:4 coordination. The structure consists of a
face-centered cubic array of positive ions with negative ions in the tetrahedral holes.



fractional distillation

fluoride. CaF,. Each positive ion is surrounded by eight nearest neighbors at the cor-
ners of a cube and each negative ion is surrounded by four positive ions. So the
coordination numbers are 8 for the positive ion and 4 for the negative ion.

Other compounds with this structure are the fluorides of Sr, Ba, Cd, Pb and Hg.

foams consist of gases finely dispersed in liquids or solids. Foams are colloids. The
mass of bubbles in a liquid foam holds the liquid and gas in place. This is useful in
foam fire extinguishers, which can blanket a fire with carbon dioxide held by the
foam. It 1s also useful in shaving foam, which retains the liquid soap on the skin.

Solid foams can be rigid but have a low density. Expanded polystyrene and foamed
polvurethanes are examples. These materials are excellent thermal insulators
because they trap a large volume of gas and gases are very poor thermal conductors.

Foams improve the texture of food including bread, meringues and cakes. In bread
the gas bubbles form by fermentation; in cakes they are produced by heating baking
powder; and in meringues by whipping air into egg white before cooking.

food additives are natural or synthetic chemicals added to food, which can act as:

e colors to make food look more attractive

e preservauves to prevent the growth of microorganisms

e anuoxidants to stop oxygen from the air making food unfit to eat — oxidation,
for example, turns fats and oils rancid

o emulsifiers and stabilizers to control food texture

e sweeteners to improve the taste (see sweeiness).

formula: used by chemists to represent the composition and structure of elements
and compounds. (See empirical formula, molecular formula, structural formula, skeletal
Jormulas and displayed formula.)

formula mass: sce formula unit.

formula unit: the svinbols used in equations and calculations to represent elements
and compounds with giant structures. Examples are:

e sodium chloride, a giant structure of 1ons, formula unit NaCl
e silicon dioxide, a giant covalent structure, formula unit S10,,.

The molar mass of a substance with a giant structure is the relative mass of its formula
unit. For silicon dioxide (SiO,) the molar mass = [28 + (2x 16)] = 60 g mol™'. This
is sometumes called the formula mass.

fossil fuels arc nonrenewable energy resources that we now burn to benefit from
the Sun’s energy, which was stored up millions of vears ago by photosynthesis. The
fossil fuels are coal, oil and natural gas.

fractional distillation is a method for separating mixtures of liquids with different
boiling pomnts. On a laboratory scale, the process takes place with a distllation appa-
ratus fitted with a glass fractonating column fitted bewween the flask and the
still-head. Separation is improved if the column is packed with mert glass beads or
rings to increase the surface area where rising vapor can mix with condensed liquid
running back to the flask. The column is hotter at the bottom and cooler at the top.
The thermometer reads the boiling temperature of the compound passing over mto
the condenser.






free-radical chain reactions

With a sertes of trays the outcome is that the hydrocarbons with small molecules rise to
the top of the column while larger molecules stay at the bottom. Fractions are drawn
off from the column at various levels.

Some components of crude oil have boiling points too high for them to vaporize at
atmospheric pressure. Lowering the pressure in a vacuum distillation cohumn reduces
the boiling points of the hydrocarbons and makes it possible to separate them.

fragmentation patterns: sce mass spectrometry.

free energy change, AG: the thermochemical quantity used by chemists to decide
whether a reaction tends to proceed and how far it will go. AG is the test for the
Seasibility of a reaction. If AG is negative, the reaction is feasible.

The advantage of AG values for chemists is that tables of standard free energies of for-
mation can be used to calculate the standard free energy change for any reaction. The

calculations follow exactly the same steps as the calculations to calculate standard
enthalpy changes of reactions from standard enthalpy changes of formation.

The i1dea of entropy underlies the quantity “free energy.” Any change tends to happen
if the total entropy change is positive. Working with entropy values is generally less
convenient because of the need to consider the entropy changes in the surroundings
as well as in the reacuon mixture. This was the reason why Willard Gibbs suggested
the concept “free energy.” which he defined by: AG = =TAS . where AS_is the
total entropy change:

AS = AS

- A .
total svstem surroundings

For a change at constant temperature and pressure:
“surroundings 7

-AH
and so: AS = AS E—

= A o
total svstem l

Hence —'I‘AS“)L = —=TAS + AH

a svstent

From Gibb’s definition this becomes: AG = AH -=TAS

system
Often the TAS, term is relatively small compared to the enthalpy change so that:
AG=AH
This is the reason that chemists often use A values to decide whether or not a
reaction will tend to proceed. The approximation becomes less justified at higher
temperatures when 7is bigger and so TAS_ 15 bigger.
free-radical chain reactions involve three stages:
e initiation — the step that produces free radicals
e propagation — steps giving products and more free radicals
e termination — steps that remove free radicals by turning them into
molecules.
The reaction of an alkane with bromine in sunhght is a free-radical chain reaction.
The main products are bromomethane and hydrogen bromide. The presence of
some ethane in the mixture of products is evidence for the termination step.



free radicals

Initiation: Br— Br ——> Bre + Bre

Propagation: CH_ + Bre —> CH,* + HBr
CH,s + Br, —> CH,Br + Bre

Termination: CH,* + CH,» —> CH,CH,
CH,* + Bre —> CH,Br

Free-radical chain reactions can also be used to make addition polymers from alkenes,
and epoxy compounds.

free radicals are reactive particles with unpaired electrons. Free radicals form
when covalent bonds break in a way that leaves one electron on each of the atoms
joined by the bond. This is homolytic bond breaking. The symbol for a free radical gen-
erally shows the unpaired electron as a dot. Other paired electrons in the outer shells
are generally not shown.

Formation of free radicals Br:Br —> Br* + *Br

Free radicals are intermediates in reactions taking place:

e in the gas phase at high temperature or in ultraviolet light
e in a nonpolar solvent, either when irradiated by ultraviolet light or with an
Initiator.
Examples of free-radical processes include the cracking of hydrocarbons, burning of
gasoline in an engine cvlinder and the formation and destruction of the ozone layer.
(See also free-radical chain reactions.)

freezing point: the temperature at which a liquid turns to a solid. A pure liquid
has a sharp freezing point, which 1s the same as 1ts melting point. A phase diagram for
the liquid shows how the freezing point varies with pressure.

Dissolving a solute mn a liquid lowers its freezing point. Adding antifreeze to the water
in an engine lowers the freezing point and so prevents the coolant freezing in win-
ter. When there is a threat of ice, the highway authorities scatter salt on roads
because a mixture of salt and water freezes at temperatures well below 0°C.

frequency of electromagnetic radiation: the number of complete waves pass-
ing any point per second. The SI unit of frequency, v, is the hertz (Hz). Frequencies

of electromagnetic radiation vary from about 10° Hz for radio waves up to 10 Hz for
gamma rays.

All electromagnetic radiation travels at the same speed, ¢, in a vacuum. The
frequency, wavelength, A, and speed are related bv: ¢ = VA.

Quantum theory shows that the higher the frequency, the higher the energy of the
quanta (photons) of radiation.

Friedel-Crafts reaction: a mcthod for forming C— C bonds to build up a car-
bon skeleton by adding a side chain to arenes such as benzene. In a Friedel-Crafts
reaction a halogenoalkane or an acyl chloride undergoes an electrophilic substitution reac-

tion with an arene. The reaction takes place in the presence of a catalyst such as
aluminum chloride (a Lewis acid).



One example is the substitution of a group with three carbon atoms to benzene using
2-chloropropane.

CH,

- CHCH,
@ + ()H%(|‘,H(‘,I-{q ——— @ + HCI
. ‘ S
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Friedel—Crafts reaction with a chloroalkane. Benzene reacting with 2-chloropropane

The reacuon with an acyl chloride produces a ketone.
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Friedel-Crafts reaction with an acyl chloride. Benzene reacting with ethanoy! chloride

This important tvpe of reaction was discovered and developed jointly by the French
organic chemist Charles Friedel (1832-1899) and the American, James Crafts
(1839-1917). The reaction 1s used both on a laboratory and an industrial scale. A
Friedel-Crafts reaction to make ethyl benzene is the first step in the production of
the addition polymer poly(phenvlethene), more often called polystyrene.

froth flotation is a process for separating valuable mineral from a rock made up
of several minerals. The rock is finely crushed to separate the minerals and then
stirred with a solution of surfactants as a stream of air bubbles rises up through the
mixture. The surfactants are selected to make sure that the partcles of metal ore are
caught up by the bubbles and rise to the surface where they can be skimmed off. The
unwanted minerals (or gangue) sink and flow away as a stream of waste.

fuel cell: an clectrochemical cell that is continuously supplied with fuel and an oxidiz-
ing agent. A fuel cell produces electric power directly from a fuel without having to
burn it and then use the energy to drive a turbine and spin a generator.

Hydrogen-oxvgen fuel cells are used in the space shuttle. There are also fuel cell
power plants operating on a much larger scale in some parts of the world, meluding
Japan.

fuels burn in air or oxygen to release energy. Most power stations use fossi fuels (0
raise steam and generate electricity. Most of the fuels for transport are made from
fractions produced by the fractional distillation of crude oil.

Gasoline is a blend of hydrocarbons based on the gasoline fraction (hydrocarbons
with 5=10 carbon atoms). Jet fuel is produced from the kerosene fractuon (hydro-
carbons with 10-16 carbon atoms). Fuel for diesel engines is made from diesel o1l
(hydrocarbons with 13-25 carbon atoms).






gamma radiation (y) is high-energy electromagnetic radiation given off during
radioactive decay. The new nucleus formed when a radioactive atom emits an alpha par-
ticle or beta particle1s often i an excited state: it gives off gamma rays as it loses energy.
Emission of gamma ravs does not cause a change in the structure of the nucleus.
The wavelengths of gamma ravs are shorter than those of X-rays. Gamma radiation is
wonizing radiation thatis more penetrating than alpha or beta radiation and is stopped
only bv several centimeters of lead.

gas constant: the constant R in the ideal gas equation PV = nRT. The value of the
constant depends on the units used for pressure and volume. If all quantties are in

SI units with the pressure in N m™ (pascals ) and volume in cubic meters (m*), then
R = 8314 ] K mol™".

gas laws: the laws that describe the behavior of ideal gases and are summarized by the
ideal gas equation. The gas laws include Boyle's law, Charles's law and Avogadro’s law.

gas-liquid chromatography (glc) is a sensitive analytical technique for analyzing
mixtures of hquids. In a modern gas-hquid apparatus, the stationary phase is a thin
film of liquid adsorbed on the inside surface of a coiled capillary tube about 30
meters long inside an oven. A sample is injected into the hot column from a syringe.
The mobile phase, which 1s a gas, carries the vapors through the column. The com-
ponents in the mixture separate as thev pass through the column. They are detected
as they emerge and the signal from the detector is fed to a chart recorder.

Dried carrier

gas In

Recorder
Replaceable silicon

rubber septum k_ Detector
m r/

Injector port — — Exit

Injector oven

The main features of \Column

gas—liquid chromatography Column oven

The chart from the recorder shows how long it took cach component of the mixture
to pass through the column. This is the retention tme. The areas under the peaks
on the printout give a measure of the proportions of the components in a mixture.
A glc machine can be calibrated by injecting known amounts of compounds and
recording their retention tmes.



Applications of glc include:

o tracking down the source of oil pollution from the pattern of peaks, which

acts like a fingerprint for any batch of oil

e mecasuring the level of alcohol in urine or blood samples

e detecting and measuring pesticides m river water.
gasoline is the fuel for motor engines that consists mainly of a mixture of hydro-
carbons. Gasoline has to be carefully blended if modern engines are to start reliably
and run smoothly.
The starting point for making gasoline is the gasoline fracuon from the fractional dis-
tillation of oil. Hydrocarbons in this fraction are mainly alkanes with 5 to 10 carbon
atoms. Fractional distillation does not provide enough gasoline and produces more
than enough of the heavier fractions, so oil refineries use catalytic cracking to make
more hydrocarbons of the right size.

For smooth running the gasoline has to burn smoothly without knocking. The octane
number of a fuel measures its performance. The higher the compression of fuel and
air in the engine cvlinders, the higher the octane number has to be to stop knocking.

The octane number scale was devised by Thomas Midgley (1889-1944) and he dis-
covered antiknock additves based on lead, which were used for many vears. Leaded
fuel 1s now being phased out and the o1l companies produce high-octane fuel by
mcreasing the proportions of both branched alkanes and arenes plus blending in
some oxygen compounds. The four main approaches are:

e cracking, which not only makes more small molecules but also forms hydro-
carbons with branched chains

o 1somerization, which turns straight-chain alkanes into branched-chain
compounds by passing them over a platinum catalyst

o reforming, which turns cyclic alkanes into arenes such as benzene and
methvl benzene

o adding alcohols or ethers such as MTBE (iniuals based on its older name
methyl tertary butyl ether; it is now called 2-methoxy-2-methvlpropane).

Structure of the ether MTBE, which has an octane number ?Hs

of 120.Adding MTBE and other methods raise the octane CH — C—O—CH
number of gasoline from about 70 to 95 as required for g ‘ o
unleaded premium gasoline. CH
8

gas tests arc used to identify gases produced during qualitative analysis.

Gas Test Observatons

Hydrogen Burning splint Burns with a "pop”

Oxvgen Glowing splint Splint bursts into tlame (relights)
Carbon dioxide Limewater (aqueous Turns milky white

calcium hvdroxide)

Hydrogen chlonde Smell Pungent

(hydrogen bromide  Blue litmus Turns red



and 1odide react
in the same way)

Ammonia vapor (from
a drop of concentrated
ammonia solution

on a glass rod)

gas volume calculations

Thick white smoke

Chlorine Color Greenish-yellow
Smell Pungent - bleach-like
Effect on moist blue Turns the paper red
litmus paper and then bleaches it
Moist starch-iodide paper Turns blue-black
Sulfur dioxide Smell Pungent
Blue litmus Turns red

Acid dichromate (Vi)

Turns green

Hyvdrogen sulfide

Smell
Burning splint

Lead(11) ethanoate

“Bad eggs”

Gas burns - yellow
deposit of sulfur
Turns brown-black

Ammonia

Smell
Red litmus

Pungent
Turns blue

Nitrogen dioxide

Color
Blue litmus

Orange-brown
Turns red

Water vapor

Appearance
Anhydrous cobalt(ir)
chloride paper

“Steams” in air
Turns from blue to pink

gas volume calculations usc the gas laws and equations to calculate the volumes
of gases involved in reactions. Gas volume calculations are straightforward when the
reactants and products are all gases. Equal volumes of gases contain equal amounts
in moles when measured under the same conditions — this is Avogadro’s law. As a
result the ratio of the gas volumes in a reaction must be the same as the ratio of the
numbers of moles in the equation (see Gay-Lussac’s law of combining volumes).

Worked example:

What volume of oxygen reacts with 60 cm?® methane and what volume of carbon
dioxide forms if all gas volumes are measured under the same conditions?

Notes on the method
Write the balanced equation.

Note that below 100°C the water formed condenses to an insignificant volume

of liquid.

Answer

The equation for the reaction is:
CH,(g) +20,(g) —> CO,(g) + 2H,0(1)

| mol 2 mol

| mol

So 60 cm? methane reacts with 120 cm?® oxygen to form 60 cm?® carbon dioxide.




Gay-Lussac’s law of combining volumes

The other approach to gas volume calculations is based on the fact that the volume
of a gas, under given conditions, depends only on the amount of gas in moles. It
does not matter which gas is involved so long as the gas 1s behaving (at least
approximately) like an ideal gas.

volume of gas/cm’ = amount of gas/mol X molar volume/cm’ mol
The molar volume for gases at stp (273 K and 101.3 kPa) is 22 400 cin’.

For making estimates under laboratory conditions the molar volume of a gas is
24 000 cmr* at room temperature and pressure. So under laboratory conditons the
volume of gas formed 1 a reaction can be estimated from this relationship:

volume of gas/cm® = amount of gas/mol x 24 000 cm® mol™’

Worked example:
What volume of hydrogen is produced under laboratory conditions when .95 ¢

zinc reacts with excess acid?

Notes on the method
Start by writing the equation for the reaction. Convert the quantity of zinc to an
amount in moles.

Answer
The equation for the reaction is:

Zn(s) + 2HCl(aq) —> ZnCl,(aq) + H,(g)
The amount of zinc = 1.95¢g + 65 gmol”' = 0.03 mol
| mol zinc produces | mol hydrogen.

volume of hydrogen = 0.03 mol x 24 000 cm® mol™' = 720 cm’

Gay-Lussac’s law of combining volumes states that when gases are involved in
reactions, the ratios of the volumes of gases are simple whole numbers so long as all
measurements are taken at the same temperature and pressure. For example, 50 cm®
hydrogen react with 50 cm? chlorine to form 100 cm® of hydrogen chloride. The ratios
are 1:1:2. The law is named after the French chemist Joseph Gav-Lussac (1778-1850).

Avogadro’s law accounts for Gay-Lussac’s observations. If equal volumes of gases con-
tain equal numbers of molecules, under the same conditions, it follows that the ratios
of the volumes are also the ratios of the number of molecules as the equation shows.

H,(g) + Cl,(g) —> 2HCI(g)

gel: a collowd in which a liquid is finely dispersed in a solid. Table jelly is a typical gel
with water loosely held in a network of large gelatine molecules. Warming or even
shaking can break up the solid network so that the gel liquefies.

geometrical isomerism: molccules with the same molecular and structural for-
mulas but different shapes (geometries). Alkenes and other compounds with C = C
double bonds may have geometrical isomers because there is no rotation about the
double bond. The isomers are labeled cis and trans. In the s isomer, similar func-
tional groups are on the same side of the double bond. In the trans isomer, similar
functional groups are on opposite sides of the double bond.

Some Imorgairic complexes also have geometrical isomers.



glass electrode

Geometric isomers of

but-2-ene.They are Hi‘C\ /CH3 H:‘(‘\ / H

distinct compounds C=C cC=C

with different melting H/ \H H/ \("H
=%

points, boiling points

and densities. trans-but-2-ene

cis-but-2-ene

The anucancer drug asplatin is the cis isomer of a flat (planar) complex.

Cis and trans isomers of — Thet m i
the octahedral complex Cl Cl Cl NH,
[Co(NH,),CL,J". The cis N N
form 1s blue-violet. The AN s ‘x\
trans form is green. H,N NH, H,N Cl

cis Isomer trans isomer

germanium (Ge) is an element with some metallic and some nonmetallic features.
It 1s a metalloid: shiny like a metal but hard and britde like a nonmetal. It 1s the ele-
ment below silicon but above tin m group 4 of the periodic table with the electron
configuration [Ar]3d""4s°4f7. Germanium is a semiconductor.

giant structures: crystal structures m which all the atoms or ions are strongly
linked by a network of bonds extending throughout the crystal. Substances with giant
structures generally have high melting and boiling points.

< / C « (=

All metals consist of giant structures of atoms held together by metallic bonding. Metal
giant structures are good conductors of electricity because of the delocalized bonding
clectrons (see delocalized electrons). The layers of atoms in a metal can shde over each
other so that metals are malleable and ductile.

Jonic compounds have giant structures held together by jonic bonding. Tonic com-
pounds do not conduct electricity when solid but they do conduct when the ions are
free to move on melting the compound or dissolving 1t in water.

A few nonmetal elements consist of giant structures of atoms held together by covalent
bonding. Examples are carbon (as graphite or diamond) and silicon. Typically these
elements do not conduct electricity because the electrons in covalent bonds are
localized between pairs of atoms. Graphite is the exception with electrons delocalized
over the layers of carbon atoms.

Some compounds of nonmetals with nonmetals, such as silicon dioxide and boron
nitride, have giant structures with covalent bonding. These compounds are non-
conductors because cach bonding pair of electrons is localized between two atoms.

Many silicates are based on networks of silicon and oxygen atoms as in the clay min-
erals. Chains, sheets and three-dimensional arrays of silicate 1ons combined with
metal ions give nise to many different minerals.

Gibbs free energy: scc free energy change. The concept is named after the US
physical chemist, Josiah Gibbs (1839-1903). Hence the symbol AG.

glass electrode: an clectrode used in combination with a reference electrode to make
a pH probe for a pH meter. A glass electrode has a thin walled bulb mmade of special
glass that responds to changes in pH. A salt bridge connects the glass clectrode to a
reference electrode to make a complete electrochemical cell.
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glasses

glasses arc ceramic materials that are rigid like solids but which are not crystalline.
Glass is made by melting one or more oxides in a furnace. The liquid glass is cooled
until thick enough to mold and then shaped and cooled further until it sets solid.
It is possible to make glass from pure silicon dioxide (SiO,) but it melts at 1700°C.
Molten silicon dioxide is a thick, sticky liquid (viscous). As the liquid cools back to its
melting point, the atoms cannot move freely enough to return to the ordered
arrangement of crystalline silica. They become “frozen” into a disordered state.

Most glass is made from silica mixed with other oxides that melt at a lower tempera-
ture than pure silica. Windows, bottles and drinking glasses are made of soda lime
glass. Lead glass is used for decorative cut glassware. Borosilicate glass is used to make
ovenware and laboratory glassware.

Graham’s law of diffusion says that the rate of diffusion of a gas is inversely
proportional to the square root of its molar mass at constant temperature and pressure.

.
VM
This means that a gas with low molar mass such as hydrogen (M = 2) diffuses faster
than a gas with a bigger molar mass such as oxygen (M = 32). According to
Graham’s law, hydrogen molecules diffuse four times faster than oxygen molecules.

A balloon filled with hydrogen, H,, deflates much more rapidly than a balloon filled
with oxygen, OQ.

rate of diffusion o

The kinetic theory of gases can account for Graham’s law. The rate of diffusion of a gas
depends on the average speed, ¢, of its molecules. According to the kinetic theory
model the average kinetic energy (%4mc?) of the molecules (mass m) is the same for
any gas at a particular temperature. So the value of ¢* is smaller for a gas with bigger

m. Hence:
l

VM

graphical formulas: an alternauve name for displayed formulas.

o<

graphite is one of the allotropes of carbon, consisting of a giant structure of atoms.
Carbon has by far the highest melting point (over 3800 K) of any element. Graphite
has an almost ideal combination of physical properties for use as a high-temperature
ceramic except that it has to be used in a nonoxidizing environment. Graphite
bonded with clay is used to make crucibles for melting metals. Large blocks of
graphite are used as refractories to line furnaces.

gravimetric analysis i1s a method of quantitative analysis for finding the composi-
tion and formulas of compounds based on accurate weighing of reactants and
products. A familiar example is to find the formula of magnesium oxide by weighing
a piece of magnesium in a crucible and then weighing the magnesium oxide
produced after strong heating in air. Chemists have developed sophisticated and
precise methods of gravimetric analysis, which include combustion analysis to find the
formulas of organic compounds.

greenhouse effect: the effect of some gases in the air that keeps the surface of the
Earth about 30°C warmer than it would be if there were no atmosphere. Without the
greenhouse effect there would be no life on Earth.



ground state

When radiation from the Sun reaches the Earth’s atmosphere about 30% is reflected
into space. 20% is absorbed by gases in the air and about half reaches the surface of
the Earth.

The warm surface radiates energy back mto space but at longer, infrared wave-
lengths. Some of the ifrared radiation 1s absorbed and warms up the atmosphere.
This 1s the greenhouse effect.

The gases in the air that absorb infrared radiatuon are called greenhouse gases.
Nitrogen and oxvgen make up most of the air but they are not greenhouse gases. The
main natural greenhouse gases are carbon dioxide. methane, dinitrogen oxide and
water vapor.

The concentratons of greenhouse gases in the air are rising because of human activ-
ity such as burning fossil fuels and agriculture. This is enhancing the greenhouse
effect. There is growing evidence that this is responsible for global warming.

Grignard reagents are reactive organic compounds containing magnesium atoms
that are used to form C— C bonds in organic synthesis. They are examples of
organometallic compounds. The reagents were discovered by the French organic
chemist Victor Grignard (1871-1935).

Grignard showed that halogenoalkanes react with magnesium i dry ether
(cthoxvethane).

RBr + Mg ——> RMgBr, where R represents an alkvl group.

The C— Mg bond in a Grignard reagent is polarized with the metal atom at the pos-
itive end of the dipole and the carbon atom at the negative end. As a result, the
carbon atom attached 1o magnesium is nucleophilic and C— C bonds form when
Grignard reagents take part in nucleophilic substitution or addition reactions. This
is what makes the reagents so useful in synthesis.

R—H
H.O/H' (aq) hydrocarbon
O O
CO, (dry ice) / H,0/H" (aq) , /
R — MgBr —= R—C —— R——(,\
Grignard reagent N R
"R = alkyl aldehyde O — MgCl “o—on
. or ketone carboxylic acid
R
R R R
I H,O/H (aq) |’ ]
R—C—OMghr —— R——(',——()H
R" R"
R' and R" = alkyl alcohol (primary
or hydrogen secondary or

tertiary)
Summary of the reactions of Grignard reagents
ground state: the stable state of an atom or molecule with the electrons m the

lowest available energy levels.



group: a vertical column of elements i the periodic table. Elements in the same group
have similar chemical properties because they have the same outer electron configuration.
There are trends in properties down a group as the number of full inner electron shells
increases and the atoms get larger. Generally the metallic charactenistics of elements
increase down a group. In group I and group 2 the metals get more reactive down the
group.

Nonmnietal characternistics decrease down a group. Down group 7 the halogens get less
reactive. Group 4 shows a trend from nonmetals at the top to metals at the bottom
with germanium, a metalloid, in the middle.

[UPAC now recommends that the groups should be numbered from | to 18. Groups
I and 2 are the same as before. Groups 3 to 12 are the vertical families of d-block
elements; the groups traditionally numbered 3 to 8 then become groups 13 to 18.

group 1 clements belong to the family of alkali metals with similar chemical prop-
ertics because they all have one electron i an outer sorbital (see atomic orbitals).
These elements are more similar to each other than the elements in any other group.
Even so, because of the mcereasing number of full, inner shells, there are trends
m properties down the group from lithium to cesium. The element in period 7,
francium, is very rare and all its 1sotopes are radioactive.

lithium, Li (H ]‘)s
sodinm, Na [Ne]3s

potassium, K [Ar]ds’
rubidium, Rb  [Kr]5s!
cesium, Cs [Xe]6s!

The metals are powerful reducing agents. They react by losing the outer s electron to
form M" 1ons. The first ionization energies decrease down the group as the increas-
mg number of full shells means that the outer electron gets further away from the
same effectve nuclear charge (see shielding).

Atomic and ionic radii increase down the group. For each element the 1+ ion is
smaller than the atom because of the loss of the outer shell of electrons. The
tendency to react and form ions increases down the group.
The small size of the lithium ion means that it has a relatively high polarizing power
and 1s heavily hydrated in solution. As a result lithium is in some ways not typical of
the group as a whole. It resembles magnesium in some ways. This is an example of
the diagoual relationship.
he mietals are soft and easily cut with a knife. They are shiny when freshly cut but quickly
dull inair as they react with moisture and oxvgen. The metals are stored under oil,
All the metals burn brightly in oxygen on heating to form ionic oxides. Lithium
forms a simple oxide, Li,O. Sodium forms mainly the peroxide, Na,0O,. The oxides are
basic. They react with acids forming salts.

L1,0(s) + 2HCl(aq) — 2LiCl(aq) + H,O(1)
All the metals react with water to form hyvdroxides and hvdrogen. The rate and
violence of the reaction increases down the group. Lithium reacts steadily with cold
water. Cestum reacts explosively.

All the metals react vigorously with chlorine to form colorless. ionic chlorides, M-CI-,



which are soluble in water. The crystal structures depend on the size of the metal ion
(see cestum chloride structure and sodium chloride structure).

The hvdroxides are:

e similar in that thev all have the formula MOH, and are soluble m water,
forming alkaline solutions (thev are strong bases)
o different in that their solubility increases down the group.

The carbonates are similar in that thev all have the formula M, CO,. and, with the
exception of lithium, do not decompose on heating. The carbonates of sodium and
potassium are soluble. forming alkaline solutions because the carbonate 1on is a base.

The nitrates are:

e similar in that they all have the formula MNO,, are colorless crystalline
solids, are very soluble in water and decompose on heating

o different in that they become more difficult to decompose down the
group. Lithium nitrate. like magnesium nitrate, decomposes on heating
to the oxide, nitrogen dioxide and oxvgen. The nitrates of sodium and

potassium neced strong heating to decompose and they form the nitrite:
2KNO,(s) —> OI\M\OQ( ) + 0,(g)

group 2 clements belong to the family of alkaline earth metals with similar chemical
properties because they all have two electrons in an outer sorbital (see atomic
orbitals).

beryllium, Be [He]2s
magnesium, Mg [Ne]3s
calcium, Ca [Ar]ds’
strontium, Sr [Kr]bs

barium, Ba [Xe]6s
The first member of the guoup, bervllium, is not a typical member of group 2. Because
of the small size of the Be? ion, its chemistry is in many ways more like the chenistry
of aluminum than of magnesium. This is an example of the diagonal relationship.
The following similarities and differences refer to the elements Mg, Ca, Sr and Ba.
The symbol M is here used to represent any one of these elements.
The metals are reducing agents that react by losing their two s electrons to form M*
ions. The first and second ionization energies decrease down the group as the
increasing number of full shells means that the outer electrons get further away from
the same effective nuclear charge (see shielding).
Atomic and ionic radii increase down the group. For cach element the 2+ ion s
smaller than the atom because of the loss of the outer shell of electrons. The
tendency to react and form ions increases down the group.
The metals are harder and denser than group 1 metals and have higher melung
points. In air the surface of the metals is covered with a laver of oxide.
All the metals burn brightly in oxvgen on heating to form a white, 1onic oxide,
M2 O*. The oxides are basic. They react with acids forming salts.

BaO(s) + 2ZHNO,(aq) —> Ba(NO,),(aq) + H,O(1)

All the metals react with water to form hvdroxides and with hydrogen or acids to
form salts and hydrogen. Magnesium reacts only slowly with hot water. Barium reacts



quite fast even with cold water. Bariuni is so reactive with air and moisture that it s
generally stored under oil like the alkali metals.

All the metals react vigorously with chlorine to form colorless, 1onic chlorides, MCL,.
Unlike the group 1 chlorides, the chlorides of this group arc usually hydrated. They
are soluble 1 water.

The hydroxides are:

e similar in that they all have the formula M(OH), and are to some degree
soluble in water, forming alkaline solutions

e different in that their solubility increases down the group.

The carbonates are:

e similar in that they all have the formula MCO,, are insoluble in water and
decompose on heating, e.g.:

CaCO,(s) —> CaO(s) + CO,(g)

e different in that they become more difficult to decompose down the group
(they become more thermally stable).

The nitrates are:

e similar in that they all have the formula M(NQO,),, are colorless crystalline
solids, are very soluble in water and decompose to the oxide on heating:
2Mg(NO,), —> 2MgO(s) + 4NO,(g) + O,(g)

e diffcrentin that they become more difficult to decompose down the group.

The sulfates are:
e similar in that thev are all colorless solids with the formula MSO,
e different in that they become less soluble down the group.

group 4: a group of elements that shows a trend from nonmetals at the top to metals
at the bottom. All these elements have four electrons in their outer shell. The char-
acteristic oxidation states of the group are +4 and +2. The +2 state becomes more
important down the group and is the more stable state of lead. This is an example of
the inert pair effect.

carbon, C [He]2s2p°
silicon, Si [Nel3s3p
germanium, Ge [Ar]3d"4s3 7
tin, Sn [Kr]4d"'553 7
lead, Pb [Xe]4d"653 17

The two common allotropes of carbon (diamond and graphite) consist of covalent
giant structures. Silicon and germanium have diamond-like giant structures and are
semiconductors.
The room-temperature allotrope of tin has a metallic structure. The low-tempera-
ture allotrope, gray tin, has the nonmetallic diamond structure. Lead has a metallic
structure.
Fhe two metals, tin and lead, have lower melting points than the nonmetals with
grant structures.
The group 4 compounds in the +4 state generally behave more like the compounds
of nonmetals:

e the +4 oxides (CO,. S10,, SnO, and PbO,) are acidic or. in the case of tin

and lead. aniphoteric with a bias toward acidic oxide behavior



o the +4 chlorides are molecular liquids that (with the exception of CCl,)
are rapidly hydrolyzed by water.
The compounds of tin and lead in the +2 state are more typical of metallic compounds:
e the +2 oxides (SnO and PbO) are amphoteric but with a bias toward basic
oxide properties
e the +2 chlorides are white solids: PbCl, is an ionic sohd.
The +4 state is more stable for tin, so that tin(II) compounds are reducing agents.
Tin(I) chloride reduces iron(III) to iron(1l), for example.

The +2 state is the more stable state for lead. So PbO, is a strong oxidizing agent.
Lead(IV) oxide will oxidize chloride ions to chlorine gas.

group 7 elements belong to the family of halogens with similar chemical properties
because they all have seven electrons in the outer shell - one less than the next noble
gas in group 8. The element astatine in group 7 is very rare and highly radioactive.
The halogens are all toxic.

fluorine, ¥~ [Hel2s2p
chlorine, C1 ~ [Ne]3s°3p
bromine, Br  [Ar]3d'%4s°4p°

iodine, | [Kr]4d"5s%5
The symbol X is often used to represent a halogen.
The halogens all consist of diatomic molecules, X,, linked by a single covalent bond
and all are volatile. Intermolecular forces increase down the group as the numbers
of electrons in the atoms increase, so melting points and boiling points rise down the
group. lodine atoms are the most polarizable. Fluorine and chlorine are gases at
room temperature, bromine is a liquid and iodine a sohd.

Halogen atoms are highly electronegative. They form ionic compounds or com-
pounds with polar covalent bonds. Electronegativity decreases down the group. Bonding
in aluminum fluoride is ionic, but anhydrous aluminum chloride is a covalent sohd.

The halogens are powerful oxidizing agents. Fluorine is the strongest oxidizing agent
and iodine the weakest in the group.

Hot iron burns in chlorine forming iron (i) chloride. The metal reacts much less
vigorously with iodine forming iron(11) iodide. (See also halide ions and hydrogen
halides.)

group 8 is a family of colorless, unreactive elements called the noble gases. The
gases exist as single atoms. The dispersion forces between the atoms are very weak so at
room temperature they behave very much like ideal gases. They have very low melting
and boiling points. The strength of the forces between the atoms increases as
the number of electron shells increases. The larger atoms are more polarizable, so
melting points and boiling points rise down the group.

First ionization energies fall down the group as the outer electrons get further away
from the nucleus. The ionization energies of the elements near the bottom of the
group are low enough for them to be able to take part in chemical reactions and
form compounds.

Helium, neon and argon do not form compounds with other elements. Krypton
combines with fluorine. Xenon forms compounds with fluorine and oxygen.
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Haber process: the process for ammonia manufacture developed by the German
physical chemist Fritz [aber (18363-1934).
half-cell: an clectrode dipping into a solution of 1ons. Two half-cells connected by
a salt bridge make up an electrochemical cell.
half-equation: an (onic equation used to describe either the gain or the loss of elec-

trons during a redox process. Half-cquations help to show what is happening during
a redox reaction. Two hall-cquations combine to give an overall balanced equation for

a redox reactuon.
Iron(IIl) 1ons can oxidize 1odide ions to 1odine. This can be shown as two half-
equations:

clectron gain (reduction): Fe* (aq) + e —> Fe* (aq)

clectron loss (oxidation): 21" (aq) —> I,(s) +2¢”
The number of electrons gained must equal the number lost. So the first half-
cquation must be doubled to arrive at the overall balanced equation:

2Fe™(aq) + 20 —> 2Fe* (aq)

2I(aq) —=> L(s) + 2¢”

2Fe™(aq) + 2I-(aq) —> 2Fe*(aq) + I,(s)

half-life (chemical): the half-life of a chemical reaction is the time for the
concentration of one of the reactants to fall by half. Half-lives help to identify first-
order reactions. At a constant temperature, the halflife of a first-order reaction is
the same wherever it is measured on a concentration/time graph. So the half-life is
independent of the inital concentration.

half-life (radioactive): the time for half the atoms in a sample of a radioactive iso-
tope to decay away. It is also the time for the count rate for alpha or beta particles
from a sample to fall by half. Halflives for radioactive isotopes can be as short as a
fraction of a second or as long as millions of years. The half-lives of radioactive iso-
topes are unatfected by changes in temperature or pressure or the presence of
catalysts. The halflife remains the same whether the atoms are in the elemental state
or i one of its compounds.

halide ions arce the ions of the halogen elements. They include the fluoride (F),
chlonde (CI7), bromide (Br) and iodide (I") 10ns.

Warming sodium chloride with concentrated sulfuric acid produces clouds of hydrogen
chloride gas. This acid~base reaction can be used to make hvdrogen chloride.

NaCl(s) + H,S0,(1) —> HCI(g) + NaHSO(s)

Both sulfuric acid and hydrogen chloride are strong acids. The reaction goes from
left to right because the hvdrogen chloride is a gas and escapes from the reaction
mixture, so the reverse reaction cannot happen.



halogenoalkanes

This type of reaction cannot be used to make hvdrogen bromide or hvdrogen iodide,
because bromide and iodide ions are strong enough reducing agents to reduce
sulfur from the +6 state to lower oxidation states.

The reactions of halide ions with sulfuric acid show that there 1s a trend n the
strength of the halide 10ns as reducing agents:

e chloride ions do not reduce sulfuric acid at all, so the only gaseous product
is hvdrogen chloride gas

e bromide ions turn to orange bromine molecules as they reduce H,SO, to
802 (mixed with some hvdrogen bromide gas)

e iodide ions are the strongest reducing agents; they turn into iodine mole-
cules as they reduce H,SO, to S and H,S; scarcely any hydrogen iodide
forms.

So the trend as reducing agents is: I" > Br™ > Cl'. In group 7, iodine is the weakest
oxidizing agent so it has the least tendency to form negative ions. Conversely, 1odide

ions are the ones that most readily give up electrons and turn back into 1odine
molecules.

halogenation: see chlorination, bromination and wdination.

halogenoalkanes (or haloalkanes) are compounds formed by replacing one or
more of the hvdrogen atoms in alkanes with halogen atoms.

H H H H H H H H
H—(ll—(ll—(']——(|l—l H—(ll—(‘]—(l]—(‘]——H
I|-I I-‘{ ["I I‘{ P‘{ I|1 }IJ B|r I’{
| -lodobutane H H—C—H " 2-bromobutane
(primary) | ‘ | (secondary)

H—C C C—H
H Cl H
2-chloro-2-methylpropane
(tertiary)

Names and structures of some halogenoalkanes. A primary halogenoalkane has the halogen
atom at the end of the chain. A secondary compound has the halogen atom somewhere
along the chain but not at the ends.A tertiary halogenoalkane has the halogen atom at a
branch in the chain.

Chloromethane, bromomethane and chloroethane are gases at room temperaturc.
Most other halogenoalkanes are colorless liquids that do not mix with water.

Halogen atoms are more electronegative than carbon atoms so a carbon—halogen
bond is polar. The characteristic reactions of haloalkanes are n ucleophalic substitution

reactions.
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halogenoarenes

L D alcohol
CH,CH,CH,CH,Br —&WhELN o CcH,CH,CH,CN

S in ethanol e

A nitrile

ea¢ Wi
th 1\/]1
3 CH,CH,CH,CH,NH,
primary amine
(secondary and tertiary
Nucleophilic substitution reactions of |-bromobutane amines also form)

The rates of reaction of halogenoalkanes are in the order: RI > RBr > RCI, where R
represents an alkyl group.

The C—1 bond 1s the longest and the weakest (as measured by the mean bond
energy). The C— CI bond is the shortest and the strongest. Bond polarity does not
appear to be a factor in determining the rates because chlorine is the most
clectronegative of the elements so the C— Cl bond is the most polar.

An elimination reaction happens on warming a halogenoalkane with a solution of
potasstum hydroxide in ethanol. The reaction goes more readily in compounds with
a halogen atom at a branch in the carbon chain.

Halogenoalkanes are important intermediates in the manufacture of other chemicals.
They are also used as:

e solvents (e.g. dichloromethane)

e refrigerants (e.g. hydrochlorofluorocarbons, such as CHCIF,, which are
replacing CICs) h

e pesticides (e.g. bromomethane)

e fire extinguishers (e.g. CBr,CIF).

There are growing restrictions on the uses of many halogenoalkanes because of con-
cern about their hazards to health, their persistence in the environment and their
effect on the oz0ne layer.

halogenoarenes arc compounds formed by replacing one or more of the hvdro-
gen atoms mn an arenes with halogen atoms. An example is chlorobenzene, which is a
colorless liquid at room temperature.

Structure of chlorobenzene

halogens is the family name of the group 7 elements. The halogens are fluorine, chlo-
rine, bromine, 1dine and astatine. The name halogen means “salt-former” and is based
on the fact that the elements combine with most metals to form salts (halides).

hardness 1s a property of materials that shows how easy they are to dent or scratch
(see Mohs scale). The term is also used in the expression hard water.



hard water does not easily lather with soap but instead forms a greasy scum. Water
is hard if it contains calcium or magnesium ions. Scum is a precipitate formed when
soap mixes with water containing these 1ons.
N Qi /7 3\ ~ ~ o ~ ~ Al .

Ca*(aq) + C,.H,.CO, (aq) —> Ca(C,-H,.CO,),(s)

octadecanoate (stearate) ions In soap insoluble precipitate (scum)
Water is temporarily hard if it contains the hydrogencarbonates of calcium or mag-
nesium. This type of hardness is removed by boiling. Boiling reverses the reaction
that produced the hard water as rain containing carbon dioxide wickled through
limestone, chalk or dolomite.

boiling
Ca(HCO,) (aq) &= CaCO,(s) + HO(l) + CO,(g)

formation of hard water

The solid calcium carbonate precipitates as scale, which coats heating elements and
gradually blocks the pipes in heating systems.

Permanent hardness is not removed by boiling. The mineral gypsum, CaSO,, 1s
slightly soluble in water and makes water permanently hard.

lon exchange resin and other methods of water treatment soften water by removing
calcium and magnesium ions.

heat exchangers arc widely used in the chemical industry to transfer encrgy from
a hot liquid or gas to a cooler iquid or gas.

A laboratory water condenser is a simple example of a heat exchanger. The water
flowing in the jacket round the inner tube cools the hot vapor from a distillation
column. The water flows in the opposite direction to the vapor.

An industrial heat exchanger is normally made of steel rather than glass and has many
tubes carrving the hotter fluid through the surrounding container of cooler fluid.
Heat exchangers are important to the economics of industry. In sulfuric actd manufacture
by the contact process the reaction of sulfur dioxide with oxygen to make sulfur trioxide
is a highlv exothermac reaction. The gases must be cooled after cach pass through the catalyst
to maximize the vield. Instead of letting the energy go o waste, the hot gases are cooled
in heat exchangers in which water turns to steam. The steam 1s then used to generate
clectricity. Typically a sulfuric acid plant has no fuel bills because it can generate all the
clectricity it needs. This helps to make the process commercially viable.

heavy metals ar¢ metals such as cadmium, mercury and lead that have relauvely
high relative atomic masses. The term does not have a precise chemical meaning but
is used in descriptions of pollution caused by toxic heavy metal 1011S.

heavy water is the common name for deuternum oxide, D,O. This is water n
which both the atoms linked to oxyvgen are the deuteriuom isotope of hydrogen.

helium (He) is the first member of the group of noble gases, group 8. Hehum is the
second most common element in the universe after hydrogen. The energy of stars
such as the Sun comes from nuclear fusion, which turns hydrogen nucler into hcehum
nuclei. Helium was detected on the Sun by spectroscopy during a total eclipse in 1368
more than 20 years before 1t was isolated and identified on Earth.



Henderson-Hasselbalch equation

On Farth one of the main sources of helium is natural gas. Some natural gas wells
produce up to 7% helium. The gas boils at 4.2 Kand is the coldest liquid available to
study the properties of materials at low temperatures.

Helium is used to provide an mnert atmosphere for welding and for growing crystals
of pure semiconductors such as germanium and silicon.

Divers breathe a mixture of helium with oxygen. Helium is less soluble in blood than
nitrogen and so this mixture reduces the risk of divers suffcring from the “bends”
(decompression sickness) when they come to the surface.

Helium is less dense than air under the same conditions ()ftcmperatur(‘ and pressure.
[tis a much safer gas than hydrogen for filling airships and weather balloons.

Henderson-Hasselbalch equation: an cquation that helps chemists to explain
the behavior of buffer solutions and indicators. The equation is derived by rearranging
the expression for the acid dissociation constant K_of a weak acid and then putting b()[h
sides of the equation into logarithmic form. The advantage of taking logs is to pro-
duce an equation that can be easily used to calculate pH values, which are themselves
logarithmic,

For a weak acid HA:
HA(aq) + HO(l) == H,O"(aq) + A (aq)
L~ [HO @A (aq)]
[ [HA(aq) ]

This rearranges to give:

K [HA(aq)]
(M0 (aq)) = 122
[A™(aq) ]
Taking logs and substituting pH for —Ig [H,0"(aq) ] and pK, for-lg K . gives:
A < HA < A
pH = pK +1g (A (aq)] because ~lg HAGRq)] = +lg [A(aq)]

" THAGq)] A Ga] O THA(aq)]
In a mixture of a weak acid and its salt, the weak acid is only shightly ionized while
the saltis fullv ionized, so it is often accurate enough to assume that all the anions
come from the salt present and all the un-ionized molecules from the acid.

saht
Hence: pH = pA + g g
]

[ - which is the Henderson-Hasselbalch equation.
aci

So in a buffer solution with [acid] = [salt], pH = pK +lg 1 = pK sincelgl = 0.

Diluting a buffer solution does not change [salt]/[acid] so the pH does not change.
The equation also shows why it takes a big change in the ratio [salt]:[acid] in a buffer
solution to make a significant change in pH. Smcc log 1 =0,log 10 =1 and log 100
= 2, the ratio has to change by a factor of ten to make the pH Chdn(TC bv one unit.

The cquallon also explains why acid-base indicators change color roughly in the range
pH = pK £ 1. When pH = PA. [HIn] = [In7] and the two dlffelent colors of the
indicator are present in equal amounts the indicator is midway through its color
change.



