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1.1 Atoms

Sixth century BC Thales of Miletos
which all things are made is water.

2

matter is composed of earth, air, w
philosophers (Leucippus, Democritus
divide a piece of matter again and aga
where no further subdivision could tak
was called the atom. About 300 BC, A
argues that matter is based upon the
adds the qualities of coldness, hotne
considerable reputation ensured that h
teaching for many hundreds of years.

In the fifteenth century, new advanc
made from particles in agreement wmade from particles, in agreement w
Boyle taught that matter consists of
composed of atoms of the same type.
in fixed proportions to form comp
proposed the atomic theory of ma
experimental evidence from the
combination. He created a scale atom
were then known. Dalton’s reference
hydrogen, which was assigned an ato
given atomic masses according to h
hydrogen atom.

In 1807, Humphry Davy decompos
metals using electrolysis. In 183
quantitative connection between elect
into elements in electrolysis. Thes
themselves contain electric charge
demonstrated visible “cathode rays
charged electrode (cathode) and tra
(anode) in an evacuated tube.

In 1872, Mendeleev arranged eleme
and discovered that the properties
regular intervals When elements werregular intervals. When elements wer
mass going across from left to right,
down, a periodic table was formed
the time, Mendeleev was able to p
undiscovered elements from gaps in th

proposes that the basic element from
450 BC Empedocles teaches that all
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ater and fire. Around 400 BC, Greek
s, Epicurus) proposed that if one could
ain, eventually a limit would be reached
ke place, this limiting amount of matter
Aristotle rejects the atomistic view and
four basic elements of Empedocles but
ss, dryness and moistness. Aristotle’s
his ideas became embodied in religious

ces in physics suggested that matter was
with the ancient Greek atomists Robertwith the ancient Greek atomists. Robert

different types of elements that were
Different elements could join together
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mic mass for the different elements that
e atom was the lightest element known,
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32, Michael Faraday discovered a
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e observations suggested that atoms

e. Experiments by William Crookes
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ents in increasing order of atomic mass
of certain elements were repeated at
re ordered in columns with the atomicre ordered in columns with the atomic
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he table.



1.2 Bohr Atom
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1.3 Energy Levels

The stationary states or energy levels
electron shells or orbitals, and are

4

corresponding to n = 1. The numbe
number. According to the Bohr mode
n, but experiments show that in multi
of sub-levels (evidenced by fine splitt
L shell n =2 has two sub-shells, 2s an

n = 3

n = 4

n = 

M

N
O

3s(2)
3p(6)
4s(2)
3d(10)
4p(6)

4d(10)
4f(14)

1.51 eV

1.85 eV
0.54 eV

0 eV

n = 1K

Hydrogen 
atom only

At each value of n the angular m
values. The number of values is descr
The allowed values of l are 0, 1, … (

n = 2L
2s(2)

2p(6)

1s(2)13.6 eV

3.39 eV

, , (
letter that indicates the sub-shell:

A third quantum number m des
changes in angle of the angular mo
presence of an electric field. It takes th

A fourth quantum number descr
electron where the spin can be either 

According to the Pauli excl
principle, no electron in any one ato
have the same combination of qu
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s allowed by the Bohr model are called
e labelled K, L, M, N, etc. with K
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er n is called the principal quantum
el, the electron energy only depends on
i-electron atoms, electron shells consist
ting of spectral lines). For example, the
d 2p.

It is convenient to assign the energy at 
infinity as being 0 since as an electron 
moves closer to the nucleus, which is 
positively charged, its potential to do 
work is less and thus the energy levels 
for each shell shown are negative.  In 
hydrogen, a single-electron atom, the 
energies for each shell are given by:

The electron-volt is a unit of energy. 
1 eV = 1.602  1019 J.

momentum can take on several distinct
ribed by the second quantum number l.
n1). Each value of l is indicated by a

2

6.13

n
E  for hydrogen

Sometimes the splitting of principal shells 
into sub-shells results in some overlap 
(e.g. 4s is lower in energy than 3d). 

) y
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thus:

and:



The total energy E of an electron in a
kinetic energies. Expressed in terms o

1.4 Schrödinger Equation
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The wave function gives all the info
in an atom.  is a complex quan
interpreted as a probability density
determine the probability of an elect
and x.

Quantum mechanics is concerned
(i.e. solving the Schrödinger equa
functions such as those inside atoms
time-independent wave equation oc
quantised. The solutions correspond to

Solutions to the Schrödinger equatio
which are a function of both x
phenomena (e.g. the probability of tr
levels in an atom) to be calculated and

an atom is the sum of the potential and
of momentum, p, and mass of electron

5

form 
provide 

he 
article.

of the potential function may depend on 
ion and time. The form of V(x,t) is different 
nt arrangements of atoms (e.g. a single 
tom, an atom in a regular array of a crystal). 

e equation is the wave function . If V
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t equations that can be readily solved.
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t


Schrödinger equation
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t
E
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e 


rmation about the motion of an electron

ntity, the magnitude of which || is
function which in turn can be used to
tron being at some position between x

d with determining the wave function
ation) for particular potential energy
. It is found that valid solutions to the
ccur only when the total energy is
o stationary states.

on can be found for potential functions
and t. This enables time-dependent

ransitions of electrons between energy
d hence the intensity of spectral lines.



1.5 The Infinite Square Well

Consider an electron that is confined
one-dimensional space L/2 and L/2

6

potential energy of the electron is a c
can be conveniently set to zero). This
of an infinite square well potential. T
not usually found around electrons
atom, but does often represent that
electrons in a solid and also in a chem

In the infinite square well potential,
distance x = ±L/2 from the centre pos
by the infinite potential at the walls.
have any value of total energy as it mo

In quantum physics the allowed s
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Energy
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leve
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n
E

2
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In quantum physics, the allowed s
total energy of the electron. That is
whose probability of being in a par
standing wave patterns from the solut
the simple case of zero potential ene
are given by:

2

L
2

L0

1s
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Note also that the kinetic energy o
decreases as the length of the well L
given more room to move, then its to

It can be seen that the energy increa
has a greater kinetic energy if it exis
The minimum allowable energy is
energy (in this case, 0). This is the zer

total energy is kinetic, since the poten
space” is effectively a mechanism for
the system. This is important when th
come near each other during the forma

to be located in
2 and where the

Energy
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constant (which
s is an example
This potential is

in an isolated
experienced by

mical bond.
, the electron cannot move more than a
ition because it is constrained or bound
. In classical physics, the electron can
oves within this space.

2

L
2

L0

space

stationary states indicate the possible

ctron 
rgy 

els

n = 1,2,3,4…, V(x) = 0

stationary states indicate the possible
s, the electron is moving as a particle
rticular position x is described by the
tions to the Schrödinger equation. For
ergy within the well, the energy levels

The electron can move 
anywhere within the confines 

± L, but can only have 
els

of the electron, for a given value of n,
L increases. That is, if the electron is

otal energy is lowered (in this case, the

ases as n increases. That is, the electron
ts in a stationary state with a larger n.
greater than the minimum potential

ro point energy.

kinetic energies allowable by 
the stationary states. 

ntial energy was set to be 0). “Available
providing a reduction in total energy of

he valence electrons of different atoms
ation of chemical bonds.



1.6 The Coulomb Potential

In the infinite square well potentia
inside the well was constant, and in

1. Structure of Matter

3s

This potential 
reflects the fact 
that the electron is 
attracted more strongly by the nucleus

 

2p
2s

1s

0

E
e
le

-r

single-electron atom, a more realisti
are bound by the Coulomb potential.

attracted more strongly by the nucleus
shorter distances r and so the potential
energy is no longer constant – i.e. the 
potential varies with distance from the
nucleus. Mathematically, the Coulomb
potential is:

 
r

Zq
rV

o

e

4

2


where Z is the atom
number, the numb
protons in the nucl

Note that in this potential, the energy
negative as r decreases. That is, ele
have a higher potential energy.

  222

42

24 n

mqZ
E

o

e
n




The total energy levels for an elect
solution to the Schrödinger equation

n = 1,2,

Here, the energy E becomes more ne
electron (Z = 1) , and at n = 1, we obt
Coulomb potential, as drawn abov
movement available to the electron as

When an electron is bound by a po
allowable energies That is, the allowallowable energies. That is, the allow
Above this level, the electron is fre
indicated by the grey band in the figur
energy depends on the principle qu
energy becomes less negative and is th

al, the potential energy of the electron
ndependent of position. In an isolated

7

s at

Electron 
energy 
evels

+r

ic scenario is the case where electrons

By convention, an electron is 
assigned a zero total energy 
when it is at rest, at an infinite 
distance from the nucleus. As the 
negatively charged electron 
moves towards the positively 
charged nucleus (opposite to the 
direction of the electric field), it 
can acquire kinetic energy and/or 
do work and so its electrical 
potential is reduced. That is, the 
potential energy becomess at 

l 

e 
b 

mic 
ber of 
eus.

y (the potential energy) becomes more
ectrons further away from the nucleus

potential energy becomes 
negative.  This is the same 
convention in electric field theory, 
where it is usual to consider a 
positive test charge moving in the 
same direction of the electric field 
– whereupon potential energy is 
reduced. 

tron for this potential are given by the
n with V(r) as above and are expressed:

,3,4…

egative as n decreases, and for a single
tain the total energy E = 13.6 eV. The
e, also reflects the greater range of
r increases.
tential, it is forced into having discrete
wable states E < 0 are bound states

This applies to an isolated single 
electron atom (e.g. hydrogen).  
Compare with Bohr model  1.2.

wable states E < 0 are bound states.
ee and can have any energy. This is
re above. Note that in this potential, the
antum number n. As n increases, the
herefore at a higher potential.



1.7 Covalent Bond
0

Consider a hydrogen atom.
Here we have one electron

8

orbiting the nucleus. In the
ground state, the electron is
in one of the available 1s
energy states.

Hydro

(groun

When a hydrogen atom comes into
we might be tempted to draw the ener
0

Atom #1

But this would be
incorrect. What 
happens is that the electron in atom #
nucleus of atom #1 and vice versa.
attracted to both electrons. The nucleu
two electrons. Therefore, the two n
together. The co-sharing of these
attraction of the two atoms is called a

0

Nucleus for 
atom #1

13.6 

0

Atom #1

When this attraction occurs, the si
extent that the electrons are complete
electrons (by the Pauli exclusion prin

0.0

electrons (by the Pauli exclusion prin
Since this is energetically favourable
then hydrogen naturally forms the m
formed, energy is released (heat). To
energy –(18.08–13.6 ) = –4.48 eV has

3s
2p t i
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3s

2p
2s

1s

atomic 
energy 
levelsgen  atom

nd state)

proximity with another hydrogen atom,
gy levels like this:

2p
2s

13.6 eV

1s
Atom #2

#2 is attracted by the positively charged
Overall, the nucleus from atom #1 is

us from atom #2 is attracted to the same
nuclei behave as if they were bonded
valence electrons and the resulting
covalent bond.

Nucleus for 
atom #2

eV

3s
2p

2s

1s

Molecular
energy 
levels

Atom #2

ides of the “well” are reduced so the
ely shared between the two atoms. The
nciple) have to have different spins .

74 nm

18.08 eV

nciple) have to have different spins .
e (electrons have more space to move),
molecule H2. When a covalent bond is

break the bond and separate the atoms,
s to be supplied.



1.8 Ionisation Energy

In order for an electron to make a tr
state in an atom, it must absorb en

1. Structure of Matter

sufficient energy, by heat, etc). The e
(highest potential energy) electron in
to infinity is called the first ionisati
units of eV. The resulting positively ch

The energy required to move the ne
outermost bound electron from
ground state to infinity is called t
second ionisation energy, and so on.

Ehf Bound electron
Incoming phot

3s(1)

0

2p(6)

2s(2)

1s(2)

Sodium atom
Na

The incoming photon must ha
sufficient energy (in this examp
> 5 1 eV for Na) to lift the electron> 5.1 eV for Na) to lift the electron
infinity distance from the nucleus f
the atom to be ionised. If it does no
and if the incoming photon h
sufficient energy to lift the electron to
higher energy level, then the atom m
become “excited” rather th
“ionised”. If the incoming photon h
insufficient energy to excite or ioni
an atom, then it will just pass throug
or be scattered by the atom.

ansition from a lower state to a higher
nergy (via collision with a photon of

9

energy required to move the outermost
an isolated atom from its ground state

on energy and is usually expressed in
harged atom is called an ion.

ext
its

the

Sometimes ionisation energies are 
expressed as kJ per mole. Since 1 
eV is 1.602  10-19J, then 1 eV per 
atom is 96.49 kJ per mole.

Free electron

ton

0

3s(1)

2p(6)

2s(2)

1s(2)

Sodium ion
Na+

ave
le,
to

Important: We cannot just assign 
energies to these levels by 
calculation like we did with the 
h d t Th ito

for
ot,

has
o a

may
han
has
ise
gh

hydrogen atom. The energies 
associated with each level in a multi-
electron atom depend on the size of 
the atom, the atomic number, the 
degree of screening of outer 
electrons by the inner electrons, 
whether or not the atom is bonded 
with another, or exists in the 
gaseous phase, and most 
importantly, whether the level is filled 
or not. The ionisation energies are 
usually measured experimentally.  
The formula worked OK for 
hydrogen because we were dealinghydrogen because we were dealing 
with just a single electron. 



Chlorine atom

Consider a neutral chlorine atom. The

1.9 Electron Affinity

10

0

Nucle
chlor
atom

One vacant 
state in the 3p
valence shell.  
Lower states 
all full with 
electrons.

2p
2s

1s(2)

Chlorine atom

What happens when a free electronpp
atom? The electron may occupy a vac
atom with a full outer energy shell. T
and is called a noble gas configurat
infinity into the 3p shell, its potenti
show that 3.7 eV is released (perhap
is called the electron affinity of the at

0

3.7 eV

The electron affinity is the energy re
infinity into a neutral atom. Like
experimentally (although usually ind

Nucle
chlor

3p valence 
shell now full.  
Lower states 
all full with 
electrons.

2p
2s

1s(2)

y g y
overcome the repulsion of the electr
elements like Cl, the attainment of a
payoff.

m

e first ionisation energy for Cl is 13 eV.
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3p(5)

eus for 
rine 

m

3s(2)

p(2)

(2)

)

m

n comes into contact with the neutral
cancy in the 3p level, thus endowing the
This condition is energetically desirable
tion. When the electron is bought from
al energy is lowered and experiments
ps as heat). This energy that is released
tom.

3p(5)

Incoming electron

leased when an electron is bought from
e ionisation energy, it is measured
directly). The incoming electron has to

eus for 
rine atom

3s(2)

p(2)

(2)

)

Chlorine ion

3p(5)

y g
rons already there, but, in the case of
noble gas configuration is a sufficient



1.10 Ionic Bond

Ionic bonds usually form between
electrons. Consider the reaction betw

1. Structure of Matter

0

3s(1)

One valence 
electron in the 
3s state.  
Lower states 
all full with 
electrons.

2p(6)

2s(2)

1s(2)

Sodium

The ionisation energy for Na is +5.1
eV. Thus, if the lone electron in the 3
barrier (–5.1 – –3.7 = –1.4 eV), then t
Cl– chlorine ion, leaving each with a n
(Coulomb) attraction is called an ionic

0

3s(1)

2p(6)

Sodium ion +
+

Co
attr

2s(2)

3s electron 
transferred to 
Cl atom. 
Lower states 
all full with 
electrons.

1s(2)

When the ions are formed, the att
move towards each other and the el
The ions reach an equilibrium dis
attraction of their overall charge and tattraction of their overall charge and t
charged nuclei. Experiments show th
energy is lower than the –1.4 eV barr
two atoms is energetically favourable
state of minimum energy).

elements that have unpaired valence
een sodium and chlorine.
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3p(5)

2p(2)

0

3s(2)

One vacant 
state in the 3p
valence shell.  
Lower states 
all full with 
electrons.

2s(2)

1s(2)

Chlorine

eV. The electron affinity for Cl is –3.7
s band in Na can climb over the energy
this will create an Na+ sodium ion and a
net charge qe. The resulting electrostatic
c bond.