Equivalence point
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Curve showing the change of pH when a 25 cm’ 0.1 mol dm™ ethanoic acid, a weak acid,
is titrated with a strong base. Halfway to the end point half the acid has been converted to
its salt, so [acid] = [salt] and pH = pK = 48

Add a few drops of acid and the pH falls. The characteristic acid color of the indica-
tor is distinct when [HIn] = 10 x [In7]. At this point pH = pK +log 0.1 = pk -1,
since log 0.1 = —1. |
Add a few drops of alkali and the pH rises. The characteristic alkaline color of the
indicator is distinct when [In] = 10 x [HIn]. At this point pH = pK + log 10 =
pK +1,since log 10 = +1.

Henry’s law describes the effect of changing the pressure on the solubility of a gas
in a liquid. The law applies only to gases that are slightly soluble. It does not apply to
the solubility in water of gases such as ammonia or hydrogen chloride that react as
they dissolve.

The law states that the mass of gas that dissolves in a certain volume of a liquid at
constant temperature varies with the partial pressure of the gas above the liquid.

The law applies to the solubility of gases such as nitrogen, oxygen and helium In water
and can be used to explain the dangers faced by divers breathing gas mixtures under
pressure.

Henry's law is a special case of the equilibrium law and can be described in the
following form since the partial pressure of a gas is a measure of its concentration:

concentration of gas in solution at equilibrium
concentration of gas above the liquid

= K (a constant)

Hess’s law makes it possible to calculate enthalpy changes that cannot be measured.
The law states that the enthalpy change for a reaction is the same whether it takes
place in one step or a series of steps. So long as the reactants and the products are



heterocyclic compounds

the same, the overall enthalpy change will be the same whether the reactants are
converted to products directly or through two or more mtermediate reactions.

Fless's aw 1s used to calculate:

o enthalpy changes of formation from enthalpy changes of combustion
o enthalpy changes of reaction from enthalpy changes of formation
e lattice energies in the Born—Haber cycle.

heterocyclic compounds arc compounds with rings made of carbon atoms with
atoms of at least one other element such as nitrogen, sulfur or oxvgen. The bases
in DNA are heterocvelic compounds. Adenine is an example. Many alkaloids are also

ll(‘tcm(‘yclic (f()mp()unds.

The structure of the heterocyclic compound nicotine or 3-(|-methyl-
2-pyrrolidyl)pyridine. Nicotine is present in the leaves of tobacco
plants. Pure nicotine, a colorless liquid, is highly toxic. Nicotine from
tobacco plants is used as an insecticide but the compound is better N CH,
known as the addictive drug in tobacco smoke. nicotine

heterogeneous catalyst: a calalyst that is in a different phase from the reactants.
Generally a heterogencous catalyst is a solid while the reactants are gases or in
solution in a solvent.

The advantage of a heterogeneous catalyst is that it can be held in a reaction vessel
as the reactants flow in and the products flow out. There no difficulty in separating
the products from the catalyst.

Heterogeneous catalysts are used in large-scale continuous processes. In the Haber
process for ammonia manufacture the nitrogen and hydrogen gases flow through a
reactor containing small lumps of iron.

Platinum metal alloved with other metals such as rhodium is an important catalyst. It
is used to oxidize ammonia during nitric acid manufacture. It is also used in catalytic
converters. In a catalyuc converter the expensive catalyst is finely divided and sup-
ported on the surface of a ceramic to increase the surface area in contact with the
exhaust gases. Similarly, the expensive silver catalyst used to manufacture epoxyethane
is finely spread over the surface of alumina.

Impurities in the reactants can “poison” catalvsts so that they become less effective.
Carbon monoxide poisons the iron catalyst used in the Haber process. Lead com-
pounds in the exhaust from an automobile engine poison catalytic converters so
lead-free gasoline must be used.

Heterogeneous catalysts work by adsorbing reactants at active sites on the surface of
the solid. Nickel acts as a catalyst for the addition of hydrogen to C = C in unsatu-
rated compounds by adsorbing hydrogen molecules, which probably split up into single
atoms held on the surface of the metal crystals.

[fa metal is to be a good catalyst for a hydrogenation reaction it must not adsorb the
hydrogen so strongly that the hvdrogen atoms become unreactive. This happens
with tungsten. Equally, if adsorption is too weak there will not be enough adsorbed
atoms for the reaction to proceed at a useful rate, as is the case with silver. The






hexadentate ligand

ol the atoms joined by the bond takes both of the shared pair of clectrons while the
other is left with none. This type of bond breaking happens during electrophilic and
nucleophilic substitution and addition reactions and 1s favored when reactions take place
in polar solvents such as water.

hexadentate ligand: a molccule orion that forms six coordinate (dative) bonds with
the central metal ion in a complex. A common example 1s edia.

hexagonal close-packed structure (hcp): sce close-packed structures.

high-performance liquid chromatography (hplc) is a sophisticated version of
hquid chromatography. The technique is able to separate components in a mixture that
are very similar to each other. The mobile phase is a solvent of very high purity. The
stationary phase consists of very small particles of a solid such a silica packed into a
tong steel tube. The use of fine particles increases the surface area, helping to make
the separation efficient. A pump provides the very high pressure needed to force the
solvent through the tightly packed column. One application of hplc is 1o study what
happens to drugs as they are metabolized in the body,

Hofmann degradation is a reaction that turns an emide into a primary amine while
removing a carbon atom from the molecute. The reaction shortens the carbon chain,
hence the term “degradation.™ The reaction was discovered by August von Hofmann
(I1818-1892). He was a pioneering German organic chemist who was head of the
Royal College of Chemistry in London, England, for 20 vears from 1845,

Amides react in this way when treated with bromine and concentrated sodium
hvdroxide solution.

O
7 Br,/KOH
CH,CH,CH, C 2/
N - - \ warm
NH,

CH,CH,CH,NH,

Y

amide amine

Equation for the Hofmann degradation of an amide to a primary amine with one less
carbon atom

homogeneous catalyst: a cofalys/ that is in the same phase as the reactants.
Typically the reactants and the catalyst are dissolved in the same solution.

Transition metal ions can be effective homogeneous catalysts because they can gain
and lose electrons as they change from one oxidation state 1o another. The oxidation
of iodide ions by persulfate ions, for example, is very slow.
S,0,7(aq) + 21 (aq) —> 250 (aq) + 1,(aq)

The reaction is catalyzed by iron(u) ions in the sotution. A possible mechanism is
that ron (1) 1s reduced to iron (11) as it oxidizes iodide ions to iodine. The 5,07 (aq)
tons oxidize the iron (1) back to iron(in), ready to oxidize some more of the jodide
ions, and so on.

Aad catalysis and base catalysis are other examples of homogeneous catalvysis.

homogeneous equilibrium: an cquilibrium in which all the substances involved
are mn the same phase.



homologous series: a series of closely related organic compounds. The com-
pounds in a homologous series have the same functional group and can be described
bv a general formula. The formula of one member of the series differs from the next
member by CH,. Primary alcohols are an example of a homologous series with the
general formula C H, , O. Physical properties, such as the boiling pomnt, show a
steady trend in values along a homologous series.

homolytic bond breaking (fission): the tvpe of bond breaking that produces

free radicals with unpaired electrons. In homolytic fission, a covalent bond breaks so
that the atoms joined by the bond separate, each taking one of the shared pair of

electrons.
BrBi: ——> Bre B
Homolytic bond breaking B?\—/\‘Br —> Br®* + «Br

hormones are chemical messengers carried round the body in the bloodstream.
Hormones produce a response from particular target cells. Hormones are produced
by glands and pass directly into the blood. Examples of hormones are insulin from
the islet cells in the pancreas, adrenaline from the adrenal glands near the kidneys
and sex hormones produced by the testes in men and the ovaries or other organs in
women.

Hund’s rule is one of the rules that help to predict electron configuratons of
atoms (sce aufbau principle). The rule states that the most stable arrangement of elec-
trons in an atom is the one with as many unpaired electrons as possible, all with
parallel spins. For example, in a nitrogen atom, the three prelectrons have parallel
spins and each occupy a separate penergy level.

Electron configuration of a nitrogen atom N s 2s 2p

hydration takes places when water molecules bond to ions or add to molecules.
Water molecules are polarand so they are attracted to both positive and negative ions.

T H,O 2+
HQ(). '.OII:Z
Cu
“OH,

Hydrated copper (ll) ion. Here H,0°
coordinate (dative covalent)
bonds hold the water 1
molecules to the metal ions. I H,O |



It is hard to see why the charged ions in a crystal of sodium chloride separate and go
into solution in water with only a small energy change. Where does the energy come
from to overcome the attraction between the ions? The explanation is that the 1ons
are so strongly hydrated by the polar water molecules that the sum of the enthalpy
changes of hydration nearly balances the lattice energy.

Some metal ions are hydrated in crystals as well as solution. In many hydrated salts
the metal is present as a complex 1on. This is true of copper(i1) 1ons in blue copper
sulfate. Cobalt(11) 1ons also bond to water molecules when blue (anhydrous)

cobalt(1) chloride turns pink with water.
Hydrogen ions are hydrated in solution. They do not float around freely, but bond

to water molecules forming oxonium ions.

The term hydration is also used to describe the addition of water to molecules such
as alkenes. Ethene, for example, is hydrated when mixed with steam and passed over
a phosphoric acid catalyst.

H H
H\ /H phosc;;?;;lsct acid ’ ’
c=C + HO(g) > H—C—C—OH
S/ . - heat under I I
H H pressure

Equation for the hydration of ethene

hydrazine (N,H)) is a colorless fuming liquid that is manufactured by oxidizing
ammonia with sodium chlorate (1) in the presence of gelatin. Hydrazine, like ammonia,
1s a base and a reducing agent. It has a lone pair of electrons on each nitrogen atom.

H
//
A
.. /
N—N
//
H-~
Structure and shape of a hydrazine molecule H

Hydrazine with one hydrogen replaced by a methyl group can be used as a rocket
fuel in space; it catches fire on contact with liquid N,O,.

hydrides arc compounds of elements with hvdrogen. The hvdrides of the group 1
and 2 metals are ionic and contain the hvdride ion, H™.

2Na(s) + Hy(g) —> 2Na'H (s)
lonic hydrides are ionic crystals. They are rapidly hydrolyzed by water because the
hydride 1on is a strong base.

H™(s) + H,O(l) —> H,(g) + OH (aq)
The hydrides of nonmetals are covalently bonded molecular lquids and gases. They

include the hydrogen halides, water, hydrogen sulfide and ammonia. There are very
many hydrides of carbon including the alkanes, alkenes and arenes.



hydrogen bonding

The properties of the hydrides of the three highly electronegative elements nitrogen,
oxvgen and fluorine are affected by hydrogen bonding.

Hvdrogen also forms interstitial hydrides with some d-block elements.

hydrocarbons are compounds that consist of just carbon and hydrogen. Important
classes of hydrocarbons are the alkanes. alkenes, alkynes and arenes.

hydrochloric acid is a solution of hvdrogen chloride gas in water. Hydrogen chlo-
ride is a strong acid so the solution in water is fully ionized into aqueous hydrogen
ions (oxonium ions) and chloride ions. The concentration of commercial concentrated
hvdrochloric acid is about 12 mol dm™. Dilute hydrochloric acid (about 2 mol dm™)
is commonly used as a laboratory reagent. Hydrochloric acid has the advantage of
being cheaper and safer to dilute than sulfuric acid. It is a nonoxidizing acid, unhke
dilute nitric acid.

hydrogen is the commonest element in the universe. Stars, like the Sun, consist
mainly of hyvdrogen and get their energy from nuclear fusion, which turns hydrogen
into helium.

Hydrogen atoms are the smallest of all atoms, consisting, normally, of one proton
and one electron in the 1sorbital (see atomic orbitals). There are two other isotopes:
deuteriuom and tritium.

Life on Earth depends on hyvdrogen. Most oiganic compounds contain hydrogen and
life requires water — hydrogen oxide.

Hydrogen is an important industrial chemical. Itis produced from steam and natural
gas for ammonia manufactwe. It is also one of the products of the electrolysts of brine.
Hydrogen is used to hydrogenate vegetable oils for margarine and similar spreads.
Hydrogen forms a wide range of hydrides with other elements.

hydrogen bonding is a type of attraction between molecules that is much stronger
than other types of intermolecular force, but much weaker than covalent bonding.

Hvdrogen bonding affects molecules in which hydrogen is covalently bonded to one
of the three highly electronegative elements nitrogen, oxygen and fluorine.

The hydrogen atoms lie between two highly electronegative atoms. They are hydro-
gen bonded to one of them and covalently bonded to the other. The covalent bond 1s
highly polar. The small hydrogen atom (8+) can get close to the other electronegative
atom (&—) to which it is strongly attracted.

The three atoms associated with a hydrogen bond are always in a straight line.

F K E
\ N N
H 2 H " H
i A covalent bond
Hydrogen bonding in 4 7

hydrogen fluoride hydrogen bond

Hydrogen bonding accounts for:

o the relatively high boiling pPoIts of ammonia, water and hydrogen fluo-
ride, which are out of line for the trends m the properties of the other
hydrides in groups 5, 6and 7



hydrogen electrode

e the open structure of aee

e the tertiary structure of proteins

e the pairing of bases in a DNA double helix

o the pairing up (dimerization) of carboxylic acids in a nonaqueous solvent.

hydrogen electrode: a Lalf-cell of great theoretical importance but of himited prac-
tical significance. By definition the standacd electrode potential of the hydrogen

electrode is zero, EG(ZHJ H*) = 0.00V.

A standard hvdrogen electrode sets up an equilibrium between hyvdrogen ions in
solution (I mol dm™) and hvdrogen gas (at | bar pressure), all at 298 K on the
surface of a platinum electrode coated with platinum black.

By convention, when a standard hydrogen electrode is the left-hand electrode in an
electrochemical cell, the cell emt'is the electrode potential of the right-hand electrode.

PtH,(g)] | 2H (aq) i Zn* (aq) | Zn (s)

Conventional diagram to represent the cell that defines the standard electrode potential of
the Zu*'(aq)| Zu(s) electrode

hydrogen emission spectrum: the spectrum of radiation from excited hydrogen
gas. There 1s a bluish glow when a high voltage is applied across the electrodes
at each end of a glass tube containing hydrogen at low pressure. A spectroscope
produces a tine spectrum that can be recorded photographically.

Each line in the emission spectrum corresponds to electrons dropping from a higher
energy level to a tower level. The series of lines are named after the people who first
discovered or studied them.

Wavelength
) Frequency -
Ultraviolet | Visible
N o ——— W
Lyman Balmer

The series of lines in the hydrogen emission spectrum

The pattern of energy levels in a hydrogen atom with just one electron is simpler
than in other atoms with more than one electron. In a hydrogen atom all the orbitals

in the same shell have the same energy. So the energy levels correspond to the main
shells.

I'he hines of the Balmer series are in the visible region. The lines of the Lvman series
are n the ultraviolet. The bigger the energy Jumps, the higher the frequency of
electromagnetic tadiation emitted.

The energy gaps between energy levels get smaller as electrons recede from the
nucleus. As a result, in each series, the differences between the energy jumps get



hydrogen ions

smaller and smaller until they converge. They converge at the high-frequency end.
The biggest jump in the Lyman series is for an electron dropping back from the very
edge of an atom to the lowest energy level. The size of this jump is the wnization
energy for a hydrogen atom. So the ionization energy of hydrogen can be calculated
from the frequency of the convergence limit of the Lyman series since (according to
quantum theory) AE = hv.

hydrogen halides are compounds of hvdrogen with the halogens. They are all
colorless. molecular compounds with the formula HX, where X stands for F, Cl, Bror L.

The bonds between hvdrogen and the halogens are polar. The H—F bond is so
polar that the properties of the compound are affected by hydrogen bonding.
Hydrogen chloride, hydrogen bromide and hydrogen iodide are similar in that they
are:

o colorless gases at room temperature that fume 1 moist air

o verv soluble in water. forming acid solutions (hydrochloric, hydrobromic
and hvdriodic acids)

o strong acids so they ionize completely 1N water.

Hydrogen chloride, hvdrogen bromide and hydrogen iodide show some trends
down group 7 in that they:

e become less thermally stable — heating does not decompose hydrogen
chloride but a hot wire will decompose hvdrogen iodide into hydrogen
and 10dine

e become easier to oxidize to the halogen — hydrogen iodide 1s a strong
reducing ageudl.

Hydrogen fluoride is rather different from the other hydrogen hahdes:

o itisaliquid at room temperature (boiling point 19.9°C) because of hydrogen
bonding

o LIS a weak acid

e its solution in water (hvdrofluoric acid) reacts with glass and can be used
for etching.

hydrogen ions (H*) arc hydrogen atoms that have lost an electron. Since a hydro-
gen atom consists of one proton and one electron this means that a hydrogen ton 1s
just a proton. In water, hydrogen 1ons do not float around freely; they become
attached to water molecules, forming oxonium ions, HO™ A lone pair on the
oxygen atom forms a dative bond with the hydrogen ion (sce coordinate bond).

iy’
I +
N .o '
O°* I — H—O—H

Bonding in an oxonium 1on H

Hydrogen 1ons (protons) transfer from an acid to a base during an acid-base reaction.
This gives rise to the definition of an acid as a proton donor and a base as a proton

il('('('])[()l‘.
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hydrogen peroxide

hydrogen peroxide (H,0,), when pure, 1s a pale bluc.hqm(l. [ike water it is a
hydride of oxvgen and it is a hydrogen bonded, molecutar hquid.

|
I H |
| |
" | |
.0 9 . | 970 |
H L-——-6 O-—4 )%
\
Bonding and shape of a molecule N 97° N
of hydrogen peroxide . _semsw = = SN

Hydrogen peroxide is usually supplied in solution in water. Solutions are sometimes
labeted with the “volume strength.” For example, “20 volume™ hydrogen peroxide
decomposes to give 20 cm?® oxygen from | cm?® of solution (measured at 0°C and 1
atmosphere pressure, stp).

Only in peroxides does oxvgen have the oxidation state =1, in between 0 and -2. So
hydrogen peroxide can act as both an oxidizing agent and as a reducing agent.

Hydrogen peroxide decomposes stowly on standing in the dark, but much more
rapidly in the present of a catalyst such a powdered manganese(IV) oxide or the
enzyme catalase. This is a disproportionation reaction with oxygen starting in the —1 state
and ending up in the =2 and 0 states. Hydrogen peroxide, as it were, oxidizes and
reduces itself.

2H,0,(aq) —> 2H,0(1) + O,(g)

0— O,
-I 4 H,0,  0,”
2 SO O™

Oxidation states of oxygen

As an oxidizing agent, hydrogen peroxide is used as a bleach. It is used to bleach
paper and textiles and to manufacture bleaches used in washing powders. In water
treatment it destroys microorganisms. The great advantage of hydrogen peroxide as a
bleach is that it turns into water when it reacts, avoiding contamination or pollution.

H,0,(aq) + 2H"(aq) + 2¢- —> 2H,0 (1)
Hydrogen peroxide is not a powerful reducing agent but it will decolorize an acid
solution of manganate (Vit) ions. A potassium manganate(Vll) titration is one way of
determining the concentration of a solution of hydrogen peroxide.

H,0,(aq) —> 0,(g) + 2H (aq) + 2e”

hydrogenation is a reaction that adds hvdrogen to a compound. Hydrogenation
converts liquid vegetable oils to the solid fats used as ingredients of margarine. In
these reactions hydrogen adds to double bonds in the hvdrocarbon chains of unsat-
wrated fatty acids. Hydrogen adds to C = C double bonds at room temperature in
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the presence of a plaunum or palladium catalyst or on heating in the presence of a
nickel catalyst. (See also heterogeneous catalyst.)

hydrolysis: a reaction in which a compound 1s split apart in a reactuon involving
water. Hvdrolysis reactions are often catalvzed by acids or alkalis.

O O
; / 3 heat with / . :
(,H%C + OH (aq) > CH.C - (“)H,-,OH
7N\ aqueous alkall 3 . m
OCQI{S O
salt of
ester ethanoic acid ethanol

Hydrolysis of the ester ethyl ethanoate catalyzed by alkali

Hvdrolvsis is used to make soap from fats and oils. This is an example of ester hydrolysis.
Other examples of hydrolysis in organic chemistry convert:

o halogenoalkanes 1o alcohols
o acyl chlorides. acid anhydrides. and nitriles 1o carboxvlic acids.

hydrolysis of salts changes the pH of a solution of a salt by altering the concen-
trations of H,O® and OH™ ions.

Solutions of aluminum salts and iron(111) salts are acidic because of hydrolysis. The
hvdrated aluminum(iir) ion, for example, is an acid. A, because of its polarizing
power, draws electrons toward itself. so that the water molecules can give away
protons more casily than free water molecules.

[AI(H,0), ] (aq) + HO() —> [Al(H,0),0H]* (aq) + H,0"(aq)

Solutions of the salts of weak bases are acidic. This includes the salts of ammonia and
amines. The NH," ion in an ammonium salt is an acid because ammonia (the weak
base) does not have a strong hold on the protons it accepts.

NH, (aq) + HO(1) == NH,(aq) + H,0"(aq)
Solutions of the salts of weak acids are alkaline. This includes the salts of:

e carbonic acid (carbonates)

e sulfurous acid (sulfites)

e cthanoic acid (ethanoates)

e hvdrogen sulfide (sulfides).
The negative ions from weak acids are strong bases; they take hydrogen ions from
water molecules and turn back into the acid.

CH,CO, (aq) + HLO(1) = CH,CO,H(aq) + OH (aq)
hydrosphere: the watery part of the Earth's surface. This includes the oceans,
rivers, lakes, groundwater and glaciers. Over 80% of the hydrosphere is i the oceans
and shallow seas. Almost all the rest of the water is trapped in sediments.
The oceans are linked to the rest of the hvdrosphere by the water cycle: water evapo-
rates from the sea into the atmosphere, falls as rain or snow onto tand and then
returns to the oceans via rivers and lakes.






ice: the sohd state of water, which i1s remarkable because. at the freezing point, 1t is
less dense than liquid water and so floats. Ice owes its open cagelike structure to
hydrogen bonding. Each water molecule is hydrogen bonded to four others. The hydro-
gen bonds are 0.177 nm long, which is much longer than the length of a covalent
O —H bond (0.094 nm). The distance between the oxvgen atoms is equal to the
sum of the lengths of a hydrogen bond and a normal O — H bond. Note that in
every instance the three atoms O —H O are in a straight hne.

i ® oxygen

/i ° hydrogen

[N

Hydrogen bond — ‘\t {: \%\

The view from some angles shows the oxygen atoms in ice arranged in puckered
hexagons — a pattern that is reflected in the hexagonal shapes of snowflakes.

Structure of ice Covalent bond

When ice melts the open structure partly collapses as some of the hydrogen bonds
break. so at 0°C the liquid is denser than the sohid.

ideal gases: gascs that obey the ideal gas equation pV = nRT, where pis the pres-
sure in N m™ (pascals), Vis the volume in m”, T'is the temperature on the kelvin scale
in K. 7 the amount in moles and R the gas constant. Tt is important to convert all the
quantities to SI units before substituting values in the equation.

The ideal gas equation incorporates all the gas laws. For example, with a fixed amount
of gas n is constant, so at constant temperature pV = constant, which is Boyle’s law.
In practice real gases deviate from ideal gas behavior. Under laboratory conditions the
gases that are close to behaving like ideal gases are the ones that are well above their
boiling points such as the noble gases, nitrogen, oxygen and hydrogen. For these gases
at room temperature and pressure the assumptions of kinetic theory are nearly true.
The attractive forces between these nonpolar molecules are small enough to be
ignored and the volume of the molecules is msignificant compared to the total
volume of gas.

The ideal gas equation can be used to determine the molar mass of gases and of other
substances that evaporate casily,

ideal mixture: a mixture of liquids that obeys Raoult’s law. Only very simitar com-
pounds form ideal mixtures, such as the two alkanes hexane and heptane or the two
alcohols, propan-1-ol and propan-2-ol.

A mixture of two liquids A and B is only ideal if the itermolecular forces m pure A,
pure B and in the mixture of A and B are all the same strength. A mixture of hiquids



ignition temperature

deviates from Raoult’s law if the intermolecular forces in the mixture are stronger or
weaker than in the pure hquds.

ignition temperature: the lowest temperature at which a substance will sponta-
neously catch fire in air. There is no need for a flame to ignite a gas or vapor at or
above its ignition point. Examples of ignition temperatures in air are: hexane, 487°C,
and ethanol, 558°C.

immiscible liquids are hiquids that do not mix. As a rule, nonpolar liquids such as
hexane and other hvdrocarbons do not mix with polar liquids such as water.

Oily hvdrocarbon liquids are usually less dense than water so they form a separate,
colorless layer on top of water. Liquid organic halogen compounds such as dichloro-
methane are often denser than water so that they give rise to a separate hquid laver
underneath water.

Liquids that are immiscible are useful in solvent extraction.

immobilized enzymes are enzymes bound to a solid so that they can be casily recov-
ered from a reaction mixture by filtering or centrifuging. Alternauvely the solid
holding the enzyme can be contained in a column and the raw material (substrate)
passed through the column, turning into products in the presence of the trapped
enzyme catalyst. Three methods of hinking an enzyme to a solid support are:

e ionic bonding between charged amino side-chains on the protein molecules
of the enzyme and charged groups on the support

e trapping the enzyme in a tangle of polvmer molecules

e using covalent bonds to attach the enzyme to the insoluble solid.

Immobitized enzymes are used to convert starch from corn into ghucose and then to
convert much of the ghucose to fructose, which is sweeter than glucose or sucrose
(see sweetness). Using immobilized enzymes has meant a big fall in the cost of high
fructose syrup used to make colas and other soft drinks.

indicators arc used to detect the end point during titrations. Acid—base indicators
change color over a range of pH values. Starch is used as an indicator in iodine-
thiosulfate redox titrations. Other indicators are available for redox titrations and for
complex-forming titrations,

inductive effect: a tcrm to describe the extent to which electrons are pulled away
from, or pushed toward, a carbon atom by the atoms or groups to which it is bonded.
The word is sometimes used in accounts of reaction mechanisms.

More clectronegative atoms pull electrons away from a carbon atom. so the carbon
carries a slight positive charge. This means that the carbon atom is open to attack by
nucleophiles, which happens when carbon is bonded to oxvgen. chlorine or bromine.

Other groups, especially alkyl groups, have a slight tendency to push electrons toward
the carbon atom to which they are bonded. One of the effects of this kind of inductive
effectis that a secondary carbocation is more stable than a primary carbocation. This
helps to account for the products formed during electrophilic addition of compounds
such as HBr to unsymmeurical alkenes (see Markovnikov rule).

inert chemicals: a chemical is inert if it has no tendency to react under given cir-
cumstances. The tighter noble gases, helium and neon, live up to the original name
for group §. They are inert toward alt other reagents.



Nitrogen is a relatively unreactive gas that can be used to create an “mert auno-
sphere” free of oxvgen, which is much more reactive. Nitrogen 1is not mert in all
circumstances. It reacts, for example. with hydrogen in the Haber process and with
oxvgen at high temperatures to form nitrogen oxudes.

Sometimes there 1s no tendency for a reacuon to proceed because the reactants are
stable. This is so if the free energy change for the reaction is posiuve.

Sometimes there is no reaction even though thermochemistry suggests that it should
proceed. The free energy change is negative so the change is feasible (see feasibility) .
A high activation energy means that the rate of reaction is very slow. Methane, for
example, does not burn in oxvgen at room temperature even though 1t would be
energetically favorable for it to do so. This is an example of a substance being kinet-
ically inert. The term “kinetic stability” is sometimes used but it helps to make a clear
distinction between “thermochemical stability” and “kinetic inertness.”

inert gases: the older name for the group of noble gases, which was used unut the
discovery of compounds formed by xenon.

inert pair effect: describes the observation that, for groups 3, 4 and 5 of the peri-
odic table, the oxidation state that is 2 below the highest state becomes increasingly
stable down the group. In group 4. for example, the main oxidation state for carbon
and silicon is +4. The +2 oxidation state becomes important in the chemistry of un
and lead. In the chemistry of lead the +2 state is even more stable relative to the +4
state than it is in the chemistry of tin. What this means is that two of the four elec-
trons in the outer shell become less available for bonding down the group, hence the
term “inert pair effect.” This effect is best regarded as a reminder of a trend rather
than an explanaton.

infrared (IR) spectroscopy is an analvtical technique used to idenufy functional
groups in organic molecules. Most compounds absorb IR radiation. The wavelengths
they absorb correspond to the natural frequencies at which vibrating bonds in the
molecules bend and streteh. 1t is polar covalent bonds such as O—H, C—O0O and
C = O that absorb strongly as they vibrate.

Bonds vibrate in particular ways and absorb radiation at specific wavelengths. This
means that it is possible to ook at an IR spectrum and identify particular functional
groups.

Molecules with several atoms can vibrate in many ways because the vibrations of one
bond affect others close to it. Complex patterns of vibrations can be used as a “finger-
print” to be matched against the recorded IR spectrum in a database. Comparing the
IR spectrum of a product of synthesis with the spectrum of the pure compound can
be used to check that the product is pure.

inhibitor: a chemical that stops or slows down a specific chemical reaction. Inhib-
itors are sometimes called negative catalysts. Liquid  monomers such as phenyl
(ethene) are often supplied with a dissolved inhibitor to prevent polymerization in
the bottle.

Enzyme mhibitors are very important in the control of metabolism. Competitive inhi-
bition reduces the rate of a reaction catalyzed by an enzyme in the presence of a
molecule with a similar shape to the normal substrate. The inhibitor binds to the
active site of the enzyme and stays there unchanged, stopping normal enzyme acuvity.



initial rate method

initial rate method: a method for finding the order of a chemical reaction and
the form of its rate equation. This method is used for reactions with several terms in
the rate equaton, which makes other methods hard to use.

The method is based on finding the rate immediately after the start of a reaction.
This is the one point when all the concentrations are known.

The procedure is to make up a series of mixtures in which all the miuat concentra-
tions are the same except one. A suitable method 1s used to measure the change of
concentration with time for each nuxture (see rates of reaction). The results are used
to plot concentration/time graphs. The inital rate for cach mixture is then found by
drawing tangents to the curve at the start and calculating their gradients.

Worked example:
The initial rate method was used to study the reaction A + 2B ——= C + D.The
Intial rate was calculated from five graphs plotted to show how the concentration
of B varied with time for different initial concentrations of reactants.

Experiment Initial concentration  Initial concentration  Initial rate of

of A/mol dm~> of B/mol dm~* reaction/mol
dm= s~

I 0.10 0.05 2 x 107

2 0.20 0.05 8 x 107

3 0.30 0.05 18 x 107

4 0.20 0.10 8 x 107

5 0.20 0.20 8 x 107

What is:

e the rate equation for the reaction?
e the value of the rate constant?

Notes on the method

Recall that the rate equation cannot be worked out from the balanced equation
for the reaction.

First study the experiments in which the concentration of A varies but the con-

centration of B stays the same. How does doubling or tripling the concentration
of A affect the rate?

Next study the experiments in which the concentration of B varies but the con-

centration of A stays the same. How does doubling the concentration of B affect
the rate?

Substitute values for any one experiment in the rate equation to find the value of

the rate constant, & Take care with the units.

Answer

From experiments |, 2 and 3: doubling [A],.Increases the rate by a factor of
4 (29). Tripling [A],,, Increases the rate by a factor of 9 (3%). So rate «< [A]".



intermediate bonding

From experiments 2, 4 and 5: doubling [B] , ~does not change the rate.
So rate «< [B]° = .

The reaction is second order with respect to A and zero order with respect to
B.The rate equation is:

rate = k[A]

Rearranging this equation, and substituting values from experiment 2:
_rate 8% I0*moldm™s!

{ [A]* (0.2 mol dm™)?

k= 002 mol~' dm?®s™

inorganic chemistry is the study of the chemical elements and their compounds.
Inorganic chemistry includes the chemistry of the element carbon and a few of
its compounds such as carbon monoxide, carbon dioxide, tetrachloromethane and
the carbonates. The chemistry of most other carbon compounds belongs to organic
chemistry.

Most of the reactions of inorganic chemicals belong to one of these four types:

o acid-base

o redox

e ilonic precipitation

o complex forming (or ligand exchange).
insulin is the hormone, produced by special cells in the pancreas, that helps to con-
trol the level of glucose in the blood. Digestion of food after a meal raises the level
of glucose in blood. In response the pancreas secretes insulin, which circulates round
the body and speeds up the rate at which cells take up glucose.
Insulin is a protein consisting of two folded chains of amino acids that are cross-linked
by disulfide hinks.
interhalogen compound: a compound formed when one halogen combines with
another. For example, passing a stream of chlorine gas over solid iodine produces
a red-brown liquid, iodine monochloride, ICI. With excess chlorine this turns (o a
yellow solid, iodine trichloride, ICl, which is unstable and casily decomposes back
o ICL

intermediate bonding is bonding that is neither purely ionic nor purely covalent.
In most compounds the bonding between the atoms of different elements 1s to some
extent intermediate between the two extremes.

O+ o
H—Cl
Na™ Cl™ < > Cl—C(l
lonic bonding: Polar covalent bonding: Covalent bonding:
electron transfer from between atoms with electrons evenly shared
3 reactive metal to a different values for between two identical
highly electronegative electronegativity atoms

nonmetal

A spectrum from purely ionic to purely covalent bonding



intermediates in reactions

The electronegatioity values for two elements are a guide to the extent to which the
bonds between them will be covalent, 1onic or mtermediate between the two.
Electronegativity values are particularly useful for discussing polar covalent bonds.

Where the bonding is largely ionic, Fajan’s rules are a guide to the extent to which
the metal (positive) 1on will distort neighborig negauve ions, giving rise to a degree
of electron sharing.

intermediates in reactions are atoms, molecules, 1ons or free radicals that do not
appear in the balanced equation but are formed during one step of a reaction, then
used up in the next step. Chemists can use spectroscopy to detect intermediates that
exist only for a short tme during a reaction.

Examples of reacuon imtermediates are the free radicals formed during a free-radical
cham reaction or the carbocations formed during nucleophilic substitution by the S_1
mechanism and during electrophilic addition to alkenes.

Energy changes in the
course of a reaction.
Note the energy dip
as the intermediate
forms.The dip is not
deep enough for the
intermediate to exist
as a stable product.
Contrast this with the
energy profile for a
reaction with just a
transition state
between reactants
and products.

Intermediate

Energy

Reactants

Products

Progress of reaction

intermolecular forces arc weak attractive forces between molecules. Without
termolecular forces there could be no molecular liquids or solids. Also real gases
would behave more like ideal gases.

Weak intermolecular forces arise from electrostatic attractions between dipoles.
including attractions between:

o molecules with permanent dipoles such as hydrogen chloride molecules

e apermanentdipole in one molecule and a dipole induced in a neighbor-
ing molecule, such as the attraction between hydrogen bromide and an
cthene molecule

e nstantancous dipoles created fleetingly in nonpolar atoms or molecules
(see dispersion forces).

Generally intermolecular forces get bigger as molecules get longer and there 1s a



larger area of contact over which intermolecular forces can operate. This accounts
for the rise in melting and boiling points as the number of carbon atoms increases
in the series of straight-chain alkanes. The strength of thermoplastic polymers depends
on the total strength of intermolecular forces between tangled long-chain molecules.

Weak intermolecular forces, due to attractions between temporary and permanent
dipoles, are often called van der Waals forces. Forces of this kind are roughly a
hundred tumes weaker than covalent bonds.

The properties of some molecular compounds are affected by stronger mtermolecu-
lar forces called hydrogen bonding. Hydrogen bonds are about ten umes stronger than
van der Waals forces.

interstitial hydrides are compounds formed by d-block elements with hydrogen.
The hydrogen atoms fit into the spaces between the atoms in the metal crystal. The
holes are the interstices of the crystal, hence the name.

The amounts of hydrogen in the lattice vary with the temperature and pressure. The
compounds do not have a definite composition. The hydride of titanium has the
variable formula TiH , where xis less than 2.

Palladium reacts particularly well with hydrogen and can absorb nearly a thousand
times its own volume of the gas at room temperature.

Interstitial hydrides release hydrogen gas on heating so they have been investigated
as a possible safe wav of storing hydrogen.

intramolecular forces arc the strong covalent bonds between atoms in a molecule.
They are about one hundred times stronger than the weak intermolecular forces
between molecules. Substances consisting of small molecules melt and boil at rela-
tively low temperatures because of the weakness of the forces between the molecules.
The strong intramolecular forces in small molecules do not normally break during
melting and boiling.

iodination is a rcaction in which an iodine atom replaces a hydrogen atom i an
organic molecule. One example is the iodination of propanone - a reaction that
appears in the study of reaction rates. The reaction is acid catalyzed.

CH,COCH,(aq) +I,(aq) —> CH,JICOCH,(aq) + H*(aq) + I"(aq)

iodine (1) is a lustrous gray-black sohid at room temperature, formula I, which sub-
limes when gently warmed to give a purple vapor (sce sublimation). lodine 1s a

DX

halogen, the fourth element in group 7, with the electron configuration [Kr]4d"5s5p.

lodine consists of diatomic molecules with pairs of atoms held together by single
covalent bonds. The molecules are nonpolar so the intermolecular forces ave relauvely
weak, but stronger than in bromine because the atoms are larger and have more
clectrons. This makes iodine molecules more polarizable than bromine molecules.

lodine. like the other halogens, is an oxidizing agent but a less powerful oxidizing
agent than bromine.

lodine reacts with metals to form iodides. Because of the polarizability of the large
iodide ion, the iodides formed with small cations or highly charged cations are essen-
tally covalent (see Fajan’s rules). Examples are lithium iodide, magnesium iodide and
aluminum 1odide.



iodine number

Iron (i) iodide and copper(i) iodide do not exist because iodide ions reduce the
metal ions to their lower oxidation state. The only iodides of these metals are iron(ir)
iodide and copper(1) iodide.
lodine oxidizes hvdrogen on heating, forming hvdrogen iodide. Unlike the reactions
of chlorine and bromine, this is a reversible reaction that has been studied in detail
to establish the equilibrium law.

H,(g) + 1,(g) = 2HI(g)
Hydrogen iodide is a fuming, acidic gas. Like the other hydrogen halides it is very
soluble in water and a strong acid.
lodine is only very slightly soluble in water. It is much more sohible in a sohition of
potassium iodide because of the formation of the tr-iodide ion. lodine solution in aque-

ous potassium iodide 1s a brownish-vellow color. Todine dissolves frcely in nonpolar
solvents such as hexane, forming a solution with the same color as iodine vapor.

As a weaker oxidizing agent, iodine converts thiosulfate ions to tetrathionate ions.
This is a quantitative reaction used in iodine—thiosulfate titrations.

lodine and its compounds are used to make pharmaceuticals, photographic chemi-
cals and dyes. lodine is needed in the diet so that the thyroid gland in the neck can
make the hormone thyroxine. which regulates growth and metabolism. In many
regions sodinm iodide is added to able salt to supplement the iodine in the diet and
drinking water and so prevent goiter.

lodine number: a mcasure of the degree of unsaturation of a fat or oil. Some fatty
acids in fats and oils are fully saturated, having no double bonds. Other fatty acids are
unsaturated; they have double bonds. The iodine number is found by measuring how
much iodine will add to double bonds per 100 g oil. The higher the iodine number,
the more unsaturated the fat or oil. Values range from 25-30 g per 100 g for butter,
which is high in saturated fats, to 80-140 g per 100 g for a vegetable oil such as sova
oil, which is high in unsaturated fats.

lodine-thiosulfate titrations: a useful analytical method for measuring amounts
of oxidizing agents. The method is based on the fact that oxidizing agents convert
iodide ions to iodine quantitatively. Among the oxidizing agents that do this are
iron (1) ions, copper(n) ions, chlorate (1) ions, dichromate (V1) ions in acid, iodate (V)
1ons in acid and manganate (Vi) ions in acid.

21 (aq) —> L,(aq) + 2e”
The iodine stays in solution in excess potassinm iodide, turning a vellow-brown (see
tri-todide ion).
Theodine produced is then tivrated with a standard solution of sodium thiosulfate,
which reduces iodine molecules back to iodide ions. This too happens quantitatively
exactly as in the equation,

[,(aq) + 25,0, (aq) —> 2I"(aq) + 5,0, (aq)
The greater the amount of oxidizing agent added, the more the iodine formed and
so the more thiosultate needed 1o react with it. When thiosulfate is added from a
burctte the color of the iodine gets paler. Near the end point the solution is a vervy
pale vellow. Adding a little soluble starch solution as an indicator near the end point
gives a sharp color change from bhue-black to colorless.



ion exchange

Worked example:

Calculate the concentration of a solution of sodium thiosulfate standardized by
this method. A 0.0642 g sample of potassium iodate(V), KIO,, was dissolved in
water in a conical flask. Excess of potassium iodide was dissolved in the solution,
which was then acidified with dilute sulfuric acid. The iodine formed was titrated
with the solution of sodium thiosulfate from a burette. The volume of sodium
thiosulfate solution needed to decolorize the blue iodine—starch color at the end
point was 24.50 cm”.

Notes on the method

Write the equations and calculate the amount in moles of §,0,* equivalent to
| mol 10,~.

There 1s then no need to consider the amounts of iodine in the calculations.
Look up the molar mass of potassium iodate: M (KIO, ) = 214.0 g mol”

Only use your calculator at the last step of the calculation to avoid repeated
rounding errors.

Answer

The equations for producing 1odine:

10,7 (aq) + 5I"(aq) + 6H (aq) —> 3l,(aq) + 3H,0

The equation for the reaction during the titration:

I,(aq) + 25,0, (aq) —> 2I7(aq) + S,0,7 (aq)

So | mol 10, produces 3 mol I, which then reacts with 6 mol S0,

) o 00e42¢
The amount of KIO, at the start = 7140 g mol"

6 mol $,0,* react with the iodine formed by | mol 10,".

So the amount of thiosulfate in 24.5 cm® (= 0.0245 dm’) solution

B 0.0642 ¢
= 6 X 3720 g mol”

So the concentration of the sodium thiosulfate solution

0.0642 ¢ |
6 X 3720 gmol! < 0.0245 dm’

= 0.0735 mol dm~*

iodoform reaction: scc tri-todomethane reaction.

ion exchange is a process for exchanging ions in a solution and is used to soften
and deionize water. An ion exchange resin consists of small beads of a polymer that
has been modified so that along the chams there are ionic groups. In a cation
exchange resin the polymer has negatively charged groups, which attract positive 1ons.
A water softener contains a cation exchanger in which all the negatively charged sites
are attracting sodium ions. As hard water flows over the resin beads the calcium 1ons
in the hard water change places with the sodium ions. The softened water can then be
used for washing without forming insoluble precipitates with soaps and other detergents.



lon exchange is a reversible process. Once all the sodium ions m a bed of resin have
been used up it can be recharged by running a concentrated solution of sodium
chloride through it to replace calcium ions with sodium ions, ready to soften more
water. The salt added to a dishwasher is needed to make sure that the water softener

in the machine is regenerated i this way.

_Gaz" lonsgif
“hard water
| " 1

L

lon-exchange resin

bead holding Na” ions

Na™ ions in
Using ion exchange to soften water softened water

It takes two 10n exchange resins to deionize water: a cation resin holding hydrogen ions
and an anion resin with hydroxide 1ons. As water runs through the two resins the cation
exchanger holds onto positive metal ions and replaces them with hydrogen ions. The
anion exchanger holds onto the negative ions and replaces them with hydroxide ions.
Then H® (aq) + OH (aq) —> H,O(1), so no ions are left in solution.

ionic bonding is one of three types of strong chemical bonding. Ionic bonding
occurs in compounds of metals with nonmetals. Tonic compounds form particularly
when the reactive s-block metals combine with the halogens of group 7 or oxvgen in
group 6. The erystal structures of ionic compounds are three-dimensional lattices of ions.

C

Ionic bonding is the result of electrostatic forces of attraction between positive metal
ions and negative nonmetal ions. The larger the charges on the ions, the bigger the
attractive force. The smaller the ions, the closer the charges get to each other and
the stronger the force of attraction.

Electron dot and cross diagrams provide a balance sheet for keeping track of the elec-
trons when 1onic compounds form. These diagrams do not describe the mechanisms
of the reactions.

Na* + Cli ———> Na + :Cli
sodium atom  chlorine atom sodium 1on  chloride ion
(28.1 (2.8.7) (2.8) (2.8.8)

Cas + *B: *F: —— s Ca*™ + F%: E:

calcum atom two fluorine atoms calcium on two fluorde ons
(2.8.8.2) (2.7) (2.8.8) (2.8)

Dot and cross diagrams for the formation of sodium chloride and calcium fluoride



ionic product of water

Energy is needed to remove electrons from metal ions (see ionization energy). The
energy changes on adding electrons to nonmetal atoms are quite small (see electron
affinity). lonic crystals are stable because of the large release of energy as the ions
form a crystal lattice (see lattice energy). The Born—Haber cycle helps to analyze the
stability of ionic crvstals. This energy cycle also helps to explain why it is generally
true that the atoms of s- and p-block elements gain or lose electrons to atain the
electron configuration of the nearest noble gas.

ionic character of bonds: a phrasc used (o describe the extent to which bonds
between the atoms of two different elements are polar. The greater the difference in
clectronegativity between the elements, the more ionic the bonding. (See also ionic
bonding, polar covalent bonds, intermediate bonding and Fajan’s rules.)

ionic equations describe chemical changes by showing only the reacting ions in
solution. These cquations leave out the spectator ions, which remain in solution
unchanged. For example, an ionic equation shows that the use of a bartum salt to
test for sulfate ions is essentially the same reaction whether the reagent is barium
chloride or barium nitrate and whatever the source of the sulfate 10ons.

Ba**(aq) + SO,*(aq) —> BaSO,(s)
Note that ionic equations are balanced both for atoms and charges.