0

3s(2)

2p(2)

Chlorine ion –

3p(5)

–

oulomb 
raction

2s(2)

Vacant state 
filled by 
electron from 
Na atom. 
Lower states 
all full with 
electrons.

1s(2)

traction between them causes them to
ectrical potential between them drops.
tance determined by the electrostatic
the repulsion offered by their positivelythe repulsion offered by their positively
hat the bond energy is –5.5 eV. This
rier and so an ionic bond between these
e (since atomic systems tend settle to a



1.11 Electronegativity

It is energetically favourable for an
energy shells (noble gas configurat

12

energy shells (noble gas configurat
achieve this configuration because
valence electrons are easily removed
on the other hand, may have only a fe
prefer to gain electrons to attain a nob
When two atoms come together to for
atom to gain, or pull, an electron fro
ionisation energies and the electron af
property that includes these t
electronegativity of the element.

Here’s how it works in simplifie
bi t f HCl b th f ticombine to form HCl by the formatio

is shared between the H atom and th
The ionisation energy for H is 13.6
affinity of H is 0.75 eV and for Cl
transferred from Cl to H, a net energy
For an electron to be transferred from
9.9 eV is required. Thus, in this
biased towards being over near the C
to transfer the electron from H to C
sharing makes the bond polar (since
charge). Although we call the bon

Two atoms with very
different electronegativities are

An e
elect
( l

character as well. In general, there is
covalent depending on the nature of th

The electronegativity describes th
combines with another atom, to beco
capturing a shared electron or electro
means, but at its simplest, depends
electron affinity of the atom. Electron
Fl on the right-hand side of the perio
the left-hand side of the periodic table

different electronegativities are
expected to form ionic bonds.
Atoms with much the same
electronegativities are expected
to form covalent bonds.

(elec
expe
chlor
(with
expe

atom to have completely filled outer
tion) Metals tend to lose electrons to
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tion). Metals tend to lose electrons to
their few loosely bound outer shell

d (low ionisation energy). Non-metals,
ew vacancies in their outer shells and so
ble gas configuration.
rm a chemical bond, the ability for one

om the other atom depends on both the
ffinities of the two atoms. A combined
two characteristics is called the

d terms. Hydrogen and chlorine can
f l t b d A l t ion of a covalent bond. An electron pair

he Cl atom. But is this sharing equal?
eV, and for Cl is 13 eV. The electron
is 3.7 eV. Thus, for an electron to be
y of 13  0.75 = 12.25 eV is required.
m H to Cl, a net energy of 13.6  3.7 =

covalent bond, the shared electron is
Cl atom because less energy is required
Cl compared to Cl to H. This unequal
one end, the Cl end, has a net negative

nd “covalent” it does have an ionic

example is when an Na atom (with 
tronegativity 0.9) meets a Cl atom 

i i 3 0) Th b d b h i

a gradation of bond types from ionic to
he atoms.
e relative ability for an atom, when it

ome “more negative” by more strongly
on pair. It is measured by a variety of
on both the ionisation energy and the

negativities (no units) range from 4 (for
dic table) down to <1 (for elements on

e).

ctronegativity 3.0). The bond between them is 
ected to be predominantly ionic, with the 
rine atom becoming more negative. When H 

h electronegativity 2.1) meets a Cl, the bond is 
ected to be predominantly covalent. 



1.12 Metallic Bond

Consider what happens when we ha
might be first tempted to draw the pot

1. Structure of Matter

This does not
happen in a solid.
In a solid the 
electrons in atom 
#1 are attracted to 
both its own nucleus 
and also to some extent
by the nucleus of atom #2. For examp
of atom #1 is also captured to some
d h P li l i i i l

0

Nucleus fo
atom #1

The solution to
the Schrödinger 
equation predicts 
splitting of energy 
levels into two sub-

due to the Pauli exclusion principle
than two electrons in the same energy
#1 as seen by atom #2 are no longer p
because there are already two electron

0

levels. Thus, all the 
electrons (say at the 1s level) for the  p
coexist by shifting their energies a  litt
that their wave functions do not  coinc
exclusion principle is satisfied. Wh
splitting of many levels into fine grad
the energy barrier between the atoms
carry across to meet those of neigh
bands become free to migrate from at
they were in a potential well. Becau
these electrons (compared to if they wthese electrons (compared to if they w
their kinetic energy is lower (see S
equates to stability – that is, the free e
energy of the system and so act to hol
a metallic bond.

ave two Li atoms close together. We
entials as:

13

ple, the 1s electron orbiting the nucleus
extent by the nucleus of atom #2. But,

f h h

2p

2s

1s

3s

or Nucleus for 
atom #2

atomic 
energy 
levels

e, for each atom, we cannot have more
level (i.e. the two 1s electrons for atom
ermitted to have energies at the 1s level

ns from its own atom at that level).

2p

2s

1s

3s

These electrons are 
still attached to their 

t l b t

pair of atoms can
tle up and down so 
cide and so the 
hen there are many atoms present, the
ations creates a band of energies and if
s is low enough for the upper bands to
hbouring atoms, the electrons in these
tom to atom. The electrons behave as if
use of the large range of movement of

were still attached to their parent nuclei),

parent nucleus but 
the presence of the 
neighbour electrons 
causes their energy 
levels to shift. 

were still attached to their parent nuclei),
ection 1.5) and a lowering of energy

electrons in the valence band reduce the
ld the two atoms together. This is called



1.13 Electronic Structure of S

In a solid, the interacting potentials
spaced atoms causes atomic energy le
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sub-levels. The energy difference betw
molecular level is considered to be vir

2p

2s
energy

In the diagram here, the broadening of th
such that electrons in this band are no lo
to a particular atom. These electrons are 
shared between all the atomic nuclei pres

1s
energy 
bands

If the highest energy band that con
valence band) in a solid is not com
band can easily move around from
movement can be readily obtained by
Such solids are thermal and electrical

If the valence band in a solid is full
positioned some distance away in
electrons within the topmost band can

h hi h b d S hto the next highest band. Such m
insulators.

If the next highest available band is
band, then even at room temperature,
given to some electrons to be promo
becomes conducting and is a semi
conducting electrons is called the c
valence band is the conduction band
band (at 0K) is separated from the
energy gap.

Atoms in a solid generally form molg y
in a regular pattern (crystalline so
themselves in an orderly way (amo
atoms are pushed and pulled arou
interaction electron potentials reach a

Solids

of many millions of relatively closely
evels to split into a very large number of
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ween each sub-level is so fine that each
rtually a continuous band of energies.

he 2p level is 
nger local 
effectively 

sent. 

The spaces or energy 
gaps between bands 

Electrons in these 
bands are constrained 
by the potential well 
and are still bound to 
individual nuclei. 

gaps be ee ba ds
are forbidden states 
where no electrons 
can exist. 

ntains electrons in the ground state (the
mpletely full, then electrons within that

state to state within the band. Such
y applying an electric field to the solid.
conductors.

l, and the next highest available band is
terms of its energy levels, then the

nnot easily move from place to place or
i l h l d l i lmaterials are thermal and electrical

positioned fairly closely to the valence
there may be sufficient thermal energy

oted to this higher level. The material
iconductor. The band containing the
conduction band. In a conductor, the
d. In a semiconductor, the conduction

valence band (defined at 0K) by an

lecules which either arrange themselvesg
lids) or the molecules do not repeat

orphous solids). When a solid forms,
und and settle into place when the
minimum level.



2 Chemical Compo

2. Elements and Molecules

2. Chemical Compo

Summary Mass num
number of
neutrons i

Atomic number

XA
Z

Avogadro’s number: 6.022  1

Atoms that lose or gain electro

One atomic mass unit (amu) is 
12 atom. 1 amu =  1.6602  10

Atomic number
protons in the n

• Cations (+)  (electrons lost

• Anions () (electrons gain

Stoichiometry is the process of
atoms, molecules and compoun

A molecule is the smallest coll
electrically neutral and can exi
unit. 

The molecular weight  of a sub
atomic weights of its constituen

Anions ( )   (electrons gain

nents
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nents

mber – total 
f protons and 
in the nucleus

r number of

Chemical 
symbol

X

023 = 1 mole.

ns are called ions:

1/12th the mass of a carbon 
-27 kg.

r – number of 
nucleus

t)

ned)

f accounting for the masses of 
nds in chemical reactions.

ection of atoms that is 
st as a separate identifiable 

bstance is the sum of the 
nts.

ned)



2.1 Matter
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Elements: cannot be reduced to sim
chemical reactions. (Examples are

Mixtures: can be separated into c
Mixtures are a product of mechanica
alloys, suspensions, dispersions and
uniform composition and appearance
molecular length scale while hete

elements are substances which have
certain number of protons on the nuc
known, with about 95% of these oc
created synthetically by nuclear proce

Elements can be broadly divided int

Compounds: combinations of two or
where the composition of the compou
have a chemical structure, the atoms
Compounds keep their chemical iden
only be reduced to their constitut
(Examples are water, salt, sulphuric ac

g
distinct regions. (Examples are fruit ca
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mpler units by physical processes or
e oxygen, iron, carbon.) Generally,

constituent parts by physical means.
al or physical processes, such as metal
colloids. Homogenous mixtures have

e (examples are air, salty water) over a
erogeneous mixtures have physically

e only one kind of atom (as having a
leus). There are just over 100 elements
curring naturally, the remainder being

esses.

o non-metals, semi-metals and metals.

r more elements in definite proportions
und is uniform throughout. Compounds
being held in place by chemical bonds.
ntity when altered physically, and can
tive elements by chemical reactions.
cid.)

g p y y
ake, concrete, fruit juice with pulp.)



2.2 Atomic Weight

Except in the case of nuclear transfor
being much like the Bohr atom. A

2. Chemical Components

number, a chemical symbol, and the

T
to
a
(i
a
m
o

Mass number – total 
number of protons and 
neutrons in the nucleus

Atomic number - number of 
protons in the nucleus

Chemical 
symbol

XA
Z

Since the mass of an electron me is
atom is contributed by the protons an
neutrons have very nearly the same m
atom is given by Z – A. However, it
the same element with atomic numb
because of having a different number
of atom A of an element is called a nu

By international agreement, one
mass unit (amu) is 1/12th the mass o
carbon 12 atom. The atomic we
relative atomic mass) of an eleme
ratio of the average mass per atom
element to 1/12 of the mass of an atom

Note: The atomic weight of an element is n
from adding the masses of protons, neutron
electrons. When an atom is formed, some o
is used as nuclear binding energy via the E
relationship E = mc2.

In chemistry, much of the arithme
atomic weights for the atoms that take
chemical reactions is due to the num
valence electrons in the atoms rather
word that means “power” and in
arrangement of valence electrons tha
form chemical bonds with other atom

rmations, we can usually treat atoms as
Atoms are characterised by an atomic
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mass number.
me = 9.1096  10-31 kg

mp = 1.6726  10-27 kg

mN = 1.6749  10-27 kg

The mass number is approximately equal 
o the atomic weight of the element. The 
atomic weight of an element is the mass 
n relative terms) of an “average” atom of 

an element. The more precise term atomic 
mass is used to denote the absolute mass 
of a particular atom (in kg). 

s very small nearly all of the mass of an
nd neutrons in the nucleus. Protons and
mass, so the number of neutrons in an
t is found in nature that many atoms of
ber Z have different mass numbers A
r of neutrons in the nucleus. Each type
uclide, or isotope.

The carbon 12 isotope has 
6 protons and 6 neutrons in 
the nucleus. The carbon 13
atom has 6 protons and 7 

e atomic
of a single
eight (or

p ( g)

neutrons in the nucleus. 
Both isotopes have 6 
electrons. Experiments show 
that carbon in nature 
consists of 1.11% 13C and 
98.89% 12C. The atomic 
weight of carbon is 
determined to be 12.011.

g (
ent is the
m of the
m of 12C.

not found 
ns and 
of the mass 

Einstein

etic of chemical reactions involves the
e part. However, the actual nature of the

mber and arrangement of the outer-shell
r than the heavy nuclei. “Valence” is a

some sense, it is the number and
at give an atom “combining power” to

ms.



2.3 Ions

Atoms that lose or gain electrons are
more electrons, it is called a cation
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electrons, it is called an anion.

Examples of ions:

Atom Z (atomic 
number)

No. electron
gained or los

H 1 -1

Na 11 -1

Ca 20 -2

F 9 +1

S 16 +2

When an ion is formed, the atomWhen an ion is formed, the atom
formula of the ion signifies the ne
electrons, especially unpaired outer s
removal, absorption of ionising ra
another type of atom which has a stron

Metallic elements tend to lose one
with other elements and so form catio
electrons to form anions. When nam
more metallic element first. In binar
cation first followed by the non-me
covalent compounds, the more metalli

Sodium chlorid
Carbon monox
Carbon dioxide
Nitrogen oxide

called ions. When an atom loses one or
n. When an atom gains one or more

The Chemistry Companion

ns 
st

No. electrons 
remaining

Formula of 
ion

0 H

10 Na

18 Ca2

10 F

18 S2

is no longer electrically neutral Theis no longer electrically neutral. The
et electronic charge. Atoms may lose
shell or valence electrons, by physical
diation, the electron being taken by
nger attraction for it, and so on.

or more electrons when they combine
ons. Non-metallic elements tend to gain

ming compounds, it is usual to list the
ry ionic compounds, we list the metal
etal anion with an “ide” suffix. For
ic element is listed first.

de
xide
e Where there is more than one 

possible compound, prefixes are 
used to distinguish them. 



2.4 Molecules

Most elements bond with others to
smallest collection of atoms, that is

2. Chemical Components

separate identifiable unit. The concep
1811, who, on the basis of observat
proposed that atoms combine to form
temperature and pressure, equal volum
contain the same number of molecules
Avogadro’s law provides the 
justification for a method of 
determining relative molecular weight

H2O
A wate
atoms

A molecule is most conveniently
formula.

atoms

In some cases, such as in a crystalline 
appropriate because the atoms which m
a regular repeating pattern. In this case

NaCl A sod
numbe
arrangThe molecular weight (or 

relative molar mass, or relative mole
the sum of the atomic weights of its co

If we had a certain mass of a
element (or a molecule), say 12 gram
of 12C ho man atoms o ld this beof 12C, how many atoms would this be
This number is called Avogadro
number NA and has the valu
6.0220943  1023. NA is found b
experimental methods.

12 g of 12C = 6.0220943  10
atoms; therefore the mass of one 12

atom is:

kg10991

kg
1002.6

012.0
mass

23

23






kg1099.1 
It is convenient when working with

reactions to round down Avogadro’s n

o form molecules. A molecule is the
electrically neutral, and can exist as a
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pt was first proposed by Avogadro in
tions made by Dalton and Gay-Lussac
molecules, and at the same

mes of all gases 
s. 

ts

er molecule consists of two H 
s and one O atom

described in terms of a molecular

because there was now a way to 
obtain equal numbers of different  
molecules by using different gases 
all at the same temperature, 
pressure and volume.

s and one O atom. 

solid, the concept of a molecule is not 
make up the substance are arranged in 
e, we speak of the empirical formula.
ium chloride crystal consists of equal 
ers of sodium and chlorine atoms 
ged in a regular array or crystal lattice. 

ecular mass) Mr of a substance is 
onstituents. 

By international agreement, one 
atomic mass unit (amu) is 1/12th 
the mass of a carbon 12 atom

an
ms
e? the mass of a carbon 12 atom.e?
’s
ue
by “But!”, you might say, “How can 

you have 6.022... atoms if atoms 
are indivisible? Shouldn’t this be a 
whole number?” Look at the 1023. 
If you write Avogadro’s number 
out in full, it is a whole number.  

023

2C

quantities usually involved in chemical
number to 6.02  1023.



2.5 Mole

Chemical reactions usually involve lar
is convenient to have a unit of measur

20

or kilograms, etc) of bulk chemicals
definition, this unit of measure is c
number of atoms or molecules.

12 grams of 12C contains 6.02  1023 at

18 grams of H2O also contains 6.02  1

The word “mole” is a shorthand w
That is, it is easier to say “Consider o
“Consider one Avogadro’s number o
1023 of sodium atoms”. To find out the
atoms, we simply look up the
atomic weight. 
To find out the mass in grams of a 
mole of some molecules, we simply 
use the molecular weight. 