An ionic equation also shows that the neutralization of any fully ionized strong acid
by a fully ionized strong base is essenually the same process:

H'(aq) + OH (aq) —> H,O(l)

ionic precipitation is a reaction that produces a solid precipitate on mixing two
solutions. This type of reaction can be used to make an insoluble salt from two sol-
uble salts. Silver bromide forms as a precipitate on mixing solutions of silver nitrate
and potassium bromide. This is best represented by an ionic equation leaving out the
spectator wons.
Ag (aq) + Bri(aqg —> AgBr(s)
This is the reaction used to make silver bromide for photography. Silver metal 1s dis-
solved in nitric acid to make silver nitrate, Ag'NO,™. Then the solution of silver nitrate
is mixed with potassium bromide (K'Br7) in a solution of gelatin. This produces a very
fine precipitate of silver bromide (AgBr) suitable for making a photographic film.
lonic precipitation reactions play a big part in anion tests and cation tests.
ionic product of water, K : a constant for the equilibrium produced by the 10n-
ization of water. There are oxonium ions and hydroxide ions even m pure water
because of a transfer of hydrogen ions between water molecules. This only happens
to a very slight extent. At equilibrium in pure water: [HO"(aq)] = 107 mol dm™
H,O() + HO(l) == H,0'(aq) + OH (aq)
[H,0"(aq) ] [OH (aq) |
[H,ODJ*

The (’(1ui]il)1“ium constant K‘ =

There is such a large excess of water that [HL,()(I)] is a constant, so the relatonship
simplifies to: K = [llj,‘()’(th)][()Il‘(uq)]

where [\" 1s the 1onic pr()(lu(‘t of water.






ionization energy

Note these patterns:

e down any group the ionic radii increase as the number of inner full shells
Increases
e across a period, the radii of 1ons with the same electron configuration
decrease as the nuclear charge increases.
lons in solution are hvdrated (see hydration). The radius of the ion plus the hydrat-
ing water molecules is larger than the ion in a crystal. A smaller ion is likely to be
more heavily hvdrated than a larger ion with the same charge.

lon Radius in a crystal/nm Radius when hvdrated/nm
Lit 0.074 1.00
Na’ 0.102 0.79

ionization energy: a measure of the energy needed to remove an electron from a
gaseous atom or ion. lonization energies give evidence for the arrangement of elec-
trons in atoms in shells and subshells. lonization energies can help to explain which
ions an element can form. Values for ionization energies are used in energy cycles,
such as the Born—Haber cycle. to investigate bonding i compounds.

The first ionization energy for an element is the energy needed to remove one mole
of clectrons from one mole of gaseous atoms. Successive 1onization energies for
the same element measure the energy needed to remove a second, third, fourth
electron, and so on.
Jonization energies can be measured by mass spectrometry or by studying the emission
spectra of atoms (see hydrogen emission spectrum). In these ways it is possible 1o mea-
sure energy changes involving ions that do not normally appear in chemical
reactions.

Na(g) —> Na'(g) + e first ionization energy = 496 kJ mol™!

Na'(g) —> Na¥(g) + ¢ second ionization energy = 4563 K] mol™!

Na® (g) —> Na’'(g) + ¢& third ionization energy = 6913 k] mol™
There are 11 electrons in a sodium atom so there are 11 successive ionization energies
for this clement. The electron configuration of the element is 15°25°24°3s!. There is 1
clectron in the outer shell, which is furthest from the nucleus and shielded by ten
inner e¢lectrons. There are eight electrons in the second shell and these are closer to
the nucleus and only have two inner shielding electrons. The two inner electrons feel
the full attraction of the nuclear charge and are closest to the nucleus. They are
hardest to remove.
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ionization of water

So the successive 1onizaton energies for an clement rise and there are big jumps
value cach ume electrons start to be removed from the next shell in toward the nucleus.
In the periodic table, tonization energies tend to rise from left to right across a period
because from one element to the next the added electron goes into the same main
shell as the charge on the nucleus increases by one. The rise in values i1s not siooth
but shows a 2-3-3 pattern, corresponding to the way that the s and porbitals fill up
(sce atomic othitals).

First ionization energy/k] mol

Proton number

Plot of first onization energy against proton number for the elements H to Ca

The 2s orbital is full at Be, there is then a slight dip as the next electron goes mnto a
porbital with a slightly higher energy. The three frorbitals each have one electron in
a nitrogen atom. The dip at oxygen happens as the next electron has to pair up with
another clectron. Nevertheless, the main factor is the charge on the nucleus, which
mereases steadily across the period. This pattern repeats from Na to Ar,

lonmzation energies decrease down a group. Down a group the number of full shells
increases. The increased shielding effect balances out the increasing charge on the
nucleus. The outer clectrons get further and further away from the same effective
nuclear charge, so they are easier to remove.

ionization of water: scc ionic product of water.

ionizing radiation includes all the types of radiation with enough energy per
photon to ionize atoms. ITonizing radiation includes alpha and beta particles. gamma
tadiation and X-rays. Living cells are very sensitive to ionizing radiation. High doses of
lonizing radiation can Kkill living cells and even small doses can cause mutation.
Exposure to 1onizing radiation can, in time, give rise to cancer.

iron (Fe) 1s a d-block metal that shows the characteristic behavior of the transition
metals. Its electron configuration is: [Ar]3d*4s*. The pure metal is soft and casily worked.



isoelectric point

Itis strongly ferromagnetic. In most of its uses iron is mixed with other elements to make
steel. Tron is so widely used that corosion of the metalis a serious economic problem.

Iron can exist in more than one oxidation state. Iron dissolves in dilute acids to form
iron (11) salts. The aqueous iron (i) ion is pale green. Oxidizing agents including oxy-
gen in the air, chlorine or potassium manganate (Vi) all oxidize iron(i1) to ron(i).
The aqueous ron(111) 10on is vellow.

Fe*(aq) —> Fe*(aq) + e
Iron ions form complexes in both the +2 and the +3 states. The hexacyanoferrate(11)
ion. Fe(CN) =, gives a deep blue precipitate with Fe™(aq) ions. The hexacyano-
ferrate (1) ion, Fe(CN) *. gives a deep blue precipitate with Fe* (aq) ions. This is
one way to distinguish iron(i1) and iron (i) ions in solution.
A very sensitive test for iron(1) is to add a dilute solution of thiocyanate 1ons, SCN™.
A blood-red precipitate forms due to the formation of iron complexes such as:

[Fe(SCN) (HgO)s]Q‘.

Iron and its compounds act as homogeneous and heterogeneous catalysts.

iron extraction produces the metal from its oxide ores in large blast furnaces.
Coke burning in air heats the furnace.

C(s) + O,(g) —> CO,(g)
Coke also produces the reducing agent by reacting with carbon dioxide further up the
furnace to make carbon monoxide.

C(s) + CO,(g) —> 2CO(g)
The carbon monoxide reduces the oxide ore to ron.

Fe,0,(s) + 3CO(g) —> 2Fe(l) + 3CO,(g)
Where the furnace is hot enough, carbon too can act as the reducing agent.
Limestone (CaCO,) decomposes to calcium oxide (CaO), which combines with
silicon dioxide and other impurities to make a liquid slag. For example:

CaO(s) + SiO, (s) —> CaSiO (1)
The molten metal and slag run to the bottom of the furnace where the slag floats on
the metal so that it can be tapped off separately.

irritant chemicals do not destroy tissues, so they are less than corrosive. However, skin
or eves may become inflamed or affected by sores if exposed to the chemical. This may
happen quite quickly or after extended or repeated contact with the chemical.

isoelectric point: the pli at which the overall charge on an amino acid ov protein
is zero. At this pH amino acids or proteins do not move toward one or other of the
clectrodes during electrophoresis.

At low pH an amino acid has a positive charge because there is an extra hvdrogen 1on
on the basic amino group. At high pH an amino acid is negatively charged because
the carboxvlic acid group has given away a hydrogen ion. At the pH of the isoclectric
point the amino acid is present in solution as a zwitlerion and the total charge 1s zero.
Isoclectric points vary from one amino acid to another because of differences in their

side chains.






o the functuonal groups are different.

H H H H
| | |
H—C—C—OH H—C—0O—C—1H
| | |
H H H H
Isomers of (“an() ethanol methoxymethane

(See also geometrical isomerism and optical isomers.)

isomorphous compounds have the same type of chemical formula and crystallize
with the same shape and structure. Alums are isomorphous. They form octahedral
crystals.

isotactic polymer: an addition polymer with a regular structure. In isotactic
poly(propene), for example, all the methyl side chains are on the same side of the
carbon chain. The molecules coil into a regular helical shape and pack together to
form a highly crystalline polymer that is very strong. This form of the polymer is use-
ful for hardwearing fibers, tough moldings in motor vehicles and containers that can
hold boiling water.

Structure of isotactic
poly(propene) with all the
methyl groups on the same
side of the carbon chain

isotopes arc atoms of the same element that have the same number of protons in
the nucleus but a different number of neutrons. In other words the atoms of isotopes
have the same proton (atomic) number but different nucleon (mass) numbers. The 1so-
topes have the same chemical properties because they have the same number and

arrangement of electrons (electron configuration). ) 3 4
5 ( fig ) symbol. ' c  "C

6 b
The three isotopes of carbon: carbon-12, carbon-13

and carbon-14.The first two are not radioactive,
but carbon-14 is a beta emitter. Protons: 6 6 6

Neutrons: 6 7 8

The isotopes of an element can be separated and detected by mass spectrometry. Peaks
in a mass spectrum are often multiple because of the existence ofisotopes.
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isotopic abundance: the proportions of the different isofopes of an element.
Chlorine, for example, has two isotopes: chlorine-35 and chlorine-37. Naturally

) -
(o

occurring chlorine contains 75% of chlorine-35 and 25% of chlorine-37.

(3 % 35) + 37

So the mean relative atomic mass = 7 = 355

Most relative atomic mass values are not whole numbers because most elements have
several naturally occurring isotopes.

isotopic labeling uses isolopes as markers to trace the movement of chemicals or
to mvestigate what happens to particular atoms during chemical changes (see also
tracers). Atoms ol the normally abundant isotope of an element in a molecule are
replaced by a different 1sotope.

Isotopes have the same chemical properties so it is possible to use them to follow
what happens during a change without altering the normal course of the process.
Radioactive 1sotopes can be tracked by detecting their radiation. The fate of
nonradioactive 1sotopes can be followed by analyzing samples using mass spectrometry.

[sotopic labeling has been used to investigate the mechanism of ester hydrolysis.
Using water labeled with oxvgen-18 (instead of the normal isotope oxvgen-16) it was
shown thatitis the C— O bond in the ester that breaks and not the O — C,H. bond.
Mass spectrometry showed that the heavier oxygen atoms end up in the acid and not
in the alcohol.

O
% | v
CH,C . + H,"O > CH.,C

3 3
'\ O C.,H - ]
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2 D OH
bond breaks

+ GCoH,OH

7N\
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Use of labeling to investigate bond breaking during ester hydrolysis

isotropic solids have properties that are the same in all directions. Crystals of
sodium chloride are isotropic because the ions are spherical and the crystal structure
is cubic. Most substances are more or less anisotropic.

IUPAC (International Union of Pure and Applied Chemistry): the recog-
mzed authority for the nanes of chemical compounds, for chemical svmbols and
terms and the values of data such as relative atomic masses. [UPAC names are Sys-
tematic names based on a set of rules that make it possible to determine the chemical
structure of a compound from its name. Chemists increasingly use approved IUPAC
names for simpler compounds but stick to traditional names when the svstematic
name 1s complex. The systematic name 2-hydroxypropane-1,2,3-tricarboxvlic acid
describes the structure but is cumbersome compared to the traditional name citric
acid based on its occurrence in citrus fruits.









kelvin (symbol K) is the S/ unit of temperature. Temperatures above absolute zero
are measured in kelvins. Temperatures on the Celsius scale use the same size units
but zero is set at the freezing point of water (273.15 K). Temperature differences
measured on either scale are the same and given as kelvins (K).

kerosene is a mixture of hydrocarbons produced by the fractional distillation of ol
Part of the kerosene fraction is refined for use as a domestic fuel. while some 1s
cracked to make gasoline. Most of the kerosene fraction, however, is purified for use
as the fuel for jet engines in aircraft.

ketones are carbonyl compoundsin which the carbonyl group is attached to two alkyl
groups. The carbonyl group is the functional group that gives ketones (and aldehydes)
their characteristic properties. Ketones are named after the alkane with the same
carbon skeleton by changing the ending “e” to “one.” Where necessary a number in
the name shows the position of the carbonyl group.

Oxidation of secondary alcohols with acidified potassium dichromate (v1) produces
ketones, which, unlike aldehydes, are not easily oxidized further.

OH heat under reflux O
| with a mixture of Il
CH,— C — CH, >  CH,—C — CH,
| sodium dichromate(vi)
H and sulfuric acid
propanone

Oxidation of propan-2-ol to propanone

Fehling’s solution and Tollens reagent cannot oxidize ketones. There is no change when
testing ketones with these reagents.

Sodiwm tetrahydridoborate(it) reduces ketones to secondary alcohols.

O OH
|, . NaBH, (z I
CH,— C — CH, B o CH,—C-—CH,
H
propan-2-ol

Reduction of propanone to propan-2-ol

Ketones, like aldehydes, undergo addition. These are nucleophilic addition reactions.

Sometimes addition is immediately followed by elimination of water in
addition—elimination reactions.






according to the equilibrium constant. or the standard electrode polentials. or the free
energy change, vet nothing happens. There is no change because the rate of reaction
is too slow 10 be noticeable. There is a barrier preventing change — usually a high
activation energy. The compound or mixture is inert.

Examples of kinetic mertness are:

e a mixture of methane (natural gas) and oxyvgen at room temperature
o a solution of hydrogen peroxide in the absence of a catalyst
o aluminum metal in dilute hvdrochloric acid.

Kinetic stability is a term often used for kinetic inertness. It helps, however, to make
a sharp distinction between two quite different types of explanation. For clarity.
chemists refer to:

e systems with no tendency to react as “stable”
e systems that should react but do not do so for a rate (kinetic) reason as
“inert.”
kinetics of reactions: sce reaction kinelics.

kinetic theory of gases: an explanation of why gases obey the gas laws. The
theory is based on a model of an ideal gas. The assumptions are that:

o a gas consists of molecules in rapid, random motion
e the volume of the molecules can be neglected in comparison with the total
volume of gas

e the molecules do not attract each other (no intermolecular forces)

o the collisions with the walls of any container are perfectly elasuc.
By applying Newton's laws of motion and then assuming that the average kinetic
energy of molecules 1S pmp()rli()l'ml (o temperature, it is possible to derive the ideal
gas equation from this model.
The model helps to explain why real gases deviate from ideal gas behavior.
The model of gas molecules in rapid random motion underlies the theories of
reaction kinetics and chemical equilibrium,
knocking is a noise from a gasoline engine heard when the mixture of fuel and air
ignites too early while still being compressed by the piston. This is preigniton.
Compression heats up the mixture of fucl and air. Preignition means that the fuel
starts burning before being ignited by a spark from the spark plug. Internal com-
bustion engines run powerfully if the fuel starts to burn when the piston is at the
right point in the cvlinder so that the expanding gases force the piston down
smoothlv. Knocking is a sign that a fuel with a higher octane number is needed.
Prolonged knocking damages an engine.
krypton (Kr) is a noble gas that makes up less than 0.1% of air. The gas is separated
from the other gases in the air by fractional distillation and used to fill fluorescent
lights and flashbulbs.



labile complexes: a term used to describe complex ions in which it is easy to replace
the hgands. Ligand exchange is difficult or impossible with inert complexes.
Chromium () and cobalt(u1) complexes are kinetically inert. Most other complexes
are labile.

lanthanide elements: the series of 14 elements between lanthanum and hafnium
in the sixth period of the periodic table. Across this series of elements the clectrons fill
the 4f energy levels. These elements were once called the “rare earths” but, apart
from promethium, they are not rare. Cerium is five times as abundant as lead. The
clements all have very similar chemical properties. They can be separated by ion
exchange or chromatography. The main source of these elements is the ore monazite.

lattice: a term used to describe a network of atoms or ions in a crystal.

lattice energy: the standard enthalpy change when one mole of an ionic compound
forms from free gaseous ions.

Na*(g) + Cl"(g) ——= NaCl(s) AH = =787 k] mol!

lattce

Note the difference between the lattice energy and the standard enthalpy change of
Sformation of SOdIllln chloride, which refers to the formation of a compound from its

elements. AH [NaCl(s)] = —411 k] mol™".

Latuce energy is one ol the thermochemical quantities that cannot be measured
directly. Ldt[lCC cnergies are calculated indirectly with the help of the Borm—Haber cycle.

Lattice energies give a measure of the strength of the ionic bonding in a crystal. lonic
bonding is the result of the electrostatic forces between the oppositely charged ions. So,
for a given crystal structure, the lattice energy increases if:

e the charge on the ions increases
o theions get smaller (and so closer together).

Lattice energies are used in thermochemical cycles to explore the factors that
determine the enthalpy change of solution of ionic salts.

layer lattice: a crystal lattice in which there is strong bonding within lavers of atoms
but relatively weak bonding between the layers. It is often easy to cleave materials with a
layer lattice along planes parallel to the layers. Examples of substances with layer lattices
are graphite, mica and molybdenum sulfide. Graphite and molybdenum sulfide are
used as fubricants because of the ease with which layers of atoms slide over each other.

Le Chatelier’s principle is a qualitative guide to the effect of changes in concentra-
ton, pressure or temperature on a system at cquilibrium. The principle was suggested
as a general rule by the French physical chemist Henri Le Chatelier (1830—19‘36)

The principle states that when the conditions of a system at equilibrium change, the
position of equilibrium shifts in the direction that tends to counteract the change.

The principle can be used to discuss the conditions chosen for ammonia manufacture.
The equilibrium system involved is:

N,(g) + 3H,(g) = 2NH, (g) AH = =924 k] mol™



lead-acid cell

There are four moles of gases on the left side of the equation but only two nroles on
the right. Le Chatelier’s principle predicts that raising the pressure will make the
equilibrium shift from left to right. This reduces the number of molecules and so
tends to reduce the pressure. So increasing the pressure increases the proportion of
ammonia at equilibrium.

The reacton is exothermic from left to right and so endothermic from right to left. Le
Chatelier's principle predicts that raising the temperature will make the position of
equilibrium shift in the direction that takes in energy (tending to cool the mixture).
So raising the temperature lowers the proportion of ammonia at equilibrium.

Le Chatelier's principle can be misleading. especially when predicting the effects
of changes in concentration or pressure. It is generally better to use the equalibrium
law and the values of K or K 10 predict the effect of changes in concentration or
pressure.

leaching is a process for separating a material from an insoluble solid using a suit-
able solvent. Leaching is one of the methods used to extract metals from low-grade
ores. Copper is obtained in this way from waste dumps at old mines. These dumps
contain ores that have been oxidized by weathering. The fincly divided ore is treated
with sulfuric acid in a leach tank surred by a flow of air.

Cu,(OH),CO, (s) + 4H (aq) —> 2Cu*(aq) + 3H,0(1) + CO,(g)

Leaching also describes the extraction of nitrates and other fertilizers from soil by
rainwater. Water draining through the soil can carry away soluble nitrate ions mto
lakes and streams. causing eudrophication.

lead (Pb) is a gravish metal often used on roofs of buildings because it resists cor-
rosion and is malleable so that it can be bent to fit the shape and create a waterproof
flashing where roof tiles meet walls. Lead is a dense metal and 1s an effective shield
to stop N-rays and other radiations. Lead melts at a relauvely low temperature for a
metal and, when alloved with tin, produces solder with an even lower melting pomt
(see eutectic mixtwre).

Lead comes below tin in group 4 of the periodic table. Tt forms compounds in two oxi-
dation states: +2 and +14. The +2 state is more stable so that compounds in the +4 state
arc oxidizing agents.

Lead forms two soluble lead (1) compounds: the nitrate and the cthanoate. Lead ions
are colorless in solution. Adding alkali to a solution of lead (11) 1ons gives a white
precipitate of Ph(OH), that dissolves in excess, showing this hydroxide is amphoteric.

The pigment chrome yellow consists of lead chromate, which precipitates on mixing
a4 solution of lead(11) ions with a solution of chromate(vi) 1ons.

Large amounts of lead are still used to produce the gasoline additive lead tetracthyl,
Ph(C,H.) . Burning leaded gasoline has greatly increased the concentrations of lead
in the (ll\ll(mm(*nl Many countries have decided to phase ot leaded gasoline
because lead compounds are toxic and can cause brain damage. especially m

children.

lead-acid cell: an cectrochemical cell that is rechargeable because the chemical
changes at the electrodes are reversible. The working of the cells involves lead
three oxidation states as Ph(o), Pb(i1) and Pb(1v).



leaving group

In a fully charged lead-acid cell the negative electrode consists of lead metal. The
positive electrode consists of lead coated with lead(1v) oxide. The electrodes dip into
a solution of sulfuric acid. These are the electrode processes as current flows:

o at the negative electrode:
Ph(s) + SO *"(aq) —> PbSO (s) + 2¢”
e at the positive electrode:
PbO,(s) + SO *(aq) + 4H (aq) + 2¢- —> PbSO (s) + 2H,0(1)
The equations help to explain why the cell is rechargeable. The changes that happen
as a current flows from the cell both produce an insoluble solid, lead sulfate. This
traps the lead (1) 1ons beside the electrode instead of dissolving in the electrolyte. So
when the currentis reversed to charge up the cell, the two reactions can be reversed,
turning lead (11) back to lead metal at one electrode and back to PbO, at the other.

A 12-volt automobile battery usually consists of six 2 V lead-acid cells connected in
series. Banks of lead-acid cells can be used to provide emergency standby power for
hghting wherever a mains power cut could be serious. Lead-acid cells have the great
advantage that they can be recharged many times and last for a long time.

leaving group: an atom or group of atoms that breaks awav from a molecule
during a substitution reaction.

- H H
Co . = (I“ — Br _— HO —C—H +  Bi
H C,H.

Nucleophilic substitution of a hydroxide ion for a bromide ion from |-bromobutane. The
bromide ion is the leaving group.

Some groups are better at leaving than others. A water molecule is a better lcaving
group than a hvdroxide ion. This explains why the substitution reactions of alcohols
go faster in acid conditions.

H b H H
: I H- Y /3 |
(,Hg—(l, OH ——> CH,— | —OH,” —> Br—C—CH, + H,O
| . 2
Cl IS CH:§ CHR

Nucleophilic substitution of a bromide ion for a hydroxide ion in propan-2-ol. The reaction
goes faster under acid conditions. The — OH group in the alcohol is protonated, so the
leaving group is a water molecule.

Lewis acid/base theory: a thcory that gives a very broad definition of acids and
bases in terms of electron pairs. A Lewis acid is a molecule or jon that can form a
bond by accepting a pair of electrons. A Lewis base is a molecule or ion that can form
a bond by donating a pair of electrons,






limiting reactant

limiting reactant: the chemical in a reaction mixture that s present in an amounit
that imits the theoretical vield (see yield calculations). Often in a chemical synthesis
some of the reactants are added m excess to make sure that the most valuable chemi-
cal is converted as far as possible to the required product. The limiting reactant is the
one that is not in excess and so 1s used up (if the reaction goes to completion).
lipids: a broad class of biological compounds that are soluble in organic solvents
(such as ethanol) but insoluble in water. Lipids are very varied and include fatty acids,
Jats, vegetable oils, phospholipids and sterouds.

liquid chromatography was the first type of chromatography developed. The
Russian botanist Michel Tswett developed the technique to separate plant pigments.
In 1903 he separated leaf colors (chlorophylls, carotenes and xanthophvlls) by dis-
solving a leaf extract i a hydrocarbon solvent. He added the extract to the top of a
column of powdered chalk and then passed more pure solvent through the column
to complete the separation. Running solvent through the column to separate the
mixture is called elution and the Liquid that flows out of the bottom is the eluate.

Thisis an example of adsorption chromatography. Each compound in the mixture has
its own equilibrium between adsorption on the solid and solution in the solvent.
Compounds that are strongly adsorbed by the stationary phase move slower;
compounds that are more soluble in the solvent move faster.

The liquid leaving the bottom of the column is collected in a series of tubes. Tubes
containing parts of the mixture can be detected by their color or some other method
such as their appearance in UV light. Components of the mixture can be recovered
by evaporating the solvent from these tubes.

liquid crystal: a state of matter that is more ordered than a liquid but less ordered
than a solid. Although the lquid crystal state was first noticed as long ago as 1888, it
is only since the early 1970s that such crystals have been developed for use in digital
watches, calculators and portable computer screens. Much of the pioneering work
was done in the United Kingdom by a team lead by George Grav.

liquids flow (0 take the shape of their container. The atoms. molecules or ions in a lig-
uid are free to move about but with nothing like the freedom of the molecules of a gas.
The particles of a liquid are generally sh(fhtl\ more widely spaced than in a solid but
the density of packing is only slightly less. Liquids lack the order of crystalline solids.
Liquids, like solids, are hard to compress. Unlike gases, they have a definite volume,

liter (symbol 1) is a unit of volume equal to 1000 cm®. A liter is the same as a
decimeter cubed (dm®). 1 dm® = 10em x 10 em X 10 em = 1000 em®. Chemists use
the dm?* when calculating because the units can then be worked through consistently.

While the m*is the ST unit of volume, dm? is acc epted as convenient, and is preferred
to the liter,

lithium (Li) is a soft. shiny metal that turns dark gray in air. It is the first member of
group Iwith the electron configuration [He]24'.
Like other group 1 metals, lithium:
o isstored in oil
e floats on water and reacts, but quite slowly, forming hvdrogen and LiOH,
which is soluble and strongly alkaline



logarithms

e burns in air with a colored flame (bright red) forming an oxide (L1,0)
e forms an ionic. crvstalline chloride,

The small size of the lithium ion means that some features of lithium chemistry are
not typical of the group as a whole:

o hydration — the Li* ion is heavily hydrated in water and lithium has the
most negative hvdration energy in group 1: as a result the standard electrode
potential for Li*(aq)ILi(s) is most negatve for the group

e solubilities — lithium carbonate and lithium fluoride are only slightly
soluble while most other simple compounds of group 1 metals are soluble

e thermal stability = lithium carbonate decomposes on heating while all the
other group 1 carbonates are stable; lithium nitrate decomposes to the
oxide on heating. unlike the nitrates of sodium and potassium

e covalent bonding - lithium forms a wide range of covalent molecular
compounds such as ethvl lithium. G, H.Li.

lithium aluminum hydride: see [ithium tetrahydridoalumimate(11).

lithium tetrahydridoaluminate(in) (LiAIH,) is a powerful reducing agent used
to reduce aldehydes. ketones. esters and carboxylic acids to alcohols. Many chemists still
use the older name. lithinm aluminum hydride.

In its reactions the tetrahydridoaluminate (1) ion can be regarded as a source of
hyvdride ions (H7). The reagent is rapidly hydrolyzed by water so it has to be used in
an anhvdrous solvent such as dry ether. Where possible sodium tetrahydridoborate(iir) 1S
preferred because it is easier and safer to use.

lithosphere: the rocks, weathered rocks and soils of the Earth’s crust, which make
up less than 0.0001% of the volume of the planet. The crust consists largely of oxy-
gen (46.6% by mass) mainly combined with silicon (27.7%) in silicate minerals. Only
4 few other elenents are abundant: aluminum (8.1%), iron (5%), calcium (3.6%),
sodium  (2.8%). potassium (2.6%) and magnesium (2.1%). All other elements
together make up the remaining 1.4%.

localized electrons: clectron pairs forming covalent bonds between two atoms.
Localized electrons are not free to move through a structure, so giant structures

with normal covalent bonds, such as diamond and silicon dioxide, do not conduct
clectricity. unlike giant structures with delocalized electrons such as metals and graphite.
logarithms in chemisuy are of two kinds, logarithms to base 10 (Ig) and natural
logarithms to base ¢ (In).

Chemists use logarithims to base 10 to handle values that range over several orders of
magnitude. Logs to base 10 are defined such that:

° ]g 1000 = 3

o lg100 =2
® lgl() = ]

° lgl =0

o lg0.1 = -1

o lg0.01 = -2
In general lg 100 = x



lone pair of electrons

The hydrogen ion concentration in aqueous solutions typically ranges from 1 to
107" mol dm™. The definiton of pif (=lg [H"(aq)]) covers this range in a scale

running from 0 to 14,

Also by definition: lg xy = lg x+1gy and Igx" = nlg x

solg 1/x = lgx' = —lg x.

Natural logaritlims appear in relationships in thermochemistry and chemical Kinetics.
They follow similar mathematical rules as logarithms to base 10. In general In ¢ = x.

lone pair of electrons: a pair of electrons in the outer shell of one of the atoms
i a molecule or ion that 1s not mvolved in bon(ling.

: :
H—O: H—N—1 H—O¢ Bt

Examples of molecules and ions with lone pairs of electrons

Lone pairs of electrons:

o affect the shapes of molecules

o form coordinate (dative covalent) bonds

e are important in the chemical reactions of compounds such as water and
ammonia

e are important in nucleophilic addition and nucleophilic substitution reactions.

(See also Lewis acids and bases.)

lubricants are used to reduce friction wherever one surface slides over another.
Lubricating oils for engines are usually based on oil fractions with molecules in the
size range G, to C,,. Synthetic lubricants for specialist purposes include silicones,
esters and polvmers made from epoxyethane.

luminescence is a term that includes all the examples of substances emitting light
at low temperatures, in contrast to incandescence., which is the emission of light by
objects when they are hot, such as the filament of an electric lamp.

Examples of luminescence are:

o fluorescence - the immediate emission of light by a material exposed to
other radiation such as UV radiation, X-rays or an electron beam

o phosphorescence — delaved and slow emission of light from a material
after exposure to other forms of radiation

e chemiluminescence - light given out during chemical changes (such as
from light sticks, fireflies or glow-worms)

o triboluminescence - light given out when crushing or breaking a material
(such as the flashes of light seen in a darkened room when crushing sugar
or opening a self-adhesive envelope).



macromolecular substances are materials made up of verv large molecules,
Thev are usually called polymers. Macromolecules, like small molecules. have strong
covalent bonds holding the atoms together within the molecules (intramolecular forces)
but relatively weak attractions between the molecules (intermolecular forces).

Unfortunately the term macromolecule is also used by some writers to describe cova-
lent giant structures such as diamond and silica. The argument is that a crystal of a
covalent giant structure is like a vast single molecule. This use of the term can be
confusing and is best avoided.

magnesium (Mg) is a reactive metallic element in group 2 of the periodic table. Its
electron configuration is [Ne]3s®. Samples of the silvery-white metal usually look gray
because they are covered with a layer of magnesium oxide.

The source of magnesium metal is electrolysis of molten magnesium chloride
obtained either from seawater or salt deposits. The low density of the metal helps to
make light allovs, especially with aluminum. These alloys, which are strong for their
weight. are especially valuable for automobiles and aircraft. The reactivity of alu-
minum makes it suitable as the “sacrificial” metal in anodes used to protect pipelines
and ships from corrosion (see cathodic protection).

Magnesium burns very brightly in air with an intense white flame forming the white
solid magnesium oxide (MgO). Itis used in fireworks and flares.
Magnesium reacts very slowly with cold water but much more rapidly on heating
steam.

Mg(s) + HO(g) —> MgO(s) + H,(g)
Magnesium forms ionic compounds with nonmetals in which the metal is in the +2
oxidation state as Mg, Mg* is the central metal ion in a chlorophyll molecule.

Magnesium oxide is a white solid made by heating magnesium carbonate. Itis a basic
oxide. In water it turns to magnesium hydroxide, which is slightly soluble. The antacid
milk of magnesia is a suspension of magnesium hydroxide in water. Magnesium
oxide has a high melting point and is used as a refractory ceramic to line furnaces.

Epsom salts, a laxative, consist of hydrated magnesium sulfate (MgSO .7H,0).

main group elements: a (crm used by some chemists o describe the elements in
the s-block and p-block of the periodic table but excluding the transition elements i the
d-Dlock and f-block.

malleability: metals are malleable if they can be hammered imto shape without
breaking. It is possible to make very thin sheets of a malleable metal such as gold by
hammermg.

manganese (Mn) is a hard, gray briule d-block metal with the electron configuration
[Ar]3d 4s-.

The main oxidation states of manganese are:



manometer

e +7, MnO_ ~ — the purple manganate (vin) 1on, which is a strong oxidizing
agent especially i acid solution
e +4, MnO, — an insoluble, black compound that 1s an oxidizing agent in
acid solution
o +2, Mn* — the pink manganese (1) ion in salts such as manganesc (i)
sulfate.
Under special conditions it 1s also possible to produce solutions with red man-
ganese (1) 1ons or green manganate (Vi) tons. Manganate (Vi) is stable i alkaline
solutton but disproportionates 1o manganate (V1) and manganese (1v) oxide on adding
acid. (See also potassium manganate(vii).)

manometer: an istrument for measuring presswre. A manometer consists of a
U-tube containing a liquid such as water or mercury.

Typically one arm of a manometeris open to the atmosphere, so the instrument mea-
sures the extent to which the pressure inside the apparatus is higher or lower than
atmospheric pressure.

Markovnikov rule: a rule that predicts the main product when a compound HX
(such as H—Br. H—OSO H or H— OH) adds to an unsymmetrical alkene (such
as propene). The rule is that the hydrogen atom adds to the carbon atom that
already has more hydrogen atoms attached to it. This pattern was first reported by
the Russian chemist Vladimir Markovnikov who studied a great many alkene addition
reactions during the 1860s.

H H

CH,—C—C—H

Yes ‘ ’ '
H:‘(j\ /H BI‘ }{
/(3 =3¢ + HB
H H H H
|
CH,—C—C—H
No ‘ ‘
Markovnikov rule H Br

The mechanism for clectrophilic addition helps to account for this rule. When HBr
is added to propene there are two possible intermediate carbocations. The secondary
carbocation is preferred because it is shightly more stable than the primary carbo-
catuon. The secondary iton has wtwo alkvl groups pushing electrons toward the
positively charged carbon atom (see inductive ¢ffect). This helps to stabilize the 1on by
“spreading™ the charge over the ion (sce figure).

mass (symbol m ) is a fundamental physical quantity. The S7 unit of mass is the
Kilogram (kg). 1 kg = 1000 ¢

Mass can be determined by measuring the pull of gravity on a specimen. This is how
chennsts usinally measure the masses of chemicals with a chemical balance.






e accelerate the positive ions in an electric field

e deflect the moving stream of ions with a magnetic field to focus 1ons with
a particular mass onto the detector

e feed the signal from the detector to a computer, which prints out a mass
spectrum as the magnetic field steadily changes over a range of values to
focus the series of ions with different masses one by one onto the detector.

The instrument is calibrated using a reference compound with a known structure
and molecular mass so that the computer can print a scale on the mass spectrum.

The mass spectrum for an element shows the relative abundance of different 1sotopes of
the element. This makes it possible to calculate the relative atomic mass for the element.
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Mass spectrum of magnesium Mass of the positive ions detected

When molecular compounds are being analyzed, the peak of the ion with the high-
est mass is usually the whole molecule ionized. So the mass of this “parent ion™ is the
relative molecular mass of the compound.

Bombarding molecules with high-energy electrons splits them into fragments so the
mass spectrum is a “fragmentation pattem. " The computer has a database of mass
spectra so it can identify an unknown compound by matching its spectrum with one
in its database.

A chemust who synthesizes new compounds can study their fragmentation patterns to
identify the fragments from their masses and then piece together likely structures
with the help of evidence from other methods of analysis such as mfrared spectroscopy
and nuclear magnetic vesonance spectroscopy.

Thie combination of gas-liquid chromatography (glc) with mass spectrometry is of great
importance in modern chemical analysis. First glc separates the chemicals in an
unknown mixture, such as a sample of polluted water; then mass spectrometry
detects and identifies the components.

matches usc phosphorus compounds to make a flame. In a match that will strike
anvwhere, the head contains phosphorus sulfide (P,S,) and potassium chlorate (V)

as an ()\ldum(r agent. The head contains the fuel and the oxidant and needs only
fricton to h(’d[ the match and start a fire.

Satety matches have sulfur and potassium chlorate (V) in the head and red phosphorus
in the striking strip on the side of the box.

Maxwell=-Boltzmann distribution: the distribution of molecular kinetic energies
for a gas at a particular temperature.,
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Boltzman distribution of molecular kinetic energies in a gas at two temperatures. The modal
speed gets higher as the temperature rises. The area under the curve gives the total number
of molecules. This does not change as the temperature rises so the peak height falls as the
curve widens.

The Bolzman distribution is important in the collision theory of reaction rates and
helps to account for the effects of temperature changes and catalysts on raies o reaction.

mechanism of a reaction: a description of how a reaction takes place, showing
step by step the bonds that break and the new bonds that form. Some mechanisms
involve homolytic bond breaking with  free-radical intermediates. Other mechanisms
involve heterolytic bond breaking and ionic intermediates.

Mechanisms with ionic intermediates can be classified according to the type of
attacking molecules or ions involved. Nucleophiles attack atoms at the 0+ end of polar
covalent bonds. Electrophiles attack regions that are electron rich, especially double
bonds and the delocalized electrons in arencs.

Evidence used to support a pl‘()p()scd mechanism include the:

o 1ate equation for the reaction

e identification of intermediates using spectroscopy or other methods

o usc of isotopic labeling 1o track what happens to particular atoms during a

reaction.

medicine: a substance or mixture of substances used to treat a discase or to give relief
from the symptoms of disease. A medicine normally contains one or more actuve drugs
dissolved in water or mixed with an inert solid. Mixing the active ingredient with an
inert material makes it easier to give an accurate dose.
For a medicine taken by mouth, added flavoring may make the medicine more palat-
able and coloring can help to identify a drug. Other drugs arc taken by injection or
drawn into the lungs by a deep breath.
The pharmaceutical industry employs many chemists in drug development for medicine.
melting is a change of state from a solid to a liquid. Another word for melting 1s
fusion. The melting point for a pure substance is the temperature at which the solid
and liquid are in equilibrium. Itis the same temperature as the freezing point. Melung
points vary with pressure but only very shghtly.



Pure compounds have sharp melting points. Measuring melting points is a way of
checking the purity and identity of compounds. This techuique is especially important
i organic chemastry.

Molccular substances melt at relauvely low temperatures because the intermolecular
forces between molecules ave weak. Grant structres, with strong bonding between the
atows, have high meltuug pomnts. Energy is needed to overcome the bonds between
particles as a substance melts (see enthalpy change of melting) .

meniscus: the cnrved surface of a liquid in a tube. Water forms a concave meniscus
in a glass tube because water molecules can form hydrogen bouds with oXvgen atoms
ata clean glass surface. This allows water to wet the glass (see wetting). Mevcury atoms
bond stwonghy with themselves but not with atoms in glass, so mercury has no
tendency to wet glass and forms a convex meniscus.

Chemists have o allow for the shape of the meniscus when calibrating and reading
graduated glassware such as pipettes and graduated flasks. The correct procedure is
to adjust the level untl the bottom of the meniscus just touches the mark as seen
from eves on a level with the mark.

mercury (Hg) is the only hquid metal at room temperature. As a dense liquid, mer-
cury (density 13.6 ¢ cm™) has long been used to measure pressure in manometers and
barometers. A pressure of 1 atmosphere is the pressure at the bottom of a column of
mercury 760 mm high.

Mercury forms amalgams with metals. In the chlor-alkali industry, a mercury cell for
the electrolysis of sodium chloride (brine) has a flowing mercury cathode (sec electro-
lysis of brine). The product of electrolysis at the cathode is an amalgam of sodium in
mercury. The amalgam flows to a separate vessel where the sodium in the amalgam
reacts with water to make sodium hydroxide and hydrogen. This process produces
very pure sodium hydroxide but itis being phased out because of the pollution prob-
lems caused by the traces of mercury that escape into the environment. Mercury
vapor and mercury compounds are very toxic.

metabolism consists of all the chemical changes in living things. most of which are
catalyzed by enzymes. Some metabolic reactions (catabolism) break down larger mol-
ecules into smaller ones, such as the hydrolysis and oxidation of food. Other metabolic

processes (anabolisni) produce more complex molecules from simpler molecules.
such as proteins from amino acids.

metal extraction involves two main tvpes of process to reduce metal compounds
to metals:

o pyrometallurgy — reactions at high temperature often above 1000°C:
— clectrolvsis of a molien compound (for example, aluminum extraction)
= chemical reduction by coke in a blast furnace (for example, ion
extraction)
— chemical reduction bv a more reactive metal (for example. chromium
and btanium extraction)
e hydrometallurgy - reactions at low temperature i solution n water:
= clccu*()\\'inning using electrolysis of an aqueous solution (for example,
unce extraction)



~ cementation using a displacement reaction (for example, using ron to
displace copper from a solution of copper (i) sulfate).

metallic bonds: the strong bonding between atoms in metal crystals. Each metal
atom in a metal crystal contributes electrons from its outer shell to a “sea™ ol delocal-
ized electrons. Only elements with relatively low first jonization energies form metallic
crystals.

By losing electrons the metal atoms become positively charged. So a metal crystal
consists of positively charged metal atoms held together by a “sea” of shared
electrons.

Positive 1on

Simplified picture of metallic bonding

Metals conduct because the shared bonding electrons can drift through the crystal
structure from atom to atom when there is an electric potenual difference.

Metals can bend without breaking because metallic bonding is not highly directional.
Lines or layers of metal atoms can shift their position in a crystal without the bonds
breaking.

metalloid: an clement with properties in between those of metals and non-
metals. One example of such intermediate behavior is that metalloids are
semiconductors. Their electrical conductivities are between those of metals and non-
metal insulators.

In group 4, the metalloid germanium comes between two nonmetals at the top of
the group and two metals at the bottom. Other examples of metalloids are asenic,
antimony and tellurium. Some chemists also classify silicon and boron as metalloids.

metals are clements on the left-hand side of the periodic table with one, two or three
clectrons in the outer shell that take part in bonding and chemical reactions.

Physically, metals are :

o shiny when freshly polished and free of corrosion

e good conductors of electricity and thermal energy

o malleable and ductile

e (usually) solids with high melting and boiling points (only six metals melt
below 100°C = mercury, which is a liquid, gallium and four group | metals:
sodium, potassium, rubidium and cesium).

Chemically, metals tend to:

o lose electrons forming positive ions (they are reducmg agents)



methylated spirit

o form basic or amphoteric oxides and hydroxides (which are alkalis if soluble
I water)
e form solid, ionic chlordes.
The more an element shows these properties, the greater its “metallic character.”
methylated spirit: cthanol (alcohol) mixed with about 5% methanol. Industrial

methylated spirit is used as a solvent commercially and m laboratories. Surgical spirit
is industrial methylated spirit with other additives including castor oil.

The methylated spirit sold i hardware stores as a solvent and fuel may be additionally
dyed blue.

micelle: a cluster of surfactant molecules in a solution. A micelle has the “water-
hating” (hydrophobic) hydrocarbon chains tangled together inside with the
“water-loving™ (hvdrophilic) ends of the molecules on the outside.

Cross section of a spherical micelle formed
when a surfactant dissolves in water. A
micelle is likely to consist of about 50 to
100 molecules. The diameter of a micelle is
in the range 5 to 50 nm.

The nside of a micelle is nonpolar. Unlike water, a solution of a surfactant in water
can dissolve oil and grease. The molecules of oily dirt diffuse to the inside of the
micelles.

microwaves: clectromagnetic radiation with wavelengths in the range 1 mm to 30 cm
and frequencies in the range 10% to 10° Hz. A polar molecule can absorb microwave
radiation. The quanta of microwave radiation correspond to the energy jumps when
molecules gain energy and rotate faster (see quantum theory).

A microwave oven is “tuned” so that the radiation is absorbed by water molecules to
make them spin. The microwaves can pass through food where thev are absorbed by
hquid water molecules. As the water molecules gain energy they bump into neigh-
boring molecules and the energy spreads through the food as the molecules spin,
vibrate and move around more, so the food gets hotter.

milliliter (symbol ml) is a unit of volume often used on chemical glassware, in
medicine and domestically. A milliliter is one thousandth of a fter.

1000 ml = 1000 cm® = | dm? = | liter
minerals are the naturally occurring elements and compounds in the crust of the

Earth. Most rocks are mixtures of minerals. There are round about 3000 minerals. of
which 300 or so are important to the mineral and chemical industries.

Many ores contain only a small percentage of the useful minerals. The purpose of min-
cral processing is to separate the valuable mineral from the waste rock ("gangue”).



Processing generally starts by crushing and grinding the ore to break it up and
separate the mineral grains. The methods used to separate the minerals include:

e mechanical separation, often based on differences mn density
o [roth flotation
e chemical extraction by leaching.

mirror-image molecules: sce chiral compounds.
miscible liquids are liquids that mix with each other. The general rule is that “like
dissolves like.” This means that:
e nonpolar liquids mix freely with other nonpolar liquids (for example,
hydrocarbons mix freely, as they do n gasoline)
e polar liquids mix with polar liquids (for example, ethanol mixes with water)
e but polar and nonpolar liquids do not mix (gasoline floats on water).

mixed oxides arc oxides that consist of a lattice of oxide ions (O%) with two or
more types of metal ions, M, in the spaces between the negative ions. So they are
not mixtures of oxides but a distinet compound with a mixture of metal ions.

Examples of mixed oxides are:

e red lead (Pb,O,), which has a crystal lattice made up of ions in the
proportions 2Pb?": Pb*: 40
« magnetite (Fe,O,). the magnetic ore of iron originally called lodestone,
which contains 2Fe* ions for each Fe* ion in the lattice, and other
magnetic ferrites such as CaFe,O, in which Ca® ions take the place of Fe*
o spinel (MgAl,O,), made by heating aluminum oxide with magnesium
oxide. Replacing some AlLO, with 1% Cr,0, produces a ruby-hke
gemstone.
mixtures arc many and varied but all consist of two or more substances mixed up
together. Unlike compounds, which have a definite formula, the composition of
mixtures can vary widely.
The study of mixtures is very important because chemists have to know how to:
e scparate mixtures — by chromatography, distillation, filtration, [roth flotation,
and solvent extraction
o formulate new mixtures for special purposes — when making medicines,
paints. detergents, dyes, pesticides, fertilizers and many other products.
mobile phase: the liquid or gas that moves over the stationary phase during
chromatography.