Moles, why bother? It’s convenient.
the “anythings”. When we are talkin
that one mole has a mass equal to th
molecule because that’s the way Av
the link between the relative atomic m

• One atomic mass unit (amu) is 1
international agreement. 1 amu is

• The atomic weight (or relative a
of the average mass per atom of
atom of 12C.

• The total sum of the atomic we
called the molecular weight or r

• The molecular/atomic weight exp
molecules/atoms. This is Avogadr

Units of chemical accounting:

• The molar mass M of an elemen
expressed in g/mol. The molar m
atomic weights of the constituent

rge numbers of atoms and molecules. It
re that relates weight (i.e. mass in grams

The Chemistry Companion

s with atomic or molecular weight. By
called a mole, and it is the Avogadro

toms and is called 1 mole of 12C

023 molecules and is called 1 mole of H2O

way of saying “Avogadro’s number”.
one mole of sodium atoms” rather than
of sodium atoms” or “Consider 6.02 
e mass in grams of a mole of some

because the atomic weight (in 
amu) is expressed relative to 
the 12C atom, and thanks to 
Avogadro, we know that 12 g of 
12C has NA atoms.

One mole of anything is 6.02  1023 of
ng about atoms or molecules, we know
he atomic weight of the element, or the
vogadro’s number was determined. It’s
mass and the actual mass in grams.

/12th the mass of a carbon 12 atom by
1.66020943  10-27 kg.

atomic mass) of an element is the ratio
the element to 1/12 of the mass of an

eights for a molecule of substance is
elative molar mass Mr.

pressed in grams contains one mole of
ro’s number 6.0220943  1023.

nt is the atomic weight of the element
mass of a compound is the sum of the
elements expressed in g/mol.



2.6 Compounds

Compounds consist of two or more d
combined in a definite fixed ratio (as

2. Chemical Components

any proportions of ingredients).
compounds:

Molecular compounds are compos
bonds in fixed proportion and are ele
the water molecule H2O is a mole
formula shows the proportions of the

Name Molecular formu

Methane CH4

Carbon dioxide CO2

Ammonia NH3Ammonia NH3

Acetylene C2H2

Ethylene C2H4

Ethane C2H6

Water H2O

Benzene C6H6

Ethanol C2H5OH

Naphthalene C10H8

Aspirin C9H8O4

Ionic compounds are composed of
atoms, of opposite sign that are held t
compound is formed from the joining
to be a complex ion (or a polyatomic
the positive charge in the compound i
charge is the anion. The ionic formul
The ionic formula is electrically neutr

Name Ions formed F

Magnesium chloride Mg2+ Cl- M

Silver sulphate Ag+  SO4
2- A

Ammonium sulphate NH4
+  SO4

2- (

Chromium (III) hydroxide Cr3+  OH- C

Sodium chloride Na+  Cl- N

different elements which are chemically
distinct from mixtures, which can have

21

There are generally two types of

sed of atoms held together by chemical
ectrically neutral overall. For example,
ecular compound and the molecular
atomic species within it.

There is a distinction to be 
made between the molecular 
formula and the empirical 
formula of a compound The

ula

formula of a compound. The 
empirical formula gives the ratio 
of component atoms in the 
lowest possible numerical 
terms. The empirical formula 
shows the ratio of component 
atoms as found to exist in 
practice. In many cases, the 
formulae are the same, but this 
cannot be always assumed. For 
example, the empirical formula 
for benzene is CH but the 
molecular formula is C6H6. 

f charged atoms, or a charged group of
together by ionic bonds. When an ionic
g of a charged group of atoms, it is said
c ion, or a molecular ion). The ion with
is the cation. The ion with the negative
la gives the ratio of anions and cations.
ral overall.

Formula

MgCl2

Ag2SO4

NH4)2SO4

Cr(OH)3

NaCl



2.7 Cations

+1 
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Name Formula

Hydrogen H+

Lithium Li+

Sodium Na+

Potassium K+

Rubidium Rb+

Caesium Cs+

Silver Ag+

Copper Cu+

In 
Mercury (I) Hg2

2+

Ammonium NH4
+

Name Formula

Beryllium Be2+

Magnesium Mg2+

Calcium Ca2+

Strontium Sr2+

B i B 2+

+2

ch
it i
the
me
fol
no
sec
is g
(e.

Barium Ba2+

Lead Pb2+

Zinc Zn2+

Cadmium Cd2+

Nickel Ni2+

Manganese Mn2+

Tin (II) Sn2+

Iron (II) Fe2+

Mercury (II) Hg2+

Cobalt (II) Co2+Cobalt (II) Co2+

Chromium (II) Cr2+

Copper (II) Cu2+

+3 , +4

The Chemistry Companion

Name Formula

Aluminium Al3+

Bismuth Bi3+

Iron (III) Fe3+

Cobalt (III) Co3+

Chromium (III) Cr3+

Tin (IV) Sn4+

the naming of 
Prefixes

1 – mono

2 – di

3 – tri

4 – tetra

5 – penta

6 – hexa

g
emical compounds, 
is customary to write 
e name of the most 
etallic element first, 
llowed by the more 
n-metallic one. The 
cond element or ion 
given the ide suffix 
g. sodium chloride).



2.8 Anions

1 

2. Chemical Components

Name Formula

Fluoride F-

Chloride Cl-

Bromide Br-

Iodide I-

Hydroxide OH-

Nitrite NO2
-

Nitrate NO3
-

Chlorate ClO3
-

Fo
of 
nu
no

Perchlorate ClO4
-

Cyanide CN-

Permanganate MnO4
-

Thiocyanate NCS-

Bicarbonate HCO3
-

Bisulphate HSO4
-

Dihydrogen phosphate H2PO4
-

Acetate CH3CO2
-

2

no

S

id

it

a

In 
the
dis
oth
iro

Name Formula

Oxide O2-

Peroxide O2
2-

Sulphide S2-

Sulphate SO4
2-

Sulphite SO3
2-

Thiosulphate S2O3
2-

Carbonate CO3
2-

Oxalate C2O4
2-

iro
chl

Chromate CrO4
2-

Dichromate Cr2O7
2-

Monohydrogen 
phosphate

HPO4
2-

3 , 4
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Name Formula

Nitride N3-

Phosphate PO4
3-

Hexacyanoferrate (III) Fe(CN)6
3-

Hexacyanoferrate (II) Fe(CN)6
4-

or polyatomic anions, the assignment 
a suffix depends on the oxidation 

umber (see Section 4.8) of the central 
n-metal atomn-metal atom. 

Suffixes

de

e ous

te ic

some cases, the oxidation number of 
e metal is stated in roman numerals to 
stinguish compounds which would 
herwise have the same name (e.g. 
on (II) chloride and iron (III)on (II) chloride and iron (III) 
loride).



2.9 Chemical Equation

When atoms or molecules (the rea
molecules to form compounds (the pr

24

take place. Chemical reactions inv
chemical bonds.

ProduReactants 

Often one can tell if a chemical rea
products that are considerably differ
Examples are the formation of a pr
colour, production of heat and so o
spontaneously other times they have

ReactProducts 

Chemical equations are written
number of atoms or molecules is writ

22 CO2OCO2 
This equation says that two molecul
molecule of oxygen to product two m
balanced equation, because the numb
number of atoms in each product. Th
left-hand side and two carbon atoms o
atoms on the left side and two on th

spontaneously, other times they have
energy or the lowering of energy barri

Usually, reactions proceed until ther
chemical equilibrium occurs when
becomes equal to the rate of the revers

ProduReactants 

atoms on the left side and two on th
moles of carbon monoxide combine
moles of carbon dioxide. Since the m
is the atomic or molecular weight exp
balanced in terms of both number of
equation. The net electric charge mu
equation.

ProduReactants 

By rate, we mean the rate of formation

ctants) combine with other atoms or
roducts), a chemical reaction is said to

The Chemistry Companion

volve the breaking and formation of

ucts This is the 
forward reaction

This is the 
reverse reaction

action has occurred by observation of
rent in appearance than the reactants.

recipitate, evolution of gas, change of
on. Often, chemical reactions proceed
to be forced to proceed by the input of

tants

using chemical formulae where the
tten before the formula:

2

es of carbon monoxide react with one
molecules of carbon dioxide. This is a
ber of atoms in each reactant equals the
at is, we have two carbon atoms on the
on the right-hand side, and two oxygen

he right side We can also say that two

to be forced to proceed by the input of
iers.

re is chemical equilibrium. Dynamic
the rate of the forward reaction

se reaction:

ucts
Dynamic 

ilib i

he right side. We can also say that two
with one mole of oxygen to form two

mass of a mole of an atom or a molecule
pressed in grams, a balanced equation is
f atoms and mass on both sides of the
st also be the same on both sides of the

ucts equilibrium

n of products in units of mol/s.



2.10 Stoichiometry

Stoichiometry is the process of a
molecules and compounds in chemic

2. Chemical Components

such accounting is the arrangemen
equations. Stoichiometric calculations

1. Write a balanced equation for t

2. Convert known masses of reac

3. Calculate the number of moles
whose masses are unknown. 

4. Calculate the masses of the unk

Balancing an equation involves bot
charge. This is particularly importan
spectator ions may be present and d
examples of unbalanced equation
corresponding net ionic equations are

 
)(aqCl2)(aqPb

KCl(aq))(aqNOPb
2

23






 
  2H)(sOHNi

)(aqHNO)(sOHNi

2

32






Practical difficulties can arise whe
reactants and products. For exampl
excess (more present than combine w
one reaction may take place at the sam
series of intermediate steps. Products
the equilibrium state of the reaction. T
mixing of the reactants and so there is

2
3

33

2H2HCO

N)(aqHNO)(aqNaCO






accounting for the masses of atoms,
cal reactions. The basic component of

25

nt of chemical formulae in chemical
s are performed in a logical sequence:

the reaction.

ctants and/or products into moles.

s of the reactants and/or products 

known reactants and/or products.

th a balance of atoms and also electric
nt in the case of ionic equations where
do not take part in the reaction. Some
ns (with spectator ions) and the
e:

)(sPbCl

NOK)(sPbCl

2

3
2



 

O2HNi

OH)(aqNiNO

2
2

23






en attempting to determine masses of
e, some reactants may be present in

with one or other reactants). More than
me time, or a reaction may proceed in a
s (such as gases) may escape and alter
The nature of the reactants may prevent
s incomplete yield of product.

22

223

COOH

COOH)(aqNaNO







2.11 Example

Acetylene gas is used together with ox
prepared from a reaction of calcium ca

26

22 COHCaC 

Balance this equation and determine t
from the reaction of 130 g CaC2 and 

22 COH2CaC 

2

40

13CaC2







.5
2

1

10OH

.2

2








But according to the balanced equatio
H2O are required. Therefore, 2(2.03) 
the mass of C2H2 formed would be:

.2HC 22 

52

2
03.2





xygen in an “oxy” welding set. It is 
arbide and water:

The Chemistry Companion

  222 HCOHCa 

the mass of acetylene that is produced 
100 g water. 

  222 HCOHCa 

Unbalanced eqn. 

Balanced eqn. 

 
moles03

1221.0

130

g 30



moles 56.
16

100

g 00

moles03.



on, for each mole of CaC2, two moles of 
= 4.06 moles of H2O required, and so 

moles 03.

   
g 8.2

1212 
m



3 The Periodic Tabl

3. Periodic Table

3. The Periodic Tabl

Summary
Atomic radius decreases

ad
iu

s 
in

cr
ea

se
s

A
to

m
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Ionisation energy increases

o
n 

en
er

g
y 

de
cr

ea
se

s
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sa
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Electronegativity increases

E
le

ct
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ne
g
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E

e
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e













2

2
2

ee

o

Zqm

h
nr




Bohr radius

He  1s2 

Ne  He2s22p6

Ar  Ne3s23p6

Kr Ar3d104s24p6

Xe Kr4d105s25p6

Rn Xe5d106s26p6

Noble gases

Rn Xe5d 6s 6p



3.1 Electron Configuration

In a multi-electron atom, the elec
Coulomb potential of the form 1/r

28

screening effect of inner-shell electr
multi-electron atom, the potential in w
its energy) depends on not only n (a
the second quantum number l. The ar
ground state can be complicated, but

1. Electrons occupy the lower ene
higher levels. 

2. Electrons at a particular energy
(Pauli exclusion principle).

3. Electrons tend to occupy an ene
pairing up (Hund’s rule)pairing up (Hund s rule).

Hydrogen 1s1

Helium 1s2

Lithium 1s22s1

Beryllium 1s22s2

Boron 1s22s22p1

Carbon 1s22s22p2

Nitrogen 1s22s22p3

Oxygen 1s22s22p4

Fluorine 1s22s22p5

E
s
o

Examples of
configuratio
in order of in

Wp

Neon 1s22s22p6

Sodium 1s22s22p63s1

Magnesium 1s22s22p63s2

Aluminium 1s22s22p63s23p1

Silicon 1s22s22p63s23p2

Phosphorus 1s22s22p63s23p3

Sulphur 1s22s22p63s23p4

Chlorine 1s22s22p63s23p5

Argon 1s22s22p63s23p6

W
e
n
a
p
lo
u
s

Potassium 1s22s22p63s23p64s1

Calcium 1s22s22p63s23p64s2

Scandium 1s22s22p63s23p63d14s2

ctrons do not find themselves in a
as in the hydrogen atom due to the
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rons on the outer-shell electrons. In a
which an electron finds itself (and hence
s in the single-electron atom), but also
rrangement of electrons in atoms in the
follows certain rules:

ergy levels first, before occupying 

y level have opposite spin  

ergy level as single electrons before 

1s 2s 2p

    

Electrons spread out to occupy unfilled sub-
shells before pairing up.  For example, in 
oxygen, the arrangement of electrons is:

f the ground-state electron 
n of the first few elements arranged 
ncreasing atomic number Z 

When we write the electron configuration ofWhen we write the electron configuration of 
elements, we keep the principal quantum 
numbers together  even if they are not 
arranged in energy order. For example, in 
potassium, the 4s sub-shell actually has a 
ower energy than the 3d sub-shell, but we 
usually write the 3d along with the 3s and 3p
sub-shells. 

Note 4s has lower energy than 3d in K.

Note 4s has lower energy than 3d in Ca.

Keep sub-shells together even if no longer 
in increasing energy order.



3.2 Periodic Law

In the nineteenth century, it was not
order of increasing atomic weight, ce

3. Periodic Table

to occur at periodic intervals. This is
that periodicity occurs when the elem
number Z. Consider the first few elem

1 Hydrogen 1s1

2 Helium 1s2

3 Lithium 1s22s1

4 Beryllium 1s22s2

5 Boron 1s22s22

6 Carbon 1s22s22

i 1 22 22

Another 
example of 
periodicity. 
Lithium is a 
highly reactive 

t l d 7 Nitrogen 1s22s22

8 Oxygen 1s22s22

9 Fluorine 1s22s22

10 Neon 1s22s22

11 Sodium 1s22s22

12 Magnesium 1s22s22

13 Aluminium 1s22s22

14 Silicon 1s22s22

15 Phosphorus 1s22s22

16 Sulphur 1s22s22

metal and so 
are sodium 
and 
potassium. 

16 Sulphur 1s22s22

17 Chlorine 1s22s22

18 Argon 1s22s22

19 Potassium 1s22s22

20 Calcium 1s22s22

21 Scandium 1s22s22

Initially it seems that the chemical rea
of eight in atomic number Z. Howeve
completely we see that the peri
arrangement of outer-shell valence elarrangement of outer shell valence el
in hindsight because it is the valen
formation of chemical bonds. For ex
(36), xenon (54) and radon (86) all ha
are inert. Na and K have one valence e

ticed that if elements were arranged in
ertain properties of the elements tended

29

a striking observation. It is now known
ments are arranged in increasing atomic
ments and the property of reactivity:

2p1

2p2

2 3

An example of 
periodicity. Helium is not 
very reactive (just about 
inert) and so are neon, 
and also argon. 