Mohs scale of hardness: a scale for comparing the hardness of materials and min-
erals. The scale is based on scratchig one substance with another. A harder material
scratches a less hard material. The scale ranges from 1 for talc, which is very soft, to
10 for diamond, which is very hard.

molar concentration: sce concentration of solutions. In some books you will sce the
term “molarity” used for the molar concentration. Chemists still sometimes write
9 0 M to describe a solution with a molar concentration of 2.0 mol dm™.
molarity: see molar concentration.

molar mass: the mass per mole of a chemical (see amount of substance). The symbol



for the molar mass is M. The unit is g mol . As always with molar amounts the chem-
ical entity must be specified. The molar mass of hydrogen atoms M(H) = 1 g mol ',
The molar mass of hydrogen molecules M(H,) = 2 g mol ™.
The molar mass for the atoms of an element is numerically equal to the relative atomic
mass of the element. The relauve atomic mass of carbon is 12. The molar mass of
carbon atoms = 12 g mol .
The molar mass of a substance 1s calculated by adding up the molar masses of the
atoms in the formula.

M (H,0) = [(2xTgmol") + 16 gmol'] = 18 g mol™

M(CuSO,) = [63.5 gmol™ + 32 gmol+ (4 X 16 g mol™")] = 159.5 g mol !

M (CuSO,5H,0) = [159.5 g mol™' + (5 x 18 ¢ mol™)]
= 249.5 ¢ mol™!

Molar masses can be measured experimentally by mass spectrometry.

Another method for measuring molar masses applies to gases and to iquids that
are casy to vaporize. The procedure is to inject a weighed sample of liquid into a
syringe heated in an oven. Measurements taken include the volume of vapor, the
temperature of the vapor and its pressure (the atmospheric presswre) . Measurements are
converted to ST unitsand then substituted in the ideal gas equation to find the amount

i moles. n.

Rubber Hypodermic

Graduated syringe
cap syringe

J;ﬁ [ —

( A T j

!

| TThermometer
Electrically heated
syringe oven

Syringe method for determining molar masses of volatile iquids

Worked example:
A 0.124 g sample of a liquid evaporated to give 45 cm’ vapor at 100°C and a
pressure of | atmosphere. What is the molar mass of the liquid?

Notes on the method
Convert all units to Sl units.

Substitute in the equation PV = nRT'to find n (the amount in moles).

Answer
Pressure = 013 x 10} Nm-2

Volume = 45 x 0> m®

Temperature = 373K



molecular formula

|

he gas constant = 831 ) mol™ K~

_ PV _ 1013 x 10° Nm™—™ x 45 x 10 m* _ |47 % 10~ mol
"=IRy 831 ) mol K- x 373K Com e
) _ mass of sample 0.124 ¢ B |
molar mass = “ o ot in moles 147 x 107 mol T 84 g mol

molar volume: the volume of a one mole amount of substance. The molar volume of
any gas is the same under given conditions of temperature and pressure. This follows
from Avogadro’s law or from the ideal gas equation.

nRT
VY 1Y 3 . ~ 1l . S a1 DV — D wecr W o —
Rearranging the ideal gas equation. PV = nR1. gives: V= b

This shows that. for one mole of gas (n = I). the volume (the molar volume)
depends only on the temperature and pressure since R is a constant. The molar
volume of an ideal gas at stp (273 Kand 101.3 X 10> Nm™) = 22400 cm”.

mole: the chemist's term for an amount of a substance containing a particular
number of atoms. molecules ions or any other type of particles. The word entered
the language of chemistry at the end of the nineteenth century based on the Laun
word for a heap or pile.

The mole is the ST unit for amount of substance. One mole is the amount of substance
that contains as many specified entities (atoms, molecules, 10ns, electrons and so on)
as there are atoms in exactly 12 g of the carbon-12 isotope. The number of entities per
mole is the Avogadro constant.
mole fraction: a way of measuring the proportion of a substance in a mixuure
where it is the amount in moles that is important and not the chemical nature of the
(‘(‘)111])()11('1115.
In a mixwure of n, moles of A with n, moles of B and n, moles of C, the mole
fractions (symbol X) are given by the followimg:

N n ",

X, = A X - . X, = :
A : B ‘ C
)l>\ F )IB + )l( n \ aF ”B o )?(‘ )Il\ U ”B T H(.’

So the mole fraction of B is the fraction of all tlie moles that are moles of B.
The sum of all the mole fractions is 1, so X + X, + X =1
Mole fractions are used by chiemists when studying:

e gas mixtures (sce partial pressures)

e the vapor pressure of solutions and mixtures of liquids (see Raoult's law).
molecular formula: a formula that shows the number of atoms of each element in
4 molecule. The molecutar formula of chlorne is Cl,, that of ammonia is NH, and
that of ethanol is C,H.OH. The term molecular formula applies only to substances
that consist of molecules.

A molecular formula is always a simple multiple of the empirical formula. Analysis
shows that the empirical formula of hexane is C.H.. The mass spectrum shows that
the relative molecular mass of hexane is 86. The relative mass of the empirical for-
mula M(C.H) = (3 x12) +(7x 1) = 43, So the motecular formula is twice the

1 ) /

empirical formula. The molecular formula of hexane 1s CH, .



molecular models

molecular models: physical and computer models used to show the atoms in
molecules, the bonding between them and the shapes of molecules in three dimen-
sions. In many physical models there is an agreed color code: C - black, H - white,
O - red, N = blue and Cl - green. Computer-generated models often use different
colors. (See ball and stick models and space-filling models.)

molecular orbitals arc the orbitals in molecules that form as atomic orbitals over-
lap and interact when atoms bond together. Molecular orbitals fill with electrons
according to the same rules as atomic orbitals. Molecular orbitals show the relative
energies of the clectrons in molecules. Their shapes also show the regions in space
where there is a high probability of finding electrons. (See sigma bond and pi bonds.)

molecular sieve: a solid with very fine pores that can separate molecules accord-
ing to size. Small molecules can fit into the holes or channels in the crystal structure
while larger molecules cannot. (See zeolites.)

molecularity of reaction steps: the number of reacting particles taking place in
one step in the mechanism of a reaction. Often the term refers specifically to the rate-
determining step in the mechanism. The S 1 mechanism for nucleophilic substitution
is unimolecular. The S 2 mechanism is bimolecular.

molecule: a group of atoms held together by covalent bonding. Most nonmetals are
molecular, such as H,, N, P,. S, Cl,, Br, and 1,. Most compounds of nonmetals with
other nonmetals are also molecular, such as H,O, CO.,, CH4, NH., HBr. SiCl4, PCI..

The covalent bonds in molecules are strong (intramolecular forces). The forces
between molecules (intermolecular forces) are weak. Molecular substances have low
melting and boiling points because of the weakness of intermolecular forces.

Lk

monochromatic radiation is radiation with a single wavelength. Spectrometers
contain a diffraction grating or prism to provide monochromatic radiation. Rotating
the grating or prism allows the instrument to scan across the range of wavelengths
provided by the source of radiation.

A filter in a colorimeter is a cheap way of selecting a narrow range of wavelengths typ-
ically with a band width of 20 to 50 nm. The disadvantage of a filter is that the
operator has to change the filter to change from one band of wavelengths to another.

Monochromatic light is also important when measuring the rotation of polarized light
by optically active compounds.

monodentate ligands are /igands that use a single lone pair of electrons to form one
bond with the central metal atom in a complex 1on. Examples of monodentate ligands
arc ammonia molecules, water molecules, chloride ions and cvanide 1ons.

monomers arc the small molecules that join together in long chains to make
polymers.

monoprotic acid: an acid that can give away (donate) only one proton per mole-
cule. Examples of monoprotic acids are: hvdrogen chloride, HCI: ethanoic acid.,
CH,CO,H; and nitric acid, HNO..

monosaccharide: scc carbohydrates.

monotropy: a type of allotropy in which there is a one-way tendency for a less
stable allotrope to change to the more stable allotrope. The rate of change may be












names of inorganic compounds

e next the idenuty of the central metal atom i a form that shows whether
or not the 1on is a cation or air anion:
— for cations (and uncharged complexes) the metal name is normal, such
as silver, iron or copper
— for anions the metal name ends in “ate” and often has an old-fashioned
stvle such as argentate for silver, ferrate for iron and cuprate for copper
o finally the oxidation number of the metal.

Examples:
o [Ag(NH,), ] 1s the diamminesilver(r) ion
o [(Iu(HQ(‘)):\)]L’+ 1s the hexaaquacopper(11) ion
o [CuCl,]* is the tetrachlorocuprate (i) ion
o [Fe(CN) ]*is the hexacyanoferrate(1r) ion
o [Fe(CN), ' is the hexacvanoferrate (1) ion.

Note that the overall charge on the complex ion is the sum of the charges on the
metal 1on and the ligands.

names of inorganic compounds are becoming increasingly svstematic but
chemists still use a mixture of names. Most chemists prefer to call CuSO_5H,0
hydrated copper(11) sulfate, or perhaps copper(i1) sulfate-5-water but not the fully
systematic name tetraaquocopper (i) tetraoxosulfate (vi)-1-water. The systemautc
naime has much more to say about the arrangement of atoms, molecules and ions in
the blue crystals but it is too cumbersome for normal use.

These are some of the basic rules for common inorganic names:

o the ending "ide” shows that a compound contains just two elements men-
toned in the name. The more electronegative element comes second. for
example, sodium sulfide (Na,S). carbon dioxide (CO,) and phosphorus
tichloride (PCI,) '

e the small Roman numerals in names are the oxidation numbers of the
clements, for example iron(i) sulfate (FeSO,) and iron(ur) sulfate
Fe,(SO,),

e the names of oxoacids end “ic” or “ous” as in sulfuric (H,SO,) and sulfurous
(H,SO,) acids and nitric (HNO,) and nitrous (HNO,) acids, where the "ic”
ending is for the acid in which the central atom has the higher oxidation
number

o the corresponding endings for the salts of oxoacids are “ate” and “ite” as
m sulfate (S()f‘) and sulfite (SO:;-") and mm nitrate (NO{) and nitrite
(NO,").

To avoid misunderstandings chemists give the name and formula. If necessary they
may also give two names: the svstematic name and the waditional name.

nanometer: the unit of length used for the sizes of atoms. molecules and ions. One
nanometer (I nm) is one thousand millionths of a meter (10 m). So there are one
million nanometers in a millimeter (1000 nm = 1 mm). One nanometer s roughlv
five tmes the diameter of a hydrogen atom.

naphtha is a mixture of hvdrocarbons from the fractional distillation of oil. The naph-

tha fracuon is an imp()rtan[ feedstock for the petrochemical industry. Naph[ha contains
/1_\'(1)‘0(‘(1rbmzs with 6 to 10 carbon atoms in their molecules.



neutralization reaction

narcotics are powerful painkillers (analgesics) that also lessen anxicety and give a
feeling of wellbeing. Regular use of narcotic analgesics can lead to drug dependence.
Morphine is the oldest and most well-known narcotic; it is obtained from the dried
juice of opium poppies (so it is an opiate). Morphine is used medically to treat
patients in severe pain.

Diamorphine, otherwise known as heroin, is made from morphine. It is an cven
more powerful analgesic than morphine. Itis also highly addictive so its medical use
is limited mainly to the treatment of pain in patients who are going to die.

Codeine is another opiate. It is a much less powerful painkiller than morphine but
it does not cause dependence. Unlike morphine, codeine can be taken by mouth.
Codeine is an ingredient of some cough medicines because it helps to stop people
coughing.

natural gas is a fossil fuel used for domestic heating, for raising steam n power sta-
tions and as a feedstock for the petrochemical industry. The composition of natural gas
varies from one gas field to the next. It consists mainly of methane mixed with other
Jydrocarbons such as ethane, propane and butane together with variable amounts of
carbon dioxide, nitrogen, helium and hydrogen sulfide.

Natural gas is processed before being supplied to homes. Hydrocarbons other than
methane are separated for use in the petrochemical industry. Sulfur compounds are
removed and a trace of a smelly chemical is added so that people notice gas leaks.

natural product chemistry is the study of chemicals produced by living things.
Natural products include carbohydrates, proteins, nucleic acidsand lipuds. Before the start
of the modern organic chemical industry, natural products from plants were the
important ingredients of perfumes, dyes, oils, food flavors and drugs.

Plants may become important again as a large-scale source of chemicals now that
genetic engineering makes it possible to transfer genes from one species to another.
neon (Ne) is the sccond member of the family of noble gases, coming below helium,
with the electron configuration [He]25%2p" Neon is best known for the red glow of
neon lamps and tubes. It is separated from air as the other gases are liquefied. Neon
boils at 27 K so it does not condense at the temperatures used to liquefy oxygen,
nitrogen and argon.

neutralization reaction: a reaction in which an acid reacts with a base to form a
salt.

HCl(aq) + NaOH(aq) —> NaCl(aq) + H,O(1)
Mixing equal amounts (in moles) of hydrochloric acid with sodium hydroxide
produces a neutral solution of sodium chlonde.
Strong acids, such as hydrochloric acid, and strong bases, such as sodium hydroxide, are
fully ionized in solution, as is the salt formed, sodium chloride. Writing 1onic equa-
tions for these examples shows that neutralization is essentially a reaction between
aqueous hydrogen ions and hydroxide ions. This is supported by the values for the
enthalpy changes of neutralization.

H,0"(aq) + OH (aq) —> 2H,0()

237



neutral oxides

The surprise is that neutralization reactions do not always produce neutral solutions.
Neutralizing a weak acid such as ethanoic acid with an equal amount in moles of a
strong base sodium hydroxide produces a solution of sodium ethanoate, which is
alkahne.
Neutralizing a weak base, such as ammonia, with an equal amount of the strong acid
hydrochloric acid produces a soluton of ammonium chlonde, which is acidic.
4

Where a salt has either a “parent acid™ or a “parent base™ that is weak it dissolves 1o
give a solution that 1s not neutral (see hydrolysis of salts). The “strong parent” in the
partmership “wins™:

e weak acid/strong base — the salt is alkaline in solution

e strong acid/weak base — the salt is acidic in solution.

neutral oxides arc nonmetal oxides that do not react with water to form acids.
The common examples are carbon monoxide (CO), nitrogen monoxide (NO) and
dinitrogen oxide (N,O). All three of these oxides are insoluble in water.

neutral solution: a solution with pH 7. Since pH = -Ig [H,O"], this means that
the concentration of aqueous hydrogen ions in a neutral solution is 107" mol dm* at
298 K.

neutrons arc the uncharged particles in the nuclei of atoms. The number of neu-
trons in an atom can vary without changing its chemical properties. This accounts for
the existence of isotopes.

nickel (Ni) is a hard, gravish but shinv d-block metal with the electron configuration
[Ar]3d™4s*. Nickel is relatively unreactive so itis used to make spatulas and crucibles.
Nickelis a constituent of many alloys including some alloy steels and the ferromagnetic
alloy Alnico in permanent magnets.

The common oxidation state of nickel is +2. Nickel(11) salts, such as the sulfate
NiSO, are green.
Fiely divided nickel metal is a good catalyst for hydrogenation reactions. Itis a hetero-
geneous catalyst. 1t 1s used to “harden™ unsaturated vegetable oils by adding hvdrogen
across the double bonds.
After extraction from its ores. nickel is purified by electrolysis. An older process for
purifying nickel took advantage of the fact that the metal forms a volatile. neutral
complex with carbon monoxide. The oxidation state of the metal is zero, so the com-
plexis called tetracarbonylnickel (o). The impure metal reacts with carbon monoxide
at 50°C. The complex evaporates leaving the impurities behind. The vapor of the
complex passes to a second vessel where it decomposes at about 200°C.
T . N . Ny
NI(s) +4CO(g) == [NI(CO),](1)

This was an effecuve but hazardous process because both carbon monoxide and the
nickel complex are highly toxic.

nickel-cadmium cells are now widely used as rechargeable *NiCad™ cells. As in a
lead—acid cells, when a current flows the products formed at the electrodes are insol-
uble sohids that stav put instead of dissolving in the electrolvte. This means that the
clectrode processes can be reversed as the cell is recharged. The electrode processes
as a NiCad cell supplies a current are:



anode (oxidauon): Cd(s) + 20H (aq) —> Cd(OH),(s) + 2¢7
cathode (reduction): NiO(OH)(s) + HO() + ¢ —> Ni(OH),(s) + OH (aq)

Unlike lead-acid cells, NiCad cells must be regularly discharged fully and then
recharged if they are to retain their full capacuy.

nitrates arc salls of nitic acid (HNO,) that all contain the nitrate 1on (NO,").
Nitrates are common in laboratory chemistry because they are all soluble mn water.
Since nitric acid is a strong acid, the nitrate ion is a very weak base and does not
change the pH when dissolved in water.

The reason that the nitrate ion is a weak base is that the negative charge is delocalized
over the planar ion. Delocalization stabilizes the 1on (see oxoacids).

Heating decomposes nitrates. Hydrated nitrates first give off steam, then the usual
products arc the metal oxide. oxvgen and the brown gas nitrogen dioxide.

IMg(NO,),(s) —> 2MgO(s) + O,(g) + NO,(g)

The exceptions are the nitrates of sodium and potassium. which are hard 1o decompose
and give only the nitrite and oxvgen.

2NaNQ,(s) —> ‘.’f\'al\'Q_,(S) + Og(g)

Nitrates are oxidizing agents. In alkaline conditions they are reduced to ammonia by
aluminum metal on heating. This reaction is used as a test for nitrates since the basic
ammonia gas can be detected by turning litmus paper blue (see anion lests). More
effective than aluminum is an alloy of aluminum. zinc and copper.

NO, (aq) + 6H,O(l) + 8¢ —> NH,(g) + YOH (aq)
Plants take up nitrogen from the soil in the form of nitrate 1ons. So a diet rich in veg-
etables is rich in nitrate too. Nitrates have had a bad press because theyare associated
with the environmental pmh]cm cutrophication.

nitration of benzene is an clectrophilic substitution reactuon that takes place m
the presence of a nitrating mixture of concentrated nitric and sulfuric acids. The
product is nitrobenzene.

The purpose of the concentrated sulfuric acid is 1o produce the nitronium ion NQO.*,
which is an electrophile.

NO,’ NO,
) - NO,
..... H - H’ -
Mechanism for the nitration — < —

of benzene

Nitration of arenes is important because it produces a range of useful products
including the explosive it (trinitrotoluene, or I-methyl-2,8.5-rimitrobenzenc).
Nitro compounds are also intermediates in the svnthesis of chemicals used to make
polyurethanes. Nitro groups arce casily reduced to amine groups. Aryl amines, such as
/)/1()}1)*/(11711'71('. are mmportant intermediates in the pm(lu(‘ti(m of dyes, such as azo dyes.
nitric acid (HNO,): purc nitric acid is a colorless, fuming liquid but it gradually
urns yellow as it decomposes, forming nitrogen dioxide. It is a highly corrosive but
important chemical reagent because It can act as a:



nitric acid manufacture

e strong acid — nitric acid ionizes fully as it dissolves in water:
HNO, (1) + H,O(l) —> H,0(aq) + NO, (aq)
Dilute nitric acid neutralizes bases producing soluble salts called nitrates.
o powerful oxidizing agent — in this role nitric acid oxidizes:
— most metals including metals such as copper that do not react with

nonoxidizing acids
- nonmetals, forming oxides in the highest oxidation state of the element,

giving 1205 with 1odine, for example
— 1ons i solution such as iodide 1ons to iodine and iron (i) ions to
iron (111)
e nitrating agent — in this role it is used for the nitration of benzene and other
arenes.

nitric acid manufacture: a process for converting ammonia to nitric acid in two

stages:
o oxidation of ammonia by oxygen on the surface of a catalyst gauze made
of an alloy of platinum and rhodium:
4NH,(g) + 50, == 4NO(g) + 6H,0(g)  AH = =909 k] mol!
o absorption in water in the presence of oxygen to make nitric acid:
2NO(g) + O,(g) == 2NO,(g)
4NO,(g) + O,(g) + 2H,0(l) —> 4HNO,(g)
Water
NH,(g) NO(g) NO,(g) l
el Pt/Rd *+ 0y(8) Heat +0y(8) [Absorption
—— — >
gauze exchanger tower
ok it o Ui Water Steam 65% HNO,(aq)

manufacture of nitric acid

Nitric acid is used in the production of ammonium nitrate. Ammonium nitrate is
largely used as a nitrogen fertilizer. Ammonium nitrate is also widely used as part of
most explosives for mining and quarrying. Nitric acid is used to make other explosives
such as nitrocellulose and nitroglvcerine.

Nitric acid is an important reagent in the production of intermediates for making
plastics, especially nvlon and polyurethanes.

nitriles: arc organic compounds with the functional group — C=N. Their general

formula 1s R— CN where R is an alkyl or an aryl group.

heat under reflux with

CH,CH,I
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KCN in ethanol

| -lodoethane
O CH,CH,CN
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CH,CH,C e propanonitrile
N
Iwo ways of NH,
making nitriles propanamide )



nitrogen cycle

Hydrolysis converts a nitrile to a carboxylic acid. Acids or alkalis can catalyze this reaction.
Reduction with lithium tetrahydridoaluminate(iir) converts nitriles o amines.

CH,CHCO,H + NH,

heat under
reflux with
aqueous acid

propanoic acid

CH,CH,CN

. LiAlH
propanonitrile s

in dry ether

CH,CH,CH,NH,

Reactions of nitriles | -aminopropane

Nitriles are useful intermediates in organic synthesis, especially when there 1s a need
to add to the carbon skeleton of the molecule.

O
I,+red P KCN H,O" Y4
ROH ——> RI —> RCN ——> RC
. \
Lengthening the chain of a carbon skeleton OH

nitrites arc salts of nitrous acid. The two common examples are sodium nitrite
(NaNO,) and potassium nitrite (KNO,). Sodium nitrite and potassium nitrite are
preservatives and curing agents used in cooked meats and sausages.

nitrogen (N,) is an clement thatis chemically quite inert but which plays a vital part
in the environment and forms many compounds of natural and €Cconomic 1mpor-
tance. Nitrogen is the first element in group 5 of the periodic table with the electron
configuration [Hel252p". Nitrogen gas (N,) is unreactive because the atoms are
joined by a very strong triple bond and the molecule 1s nonpolar.

The bonding in a nitrogen molecule. The bond x
energy for the triple bond is 945 k| mol™". A N=N

The inertness of nitrogen makes 1t useful wherever oxygen must be excluded, as in
food packaging, the float glass process, some chemical processing and the production
of semiconductor chips.
Nitrogen makes up 79% of the air and can be separated by fractional distillation of liq-
uid air. Alternatively, when only nitrogen is needed, the gas can be separated using:
o sclectively permeable membranes, which let though all the gases except nitrogen,
which is retained
o molecular sieves (zeolites) that absorb oxygen but let nitrogen pass
through.
nitrogen cycle: the ways by which the clement nitrogen circulates through the
environment. The nitrogen cycle is chemically complex because nitrogen occurs m
the environment in a range of oxidation states. Some of the nitrogen 1s iNOrganic as



nitrogen fixation

NH, and NH ', N,, N, O, NO,” or NO,~. Some of 1t 1s organic as amino acids, proteins
and nucleic acids i Iiving things or their remains.
There are three main reservoirs of nitrogen:

o the air (about 3 x 102" mol N)

e the crust of the Earth (about 2 x 10" mol N)
e the oceans (about 6 x 10" mol N).
The main types of chemical change in the cvcle are:

e mtrogen fixation — converting nitrogen from the air into inorganic and then
organic nitrogen

e denitrification — converting inorganic nitrogen in the soil or oceans to
nitrogen gas in the air

e assimilation — converting inorganic nitrates to organic nitrogen compounds

e mineralization — converting organic nitrogen in living things into inorganic
nitrites and nitrates.

The atmosphere mainly

— N, but also oxides
of nitrogen
Denitrification Natural and Fixation by bacteria
industrial fixation In roots of legumes
Y Y
Inorganic nitrogen < : p— Organic nitrogen in plants,
In soll Mineralization animals and organisms in
NH, NO,"  NO,” — > soll protein and nucleic acids
Assimilation

Diagram of the nitrogen cycle. Note that this version of the cycle leaves out the oceans,
which are major reservoirs of nitrogen compounds.

nitrogen fixation: any process that converts nitrogen gas in the air to nitrogen
compounds, which can be taken up by plants and converted to amino acids, proteins
and nucleic acids. Nitrogen fixation happens naturally:

o during thunderstorms the energy in lightning allows nitrogen and oxvgen
to combine to form oxides of nitrogen, which are washed into the soil by
rain and taken up by plants as nitrates

e some soil bacteria have an enzyme nitrogenase that can harness the energy
of ATP to convert nitrogen from the air into ammonium compounds

o bacteria in the nodules of leguminous plants such as peas, beans and
clover can also make ammonium salts from nitrogen.

As agriculture became more intensive the demand for nitrogen by crops outstripped
the rate it could be produced by natural processes. Manures could not meet the



nitrous acid

demand either. so the challenge for chemists was to find a practicable and economic
way to fix nitrogen industrially. This is the problem that was solved by Fritz Haber,
leading to ammonia manufacture by the Haber process. Some of the ammonia is used
for nitvic acid manufacture and the two chemicals combine to make nitrogen fertilizers.

nitrogen oxides: there are six compounds of nitrogen with oxygen. All the oxides
have positive enthalpies of formation. They are unstable relative to the elements and
are easily decomposed by heating. Two of the oxides, N,O, and N,O;, are particularly
unstable and of little practical importance. Oxides of nitrogen contribute to air
pollution. NO _is a general formula used in accounts of air pollution to stand for any
of the various nitrogen oxides when fuels burn at high temperatures in engines and
furnaces. NO _contributes to acid rain and the formation of photochemical smog.

Oxidation Formula Name Type AH / Notes
state k] mol™
+4 2NO, nitrogen acidic  +33.2 NO, is the brown gas
N,O, dioxide and (for NO,) formed on heating
dinitrogen nitrates. It is used as an
tetroxide oxidant in rocket fuels.

Lowering the
temperature makes
the gas paler as the
equilibrium favors the

colorless Nﬂ(')‘

2 NO nitrogen neutral +90.2 Colorless but reacts
monoxide with oxvgen in the air
to make NO,; an
intermediate in the
manufacture of nitric

acid from ammonia

+1 N O nitrous oxide neutral +82.0 Colorless; also called

laughing gas

Laughing gas is the traditional name for dimitrogen oxide (N,O). The gas can be
used as an auesthetic for dentistry and minor surgery. Dinirogen oxide is soluble n
fats. 1t is tasteless and nontoxic, and is used as the foaming agent and propetlantin
cans of whipped creant.

nitrous acid (HNO,) is an unstable, weak actd that is an important reagent for pro-
ducing the diazonium salts needed to make azo dyes. Nitrous acid is too unstable to be
stored so it is made in solution when needed by adding a strong acid, such as
hvdrochloric acid, to a solution of sodium nitrite:

NO, (aq) + H O (aq) —> HNO, (aq) + FLO()

The solution of the acid is blue. It starts 1o decompose at roont temperature, giving
off nitrogen monoxide (NO), which turns brown as it meets the air and turns mto

nitrogen dioxide (NQO,).



The systematic name of the acid is dioxonitric (1) acid, which is sometimes abbrevi-
ated to nitric (1) acid. This shows that nitrogen is in the +3 oxidation state. When it
decomposes 1t disproportionates to the +5 and the +2 states.

3HNO,(aq) —> HNO,(aq) + 2NO(g) + H,O(l)
+3 +5 +2 Oxidation states of nitrogen

nmr: sce nuclear magnetic resonance spectroscopy.

NO :sce nitrogen oxides.

noble gases: the unreacuve gases in group 8 of the periodic table. They were called
the “mert gases”™ unul the discovery that krypton and xenon can form compounds.

Even so, the gases keep apart from most chemical changes and react only with highly
reactive chemicals such as fluorine and oxygen.

The term "noble™ has been used for a long time to describe metals such as gold and
silver. These metals were inert 1o the reagents used by alchemists and early chemists.

nomenclature: sce names of caorbon compounds, names of complex ions and names of
morgonic compounds.

nonaqueous solvent: any solvent other than water. A nonaqueous solvent has to be
used if the solute will not dissolve in water. For this reason turpentine (a hydrocarbon sol-
vent) s used to make oil paint while other organic solvents are used as nailvarnish
removers, stain removers and dry-cleaning fluids. A nonaqueous dry-cleaning fluid
removes dirt without causing shrinkage or other damage to fabrics harmed by water.

A nonaqueous solvent has to be used for a reaction in solution if one of the reactants
or products is rapidly hydrolyzed by water. For this reason lithium tetrahydridoalumi-
nate(n1) reductions take place i ether solution.

The choice of solvent can affect the outcome of a reaction. A solution of potassium
hydroxide or sodium hydroxide in water hydrolvzes halogenoalkanes to alcohols. If the
solventis ethanol it is much more likely that an elimination reaction will happen and
the product will be an alkene.

nonmetals arc the elements toward the right-hand side of the periodic table that do
not show the characteristic properties of metals. In general nonmetals:

e consist of small molecules with the atoms linked by covalent bonding (H,, S
P, and Cl,); the exceptions include carbon, silicon and red phosphorfls in
which covalent bonding is continuous throughout the giant structure of atoms

e are mostly gases at room temperature because of the weak intermolecular
Jorces (for example, hydrogen, oxygen, nitrogen, chlorine and all the noble
gases)

o 1ifsolid. are notshiny like metals; they are brittle rather than bendable and
do not normally conduct electricity or thermal energy

e tend to form negative ions by gaining electrons when they react with metals

o torm acidic oxides that react with water to produce oxoacids

o form covalent molecular chlorides that are liquids and usually rapidly
hydrolyzed by water, such as PC, and SiCl,

o form covalent molecular hydrides that are gases at room temperature,
suchas CH,, SiH | NH,, HCL HBr and HI - the notable exception 1s water.
which is a hquid because of hydrogen bonding.



nuclear magnetic resonance spectroscopy

nonpolar solvent: a solvent in which the molecules are not polar. Examples of non-
polar solvents are the many liquid hydrocarbons and the mixtures of hydrocarbons
obtained by refining crude oil. These are also nonaqueous solvents.

Following the general rule that “like dissolves like.,” nonpolar solvents dissolve many
compounds that consist of small molecules. Chlorine, bromine and 1odine, for
example, dissolve freely in hexane. The stain removers and dry-cleaning fluids
intended to remove oily grease from clothes consist of nonpolar solvents.

Nonpolar solvents do not dissolve ionic crystals. The interaction between nonpolar
molecules and ions is much to0o weak to surround ions and pull them away from the
crystal against the electrostatic forces between ions with the opposite charge.

honstoichiometric compounds are compounds with formulas that do not have
simple whole-number ratios of atoms. The formulas of nonstoichiometric com-
pounds vary. Many oxides and sulfides of d-block elements have variable formulas; for
instance, iron (11) sulfide (Fe S to FeS ) and iron(11) oxide (Fe . ,,0). This varia-
tion is a result of variable oxidation states and irregularities in the crystal latuce.
Other examples are the interstitial hydrides of d-block elements such as vanadium
hydride. VH, ..

nuclear fusion is the process that produces the energy of the Sun and other stars.
It is also the process that accounts for the origin of all the elements.

In the Sun, at a temperature of ten million degrees or so. hydrogen atoms fuse to
make helium atoms, releasing about 10 k] per mole of helium formed.

4H —> JHe + 2 positrons
The pressure and temperature at the center of very large stars is high enough for
helium nuclei to fuse to make heavier elements such as carbon, silicon and 1ron.
Since helium has an even number of nucleons, it turns out that elements with even
proton numbers are more abundant than other elements.
Iron is the final product of the series of exothermic fusion reactions. Energy 1s needed
(0 make heavier elements. Heavier elements form during the highly energetic explo-
sion when massive stars run out of nuclear fuel and start to collapse and then burst
apart. The massive explosion is a supernova, which scatters dust and gas through the
universe where it mixes with hydrogen and hehum.
I time the remains of “dead” stars start to coalesce into new stars and the process starts
all over again. The Sun is an example of a second-generation star; it and the planets of
the solar system formed from the remains of supernovas. This explains the variety of
clements on Earth in a Universe where over 90% of all atoms are hydrogen.
nuclear magnetic resonance spectroscopy (nmr): a powerful analytical tech-
nique for finding the structures of carbon compounds. The technique is used o
identify unknown compounds, to check for impuritics and to study the shapes of
molecules.
In medicine, magneuc resonance iMmaging uses nir to detect the hydrogen nuclerin
the human body, especially in water and lipids. A computer translates the mforma-
tion from a body scan into 3-D images of the soft ussuc and internal organs, wluch
arc normally transparent to X-rays.

The name of the technique summarizes its kev features:



nuclear magnetic resonance spectroscopy

e nuclear - the technique detects nucler of atoms such as hydrogen-1 (protons)

e magnetic — the nucler detected by the technique are the ones that act
hke tiny magnets that can hne up either in the same direction or in the
opposite direction to an external magnetic fickd

e resonance — the absorption of energyv is from radiowaves with the fre-
quency corresponding to the size of the energy jump as the nuclei flip
from one ahgnment in a magnetic ficld to the other.

Radio - Detector Computer Recorder
frequency
oscillator _
Probe at room temperature containing

the sample, which i1s spun at 20 times per
second to average any inhomogeneity
In the sample glass tube

Diagram of an nmr spectrometer

Samples for analysis are dissolved in a solvent with no hvdrogen-1 atoms. Also in the
solution 1s some tetramethyl silane (TMS), which is a standard reference compound
that produces an absorption peak well away from the sample peaks.

The tube with the sample is supported in a strong magnetic field. The operator trns
on an oscitlator that produces radiation at radio frequencies (rf). The rf detector
records the intensity of the signal as the oscillator scans across a range of wavelengths.

The recorder prints out a spectrum with peaks wherever the sample absorbs radia-
ton strongly. The zero on the scale is fixed by the absorption of hvdrogen atoms in
the reference chemical TMS. The distances of the sample peaks from zero are called
their “chemicat shifts™ (9).

Each peak corresponds to a hvdrogen nucleus in a different chemical situation. The
arca under a peak is proportional to the number of nuclei in cach situation. In

i Higher frequency
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nucleophiles

ethanol (CH,CH,OH) there are hvdrogen nuclei in three environments that have

different chemical shifts.

At high resolution it is possible to produce nmr spectra with more detail and which
provide even more information about molecular structures.

nuclear reactions: changes affecting the nuclei of atoms. Nuclear reactions are
brought about by bombarding materials with high-energy particles in partcle
accelerators or with beams of neutrons from nuclear reactors.

Nuclear reactions can be used to make elements that do not occur naturally, with
higher proton numbers than uranium. Bombarding uranium-238 with neutrons pro-
duces uranium-239. which decavs by beta decav to neptunium. Neptunium i turn
decays to plutonium.

S ST vsar,  decay 23981 0
o Tl - 92 < aNp T e
W B—particle
decay
239 0
il EE" 0 E
B—particle

Nuclear reactions producing the transuranium elements neptunium and plutonium. Note that
the nucleon numbers and proton numbers balance.

Nuclear reactions are used to make radioactive isotopes for use as tracers.

nucleic acids arc the molecules that carry genetic information and control protein
synthesis n cells. There are two main types of nucleic acid, DNA and RNA. Nucleic
acids arc polynucleotides formed as nucleotides link together in long chans.
nucleon: a particle in the nucleus of an atom — either a proton or a newlron.

nucleon number: the nucleon number for an atom 1s an alternative term to mass
number. The nucleon number is the total number of protons and neutrons m the
nucleus. Isotopes have the same froton number but different nucleon numbers.

nucleophiles arc molecules or ions with a lone pair of electrons that can form a new
covalent bond. Nucleophiles are reagents that attack molecules where there is a parual
positive charge, &+ So they seek out positive charges — they are “nucleusloving.”

EII
H—O¢: hydroxide 1on H—O: water molecule
|
tC=N cyanide 1on H— T\J — H  ammonia molecule
:l.%.r:— bromide 1on CH,CI {2——.(.): ethoxide ion

Examples of nucleophiles



nucleophilic addition reaction

Nucleophiles take part in nucleophilic addition and nucleophilic substitution reactions.

nucleophilic addition reaction: the attack of a nucleophile on a carbonyl
compound leading 1o an addition reaction. The electronegative oxygen draws electrons
away from carbon so that the €= 0 bond in the aldchyde or ketone is polar. The
incoming nucleophile uses its lone pair 1o form a new bond with the carbon atom.
This displaces one pair of electrons in the double bond onto oxygen. Oxygen has
thus gained one electron from carbon and now has a negative charge.

H
=y |
CNTNe£L0o ——> NC—C—0
/
H,C CH

8
Intermediate
First step of nucleophilic addition of hydrogen cyanide to ethanal

To complete the reaction, the negatively charged oxygen acts as a base and gains a
proton.

H H
| |
NC—C—O" H—\(;‘N e NC—('J—OH + CN
|
CH?% CH:’;

intermediate

Second step of nucleophilic addition of hydrogen cyanide to ethanal

nucleophilic substitution in derivatives of carboxylic acids: nucleophilic
attack on the carbon atom of the C = O bond in the functional group, which leads
to a substitution reaction. The first step is similar to nucleophilic addition.

The electronegative oxvgen draws electrons away from carbon so that the C = O bond
in the aldehyde or ketone is polar. The incoming nucleophile uses its lone pair to
form a new bond with the carbon atom. This displaces one pair of electrons in the
double bond onto oxygen. Oxygen has thus gained one electron from carbon and
now has a negative charge.

:0-
O
7
CH, — C el (o0
N S
HO:— X
OH

The first step in the attack of a nucleophile on a denvative of a carboxylic acid. If X = OC,H.
the compound 1s an ethyl ester, if X = Clit is an acyl chloride, if X = NH, it is an amide.

At this point the negative oxygen does not gain a proton; instead it uses a pair of
clectrons to reform the double bond and displace X.

Nucleophiles that react with esters, acvl chlorides and amides in this wayv are hvdroxide
tons and hydride ons from the tetrahvdridolithium (1) ion.









octet rule: (his was first suggested as a guide by the US chemist Gilbert Lewis in
1916. The rule savs that atoms tend to gain. lose or share electrons when they com-
bine with other atoms to acquire a stable octet of electrons. The “stable octet™ is the
eight s?p" electrons. corresponding to the outer electron configuration of the nearest
noble gas in the periodic table.

Cls

:C1:CCl3 KOH o) 105 34

s

Dot and cross diagrams for molecules and ions showing outer shells with eight electrons as
in the nearest noble gas

There are many exceptions to the octet rule. so itis nota safe guide. The rule works
pretty well for the elements Li to Fin period 2 because there are only four s- and
prorbitals in the second shell (see atomic orbitals). The octet rule also works for 10N1¢
compounds of s-block elements with the halogens. oxygen and sulfur. Exceptions arise
in period 3 and beyond, because d-orbitals in the third shell can become involved
bonding.

Born—Haber cyeles can help to account for the octet rule in ionic compounds. When
magnesitmn, for example. forms tonic compounds with the Mg* ion the extra ron-
ization energy needed to remove two rather than one electron from the outer shell is
more than compensated for by the big increase i lattice energy. An Mg 1on is much
smaller than an Mg™ ion because of the loss of the outer shell and the greater charge.
Removing a third electron from a magnesium atom needs much more energy
because it involves taking an electron from the next shell where the electrons
are more strongly held by the nucleus. If it could form, an Mg’ ion would be
litde smaller than an Mg® ion so the increased lattice energy is not enough to

compensate for the very large third 1onization energy.
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Electron confisurations of Mg*, Mg™ and Mg’ ions



odd-electron compounds

odd-electron compounds: stable compounds with an odd number of electrons in
an outer shell. Examples are two nitrogen oxides: nitrogen oxide and nitrogen dioxide.

Both are exceptions to the octet rule.

. N
N — () - \
IN=—O" :.o.‘./ \93

Dot and cross diagrams showing the odd-electrons in molecules

optical isomers: isomers that have opposite effects on polarized hight. One 1somer
rotates the plane of polarized light clockwise (the + isomer). The other i1somer
rotates the plane of polarized light in the opposite direction (the — isomer).
Rotations are nmieasured in an instrument called a polarimeter. Optical actvity is
characteristic of chiral compounds.

Optical isomerism is shown by molecules with the same structure but different three-
dimensional shapes, so it is a type of steroisomerism.

orbitals: sece atomic orbitals and molecular orbitals.
order of reaction: sce rale cquations.

ore: a mineral mass that can be profitably mined and processed to produce a metal.
Prospectors seek ore bodies, which are local concentrations of ores. After mining or
quarrying the first stages of processing separate the valuable minerals from waste
rock.

The work of the mineral industry would be impossible if minerals were evenly dis-
tributed throughout the lithosphere. Fortunately, natural processes have produced
concentrations of valuable minerals with much higher percentages of rare metals
than in the Farth's crust.

organic acids: see carboxylic acids.

organic analysis consists of chemical methods for qualitative and quantitative analysis
to 1dentify organic compounds and work out their composition and structure.

In a modern laborator}' organic analysis is based on a range of automated and instru-
mental techniques including combustion analysis, mass spectrometry, infmrpd spectroscopy.
ultraviolet spectroscopy and nuclear magnetic resonance spectroscopy.

Melting points and boiling points also provide a check on the identity and purity of
compounds.

Traditionally, chemical tests helped to identify functional groups in organic molecules.
Preliminary tests typically involve observing:

e the state and appearance of the compound
e IS .s‘()lubilit}' m water and the pH of any solution
e the type of flame when a small sample burns.



Functional group

Test

organic chemistry

Observations

e Shake with a dilute
solution of bromine

e Shake with a very dilute.
acidic soluton of pot-

assium manganate (Vi)

e Orange color of the
solution decolorized
e Purple color fades and

the solutton turns colorless

where

X =0,Brorl

e Warm with a solution of
sodium hydroxide, cool.
acidify with nitric acid,
then add stlver nitrate

solution

e Precipitate is white from
a chloro compound,
creamy vellow from a
bromo compound and
vellow from an 1odo
compound (hydrolysis
produces 1ons from the
covalent molecules)

— C—OH

|

m a ])ri mary

e Add a solution of sodium

carbonate

e Add a very small piece
of sodium to the

e No reaction: unlike acids,
alcohols do not react
with carbonates

e Colorless gas forms
(hydrogen)

alcohol anhydrous compound
e Warm with an acidic e Orange solution turns
solution of potassium areen and gives a fruty
dichromate (V1) smelling vapor; alcohols are
oxidized by dichromate (Vi)
but not by fehling’s solution
AN e Add 2. 4-dmitrophenyl- e Aldehvdes and ketones both
/( =0 hydrazine solution give vellow or red precipitates

in aldehydes and

o Warm with fresh Feiding’s

solution

e Solution turns grccnish and

then an (>rangc—red

ketones precipitate forms with
aldehydes, but not ketones
o Warm with fresh Tollens e Silver mirror forms with
reagent aldehvdes but not with
ketones
— CO,H e Mecasure the pH of a e Acidic solution with

mn ('(n'l)().\‘_\'li( acids

solution

e Add a solution of sodium
carbonate

e Add a neutral solution

of ron (1) chlonde

pH about 3-4

e Mixture fizzes, giving
carbon dioxide

e Mecthanoic and ethanoic

acids give a red color

organic chemistry is the study of carbon compounds (except the very simplest such
1s the oxides and carbonates). There are more carbon compounds than the com-
pounds of any other element because carbon atoms have a remarkable abihty (o joIn
up in stable chains, hranched chains and rings. Organic chemists have devised ways



organic preparations

to organize the mass of information about millions of compounds and reactions so
that 1t makes sense.
One approach is to group compounds mto series each with a distinctive functional
aroup. Examples ave the alkanes. alkenes, arenes, carbonyl compounds and carboxylic acids.
Another way of making sense of carbon chemistry is to classify reactions. One classi-
fication describes what happens to the molecules: addition rveactions, substitution
reactions, elrmination reactions and rearrongement reactions. An alternanve classification
of reactions is based on the mechanisms of the reaction showing the tvpes of reagents,
the method of bond breaking and the nature of any intermediates. This includes:

o homolytic bond breaking with free-radical intermediates

o heterolytic hond breaking withe electrophiles and nucleophiles as the attacking

reagents leadig to 1onic intermediates.
Brochenustry and polymer chemustry are specialist aspects of organic chemistry.
Oreganic chennsts have proved thenr understandine of organic structures and reactions
O O O

by devising ways to synthesize increasingly complex molecules.

organic preparations take place in fowr main stages to make pure organic compounds.

Stage Activities Commonly used techmiques
8 . I
Planning e Decaiding on the reaction e Consulting reference books
e Calculating reacting o [lisk analysis

quantties from the equation
e Deccaiding on the conditions

for reaction

Carrving out the e Mecasuring out the reactants o Heating in a flask with
reaction e Mixing them in a a reflux condenser
suttable apparatus e Shaking immiscible
e Controlling the temperature reactants m a stoppered
container
Separating the e "Working up” the reaction o Distillation
product from the mixture to obtain a crude o Steam distillation
reaction mixture product e Vacuum filtration
Purifving the e Puritving liquids by shaking e Fractional distillation and
product and with reagents to extract measuring boiling points
testing for purity Impurities in a separating o Solvent extraction
funnel, followed by diving e Reerystallization
and disullation e Measuring melting points
e Punifving solids by o Thin-layer chromatography
recrystallizaton and o Infrared spectroscopy
filtration o Ohrganic analyss

e Using tests to check on the
identity and purity of the
product

e Calculating the percentage

vield (see yield caleulationy)




organic routes: pathways from reactants to the required product in one or several
steps. Organic chemists often start by examining the “target molecule™ and then
work back through a series of steps to find suitable starting chemicals that are cheap
enough and available. In recent vears chemists have developed computer programs
to help with the process of working back from the target molecule o a range of
possible starting points in a systematic way.

organometallic compounds: organic compounds that contain a metal atom.
Grignard reagents are organometallic compounds formed with magnesium.

osmosis is the movement of a solvent by diffusion through a selectively permeable
membrane. The membrane allows small solvent molecules through but not larger
dissolved molecules or 1ons.

Selectively permeable
membrane

Solute molecule

Solvent molecule

o) | e ® OO O
OC>O Ooo‘glroo - ((3) ) 04——_- .
O N OO | 6©Q 0 OO Pure solvent
Solution +O OO O° o—+>° o o ©
o IOOOO o © .
OO OOO e OO © Oo =
o) 1 © o o

Osmosis at a molecular level. The concentration of solvent molecules is higher in the pure
solvent than in the solution. Solvent molecules diffuse in both directions but overall they move
from the solvent into the solution.

The membranes that surround living cells are selectively permeable. This makes
osmosis important in biology. Solutions for medical treatment of the eves and other
delicate parts of the body are formulated to have the same osmotic potential as body
fluids. as are isotonic drinks.

osmotic pressure: the pressure needed to stop osmosis when the solution s sepa-
rated from pure solvent by a selecuvely permeable membrane. Osmotic pressure
depends on the concentration of solute partcles and not on their chemncal natave.
There is a formula relating osmotic pressure 10 concentration at a given tempera-
ture. With the help of this formula osmotic pressure measurements can be used o
determine the molar masses of tavge molecules such as proteins and /){)(\‘/Nﬂ;i\.

If the pressure applied to the solution is greater than the osmotic pressure, the direc-
tion of net flow reverses and pure solvent moves out of the soluuon. This 1s reverse
osmosis. which can make drinking water from salty water.

oxidant: an alternative term o oxidizing agent, which is convenient when describing
half-cquations tor vedox reactions and standard electrode potentials. By counventon, when



clectrode potential values are being assigned the half-equation takes the form:
oxidant + ne” == reductant
Every half-equation involves an oxidant and a reductant,

oxidation: originally this meant combination with oxygen but the term now covers
all reactions in which atoms, molecules or 1ons lose electrons. The definition 1s
further extended to cover molecules as well as 1ons by defining oxidation as a change
that makes the oxidation number of an element more positive, or less negative.

+2 Mg

T Magnesium 1s

£ N oxidized - The oxidizing agent that

2 it loses takes the electrons

5 electrons | 9~ from magnesium

B T T .

o The reduing agent l Chlon.ne Is reduced
1 that gives electrons — It gains electrons

to chlorine 2C1

Chlorine oxidizes magnesium by taking two electrons from each magnesium atom.

Oxidation and reduction always go together in yedox reactions.

Oxidation number rules apply in principle in organic chemistry but it is often easier
to use the older definitions. Oxidation is either addition of oxygen to a molecule or
removal of hydrogen.

H
O O
| 7 - 7
CH:; — C—OH oxidation CHS _C oxidation CH% _C
1|4 NH NoH
primary alcohol aldehyde carboxylic acid

Two-stage oxidation of a primary alcohol, first to an aldehyde and then to a carboxylic acid

oxidation numbers arc used by chemists to define oxidation and reduction and to
identty redox reactions. The advantage of oxidation numbers is that they apply to mol-
ccules and complex ions as well as to simple atoms and ions. The sum of the
oxidation numbers in an uncharged compound is zero.

Chemists have agreed a set of rules for deciding on the oxidation numbers of
clements:

e the oxidation numbers of uncombined elements are zero
o 1 asimple ion the oxidation number is the charge on the jon
o the sum of oxidation numbers in an uncharged compound is zero



oxidizing agents

o the sum of the oxidation numbers in an ion made of several atoms is equal
to the charge on the 1on
e some elements have fixed oxidation numbers (see table).

Metals Nonmetals

group 1 (Li, Na, K) +1 hyvdrogen +1

group 2 (Mg, Ca, Ba) +2 (except in metal hydrides)

group 3 (Al) +3 fluorine -1
oxygen -2

(except in peroxides and
compounds with fluorine)

chlorine -1
(except in compounds

with fluorine and oxygen)

Oxidation numbers appear in the names of inorganic compounds and the names of
complex ions. They also help with writing balanced redox equations.

MgO NH, CCl, MnO,”
+2 =2 —3 +| +4 =2 +7 =2
ALO, SO» H,S0, Cr,0.%
+3 =2 +6 -2 +1 +6 -2 +6 =2

Examples of the application of oxidation number rules. Note that each element in a
compound is assigned an oxidation number.

oxidation states: the states of oxidation or reduction shown by an element in its
chemistry. The states are labeled with the oxidation numbers of the element in each
state.

Describing the chemistry of an element according to oxidation state is a useful way
of making sense of a large number of compounds and reactions. See for example the
entries for chlorine, manganese, hydrogen peroxide and nitrogen oxides.

oxides arc compounds of clements with oxygen. The contpounds of metals with
oxygen are basic oxides or amphoteric oxides. The compounds of nonmetals with oxygen
are either acidic oxides or neutral oxides.

oxidizing agents arc chemical reagents that can oxidize other atoms, molecules
or ions by taking away clectrons from them. Common oxidizing agents are oxygen,
chiorvine, bromine, hydrogen peroxide, the manganate (Vit) ion, in potassium manganate(Vir),
and the dichromate (Vi) ion.

Some reagents change color when they are oxidized, which makes them useful for
detecting oxidizing agents. In ])dlll(ll]dl a colorless solution of iodide ions 1s
oxidized to iodine, which turns the solution to a yellow-brown color.
2-(aq) —> L,(aq) + 2¢
electrons taken by the oxidizing agent






Oxoacid Structure Oxoanion Formula
sulfuric acid, H—0O O sulfate 1on SO
H,SO, \Q/ hvdrogensulfate 1on HSO ~
/ "
H—O \O
sulfurous acid. H—O
H,S0, N sulfite ion SO+
N\ |
H—O \()
nitric acid, H O
HNO. AN ,/1 nitrate ion NO,”
D () I ‘\ \ .
N
O
nitrous acid. H
HNO, \O _ N.. nitrite 1on NO,”
N
O

The systematic names for oxoacids are not widely used but they make it possible to
determine the formulas from the names. The systematic name for sulfuric acid 1s
tetraoxosulfuric(vi) acid.

Oxoacids ionize in solution by giving hvdrogen ions to water molecules.

H . 1

N\, A
O—N + H,O —> NG, + H,O

No 070

lonization of nitric acid in water showing delocalization of the charge on the nitrate ion

Delocalization spreads the charge on the oxoanion, thus stabilizing the ion and favor-
ing ionization. The more oxygen atoms doubly bonded to the central atom, the
stronger the acid. As a result, sulfuric acid is a stronger acid than sulfurous acid and
nitric acid is a stronger acid than nitrous acid. So where an element forms two
oxoacids. the one with the element in the higher oxidation state 1s the stronger.
oxonium ions are aqueous hydrogen ions or hydrated protons formed when an acid
dissolves in water. A lone pair of electrons on a water molecule forms a coordinate bond
(or dative covalent bond) with a hydrogen ion from an acid.

The formula of the oxonium ion is HO™. It is often convenient to write H* (aq)
instead, but remember that the hvdrogen ion is hydrated.

(Alternative names for the oxonium ion used by some authors are hydroxonium 10N
and hydronium ion.)

oxygen (0) is a colorless, odorless and highly reactive gas that makes up abont a
fifth of the airby volume and is essential to life. Ttis the first elementin group 6 with
the electron configuration [He 252" Most oxygen occurs in the form of O, molecules

but ozone, O, 1s a second allotrope.



All living organisms need oxygen for respiration. Green plants produce oxygen by
photosynthesis in sunlight. Many biochemical molecules include oxygen atoms, for
example carbohydrates, fals, proteins and rnucleic acids.

Oxygen is the most abundant element in the fithosphere, mainly in the silicon—oxvgen
giant structures of silicates.

Oxygen combines with most other elements to form oxides. Particularly important is
water, the oxide of hydrogen.

Alr separation plants use fractional distillation to separate oxygen and other gases.
Alternatvely, where only oxygen is required, the nitrogen from the air can be
absorbed i a bed of a molecular sieve such as a zeolite.

Oxygen is used industrially in making steel. The manufacture of chemicals is another
major use. Smaller quantities are used with a fuel for high-temperature metal cutting
and welding. Oxygen is required medically by people with lung disease and is also
used for water treatment to improve the quality of water contaminated with organic
pollutants.

ozone (0,): a colorless, reactive and unstable gas that is an allotrope of oxygen.

Ozone is an oxidizing agent and, like oxidizing bleaches, it will destroy micro-
organisms. Ozone is increasingly used to treat drinking water and swimming pools
as an alternatuve to chlorine.

Ozone often features in stories about environmental issues. The ozone layer in the
upper atmosphere is a "good thing.” The ozone high in the stratosphere protects
living things by absorbing harmful UV radiation from the Sun. CFCs and other pol-
lutants, such as the pesticide methyl bromide, tend to destrov the protective ozone
laver.

In the lower atmosphere ozone is a “bad thing” because it is harmful to living things
and helps to cause photochemical smog. Ozone attacks and splits C = C bonds. This is
ozonolysis, which can damage and destroy materials such as natural rubber.



paint is a product formulated to protect and decorate surfaces. A paint has three
ingredients:
e pigments, which scatter and absorb light so that the pamnt covers up the
surface underneath and decorates it with color
o polymers, which hold the pigment to the surface by forming a smooth plas-
tic film as the paint dries and sets — in gloss paints the film-forming
polymers are alkvd resins (see polyesters); in emulsion paints they are a latex
polymer
e avehicle thatis a liquid in which the other ingredients are dissolved or dis-
persed — in gloss paint the vehicle is traditionally a hydrocarbon solvent; in
emulsion paints it 1s water.

paper chromatography: a tvpe of chromatography in which the stationary phase 1s
water in the fibers of paper and the moving phase is another solvent such as ethanol
or propanone. The technique is used to analyze mixtures such as inks, food colors,
dyes and amino acids.

During paper chromatography the chemicals in a mixture partition themselves
between two solvents: water and the moving solvent. Each component has a different
equilibrium constant (partition constant), which decides whether 1t has a greater
tendency to dissolve in the stationary phase or in the mobile phase. As a result the
mixture separates as the chemicals move at different speeds.

If the conditions are kept the same, cach chemical in a mixuwure will move a fixed frac-
tion of the distance moved by the solvent. The R value for the substance Is a measure
of this fracuon.

If the chemicals in a mixture are colorless they are invisible on the paper. If so, the
analyst has to “develop” the plates with a suitable “locating agent.” After chromato-
graphy of amino acids, for example, the paper can be sprayed with ninhydrin
sohution and warmed. The amino acids then show up as purple spots.
paramagnetism: a type of magnetism shown by substances with unpaired electrons.
Paramagnetic substances are weakly atracted into a magnetc field. The effect is very
much weaker than the ferromagnetism of iron. Most compounds have orbitals filled by
pairs of electrons with opposite spins so that their magnetic properties cancel out. These
substances are very weakly repelled by a magnetic ficld. This is diamagnetsn.

Chemists measure paramagnetism to detect unpaired electrons in the d-orbitals of
transition metal compounds.

partial pressures arc a uscful alternative to concentrations when studying mix-
wres of gases and gas reactions. In a mixture of gases A, B and C the sum of the three
partial pressures equals the total pressure.

Pow = Pat Pet Py
According to the ideal gas equation pV = nR7T and this equation is obeyed pretty well
by real gases. In a mixture of gases the gas molecules move around independently. Tt



1s the number of molecules that matters and not their chemical nature. So the par-
tal pressure for each gas is the pressure 1t would exert if 1t was the only gas in the
container under the same conditions: thus:

nRT nRT n RT

p=——. pp= ———and p = T

\ ‘ ! /B [
Smce Ris a constant, these cquatons show that at constant temperature:

n, n, n,
P < T Py o< i and p o< T

So the partial pressures are proportional to the concentrations of the gases, since n+ V
is the concentration in moles per unit volume. This is the justification for working in
partal pressures when applyving the equilibrium law to gas reactions (sce 1\'})).

The total pressure in a mixture can be “shared out” between the gases according to
thew mole fractions, X. So:

P o= ‘\\n\, Py = ‘\BHB and P = ‘\( n,

Worked example:
An experimental study of the equilibrium mixture of N,O,(g) and NO,(g) found
that one equilibrium mixture contained 9.01 x 1073 mol of N,O,(g) and 7.16 x
10~ mol of NO,(g) at 298 K and 3.99 x 10*Pa pressure. Calculate the partial
pressures of the two gases.

Notes on the method
First calculate the mole fractions of the two gases.

Multiply the total pressure by the mole fractions to get the partial pressures.

Check that the sum of the partial pressures equals the total pressure.

Answer
Total number of moles = 9.01 X 103 mol + 7.16 X 103 mol = 1617 x 10~ mol
. 901 x 107 mol
hY o j—
Mole fraction of N,O,(g) 517 < 10 ol 0.557
. .16 % 1072 mol
1 _
Mole fraction oﬁ\Q_,(g) 617 X 105 mal 0.443

Partial pressure of N,O,(g) = 0557 x 399 x 10" Pa = 222 x 10" Pa
Partial pressure of NO,(g) = 0443 x 399 x 10" Pa = .77 x |0 Pa

e}

particles arc exuemely small pieces of matter ranging {rom protons to grains of
sand. Chemists use the term “particle” in several wayvs. At the smallest end of the scale
they refer to protons, neutrons and electrons as Jundamental particles. But they also
use the term as a general word to cover atoms, molecules and ions when discussing
the movements of particles in solids, liquids and gases. In addition, chemists use the
term particle when describing much larger solid specks of matter finely dispersed in
colloids such as paint, muddy water and smoke.



particulates arc solid particles suspended in the air. In rural areas the main
sources of particulates are natural. They include soil and sand swept up by winds, as
well as volcanic dust and salt from sea spray.

In urban areas pollution comes mainly from the incomplete combustion of fuels in
engines and power stations. The solid particles consist of carbon and unburnt hvdro-
carbons. Diesel engines are prone to producing particulates in their exhausts. These
harmful particulates can damage health, causing problems such as asthma and eve
Irritaton.

partition: the distuibution of a dissolved substance between two solvents that do
not mix (theyv are immiscible). Partition is the basis for solvent extraction and paper
chromatography.

Shaking a solid with two immiscible solvents produces an equilibrium system 1o
which the equilibrium law applies. The ratio of the concentrations in the two layers 1s
a constant, at a given temperature:

[‘\ ] solvent 1
[x] wlvent 2

This special case of an equilibrium constantis called the partiion constant or parttion
coefficient. (Some writers prefer the term “distribution constant.”)

A =

Note that partition obeys the equilibrium law only so long as the dissolved chemical
has the same molecular structure in both solvents.

parts per million, ppm: a unit of concentration often used for low concentrations
of pollutants in water. The density of water 1s 1 g e~ and dilute solutions have
almost the same density. So the mass of 1 dm® (= 1000 cm?) of wateris 1000 g. For
dilute solutions:

| ppm = 1 mg substance dissolved in | dm® water

Pauli exclusion principle: the fundamental principle that states that no two
electrons in an atom can have the same value for all four quantum numbers. This
rule accounts for the fact that no orbital can hold more than two electrons. The two
clectrons have opposite spins.

p-block elements arc the elements in groups 3,4, 5,6, 7and 8 in the periodic table.
For these elements the last electron added to the atomic structure goes into one of
the three porbitals in the outer shell (see atomic orbitals).

PCBs (polychlorinated biphenyls) arc a group of compounds formed from two
linked benzene rings. They are liquids with valuable properues that mean that they
have been widely used in transformers, in hvdraulic equipment, as plasticizers and
lubricants. PCBs are suited to these applications because they are very stable, non-
{lammable, involatile and particularly suited for use in some electrical equipment
(because they have high diclectric constants). Some PCBs are also toxic pesticides.

Cl Cl

Reoses

Structure of a PCB Cl



The problem with PCBs is that they escape into the environment where they are very
persistent. PCBs can be a hazard too if they are mixed with waste burnt in an incin-
erator at too low a temperature. The danger is that incomplete combustion produces
highly toxic polychlorobenzodioxins and polychlorobenzofurans. Modern incinera-
tors are designed to operate at a high enough temperature to break C— CI bonds

and destroy PCBs.

peptides arc compounds made up of chains of amino acids. The simplest example
is a dipeptide with just two amino acids linked. For chemists this is an example of
an amide bond but the wadition in biochemistry is to call it a “peptide bond.” The
formation of a peptide bond is an example of a condensation reaction.

CH, H
- O
Y SN
HN—C—C + N—C—COH
P4 l / I -
OH H
H H
~H,0
HC O i

HN—C—C—N—C—CO,H

| |

H H H

Formation of a peptide bond between
two amino acids peptide bond

Polypeptides are long-chain peptides. There is no precise dividing line between a
peptide and a polypeptide. A protein molecules consists of one or more polypeptide
chains.

Note that some writers make a distinction between polypeptides and the longer
amino acid chains in proteins. They restrict the definition of polypeptides to chains
with 10 to 50 or so amino acids.

percentage composition: the percentage by mass of each of the elements in a
compound. Percentage composition is one way of expressing the results of chemical
analysis, such as combustion analysis. The empinical formula of the compound can be
calculated from these results.

Worked example:
What is the empirical formula of copper pyrites, which has the analysis 34.6%
copper. 30.5% iron and 34.9% sulfur?

Notes on the method
Follow the procedure in the worked example for finding an empirical formula.

The percentages show the combining masses in a 100 g sample.



Answer
copper Iron sulfur
Combining masses 346¢g 305 ¢ 349 ¢
Molar masses of elements 64 g mol” 56 g mol™ 32 g mol™
| 346¢g 305 ¢ 349 ¢
AL BECme e i Sgmoll  32gmol
= 0.54 mol = 0.54 mol = 1.09 mol
Simplest ratio of amounts | | 2

The formula is CuFeSLr

The percentage composition of a compound can be worked out from its chemical
formula. This is a guide to people who formulate products such as ferulizers. medicines
and cleaning agents.

Worked example:
Two common nitrogen fertilizers are urea (H,N),CO, and ammonium nitrate,
NH,NO,. Compare the percentage of nitrogen in the two compounds.

Notes on the method

Look up the relative atomic masses of the elements and use them to determine
the two relative formula masses. (Note that when part of a formula is in brackets
the number outside refers to all the atoms in the bracket)

Answer
Relative formula mass of urea = 2x (2 + 14) + 12+ 16 = 60
of which (2 X 14) = 28 is nitrogen

28
Percentage of nitrogen in urea = ~/5" X 100% = 46.7%

Relative formula mass of ammonium nitrate = 14 + 4 + 14 + (3 x 16) = 80
of which (2 x 14) = 28 is nitrogen

28
Percentage of nitrogen in ammonium nitrate = “ga™ 100% = 35%

Urea contains the higher percentage of nitrogen.

percentage yield: sce yield calculations.

perfumes: fragrant chemicals used not only for expensive cosmetics but also 1o give
a smell to everyday household products. Many natural perfumes are essential oils sep-
arated from plants by steam distidllation or solvent extraction. Increasingly, however,
perfumes now contain synthetic chemicals, some of which are identical to those
extracted from natural sources.

Experts use an analogy with music to describe the odors from complex perfumes.
“Top notes” are the most volatile chemicals, the main effect depends on the “middle
notes” and the most long lasting are the “end notes.” So a perfume chemist has to
understand the volatility of perfume chemicals.









permanent dipole

The chlondes of reactive metals are ionic. They dissolve in water to give neutral
solutions. The chlorides of nonmetals consist of covalent molecules and they are
normally hydrolvzed by water.

Polar
covalent
lonic glant
crystals structures Molecular gases and solids

LiCl(s) | BeCly(s) | BCl(g)  CCI,(I)  NCl(s) CLO(g) CIF(g)

NaCl(s)  MgCly(s)| AlCL(s) | SiClL,(s)  PCL(1)  S,Cly(s)  Cly(g)

Dissolve in water Partially Hydrolyzed by water giving
giving a neutral hydrolyzed to an acidic soloution (unless inert
solution give an acidic as is CCl,)
solution

Periodicity: formulas, structures, bonding and behavior in water of chlorides in periods 2 and 3

permanent dipole: sce polar molecules and intermolecular forces.

peroxides arc compounds related to hydrogen peroxide, H,0,. The inorganic perox-

ides of s-block elements are ionic and contain the O, ion. When sodium burns in air it

forms sodium peroxide, Na,O,. Barium similarly produces barium peroxide, BaO..
2D 2

Inorganic peroxides are powerful oxidizing agents. The peroxide ion is a strong base so
morganic peroxides react with water and dilute acids to make hydrogen peroxide.

Organic peroxides can act as a source of fiee radicals to initiate addition polymerization

of unsaturated compounds.
O

|
O

A benzoyl peroxide molecule splitting .—0. + *O0—¢C
to form two free radicals. The O— O H ||
O O

bond is relatively weak.

pesticides arc agrochemicals that kill the living organisms that cause damage to
crops, food, wood, fabrics and other materials. They include:

e herbicides such as paraquat and glyphosate
e nsecticides including organochlorines such as DDT, organophosphorus

compounds such as malathion, and pyvrethroids
e fungicides.



Research chemists make and test many new compounds in scarch of pesucides that
are:

e fast-acung

o specific so that they kill only the pests without harming other organisms

o cffective at low doses

e biodegradable so that they quickly break down m the environment.

petrochemical industry: the part of the chemical industry based on crude oil and
natural gas. The industry has developed and expanded massively since the late 1930s.

petroleum: a name for crude oil that is also used for some products from the frac-
tional distillation and refining of oil. The naphthafraction is an important feedstock for
the chemical industry and is sometimes called the “light petroleum fraction.”

Petroleum ether is a laboratory solvent that does not contain ether. Petroleum ether,
which distills in the range 40-60°C, consists mainly of C; hydrocarbons. The solvent
boiling in the 60-80°C range contains mainly C; hydrocarbons.

pH changes during acid=-base titrations: the variation of pH as a solution of a
base flows from a burette into a flask containing a measured volume of acid. Plotting
a graph of pH against volume of alkali added gives a shape determined by the nature
of the acid and the base.

] I :[Phenolphthalem
pH 7 ] pH 7 | |

3 —— Methy! | |

_—/JF —— orange ] :

O T 1 T ) jl T T [ I 1 O I T T II I | 1 1 |
0 25 0 25
Alkali/cm’ Alkali/cm’
Strong acid — strong base Weak acid — strong base

Graphs to show the pH change on adding 0.1 mol dm™ of the named alkali to 25 cm’ of a
0.1 mol dm™* of the named acid. Note the sharp change of pH around the equivalence
point. The graphs show the pH range for the color change of an acid-base indicator for
detecting the end point of the titration.

The indicator chosen to detect the end point must change color completely in the
pH range of the near vertical part of the curve. Note that at the cquivalence pomt,
when exactly equal amounts of acid and base have been added, the pH is not always
neutral. (See also neutralization reaction.)

pH scale: a logarithmic scale for measuring the concentration of aqueous hydrogen
ions 1 solutions.

pH = —lg [H,O (aq)]

pH 0 " ¥ % 4 5 6 7 8 ! 10 11 12 13 4
[H,0"(aq)]/mol dm™ 10° 107 102 10°* 107 10 10 107 10 10 107 10" 107" 10-" 10 M
increasingly acidic €—— neutral  ——> increasingly alkaline



pharmaceutical industry

Worked example:
What i1s the pH of 0.02 mol dm * hydrochloric acid?

Notes on the method
Hydrochloric acid is a strong acid so it is fully ionized. Note that | mol HCI gives

| mol H,O"(aq).
Enter the value of [H,O"(aq)] in your calculator, then press the log button,
finally press +/— to reverse the sign.

Answer
[H,O"(ag)] = 0.02 mol dm

pH = —log (0.02) = 1.7

Worked example:
What is the aqueous hydrogen ion concentration in a cola drink with pH 2.3?

Notes on the method
pH =~ log [H,0"(aq)]
From the definition of logarithms this rearranges to [H,O"(ag)] = 107"

Enter the pH value in your calculator; press +/- to reverse the sign and then the
inverse log button (10%). (The order of pressing the buttons matters.)

Answer
pH = 2.3

[H,O(ag)] = 107% = 5x [0 mol dm™

pharmaceutical industry: that part of the chemical industry that makes drugs and
medicines.

Phase: the three states of matter - solid, liquid or gas. A phase diagram is a map
showing the states of a compound over a range of temperatures and pressures.

The "liquid™ area on the phase diagram for water shows all the conditions of tem-
perature and pressure when water is a liquid. Similarly the “solid” area shows the
conditions for water to be solid. The “vapor™ region shows the conditions under
which water is a gas.

The limes show the conditions when two phases can be together in equilibrium. At
Fatmosphere pressure, ice and liquid water are in equilibrium at the melting point,
0°C; while liquid water and steam are in equilibrium at the boiling point, 100°C.

Chemicat systems often have more than one phase. Each phase is distinct but needs
not be pure:

o asohd m equilibrium with its saturated solution is a two-phase svstem

o i the reactor for ammonia manufacture the mixture of nitrogen, hvdrogen
and ammonia gases is one phase, with the iron catalvst being a separate
solid phase

o chromatography separates mixtures by letting the components in a mixtre
come to equilibrium between two phases - the stationary phase and the
mobile phase.









phosphorus

The use of phenvyl in this way dates back to the first studies of benzene when “phene”
was suggested as an alternative name for the compound, based on a Greek word for
“giving light.” Benzene was found in the tar formed on heatng coal to produce gas
for highung.

Note that “benzyl” refers to aryl compounds with a carbon atom attached directly to
the benzene ring.

CH,OH CHO CO_H

benzyl alcohol benzaldehyde benzoic acid

Benzy! alcohol and other compounds related to C.H,.CH,—

phenylamine is a primary amine with an — NH, group attached to a benzene ring.
There is a two-step laboratory route from benzene to aniline. First nitration then
reduction.

The chemical industry makes phenylamine from phenol and ammonia with an alu-
mina catalyst. Phenylamine and other arylamines are important intermediates in the
manufacture of azo dyes. This is because they react with nitrous acid below 10°C to
produce diazonium salls.

NO, NH,
conc HNO, + Sn or Fe
conc H,SO, ~ HCl(aq)

Formation of phenylamine from benzene

phosphorescence: scc luminescence.

phosphoric(v) acid (H,PO) is manufactured on a large scale from phosphate
rock to make fertilizers, detergent phosphates and phosphates for food and drink. The
pH of a typical cola drink is 2.3 because it contains 0.05% phosphoric acid. Another
use of phosphoric acid is to make ron more resistant to Corrosion.

phosphorus (P) is a highly reacuve element and important nonmetal. 1t 1s the
second element in group 5 of the periodic table, with electron configuration [Ne]3s°2p".

There are two common allotropes:

o white phosphorus, which 1s molecular (P,) and has to be stored under
water otherwise it catches fire in air

o red phosphorus, which is made up of long chains of P, units, 1s more
stable and does not catch fire in air at room temperature.



photochemical smog

There is also a black allotrope.
White phosphorus condenses when phosphorus vapor cools. This happens in the

manulacture of phosphorus from phosphate rock (fluorapatite). The red form is

more stable and, at 540 K, white phosphorus changes rapidly to the red form
without a catalyst.

Phosphorus forms two oxides. They are both molecular and both acidic oxides. The
more inportant oxide is PO, -which forms as a white solid when white phosphorus
burns in excess air (see phosphoric acid).

P,
white phosphorus

P4O(S P4Ol()

Structures of white phosphorus, phosphorus(ii) oxide, P,0, and phosphorus(v) oxide, PO,

As a laboratory reagent PO is used as a drying and dehydrating agent. It dehydrates
amides to nitnles.

Phosphorus also forms two chlorides. Phosphorus trichloride (PCL) is made com-
mercially from white phosphorus and chlorine. It is an important mtelmeclmte in the
manufacture of medical drugs, insecticides and flame retardants. PCl, is a molecular
compound. At room temperature it is a colorless fuming liquid [h'l[ is rapidly
hydrolyzed by water.

Phosphorus pentachloride (PCL.) forms when PCI , reacts with excess chlorine. It is a
volatle solid. 1t too is rapidly h\le]\lCd by \\atel and 1s a laboratory reagent for
replacing hydroxyl groups with chlorine atoms in alcohols and C'11bO\\11c acids.

pPhotochemical smog is produced by sunlight and the pollutants from the exhaust
gases ol motor vehicles. This tvpe of smog f01ms on sull, sunny davs when there is no
wind to blow away the gases. [t1s severe n cities such as Los Angeles where weather
conditions and the local geography tend to trap pollutants in the city.

The primary pollutants are nitrogen oxides and unburnt hydrocarbons that are emitted
m large amounts during the morning rush hour in a city. Bright sunhight during the
middle of the dav sets off pho[ocheml(dl reactions ivolving oxvgen i the air. The
products are the secondary pollutants that create smog.

The level of ozone in the air rises and ()\1(1111110f)ez’ radicals form. The unburnt h\dlo-
carbons are then oxidized to aldehydes, ketones and other chemicals such as organic
nitrates, which mritate the eves and luno\

Catalytic converters are designed to lessen this kind of pollution.



photosynthesis

photochemistry: the study of reactions caused by light or other forms of electro-
magnetic radiation. Photons of ultraviolet light have enough energy to break covalent
bonds and form fiee radicals. These reactive intermediates can then start free-radical
chain reactions. Photochemistry is important in the environment as well as in the
laboratory (see ozone and photochemical smog).

photography uscs chemical reactions to form images. Photography is based on the
chemistry of silver and shows that, like other d-block elements. silver can act as a cata-
lyst, form complex ions and take part in redox reactions. Photographic film consists of
tiny silver bromide crystals in a film of gelatin on a strip of transparent plastic (sce
ionic precipitation). The stages of photography are as follows.

1 Exposure — in both black and white and color photography the first step
is a photochemical reaction. Light produces a few atoms of stlver on the
surface of exposed silver bromide crystals:

2AgBr(s) —= 2Ag(s) + Br, (1)
At this stage there is no visible image.

2 Development — the atoms of silver are the catalyst for the nextstage when
the film is taken out of the camera and treated with a solution of the devel-
oper. In black and white photography the developer is a reducing agent that
turns many more of the silver ions in exposed crystals to silver. Exposed
parts of the film wrn black. In color photography the developer 1S OXI-
dized 1o an intermediate. which then reacts with other chemicals in the
gelatin lavers of the film to produce colored dyes.

3 Fixation — this removes unexposed and undeveloped silver bromide to
stop the whole film turning black when 1t is brought out imto the hght
The fixer is a solution of sodium thiosulfate. Thiosulfate ions form a
complex with silver ions. turning insoluble silver bromide mto a soluble
complex:

AgBr(s) + 25,0, (aq) —> [Ag(S,0,),1" (aq) + Br (aq)

4 Bleaching — this is needed only in color photography. In black and white
photography the grains of silver formed by the developer stay to form the
black areas of the negatives and prints. In color photography the silver has
done its job once it has helped to make the colored dyes. So the silver is
removed by treatment with a solution of iron(111) ions. The silver 1ons are
thus removed from the film.

Ag(s) + Fe''(aq) —> Ag(aq) + Fe (aq)

photon: a quantum of light energy (sce quantum theory and electromagnetic radiation).
photosynthesis is the process by which plants use energy from the Sun to convert
carbon dioxide and water o carbohydrates and oxygen. It is the starting point for the
synthesis of all the organic molecules in plants, including proteins, lipuds and nuclew
acids. The nitrogen. phosphorus and other elements that plants need are taken in
from the soil as soluble salts.

Chlorophyll, the green pigment in plants, absorbs light and transfers the energy o
clectrons. With the help of other molecules the energy is used to sphit water mto
hvdrogen and oxygen and to make ATP. All the oxvgen released into the air during

])]l()l()S\'llI]l(‘Sis comes from water.
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physical chemistry

Through a series of biochemical steps, the hydrogen atoms from water produce a
reducing agent which, with ATP, converts carbon dioxide to the basic building block
for carbohydrates and other chemicals. So all the carbon and oxygen in carbohydrates
comes from carbon dioxide.

physical chemistry: the branch of chemistry that provides the theories that help
to make sense of inorganic and organic chemistry. Physical chemistry explores the
states of matter and uses kinetic theory to explain the properties of solids, hquids and
gases. Physical chemistry also ivestigates the interactions between electromagnetic
radiation and matter to explain structures and bonding. Physical chemists use the full
range of the electromagnetic spectrum in the various tvpes of spectroscopy.

The methods and theories of physical chemistry help to answer four important
questions about all sorts of chemical reactions:

e How muchr —measuring amounts of chemicals makes it possible to find the
formulas of compounds and the balanced equations for reactions, which in
turn makes it possible to calculate the quantities of reactants and products
involved in reactions.

o How far and in which direction? — the equilibrium law, enthalpy changes, free
energy changes and entropy changes as well as electrode potentials help chemists
to predict the direction and likely extent of chemical change.

o How fastz - the study of rates of reaction explores the factors that determine
the speed of chemical change.

o How? — yate equations, the use of isotopes as tracers and the various tvpes of
spectroscopy help chemists to understand the mechanisms of reactions.

physical properties: properties that describe how a substance behaves when it is
chemically unchanged. Examples include:

e appearance (color, transparency)

e mechanical properties (strength, hardness, ductility)

o clectrical properties (electrical conductivity)

o thermal properties (meltingand boiling points, thermal conductivity, specific
heat capacity and latent heats of melting and vaporization).

Pi (w) bonds: the type of bond found in molecules with double and triple bonds.
The bonding electrons in a m-orbital are formed by sidewavs overlap of two atomic
p-orbitals. In a w-bond the electron density is concentrated on either side of the line
between the nuclei of the two atoms joined by the bond.

b ' ' H H H
C——~C —_— C——C

H H I

p-orbital n-orbital

-bond in ethene



plaster of Paris

Pi bonds prevent rotation about the double bond, and give rise to geometrical isomer-
ism. Electrons in m-bonds are delocalized in molecules with alternating double and
single bonds (conjugated systems).

pipettes arc used to measure small volumes of liquid accurately. A volumetric
pipette usually has a bulb for the main volume of the solution and then a single calib-
ration line in the narrow tube above the bulb. This type of pipette can be used to
deliver the same fixed volume of a solution again and again during titrauons.

PK : the logarithmic form of an equilibrium constant, which is particularly useful for
pH calculations. Taking logarithms produces a convenient small scale of values.

Examples:
* pk, = -lgh

* pK, = -lgk,
* pK = i85
The Henderson-Hasselbalch equation is one illustration of the advantage of working

with pK, mstead of K . Another is the use of pA, (the logarithmic version of the wonic
product of water).

K = [HO][OH] = 10" at 298 K
Taking logarithms gives: Ig K= lg [H,0°] +Ig[OH™] = Ig 107" = —14
Multiplying through by =1 reverses the signs:
~lg K =-log [H:‘()‘] —1g[OH"] = 14
Hence: pK_= pH+pOH = 14, where pOH s defined as —log[OH™] by analogy with
pH.

So: pH = 14 — pOH. which makes it easy to calculate the pH of alkaline solutions.

Worked example:
What is the pH of a 0.02 mol dm~? solution of sodium hydroxide?

Notes on the method
Sodium hydroxide (NaOH) is a strong base so it is fully ionized.

Find the values of logarithms by entering the value in a calculator and then press-
ing the Ig button.

Answer

[OH] = 0.02 mol dm~’
pOH = —1g0.02 = 1.7
pH = 14-pOH = 1417 = 123

Planck’s constant: sce quantum theory.

plaster of Paris is the main ingredient of building plasters and much is used to
make plasterboard. The white powder is made by heating the mineral gypsum
kilns to remove most of the water of crystallization.

CaSO,.2H,O(s) —> CaSO,#H,0(s) + #H,0(g)

Stirring plaster of Paris with water produces a paste that soon sets as it turns back mto
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plastic materials

interlocking grains of gypsum. Plaster makes good molds because it expands slightly
as 1t sets so that it fills every crevice.

plastic materials arc materials that can be molded by gentle pressure. Examples
arc potter's clay and wax. Once molded, a plastic material keeps its new shape, unlike
an elastomer, which tends 1o spring back to its original shape.

plasticizers arc addiuves mixed with polymer materials to make them more flexible.
A plasucizer is usually a liquid with a high boiling point, such as large ester molecules.
The molecules of the plasticizer get between the polymer chains and reduce the
mtermolecular forces between the chains so that they can slide past each other. Rigid
uPVC (unplasticized) is suitable for window frames and guttering. Adding a plasti-
cizer to PVC changes the polymer to a material suitable for squeeze bottles, hose
pipes and the insulanon on electric cables.

Plastics: materials made of long-chain molecules that at some stage can be casily
molded mto shape. Thermoplastics become plastic materials when they are hot and
harden on cooling. Some thermoplastics are rigid and brittle at room temperature
such as polystyrene and uPVC; others, such as polythene, are flexible.

platinum (Pt) is a valuable metal that is the most abundant of the group of so-
called "platmum metals™ that occur together in sulfide ores. The platinum metals are
the d-block elements rathenium and osmium, rhodium and iridium plus palladium and
platinum.

Plaunum is about as abundant as gold. It 1s mined in South Africa where the vield of
metal 1s about 30 ¢ from 10 tonnes of rock.

Platinum is an attracuve metal and it is very unreactive so it does not tarnish. The
main usce of platinum is forjewellj'. As well as being expensive, it is a malleable and
ductile metal so it can be worked into shape.

Chemists take advantage of the inertness of the metal in electr ochemistry. Plaumum
clectrodes are required to measure standard electrode potentials. The conductor in a
standard hydrogen electrode is platinum covered with a thin laver of finely divided metal
(platinum black) deposited by electrolysis.

Platnum 1s an effective catalyst. Its catalytic activity 1s enhanced by alloving with
rhodium. The second main use of platinum is to make catalytie converters f01 auto-
mobiles. Platinum-rhodium gauzes catalyze the oxidation of ammonia in nitric acid
manufacture. Another use for a ])]d[llllllll—l hodium catalyst is “platforming,” which is
platinum catalyzed reforming in oil refining.

Platimum forms a range of complex 1ons some of which, like cisplatin, are used to treat
cancer.

polar covalent bonds arc covalent bonds formed between atoms of different ele-
ments so that the shared electrons are drawn toward the more elechronegative atom.,

H
l 5+ 5 Hz;(‘ N o—
H—C—Br C=0
Examples of molecules | /
with PO ar bonds H H%( ‘












polymerization

In 1922 the German chemist Flermann Staudinger published his theory that natural
rubber, cellulose and related substances consist of long-chain molecules. He had to
ficht hard to persunade other clhiennsts to accept his theory, which is now taken for
granted.

One of the people who was convinced by the new theory was the American industrial
chemist Wallace Carothers. He wrote an article in 1931 1n which he introduced the
terms addition polymerczation and condensation polymerization. His team at Du Pont
ivented the synthetic rubber, Neoprene. They also discovered the first completely
synthetic polyimer (nyvlon), which went mto producton in 1939.

The 1930s were probably the most important vears in the development of the
plastics industry. It was the time when the additon polvmers polythene, pve and poly-
styrene were all devetoped conmmercially. The high-pressure process for making
polythene was discovered and developed in the mid-1930s as an unexpected offshoot
of the study of high-pressure gas reactions by Eric Fawcett and Reginald Gibson
working for the UK chemical company ICL

Also i the 1930s, Otto Baver was pursuing his interests in 1isocvanates in the labora-
tories of the 1G Farben Industries in Germany. He too faced opposition in his pursuit
of new polymeric materials. His breakthrough canie in 1941 when he and his team
discovered the possibility of producing polywrethane foams. It took ten more vears of
development work before large-scale manufacturing could begin.

[t was in the early 1950s that Karl Ziegler in Germany discovered how to polvimerize
cthene at low temperatures using a new kind of catalyst. At the same time Giulio
Natta m Ttaly discovered the benefits of producing isotactic polymers (see Ziegler-Natta
catalysts).

Research and development since the 1950s has produced many new specialized
polymer materials including the biodegradable polymers.

polymerization: a process in which many small molecules (monomers) join up in
long chains (see addition polymerization and condensation polymerization).

polymers arc long-chain molecules. Natural polvimers include proteins, polvsaccharides
(sce carboltydrates) and nucleic acids. Synthetic polymers mclude polyesters, polyamides and
the many polymers formed by the addition polymerization of compounds with C = C
bonds.

The properties of polymers are very varied. Polymeric materials include plastics.
elastomery and fibery.
As polvmer science has developed, chemists and materials scientists have learnt how
to develop new materials with particular properties. Some of the wayvs of modifving
polvimeric materials include:
o altering the average length of the polymer chains
e changing the structure of the monomer, perhaps by adding side groups
that mcrease intermolecular forces
o varving the degree of crosv-linking between chains
o copolymerization
e controlling the three-dimensional shape of the polymer (see isotactic
polymer)



potassium manganate(Vvit)

e changing the alignment of the polvimer chains. for example by spimning
the polvmer into fibers and then stretching the fibers

e adding fillers, pigments and plasticizers

e making composites.

polymorphism: the existence of two or more crystalline forms of a substance.
Some ionic compounds are polvmorphic. Zinc sulfide, for example, can crystalhze
either with the zine blende structure or with the alternatve wuwrtzite structure.
Polymorphism in solid elements is an example of allotropy.

polyols are compounds with more than one hydroxyl group. They include diols,
such as ethan-1.2-diol and tiols such as propan-1.23-triol (better known as glvcerine
or glycerol). Polyols are used to make polywrethanes.

polysaccharides: sce carbolydrates.

polyurethanes are a varied range of cross-linked polymers made from two liquids
— a polyol and an isocyvanate. Polymerization is exothermic and happens at room
temperature. Adding a chemical to make a gas means that the polvmer forms as a
plastic foam. By choosing different isocyanates and polyols, manufacturers can vary
the properties of the polyurethane. The products range through flexible foam for
bedding and upholstery, rigid foam for wall panels and refrigerators, hard-wearing
but bendable soles for shoes and ingredients for paints and adhesives.
One of the great advantages of polvurethanes is that they can be made where they
5 S , . )

are needed without any complex machinery. A furniture manufacturer, for example,
can buy the two liquid ingredients and then mix them ina mold so that the polymer
takes up the required shape for a chair as it forms.
p-orbitals: sce atomic orbitals.
potassium (K): is a very soft, shiny metal that rapidly tarnishes in moist air. Itis the
third member of group 1 with the electron configuration [Ar]4s'.
Like other group | metals, potassiun:

e 1sstored in oil

o floats on water, melts and reacts violenty, forming hvdrogen, which

catches fire, and KOH, which is soluble and strongly alkaline

e forms an ionic, crystalline chloride, K'CI™,
Unlike lithium and sodium, potassium produces a superoxide (KO,) when it burns in
air. This is an ionic compound with the O, ion. One of the main uses of potassinm
is 10 make this oxide for use in emergency breathing apparatus. The oxide removes
carbon dioxide from moist breathed-out air and replaces it with oxygen.

4KO, (s) + 4CO,(g) + 2H,O(l) —> 4Kl 1CO,(s) +30,(g)

Potassium. as potassium ions, is an essential nutrient for plants and an ingredient of
NPK fertilizers.

potassium manganate(vi) (KMnoO)) consists of gravish-black crystals  that
dissolve in water to give a deep purple solution. It is used as a powerful oxidhzing

agenl.



precipitation

Potassinm manganate (Vil) is an important reagent in redox Oiraobons because it will
oxidize manv reducing agents in acid conditions. The reactions go according to their
equations, which makes them suitable for quanttative work.

MnO,“(aq) + 8H (aq) + 5¢- —> Mn* (aq) + 4H,0(1)
No indicator is required for a manganate(vi) ttration. When the solution is added
from a burette the manganate (Vir) rapidly changes from purple to colorless (because
the color of the Mn* 1on 1s so pale). At the end point it takes only the slightest excess
of manganate (Vi) to give a permanent red-purple color.
In organic chemistry potassium manganate (Vi) 1s a reagent used to oxidize the side

chaimns of arenes.

precipitation: a rcaction that produces an insoluble product from soluble chemi-
cals in solution. A common example is the formation of an insoluble salt on mixing
solutions of two soluble salts (see ronic preaypatation).

lonic precipitation 1s the basis of many anion lests and cabion lests.

In organic analysis the 2 4-dimitrophenvlhydrazine reagent for aldehvdes and ketones
forms a precipitate by an addition—elbrmmation reaction. The Fehimg's solution or Tollens
reagent tests, used to distinguish aldehvdes from ketones, both make precipitates by
redox reactions.

precision of data: data is precise if repeat measurements have values that are close

to each other. Precise measurements have a small random eror.

Precise measurements mayv or may not be accurate. As a result of a svstematic error
aseries of precise measurements may give values that are almost the same but are not
the true value.

pressure is defined as force per unit area. The S/ unit of pressure is the pascal (Pa),
which s a pressure of one newton per square meter (1 N m™). The pascal is a very
small unit so pressures are often quoted in kilopascals (kPa).

When gases are being studied the standard pressure is atmospheric presswre, which is:

101.3x I0°Nm= = 101.3 kPa.

In accounts of chemical processes, multiples of aunospheric pressure give an indica-
tion of the extent to which gases are compressed (see for example ammonio
maonufoctne).

The standard pressure for definitions in thermodynamics is now 1 bar, which is:
100000 Nm= = 100 kPa

The partial pressore of a gas is a measure of its concentration in a mixture of gases.

pPrimary, secondary and tertiary organic compounds arc labels that distin-

guish different chemical situations for functional groups in alcohols, halogenoalkanes,
animes and carbocations.

I'he labels have the same meaning for alcohols, halogenoalkanes and carbocations
but a difterent meaning for amines.

Primary standard: a chemical that can be weighed out accurately to make up a
stondard soluntron tor volumetric analysrs. A primar\' standard must:



e be very pure
e not gain or lose mass when exposed to the air (so it must not be hygroscopie
or deliquescent)

e be soluble in water

e have a relatively high molar mass so weighing errors are mimimized

o rcact exacty as described by the chemical equation.
A convenient primary standard for acid=base titrations is anhvdrous sodium carbonate.
Primary standards for redox titrations include potassiim dichromate (Vi) and potassium
1odate (V).

promoters arc chemicals that make catalvsts more effective. The ron catalystin the
Haber process for ammonia manufacture contains potassium hydroxide as a promoter.
The vanadium (V) oxide catalyst used i sulfuric acid manufacture has potassium sulfate
on a silica support to act as a promoter.
propagation is a step in a free-radical chain reaction.
propanone (acetone) is the simplest ketone. CH COCH,. which is widely used as
a solvent. Three to four million tonnes of propanone are manufactured worldwide
cach vear. Propanone is also used to make monomers for the manufacture of
polymers, including acrylics. polvcarbonates and epoxy resins. Most propanonc 1s made
in the cumene process. which also produces phenol.
proportionality: a description of any relationship that takes the form:

yoc X or y = constant X x
The volume of a fixed amount of an ideal gas, for example, is proportional to the
temperature on the kelvin scale at constant pressure. The rate of a furst-order reacton
is proportional to the concentrauon of the reactant i the rate equation.