2p3

2p4

2p5

2p6

2p63s1

2p63s2

2p63s23p1

2p63s23p2

2p63s23p3

2p63s23p4

Chemical reactivity is 
not the only property 
that tends to occur 
periodically. Other 
properties such as2p63s23p4

2p63s23p5

2p63s23p6

2p63s23p64s1

2p63s23p64s2

2p63s23p63d14s2

activity of elements repeats in intervals
r, when the elements are arranged more
iodicity actually depends upon the
lectrons – a not surprising observation

properties such as 
whether an element is 
a metal or a non-
metal, whether they 
form certain 
compounds with other 
elements and so on 
can also occur 
periodically. 

lectrons a not surprising observation
nce electrons that are involved in the
xample, neon (10), argon (18), krypton

ave eight electrons in the outer shell and
electron and easily form positive ions.



3.3 Periodic Table

Periodicity in chemical (and sometime
be appreciated when elements are ar

30

the table (groups) show elements w
row is called a period. The table als
which electron shells are occupied.

I II

1 Z1
H

2 3
Li

4
Be

Groups Shading indicates metals
semiconductors, non-met
and noble gases. 

Li Be

3 11
Na

12
Mg

4 19
K

20
Ca

21
Sc

22
Ti

23
V

24
Cr

25
Mn

26
Fe

27
Co

5 37
Rb

38
Sr

39
Y

40
Zr

41
Nb

42
Mo

43
Tc

44
Ru

45
Rh

6 55
Cs

56
Ba

57
La
*

72
Hf

73
Ta

74
W

75
Re

76
Os

77
Ir

Transition elemen
2s

3s

4s

5s

6s

3d

4d

5d

7 87
Fr

88
Ra

89
Ac
**

104
Ku

105
Ha

A
lk

a
li 

m
e

ta
ls

Lanthanide (rare 

* 58
Ce

59
Pr

60
Nd

61
Pm

62
Sm

63
Eu

The Lanthanid
presented sep
to make the m

6s

7s

5d

P
er

io
d

A
lk

al
in

e 
ea

rt
h 

m
et

al
s

Actinide series

** 90
Th

91
Pa

92
U

93
Np

94
Pu

95
Am

96
Cm

5f

es physical) properties can more readily
rranged in a table. Vertical columns in
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with similar properties. Each horizontal
o indicates (approximately) the way in

III IV V VI VII 0

2
He

5
B

6
C

7
N

8
O

9
F

10
Ne

1s

s, 
tals 

B C N O F Ne

13
Al

14
Si

15
P

16
S

17
Cl

18
Ar

7
o

28
Ni

29
Cu

30
Zn

31
Ga

32
Ge

33
As

34
Se

35
Br

36
Kr

5
h

46
Pd

47
Ag

48
Cd

49
In

50
Sn

51
Sb

52
Te

53
I

54
Xe

7
r

78
Pt

79
Au

80
Hg

81
Tl

82
Pb

83
Bi

84
Po

85
At

86
Rn

nts
2p

3p

4p

5p

6p

H
al

og
en

s

N
ob

le
 g

as
es

earth) series

3
u

64
Gd

65
Tb

66
Dy

67
Ho

68
Er

69
Tm

70
Yb

71
Lu

de and Actinide series are usually 
parately from the main table so as 
main table a convenient size.

6p

4f

97
Bk

98
Cf

99
Es

100
Fm

101
Md

102
No

103
Lr



3.4 Groups

Hydrogen is placed in a separate pos
Hydrogen has one electron, which in t

3. Periodic Table

y g ,
state is in the 1s orbital. This unpaire
makes hydrogen a reactive element t
to form compounds with many other
including itself, to form a gas H2.

Group I elements are the alkali me
valence electron, they are highly
Elements in this group usually form M

Group II elements are the alkaline
usually form M2+ ions and are gene
silicates, carbonates, sulphates and ph

The transition elements generally o
and III. All these elements are meta
only a few electrons. However, unli
hard, brittle and have a high melting p

Group III elements are also consid
semi-metallic properties). With the ex
and are relatively soft.

Group IV elements range from non-
to metals down the group with increa
effect of electrons). All have four el
responsible for the formation of hydrresponsible for the formation of hydr
life on Earth. Silicon, unlike carbon, t
the basis for most of the minerals of th

Group V elements range from no
with increasing atomic size and five v

Group VI elements show little me
ionisation potentials as we go across
size going down the group confers som

Group VII elements are referred to
tendency to complete their electron s
are largely non-metallic and mostly reare largely non-metallic, and mostly re

Group 0 elements are the noble gas
although they are able to form comp
certain conditions. Argon was discove

sition in the periodic table. 
the ground Protium

31

H1
1g

ed electron
hat is able

r elements,

Deuterium 
(heavy hydrogen)

Tritium (radioactive)

99.9% abundance

etals. Having one weakly bound outer
reactive, and metallic in character.

M+ ions which are water soluble.

e earth metals. Elements in this group
erally insoluble, occurring naturally as
hosphates.

1

H2
1

H3
1

occupy the positions between Groups II
als since their outermost shells contain
ike alkali metals, transition metals are
point (with the exception of mercury).

dered metals (although boron has only
xception of boron, they form M3+ ions

-metal, semi-metals (or semiconductors)
asing size of atom (and hence screening
ectrons in their outer shell. Carbon is
rocarbons and derivatives the basis ofrocarbons and derivatives, the basis of
tends to form bonds with oxygen and is
he Earth.

on-metallic to metallic down the group
valence electrons.

etallic character due to the increasing
s the periodic table. Increasing atomic
me metallic properties to Se, Te and Po.

o as the halogens. They all have a high
shells by forming salts. These elements
eactiveeactive.

ses, so called because of their inertness,
pounds with oxygen and fluorine under
ered in 1894.



3.5 Energy Levels

The ordering of the outer electron sh
interpretation of the periodic table.
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the energy shells proceeds in the fo
negative) to highest (less negative pot

1s, 2s, 2p, 3s, 3p, 4s, 3d, 4p, 5s, 4d

From 1s to 3p, it is easy to understa
increasing radial distance from the n
the energy distribution just as in th
number determines the distance the
quantum number determines the shap
shell.  When l = 0, we have an s sub-s
When  l = 1, we have a p sub-shell wh
d s b shells hich are fo r lobed geod sub-shells  which are four-lobed geo
significance of this is that in the fourth
the 4s sub-shell has a lower energy tha
these elements, electrons prefer to be i
even though the radius of the 4s shell 

For the first row of the transition
3d levels become occupied only afte
are filled (except for Cr). In these
electrons in the 4s shell, being fur
nucleus (but having lower energy
electrons) shield those in the inner 3

The ordering of shells given abo
ordering of all the energy levels w
only the energy ordering of the ou
example, in K, the 4s shell is at a low

the chemical properties for these ele
very similar since in each case,
electrons are the 4s outer electrons
number of inner 3d electrons that is
the outer valence electrons (with
principal quantum number) that inter
atoms to form chemical bonds.

example, in K, the 4s shell is at a low
the 3d shell (3s23p64s1). By the time
the 3d shell is at a lower energy tha
(3d104s2). There is no one sequence o
that applies to all elements.

hells in terms of energy is the basis for
Calculations show that the ordering of
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ollowing sequence from lowest (more
tential):

d, 5p, 6s, 4f, 5d, 6p, 7s, 5f, 6d

and because the electron shells are at an
nucleus (n quantum number dominates
e one-electron atom). The n quantum
electrons are from the nucleus. The l

pe of the electron
shell which is spherical. 
hich is lobed.  l = 2 gives 
ometries The

l = 0 s
l = 1 p
l = 2 d
l = 3 fometries. The 

h period, in K and Ca, 
an the 3d sub shell. In 
in 4s rather than 3d in the ground state 
is larger than the 3d shell.  
elements, the

er the 4s levels
elements, the

rther from the
than the 3d

3d shell and so

l = 3 f
l = 4 g
l = 5 h

This is a consequence of 
the increasing 
dominance of the l
quantum number in the d
sub-shell in determining 
the energy for a sub-

ove is not the
within an atom,
uter shells. For
wer energy than

ements are all
the valence

while it is the
changing. It is
h the highest
ract with other

shell. The l quantum 
number is connected with 
the angular momentum 
of the electrons and so, 
much like the case where 
the angular momentum 
for a rotating wheel is 
greater if the mass is 
concentrated at the outer 
edge compared to the 
case when the mass is 
evenly distributed, the 
concentration of mass of 
electrons in d-shapedwer energy than

e we get to Zn,
an the 4s shell

of energy shells

electrons in d shaped 
shells results in a greater 
kinetic energy 
component to the total 
energy compared to 
spherical s shells. 



3.6 Noble Gases

The noble gas elements are extrem
compounds with any other element

3. Periodic Table

elements is the interesting property
shells. Consider the second period ele
number of electrons in the energy
n = 2 is increasing. At neon, we hav
group of eight (octet) valence electro
is very energetically stable and is calle

An atom with one more valence e

He  1s2 

Ne  1s22s22p6

Ar  1s22s22p63s23p6

Kr 1s22s22p63s23p63d104
Xe 1s22s22p63s23p63d104

An atom with one more valence e
highly reactive metal. Sodium is h
valence electron is easily removed so
configuration in its outer shell. An ato
the highly reactive gas fluorine. Fluo
another atom to form an anion to achi

Rn 1s22s22p63s23p63d104

The noble gas configuration is whe
shell and the next available higher en
He where the 1s shell is filled and th
the other noble gases, we have comple
energy level is the s sub-shell for th
large energy gap between a p sub-she
gives the noble gas elements a hig
occupied energy shells are filled, the e
gas elements is symmetric, resulting

l t ithi th tangular momenta within these atoms a
magnetic fields. These elements find
other atoms because they have little
magnetically, or energetically.

mely stable and generally do not form
ts. The notable feature of noble gas
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of having full outer electron energy
ements. As we go from left to right, the
level with principal quantum number

ve eight valance electrons: 2s2 2p6. A
ons that completely fills an energy shell
ed the noble gas configuration.

electron makes the element sodium a

4s24p6

4s24p64d105s25p6

electron makes the element sodium, a
highly reactive because its single 3s1

that the sodium cation has a noble gas
om with one electron less than sodium is
orine readily attracts an electron from
ieve a noble gas configuration.

4s24p64d104f145s25p65d106s26p6

ere there is a completely filled energy
nergy level is an s shell. This is true for
he next energy level is the 2s shell. For
etely filled p shells and the next highest

he next quantum number n. There is a
ell and the next highest s shell and this
gh ionisation energy. Because all the
electric charge distribution within noble
in no external electric field. The total
dd t lti i t ladds up to zero, resulting in no external

d it very difficult to form bonds with
opportunity to interact electrostatically



3.7 Atomic Size

The size of an atom cannot be prec
electrons can only be described sta
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purposes, can be defined as the most
the most outer-shell electron but dep
combined with another.

Electrons are attracted to the
nucleus by electrostatic forces, but
are constrained to occupy defined
orbits, or energy shells, by the
principles of quantum mechanics.
The electrostatic attraction between
the nucleus and a near-shell electron
is much larger than between theis much larger than between the
nucleus and an outer-shell electron,
not only because of the increased
distance, but also because of the
screening effect that the inner
electrons have on the outer electrons.

As we go across a period in th
increases and so the magnitude of the
and therefore so does the magnitude
electrons find themselves. Howeve
electrons exist in energy levels for o

l i h 3 d i d h 3

For a given vertical group of elem
atoms increases as the atomic numb
column). We may therefore expect th
as we go down a group, electrons ar
number n and this more than offsets th

example, in the 3rd period, the 3s an
electric field is also increasing as we
are acted upon by a larger Coulomb
across a period. However, because o
inner-shell electrons, the decrease in
basis of the nuclear charge alone.








2
2

e

o

Zqm

h
nr




Therefore atomic 
radius increases as 
we go down a group 
in the periodic table. 

cisely stated since the location of the
atistically. Atomic size, for practical
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t probable distance from the nucleus to
pends on whether the atom is free or

e
t
d
e
.

n
n
e

Atomic radius decreases

a
di

us
 in

cr
ea

se
s

e
,

d
e
r

he periodic table, the atomic number
e positive nuclear charge also increases,

of the electric field within which the
r, across any one period, the outer
one particular quantum number n. For
d 3 l l i d B h

A
to

m
ic

 r
a

ments in the periodic table, the size of
mber Z increases (as we go down the
hat the atomic radii would decrease but
re filling states with a higher quantum
he effect of increasing Z.

nd 3p levels are occupied. Because the
e go from left to right, so the electrons
force and the atomic radius decreases
of the screening effect offered by the
size is not as large as expected on the

The Bohr model of the atom 
shows how the atomic radius 
increases in proportion to n2 and 
decreases (inversely) with Z.






2

2

eq

g



3.8 Covalent Radii

When atoms form a covalent bond, t
together (see Section 1.7) compared

3. Periodic Table

other.

+

Coval
radius

The covalent radius of an atom is d
the nuclei of two identical covalent
radius of an atom in a molecule where
the atoms involved. The general term
covalent radius (where the two atom
useful benchmark for comparison with

++

F lli h iFor metallic atoms, the atomic or m
the distance between two nuclei of the

The shapes of the orbitals in
which the valence electrons
participate in bonding is
important. The s orbital has a
somewhat spherical shape centred
on the nucleus, while the p
orbitals have a dumbbell shape
along the three coordinate axes.
The shapes of the atomic orbitalsp
involved in the formation of a
particular bond determine the
shape of the molecule.

the nuclei of the two atoms move close
to two isolated atoms adjacent to each
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Two isolated 
atoms

C l tl

+

ent 
s

Covalently 
bonded atoms

defined as one half the distance between
ly bonded atoms. The actual covalent
e the atoms are not identical depends on
m “atomic radius” usually means the
ms are identical) and this serves as a
h other atomic sizes.

t lli di i ll d fi d h lfmetallic radius is usually defined as half
e atoms in the solid metallic state.

s orbital

p orbitals



3.9 Ionic Radii

When a metal atom loses an
electron to become a positively

36

charged ion, a reduction in atomic
size occurs. The electron that is lost
is usually an outer-shell electron
and so this electron shell becomes
vacant and so the outermost
electron shell is the next one closer
in towards the nucleus. However,
the reduction in size is not just due
to an outer electron shell becoming
vacant. When a positive ion is
formed, the remaining electrons canformed, the remaining electrons can
bunch together a little more closely
because of the reduced degree of
mutual repulsion (since there are
now fewer electrons surrounding
the nucleus).

When a non-metal atom gains an e
usually results in an outer-level el
electron – which would not ordinarily
but the addition of this electron means
charge in the outer shell and mutual re

d h “ d ”apart and the atom “expands”.

In a sodium chloride ionic
crystal, therefore, the positive
sodium ions shrink and the
negative chlorine ions expand
such that the sodium ions are
almost packed in between the
spaces of the chlorine ions.

Covalent 
sodium atom 
0.157 nm

Covalent 
chlorine 
atom  
0.099 nm

C
0

Neutral metal 
atom
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+

+

Size of positive 
ion based on 
vacant outer 
shell alone

electron to become a negative ion, this
lectron shell accepting an additional
y cause an appreciable increase in size,
s that there is now an excess of negative
epulsion causes these electrons to move

+

Actual size of 
positive ion due to 
effect of reduced 
mutual repulsion 
amongst remaining 
electrons

Sodium ion 
0.095 nm

Chlorine ion 
.181 nm



3.10 Ionisation Energy

The ionisation energy, or ionisatio
needed to remove an electron from

3. Periodic Table

energy is that needed to remove on
Successive ionisation energies are tho
from the atom.

en
er

g
y

de
cr

ea
se

s

Successive ionisation energies
always increase at each electron
removal. As each electron is
removed, the size of the atom
decreases markedly and so the
remaining electrons are closer to
the positively charged nucleus,
and so more energy is needed to

Io
ni

sa
tio

n
eand so more energy is needed to

remove them. Further, a
particularly large increase in
energy is needed to remove an
electron from a filled energy level
because a noble gas configuration
of electrons is extremely stable.

Within a horizontal period, there is
nuclear charge increases (number of
of the electric field within which the e
and so generally speaking, the ionisa
Also, the atomic size decreases from
atoms towards the right are closer to
left, and so this also results in a gene
left to right.

Within a vertical group, there is ge
from top to bottom which is predicted
Any potential increase in ionisation e
charge, going from top to bottom,
increased screening effect of the inne

Generally speaking, elements with a
hand side of the periodic table and thohand side of the periodic table and tho
the right. Noble gas configurations
exceptions to these general rules.

n potential, is the amount of energy
an isolated atom. The first ionisation
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ne outermost electron from an atom.
ose needed to remove further electrons

Ionisation energy increases

en
er

g
y 

de
cr

ea
se

s
Io

ni
sa

tio
n

 e

s an increase in nuclear charge. As the
f protons on the nucleus), the magnitude
electrons find themselves also increases,
ation energy increases within a period.
m left to right and so the electrons for
o the nucleus compared to those on the
eral increase of ionisation energy from

enerally a decrease of ionisation energy
d on the basis of size of the atom alone.
nergy on the basis of increased nuclear
, is essentially cancelled out by the
er electrons on the outer electrons.

a low ionisation energy are on the left-
ose with a high ionisation energy are onose with a high ionisation energy are on
s (eight valence electrons) can cause



3.11 Electronegativity

The electronegativity describes the
combines with another atom, to beco

38

capturing a shared electron or electron

ti
it

d

It is found that the more
difficult it becomes for an atom
to lose an electron, the easier it
is for the atom to add an extra
electron. That is, a higher
ionisation energy also means a
higher electronegativity.

Some electronegativities 
within a group are:

E
l

t

Some electronegativities within 
a period are:

Be 1.5
Mg 1.3
Ca 1.0
Sr 0.95
Ba 0.9
Ra 0.9

Li Be B C N O
1 0 1 5 2 0 2 5 3 0 31.0 1.5 2.0 2.5 3.0 3

The electronegativity of fluorine is so
able to attract an electron from heli
involves a noble gas.

The electronegativity of an atom
between different types of atoms. Eve
electron spends more time nearer
electronegativity. The resulting molec

relative ability for an atom, when it
ome “more negative” by more strongly
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n pair.

Electronegativity increases

ro
ne

g
at

iv
ity

 d
ec

re
as

es
E

le
ct

O F Ne
3 5 4 03.5 4.0 -

strong that in some circumstances, it is
ium and so produce a compound that

influences the nature of the bonding
en when a bond is covalent, the shared
r to the atom which has a higher
cule becomes polar.



4 Chemical Bonds

4. Chemical Bonds

4. Chemical Bonds

Summary

+Van der Waals

X ....

..

..
Lewis electron 
dot structures

a) In free, uncombined, eleme
of each atom is set to 0. 

b) In compounds involving hyd
number of hydrogen is 1+ .

Oxidation numbers:

..

..

..

..H F H
++ 

Hydrogen bon

+ Van der Waals

c) In compounds involving oxy
number of O is usually 2. 

d) The sum of all the oxidation
an ion is equal (in both mag
charge on the ion. 

e) The sum of all the oxidation
a neutral molecule is 0. 

Oxidation  Increase in Oxida

Reduction  Decrease in Ox
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+ +

ents, the oxidation number 

drogen, the oxidation 

..

..

..

.. F


nd

+  + 

ygen, the oxidation 

n numbers of all atoms in 
gnitude and sign) to the 

n numbers of all atoms in 

ation No.  Loss of Electrons

idation No.  Gain of Electrons



4.1 Chemical Bond

Consider two hydrogen atoms that ar
other. The two atoms are both ele

40

character. Why should they then be a
H2 molecule? Atoms tend to arrang
energy state. In a covalent bond (
provides the necessary reduction in t
now having more space to move (ov
lower energy than a single electron
1.5). This reduction in energy appear
between the atoms.

V(r)

F(r)

When two atoms f
equilibrium position
long-range attractive

Vmin

F(r)

Fmax

r

ro

Repulsion

Attraction

long range attractive
between them. At th
energy V(r) of the bo

T

e
fmin

It is convenient to assign a potent
molecules or atoms so that when
becomes more negative. Since we
work done on a system (energy enter
work done by a system (energy leav
the molecules or atoms to separate t
equilibrium position, energy is requir
one atom from the equilibrium dist
attraction. This energy is called the bo

a

To be consistent with the assignme
attractive forces as negative and rep
with this sign convention, when mult
then results in an energy of the correct

re initially a long way apart from each
ectrically neutral, and have no ionic
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ttracted to each other and form a stable
ge themselves in the lowest possible
(like in H2), the sharing of electrons
total energy since the shared electrons,
ver two atoms instead of one) have a
orbiting a single nucleus (see Section

rs to us like a force of attraction acting

form a chemical bond, they take up
ns according to the balance between
e and short-range repulsive forces F(r)e and short range repulsive forces F(r)
he equilibrium position, the potential
ond is a minimum.

The potential energy function (V(r)) acting 
between two atoms can be very complex. 
Simple models are usually used, a very 
popular one being the Lennard-Jones 
potential:

 
126 r

B

r

A
rV 

In this potential, the negative term is the 
energy associated with the attractive 
forces and the positive term is the energy 

tial energy of zero to widely spaced
they approach, the potential energy

generally assign a positive number to
ring a system) and a negative number to
ving a system), work has to be done on
them. Thus, when the atoms are at the
red to be done on the system to move
tance to infinity against the force of
ond energy (usually in kJ/mol).

p gy
associated with the repulsive forces. 

ent of energy, we must therefore treat
pulsive forces as positive. The force F,
tiplied by the distance of movement r,
t sign.



4.2 Lewis (Electron Dot) Form

Molecules and compounds form whe
between atoms involving the transfer

4. Chemical Bonds

valence electrons. The Lewis symbo
is the element symbol surrounded
represent the possible valence elect
atom.

X ....

..

..
Lewis recognised that bonding o

electrons occurred so that an eleme
acquire eight valence electrons
configuration): the octet rule. To rep
b L i

..

..

..Cl
..

. ..

..

.

between two atoms, a Lewis structur
as to indicate the position of the valen

H H Cl+

This Lewis structure shows h
element acquires a noble gas 
configuration when a chemica
case, ionic) bond is formed.

When determining a Lewis structur
(the total number of valence electron
l t f h ti i ti telectrons for each participating atom.
In some cases, it is not easily determ

formula for an atom should be. Fo
configuration is: 1s2 2s2 2p2 and we m
dot formula as:

C..

.

.
Although this arrangement can occur
other atoms, the 2s orbitals combine w
spread out over the resulting combine
electrons. Carbon is tetravalent.

C.

.

.

.

mulae

en bonds exist
r or sharing of

Group Lewis 
formula
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ol for an atom
by dots that

trons for the

or sharing of
ent tended to

(noble gas
present a bond

i i
E

.
.

.E

E

E
.

I

II

III

IV

V

.

.

.

.

. E
.

. .

..

..

re is written so
nce electrons:

how each 

l (in this 

re, the total number of dots that appear
ns) is the sum of the number of valence

E

“E” denotes an element.

VI

VII

.

.

. ..

..

..

. ..E
..

mined what the Lewis or electron dot
or example, in carbon, the electronic
might be tempted to write the electron

r, when carbon usually combines with
with the 2p orbitals and the electrons are
ed “sp” energy level giving four valence



4.3 Multiple Bonds

Covalent bonds between atoms ofte
electron at a time. For example, carb
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of four, and so the carbon compound e
unreactive.

..

..

.... C
H

C

H

H
H

H

H

..

..

..

Ethylene, with molecular formula C
valence electrons:

..

.

.... C
H

CH
H

H

..

..

.

We would therefore expect ethylene
much the same way as Group I ele
Instead the two carbon atoms arrange

Although the bond energy associat

Triple bonds are also possible wher
The double and triple bonds offer e
valence electrons (since more electr
have more overall room to move) com
the bond is higher, and the C nuclei ar

Instead, the two carbon atoms arrange
to overlap and be shared. That is, two
the carbon atoms to form a double bo

.. CC ..

..
H

H

H

H ..

.. ..

g gy
double bond results in a more reactiv
bonded structure. This is because the d

C2H6

Ethane

C2H4

Ethylene

Molecule

H

H

H

H

for other more reactive
elements than carbon
to attach to these
valence electrons – as
if other elements can
open up the bond and
find two potential
bonding sites rather
than one It is Ethylene

C2H2

Acetylene
H

H
than one. It is
energetically more
favourable to have two
single bonds than one
double bond.

en involve sharing of more than one
bon has a bonding capacity, or valence,
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ethane is a stable molecule and is fairly

C2H4 should therefore leave two lone

e to be a very reactive compound, in
ements. However, this is not the case.
e for the orbits of the two lone electrons

ted with a double bond is higher, the

reby three pairs of electrons are shared.
even a greater range of movement of
ons are shared and so more electrons

mpared to a single bond. The strength of
re closer together (shorter bond length).

e for the orbits of the two lone electrons
o pairs of electrons are shared between
nd.

g ,
ve compound than a comparable single-
double bond offers more opportunities

Structural formula C – C C – C 
length energy 
(Å) (kJ/mol)

1.54 334

1.33 606C C

HH

C C

H

H

H

H

H

=

CH C H 1.20 828

HH





4.4 Lewis Single-Bonded Stru

Some examples of single-bonded struc

4. Chemical Bonds

..

Molecular 
formula

Total No. 
valence 
electrons

Lewis 
formula

F2

CH4

SiCl

14

8

32

F F
....

....
.. ....

C
H

H

H

H
..

..

....
Cl ....

..

....

Fluorine 
gas

Methane

..

..

.. ....

..

..

....

..

....SiCl4

NH3

H2O

NH +

32

8

8

8

Si Cl

Cl

Cl ....

.. ..

....

..

N H

H

H

O H

H

N
H

HH

Water

Ammonia

..

..

..

..

....

..

....NH4
+

C2H6

H2O2

8

14

14

N H

H

H

C
H

C

H

H
H

H

H

..

..

..

..

..

.... O OH H
..

Note that lone pairs, being closer
repulsive effect than bonded pairs

Ethane

molecule. Note that each atom is surro
which requires two electrons for noble

uctures

ctures are: 
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N Shape Note

-

4

4

Linear

Tetrahedral

T t h d l

F F

C

H HH

H

Si

Cl

4

4

4

4

Tetrahedral

Pyramidal

Bent

T t h d l

Si

Cl ClCl

N

H HH

..

O
HH

N

H

4

4,4

4,4

Tetrahedral

2 tetrahedral

N

H HH

O
H

O
H

to the central atom, have a greater
and so influence the shape of the

C C

H

H

H

H

H

H

ounded by eight electrons (except for H
e gas configuration).



4.5 Lewis Multiple-Bonded S

Examples of multiple-bonded structur
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.
.. CC ..

..

..N N..

..

..

Molecular 
formula

No. 
valence 
electrons

Lewis 
formula

N2

C2H4

C H

10

12

10

..

H

H

H

H ..

..

..

..
.

CC

.

HH
. .

Ethylene

Nitrogen 
gas

C

..

..C

..

C O

.
..

.

.. .

..
C2H2

CO2

HCN

COCl

10

16

10

24

Cl

.. OO

. CC . HH . .

..

..

..

.. .. NH
....

..

..

Hydrogen 
cyanide

Acetylene

Carbon 
dioxide

.... ....

..

...C O.

H

C

..

..

..

..

..COCl2

H2CO

24

12

Cl

H
O

..

..

....Phosgene

Formaldehyde

Note that each atom is surrounded b
requires two electrons for noble gas co

tructures

res:

The Chemistry Companion

N Shape Note

-

3,3

2 2

Linear

2 Tetrahedral

Linear

N N

CH C H

C C

H

H

H

H



=

2,2

2

2

3

Linear

Linear

Linear

PlanarC
Cl

O

CH C H

CH N

CO O



==



3

3

Planar

Planar
C

H

H

O

C
Cl

O

by eight electrons (except for H which
onfiguration).

=

=



4.6 Lewis Exceptions to the O

Examples of structures that do not obe

(1) Atoms having more than eight elec

4. Chemical Bonds

Molecular 
formula

No. 
valence 
electrons

Lewis 
formula

Cl..

....

.. ..

..

..

..

....

..

..

..

..
PCl5

SF4
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P
..Cl Cl

ClCl

..

..
.... Si

F
F

F

F

..

When there are more than eight ele

(1) Atoms having more than eight elec

N

..
..

BeH2

NO

4

11
. .... O

..

Be

.. HH

When more than one valid structure
cannot be written, the actual or true st
the different structures. An example i
b ) b i h d i

..

When there are more than eight ele
bonding usually involves electrons fro

(2) Atoms having less than eight electr

above) can be written as attached to ei

Example of resonance structure: CO

..

......

....C O

..

..

.. O

O

..
..

..

..

C
OO

O

O

=

Octet Rule

ey the octet rule include:

ctrons involved in bonding:
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N Shape Note

5

5

More than an 
octet

More than an 
octet with lone 
pair

P
Cl Cl

ClCl

Cl

S

F
F
F

F

..

ectrons involved such as in PCl the

ctrons involved in bonding:

2

-

Less than an 
octet

Less than an 
octet

BeH H

N O

e can be written and the true structure
tructure is called a resonance hybrid of
is NO. The unpaired electron (as shown
i h h h

ectrons involved, such as in PCl5, the
om the d sub-shell.

rons involved in bonding:

=

ither the N or the O atom.

O3
2-

C
O

O

C
OO

O



4.7 Oxidation Number

The oxidation number, or oxidation
number of electrons that appear to b

46

chemical bond is formed. That is, it
that participate in the formation of
bonds to involve a transfer of electro
covalent), the oxidation number is es
atom appears to have after the bond
determined by a set of agreed rules. It

(a) In free uncombined elements the o

In a molecule or a compound, electr
counted as belonging to the more ele
shared between two identical atoms
atoms.

(a) In free, uncombined elements the o
zero. For example, the oxidation nu

(b) In compounds involving hydrogen, t
except in the case of metal hydrides
atom which is less electronegative) 

(c) In compounds involving oxygen, the
The exceptions are the oxygen atom
bonded with fluorine. 

(d) The sum of all the oxidation numbe
magnitude and sign) to the charge 

(e) The sum of all the oxidation numbe

Consider the compound H2O.

When the oxidation number of a
increased, the atom is said to have be
(as in the hydrogen above). This usua
the loss of electrons. When the oxida
of an atom has decreased, the atom is
been reduced, that is, its oxidation
decreased This usually involves

electronegative than the hydrogen, i
given an oxidation number of 2 (s
“negative” charge). Each hydrogen a
the oxidation number of hydrogen in t

decreased. This usually involves
electrons (as in the oxygen above).

n state, is a quantity that describes the
be gained or lost by an atom when a
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is essentially the number of electrons
the chemical bond. If we imagine all

ons (even if in reality the bond may be
ssentially the electronic charge that an

d has formed. The oxidation number is
is not strictly a physical quantity.

oxidation number of each atom is set to

rons that are shared between atoms are
ectronegative atom. Electrons that are

are equally divided between the two

oxidation number of each atom is set to 
umber of H in H2 is zero. 

the oxidation number of hydrogen is 1+ 
s (where the hydrogen is bonded to an 
where it is 1. 

e oxidation number of O is usually 2. 
m in peroxides and when oxygen is 

rs of all atoms in an ion is equal (in both 
on the ion. 

rs of all atoms in a neutral molecule is 0. 

The oxygen atom, being more

an atom has
een oxidised
ally involves
ation number

said to have
number has
a gain of

is seen to gain two electrons and so is
since it seems to have acquired a net
atom is seen to lose an electron and so
this compound is assigned as 1+.

The oxidation number is 
useful when naming some 
compounds. Prefixes like 
hypo and per, and suffixes 
like ous, ic, ite, are 
assigned according to the 
oxidation number of the 
central metal or non-metal 
t i da gain of atom in a compound. 