Gradient k

X

A graph showing that y is proportional to x A straight line through the origin. y = kx. The
gradient of the line gives the value of the constant k

protecting group: a group intoduced mto an organic molecule during a syn-
thesis o stop an unwanted reaction. Once the reaction is complete the protectung
group is removed,

proteins consist of long chains of amino acids joined by peptide bonds. Some fibrous
proteins are vital to the structure of animals. including the proteins in muscles,



ligaments, tendons, skin and hair. Other proteins coil up into a globular shape and
dissolve in body fhuds where thev actas oxvgen carners, eazymes and hormones.
Biochemists describe the structure of proteins at a series of levels:
e the primary structure is the sequence of amino acids in the polvimer chains
o the secondary structure is the way mn which the chains are arranged and
held i place by hydrogen bonding within and between chains — this includes
the cotling of chains mto an o-hehx in proteins such as keratin and the
formation of lavers of parallel chains as in the B-pleated sheets of silk
e the tertiary structure describes the three-dimensional folding of protein
chains that gives some proteins, such as enzvmes, a definite three-
dimensionat shape held in place by hvdrogen bonding. disulfide “bridges™
and mteracuons between amino acid side chains with surrounding water
molecules
¢ the quaternary structure describes the linking of two or more amino acid
chains as m the hormone sulin, which consists of two chains linked by
disulfide bonds, or in antbodies consisting of four chains.

protium ({H) is the abundant isotope of hydrogen. Itis sometimes called protium
to distinguish 1t from deuterium, TH, and tritium, H.

proton: onc of the two types of particle that make up the nucleus of an atom. The
relative mass of a proton is I and its charge is +1. The number of protons in the
nucleus of an atom is the proton namber.

A hydrogen atom. H, normally consists of one proton in the nucleus and one elec-
tron n the first shell. So a hvdrogen ion. H, is simply a proton. Chemists often use
the terms “hydrogen ion™ and “proton™ interchangeably, especially when describing
acid=base reactions as proton transfer reactions.

proton magnetic resonance spectroscopy: nuclear maguetic tesonance spectioscopy
(nmr) when the nuclei involved are hvdrogen nucler (or protons).

proton number: the number of protons in the nucleus of an atom. (Formerly
known as the atomic number.)

proton transfer describes the movement of a hydrogen ion (or proton) from an
acid to a base during an acid-base reaction. According 1o the Bronsted—Lowry theory an
acid 1s a proton donor and a base a proton acceptor.

purification: a process used by chemists to remove impurities from the products of
reaction. Common methods of purification include:
o distillation or fractional distillation for hquids
e steam distillation to obtain a liquid with a high boiling point that does not
mix with water

o ecrystallization 1o separate solids from solid impurities

solvent extraction {for liquids or solids.

Some wypes ol chiomatography are also used not only for analysis but also to separate
pure products,

Chemists use a range of techniques to test for purity. A chemical is pure if it






qualitative analysis is any mecthod for idenufving chemicals in a sample.
Examples of qualitative analvsis include:

gas lests such as the use of limewater to detect carbon dioxide

o amon lests such as the use of silver nitrate solution to detect and distinguish
chlorides, bronmdes and 1odides
e the separation and identificaton of amino acids by poper chromatograophy
o theidenufving of functional gronps m an organic compound using infrared
spectroscopy.
quantitative analysis: any method for determining the amount of a chemical in
a sample. Examples ol quantitative analysis include:

o an acid-base titration to determine the concentration of a solution of
hvdrochloric acid

e the use of a colorimeter to determine the concentration of a colored complex
10N

e testing the blood-alcohol concentration by infrared shectroscopy

o finding the relative abundances of the isotopes of chlorine by mass
‘s‘/)(’('tr()m(’tr_y.

quantum numbers idenuly the energy level or atomic orbital occupied by an electron
Im an atom. Theory shows that four quantum numbers uniquely idenufy each
clectron in an atom:

e the primcipal quantum number indicates the distance of the electron from
the nucleus

o the second quantum number identifies the tvpe of atomic orbital, s, p. d or

o the third quantum number shows the direction in space of the orbital. b
p.oorp

o the fourth quantum number states the alignment of the spin, spin up or
spin down,

The principal quantum number identifies the main shell occupied by an electron.
The first shell (n = 1) can hold 2 electrons. the second shell (n = 2) up to eight
clectrons and the third shell (n = 3) up to 18 electrons. Thus the maximum
number of electrons in a shell is given by 2x°,

quantum theory states that radiation is emitted or absorbed in discrete amounts
called energy quanta. Max Planck. the German physicist, put forward the theorvin a
paper published in 1900, Quanta have encrey £ = Av where 4 is Planck’s constant
and v is the frequency of the radiaton.

The Danish physicist Niels Bohr took up quantum theory in 1913 to explain the lines
inhvdrogen's atomic emission speetra. Bohr's theory could account very well for the
frequencies of the lines in the spectrum of the hvdrogen atom by making these
assumpons:
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racemic mixture: a mixture of equal amounts of the two mirror-image forms of
a chiral compound. The mixture does not rotate polarized hight because the two optical
somers have equal and opposite effects so they cancel cach other out.

Lacuc acid (2-hvdroxypropanoic acid) from muscles is optically active because it con-
sists of the (+) isomer. Lactic acid from sour milk is not optically active because it
i1s a 50:50 racemic mixtwure of the two mirror-image forms. Laboratory synthesis of
lactic acid also produces the racemic mixture because there is an equal chance of the
two 1somers forming.

radioactive decay: the decav of a radioactive nucleus to form the nucleus of
another element by alpha decoy or beta decav. Gamma rays may also be emitted.

radioactive nuchde —— daughter nuclide + alpha or beta radiation
Many radioactive nuchides (or radioactive isotopes) are part of a decay series.
Radioactive decay is a first-order yeaction. The rate of decay is proportional to the
number of radioactive atoms. This means that each radionuclide decavs with a
constant holf-life.
Radionuclides with a short half-life decay more quickly and tend to give oft more
intense radiation. The unit of radioactivity 1s the becquerel (svmbol Bq).
Hall-lives for radioactive decav are unaffected by changes in temperature, pressure
or chemical state. This is the principle of the technique used to find the age of the
remains of living things or of rocks. Knowing the half-lives 1t is possible to estimate
ages by measuring the proportions of different nuclides in a sample.
Raoult’s law: a law that predicts the vapor pressmre of mixtures of liquids and
solutions. The law states that in a mixture of two liquids A and B:

vapor pressure of A

o mole fraction of A X vapor pressure of pure A

vapor pressure of B

e A e mole fraction of B X vapor pressure of pure B

The total vapor pressure of the mixture is the sum of the vapor pressures of A and B
over the mixture,

Only ideal mixtures obey the law. These are mixtures of very similar liquids so that the
mtermoleculor forces between molecules of A and B in the mixture are closely similar
to the intermolecular forces in pure A and pure B.

If the intermolecular forces between A and B are overall stronger than in the pure
hquids, then the mixture is less volatile than Raoult's law predicts and has a lower
vapor pressure. This leads to a negative deviation from the law.

I the intermolecular forces between A and B are overall weaker than in the pure
hquids, then the mixture is more volatile than Raoult's law predicts and has a higher
vapor pressure. This leads to a positive deviation from the law,






For the reaction of hydrogen peroxide with hyvdriodic acid:

H,O, (aq) + 21 (aq) + 2H (aq) —> 2H,O(1) + L, (aq)

Rate = A[H,O,(aq)][ I"(aq)]
Note that the rate equation cannot be deduced from the balanced equaton: it has
to be found by cxpcrim(‘nl. The ('(]u;lli()n shows that this reaction s first order with
respect to cach reactant, Overall 1itas a second-ovder reaction.
Methods for finding the order of reaction include:

e the half-life method

e the nutial rate method.
The rate constant, &, is constant only for a particular temperature. The value of £
varies with temperature. A rise in temperature of 10 K doubles the value of kand so
doubles the rate of reaction if the activation energy is about 50 k] mol'. Adding a
catalyst lowers the activation energy and so increases the value of kand hence the rate
of reaction.

The Arrhienius cquation is the relationship between the rate constant, the activation
cnergy and the temperature.

rates of reaction. in mol dm™’s™', are found by measuring the rate of formation
of a product or the rate of removal of a reactant. The usual procedure for finding
rates is to measure some property of the reaction mixture, such as its volume, and to
see how this property varies with time.

change in the measured property
time

Rate =

Rates are measured in practical units such as “em per second™ and then converted o
mol s if necessary.
Methods for studying rates include:
o collecung and measuring the volume of a gas formed
e removing measured samples of the mixture. stopping the reaction and then
determiing the concentration of one reactant or product by titration
e using a colorimeter to follow the formation of a colored product or the
removal of a colored reactant
o using a conductivity cell and meter to measure the changes in electrical
conductivity of the reaction mixture and the number or nature of the ion
changes.
Factors that affect reaction rates are:

o the concentration of reactants in solution — in general the higher the
concentraton, the faster the reaction (see also collision theory)

o the presswe of gascous reactants — high pressures compress gases and
mcrease their coneentration

o the surface area of solids = breaking a solid into smaller pieces increases
the surface area in contact with a hiquid or gas

o the temperature — raising the temperature increases the proportion of
atoms. molecules or ions with enough energy to react when thev collide



o catalysts —adding a homogeneous catalyst or hetevogeneous catalyst provides an
alternatve reaction mechanism with lower activation energy

o radiation — electromagnetic radiation can initate free-radical reactions and the
more intense the radiaton. the faster the reaction goes.

raw materials: sce cliiemical iudzzslry.

reacting masses: the masses of elements and compounds that take partin a chem-
ical reaction. Chemists determine  empivical formulas and  balanced equations by
measuring the masses of reactants and products. Thev use equations to calculate
how much of cach chemical they need for a chemical process and the theoretical
vield of the products (sec yield caleulations).

Worked example:
Carbon monoxide reduces iron(ii) oxide to iron in a blast furnace. What mass of
carbon monoxide is required to reduce 20 tonnes of the oxide?

Notes on the method
Start by writing the balanced equation for the reaction.

Work out the molar masses, M, of the reactants in g mol '

The reacting masses are in the same ratio whether measured in grams or in
tonnes.

Answer
F(:_,(')i,y(s) + 3CO(g) —= 2Fe(s) + I%(,',(i)t_,(g)

| mol Fe,O,(s) reacts with 3 mol CO(g).
M(Fe,0,) = (2x56gmol™) + 3 x 16gmol) = 160 g mol”

M(CO) = (12 + 16) gmol” = 28 g mol!

So (I mol x 160 g mol™') = 160 g iron reacts with (3 mol X 28 gmol ') = 84 ¢
carbon monoxide,

or 160 tonnes iron reacts with 84 tonnes carbon monoxide.

Hence mass of CO needed to react with 20 tonnes ron = 160 x 84 tonnes

= 10.5 tonnes

reacting volumes of gases: scc¢ gas volume calculations.

reaction kinetics: the study of the factors that affect the rates of reactions. Rates are
followed either by measnring the rate of formation of one of the products or the rate
of removal of one of the reactants. The results of these studies are summed up m rate
equations for reactions. Collision theory is one model that helps to explain the factors
affecting rates. Studving the kineties for a change can help o elucidate a mechanism

for the reacuon.
reaction mechanisms: scc mechanism of a reaction.

reactors arc reaction vessels used by the chemical industry for synthess. ['here are

two main types of reactor:



e batch reactors = for batch processes in which all the reactants are mixed in a
vessel where they are heated or cooled until the process is complete

o contmnuous reactors — for continuons processes in which the reactants are fed
continuously mto a stirred tank or tube and produets drawn out at an

(‘.(]ll'd] flow rate.

reagent: any purc chemical, mixoure or solution supplied for chemical analysis or
svnthesis.

“Reagent grade” chemicals match the minimum standards specified for normal
taboratory use.

Analytical reagents (AR) are chemicals that are much purer than standard laboratory-
grade reagents. They are intended for accurate analytical work where impurities in
the reagents would affect the results.

real gases arc gases that deviate to a greater or lesser extent from ideal gas behavior
as predicted by the ideal gas equation. In practice, many gases at room temperature
follow the gas laws sufficiently closely for it to be reasonable to treat them as ideal
gases.

The assumptions of kinetic theory explain why real gases tend to deviate from ideal
behavior at:

o low temperatures and moderate pressures — when gases are not far above
their boiting points so that they are close to condensing because of
imtermolecular forces

o very high pressures — when the volume of the gas is so small that the
volume of the molecules cannot be ignored and the gases are less
compressible than the gas laws predict.

rearrangement reaction: a rcaction that rearranges the atoms in a molecule to
convert one structural somer to another.

One example of a rearrangement reactuon is the isomerization of atkanes to make
branched compounds to mcrease the octane number of gasoline.

AH:;

¢
CH; — CH,— CH, — ClI i, —CH, ——> CH; —CH—CH, — CH,

pentane 2-methylbutane

Isomerization rearranges the atoms in pentane to make 2-methylbutane, which has a higher
octane number.

recrystallization is a procedure often used to purify solid products of organic
preparations. The procedure is based on a solvent that dissolves the product when hot
but not when cold. The choice of solvent is usually made by trial and ervor. Use of a
Buchner flosk and funnel speeds filtering and makes it casier to recover the punfied
solid from the filter paper.

The procedure is as follows:



redox reactions

1 warm the impure solid with the hot solvent
if the solution is not clear, filter the hot solution though a heated funnel
to remove msoluble impurities

3 cool the solution so that the product recrystallizes, leaving the smaller
amounts of soluble impurites in solution

4 filter to recover the purified product

5 wash the sohd with small amounts of pure solvent to wash awav the
solution of impurities still clinging to the solid

6 allow the solvent to evaporate in a stream of air and then in a desiccator.

redox potential: sce standard electrode potentials.

redox reactions: rcactuons that involve reduction and oxidation. In everv redox
reaction an atom. molecule orion is reduced while another atom. molecule or ion is
oxidized. Reduction and oxidation alwavs go together.

Redox reactuons involve the transfer of electrons from the reducing agent 1o the oxidizing
agent. Writing half-equations for redox reactions helps to show electron transfer.

Oxidation numbers help 1o identify redox reactions. In any redox reaction the oxida-
ton number of one element becomes more positive (or tess negative) while the
oxidation number of the other element becomes less positive (or more negative).

Equations for redox reactons, like other balanced equations, show the amounts (in
moles) of reactants and products mvolved. Oxidation numbers help to balance redox
cquations because the total decrease in oxidaton number for the element reduced
must equal the total increase i oxidation number for the element oxidized. This is illus-
trated here by the oxidaton of iron (1) 1ons by manganate (Vir) 1ons in acid sotutions.
Step | — Write down the formulas for the atoms, molecules and 1ons involved in
the reaction:
MnO [~ + H' + Fe?' —= Mn™ + H,O + Fe™

Step 2 - Identify the elements that change in oxidation number and the extent of
change:

change of -5

MnO, + H + Fe?m —> Mn= + H,0 + Fe™

change of +1

Step 3 - Balance so that the decrease in oxidation number of one element equals
the total increase of the other element.

In this example the decrease of -5 in the oxidation number of man-
ganese is balanced by five iron(i) ions, which each increase their
oxidation number by +1.

MnO, + H + 5F¢? — Mn* + H,O + 5lFe”
Step 4 — Balance for oxygen and hydrogen.

In this example the four oxygens from the manganate 1on join with eight
hydrogen ions to form four water molecules:

MnO, + 8H" + 5F¢? —> Mn* + 4,0 + 5Fe™



redox titration

Step 5 - In an ionic equation, check that the positive and negative charges balance
and add state symbols.

The net charge on the left 1s now |7+, which is the same as the net
charge on the right.

MnO “(aq) + SH (aq) + 5Fe* (aq) —= Mn*"(aq) + HH,O(1) + 5Fe™(aq)

redox titration: a practical techmque used to determine the concentration of a solu-
tion of an oxidizing agent ov a reducing agent. A titration weasures the volume of a
standard solution ol oxidizing or reducing agent needed to react exactly with a mea-
surcd volume of the unknown solution. The procedure only gives accurate results if
the reaction is rapid and is exactly as described by the chemical equation.

The procedure and method of caleulating results is simitar to those for other titrations.
for example 1odine=thiosulfate titrations and potasstum manganate(vir) ntrations.

reducing agents: chcmical reagents that can reduce other atoms, molecules or
ions by giving electrons to them. Common reducing agents are metals such as zinc,
iron and tin, often with acid; other common reducing agents are sulfur dioxide,
ion (1) 1ons and 1odide 1ons.

reduction
lodide 1ons acting as a reducing agent by

giving electrons to iron(ii) ions. A reducing
agent is itself oxidized when it reacts.

Reduction and oxidation always go together 2 aq) — Llaq) + 2¢
in redox reactions.

‘2Fe:"(aq) + 2¢0 —> ‘_)F(‘:'(zl(])

oxidation

Some reagents change color when they are reduced, which makes them useful for
detecting reducing agents.

Test Observauons Explanati()n

Add a soluton of Purple solution turns Purple NnO C 101s are
potassium manganate (Vi) colorless reduced to very pale pink
acidified with dilute Mn*=* ons

sulfurie acid

Add potassium dichromate(v) - Orange solution wrns — Orange Cr,0_* jons are
solution acidified with green reduced to green Cr*
dilute sulfuric acid 1ons

reducing sugars: sugars such as glucose and fructose that give a positive result with

Fehling’s solution ov Benedict's solution. These sugars reduce the blue copper () complex
i the testsolution to an orange-red precipitate of copper(1) oxide.

All monosaccharides and many disaccharides are 1(*(111(1110 sugars (see carbohydrates),
but the disaccharide sucrose is not a reduci Ing sugar.

reductant: an alicrnative term to reducing agent that is convenient when de scribing
half-cquations tor redox reactions and standard electrode potentials. By convention, when
clectrode potential values are asstgned, the 11(111-(‘(]11‘1[1011 takes the form:



oxidant + ne~ == reductant
Every half-equation involves an oxidant and a reductant.
reduction: origimally this meant removal of oxvgen or the addition of hvdrogen but
the term now covers all reactions in which atoms. molecules or ions gain electrons,
The definiuon is further extended to cover molecules. as well as ions. by defming oxi-
datvon as a change that makes the oxidation number of an element more negauve or
less positve.

+6 sulfur reduced +4

2B~ + 2H + IL,SO, ——>  Br, + SO, + 2H,0

~1 bromide oxidized 0

Bromide ions reducing concentrated sulfuric acid to sulfur dioxide

Oxidation and reduction always go together in redox reactions.

Oxidation number rules apply in principle in organic chemistry but it is often casier
to use the older definitons. Reduction is either removal of oxvgen or the addition of
l]}'(ll'()g(’l'l to a molecule.

H
H.C
N NaBH  (aq) | ‘\ ‘
C=0 >  H,C—C—CH,
/ |
HLE OH

Reduction of ketone to an alcohol by addition of hvdrogen
I g

reference electrodes: clectrodes used to measure electrode potentials in place of
the standard hydrogen electrode. A hivdrogen electrode is difficult to use so it is much
casier to use a secondary standard such as a silver/silver chloride electrode or a
calomel clectrode. These electrodes are available commercially and are reliable to
use. They have been calibrated against a standard hvdrogen electrode. (Calomel is
an old-fashioned name for mercury(r) chloride.)

Hg Cl(s) + 2¢- == 2Hg(l) + 2CI (aq) I = +027V
refining: the processes that separate, convert and purify chenncals i crude orl in an
oll refinery, or the removal of impurities from metals (see copper refining).
reflux condenser: a condenser fitted to a chemical apparatus to prevent vapor
escaping while heating a liquid. Vapor from a boiling reaction mixture condenses
and flows back mto the flask.

reforming: a process in oil refining that converts alkanes to arenes such as benzene
and methvlbenzene. This helps 1o raise the octane number of nuxuires used n

gasoline.



PPt catalyst \
CH,CHLCHLCHLCHLCHLCH, el |+ AH,(g)

heat, pressure

heptane

methylbenzene

/(,IIQ\

CH, C:H Pt catalyst
| | - > + 3H,(g)
heat, pressure )
CH, CHE

D e

cyclohexane benzene

Examples of reforming

refractive index: physical property of chemicals and materials that can help to
identfy unknown samples.

Forensic scientists use an oil immersion method to find the reactive index of fragments
ol glass from the scene of an accident or crime. The procedure is to immerse a crushed
fragment in silicone oil on a slide. The slide is slowly heated, making the refractive
index of the oil change as the temperature rises. The fragments of glass seem to dis-
appear when their refractive index exactly matches that of the oil, then reappear when
the o1l 1s heated bevond the point where the refractive indices match. The technique
s extremely accurate. Repeat measurements lie within a range of £ 0.000 05 unis.

refractories: matcrials with very high melting points used to line furnaces and
make crucibles. Ceramics are refractory materials.

Fireclay is the raw material for making refractory bricks. Some industries need more
specialized refractories. Molten glass and the slags formed during smelting are very
coriosive when molten and would quickly destroy ordmary refractory bricks made of
firectay. These industries use refractories such as pure sihicon dioxide (an acidic oxide)
or pure magnesimm oxide (a basic oxide).

relative atomic mass, A ¢ the mean mass of the atoms of an element relative to
r

the mass of atoms of the isotope carbon-12, for which A s defined as exacty 12, The

vahues are relative so thev do not have units.

Mass spectrometry is the technique for determining accurate relative atomic masses.

Amount of substance i chemistry is defined in such a way that the wolar mass of an ele-
mentis numerically equal (o its relative atomic mass (but the latter is a ratio and has
NO UIILS).

Relatve atomic masses often do not have whole-number values because elements



have isotopes. Relative atomic masses are average values for the mixture of isotopes
found naturally (see 1solopic abundance).

relative formula mass, M_: o (crm used for the relative mass of ionic compounds
orions to avoid the suggestion that their formulas represent molecules. The scale is
the same as for relative atomic and relative molecular masses, thatis, “C = 19,

The relative formula mass of an ionic compound or ion is the sum of the relative
atomic masses for the atoms in the formula.

For anhvdrous magnesium niutrate, M [Mg(NO,),]
24 + (2Xx 14) + (6 X 16) = 148
ot

A Mg) A (N) A (O)

Amount of substance in (‘h(*mislry 1s defined 1 such a wav that the molar mass of an
ionic compound or an ion is numencally equal to its relative formula mass (but the
relanve mass has no unis).

relative molecular mass, M, : the relative mass of the molecules of an element

or compound on the scale *C = 12.

The relatve molecular mass of the molecules of an element or compound is the sum
of the relative atomic masses for the atoms in the molecular formula.

For ethanol. ‘\ll((lH:;(II*{‘_,()H) = 2x12) + (6X1) + 16 = 46

(R

A(C) A(H) A (O)

Awmount of substance m ('ll(‘lnislry 1s defined i osuch a way that the molar mass of the
molecules of an element or compound s numernically cqual to 1ts relative molecular
mass but as with other relative masses. the relative value has no units.

reserves and resources: the quantities of minerals and fossil fuels available in the
Farth’s crust. Estimates of reserves and resources include some that are proven
because they have been identfied and evaluated and others that seem likely 1o exist
by a mixture of mference and guesswork.

The proven reserves of a mineral have been identified and evaluated so that it
1s known that it i1s economical to extract and process them at the current market
price of the product. The resources of a mineral include all the possible sources,
imcluding those that it is not economical 1o extract at the time.

Judgments about changes m technology, i the demand for materials and m the
cconomy can all shift the balance of reserves and resources. Figures for reserves have
to be mterpreted with care because commiercial companies do not find 1t economic

to estabhish reserves for more than about 25 vears ahead.

residues: matcrals left over at the end of a chemical process. The term sometimes
refers to a sohd canghtin a filter paper. Laboratories that use large quantues of valu-
able chemicals may have a “residues botde™ 1o collect wastes for recovery of the



expensive substances. Residues worth collecting mclude silver compounds, 1odine
contpounds and solvents.
resins: originally these were natural materials from the sap of trees or from insects.
Examples are the rosin used for violin bows, shellac used i varnishes and myrrh,
which is added to perfumes. These gummy materials consist of long-chain molecules
and on warming they soften before they melt.
Now the term resin refers to synthetic materials made by polymerization. Thermosetting
polymers, for example, are produced in two stages. The first stage produces a polvimer
resin. Compressing this resin m a hot mold shapes it and at the same time creates
cross-links between the polymer chains so that the material sets 10 a hard plastic.
Sinilarly, one component of an epoxy resin adhesive is a polvmer resin that sets on
mixmg with a hardener to start the chemical changes that cross-link the chains.
Syntheuc ion-exchange resins consist of polviner beads that have been treated
J & [ J
chenncally so that they can hold cations or anions.
respiration: biochemical processes in cells that provide living organisms with the
energy for growth, movement and warmth.
Acrobic respiration is respiration with oxvgen. In the process glucose is oxidized to
carbon dioxide and water. Overall:
! g 9 NaE \ L . OQ1L - -1
CH,0,(aq) + O,(g) —> 6CO,(g) + 6H,O(l) AH = —2816 k] mol

This 1s not a one-step reaction: it takes place in a complex series of biochemical
reactions that harness the energy from the oxidation process to produce ATP.
Anaerobic respiration is respiration without oxvgen. Anaerobic resprration in veast
converts sugars to carbon dioxide and ethanol. This is the process of fermentation used
in baking, brewing and winemaking. Anaerobic respiration i animal cells produces
lactate 10ns (the anmons of lactic acid). Anaerobic respiration produces much less
ATP than aerobic respiration and so is a much less efficient source of energy for
processes.

retention time: sce gas—liquid chromatography.

reverse osmosis: scc osmolic pressue.

reversible changes arc processes that can be reversed by altering the conditions.
Melung is an example of a reversible change of state. Changing the temperature
alters the direction of change. Iee melts above 0°C. Water freczes below 0°C. Water
and 1ce are in equilibrium at 0°C. This is an example of dynamic equilibrium.

,O(s) = HO()

Many chemical reactions are reversible, including the reactions used in ammonia
manufoctmeand sulfuric acid monufacture. Acid—base veactions and redox reactions are gen-
crally reversible too. There are many important reversible processes m living things.
Hemoglobin, for example, picks up oxveen from the air in the lungs and then
releases the oxvgen for respiration in body tissues.

The direction and extent of change for a reversible process mav vary with the tem-
perature or the concentration of chemicals. Pressureis an important variable aftecting
reactions of gases.



rotation about covalent bonds

Chemists predict the direction and extent of change for reversible processes when
they consider feasibility.
rhodium is one of the platinum metals that is largely used as a catalvst in the
platnum-rhodium alloys found in catalytic converters and in chemical plants for nitric
actd manufacture.
risk. in chemistry, is an estimate of the chance that a hazardous substance or process
will cause harm.,
There are three questions to consider when assessing the risk of a chemical Process:
e what are the hazards?
e what is the likelihood that someone will come 10 harm because of the
hazards-
e what can be done to control and reduce the risks?
When a chemical investigation is being planned the possibilities for controlling risks
include the following:
e choosing a nonpractical approach using secondary sources, models and
simulations
e adopting an alternative safer procedure with less hazardous chemicals
o modifving the experimental design with different apparatus or a different
method of heating
o crcating a barrier between the apparatus and people. using safety screens
or a fume cupboard
e wearing personal protection such as eve protection and gloves.
RNA: o tvpe of nucleic acid in which the five-carbon sugar is ribose and the four
nitrogenous bases are adenine, cvtosine, guanine and uracil. Two types of RNA are
important in protein synthesis:
e messenger RNA (m-RNA), which takes the genetic code from DNA
molecules in the nucleus to the sites of protein synthesis i the cell
e transfer RNA (-RNA), which helps to assemble amino acids in the right
order during the translation of the genetic code into protein molecules.
In some viruses, such as HIV] the genetic material is RNA rather than DNA.
reasting converts sulfides to oxides during metal extraction. Oxides are much casier
to reduce to metals than sulfides. Roasting is exothermic so once the reaction has
begun it needs hitde fuel to keep the process going. Roasting produces hot metal
oxides. which may be fed directly to a furnace for reduction to the metal.
2PbS(s) + 30,(g) —= 2PbO(s) + SO, (g)
In the past roasting sulfide ores was a major cause of air polhution. The sulfur dioxide
was simply released into the air where it caused acid rain. Now the suthor dioxide s
recovered and used for sulfuric acid manufactwre. (See also zme extraction.)
rotation about covalent bonds is rotation of one part ol a molecule relative
to another around a single covalent bond. This allow molecules to take up different
conformations.
Double bonding stops free rotation and this accounts for the existence of geometrie

1SOMCTS.









sacrificial protection: scc cathodic protection.

salt bridge: the ionic connection between the solutions of the two half-cells that
make up an electrochemical cell. A salt bridge makes an electrical connection between
the two halves of the cell by allowing ions to flow while preventing the two solutions
from mixing. At its simplest a salt bridge consists of a strip of filter paper soaked in
potassium nitrate solution. Potassium salts and nitrates are soluble so the salt bridge
does not react with the 1ons i the half-cells.

I commercial reference electrodes the salt bridge is often a small plug of porous glass.
salt hydrates: scc hydration.

salting-out effect: this consists of making a chemical much less soluble in water
by adding a high concentration of a salt. Adding common salt (sodium chloride)
helps to separate soap from water after hydrolysis of fats or oils,

salts arc ionic compounds formed when an acid reacts with a base. Salts therefore
have two "parents.” Salts are related to a parent acid and to a parent base.

Acid Salts

hvdrochloric acid, HCI sodium chloride, NaCll
calcium chloride, (:21(:12
ammonium chloride, NH
sulfuric acid, H,S0, sodim sulfate, Na, S0,
calcium sulfate, CaSO,
ammonium sulfate, (NH)),SO,
ethanoic acid, (IH“COL,H sodium ethanoate, CH,CO,Na
calcium ethanoate, ((lHrg(I()z)(_,(lzl

ammonium ethanoate, (',JH_,(IO‘,;\'H4

Base Salts

sodium hvdroxide, NaOH sodium chloride, Na(ll

sodium sulfate, Na,S0,

sodium ethanoate, CH,CO Na
calctum oxide, Ca(OH), calcium chloride, CaCl,

calcium sulfate, CasSoO,

calctum ethanoate, (CH,CO ) Ca
ammouia, NH, ammonium chloride. NH (]

ammonium sulfate, (NH,) SO,

ammonium ethanoate, (IH;(I()ZNHl

Newtvalization is not the only way to make a salt. Some metal chlorides. for example,
arc. made by heating metals in a stream of chlorine. This is useful for making
anhydrous chlorides, such as aluminum chloride or iron (i) chloride. both of which
are hvdrolvzed by water so cannot be dehvdrated by heatng.

Insoluble salts are (‘()m‘cnicnll_\' prepared by onie /)77'(‘i/)il(zli())1.



second-order reaction

salts of strong and weak acids: scc hydrolysis of salts and neutralization.

sampling for analysis is a vital first step in any analysis because it is important to
make sure that the sample is representative of the whole specimen. This is casy when
analyzing solutions that are well mixed. It is more difficult when sampling an ore
made up of lumps of rock each with variable but small amounts of a precious min-
cral. In these circumstances an analyst has the difficult task of preparing a sample
with a mass of about 1 g from a batch of ore with a mass of several tonnes.

Analysts generally prepare multiple samples from the same specimen and work
through the analysis with all of them to check on the uncertainty of the results.
saturated compounds arc compounds containing only single bonds between the
atoms in their molecules. Examples of saturated hydrocarbons are the alkanes.

The term “saturated™ is also used for compounds with saturated hydrocarbon chains
such as the saturated fats and fatty acids, even though these compounds include
C = O bonds. Saturated compounds do not undergo addition reactions.

saturated solutions arc solutnons that contain as much of the dissolved substance
as possible at a partucular temperature. A saturated solution is in equilibrivm with
undissolved excess of the substance i solutnon. The concentration of a saturated
solution 1s the solubility of the substance at that particular temperature.

saturated vapor pressure: scc vapor pressue.

s~block elements: the clements in groups I and 2 the periodic table. For these ele-
ments the last electron added o the atomic structure goes mto the sorbital i the
outer shell. All the elements in the s-block are reacuve metals. (See also atomie orbitals.)
scaling-up processes: converting a small-scale synthesis i a laboratory or pilot
plant to a process that can operate successfully and safely on a commercial scale (see
table on page 3006).

second law of thermodynamics: scc thermodynamics (laws of).

second-order reaction: i rcaction is sccond order with respect to a reactant if the
rate of reaction is proportional to the concentration of that reactant squared. The
concentration term for this reactant is raised 1o the power two in the rate equation. At
its simplest the rate equation for a second-order reaction is:

Rate = K[X]-

Concentration
of reactant

Variation of concentration of a reactant
plotted against time for a second-order
reaction. The half-Iife for a second-order
reaction 1s not a constant. The time for

Second order

the concentration to fall from c to c/2 1s

half the ume for the concentration to fall

from c/2 to c/4.The half-life is inversely —_— e
proportional to the Smrrmg concentration. Half-lives



secondary organic compounds

On a small scale

On a big scale

o [.aboratory preparations are

normally batch processes.

o A chemistin a laboratory stores
chemicals i bottles and transfers
them to a reaction vessel with a
spatula or by pouring through
a funnel.

o Manual mixing or shaking is

zi(l(‘(]u;ltc in the l;lborumry.

o A ]al)()rutory svithesis may happen
in a beaker or flask castly heated
with a Bunsen flame or cooled b)'

dipping in water.

o 0O separate the product, ]211)()1‘21[()1’}’

dpparatus can be rearranged
for distullation or tipped to pour
the products into a filter funnel.

e Chemists can pour products from
one container to another, perhaps
using hand-held tap funnels to

extract impurilics. Distillation or

recrystallization help to produce a pure

product.
e The product can be dried in a

desiccator or small oven.

[n idustry, manufacturers use
continuows processes where there is a
steady demand for the prochuct.

In industry, pumps and pipes transfer
liquids to reactors. Solids mav

be handled by the bagful or ingot.

A farge reactor typically has a
stirrer driven by an clectric motor
to ensure thorough mixing,

[t 1s not to easy to heat or cool
large quantities of material.
Reactors often have pipes running
through them to carry steam for
heating or cold water for cooling.
Energy from exothermic reactions

can raise steam to generate electricity,

e Sohids can be separated as pumps

force a iquid through large cloth
filters.

e One large-scale approach to

crystalhzation and (ll'y'illg
IS to sprav a solution into

a stream of hot air.

Scaling-up processes

The rate of reaction of t-bromopropane with hvdroxide ions is overall second order.
[Cis first order with respect to the halogenoalkane and first order with respect to
hvdroxide ions. The overall order is the sum of the powers m the rate equation.

Rate = k[CH,CH,CH,Br][OH-]

secondary organic compounds: sce primary, secondary and tevtiary organic
compounds.

seed crystal: a crvstal added 1o a supersaturated solution 1o cncourage 1t to crystal-
lize. Reerystallization of an organic product sometimes produces a solution that is
reluctant to ervstallize. Seratching the sides of the container with a glass rod can
cncourage crystals to form. If this fails, adding a minute crystal of the product may
be enough to start rapid crvstallization,



shapes of complex ions

selectively permeable membrane: 1 membrance that allows solvent molecules
and perhaps some other small molecules or ions 1o pass through but is impermeable
to larger molecules and other ions. Osmosis and dialysis both depend on selectively
permeable membranes. So does the manufacture of chlorine by electrolysis of brine in
a membrane cell.

semiconductors arc not cectrical insulators but they do not conduct electricity as
well as metals. Examples are elements such as silicon and germantum and compounds
such as gallium arsenide. Semiconductors consist of covalent gianl structures in which
a few of the bonding electrons can break free and become delocalized in the structure.
The conducuvity of semiconductors is enhanced by “doping™ with traces of impurity
atoms. Doping silicon (in group 4) with an element such as arsenic (group 5)
mereases the number of conducting electrons. An arsenic atom has one more
clectron in its outer shell than is needed for bonding in the grant structure.,

@@
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Extra electron
Silicon with an impunity atom from a group 5 element (free to move)

separating funnel: a tap funnel used o separate liquids that do not mix (immiscible
liquids). Separatung funnels are used to:

o scparate an organic product by solvent extraction with a solvent such as cther
(ethoxyethane) — the product is more soluble in the organic solvent bt
the 1onic reagents and ionic by-products remain in the water

o purify an impure organic product by “washing” 1t with aqueous reagents
(such as dilute acids or alkalis) that dissolve impurities.

Pressure can build up in a separaung funnel when a mixture is being shaken if one
quid s very volatile or if a reaction produces a gas. Hence the technique of invert-
ing the funnel while holding in the stopper and releasing excess gas or vapor
through the wp.

sequestering agent: a /igond that forms such stable complexes with metal 1ons
that it effecuvely makes them chemically mactive. Examples of sequestering agents
are:

o cdla used o wreat people suffering from nietal poisoning

e wipolyphosphates added to detergents o complex with calcium or
magnesium ions m hard water so a scale or scum precipitate is not formed.

shapes of complex ions dcpend on the number of hgands around the central
metal 1on. There is no simple rule for predicting the shapes of complexes from their

formulas. Typically complexes with:









S1 units arc the mternatonally agreed units for measurement in science. There are
seven base units i the system. All other units are derived from the base units.
Every physical quantity in the system has a symbol. A physical quantity has a value
and a unit. In calculations itis good practice to substitute both the value and the unit
in formulas as shown in the worked examples in this book. The six units in this
table are the base nnits used in chemistry. Note that in print the svmbols of physical
quantties appear in italics but the units do not.

Physical quantity Svmbol Unit Unit svinbol
length [ meter m
mass m kilogram kg
time [ second S
clectric current x anmpere A
temperature /i kelvin K
amount of substance A n mole mol

{

side reactions arc unwanted reactions that reduce the vield of the product being
formed by the main reaction. Side reactions create by-products, which are usually
wasteful because they have no use.

sievert (symbol Sv) is the unit that measures the biological effect of radiation.
Some types of radiation are more damaging to living cells than others. Some parts of
the body are more at risk than others. This is allowed for by calculating an effective
radiation dose measured in sieverts.

One sievert is a large dose, so effective doses are often quoted in millisieverts (mSv)
or microsieverts (USv). The dose for an individual depends on where they live, how
they travel and whether or not they have certain medical treatments. One dental
N-ray may mvolve a dose of about 20 uSv. Radiotherapy can involve very large doses
such as 40 Sv.

sigma (o) bond: a single covalent bond formed by a pair of electrons in a molecular
orbital with the electron density concentrated between the two nuclei. Free rotation
is possible about single bonds but not about pi bonds.

Sigma bonds can form by overlap of two s-orbitals, an s-orbital and a porbital or two
porbitals (see atomic orbitals) .

ls Is

hydrogen atoms hydrogen molecule, H,,

C N
\ XN

N

I's 3p
Examples of sigma bonds in hydrogen  chlorine hydrogen chlonde, HCI
atom atom

molecules



silica (Si0,): also known as silicon dioxide. this is the oxide of silicon that is abumn-
dant in rocks as quartz. Silica has a very high melting point at 1710°C, wurning 1o a
viscous liquid. On cooling the liquid becomes a glass.

Giant structure of quartz. Each Si atom s at O Si
the center of a tetrahedron of oxygen atoms. ® O
The arrangement of silicon atoms is the
same as the arrangement of carbon atoms in
diamond but there is an oxygen atom
between each silicon atom.

Amethyst s crvstalline quartz colored purple due to the presence of iron () ions.
Sandstone and sand consist mainly of silica. Flint is a noncrystalline form of silica.

silica gel: a noncrystalline, hydrated form of silica. Heating silica gel produces hard
granules that absorb water strongly. so silica gel is used as a drving agent. Self-
imdicating silica gel contains enough of an anhvdrous cobalt(i1) salt 1o color the
granules blue. After the gel has absorbed a certain quantity of moisture the cobalt
1ons become hydrated and turn pink as a warning that the gel is no longer as effec-
uve as a drving agent. Heating drives off the water so that the gel can be used again,
Silica gel is also used as the stationary phase in chromatography.

silicates arc the minerals that make up most of the Earth’s crust. The basic build-
g block for silicates is a S10,' tetrahedron. Zircon (ZrSiO,) is an example of a
simple silicate mmeral with metal 1ons and silicate 1ons,

Silicate tetrahedra can join up in chains or strands as in asbestos. They can also join
up in sheets as inmica, lc or clay minerals. In these minerals the negative charges
on the silicate part are balanced by positive charges from metal ions such as Na', Ca™,
Mg or Al™.

A single $10)," tetrahedron

A fragment of a sheet of silicate tetrahedra W \D



In zeolites the sihicate tetrahedra are built up into three-dimensional networks.

Avery wide range of silicate minerals is possible because some of the silicon atoms in
the tetrahedra can be replaced by aluminmum, boron or bervllium atoms,
silicon (Si) 1s the second most abundant element i the Eartli's crust. Combined
with oxvgen it forms many minerals including sibica (S10,) and silicates. Silicon is the
sccond elementin gronp f of the periodic table. Its electron configuration is [Ne]25°2 7.
Sohd silicon has a diamond structure. It is a shiny gray material made by reducing
silicon dioxide with carbon in an clectric furnace. The silicon formed in this way is
not pure cnough for use in electronics as a semicondnctor. The element is purified in
several steps ending with zone wefining.
Silicon compounds are typical of the compounds of a nonmetal:
o the oxide SiO, 1s an acidic oxide though relatively unrcactive because it has
a gant structure
e the chloride (SiCl) is a molecular liquid that is rapidly hydrolvzed by
water to hydrated silica and hydrogen chloride
e the hvdrides, such as SiH, and Si H . are molecular gases (silanes).

silicones arc polymers based on chains of alternating silicon and oxygen atoms. They
arc made by hydrolysis of compounds such as dimethyvlchlorositane.

CH, CH, CH, CH
| | | |
—Si—O0—Si—O0—Si—O0—Si—

A silicone polymer CH, CH, CH, CH

S

2

By controlling the chain length and degree of cross-linking it is possible to make a
range of silicones for usc as oils, greases and rubbery materials. Silicones are water
repellentand can be more safely used ac higher temperatures than polvmers based
on carbon atoms. They are electrical insulators and other materials do not stick to
them. Silicones are colorless, have no smell and are inert.

Silicones are used:
e (o waterproof fabrics
e asan ingredient of pohishes
e (0 coat nonstick surfaces such as the paper backing for self-adhesive labels
e as [nbricants, especially at high temperatures.
silver halides arc insoluble silver salts made by mixinﬂ solutions of silver nitrate
and a soluble chloride, bromide or iodide. Silver lmhde\ are lmllt senstave and the
basis for black and white and color /1/10/()«rm/)/1)

Agr(aq) + X (aq) —> AgX(s) where X = Cl, Brorl
This precipitation reaction is used as a test for halide ions (see anion tests). The three
sihver compounds can be distingushed by their color and the case with which thev

redissolve i ammonia solution. The values for the solubility product constants show the
trend in M)hll)llll). Silver chloride is the most soluble.






damaging components of these smogs were sultur dioxide and soot. Many people
alfected by these acidic smogs died of lung disease. Smokeless zones and the shift of
tucls fromi coal to oil and natural gas have largely eliminated this tvpe of smog.
Today cities are aftected by another type of smog caused by motor traffic. This is
photochewical smog.

smoke: a colloid with specks of solid dispersed in a gas. Smokes are examples of
aetosols.

SNI and SN2 reactions: scc uur/('()/)/zi/i(‘ substitution tu halogenoalkaues.

soaps arc made by the hydiolysis of fats or vegetable oils with alkali. Soaps are the
sochium or potasstum salts ol fatty acids.

H O I
| u |
B —C— 00— C— (CHy ;CH, H—C—O—H

I O | (”)
H—C—Q—C—(CH),CHy + 8NaOH" ——> H—C—0O—H + 3Na' O—C— (CH,),,CH
’ (”) |
H—C—O—C— (CI,), CH, H—C—O—11

l l

H i3

glycerol sodium stearate (soap)

Saponification: the hydrolysis of a fat or vegetable oil ( triglycenide) with alkali to make soap

Soaps are surfactants that help to remove greasy dirt because they have an ionic
(water-loving) head and a long (water-hating) hyvdrocarbon rtail,

Most household soaps are made from a mixture of animal fat and coconut palm oil.
Soaps from animal fat are less soluble and longer lasting, Soaps from palm oils are
more sohuble so that thev tather quickly but wash away more quickly. A bar of soap
also contains a dve and pertfume together with an antioxidant to stop the soap and
air combining to make irritant chemicals.

sodium (Na) is a soft, shiny metal that rapidly tarnishes in moist air. It is the
second member of group I with the electron coufiguration [Ne]4s',

like other group I metals, sodinm:

e isstored in oil
o Hoats on water, melts and reacts violently, forming hvdrogen. which
catches fire, and NaOH, which is soluble and strongly alkaline

e forms an ionic, crystalline chloride, Na-Cl-,
Sodim produces a mixture of the oxide, Na, O, and peroxide, Na,O,. when it burns
1 air,
Llectrolysis of molten sodium chloride is the process used to manufacture sodium.
The electrolyte also contains some calcium chloride to lower the meltung point.

Sodium forms at steel cathodes while chlorine bubbles off the graphite anodes. The
cells are designed to keep these two reactive elements apart.



sodium thiosulfate

Sodium is a powerful reducing agent used for titanium extraction and the extraction
of some other metals such as zirconium. Molten sodium is also the fluid that CIrcu-
lates through heat exchangers to transfer energy and raise steam in some nuclear
power stations and other processes. Sodium is used in streethghts.

sodium chloride structure: the cubic crvstal structure of the ionic compound
sodium chloride. NaCl. Each positive ion is surrounded by six nearest neighbors
and each negative ion is surrounded by six positive ions. so the coordination nuwmbers
are 6 and 6.

Na” surrounded CY surrounded
by 6 Cl™ 1ons o by 6 Na™ ions

Structure of sodium chloride showing 6:6 coordination. The structure consists of a face-
centered cubic array of negative ions with all the octahedral holes filled by positive ions.
(See wurtzite structure for a diagram showing octahedral holes in a structure.)