4.8 Oxidation Number Examp

Example Element O

S S 0

4. Chemical Bonds

S S 0

H2S S -

Fe2+ Fe +

Fe3+ Fe +

MnO4
- Mn +

Mn2+ Mn +

Cr2O7
2- Cr +

Cr3+ Cr +

NO3
- N +

NO N +

NO2 N +2

SO4
2- S +

CO2 C +

H2O2 O -

When a substance is oxidised, it can
removing hydrogen. Similarly, when
so by either removing oxygen or add
the production of methane CH4 from c





2

2

H4H2

CHH2C

  4Ce4C

From the point of view of the hyd
oxidised. From the point of view of th
is reduced. Of course in this comp
between the C and H atoms as coval
oxidation numbers, the electrons are e

In some biochemical reactions, elec
are transferred during oxidation an
passing energy from one molecule to
via the addition of hydrogen stores e

OCH4 

When CH4 is combined with oxy
oxidised to CO2 and water:

y g
The energy is released when the comp

ples

Oxidation state Rule

0 a
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0 a

-2 b, e

+2 d

+3 d

+7 c, e

+2 d

+6 c, e

+3 d

+5 c, e

+2 c, e

+4 c, e,

+6 c, e

+4 c, e

-1 special case

be done so by either adding oxygen or
a substance is reduced, it can be done

ding hydrogen. For example, consider
carbon and hydrogen:

 
4

e4H

H

0 to 4+

Oxidation No.



drogen, it has lost electrons and so is
he carbon, it has gained electrons and so
pound, CH4, the electrons are shared
lent bonds, but from the perspective of
effectively transferred from H to C.

ctrons (in the company of protons H+)
d reduction reactions as a means of

o another. The addition of an electron
energy in the compound being reduced.

0 to 4

OH2CO 222 

ygen (e.g. when it is burnt), the C is

gy p g
pound is oxidised.



4.9 Polar Bonds

Although bonds between atoms may b
in many different substances, there is
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Unequal sharing of electrons in a c
character. Further, such a covalent
positive and negative charge and beco

Separation of charges
within a covalent molecule
usually results in electrons
spending more time on the
atom which has the
greatest electronegativity.

For example, in the molecule carb
l t ti it b t b (2 5

.. C

..

electronegativity between carbon (2.5
electrons spend more time near the ox
results in a net separation of centres o
The molecule is thus polarised and
remains electrically neutral, but th
molecule shifts so that the geometrica
than the centre of negative charge.

Although it is straightforward to de
or non-polar, by a consideration of th
situation is more complicated for mol
example, in CO2, the individual bondp , 2,
molecules may be polar, but the mole
the symmetry of the shape of the mole

O

When CO2 is placed in an electric fi

Experiments show that water has a
presence of the electron pairs on the o

O
H

..C

.... OO

.. .... ....

B d



+
Bond an

Polarization is responsible for phys
which in turn result in molecules form

be classified as being covalent or ionic,
a gradation from one type to the other.
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ovalent bond gives the bond an ionic
molecule may acquire regions of net

ome polarised.

bon monoxide, there is a difference in
5) d (3 5) d th h d

.. O

.. ..

In CO, the shared electrons 
spend more time near O than C 
and so the centre of positive 
charge is offset from the centre 
of negative charge. 

5) and oxygen (3.5) and so the shared
xygen atom than the carbon atom. This
of electric charge within the molecule.
is a dipole. The molecule as a whole

he distribution of charge within the
al centre of positive charge is different

termine if a diatomic molecule is polar
he electronegativities of their atoms, the
lecules with more than two atoms. For
ds between the carbon and the oxygenyg
cule as a whole is non-polar because of
ecule.

CO O

eld there is no net dipole moment.

permanent dipole moment due to the
oxygen.

H

l 104 5

µ = 1.84 debye

µ = 0 debye= =

gle 104.5

ical bonds forming between molecules
ming liquids and solids.



4.10 Hybrid Orbitals

In a covalent bond, when valence elec
do so by overlapping orbitals. Consider

4. Chemical Bonds

    

1s 2s 2p

oxygen

The shapes of molecules are difficult to
isolated atoms because the nature of
more than one electron in an atom an
molecules.

When a molecule of water forms, th
three 2p orbitals in the oxygen comb
new molecular orbital called the sp3

superscript 3 indicates that three of t
bi l i l d i h h b id borbitals are involved in the hybrid orb

hybrid orbital 2sp3 that combines with
of the H atoms.

    

1s 2sp3

oxygen
sp3 hybrid

When hybridization occurs, the rearra
there being more unpaired valence elec
example, in carbon compounds, we hav

   

1s 2s 2p
carbon
(single atom)

Each o
the sam

In CH4, it is the hybridization of the C
atomic energy levels into four identical
2sp3 orbitals that results in a regular t
109.5. In PCl5 (more than eight elec
sp3d.

In the double C=C bond of C2H 4 one
bonds is the end-to-end overlap of one
sp2 hybrid orbitals (this is called the 
bond) along the line of the two C atom
other two sp2 orbitals overlap with
orbitals of the H atoms), while the oorbitals of the H atoms), while the o
bond is formed by the side-by-side ove
the unhybridised (dumbbell shape
orbitals parallel to the plane of the C
atoms (this is called the  pi bond).

ctrons are shared between atoms, they
r an oxygen atom:1s2, 2s2, 2p4
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o predict on the basis of the orbitals of
these orbitals change when there are

nd when atoms come together to form

he 2s and the
bine to form a

hybrid. The
the original p
bi l I i hi

Hybrid Shape
sp linear
sp2 plane triangular
sp3 tetrahedral

bital. It is this
h the s orbitals

angement of electrons often results in 
ctrons than there were originally. For 
ve:

    

1s 2sp2 2p

sp2 hybrid

of the 2sp3 hybrid orbitals is at 
me energy level. 

3
C 
l 
tetrahedral geometry with bond angle
trons bonded), the hybrid orbitals are

    

1s 2sp3

sp3 hybrid

e of the
e of the
 sigma
ms (the

the s
other C

    
1s 2sp2 2p

    



C

C

H H







other C
erlap of
ed) 2p

and H

    



C

H H

 



4.11 Polarisation
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When an electric field E is applied t
material, the centre of charge of elect

Polarisation in a material may occ
which may occur to some extent
polarisation occurs when an external e

1. Electronic polarisation
Small induced dipole moment aris
in the net centres of nucleus and e

42r
- -

-

protons move right and the two cen
distance d. The atom or molecule beco

Wh fi ld i li d t f

2. Ionic polarisation

Dipole moment created by shift o
negative ions in unit cell. 

106 r

+-

-
- -

-

--

+- -+-

When field is applied, movement of 
ions produces a net dipole moment in a 

Water molecule 
permanent dipo
moment.

Note: Even though there 
is a permanent dipole moment,

3. Dipolar polarisation

10020r

Net dipole moment created by alig
due to presence of internal perman
of molecule.

in the absence of an electric field, 
these dipole moments are not aligned 
(due to thermal agitation) and so the net
molecules in the material is zero. When 
to align themselves with the field and the
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to a molecule in a non-polar insulating
rons moves left, the centre of charge of

cur due to several mechanisms, all of
depending on the atom. Most often,
electric field E is applied.

sing from difference 
electrons in an atom.  

-
- -

The entities with 
circles around 
them are 
dipoles.

ntres of charge are then separated by
omes polarised in the presence of E.

f positive ions with respect to 

+-

-

- -

-

-
-

E

+- -+-

E

unit cell and hence a net polarisation. 

has a 
le 

gnment of molecule with external field 
nent dipoles from geometrical structure 



+

104

CO2 molecule has no 
permanent dipole 
moment. No dipolar 
polarisation can occur. 

+ E



t polarisation over all 
a field E is applied, molecular dipoles tend 
ere exists a net polarisation. 

+




4.12 van der Waals Forces

The arrangement of electrons around
move within their energy shells

4. Chemical Bonds

instantaneous movement of an electr
atom becoming polarised for a short p
polarisation in one atom 
may induce polarisation 
in a neighbour atom, 
resulting in a very brief 
electrostatic attraction 
between them. These 
instantaneous forces of 
attraction and repulsion are termed L
proposed the explanation for them and

++

proposed the explanation for them and

When considered over millions of at

In materials containing molecules th
molecules tend to align themselves (ag
to keep them in random orientation).
polarised ends of the molecules
interaction may persist over many m
holding the molecules together.

+  +

forces can be substantial and are call
bonds between molecules. The interm
van der Waals forces. In most cases
atoms and molecules into liquids.

Intermolecular forces on this sca
ideal behaviour in liquids and gases.
small scale in comparison to distance
when gas molecules become close
pressure) that these forces become st
then clump together and condense i
effecti e hen the temperat re increaeffective when the temperature increa
in random order associated with therm

atoms is not constant in time. Electrons
or levels with kinetic energy. An
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ron within an atom may result in the
period of time. During this time, the

London forces after the scientist who
d are found in all covalent materials.

++

Instantaneous polarisation 
of one molecule results in 
induced dipole in neighbour 
molecule and a net 
instantaneous attraction 
between the two molecules. 

d are found in all covalent materials.

toms, the London and permanent dipole

hat have permanent dipole moments, the
gainst the tendency of thermal agitation
The electrostatic attraction between the
draws them together. Dipole-dipole

molecules and appears to us like a force

 + 

, p p
led physical, as distinct from chemical,
molecular forces of this type are called
, it is the van der Waals forces that bind

le are responsible for deviations from
. Van der Waals forces operate over a
s between molecules in a gas. It is only

er together (such as under increased
trong enough to cause the molecules to
into a liquid. The forces become less
ases d e to the tendenc for an increaseases due to the tendency for an increase
mal agitation of molecules.



4.13 Hydrogen Bond

Hydrogen has one valence electron an
bond. However, there are some comp
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hydrogen atom can be said to be bond
compounds involve hydrogen bonding

Consider the hydrogen fluoride mo

Because fluorine has a large electrone
the shared electron spends much of its
the fluorine atom. The molecule, as sh
other HF molecules nearby, then t
molecule will be drawn into contact w
other molecule. Two molecules thus jo

..

..

..

..H F
..

..

..H F

It looks to us like the H atom in the m
in place like a tie bar. This electrostati
The hydrogen bond can only f
electronegative atoms because the H
for one other atom to be located ne
l t t ti b d

++ 

Hydro

electrostatic bond.

Hydrogen bonds also form betwee
molecules. Hydrogen bonding betwe
molecules gives rise to a characteristi
structure in ice, which in turn is refl
the shape of snowflakes.

Hydrogen bonding is very importa
having an energy of about 20 kJ, ar
Waals forces (about 0.2 kJ) but ar
chemical bonds (about 200 kJ). Cert
bonds being of just the right strength fbonds being of just the right strength f
the forming and breaking of the two h
these hydrogen bonds involve H, O an

nd so can readily form a single covalent
pounds involving hydrogen in which the
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ded to two atoms at the same time. Such
g with small electronegative atoms.

olecule:

egativity, 
s time near 
hown above, is polar. Now, if there are
the positively charged H side of the
with the negatively charged F end of the
oin up so:

..

..

..

..H F
+ 

..

.

.F

middle is holding the two outer F atoms
ic attraction is called a hydrogen bond.
form between hydrogen and small
“ion” is very small and only has space
ar enough to its polar end to form an



gen bond

en water
en water
ic crystal
flected in

..

.. .... O H

H

..

.. .... O H

H

Hydrogen 
bond

+

ant in biological processes. The bonds,
re stronger than those due to van der
re significantly weaker than those in
tain biological processes rely on these
for events to occur with ease (such as infor events to occur with ease (such as in
halves of the molecular spiral in DNA –
nd N atoms).



5 States of Matter

5. States of Matter

5. States of Matter

Summary

2

22

1

11

T

Vp

T

Vp 

2211 VpVp 

21 VV 

Co

Boy

Ch

Gases:

21 TT
Ch

no. moles

Abso
temp

Absolute 
pressure

Volume

Univer
consta
8.3145

nRTpV 

Volum

N
Molarity 

• Molecular solids - in which

Liquids:

Solids:
o ecu a so ds w c

discrete  atoms or molecul
interactions between instan

• Ionic solids - in which the 
Coulomb electrostatic forc
negatively charged ions in 

• Covalent solids - in which 
shared valence electrons b

• Metallic solids - in which v
shared amongst all the atom

• Amorphous solids – no lon• Amorphous solids – no lon
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mbined gas law

yle's law

arles’ lawarles  law

olute 
perature

rsal gas 
ant
5 J/mol/K

litresin solution  of me

solute of moles No.

h the binding forces between t e b d g o ces betwee
es are due to van der Waals 
ntaneous electric dipoles. 

binding energy is due to 
ces between positively and 

the crystal. 

the binding energy is due to 
etween atoms in the solid. 

valence electrons are effectively 
ms in the solid. 

ng-range structureng-range structure.



5.1 Changes of State

When a solid is heated, atoms/molecu
and this is stored as internal ener

54

increases, the magnitude or amplitud
bonds holding the molecules togeth
molecules flow over one another. This

At the melting point, further heatin
The energy input in this case goes
molecules and the material changes ph

Upon further heating, molecules
energy until they acquire sufficient k
the gaseous phase.

The presence of impurities lowers th
l i i b d i dmelting point can be used as an index

When a liquid cools, molecules b
motion until eventually, intermolecula
as a solid. The temperature at which th
which is usually equal to the melting p

If the molecules in the cooling so
pattern of the solid, then the temperat
point and the material remains i
supercooling. Introduction of a seed
the supercooling condition.
Forces between 
molecules: 

• Long-range 
attractive 

• Short-range 
repulsive

In

In

GAS

LIQUID
gets stronger as 
molecules get 
closer together

very strong force 

I
attr

SOLID

but only acts over 
a very short 
distance 

ules within the solid absorb heat energy
rgy of vibration. As the temperature
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de of the vibration increases until the
her become temporarily ruptured and
s is called melting.

ng results in no increase in temperature.
s to breakage of bonds between the
hase from solid to liquid.
of liquid increase their translational

kinetic energy to escape the liquid into

he melting point. A measurement of the
f h i f i l bof the purity of a particular substance.

begin to lose their internal energy of
ar forces are able to hold them in place
his occurs is called the freezing point –
point.

olid do not immediately lock into the
ture may fall below the official freezing
n the liquid phase. This is called

d crystal may cause the liquid to avoid

ntermolecular forces are negligible 
and molecules move with rapid, 
random motion filling the space 

available to it.

ntermolecular attractive forces are 
strong enough to bind molecules 

loosely.

Application of 
pressure

Application of

Increase in 
temperature

Intermolecular forces are strongly 
ractive and bind molecules together.

Application of 
pressure

Increase in 
temperature



5.2 Changes of State of Liqu

Closed system

5. States of Matter

A dynamic equilibrium is set up
h th t f ti

e c

where the rate of evaporation =
the rate of condensation.
The equilibrium vapour
pressure (EVP) or saturated
vapour pressure is the pressure
exerted by the vapour when in
equilibrium with its liquid. The
magnitude of the EVP depends
on the nature of the liquid and
the temperature.

• Nature of liquid. Theq
stronger the van der Waals
forces between molecules,
the lower is their ability to
escape the liquid and the
lower the EVP.

• Temperature. Increase in
temperature increases kinetic
energy of molecules in the
liquid and hence their ability
to escape from the surface
and hence the higher the
EVP.

ids/Gases

Open system
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A liquid is said to boil at a
t t ll d th boiling

e
c

temperature called the boiling
point, at which the EVP of the
liquid becomes equal to the
prevailing atmospheric pressure.
Vapour bubbles form in the
liquid and rise to the surface.

The normal boiling point is the
boiling point at 1 atm of pressure
(101.3 kPa).

Increasing the prevailing
atmospheric pressure increases
the boiling point.



5.3 Phases of Matter

In a p–V diagram, the temperature is 
kept constant, volume decreased and 
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Liquid

p

Ga

Liquid+va

Vapour pressure
The partial pressure 
exerted by the 
vapour when it is in 
equilibrium with its 
liquid. It depends on 
the temperature and 
nature of the 
substance. The 
temperature at which

pressure recorded.

Liquid+vatemperature at which 
the vapour pressure 
equals the prevailing 
atmospheric 
pressure is called 
the boiling point. 

All gas condensed in
liquid, attempts to fur
reduce volume produ
large increase in pres
as liquid is compress

p

In a phase diagram, we keep the volu
temperature.

S
o

lid

Melting
T

Fusion

V

Sublimatio

At each point (p,T) only a single pha
there is phase equilibrium. At the trip
together in equilibrium.

Critical Temperature Tc

There is, for each gas, a 
temperature above which 
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Ideal gas

as

pour

V
p

1

T1

T3 = TC

T2

(1)

(2)

(3)

(no phase 
changes)

p
the attractive forces 
between molecules are 
not strong enough to 
produce liquefaction no 
matter how high a 
pressure is applied.

Tc H2O = 647K at 218 atm
Tc He = 5.2K at 2.3 atm

V

pour

Gas starts condensing into 
liquid, no change in pressure 
as volume decreases.

to 
rther 
uce 
ssure 

sed.

ume V constant and plot pressure versus

T

Liquid

Vapour

Constant pressure 
heating example

Boiling
riple point

Critical point 
(pc,Tc)

Vaporisation

on
T

ase can exist except on the lines where
ple point, solid, liquid and vapour exist



5.4 Gases

The properties of a perfect or ideal ga
properties of an ideal gas are:

5. States of Matter

 The molecules of the gas occupy a
volume of the container.

 The molecules are very distant fro
elastically during collisions.

Re
con

• Pressure
• Temperature
• Volume
• Mass

Macroscopic properties of a gas:

These quantities

Consider a mass (m) of gas:Consider a mass (m) of gas:

2

22

1

11

T

Vp

T

Vp 

If temperature T is a constant:

2211 VpVp 

If pressure p is a constant:

2

2

1

1

T

V

T

V 

Combined gas law

Boyle's law

Charles’ law

If p, V and T all vary, then:

21

Let us express the mass of a gas
indirectly by specifying the number
of moles. Experiment shows that
Boyle's law and Charles’ law lead to:

No. moles

Absolute 
temperature

Absolute 
pressure

Volume

Universal gas 
constant
8.3145 J/mol/K

This equation links all the

nRTpV 

This equation links all the
macroscopic quantities needed to
describe the (steady) state of an ideal
gas and is thus called an equation of
state.

s are the most convenient to study. The 
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a very small volume compared to the 

m one another and only interact 

eal gases often behave like ideal gases at 
nditions in which no phase changes occur. 

s specify the state of a gas

w

Note: These laws cannot be applied 
when the mass of gas changes 
during the process. Pressures and 
temperatures are absolute.

m
n

Mass in kg

No moles

By using moles, we get the ideal gas 
equation with the universal gas 
constant R (units J/mol/K). Otherwise, 
value of R depends on the nature of the 
gas ( i.e. no longer universal) and has 
units J/kg/K.

mM
n 

Molar mass
No. moles

Example: Calculate the volume occupied 
by one mole of an ideal gas at 273 K at 
atmospheric pressure.

    273314813101 


V

nRTpV

    
L 406.22

273314.813.101




V

V



5.5 Solutions

Homogenous mixtures of two or mo
solutions.

58

• Gases usually mix in any proport
nitrogen, oxygen and carbon dioxi

• Liquid solutions can be made by
solute) in a liquid (the solvent). W
called an aqueous solution.

• Solid solutions occur where atom
throughout the other solid. All
solutions although some alloys
proportions). Some alloys are also

I t di t b t h t

The strength, or concentration, of a

• The ratio of the number of moles o
the solvent) relative to the total n
mole fraction of the component.

• The number of moles of solute p
molarity and given the symbol M
d d l hi h i t

Intermediate between heterogeneou
is the case where the dispersed so
molecular units and yet are not in c
separate phase. In this case, the disper

depends on volume, which in turn

• The number of moles per kilogram
given the symbol m (has the a
temperature).

• The percent solute by mass or volu
• % by weight (w/w) is the numb

solution.

• % by volume (w/v) is the numb
solution.

The limiting concentration of the
dissolved in a solvent is called the
solution is said to be saturated. Ad
increase in concentration and a portion

ore gases, liquids, or solids are called
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ion. Air is a solution of predominantly
de.

y dissolving a solid, liquid or gas (the
When the solvent is water, the solution is

ms of one solid are randomly dispersed
oys are common examples of solid
are compounds (combine in definite

o heterogeneous mixtures.

i t d h l ti

a solution can be described as:

of one of the components (the solute or
number of moles present is called the

per litre of final solution is called the
M (this is the most common method but

i t t d d t)

us mixtures and homogenous solutions
olid particles are not broken up into
collections large enough to be called a
rsion is called a colloid.

is temperature dependent).

m of solvent is called the molality and is
advantage of not being dependent on

ume of the final solution.
ber of grams of solute per 100 g of

ber of grams of solute per 100 mL of

e solution to which a solute can be
solubility. At this concentration, the

ddition of excess solute results in no
n of the solute remains undissolved.



5.6 Aqueous Solutions

Many chemical reactions involve chem
solutions. 

5. States of Matter

o Volume

m No.
Molarity 

Examples:

(1) Calculate the mass of solute neede
sodium hydroxide:

0.5at solution  L 1for  required mass

NaO mole 1

(2) Calculate the volume of 10M acid 
0.4M solution of HCl:

HCg653

M10

25.0

1

. g

When an aqueous solution evaporate
be formed. The hydrated compound co

)(aqCl2)(aqCo2  
e

It is often observed that for dilute aq
solute lowers the freezing point and r
vapour pressure) compared to pure wa

micals that exist as water, or aqueous 
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litresin solution  of

solute of moles

ed to make up 1 litre solution of 0.5M 

 
20

0.5405M

g 40

11623OH






g 20

required to make up 250 mL of 

  

mL10Cl

HClLg 365M

required HCl g 65.3L

g 6.14

g 5.364.0

M4.0L








 /

1H

5.35Cl




es, a hydrated ionic compound may 
ontains water of crystallization: 

O(s)H2CoCl) 22 
evap

queous solutions, the addition of the 
raises the boiling point (reduction in 
ater. 



5.7 Solubility of Solids

When a solute dissolves in a solv
identified:
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• Solute-solute interactions – wher
separated from each other (such a
ions). This is an endothermic p
ionic bonds).

• Solvent-solvent interactions – wh
may be separated from each oth
separated from one another to
molecules). This is an endotherm

• Solute-solvent interactions – wh
solute and the solvent. These ar
total energy).

Some ionic compounds are soluble
solvents (like benzene and carbon tet
a hydration process can occur whic
negative ions from each other and pre
is a solute-solvent interaction.

Some non-polar molecular solids ar
insoluble in water (a polar solvent)
hydrated by water, and so solute-solve
If more energy is required to brea
molecules together than that requir

f h l h

Cation (+) Anio

components of the solute together,
insoluble. When placed in a non-pol
may occur and the solvent molecules
molecules and the solute dissolves.

vent, three distinct processes can be
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eby the solute atoms or molecules are
as the dissociation of Na+ and Cl- into

process (heat is required to break the

hereby the solvent atoms or molecules
her (such as when H2O molecules are

accommodate the incoming solute
mic process.

hereby processes occur between the
re usually exothermic (reduction in

e in water, but insoluble in non-polar
trachloride). When water is the solvent,
ch serves to insulate the positive and
event them reforming into a solid. This

Hydration involves the 
formation of bonds and 
so is exothermic (heat is 
released as the total 
energy is lowered) and 
so the solute-solvent 
interactions dominate the 
solute-solute interactions. 
Non-polar solvents 
cannot hydrate the ions.

re soluble in non-polar solvents but are
). Non-polar solute molecules are not
ent interactions are not significant here.
ak the hydrogen bonds linking water
red to break the bonds holding the

h h l i

on ()

then the solute components remain
lar solvent, solvent-solvent interactions

separate easily to accommodate solute



5.8 Solubility Equilibrium

If a solute is added to the solvent in
where the atomic or molecular spec

5. States of Matter

accommodated in the solute. As mor
begins to occur so that some of the pr
solute phase. This is called precipit
when a solid solute is added to
precipitation becomes equal to the ra
is achieved and the solution is said to

The concentration of a solute in a g
solubility of the solute in the solvent.

Solubility depends on temperature.
and heat is generated, the solubility

f h i b b d htemperature. If heat is absorbed, th
increasing temperature. Often, wheth
depends on the physical processes in
may occur in the solution.

Solubility depends on pressure. For
reactive gas being dissolved in a liquid
solubility C increases as the pressure P
increases according to Henry’s law: C

For example, dissolved CO2 in a soft drink 
readily precipitates (observed as bubbles) w
the pressure above the liquid is released (s

One of the most common solvents
soluble in water.

Compound General rule Ex

Nitrates Soluble

Chlorides Soluble Ag

Sulphates Soluble Pb

Carbonates Insoluble Na

p q (
as when the bottle is opened). An easy way
remember Henry’s law is to think of it as the
drink law. 

Hydroxides Insoluble Na

Oxides Insoluble Na

increasing quantity, a point is reached
cies being dissolved can no longer be
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re solute is added, the reverse process
reviously dissolved solute returns to the
tation. This is most vividly illustrated
a liquid solvent. When the rate of

ate of dissolution, dynamic equilibrium
be saturated.

given solvent at saturation is called the

. When a solute is dissolved in a solvent
y generally decreases with increasing
h l bili ll i i hhe solubility generally increases with
er or not heat is absorbed or generated
nvolved in any chemical reactions that

For example, air dissolves in 
water to some extent and when it 
does so, heat is produced (since 
the gas “condenses” into a liquid 
form). The solubility of air in water 
thus decreases as the 
temperature increases. When 
water is heated, the dissolved air 
can be seen to “precipitate” as

r a non-
d, the 
P

PC 

when 
such 

s is water, but not all compounds are

xceptions

gCl, PbCl2, Hg2Cl2
bSO4, BaSO4

a2CO3, K2CO3, (NH4)2CO3

can be seen to precipitate  as 
bubbles before the boiling point of 
water is reached.

y to 
e soft 

2 3, 2 3, ( 4) 3

aOH, KOH, Ba(OH)2, (NH4OH)

a2O, K2O, BaO



5.9 Electrolytes

Some molecular and ionic compound
that is able to conduct electric curren
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water, dissociate into ions. The ions, b
to move under the influence of an el
ions is therefore an electric current.

• Strong electrolytes dissociate
compounds are strong electrolytes
electrolytes are usually acids.

• Weak electrolytes only partially
compounds that are weak electrol

• Non-electrolytes do not dissocia
Molecular compounds that are n
electrolytes.

Molecular 
formula

Ion
sol

Hydrochloric acid HCl H+,

Nitric acid HNO3 H+,

Sulphuric acid H2SO4 H+,

Perchloric acid HClO4 H+,

Molecular compounds that are strong

M l l d th t k

Molecular 
formula

Ion
sol

Acetic acid CH3COOH H+,

Benzoic acid C6H5COOH H+,

Ammonia NH3 NH

Molecular compounds that are weak e

Molecular compounds that are non-el

Molecular 
formula

Ion
sol

Ethyl alcohol C2H5OH

Sucrose C12H22O11

ds dissolve in water to give a solution
nt. The compounds, when dissolved in
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being electrically charged, are thus able
ectric field and the movement of these

completely into ions. Many ionic
s. Molecular compounds that are strong

dissociate into ions. Usually, molecular
ytes are either an acid or a base.

ate into ions when placed in solution.
neither acids or bases are usually non-

ns formed in 
ution

, Cl Strong acid

, NO3
 Strong acid

, SO4
2 Strong acid

, ClO4
 Strong acid

g electrolytes:

l t l t

ns formed in 
ution

, CH3CO2
 Weak acid

, C6H5CO2
 Weak acid

H4
+, OH Weak base

electrolytes:

ectrolytes:

ns formed in 
ution



5.10 Osmosis

Osmosis is a movement of mo
membrane. A semi-permeable mem

5. States of Matter

allow some molecules through it but n
can be things like cell walls in living
small molecules to pass through but no

The concept of osmosis depends
Diffusion occurs when there is a conc
gradient drives the diffusion process.
second law of thermodynamics. D
physical processes (e.g. the formatio
junction of a semiconductor).

h

initial

Consider a dilute solution on one si
a concentrated solution on the oth
permeable membrane allows molecul
h l B f l I hi

h

dilute concentrated

Semi-permeable 
membrane m

the solute. Be careful. In this case,
looked at from the point of view of
solvent tend to pass from the dilute so
as to attempt to achieve uniformity o
of solute from the concentrated solut
the dilute side to achieve the sam
membrane. The movement of solvent
increase in pressure on the concentrat
to inhibit the further flow of solvent a
where no more net movement occur
increase is called osmotic pressure.

For dilute solutions, the osmotic pr
electrolytes is given by
non-electrolyte, T is in K, and R = 0.0

wheMRT

olecules through a semi-permeable
mbrane is a sheet of substance that can
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not others. Semi-permeable membranes
tissue that contain openings that allow

ot large molecules.
s on the phenomenon of diffusion.
centration gradient. The concentration
It is a fundamental consequence of the

Diffusion happens in a wide variety of
on of the barrier potential at the p-n

final

ide of a semi-permeable membrane and
her side. In this example, the semi-
es of solvent to pass through it, but not
h i di h b

osmosis

Molecules of solvent pass through to try and 
make concentration of solute the same in each. 

the concentration gradient has to be
the solvent. In this case, molecules of

olution into the concentrated solution so
of concentration throughout. Molecules
tion would very much like to pass into

me aim, but cannot pass through the
from one side to the other results in an

ted side. The increase in pressure tends
and an equilibrium condition is reached
rs across the membrane. This pressure

ressure  in atm (atmospheres) of non-

821 L atm/mol/K.
ere M is the molar concentration of the



5.11 Solids

Generally speaking, there are two kin
a repeating order of atoms, ions, com

64

pattern is called the crystal lattice. Th
called a unit cell. Amorphous solids
ions or molecules.

Crystalline solids can be broadly cl

Molecular solids are those in which
molecules are due to instantaneo
addition to dipole-dipole attractions
exist within the molecules between t
• Generally soft
• Gas, liquid or solid at room temperat
• Low melting point (about 20  200Cg p (
• Not usually soluble in water
• Poor conductors of electricity
• Heat insulator

Ionic solids are those in which the
electrostatic forces between positive
crystal. That is, ionic solids are com
• Generally hard
• Solid at room temperature
• High melting point (about 800C)
• Usually soluble in water
• Poor conductors of electricity in solid
• Heat insulatorHeat insulator

Covalent solids are those in which
valence electrons (covalent bonds)
• Generally hard
• Solid at room temperature
• Very high melting point (about 1200
• Insoluble in water
• Poor conductors of electricity
• Heat insulator

Metallic solids in which valence el
amongst all the atoms in the solid. 

Amorphous solids have no long-ra
or molecules. Examples are glass and
is an orderly structure in the neighbou
regularly repeated throughout the mate

nds of solids. Crystalline solids possess
mplex ions, or molecules. The repeating

The Chemistry Companion

he repeating unit in the crystal lattice is
s have no repeating structure of atoms,

assified as follows:

h the binding forces between discrete
ous van der Waals interactions in
s in polar molecules. Covalent bonds
the atoms.

ture
C) 

Examples: molecular crystals of 
noble gases, halogens. )
Compounds such as CO2, CH4, 
H2O, C6H6, C12H22O11 (sucrose) 
and most organic compounds.

e binding energy is due to Coulomb
ely and negatively charged ions in the

mposed of cations and anions.

d form

Examples: cations from Group I 
(e.g. Na+) or Group II (e.g. Mg2+) 
with anions O2, S2, NO3

, 
CO3

2, ClO4
, SO4

2, CrO4
2, 

PO 3 H+ OH MnO  CNPO4
3 , H+, OH , MnO4 , CN .

h the binding energy is due to shared
between atoms in the solid.

C)

Examples : Si, C (diamond), 
Ge, SiO2 (quartz), BN, SiC.

ectrons are effectively shared 

ange regular repeating pattern of atoms
d most plastics. In these materials, there
urhood of any one atom, but this is not
erial.



For geometrical reasons, there are on
symmetry operations such as translat

5.12 Crystalline Lattice Struc

5. States of Matter

Each of these fourteen lattices is cal
convenient crystal systems in the se
orthorhombic, trigonal, monoclinic, he

1. Cubic

2. Tetragonal

Body -
centre
cubic 
(BCC)

Body-
centre
tetrago

 











 







a

a

a

a

c

3. Orthorhombic

4. Triclinic

 










e ago

Body-
orthor






 

 


















a

c

a

b

c

a

b

6. Hexagonal

7. Trigonal

5. Monoclinic





 
 


 

 


 












c

b

a

a

a




aa

their charge (fo
images do not actuall

to il

nly fourteen types of lattices that satisfy
tion, rotation, reflection and inversion.

ctures
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led a Bravais lattice. There are seven
et of Bravais lattices: cubic, tetragonal,
exagonal and triclinic.