Many other compounds have this structure, including: the chlorides, bromides and
1odides of Li, Na and K: the oxides and sulfides of Mg, Ca, Sr. Ba, as well as the
fluoride, chloride and bromide of Ag.

sodium hydroxide is a white, translucent solid supplied as flakes or pellets. 1t is
dehiquescent. Sodium hydroxide is a stong base, it dissolves in water to form a highly
alkaline solution. It is fullv ionized both in the solid and in solution. Note that the
solution 1s alkaline because of the hvdroxide ions (not because of the sodium ions).,

Sodium hydroxide is a useful test reagent (sce aniou tests, cation lests and organic
analysis).

The traditional name for the alkali is caustic soda, which is a reminder that it is highly
corrosive. Sodium hydroxide is more hazardous to the skin and eves than many acids.
Sodium hydroxide is manufactured by the electrolysis of brine. Sodium hvdroxide is
widely used for manufacturing other chemicals including soaps and detergents, ravon
fthers as well as aluminum, sodium cvanide and sodium peroxide.

sodium tetrahydridoborate(in) (NaBH,) is a reducing agent used in organic
chemistry. It is a milder reducing agent than lithivm tetrahydridoaheminate(nir) and has
the advantage that it can be used in aqueous solution. NaBH  reduces aldehydes and
ketones 1o alcohols.

sodium thiosulfate (Na, 5§ 0.) is used in wdme=thiosulfate itrations. In photography
it 1s the fixer that removes unexposed silver salts after developing the image (see also

thio compounds).



A milky [')l’(‘(‘i])il‘dl(’ of sulfur forms on adding dilute acid to sodium thiosulfate. This

is an example of a disproportionation reaction.
5,07 (aq) + 2H (aq) —> SO, (aq) + S(s) + FLO(I)

solid: one of the states of watter. (See also erystal structures of wnie compounds, crystal
structures of nonmelals, crystal structures of metals, cevamacs, glasses, metals and polymers.)

solubility: the mass (g) or amount (mol) of a substance that will dissolve in 100 ¢
water.

As a general rule, “like dissolves like.” Polar solvents, such as water, dissolve polar or
ionic compounds. Nonpolar solvents, such as hexane, dissolve other hvdrocarbons and
nonpolar elements or compounds. Solids generally become more soluble in water as
the temperature rises. Gases become less soluble as the temperature rises. Boiling
water, for exampte, renoves gases dissolved from the air. Bubbles of gas appear
around the edge of a cooking pan before the water boils. The bubbles contain air
coming out of solution as the gases become less soluble with the rise in temperature.
Gases become more soluble as their pressure rises (see Henry's law).

No chemical is completely soluble and none is completely insoluble (see solubility prod-
wct coustants). Even so, chemists find it useful to use a rough classification of
solubility based on what they see on shaking a little of the solid with water in a test tube:

o very soluble, like potassium nitrate; plenty of the solid quickly dissolves

e soluble, like copper(i) sulfate; crystals visibly dissolve to a significant
extent

o sparingly or slightly soluble, like calcium hydroxide; little solid seems to
dissolve but the solution becomes quite strongly alkaline

e insoluble, like iron (i) oxide; there is no sign that any of the material
dissolves.

A similar rough classification applies to gases dissolving in water. Ammonia and
hydrogen chloride are very soluble. Sulfur dioxide is soluble. Carbon dioxide is
shightly soluble. Nitrogen is insoluble.

Some generalizations about solubilities help to interpret observations during quali-
tative analysis (see table). The generalizations in the table apply to solutions in water
at room temperature. Adding acid or alkali changes the patterns of solubility.

solubility product constants: cquilibrium constants for almost insoluble salts in
equilibrium with solutions of their own ions. Even salts that are insoluble for practi-
cal purposes do dissolve to a very slight extent. There is an equilibrium between the
solid and its 1ons in solution.

AgCl(s) == Agr(aq) + Cl(aq)
The equtibrium low applies. As with other heterogencous equilibria. the concentration
of the solid silver chloride is constant and does not appear in the equilibrium law

cquation. In this context the cquilibrium constant, ]\:P. is the solubility product
constait.

K = [Ag () ][ Cl(aq)] = 2x 107" mol* dm™" for equilibrium concentrations

S
l\'\P values can be used to predict whether or not a precipitate will form on Mmixing
two solutionns.



Soluble in water Insoluble in water
Acids All common acids are
soluble
Bases Alkalis: the hvdroxides All other metal oxides.
of sodhium and potassium hvdroxides and carbonates

(calctum hvdroxide
is shighty soluble), ammonia,
plus the carbonates of

sodium and potassium

Salts All nitrates

All chlorides ... except silver and lead chlorides

All sulfates ... except barium sulfate.,
lead sulfate, and calcium
sulfate, which is slightly
soluble

All sodium and potassium All other carbonates,

salts chromates, sulfides and
phosphates

Solubility

solute: a substance that dissolves in a solvent to make a solution. In a sugar solution
the solvent is water and the solute is sucrose.

solutions arc formed when solids., liquids or gases dissolve in a solvent. Water is so
abundant on Earth that solutions in water (aqueous solutions) are particularly impor-
tant to the natural environment, o life and to chemistry in laboratories and in
industry,

Most solutions are solids. liquids or gases dissolved in a liquid but there are also “solid
solutions.” I\'i(‘k(*l—(‘oppcr alloys are examples of solid solutions. In a solid solution
atoms of one metal replace atoms of the other metal in the crystal lattice,

solvation tikes places when solvent molecules bond to ions or molecules as they
dissolve. The bonding may be through weak intermolecular forces, attraction
between ions and polar molecules or via covalent bonds. Fydration describes
solvation when the solvent is water.

Solvay process: a process for manufacturing sodium carbonate from salt and
Lhmestone.

solvent: a liquid used to dissolve things. Chemists find it helpful o quote the rule
“like dissolves like.” What this means is that nonpolar solvents dissolve nonpolar
substances while polar solvents dissolve ionic and polar compounds.

Water is the commonest solvent. It is a polar solvent and dissolves many ionic com-
pounds. Water molecules also dissolve compounds with which they can form hydrogen
honds, such as glucose molecules.

Turpentne is a nonpolar solvent consisting of a mixture of hydrocarbons. 1t dissolves

ollv and greasy materials, including oil paints.



solvent extraction

solvent extraction: a technique for separating and purifving substances with a
solvent that dissolves the pr()(lu(‘l r(*qnir(*('l but leaves all other (‘()mpmm(ls dissolved
i the origimal solvent. The solvents must not nmix so that the two ]i(llli(].\' separate
after bemg shaken up together.

Invert to
mix liquids Tea

Organic solvent

Use of a tap funnel for solvent extraction.
Caffeine is more soluble in dichloromethane
than in water. The other chemicals in tea A
are much more soluble in water. After sol- (1O
vent extraction the caffeine is recovered by
distilling off the dichloromethane.

The substance being extracted partitions itself between the two solvents until the two
solutions are in equilibrium. From the equilibrium law 1t 1s possible to show that it is
more efhicient to extract with two or three smaller volumes of solvent than to add all
the solvent at once in a single extraction,

Solvent extraction is used in the perfume industry o extract fragrant oils from
chopped up plant blossom. Solvent extraction is also used to decaffeinate coffee. In
both these processes it helps to use a liquefied gas as the solvent. One possibility is
carbon dioxide under pressure. After the extraction the solvent is easily removed by
lowering the pressure. The solvent turns back to a gas at a low temperature. This
allows the use of a nontoxic solvent. It also means that there is no need for heating
to disull off the solvent. Heating can easily destroy organic compounds.

s-=orbitals: sce atomic orbitals.

space-filling models: atomic models that show the space taken up by atoms in
molecules or crystals. They show the sizes of atoms, molecules or ions and how they
pack together. They do not show the bond angles or the numbers of bonds between
atoms in molecules as clearly as ball and stick models.

A space-filling model of benzene, € H,

species: a usciul collective noun used by chemists to refer generally to the atoms,
molecules orions taking part in a chemical process. A pure chemical species 1s a
collection of identical chemical entities.



spontaneous reaction

specific heat capacity: the energy transferred per unit mass when the temperature
of a material changes by one kelvin. The SI unit is J kg K'' When working on a
small scale in a calorimeter chemists often work with values in Jg ' K

energy transfer  specific heat capacity mass temperature change
N S “ @ " K
| g K (8) (K)
spectator ions: ions in a solution during a reaction that do not take part in the
chemical change. For clarity, chemists omit spectator ions from ionic cquations.
Adding silver nitrate to a solution of potassium chloride produces a precipitate of
insoluble silver chloride. Both silver nitrate and potassium chloride are ionized in
solution.
AgT(aq) + NO (aq) + K (aq) + Cl (aq) —> AgCl(s) + NO, (aq) + K (aq)

The potassium and nitrate ions remain in solution unchanged. They are the spectator
lons left out of the ionic equation:

;\g’(nq) - (jl"(a(l) —_— :\gCl(S)

spectroscopy: a range of practical techniques for studying the composition, struc-
ture and bonding of elements and compounds. These instrumental techniques have
been developed in the last 75 vears and continue to become more powerful.
Spectroscopic technigues are now the essential “eves” of chemistry.

The mstruments used are vartously called spectroscopes (emphasizing the uses of the

techniques for making observations) or spectrometers (emphasizing the importance

of measurements).
Sp(‘(‘lr()sc'o]),\‘ uses the full range of the ('l(‘(‘tr()nmgncli(‘ spectrum to study atoms,
molecules, 1ons and the bonding between them:

o radio waves in nuclear magnetic vesonance spectroscopy
e microwaves (0 studyv the rotations of polar molecules
o infrared radiation in infrared spectroscopy
e visible and UV radiation in atomic absorption spectvoscopy, atowic enission
spectroscopy and ultraviolet spectroscopy
e X-ray spectroscopy to study clectron jumps between the electron shells in
dloms.
spin: the property of electrons that accounts for their behavior in a magnetic field.
Electrons behave like tm magnets. In a magnetic field electrons either line up with
the frield or against the field.
An atomic orbital can hold only two electrons and they must have opposite Spins.
Arrows pointing up or down represent electrons in energy level diagrams.
If all the electrons in molecules or ions are paired with opposite spins the substance
s diamagnetic. Elements and compounds with unpaired electrons are paramaguetic.
spontaneous reaction: u rcaction that tends to proceed naturally. In thermo-
chemistry, spontaneity has the same meaning as a feasibility. So strictly speaking any
reaction that naturally tends to happen is spontancous even if it is very slow.
The control of spontaneous reactions is of vital importance m wmetabolism. The hydro-
vsis of ATPi1s spontancous. However, if all the ATP in cells were to react rapidly with



stability of benzene

water, the energy from respiration would be wasted and hife would cease. Hydrolysis
happens only with enzymes to speed up the reaction. With enzymes the energy from
hydrolysis can be harnessed to growth and movement.
In practice chemists sometimes use the word spontancous in its everyday sense 1o
describe reactions that not only tend to take place but also go fast when the reactants
are mixed at room temperature. Here is a typical example:
The hydrides of silicon catch fire spontaneoushy in air, unlike methane, which has
an ignition temperature of about 500°C.

The reaction of methane with oxvgen is also spontaneous i the thermodynamic
sense, even at room temperature. However, the activation energy for the reaction is so
high that nothing happens until the gas is heated with a flame. A mixture of methane
and oxvgen at room temperature is kineticallv inert (see inert chemicals).

stability of benzene is due to delocalized electrons. Benzene is more stable than

expected for a compound that is often shown with three double bonds as in the
Kekude formula.

A measure of the greater stability of benzene comes from a comparison of the experi-
mental enthalpy change on adding three moles of hvdrogen to benzene (hydrogenation)
with three times the enthalpy change on adding a mole hvdrogen to cvclohexene.

@ + 3, — O AH® =-208 k| mol

benzene

@ + H, ———= O AH® =-120k mol”

cyclohexene

Enthalpy changes for hydrogenating benzene and cyclohexene

Real benzene is more stable than might be expected by about 150 K] mol='.

C.H, + 3H,

Kekulé AH® = =360 k| mol

benzene (Estimated enthalpy change for
CH, + 3H, hydrogenating 3 double bonds)

benzene AH® = -208k mol

(Measured enthalpy change
for benzene)

Comparing the enthalpy change for hydro- vy v GiHp

genating real benzene with the calculated
enthalpy change for hydrogenating a ring
compound with three normal double bonds

cyclohexane



stability constants

stability of compounds: compounds are stable if they do not tend 1o decompose
mto their elements or into other compounds. A compound that is stable at room
temperature and pressure mav become more or less stable as conditions change.
Chemists often use standard cathalpy rluugzts' as an indicator of stabilitv. Strictly thev
. . - e
should use standard fiee cuergy chauge. AG ™, values but in manv cases AG = Al .
When discussing the stability of a compound it is important to specify the decompo-
siion reaction. At a high enough temperature, for example, calcium cathonate becomes
unstable relative to decomposition into calcium oxide and carbon dioxide. The
nitrogew oxides, however, are unstable relative to decomposition into the elements.

A compound such as the gas N,O is the|11()(l}'11;1|ni(‘;11l}' unstable: the compound
tends to decompose into its elements. The expressions AH (=+82Kk] mol™) and AG,
(= = 104 k] mol™) are both positive. The decomposition reaction is exothermic but
the rate is verv slow under normal conditions. Chemists sometimes sav that N, O
is Kinetically “stable.” It is better to use a different word and to refer to the Kinetic
mertness of N,O. (See also iuert chewicals and thermal decomposition.)

AG Activation  Change
energy observed
positive high no reacuon reactants stable relative o products
negative high no reactuon reactants unstable relative to products but
Kincucally imert
posttive low no reaction reactants stable relative o products
negatve low fast reacuon reactants unstable relative o products

stability constants, K__ : cquilibrium constants that are a measure of the
stability of complex ious. The greater the value of the stabihity constant, the more
stable the complex. The values for stability constants show that chelate complexes
formed by bidentate and hexadentate ligauds are more stable than complexes

formed by monodentate higands.

Complex K., (moldm ')

where #o= the number of ligands

[Ag(NH,),]" 1.6 x 107
[Cu(NH,) ]* I Ly
(N1 en]” where en s the bidentate ligand P Lale

| . 2-diamimoecthane
CuY” where Yis the hexadentate ligand edta 6Hx 10"
Stability constants show the position <)f'('(|uilil)|‘i1|m when a new hgand replaces water
molecules m the hydrated ions.
|(I()(H,())“J""(;iq) + ONH, (aq) == |Co(NH,) |*" + 6H O (aq)
Fon stmplicity this is often written as:
Co* (aq) + ONH, (aq) == [(I()(I\'H,’)hl"'(;ul)

The usual rules for WL arl equihibrium constant and its units apply.






states of matter

< S
standard molar entropy, S :(he eulropy per mole for a substance under standard
couditions. Chemists use values for standard molar entropies to calculate entropy
changes and so predict the direction and extent of chemical change.

The units for standard molar entropy are joules per kelvin per mole (] K" mol™!).

] 3 — - 2 © - . © 2
solids S JK T mol™  Tiquids S TR T mol™ gases S K mol!
carbon (diamond) 2.4 mercury 76.0 hvdrogen 1360.6
magnesium oxide £0.9 water 69.9 carbon dioxide 213.6
copper ot cthanol 160.7 propane 269.9

The table shows standard molar entropies at 298 K. Gases have higher standard
molar entropies than solids. The number of ways of distributing particles and energy
in a system of gas molecules is much higher than in an ordered crystatline solid. The
more rigid and regular a crystal, the lower its entropy.

Liquids have intermediate values of standard molar entropies. The more atoms in
the molecules, the greater the opportunities for vibration and rotation so the higher
the entropy values.

standard solution: a solution with an accurately known concentration. The direct
method for preparing a standard solution is o dissolve a weighed sample of a primary
standard in water and to make the solution up to a definite volume in a graduated flask.

Standard solutions are used in titrations 1o determine the concentratons of other
solutions. "I‘llt{\' are also needed for the calibration of instruments such as colorimeters.

standard state: the stable state of an element or compound under the stoudard
conditions that applhy in 1h(*rm()(‘]1('111is11‘}‘. Standard ('111/1(1//))‘ changes and Jree energy
chauges are defined for substances in their standard states.

When an element such as carbon has two allotropes, diamond and graphite, the
standard state of carbon is graphite because it is the more stable form.

Standard states normally refer to substances in their stable physical states under
standard conditions. Carbon dioxide and methane are gases but water is a liquid.
starch is a carhohydrate that consists of long chains of glucose units. It is a polysaccha-
ride. Starch is insoluble in cold water. In hot water, starch gelatinizes, forming a colloidal
dispersion. Starch solution gives an intense blue-black color with 1odine. The solution is
used as an indicator to detect the end point in io(/z'm'—lln'n.su(/hlﬂ lilrations.

state functions: mcasurable properties that depend only on the state of a system,
not on how the system got to that state. Examples are presswre, volume and temperature,
as are thermochemical quantities such as enthalpy, entropy and free energy.

Changes in state functions depend only on the inital and final states of the svstem
and not on the pathway from one state to the other, This is the basis of Hess's low.

Equations of state show the mathematical connections between state functions. An
imiportant example is the ideal gas equation, which relates the pressure, vohume and
temperatire of an amount of a gas.

states of matter: the sohd, liquid and gascous states (see changes of state) as
well as mmtermediate states such as lgmd crystals and mixtares, mchading aquUeos

solutions and the colloidal state (see colloids).



stationary phase

State symbols i equations indicate the states of the chemicals: (s) solid, (1) liquid,
(¢) gas, (aq) aqueous (dissolved i water).

stationary phase: scc c/uomatography.

steady-state systems: systems in which the concentrations of chemicals stay
constant because they are being supphied or formed as fast as they are removed or
destroved. The temperature is constant too because energy is transterred to the
svstem as fast as 1t 1s lost to the surronndings.

The blue flame of the Bunsen burner is a steadyv-state svstem. There 1s a constant
supply of gas and oxvgen, which burn to release energy. The products of burning and
cnergy are constantly lost to the swrroundings.

Steady-state systems are important in enviconmental chemistry. The atmosphere approxi-
mates to a steady state, with gases such as oxvgen being added to the air by
photosynthesis but removed by respiration and burning.

Problems arise when human uctivity on a large scale upsets one or more of the
processes in a steady-state svstem. Ozone, for example is naturally formed and
destroved in the stratosphere:

rate of formation of ozone = rate of destruction of ozone

The release of chlorine compounds such as CFCs has increased the rate of destruc-
ton of ozone, upsetting the steady state and lowering the ozone concentration,
especially over the poles, hence the “hole™ in the ozone laver.

steam cracking breaks up bigger hiydiocarbon molecules into smaller molecules by
heating them with steam at a high temperature. The process is especially useful for
converting the naphtha fraction from crude oil distillation into starting materials for
synthesis i the petrochemical industry,

Steam cracking converts ethane to ethene, which is a very important starting com-
pound for chemical synthesis in industry. Steam cracking is thermal cracking. as
opposed to ('(1//1/_\'{1'(‘ cracking.

steam distillation is a useful technique for separating oils from plant materials
such as rose petals, cloves, lavender, thyme or fennel. It is an important technique
i the: pesfume industry. Steam distilation makes it possible to separate compounds
that decompose if heated at their boiling points. The technique works only for
compounds that do not mix with water.

Steam distillation is also sometimes used to separate products (’)forgzmic preparations,
leaving behind reagents and products that are soluble in water.

Steam distitlation works because the vapor presswre of a mixture of immiscible liquads is
the sum of the separate vapor pressures when they are shaken up together. The mix-
ture boils when the total vapor pressure equals atmospheric pressure. So the mixture
of steam and oilv product distills at a litde below the boiling point of water and well
below the boiling pomt of the oil.

steam reforming is the reaction of steam with methane (or other hyvdrocarbon)
i the presence of a nickel oxide ('(1[/1/_\'\/ at 800 C under pressure.
(Illl(g) + ll:()(q’) == 3H,(¢) + CO(g)

< )



stereochemistry

It 1s followed bv further reaction with excess steam. This “shift reaction™ converts the
CO nto CO.,. The reaction happens in the presence of an iron (i) oxide catalvst at
100°C. |

H,O(g) + CO(g) = H,(g) + CO,(g)
This mixture of hydrogen and carbon dioxide can be converted directly to methanol
(see carbon). Alternatively, absorbing the carbon dioxide in alkali provides hyvdrogen
tor ammonia manufacture,

steels are alloys of iron with carbon and often other metals.

Mild steel contains about 0.2% carbon as iron carbide. Crvstals of iron carbide in the
metal structure make the steel strong and vetitis stitl malleable. Mild steel is used for
auto bodies. As the carbon content increases the steel becomes stronger and harder
so that it 1s suitable for rail lines.

Steel is made by the basic oxveen steelmaking process, which removes impurities
from iron extraction in a blast furnace. During the process a blast of oxvgen converts
impurities in the liquid metal, such as carbon. silicon and phosphorus, into their
oxides. Carbon dioxide escapes as a gas. The oxides of the nonmetals silicon and
phosphorus ave acidic oxides. They are converted to a molten slag by adding the basic
oxides of calcium and magnesium. The slag floats on the surface of the liquid steel
and can be poured off separately.,

SI0, + CaO —> CaSiO (1)
Alloy steels consist of iron with small amounts of carbon together with up to 50% of
one or more of these metals: aluminum, chromium, cobalt, manganese, molyb-
denum, nickel, ttantum. tungsten and vanadium. The presence of other metals
distunguishes allov steels from carbon steels. Examples of alloys steels are:

o stainless steels, which include chromium and nickel

o (ool steels with tungsten or manganese, which make the alloy harder,

tougher and keep their properties at higher temperatures so that they are
suttable for drill bits and cutting tools.

stereochemistry is the study of molecular shapes and the effect of shape on chem-
ical properties. Sterecochemistry is especially concerned with the study of the
contrasting properues of stereoisomers.
Smell and taste seem to depend on molecular shape. One mirror-image form of
Imonene smells of oranges while the other form smells of lemons.

The enantiomers of imonene
and their smells. Asterisks
mark the chiral centers.

RN
/\\\\ Lemon

Orange



stereoisomers

Molecular shape can also subtly alter the physiological effects of drugs, as tragically
ihustrated by the two enantiomers of thalidomide (see chiral compounds) .

The antibiotic penicithn destrovs bacteria by disrupting their cell walls. Penicillin mol-
ecules resemble the shap(*s of molecules used to make the membrane around
bacterial cells. The resemblance is cnough for enzvimes to build penicillin molecules
mto the strucrture. But penicillin facks the part of the natural molecules that cross-
links the structure. The walls are fatally weakened so that the bacterial cells break
open and die.

Molecular shape affects the physical properties of materials such as polviners. This is
ithastrated by the differences between polv(propene) as an isotactic polymer and as an
atactic polymer.

Steric factors can also affect the mechanisms of reactions and the rates of chemical
change.

stereoisomers are distinct compounds with the same molecular and structural
formulas but with different three-dimensional shapes. There are two kinds of
stereolsomerism: geometrical 1somerrsm and optical 1somerism.

stereoregular polymer: a polymer with a regular three-dimensional shape.
Poly(propene) can be an ssotactic polymer. This is the useful stereoregular form. Or 1t
can be an atactic polymer, which is irregular and does not have useful properties.

stereospecific reactions arc reactions that involve one of the optical isomers of a
chiral compound but not the other. All the biochemical processes involving amino acids
are stercospecific. The enzvimes involved can act on the L-amino acids but not on the
mirror-image D-forms.

Enzymes act only on molecules that fit their active sites. They are so selective that they
can pick out from a racemic mixtre those molecules that are either lefe-handed or
right-handed.

Since the thalidomide tragedy, the pharmaceutical industry has become much more
aware of the importance of chirality and the need to test mirror-image forms of
chiral compounds separately. This has encouraged chemists to develop stercospecific
reactions to produce particular optical 1somers.

steroids arc [pids with molecules that do not contain fatty acids. An important
steroid s cholesterol. Cholesterol can be converted to biologically active steroids such
as the sex hormones estrogen and progesterone.

stiffness 1s the opposite of ﬂexibilit\' It 1s a very impm‘tzmt property of materials.
Materials scientists seek to dev el()p matertals that are both suff and strong while not
bel mg too dense.

Suffness s measured bv the Young modulus for the material.

stoichiometry: a stoichiometric equation is the balanced cquation for a reaction. It
shows the wmounts, in moles, of the substances involved in a reacton,

A stoichiometrice compound has a C()l]]})()\ltl()ll that corresponds t‘\d([]\ to 1ts for-
mula. A storchtometrie reaction is one that uses up reactants and produces products
m amounts exactly as predicted b\ the balanced equation,



structural formulas

The word stoichiometr v sounds mystertous but is \lmp]\ based on Greek words mean-
mg “element-measure.” Sl()lchl()men) i1s the basis of quantitatioe analysis where
amounts are measured in moles.

stp (standard temperature and pressure): the standard conditions for
describing the properties of gases. The standard temperature is 273 K (0°C) and the
standard pressureis 101.3 kPa (1 atmosphere).

The molar volume of an ideal gas at stp s 22 400 em?® (22,4 dim?).

Note the distinction between these values and the values for defining standard states
in thermochemistry,

strength is measured by the stress needed to deform and break a material in ten-
sion or compression. Stress is the force per unit area of the cross section and is
measured in N m~. Defining stress in this way allows for the fact that it is easier to
stretch a thin sample than a thick one.

Metals such as steel have high tensile strength. Ceramics are weak in tension but have
high strength in compression.

For many applications engineers look for materials that combine high strength with
high stiffness.

strong acids are acids that are fully ionized when they dissolve in water. Examples
are hydvochloric acid, nitric acid and sulfuric acid.

strong bases wrc¢ hases that are fully ionized when thev dissolve in water. Examples
are the hvdroxides of sodium and potassiom.

structural formulas show the arrangements of atoms and functional groups in
molecules.

Sometmes 1t 1s enough to show structures in a condensed form such as
CH, CH ,CH CO_H for butanoic acid. Often itis clearer to write the full structural for-
mnl \ slm\\mu all the atoms and all the bonds. This tvpe of formula is also called a

displayed formula.

H . H 1 5
| / I O
H—C—C=( H—C—C—C—C
| | \‘“ | | | O—H
H I H H I
H H
propene H N ‘ - H butanoic acid
\ ¢ ~ ‘/
”/(, (,\”
| |
/[ >¢ 7
H SN H
I H cyclohexane
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i ~ ) e N e - \ he - 5
Examples of structural forrulas. Drawn like this the formulas do not show the true shape in

three dirnensions.



structural isomers

structural isomers: scc isomers.

sublimation is the change of a solid directly to a gas on heating. Heating iodine
crystals makes them sublime to a purple vapor that condenses 1o shiny crystals on a
cold surface. This process is used to purifv iodine.

Another substance that sublimes is solid carbon dioxide ("dry ice”) because it turns
to gas at mimus 78°C without melting.

substitution reactions are reactions that replace an atom or group of atoms
by another atom or group of atoms. An example is the reaction of butan-1-ol with
hydrogen bromide (from sodium bromide and concentrated sulfuric acid).

CH,CH,CH,CH,OH + HBr —> CH,CH CH,CH,Br + H O

In organic chemistry, substitution reactions are characteristic of halogenoalkanes (see
nucleophilic substitition) and arenes (see electrophilic substitution).

The ligand exchange reactions of inorganic complex ions are also substitution
reactions (see ligands).

substrates. in blochelmsn\, are the molecules on which enz ymes act as they catalyze
(‘hdl]("t‘ An QIVASIN QIR spectfic because it acts only on the substrate that fits into its
active site.

Literally the word “substrate™ means a lower laver on which something else can form
or grow. One way of cr eating a large surface area for an expensive catalystis to spread
it over the surface of an mert substrate. This helps to keep down the cost of catalytic
converters in automobile exhausts.

sugars are watersoluble carbohydrates. Sugars vary in their sweetness. Sugar molecules
have many — OH groups and can hydrogen bond with each other and with water, This
means that they are solid at room temperature and very soluble in water. (See also
reducing sugars. )

Ribose and deoxyribose sugars are important in the formation of nucleic acids such
as DNA and RNA.

sulfates are salts of sulfuric acid. Soluble sulfates such as blue copper (1) sulfate and
green iron (1) sulfate are familiar laboratory reagents.

Some insoluble sulfates are natural mmerals, in(‘ludimr calcium sulfate, which exists
mn a hvdrated form as gvpsum and m an anhvdrous form called anhvdrite, Hedtmor

gypsum produces plaster of Paris. Barite is barium sulfate, called “heavy spar’ I)e(ame
ofits density. (See also solubilities of salts and anion lests.)

sulfides of metals arc salts of hy dl()("(’ll sulfide, H S. Some valuable metals occur
as sulfide ores, m(hl(lmg copper, sll\el. mercury an(l iron. Sodium sulfide is soluble
i water but most metal sulfides are insoluble.

sulfites arc salts of sulfurous acid that form when sulfur droxide dissolves in water.,
Sulfurous acid s unstable and exists only in solution,

S0,(g) + H,O0() —> H,S0,(aq)

The most important sulfite is sodium sulfite (Na,S0O,), made by dissolving sulfur
cioxide in sodium hivdroxide solution.



Sulfur dioxide and the sulfite ion are reducing agents. Theyv reduce chlorine, iron (111)
ions. dichromate (V1) ions and manganate (Vi) ions.

Sulfur dioxide and sulfites are used as preservatives. 1]16\ are anuoxidants used in
foods such as lemon juice. They inhibit the growth of bacteria. (See also anion tests.)

sulfonamide drugs: sce chewmotherapy.

sulfonation of benzene is an ¢ ('/‘/1‘(;/)/11'/1‘(~ substitution reaction that takes place in
the presence of fuming sulfuric acid - a solution of sulfur trioxide i concentrated
sulfuric acid. The product is benzene sulfonic acid.

The e lectrophile s sulfur trioxide. A sulfur atom attached to three more electronegative
oxvgen atoms is eleum])hlll(

SO.H

SO, H,S0,

\4

wadarm

' o benzenesulfonic acid
Sulfonation of benzene

Sulfonaton of arenes is important because it helps o produce a range of useful
products including sutfactants, ion-exchange resins, dyes and sulfonamide drugs.
sulfur (S) is a yellow crystalline solid that normally consists of S_ molecules. Sulfur
Is @ aonmetal, coming below oxvgen in group 6 of the periodic table. lts electron
configuration is [Ne ]33 pt,

Sulfur has two sohd allotropes (see enantiotropy). Heating sulfur crvstals produces a
runny, pale-vellow liquid that darkens as the temperature rises. producing a highly
viscous lignid. The S rings break and form long tangled chains of sulfur atoms.
Further heating below the boiling point (445°C) makes the liquid more fluid
because the chains start to break into shorter tengths. Pouring this dark red liquid
mmto cold water produces an elastic, noncryvstalline mass of plastic snlfur. In ume,
plastic sulfur hardens as the sulfur chains gradually reform S, rings and produce
rhombic sulfur again.

Sulfur is a reactive element but it is a less powerful oxedizing agent than oxygen. |
combines with most other elements with the exception of nitrogen, iodine, the noble
cases and some of the less reactve metals such as gold.

Hydrogen sulfide (H,S) is a toxice, foulsmelling compound. Despite having a higher
relative molecular mass than water, hvdrogen sulfide is a gas, because sutfur s not
sufficienty electronegative for hydrogen bonding between HLS molecules.

Sulfur forms two acidic oxides SO, and SO, which are both mmiportant in the process
of sulfuric acid manufacture. Sulfur dioxide is a redncing agent, as are sulfurous acid and

s salis, the sudfites.



sulfur extraction

O
Bonding in the oxides of sulfur - T
les for predi S S
Note that the» rules for predicting NS o
the shapes of molecules apply. O Os O O
The reactions of halide ions with concentrated sulfuric acid illustrate the range of
oxidation states of sulfur,

sulfur extraction: processes that obtain sulfur from underground deposits of the
clement or from crude oil and natural gas.

The Frasch process is an ingenious process for extractung sulfur from underground
deposits. Sulfur is a nonmetal with a molecular structure. It melts ar 1 1s%C.
Superheated steam at 165°C passes down a pipe into the sulfur deposits. The steam
melts the sulfur. Compressed air pumped down a second pipe forces the hquid up a
third pipe to the surface where it cools and solidifies. The process was developed by
Herman Frasch around 1900 to recover sulfur from 30 m thick deposits about 150 m
underground along the gulf coast of the USA. The process still operates and supplies
about 10% of the sulfur required for industry in the USA. A modified version of the
process operates in Poland, which supphies sulfur for the UK chemical industry.
Natural gas and crude oil often contain unwanted sulfur compounds that must be
removed before the gas and oil are used as fuels or in the chemical industry. The
hydrocarbons are mixed with hvdrogen under pressure and passed over a catalyst.
This converts the sulfur to hvdrogen sulfide. The hydrogen sulfide is separated from
the hydrocarbons and converted to a mixture of sulfur and sulfur cdhoxide.

Ninety percent of sulfur is used to make sulfuric acid.

sulfuric acid (H,S0,) is a highly corrosive but important chemical reagent because
It can act as a strong acid, a dehydrating agent, an oxtdizing agent and as a sulfonating
agent. Pure sulturic acid is a colorless viscous liquid. The molecules of this oxoacid are
attracted to each other by hydrogen bonding.

e H—O Y H—O e H—O_ -
< A < P N

N /
eH—0" Y0-H—0 O----H—O Q) ===

Structure of sulfuric acid molecules showing hydrogen bonding

In s ditferent roles sulfuric acid acts as:
e a strong acid - sulfuric acid ionizes fully as it dissolves in water
HSO () + HLO®) = HO (aq) + HSO ~(aq)

Dilute sulfuric acid neutralizes bases. It forms two series of soluble salts
called sulfates and hvdrogensulfates. Hvdrogensulfates are acid salts.

e a powertul dehydrating agent - concentrated sulfuric acid can:
= remove the elements of water from sugars and other carbohydrates so that

they char and turn to black charcoal



sulfuric acid manufacture

— deh\'drate alcohols. turning them mto alkenes

— actasa (ll\mcr agent to remove water from maoist gases
e an 0\1dlzmg agent — it reacts with halide jons. especially bromide and iodide

1ons

o asulfonating agent - it is used for the sulfonation of benzene and other arenes.

sulfuric acid manufacture: the contact process for making sulfuric acid from
sulfur, which produces over 150 million tonnes of the acid in the world each vear.

Water  Steam Water  Steam 98%
Excess l T l b
air Y .50,
Catalyst | o
SO, - 7180, 5 \
Furnacel—s= NI | »| chamber > e 50,
qir | €xchanger (450°C) exchanger -
Molten > tower
sulfur -
98.5%
H,SO,
) Y
Water ——
\/
Outline flow diagram for the 98%
manufacture of sulfuric acid H,S0,

The process operates in three main stages:

Stage |:

Stage 2:

Burning sulfur to make sulfur dioxide

S(s) + ()_,(g‘) —> S()‘_,(g)

This 1s a highly exothermic reaction. The hot gas is cooled in heat
exchangers, which produce steam used to generate electricity. Sulfuric

acid plants do not have electricity bills. Electricity and steam exported
from the process help to make sulfuric acid economic.

Conversion of sulfur dioxide to sulfur trioxide
250,(g) + O,(g) == 250,(g) AH = =297 k] mol"'

This is an exothermic, reversible reaction that takes place on the surface
of a vanadium(v) oxide catalyst. The temperature effect on equilibrium
means that raising the temperature lowers the percentage conversion
to SO, but the temperature must be high enough to make the reaction
go fast enough. The catalyst is not active below 380°C and works best
at a higher temperature.
Increasing the pressure would increase the conversion to sulfur dioxide
but the extra cost is not usually justified.
Typically the gas mixture passes through four catalyst beds. Between
each bed the gas mixture is cooled in a heat exchanger and cold air with
more oxygen Is added to the mixture. After the third bed the level of



conversion is 98%. To ensure conversion of the remaining SO, sulfur tri-
oxide is absorbed from the gas stream and more air is added before the
gases flow through the fourth catalyst bed. So three factors contribute
to converting as much of the sulfur dioxide as possible to sulfur
trioxide: cooling, adding more of one of the reactants and removing the
product.

Stage 3: Absorption
H,O() +S0O,(g) —> H,S0 (1)

Sulfur trioxide cannot be dissolved in water directly because the violent
reaction produces a hazardous mist of acid. Instead the gas is absorbed
in 98% sulfuric acid. Sulfur trioxide passes up a tower packed with pieces
of ceramic, down which the concentrated acid trickles. The circulating
acid 1s kept at the same strength by drawing off product while adding
water.

Environmental legislation requires very low emissions of acid gases mto the air A

modern plant converts 99.7% of the sulfur dioxide into sulfuric acid in stages 2 and

3.

Sulfuric acid is needed on a large scale to make many other chemicals, inc]uding
phosphate fertilizers, paints and pigments, detergents, plastics, fibers and dyes.

sunscreens protect the skin from harmful ultraviolet radiation from the Sun.
Suntan lotions include chemicals such as 4-aminobenzoic acid, which absorbs UV
radiation,

Sunblocks are heavily pigmented so that they form a barrier to sunlight by reflecting
and scatteving light. The white pigments are zine oxide and fitanium(1v) oxide.

superoxides: compounds with oxvgen containing the O ~ion (see potassium).

supersaturated solution: a solution that contains more dissolved solute than a
saturated solutuon. A supersaturated solution is unstable. Crystals form rapidly when
the edge of the container is scratched or a tny seed crystal is added.

The way to make a supersaturated solution is to cool a hot, saturated solution of

a salt such as sodium thiosulfate or sodimm ethanoate. Sometimes an unwanted
supersaturated solution torms when a solid product is purified by recrystallization.

Some “instant hand warmers” consist of a supersaturated  solution of sodium
cthanoate in a plastic bag. Flexing a metal disk in the side of the bag starts crystal-
lization that is exothermic and heats the bag to about 60°C. The hand warmer can
be reused after heating in boiling water to redissolve the salt and then allowing it to
cool to room temperature so that the solution is once more supersaturated.
surface tension: the tendency of surfaces to contract to the minimum surface
arca. Surface tension accounts for the spherical shape of soap bubbles.

Surface tension arises because of imtermolecular forces. Molecules inside the liquid are
pulled in all directons by surroundimg molecules. Molecules near the surface expe-
rience a net pull mward. This means that as many molecules as possible leave the
surface, which tends to shrink.






The hydrophobic chains of surfactant molecules tend 16 escape front water by mov-
ing to the surface or by forming micelles. Surfactant molecules at the surface lower
the surface tension of the water so that it wets surfaces more effectively. Surfactant
molecules adsorbed at the boundary between air and water stabilize bubbles of foam
by stopping all the water draining away.

Surfactants help to separate greasy dirt from surfaces. They keep dirt dispersed in
water so that it rinses away. They also help to prevent dirt reattaching itself to the
surface of fabrics.

Surfactants come in three kinds based on the tyvpe of hydrophilic group:

e anionic surfactants such as soap, (IHAK((IH‘,)“._('IO‘,‘Na’
e nonionic surfactants made from epoxyethane, (]I’IA,)((IH‘,)”(O(?H,(IH,)‘,OH
e cationic surfactants such as quaternary ammonium sals,

CH,(CH,), N (CH,) B

Svnthetic anionic surfactants are widehy used. Thev are included in bath foam and
shamp()os. They make stable foams with water,

Nontonic surfactants are used in many household cleaners because they allow
smooth drainage and leave no deposit even when they are not fully rinsed away.
Nonionic surfactants also make less stable foams so thev are included in washing
powders for dishwashers and washing machines.

Cationic surfactants are used in fabric softeners and hair conditioners,
surroundings: sce sysiem.

suspension: particles of a solid suspended by shaking or stirring in a liquid or gas.
In ume the particles of a suspension settle out, unlike the smaller particles in colloids.

sweetness: a taste sensation on the tip of the tongue produced by sugars and a num-
her of svnthetic chemicals such as saccharin., cvclamate and aspartame. Sugars varv in
their sweetness. Fructose is sweeter than sucrose, which is sweeter than glucose.

Most synthetic sweeteners have been discovered when chemists have accidentally
tasted chemicals made for other purposes. Synthetic sweeteners are taken in small
amounts especially by people trving to cut the quantity of energv foods in their diet.

Chemical formulas of two S\O . H\

sweeteners. Saccharin is NH N—SO;H
300 times sweeter than

sucrose when equal O

quantities are compared. saccharin o/bmate

Cyvclamates are banned in the US and UK because some people metabolize the
sweetener to another chemical that causes bladder cancerif fed n large doses 1o rats.
Aspartame is an artificial sweetener that is about 200 times sweeter than sucrose. [t
consists of the methvl ester of a dipeptide consisting of two amino acids linked by a
peplide bon.









thermochemistry

termination: a step in a ficeradical chain reaction that tends to stop the process by
removing free radicals. In a termination step two free radicals combine 1o form a
molecule.

tertiary organic compounds: scc primary, secondary and tertiory organic compounds,
theoretical yield: sce yicld calenlations.

thermal decomposition is 4 reaction in which a compound decomposes on
heating. An important example for mdustry and agriculture is the thermal
decomposition of calcium carbonate (hmestone):

CaCO,(s) —> CaO(s) + CO,(g)
Sometimes heating causes decomposition because a compound is stable at room
temperature but becomes unstable at a higher temperature. This is the case with the

calctum carbonate and the other carbonates of gronp 2 metals.

Sometimes heating causes decomposition of a compound that is unstable at room
temperature but does not decompose because the rate of reaction is so slow. This is
true of the nitrogen oxides, which. at room temperature, are examples of unstable but
mert chemicals. They all tend o decompose into nitrogen and oxvgen but they do so
only on heating.

thermal dissociation: 4 reversible process that sphits a compound mto fmgmenls
as the temperature nses, but re-forms the starting material on cooling.
The brown gas that forms on heating some metal nitrates contains an equilibrium
mixture of N,O, and NO,,
f\',,().1 = 2NO,
colorless brown

The mixture darkens on heating as more colorless N, O, dissociates into NO,, which
is brown. The color fades on cooling as N,O, reforms.
thermit reaction: a highly exothermic reaction use for welding rails and in some
mcendiary devices. The reaction is similar to the process for chromium extraction
but operates on a smaller scale. A magnesium fuse heats and sets off the reaction in
a mixture of won (1) oxide and aluminum. The aluminum reduces the oxide (o a
glowing mass of molten iron.
Fe O,(s) + 2A1(s) —> 2Fe(s) + ALO,(s)

thermochemistry is the study of energy changes during chemical reactions,
mcluding enthalpy changes, free energy changes and entropy changes. It is @ major part (.)f
chemical thermodynamics. Thermochemistory is important for theory because it
helps chemists to explain the stability of componunds and to predict the likely direction
of chemical change. With the help of thermochemistry, chemists can decide on the
feasibility of reactions.
Practically, thermochemistry is important because of the significance of:

e calculating the energy from burning fuels

e keeping large-scale reactions under conwol in the chemical imdnstry

e csumating the impact of energy changes in the environment.
Thermochemistry was developed mainly in the nineteenth and early twenueth

CeNnLuries.



thermodynamic control

Antoine Lavoisier (1743-1794): the French chemist who not only proneered the oxvgen
theory of burning but also used calorimeters to measure energy changes on burning.

Germain Hess (1802-1850): the chemist who was born in Switzerland but moved
with his parents to Russia. He studied the heating effect of chemical reactions and
demonstrated the importance of the taw that is named after him (sec Hess's law).

Marcellin Berthelot (1827-1907): the French chemist who studied the heating effect
of reactions. He concluded that reactions tend to go in the direcnon that is exo-
thermic. Chemists today stilt use this idea though they know that it is not always the
case (see feasibility of reactions).

Josiah Gibbs (1839-1903): the US chemist who devised the quanuty free energy as a
means for predicting the feasibility of reactions.

Ludwig Boltzman (1844-1906): the Austrian physicist who was the first person to
explain the laws of thermodynamics in terms of the behavior of atoms and molecules
I motion (kinetic theory). He showed how to calculate the distribution of energies for
the molecules in a gas molecule (the Maxwell-Boltzman distribution). He also showed
that the entropy of a system s determined by the number of ways the particles can be
arranged and share the energy of the system.

S=hin W

where Sis the entropy of the system, k the Boltzman constant and In W the natural
logarithm of the number of ways of arranging the particles and energy i the system.

Henri Le Chatelier (1850-1936): the French chemist who proposed Le Chatelier’s
principle, which describes how equihibrium systems shift in response to temperature
(and pressure) changes.

Walther Nernst (1864-1941): the German chemist who proposed the third law of
thermodynamics, which states that the entropy of perfectly ordered crvstals is zero at
absolute zero.

thermodynamic control operates where there is a choice of possible products
and the main product is the one that is most stable (according to thermodyvnamics).
This contrasts with kinetic control, which operates when the main product 1s the one
that forms fastest.

thermodynamaics: sce thermodynamics (laws of) and //I(’)‘))l()(‘/l(’))lI'S/)')‘.

thermodynamics (laws of): the laws that govern energyv transfers and the direc-
tion of change. The laws originally grew out of the study of heaung, mechanical
working and steam engines. They have now been given a molecular interpretation
that makes them applicable to chemical svstems.
The first law of thermodynamics savs that the total quantity of energyv for a svstem
andhits surroundings is the same before and after any change. In other words, energy
cannot be created or destroved. This is the law of conservation of energy. Chemists
are mterested in energy transfers:

o bv heating, as energy flows from a higher to a lower temperature

o by working. as a system expands or contracts against atmospheric pressure

e Dby the tlow of an electrie current

o Dy the absorption or emission of radiation.



thin-layer chromatography

The value of the first law oflhermodynmni(‘s 1s that it provides a check that all energy
transfers have been accounted for. ‘

The second law of thermodynamics shows which changes can take place (see Jeasi-
hility). The law states that a change tends to happen if the total entropy of the svstem
plus the surroundings increases. The entropy change, AS is positive. Chemists
~ - . . . - . : bty - 0
often find it more convenient 1o work with Jree energy changes. The rule is that a
process tends to happen if the free energy change. AG, is negative.
Fhermodynamics indicate the possible direction of change but say nothing about ihe
rate of change. A reaction that tends to happen may in practice be so slow that it is
Kinetically inert.
thermoplastic polymers are solid when cold but thev soften and become plastic
on warming so that they can be molded. Most addition polymers are thermoplastics.
They consist of long-chain molecules with no cross-linking.
Thermoplastics such as polvthene. polypropene and PVC are supplied by the chem-
ical industry as small chips or as powders that can be melted and forced under
pressure into closed molds. Plastic buckets. crates, combs and many other articles are
made by this process of injection molding.

Thermoplastics can also be extruded by squeezing the heat-softened material
through a die 1o create a continuous strip with a constant cross section. This is the
technique for making auto wim, draft seal, curtain track and pipes.

Lxtrusion through the fine holes of a spmneret converts a thermoplastic such as nvlon
mto fibers. Cold-drawing the fibers by stretching them when thevare cold lines up the
molecules and increases the wensile strength,

thermosetting polymers arc jesins that set (o strong, stft material once they have
been heated in a mold. Heating coss-links the polvimer chains with strong covalent
bonds. Once formed. a thermosetting plastic cannot be melted again.

Bakeliteis a cross-linked thermoset made from phenol and methanal (formaldehvde).
Cooking pan handles and electrical fittings are made from thermosets because these
plastics do not melt on heating and are electrical insulators.

thin-layer chromatography (tlc) is a tvpe of chromatography in which the sta-
tionary phase is a thin laver of a solid supported on a glass or plastic plate while the
mobile phase is a liquid. The rate at which a sample moves up a te plate depends on
the equalibrium between adsorption on the solid and solution in the solvent. The POSsi-
ton of equilibrium varies from one compound to another so the coniponents of a
mixture separate.

Thim-layer chromatography is quick and cheap. Only a very small sainple is needed.
The technique is widely used both in research laboratories and in industry. It can be
used quickly to check that a chemical reaction is going as expected and making the
required product. After an atempt has been made to purify a chemical, tle can show
whether or not all the impurities have been removed.

Colored compounds are easy to see on a tle plate. However, the I(‘('lll'li.({ll(‘ 1\ often
used with colorless compounds as well. A quick way of finding the position of ('(’)l‘or-
less organic spots is o stand the plate i a covered beaker with 1odine crystals. The

todime vapor stains the spots.
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An alternative is to use a tle plate impregnated with a fluorescent chemical. Under a
UV famp the whole plate glows, except in the areas where organic compounds
absorb radiation, so that they show up as dark spots.

R, values can be used to record the distances moved by chemicals in a mixture
refative to the distance moved by the solvent.

thio compounds: sulfur compounds with similar formulas and structures to equi-
valent oxygen compounds. The thiosulfate ion, S,0,%, for example, can be thought
of as a sulfate ion, SO, with one oxygen atom replaced by a sulfur atom.

HQN\
5,0, /C =S C,H.SH
H,N
thiosulfate thiourea ethanthiol
H,N
Examples of thio 3 N
SO — Lol
compounds with ! /C . (ol OH
their oxygen H,N
equivalents sulfate urea ethanol

Oxygen and sulfur are in the same group of the periodic table with the same number
of electrons in the outer shells of their atoms. They therefore form compounds with
similar formulas and structures.

tin (Sn) is a shiny metal with a long history. Tin was valued as an mgredient of a range
of alloys mcluding pewter (with antimony), solder (with lead) and bronze (with copper).
The main use of tin today is for coating the steel for tin cans. The laver of tin stops the
iron corroding. Tin's Sn*" ions are not toxic. Small traces of dissolved tin contribute to
the characteristic taste of some tinned foods such as canned fruit and tomatoes.

At room temperature tin has a metallic structure but below the transition temperature
13.2°C the stable form is gray tin, which has the diamond structure.



titanium extraction

above 13.9°C
gravun == eullic tun
below 13.2°C

It takes a long time for atoms in a solid to rearrange themselves. So metallic un
has 1o stay cold for a long time before it shows the symptoms of “tin plaguc™ as it
gradually alters to the crumbly, britte, gray form.

Tin. with the electron configuration [Kr]4d"55%5p*, comes below germanium but above
lead in group 4 of the periodic table,

titanium (Ti) is a very strong metal that is much less dense than steel. It melts at
the very high temperature of 1675°C. It does not corrode because, like aluminum, it
is protected by a thin laver of oxide on the surface of the metal. The difficulties of
titanium extraction mean that the metal is not as widely used as might be expected
considering its properties.

Titanium is a d-block element with the electron confiquration [Ar)3d*4s®. Titanium forms
compounds in the +2, +3 and +4 states but only the +4 state is common. Titanium (V)
chloride is a colorless liquid formed as an mtermediate in titanium extraction and in
the manufacture of titanium(iv) oxide.

Smoke grenades produce dense clouds of titantum (1v) oxide by the rapid hydrolysis
of utanium (1v) chloride.

titanium extraction: 3 process for extracting the metal from its ores, which are
rutile (Th0,) and ilmenite (FeTiO,). Titanium is the fourth most abundant meual
in the Earth’s crust and it would be more widely used if the methods of extraction
were less difficult and expensive. In theory it should be possible o extract titanium
from its oxide with carbon but in practice some of the titanium reacts with carbon
forming carbides, which make the metal brittle.
After the ore has been purified it is heated with carbon in a stream of chlorine gas at
about 1100 K.

210, + 2ClL, + 2C —> TiCl, + 2CO0,
The titanium(1v) chloride condenses as a liquid that can be purified by fractional
distillation.
In- most countries, the preferred reducing agent for producing titanium from its
chloride is magnesium. In the UK, sodium is the reducing agent. Either way, the
production is a batch process.
In the UK method, tanium chloride Passes 1110 a reactor contammg molten sodium
at 800 K in an inert argon atmosphere, Exactly the right amount of the chloride is
added to react with all the sodium. The reaction is exothermic and so the temperature
IISes.

TiCl +4Na ——> Ti + 4NaCl
The reactor is kept hot for about two days then it is removed from the furnace ;m.d
altowed o cool. The solid product is crushed and leached with dilute hydrochloric
acid, which dissolves the sodium chloride, leaving the titanium metal that is then

washed and dried.



Titanium is used mainly to make aircraft engines and airframes. Other major uses
are the production components of chemical plants such as heat exchangers.
titanium(iv) oxide is a brithant white pigment. It has two crystalline forms: anatase
and rutile (see rutile structure). Millions of tonnes of titanium(1v) oxide are made
cach year. The main use of the pigment is in paint but it is also a surface coating for
paper, a filler in plastics and an ingredient of cosmetics and toothpaste. The oxide
makes a good white pigment because it has a very high refractive index but absorbs
almost no light in the visible part of the spectrum. When ground to a fine powder it
is both intensely white and very opaque so as a pigment it has excellent covering
power. The oxide is also inert and nontoxic, which is why it has replaced lead oxide
in many applications.

There are two processes for producing titanium (1v) oxide from ihnenite: the long
established sulfate process and the newer chloride process.

titration: an analvtical technique for finding the concentrations of solutions and to
mvestigate the amounts of chemicals involved in reactions. Titrations are widely used
because they are quick, convenient, accurate and easy to automate.

The procedure only gives accurate results if the reaction is rapid and is exactly as
described by the chemical equation. So long as these conditions apply, titrations can
be used to study acid=base, redox, precipitation and complex-forming reactions.

The measured volume of the unknown is transferred to a flask with a pipette, then the
standard solution is added carefully from a burette. The end point is determined by
adding a few drops of an indicator or by using an instrument such as a pH meter, a
colorimeter or a conductivity meter.

Sometimes no indicator is needed because the excess reagent itself produces a per-
manent color change at the end point. This happens in potassium manganate(vi)
titrations.

A €\ mol dm
solution of

—s | Burette
substance A

\'ch? of a A
¢, Mol dm 3 Conical flask
solution of White tile

Apparatus for a titration substance B

The diagram shows the apparatus for a titration involving a solution A that reacts
with solution B. Suppose the equation for the reaction takes the form:
nA+nB —> products

which means that ", moles of A reacts with ", moles of B.



In the }aboralon' volumes of solutions ar € nor ma}l\ measured in cm?® but the v should
~ AT o 3 .

be converted 1o dim m calculations so lhat they are consistent with the units used (o

measure concentrations. (1 dm® = 100« ) cm?)

The concentration of B i the flask is ¢, mol dm™ and its volume is V dm’,

The concentration of A in the burete is ¢, mobdm™. Vi dm”? of the solution A are
added until the indicator shows that the cnd point has heen reached.

The amount of B in the flask at the start = V x ¢, mol

b
v,

The amount of A added from the burette = X ¢, mol

The rauvo of these amounts must be the same as the ratio of the amounts shown in
the equation:

\\x¢\ i

\B X G n
In any utraton, all but one of the values in this formula are known. The one
unl\no\\n 1s determined from the results.

(See acid-base titrations and wdine=thiosulfate titrations and complex-formiug titrations for
worked examples.)

Tollens reagent is a4 (est reagent used to distinguish aldehydes from  ketones.
Warming Tollens reagent with an aldehyde produces a precipitate of silver, which
coats clean glass with a shiny laver of silver so that it acts like a mirror.

The reagent consists of an alkaline solution of diammnesilver(1) ions, [Ag(NH,),]".
Aldehydes reduce the silver ions to metallic silver. Ketones do not react.
toughness: 4 property of materials that measures how much energy is needed 1o

break them. Tough materials are hard o break. Metals and polymers are tough.
Ceramics and glass are not tough — they are briule.

toxic substances arc labeled with the skull and cross-bones hazard warning sign
because lh(\ can lead to serious, acute or chronic health risks or even death. Toxice
substances can cause harm if inhale d, swallowed or absorbed through skin.

Toxic substances include poisons, carcinogens, mutagens and leratogens.

trace elements: the micronutrients that plants need in small amounts from the
soil. Examples are cobalt (Co*), copper (Cu™). iron (Fe* or Fe*), manganese
(Mn®") and zinc (Zn*"). Plants need these nutrients in much smallcr amounts than
the nitrogen, phosphorus and potassium supplied by NPK fertilizers.

tracers: chemicals used o Keep wrack of chemicals in the environment, in iving
organisms, m a chemical process or in many other circumstances where chemicals
are on the move. The wacer is chosen so that it does not interfere with the changes
to be studied. For this reason radioactive 1Isotopes are often chosen as tracers because
they are chemically identical with the substances bei ing tracked but casily detected
from the alpha, beta or gamma particles emiced duri mg radioactive decay. Examples
of radioacuve tracers include the use of:

o 10dine-131 to study the behavior of the thyroid gland

o hydrogen-3 (fritium) 10 investigate the metabolism of drngs in the hinman

body



transition metals

e phosphorus-32 to explore the uptake of phosphate fertilizers from the soil
by plants.

transition metals arc d-block elements that have partially filled d-energy levels in
one or more of their oxidation states. In the d-block series from scandium to zinc this
definiuon includes all of the metals except for the first and the last. Scandium,
[Ar]3d'4s, is excluded because it only forms compounds in the +3 state and it loses
all its three outer electrons when it forms a 3+ ion. Zinc, [Ar]3d'%4s2, is excluded
because all its compounds are in the +2 state. Losing two electrons gives an ion Zn?
with the electron configuration [Ar]34" in which all the d-energy levels are full.

Transition metals share a number of common features. They:

e arc melals with useful mechanical properties and high melting points
e form compounds in more than one oxidation state

o form colored compounds

o form a variety of complex ions

e actas calalysts either as metals or as compounds.

Many transition metal salts are paramagnetic because of the presence of unpaired
clectrons in the partially filled inner d-energy levels.

+7
+6
+5
+4 +4 +4
+3 +3 +3 +3 +3 +3
+2 +2 +2 +2 +2 +2
)
Sc Ti V Cr Mn Fe Co N1 Cu Ay

Main oxidation states of the elements Sc to Zn. Note that scandium and zinc form ions
only in one state.

The chemistries of titanium, vanadium, chromium, manganese, cobalt, iron and copper
provide many examples of these features.

transition state: the state of the reacting atoms, molecules or ions when they
are at the top of the activation energy barrier for a reaction step. Transition states
exist for such a brief moment that they cannot be detected or isolated, unlike the
mntermediates in reactions formed between two steps.

The combination of reacting atoms, molecules or ions in a transition state is
sometumes called an activated complex (see figure).

transition temperature: the temperature at which two allotropes of an element
are in equilibrium. One form is stable below this temperature, the other is stable
above the transition temperature. (See tin and enantiotropy.)

transmittance mcasures the extent to which a sample in a spectrometer absorbs
radiation at a particular wavelength. Printouts from some spectrometers show
transmittance on one axis.






tri-iodomethane reaction

lodine is only very slightly soluble in water. It dissolves in potassium todide solution
because it forms [,7(aq). A rcagent labeled “odine solution™ is normally I (s) in Kl(aq).
The 1,7 (aq) ton is a vellow-brown color, which cxplams why aqueous iodine looks
quite different from a solution of iodine in a nonpolar solvent such as hexane.

tri-iodomethane reaction: a1 rcaction that produces tri-iodomethane (iodoform)
[rom a compound containing either a CH,C— group ora C H.C— group.

OFH
The reaction conditions are to warm a (lmp of the compound with a solution of
odine in sodium hydroxide.

The tr-iodomethane reaction is used as a test for the presence of a methyl group
next to a hydroxyl group, or a carbonyl group, in an organic motecule. If the result
of the testis positive, iodoform appears as a pale vellow precipitate.

The reaction takes place in three steps for an alcohol or two steps for a carbonyl
compound. The first step, oxidation to a carbonyl group, is not necessary for a
carbonyl compound.

11, \ M HC TN .
/ \ oxidation / (; — O SUbStI{UUOﬂ / (: — O hydrolysjs (; }{jji (S)

R
on : RCO,H

Equations for the tri-iodomethane reaction

Chlorine and bromine in alkali react in a similar way to produce trichloromethane
(chtoroform) and tribromomethane (bromoform).

trioxygen is the systematic name for ozone.

triple bond: three covalent bonds between two atoms as in nitrogen, alkynes and the
cyamde 1on. With three electron pairs involved in the bonding there is a region of
high electron density between two atoms joined by a triple bond.

SNIN: H:C:C:H
Examples of molecules with triple bonds N=N H—(C=C—H

The molecular orbital model for a tl‘iple bond shows that one of the bonds is a
normal sigma bond while the other two bonds are o bonds.

triple point: the unique combination of temperature and pressure at which the
solid, hquid and gaseoys forms of a substance are at equilibrium. The wiple point of
wateris at 611 N m™ (0.006 atmospheres) and 273.16 K (0.01°C ),

Three hnes meet at the triple point on a phase diam‘um for a pure substance.

tritium is the z\om/)(’ of hvdrogen, 'H. It is radioactive and emits beta particles with
a half-life of 12.3 vears,



ultraviolet radiation. UV js electromagnetic radiation with shorter wavelengths (and
so higher frequencies) than the violet end of the visible spectrum. The energy of UV
photons is high enough (o excite the electrons in covalent bonds 1o higher energy
levels. Excited molecules may then split into atoms (dissociate). Thus UV light can
start chemical reactions by forming fiee radicals.

Ozone forms in the upper atmosphere (the stratosphere) where UV light from the Sun
shines on oxvgen molecules. sphitting them into oxvgen atoms, which then combine
with other oxvgen molecules to make ozone. In the laboratory, UV hght can start the
reaction of chlorine with alkanes by splitting chlorine molecules into chlorine atoms.
This is an example of a Jree-radical chain reaction.

ultraviolet (UV) spectroscopy is particularly useful for studying colorless
organic molecules with unsaturated Junctional groups such as C = C and C — O. The
molecules absorb UV radiation at frequencies that excite shared electrons in double
bonds. A UV spectrometer records the extent to which samples absorb UV radiation
dcross a range of wavelengths.

UV spectrometers make it possible to extend the techniques ()f('()/()rinz(’l))* to colorless
compounds. In the pharmaceutical industry, for example, scientists use UV spectro-
scopy to check that medicines contain the correct amounts of drugs and that the
products do not deteriorate in storage.

unit cell: the smallest unit of a crystal structure which, when piled up m three
dimensions, gives a whole crvstal.

The unit cell of a cubic crvstal 1s a minute cube. An atom or 1on mside the unit cell
belongs entirely to that cell. An atom or jon at a corner is shared between the eight
unit cells that meet in three dimensions at a corner.

Unit cell for the cesium chloride structure

The unit cell for cestum chloride consists of one cesium ion and 8 x X of a chlorde
on. So the composition of the unit cell still corresponds to the empirical formula
CsCL (See cesion chloride structure.)

universal indicator is a mixture of several acid-base indicators that changes color
through the colors of the spectrum from red to mdigo as the pH rises l‘n?m [ to 11,
Narrower range indicators are also available that cover a sialler range of pH.
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unleaded gasoline

unleaded gasoline is gasoline formulated for modern motor vehicles by adding
chemicals other than tetracthyl lead to raise the octane number.

There are two main objections to adding lead compounds to gasoline. The first is
that lead compounds are toxic and harmful, especially to young children, when
teleased into the air from vehicle exhausts. The second is that lead compounds
“poison” the catalysts in catalytic converters.

Instead of lead compounds, gasoline is blended with oxygen compounds that may
be alcohols ov ethers. The commonly used additive 1s MTBE (initials based on the
traditional name of the compound, methyt tertiary-butyl ether).

unsaturated compounds arc compounds containing one or more double or
triple bonds between atoms in their molecules. The term is often applied to the hydro-
carbons alkenes and alkynes, which typically undergo addition reactions. The term is
also commonly used to describe unsaturated fats and fatty acids, which have double
C == C bonds in their hydrocarbon side chains.

urea is a white crystalline solid. It is an end product of the metabolism of proteins,
and excreted as a waste product in urine.

O

AN

Structure of urea. Urea is a diamide of carbonic acid H,N—C
S0 it has the alternative name carbamide.

AN
NH,

Urea slowly hydrolyzes, releasing ammonia, making it a useful nitrogen fertilizer. It is
manufactured by the reverse process of heating ammonia and carbon dioxide under
pressure.

Urea and methanal (formaldehyde) are used to manufacture a range of thermosetting
polymers that are used as adhesives in chipboard, for producing electric outlets and

plugs.

urease is an enzyme (found in plant materials such as water melon seeds) that
catalyzes the breakdown of wrea to ammonia by hydrolysis.

Urease illustrates that enzymes are very specific. They will act only on particular
molecules. Urease breaks down urea but has little or no effect on molecules with
stmilar structures, such as 1\/-methylurea, ethanamide or thiourea.

O O S
4 % 7
HN—C CH,—C HN—C
AN AN AN
NHCH, NH, NH,
N-methylurea ethanamide thiourea

Molecules not affected by urease



vacuum distillation: distillation under reduced pressure that makes it possible to
distill liquids with very high boiling points below the temperatures at which they start
to decompose. Lowering the pressure lowers the temperature at which liquids boil,

The process is used in ojl refineries to separate the hydrocarbons in the residue
from fractional distillation at atmospheric pressure. Vacuum distillation separates

lubricating oils and waxes from other hydrocarbons fed to the plant for catalytic
cracking.

Vacuum distiltation is also used on a small scale to separate products of synthesis that
would decompose if heated to their boiling points at atmospheric pressure.

vacuum filtration: sce Buchner flask and funnel.

valence theory covers all the theories of chemical bonding. The outer electrons
of an atom are its valence electrons. which take part in chemical bonding. Electron
transfer leads to jonic bonding or electrovalence. Electron sharing leads to covalent
bonding.
Chemists use a variety of ways of describing or predicuing the number of bonds
formed by the atoms of an element. These include:
e the pattern of charges on the ions in a group of elements - group 2 metals,
for example, form 2+ ions
e the number of covalent bonds that atoms normally form in molecules -
carbon, 4; hydrogen, 1; oxygen, 2; nitrogen, 3; and the halogens, 1
o the coordination numbers in crystals and complex ions - giving the numbers of
nearest neighbors bonded to an atom
e oxidation numbers — which provide a formal code for keeping track of the
numbers of electrons taking part in bonding.
None of these are rigid guidelines and there are exceptions to all the rules.
Some writers refer to the VSEPR theory, which is short for the “valence shell clectron
pair repulsion theory.” This theory helps to predict the shapes of molecules from the
number of bonding pairs of ¢lectrons and lone pairs of clectrons in the outer
(valence) shell of the central atoms in a molecule.

van der Waals forces arc weak intermolecular Jorces. Chemists disagree about the
meaning of the term. All agree to include dispersion forces in the definition; these are
the weakest attractions between nonpolar molecules.

Differences arise about the attractions between permanent dipoles, and dipole-
induced dipole attractions. Some people include them as van der Waals forces but
others do not.

Hydrogen bonding, the strongest kind of intermolecular attraction, is generally
excluded from the definition of van der Waals forces.

Johannes van der Waals (1837-1923) was a Dutch scientist who studied r('.alga‘.ws‘ and
their deviations from ideal gas behavior. He devised a modified gas equation for real



van der Waals radius

gases. His equaton includes two correction factors based on kinetic theory — one to
allow for the existence of intermolecular forces and the other to allow for the fact
that gas molecules have a definite volume.

van der Waals radius: the effective radius of an atom when held in contact with
another atom by weak z'ntm‘molz)('ulmj forces.

Atoms do not have a definite size. The apparent size of an atom depends on the way
it 1s bonded to a neighboring atom, so the ionic radius and the covalent radius of an
atom are not the same. Generally, the stronger the bonding, the smaller the effective
racius. Intermolecular forces are much weaker than covalent bonds. so van der Waals
radin are relatively large.

van der Waals radii determine the effective size of a molecule as it bumps into other
molecules in a liquid or gas, and when it packs together with other molecules in a
sohd.

Covalent radius = 0.1 14nm

van der Waals radius = 0.190 nm

Covalent and van der Waals
radil for bromine

vanadium (V) is a d-block metal with the electron configuration [Ar]3d*4s'. The metal
is used to make alloy steels that are strong and tough, making them suitable for
machine tools and parts of engines. Vanadium is a typical transition metal: it forms
colored compounds in several oxidation states, it forms complex ions and has com-
pounds that can be used as catalysts such as vanadium (V) oxide in sulfuric acid
manufacture.

In solution, vanadium forms ions in the +2, +3, +4 and +5 oxidation states. The +5
state is available as the vellow solid ammonium vanadate (V).

5 — \"O‘_,+ (aq) vellow
+4 o VO** (aq) blue
+3 7 V¥ (aq) green
+2 = V2 (aq) violet

Oxidation states of vanadium showing the
colors of the ions 0—V




Standard ('/("('/r()d() ./)olmz/za/s help to identify reducing agents 1o reduce vanadium (V) 1o
the succession of Jower states. (See electrochemical series. )

lodide ions. for example, reduce vanadium (V) 1o vanadium (V).

E/V

I._,(ziq) + e = 21° +0.54

VO, (aq) + 2H (aq) + e = VO*(aq) + H,O(1) +1.00

Half-equations and electrode potentidls for the reduction of vanadium(v) to vanadium(iv)

Zinc in acid will reduce vanadium (v) all the wav to vanadium (11). The \"—"(;1(]) 101 18
astrong reducing agent.
vapor pressure is the pressure of a vapor m a closed container with its own Liquid.
The full term is either:
e equilibrium vapor pressure - a reminder that in a closed container a
liquid and vapor reach a state of dynamic equilibrium; or
o saturated vapor pressure - a reminder that the atmosphere above

the liquid holds as much vapor as it can at equilibrium at a particular

temperature,
The vapor pressure of a liquid rises as the temperature rises, A hquid starts boiling
when its vapor pressure cquals the external pressure.
A solution of an involatile substance in a liquid has a lower vapor pressure than the
pure solvent. This follows from Raoult’s law. Because of this clfect the solution has to
be hotter before it starts 1o boil at a given pressure. Dissolving an involadile salt in
water raises its boiling point slightly.
The lowering of vapor pressure depends on the mole fraction of dissolved partcles.
Itdoes notdepend on the chemical nature of the particles. (So the lowering of vapor
pressure 1s an example of a colligative property.)
vapors arc gases formed by evaporation of substances that are usually liquids or
solids at room temperature. So chemists talk about oxygen gas but water vapor.
Vapors are casily condensed by cooling or increasing the pressure because of rela-
uvely strong intermolecular forces. Vapors therefore tend 1o deviate markedly from ideal
gas behavior,
Physicists sometimes broaden the definition of a vapor o inclnde gases such as
l)nizm(', ammonia and carbon dioxide, which can be Iiquefied at room (emperature
by increasing the pressure. (These are gases below their eritical temperature.)
vat dyes: dyes such as indigo that are insoluble in water but can be converted (o a
soluble form to dve cloth. Chemical reduction converts indigo to an almost colorless,
water-soluble dve that soaks into cloth such as denim for jeans. Oxidation converts
indigo back to the insoluble blue form, which precipitates i the fibers.



vegetable. oils

vegetable oils arc liquids extracted from plants that are esters of fatty acids with
propan-1,2,3-triol. They are triglycerides that belong to the broad class of lipids. The
Jatly acids in vegetable oils contain a higher proportion of unsaturated fatty acids than
animal fafs. Examples of vegetable oils are olive oil, sunflower oil and palm oil.
Triglycerides with unsaturated fatty acids have a less regular structure than saturated
fats. The molecules do not pack together so easily to make solids, so they have lower
melting points and have to be cooler before they solidify.

Hydrogenation is used industrially to add hydrogen to double bonds in oils. This pro-
duces saturated fats that are solid at room temperature. The process is sometimes
called "hardening,” and the catalyst used is finely divided nickel. Nondairy spreads
are a blend of vegetable oils with a high enough proportion of partly hardened fats
to make the product a spreadable solid.

vibration of bonds: the springlike vibration of covalent bonds as they bend and
stretch. A vibrating polar covalent bond is an oscillating dipole that can interact with
nfrared radiation. Like other energy changes involving atoms and electrons, cnergy
is gained or lost in fixed amounts (quanta). According to quantum theory, E = hv. It
turns out that the sizes of the energy jumps for vibrating bonds correspond to fre-
quencies in the infrared region of the spectrum. Each type of bond has a particular
value for the energy jumps so it absorbs at a characteristic frequency. This is the basis
of infrared spectroscopy.

viscous liquids are thick and sticky liquids such as syrups and treacle. Some liquids
are viscous because they consist of a tangled mass of long-chain molecules.
Lubricants from crude oil consist of hydrocarbons with chains of over 25 carbon atoms
in the molecules.

Other liquids are viscous because of extensive /ydrogen bonding. Propan-1,2,3-triol
(glycerol) is a sticky liquid for this reason. It flows much more slowly than propan-1-ol.
Hydrogen bonding also contributes to the high viscosity of concentrated solutions of
sugars in water.

On an atomic scale toffee and glass have disordered structures like liquids. Thev are,
however, so viscous and flow so slowly that they are eff ectively solids.

visible radiation is clectromagnetic radiation with wavelengths between 400 nm and
700 nm. This band of radiation is visible because it can bring about reversible chemi-
cal changes in cells of the retina. These chemical changes lead to electrical impulses in
the nerve cells of the eye, interpreted in the brain as colors. (See figure.)

vitamins arc a group of chemically unrelated organic compounds that are needed
i very small amounts in the diet for healthy growth and body functions. The B
vitamins and vitamin C are soluble in water. The other vitamins are fat soluble.

The B vitamins are essential for the activity of some enzymes. Lack of vitamin B , leads

to a form of anemia. One of the triumphs of twentieth-century organic chemistry has
been the analysis and total svathesis of vitamin B,,. Vitamin C is ascorbic acid.

volatile substances are solids or liquids that evaporate casily. A volatile substance
casily turns into a vapor. lodine is an example of a volatile solid. Most familiar volatile
compounds are molecular liquids at room temperature. Examples are water, hexane.
cthanol and propanone.



volumetric analysis

3
Visible radiation: the chemical starting point for vision. A photon of light is absorbed by
electrons in a double bond of retinal. Exciting the electron allows rotation about the bond
converting the cis isomer to the trans isomer The resulting chemical changes set off an
electrical signal in a nerve cell of the retina.

The equilibrium vapor pressure of a substance s a measure of its volatlity at a
partcular temperature.

Makers of perfumes take advantage of differences in volatility.

voltmeters mcasure the potential difference between (WO points in a circuit in
volts. Chemists use voltmeters to measure the emfs of electrochemical cells.

The value needed when determining standard electrode potentials is the emf when no
currentis flowing between the electrodes. These values are measured with an accurate
voltmeter with a very high internal resistance.

volume is the amount of space taken up by a sample. The S/ unit of volume is the
cubic meter (m?). Gas volumes are converted to m® before substituting values into
the ideal gas equation.

Chemists generally measure volumes in cubic decimeters (dm?, formerly in liters) or
cubic centmeters (cm®).

Measuring volumes of gases and solutions is an essential part of quantitative
chemisury. (See gas volume calculations, molar volume and volumeltric analysis.)
volumetric analysis is a very important aspect of quantitative analysis because
volumetric methods can be very accurate. An analyst can measure the volume of the
. . ‘ : ! v e OF o8 L
iquid from a burete o the nearest 0.01 em®. If the total volume is 25 cm’, this
represents an uncertainty of onlv | part in 2500. Most of the methods recommended
for measuring amounts of drugs and medicines are based on volumetric techniques

(sce titration).



wastes arc unwanted solids, liguids and gases discarded from homes, commerce,
industry, agriculture and the public services. Chemists have a role to play in the
management of waste by:

e reduction - the chemical imdustry has an extensive program of research
and development to introduce new processes to give higher vields and
create less waste so that the disposal problem is cut

e reuse — this depends on solvents and detergents that help to clean products
or containers so that they can be used again

o recycling — a variety of physical and chemical processes recover metals,
polvimers and other materials so that they can be added to the raw mat-
erals used to make new products; in some industries, such as the steel
industry, recveling is well established

o recovery — this includes the recovery of the energy resources tied up in
matenals; imcineration not only disposes of the waste but provides energy
to generate electricity. However, incineration can be hazardous if not car-
ried out at a high cnough temperature 1o ensure that harmful chemicals
do not escape into the air.

[tis also important to understand the chemistry of the changes that happen when
waste is dumped in landfill sites. Anaerobic processes lead to the formation of
biogas, which is hazardous unless collected and burnt as a fuel. Water percolating
through rotting landfill can dissolve harmful chemicals such as the ions of toxic
metals, which can be recovered from the liquids by ion exchange if waste disposal is
managed correctly.

water (H,0) is a familiar liquid with remarkable properties. Despite the small size
of its molecules, water is a liquid at room temperature because of hydrogen bonding.
The O—H bonds in water molecules are highly polar because oxveen is so electro-
negative. Water molecules too are polar because they are not linear. owing to the two
lone pairs of electrons that help to determine the shape of the molecule.

As a polar solvent, water can hvdrate ions and dissolve salts. Water can also dissolve
some organic compounds because it can form hyvdrogen bonds with hvdroxvl groups
i alcohols, sugars or carboxvlic acids and with — NH. groups n amines.
Water plays an important part in many reactions:
e hydration reactions - water forms aquo complex ions with metal ions
e acid-base reactions — water acts as both an acid and as a base because it is
an amphoteric compound
o redox reactions — reactive metals such as group I elements reduce the
hvdrogen in water to hvdrogen gas
 hydrolysis reactions - this includes the hvdrolysis of nonmetal chlorides and
ol organic componnds such as esters (acid catalysis or base catalysiy).

water cycle: the cycling of water in the environment between the oceans. the
atmosphere and the crust of the Earth.



water treatment
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The water cycle, showing the amounts of water in each of the three main reservoirs and the
flows between them

The specific latent heat of vaporization of water is relatively large so huge amounts
of energy are transferred by the water cvele. Energy from the Sun cvaporates water
m the tropics. Winds carry the warm moist air 1o higher lattudes where the energy
18 released as the water condenses and falls as ramn.

water of crystallization: watcr molecules that make up part of the crystal struc-
ture of & compound. There are five molecules of water of crystallization for each
0 uS() unit in blue copper(1l) sulfate crvstals, C uSO 5H,0. The full svstematic name
for C()ppe sulate 1s tetraaquocopper() l(‘na()\osultdlc(\l) lxx(nm which shows
that four of the water molecules hvdrate the copper 1ons; the fifth water molecule
torms hydrogen bonds with sulfate ions.

Hmmw hvdrated crvstals drives off the water as steam. lm\mu the anhydrous salt.
Sn()n(ru h(*‘mnu mav then lead to other ch: mges (see nitrates, for ex xample). Other
salts with water of crvstathzauon inclade:

e hvdrated sodium carbonate (sal soda crystals) = Na,CO,. 10H,0
e hvdrated magnesium sulfate (E psom salts) - \luS() /Il Ol

water treatment provides water for (lnnl\mw water for 111(1113(1‘)' and water for
medical uses
Some of the chemical processes used o provide water for homes include:

e coagulation - the addition of alumimum (i) or ron (i) salts to add PNE
tuve 1ons that he Ip o coagulate negauvely charged colloid particles so that
fine Iv divided solids (lump together and settle out

o adsorption - removing organic chemicals on the surface of activated

charcoal

o disinfection - use of chemicals such as chlorine 1o kill microorganisnis that
nght otherwise cause disease: increasingly ozone or wltraviolet radiation are
being used in place of chlorine because thev are less hazardous and do not
react with organic impurities to produce chlorinated hyvdrocarbons, which

mav be harmiful



wavelength

e water softcning — removing calcium and magnesium ions from hard water
by precipitating them as insoluble carbonates.

lfon exchange can remove all the ions from water to give very pure water needed
mdustrially and commercially.

wavelength: the distance between the peaks (or troughs) of a wave. Wavelengths
of ()lp(lr(mmgm’lif radiation vary from about 1000 m for radio waves down to about
10~ nm for gamina rays.

Wavelength

A AN
VARV

A waveform showing the wavelength ‘Wavelength

Light in the visible region of the spectrum has wavelengths from about 400 nm at the
blue end to 700 nm at the red end.

All electromagnetic radiation travels at the same speed. ¢, ina vacuum. The frequencey,
v, wavelength, A, and speed are related by ¢ = V.

waxes are materials that can be molded when warm but are hard and brittle when
cold. They are insoluble in water and water repellent. Waxes are ingredients of pol-
ishes and are used to waterproof cloth and leather. Natural waxes such as beeswax
from honeycombs and lanolin from wool are esters of fatty acids with alcohols with
only one hydroxyl group. This distinguishes them from Jats and vegetable oils. The for-
mula of beeswax is C15H31COQC;mH(31° Carnauba wax, an ingredient of polishes,
varnishes and lipstick, comes from the leaves of a palm tree that grows in Brazil.

Hydrocarbon wax, such as the kerosene wax used for candles, 1s one of the products
from the vacuum distillation of the residue from the Sractional distillation of crude oil.

The chemical industry makes synthetic waxes by polymerizing epoxyethane.

weak acids are only slightly ionized when they dissolve in water. In a 0.1 mol dm=>
solution of cthanoic acid. for example, only about one in a hundred molecules reacts
with water to form oxonium ions. The more dilute the solution. the greater the degree
of ionization. The acid dissociation constant, K. measures the strength of an acid.

Note the important distinction between strength and concentration. Strength is the
extent of 1onization. Concentration is the amount of acid present m mol dm™. Note
that it takes as much sodium hydroxide to neutralize 25 cm® of 0.1 mol dim-* of a
weak acid (such as ethanoic acid) as it does to neutralize 25 cm?® of 0.1 mol dm™ of a
strong acid such a hydrochloric acid.

Measuring the pH of a solution of acid is not enough to show whether or not the acid
1s strong or weak. A solution of an acid with pH 4 might be a very dilute solution of
a strong acid or a concentrated solution of a weak acid.



The salts made from weak acids and strong bases are alkaline in solution (see
hydrolysis of salts).

weak bases arc only slightly ionized when they dissolve in water. In a 0.1 mol
—8 o : ) 3 - - 5 &
dm™ solution of ammonia, for cxample, only about one in a hundred molecules

reacts with water to form ammontum ions. The base dissociation constant. 1\;)‘ neasures
the stren gth of a base.

As with weak acids, it is im portant to distinguish between strength and concentration.

The salts made from weak bases and strong acids are acidic in solution (see hydrolysis
of salts).

weathering is a process that breaks down rocks physicallv and chemically. Physical
weathering cracks rocks into smaller fragments, ncreasing the surface area exposed
to chemical attack. During chemical weathering rocks react with water, oxvgen and
carbon dioxide. The types of reaction ivolved are hydrolysis and  oxidation.
Weathering releases soluble ions that plants need for growth. It also forms insoluble
clay minerals.

Sand (silica)
——— .

Oxygen and S109
carbon dioxide lgneous rocks Iron(ii) oxide
Wat elements include: FeoOs

o Fe, Mg, Ca, K, Na,

Aluminum oxide

Organic acids Al Siand O Al2Og

S ——
e Clays that are
compounds of silicon

l and oxygen with
aluminum as well as
Soluble hydrogencarbonates and other metals such

silicates of sodium, magnesium, calcium; these as potassium,
may be washed away by rainwater to rivers magnesium and iron
and the sea

Products of weathering igneous rocks

weight, mcasured in newtons (N), is the pull of the Earth’s gravity. on an object. A
laboratory balance responds to weight but is calibrated to give refldmgs m grams or
kilograms that measure the mass of the sample. On the surface of the Earth the pull
of the Earth is proportional to mass.

weight = mass X ¢ where the constant g = 9.8 N kg~'
So chemists use “weighing” to determine the mass of a sample. This accounts for l..hc
continuing use of concentration units such as weight/volume percent (w/v), which
should strictly be the mass/volume percent.
wetting happens when water spreads out and covers the surface of a soli(l: \\;ll[(l
wets clean glassware but breaks up into separate droplets on greasy glassware. This
makes it easy to see if pipettes and burettes are clean.



Wetting is an important step in getting materials clean but water does not wet fabrics
thatare contaminated with greasy dirt. One of the functions of surfactants in detergents
is to lower the surface tension of water so that it will wet dirty surfaces.

Surfactants are added to pesticides so that when sprayved onto plants the solution
spreads over the leaves and is absorbed. With no surfactant the solution would break
up into tuny droplets on the surface of the leaves.

word equation: an cquation that describes a chemical change in words instead of
symbols. Writing word equations identifies the reactants and products, so it is a
useful first step toward balanced equations with symbols. For example:

sodium + water —> sodium hydroxide + hydrogen

Word equations are useful as wavs of'summarizing general patterns of behavior. For
example:

acidic oxide + water —> oxoacid
carboxylic acid + alcohol —— ester + water

wurtzite structure: the structure of one of the crystalline forms of zine sulfide
(ZnS, which can also crystallize with the zinc blende structwrey. In the wurtzite structure
the sulfide ions are in a hexagonal close-packed array with zinc ions in half the
tetrahedral holes.
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Tetrahedral holes are spaces in a close-packed ’ (Ij C >
structure enclosed by four atoms. Octahedral
holes are spaces enclosed by six atoms (the
centers of these atoms are at the corners of
a regular octahedron). S O7n

Fach zinc ion is surrounded tetr ahedrally by four sulfide ions. Smnl(nl\ cach sulfide
ion has four zinc ions as nearest nel(rhb()l So the coordination number for both
clements is 4.

Other compounds with this structure are ZnO. AIN. BeO and SiC.



X-ray crystallography is a technique used to determine crystal structures by inter-
preting the diffraction patterns formed when X-rays are scattered by the electrons of
atoms in crystalline solids. Interference between the scattered Xeravs produces patterns
recorded on photographic film. Crystallographers have developed techniques for
mterpreting the patterns so that they can determine:

e the arrangements of atoms. molecules or 1ons in crystals

e the sizes of atoms and ions

o the shapes of molecules

Since Nerays are scattered by electrons it is possible 10 draw up electron density maps
from the diffraction patterns showing the positions of atoms. Small atoms such as
hydrogen with few electrons do not show up well, so their position can be hard to
determine.
The use of X-ray crystallography o determine the structures of crystals was pio-
neered by Lawrence Brage (1890-1971). who developed the theory, and his father
William Bragg (1862-1942). who designed the instruments.
Among the great successes of X-ray crystallography were the determination of the
structures of:

e the protein o-helix by Linus Pauling in 1951

 myoglobin and hemoglobin by John Kendrew and Max Perutz in the 1950s

e DNA by Rosalind Franklin, Maurice Wilkins. Francis Crick and James

Watson in 1953

e vitamin By, by Dorothy Hodgkin in 1956,
X-rays arc clectromagnetic radiation with very short wavelengths in the region
I 10" m (1 nm). X-rays have wavelengths of the same order of magnitude as the
lengths of atomic bonds. As a result it is possible to use Xeray diffraction (o investi-
gate erystal structures and the shapes of molecules mcluding long-chain molecules such
as proteins and nucleic acids.
xenon (Xe) is a noble gas that makes up less than 0.1% of the atmosphere. Xenon
is separated from liquid air by fractional distillation. For a long time chemists thought
that the noble gas elements of group §were completely unreactive so they called them
the “inert gases.” This changed in 1962 when the British-born Canadian chemist Neil
Bardett was working on the properties of platinum fluorides. Based on the accidental
discovery that platinum (Vi) hexafluoride could combine with oxygen molecules, he
used values for ionization energies 1o predict the formation of a compound between
platnum (vi) hexafluoride and xenon and produced the vellow solid X(‘.’l’lF“ . Since
then chemists have produced a range of xenon conpounds but only with the most
reactive elements oxvgen and fluorine. Examples are XcF,, XeF, and Xc¢F, .



yield calculations arc uscd to assess the efficiency of a chemical synthesis. A
perfectly efficient reaction would convert all of the starting material to the desired
product. This would give a 100% yield.

Few reactions are completely efficient and most reactions, especially organic reactions,
give lower yields. There are several reasons why the overall yield may be low:

e the reaction may be incomplete (perhaps because it is slow or because
it rcaches an equilibrium state) so that a proportion of the starting
chemicals fails to react

e there may be side reactions producing by-products instead of the required
chemical

e rccovery of all the product from the reaction mixture is usually impossible

e some of the product is usually lost during transfer of the chemicals from
one container to another when the product is separated and purified.

The theoretical yield is the mass of product assuming that the reaction goes according
to the chemical equation and the synthesis is 100% efficient.

The actual yield is the mass of product obtained.
The percentage yield is given by this relationship:

actual yield
theoretical yield

percentage vyield = x 100%

Worked example:
What is the theoretical yield of aspirin when 15.5 g 2-hydroxybenzoic acid reacts
with excess ethanoic anhydride? What is the percentage yield if the actual yield of
aspirin is /.25 g?

Notes on the method
Start by writing the equation for the reaction. This need not be the full balanced
equation so long as the equation includes the limiting reactant and the product.

Since the ethanoic anhydride is in excess the limiting reactant is the 2-hydroxy-
benzoic acid. This means that the ethanoic anhydride can be ignored during the
calculation.

Answer
The equation:

CO,H O

CO,H “
—~OH ethanoic /O —C — CH3

anhydride

The molar mass of 2-hydroxybenzoic acid, C,H,O, = 138 gmol-
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The rate of reaction of iodine with propanone i the presence of acid is zero order
with respect to iodine.

Rate = k[propanone]'[hydrogen ion]'[ilodine]
Ziegler-Natta catalysts speed up the polvmerization of alkenes such as ethene
and propene. making it possible to produce addition polymers al refauvely low tem-
peratures and pressures, Zicgler—Natta catalysts are made from titanium (1v) chloride
and alumimum alkyls (such as triethyvl aluminum) in a hvdrocarbon solvent.
There is hitde chain branching in the polymers, so the polv(ethene) chains formed
by this method can pack closely together, forming the high-density form of
poly(ethene). Polv(propene) made with a Ziegler=Natta catalyst has a regular
arrangement of the methyl side chains. The molecular structure is ssotactic. The tong
chains can pack together more closely because of this regularity, altowing stronger
intermolecular forces hetween the chains and a strong polymer with the ability 1o form
useful fibers.
zinc (Zn) 1s a mctallic element; the lastin the d-block series of the fourth row of the
pertodic table. Zine is not normally regarded as a transition metal because both s
atoms, [Ar]3d"4s* and its Zn* ions, [Ar]3d", have fll d-subshells.
Zinc and 1ts compounds show few of the typical propertes of transiton metals. The
metal has lower mehing and boiling pomits than transition clements. Itforms only one
series of compounds in the +2 oxidation state and these compoinds are colorless.
Examples are zine oxide (Zn0O). zine chloride (ZnCl,) and zinc sulfate (ZnS0 ).



zinc blende structure

Zinc oxide and hydroxide are amphoteric, which means that they will dissolve in both
acids and alkalis. Adding sodium hydroxide to a solution of zinc ions produces a
white precipitate of the hydroxide that will redissolve either on adding acid or on
adding excess alkali.

Zn(OH),(s) + 2H' (aq) —> Zn* (aq) + 2H,0(])
Zn(OH),(s) + 20H (aq) —> [Zn(OH) ]*(aq)

Zinc resembles transition elements by forming complex ions such as [Zn (NH,),]*"(aq).
Adding ammonia solution to a solution of zinc ions produces a white precipitate of
the hydroxide that redissolves in excess ammonia solution as the ammine complex
fornis.

/n(OH),(s) + 4NH, (aq) —> [Zn(NH,) 1**(aq) + 20H (aq)

zinc blende structure: the structure of one of the crystalline forms of zinc sulfide
(ZnS), which can also crystallize with the wurtzite structure. In the zinc blende struc-
ture each zinc 1on is surrounded tetr ahedrally by four sulfide ions. Similarly each
sulfide ion has four zinc ions as nearest nelghbom So the coordination rumber for both
elements is 4.
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A representation of the zinc blende structure NP
showing the cubic unit cell with sulfide ions in a &

face-centered cubic arrangement

Other compounds with this structure are BeS, MnS, SiC.

zinc extraction produces the metal from one of its sulfide ores. The most abund-
ant ore 1s sphalerite (zinc blende), consisting of zinc sulfide (ZnS). Froth Sflotation is
commonly used to concentrate the ore. \\hnch 15 then roasted by heating i air to
convert the sulfide to zinc oxide.

2Zn8(s) + 30,(g) —> 2ZnO(s) + 250, (g)

A ncmllb()nno plant converts the sulfur dioxide into sulfuric acid for llldl\Il]U
fertilizers.

Most zinc (around 80%) is obtained from the oxide by electrolysis of zinc sulfate
solution made bv (llssol\mor the zinc oxide in sulfuric acid. The electrolysis cells have
lead anodes and dlllll]ll]lllll cathodes. Zinc forms at the cathodes.

/n*(aq) + 2¢ —> 7Zn(s)

Atregular intervals the zinc is stripped from the anodes, melted and cast into INgots
with metal at least 99.96% pure.

