-
ed 

)

Face-
centred 
cubic
(FCC)

ed 
onal

 


 



 







 







 












o a

-centred 
rhombic

Base-centred 
orthorhombic

Face-centred 
orthorhombic



 




 




 







 



 

  














Base-centred
monoclinic















 



a

c

The particular geometry 
adopted by a solid depends onadopted by a solid depends on 

the relative sizes of the atoms or ions,
r ions).  Note: The lines shown in these 
ly exist in a real material, but just serve 
llustrate the overall shape of the lattice.



5.13 Metallic Solids

Metallic solids are those in which v
amongst all the atoms in the solid. A
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bond.

• Can be either hard or soft
• Solid at room temperature (exce
• Low to high melting point (room
• Insoluble in water
• Good conductors of electricity
• Heat conductor

Most metals crystallise into either
close-packed, and face-centred cubic
structure are Fe (iron), Cr (chromium
V (vanadium). Common metals with
Cu (copper), Au (gold), Pb (lead), N
Common metals with close-packed h
(cobalt), Mg (magnesium), Ti (tita
structure have a higher yield strength t

At room temperature, iron has a B
rearranges into an FCC structure (at
This change in structure takes plac
allotropic change.

Solid solutions are very important
alloys In a true solid solution onalloys. In a true solid solution, on
throughout the other component. O
compounds (in fixed proportio
A particularly important alloy is that o

Carbon Content:

0.05–0.3% Low-carbon steel

0.3–0.45% Medium-carbon steel

0.45–0.75% High-carbon steel

0.75–1.5% Very high-carbon steel

valence electrons are effectively shared
Atoms are held in place by the metallic
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pt Hg)
m temperature and above)

body-centred cubic (BCC), hexagonal
c (FCC). Common metals with BCC
m), Mo (molybdenum), W (tungsten),
h FCC structure are Al (aluminium),

Ni (nickel), Pt (platinum), Ag (silver).
hexagonal form are Cd (cadmium), Co
anium), Zn (zinc). Metals with BCC
than those with FCC structure.

BCC structure, but above 910C, iron
which time it becomes non-magnetic).
e in the solid state and is called an

in metallurgy, where they are called
ne component is randomly dispersedne component is randomly dispersed
Other types of alloys are molecular
ns) and heterogeneous mixtures.

of iron and carbon, which makes steel.

Mild steel, tough, ductile, easily 
forged and welded.

Strong, hard, not so easily 
forged or welded.

Very strong (high-strength steel)
and hard. May be annealed for 
machining or heat treated for 
different degrees of hardness.



6 Chemical Thermo

6. Chemical Thermodynamics

6. Chemical Thermo

Summary

nU 

pW 

Internal energy:

Work:

Qp 

pQ

H




First Law:

Enthalpy:

T

Q
S Entropy:

Stotal >
Stotal =
Stotal <

HG Gibbs energy:

freaction GG 

Spontaneous reactions:

odynamics
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odynamics

 TC p 

V

VpU 

p

VpU 

Q

> 0 irreversible process
= 0 reversible process
< 0 impossible process

STH 

reactants
0

fproducts
0 GG 



Molecules in a gas are capable of inde
Consider a diatomic gas molecule:

6.1 Molecular Energy
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(a) the molecule itself can travel 
as a whole from one place to 
another

(b) the molecule can spin 
around on its axis

(c) 

Rotational motion

These kinetic energy terms repre
significance for the interpretation
substance. Changes in internal ener
physically as changes in temperature

The total energy of the
molecule also contains some
potential energy components.
Firstly, there are intermolecular
forces (such as van der Waals
forces) that lead to the formation

f li id d h d b dof liquids, and hydrogen bonds.

Secondly, there is the
potential energy associated
with the chemical bond
between the atoms of the
molecule, the bond energy.

These potential energy terms
are associated with the position
of the atoms within a molecule,
and the position of molecules in
relation to other molecules asrelation to other molecules, as
distinct from the motion of the
atoms or molecules.

ependent motion. 
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the atoms within the molecule can 
vibrate backwards and forwards

Vibrational motion

esent the internal energy and have
of the specific heat capacity of a

rgy of a molecule manifest themselves
e of the molecule.

V(r)

Repulsion

Vmin

r

ro

Repulsion

Attraction



The amount of energy (Q) required
material is found to be dependent on t

6.2 Specific Heat Capacity

6. Chemical Thermodynamics

Specific heat 
heat capacity

The specific heat is the amount of 
heat required to change the temperatur
of  1 kg of material by 1oC

• Mass of the body (m) k
• Temperature increase (T) oC
• Nature of the material (c) J/

 TmcQ 

Molar specific heat or molar hea

For a constant pressure process, for
always be a volume change V . Ther
both raise the temperature and do wor

Experiments show that when a gas i
heat capacity Cv is always less than
pressure Cp. This is because for a
opportunity for there to be mechanical

Molar specific heat, or molar hea
required to raise the temperature of 1 m

nCQ 

p2V1T2

dV

W

nCQp  12 TTnCQ vv 

nC

Qp



 12Q vv

Qp is a very im
and is given th

to change the temperature of a mass of
he:
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or 
y

Material c (kJ/kg/K)
water 4.186
steel 0.45
cast iron 0.54
aluminium 0.92re 

kg     
C, K  
/kg//K 

at capacity (C) is the amount of heat

a given temperature rise T, there will
refore the energy into the system has to
rk, thus Cp is always greater than Cv.

F t t

is heated at constant volume, the molar
n that if the gas is heated at constant
constant volume process, there is no
l work done on or by the system.

at capacity (C), is the amount of heat
mole of the substance by 1oC.

T

p1V2T2

W
For a constant 
pressure process, 
a volume change 
involves a force 
acting through a 
distance and 
hence work is 
done on or by the 
system. Volume 
change in solids 
and liquids very 
small, and hence 
distinction 
between Cp and Cv

   1212 VVpTTCv  between Cp and Cv

not usually made. 
   
 12

1212

TTC

p

p

v



mportant quantity in industrial processes 
he name enthalpy. 



6.3 Enthalpy

Consider a beaker of solution which i
is, heat energy is transferred into the s
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The solution may also expand by
an amount V and  perform mechanic

The temperature of the 
solution increases by an 
amount dependent on the 
molar heat capacity CV of 
the solution.  The change in 
internal energy of the system 
will be: 

 TnCU v 

the top of the beaker and floats on the 

VpW 

The relationship between the heat e
the system and the rise in internal en
thermodynamics:

VpUQp 

If heat energy Qp is added to the sy
mechanical work and some into inter
internal energy and the work done on

Qp is posi
W is posit
surroundi

enthalpy H of the system:

That is, the change in enthalpy of th
heat energy that has been put into it.

If the heating of the solution init

pQ

VpUH


 Note: pV

experime
approxim

If the heating of the solution involv
heat energy input would be consumed
accounted for.

energy may be released (e.g. as happ
the solution as the potential energy of
changes. This is called the heat o
release, or absorption of potential ener

is heated from an external source. That
system across the boundary.
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Thermometer

al work (e.g. by a piston that fits into 

System 
boundary

Qp

surface of the solution): 

entering the system, the work done by
nergy is expressed by the first law of

ystem, then some of this heat goes into
rnal energy. The sum of the change in
or by the system is called the change in

itive when heat enters the system. 
tive when work is done by the system on the 
ings. U is positive when T is positive. 

e system is the same as the amount of

tiates a chemical reaction, then heat

V is usually small in comparison to U in 
nts in the laboratory whereupon H is 
ately equal to U. 

ves a phase change, then some of the
d by latent heat which would have to be

ens during combustion) or absorbed by
f the chemical bonds (chemical energy)
of reaction. The heat of reaction is a
rgy of the chemical bonds.



6.4 Heat of Reaction

Consider the reaction between two ch
in a beaker which is placed in a tempe

6. Chemical Thermodynamics

beaker is maintained at a constant tem
across the system boundary 
but the solution is held isothermal. 
If, as a result of the reaction, heat
energy is released, then this heat
must pass out through the system
boundary. The surrounding water
bath ensures that the heat energy is
taken away fast enough to prevent
any temperature rise of the solution.

• The internal energy of the sy
reaction as indicated by no ris

• Energy has come from the he
transferred into the water bath

• If there has been a volume cha
would have been performed on

In this example, there must have b
result of the chemical reaction. Some
across the boundary by the water ba
case) has gone into mechanical workcase) has gone into mechanical work
The change in enthalpy of the system

pUH 
We can assume that the mechanical
compared to the heat lost by the syste
In this example, heat Qp has passed o
enthalpy is a decrease. When heat i
reaction is said to be exothermic. If
heat from the surroundings, then the
and the reaction is called endothermi

The heat of reaction represents theThe heat of reaction represents the
system. The question now is, if th
temperature changes, how is the chang

hemical species in an aqueous solution
erature controlled water bath so that the
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mperature. That is, heat flow can occur

Thermometer System 
boundary

T Tbath

Qp

ystem remains the same after the 
e in temperature. 

eat of reaction and been 
h. 

ange, then mechanical work also 
n (+ve) or by (-ve) the system.

been a net release of bond energy as a
e of this energy has been carried away
ath, and some (a small amount in this
against the pressure of the atmosphereagainst the pressure of the atmosphere.

m is:

V
work involved in this example is small

em to the surroundings. Thus, H = Qp.
out of the system and so the change in
is passed out to the surroundings, the
the reaction involved an absorption of
change in enthalpy would be positive,

ic.

e change in enthalpy in this isothermale change in enthalpy in this isothermal
here is a chemical reaction, and the
ge in enthalpy calculated?



6.5 Heat of Reaction

Consider the reaction between two ch
in an insulated beaker. A thermome
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during the reaction.

If, as a result of the reaction, the tem

• Th internal energ f th

The reaction takes place inside
the boundary of a system. For
the present example, we will
assume that the system
boundary is adiabatic. That is,
no heat flow will occur across
the boundary, as if the beaker
were fully insulated.

• The internal energy of the sy
indicated by a rise in temperat

• Energy has come from the he
transferred into internal energy
solution. 

• If there has been a volume cha
would have been performed on

Since no external heat energy was inv
boundary), the heat energy needed to
must have come from the net sum
formation of the chemical bonds information of the chemical bonds inv
there must have been a net release of
Some of this energy has gone int
molecules, while some (a small a
mechanical work against the pressure

. If the work done is
the change in enthalpy is equal to th
has crossed the system boundary, h
chemical reaction – just as if it had co
this adiabatic example, heat Qp has
reaction and .

VpUH 

UH 

hemical species in an aqueous solution
eter measures the temperature change
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Thermometer

mperature of the solution rises, then:

t i hi h ft th ti

System 
boundary

ystem is higher after the reaction, as 
ture. 

eat of reaction and been 
y of motion of the molecules in the 

ange, then mechanical work also 
n (+ve) or by (-ve) the system.

volved (no heat flow across the system
o raise the temperature of the solution

m of energies from the breakage and
ol ed in the reaction In this e amplevolved in the reaction. In this example,
bond energy as a result of the reaction.
to internal energy of motion of the
amount in this case) has gone into
of the atmosphere. In this case,
negligible, then . In this case,

he heat of reaction. Although no heat
heat has appeared as a result of the

ome from outside the system. That is, in
entered the system from the chemical

UH 



6.6 Enthalpy of Formation

A chemical reaction is the process o
bonds. Energy is absorbed when a b

6. Chemical Thermodynamics

gy
when a bond is formed. When a chem
given off, or absorbed to or from th
enthalpy may be either positive (endo
Liquid water molecules are made by
molecules:

The equation is written in terms of
Under standard conditions (1 atm pre
of heat energy is produced. That is, t
H = –286 kJ. This is the heat of reac

H)(gO
2

1
)(gH 22 

Wh th t t t t d d

Name Molecular 
Formula

Heat of 
Formation 
H, kJ/mol

Methane CH4 -75

Carbon 
dioxide

CO2 -394

Ammonia NH3 -46

When the reactants are at standard
kept at standard conditions (e.g. b
temperature), the heat of reaction is r
enthalpy of formation. Standard h
experiment. The

are
exam
to ze
Heat
addit
comp3

Acetylene C2H2 +227

Ethylene C2H4 +227

Ethane C2H6 -85

Water H2O -286

Hydrochloric 
acid

HCl -92

Sodium 
hydroxide

NaOH -427

Aluminium 
oxide

Al2O3 -1670

Carbon CO -110

p
entha

Note

HC2




H3

C2

HC

2

2









H

monoxide been
react
form
is ca

When the reaction proceeds 
in reverse, the sign of the heat 
of formation is reversed. 

of breakage and formation of chemical
bond is broken, and energy is released
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gy
mical reaction occurs, heat may be either
he surroundings. That is, the change in
othermic) or negative (exothermic).

the reaction between H2 and O2 gas

f the formation of 1 mole of product.
essure and 25ºC) it is found that 286 kJ
the change in enthalpy of the system is
ction.

O(aq)H2

d diti d th d t ld conditions, and the products are also
by use of a water bath to maintain
referred to as the heat of formation, or
heats of formation are determined by

reference point for heats of formation
elements at standard conditions. For

mple the heat of formation of O2(g) is set
ero.
ts of any reaction can be obtained by
tion of heats of formations of known
pounds, or Hess’ law. The change inp , g
alpy for the combustion of ethane is:

e that the sign of H for C2H6 has

OH3CO2O
2

7
H 2226 


  

 

    kJ/mol  15612863394285

2863            OHO
2

1

3942                   COO

85     )(gH3C(s)2)(gH

222

22

26










H

H

H

n reversed in this calculation since the
tion splits this compound rather than

ms it. H for the combustion of ethane
alled the calorific value.



6.7 Entropy

Consider a beaker of ice which is he
remains at 0C (273K) and melts. The
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Absolute values of entropy S can be 
from thermodynamic theory or measu
laboratory. Of more interest to us in ch
changes in entropy as a result of physi
of state and chemical reactions W

energy Qp needed is determined by the
of fusion of ice.  

The water molecules have a greater
disorder after melting compared to t
heating due to their increased ve
quantitative measure of disorder is ent

T

Q
S 

If the process occurs at a low temper
then the change in entropy is greater th
same process occurs at a higher tempe
At high temperatures, the entropy is al
high and so the proportional change in
for a given heat flow Q is less compar
that which would occur at low temper

of state, and chemical reactions. W
temperature T involving heat flow, the

When a system a
entropy increases
Q is negative and

Stotal > 0 irreversible process
Stotal = 0 reversible process
Stotal < 0 impossible process

When a system undergoes a process
a non-isolated system), the total entro

SStotal 
The sign of Stotal signifies the presenc

that which would occur at low temper

When a phase change or a chemical
the surroundings, entropy must be c

d h di dsystem and the surroundings cannot d
zero, then the process is reversible an
direction. For a reaction to procee
products, the total entropy Stotal must

eated from an external source. The ice
e amount of
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calculated 
ured in the 
hemistry are 
ical changes 

When a system undergoes a process at

e latent heat 

amount of
that before
elocity. A
tropy.

Qp

Cold

Ice

rature, 
han if the 
erature. 
lready 
n entropy 
red to 
ratures

When a system undergoes a process at
e change in entropy of the system is:
absorbs heat, Q is positive and so the 
s, S>0. When a system rejects heat, 
d the entropy decreases, S<0.

 

J/K1.22
273

335000018.0






T

mL
S

For 1 mole ice:

Entropy is not energy. There is no “law of 
conservation of entropy”. Irreversible 
processes create entropy. 

and interacts with its surroundings (i.e.
opy change (of the universe) is:

.gssurroundinS
ce of the following types of processes:

ratures. 

l reaction involves heat flow to or from
considered. The total entropy of the
d f h l h i

J/K 1.22

decrease. If the total entropy change is
nd so cannot be spontaneous in any one
ed spontaneously from reactants to
t increase.



6.8 Entropy Calculations

Changes in entropy of a system at con

Q

6. Chemical Thermodynamics

T

Q
S 

When the temperature is not constan
entropy for incremental transfers of he

2

S

mdQ

T

Q

Q











1

m

T





The standard molar entropy So i
substance under standard conditions
entropies are absolute values and repr
substance from 0K to 273K in its
always positive. The zero point for en
point for entropy is called the 
third law of thermodynamics. 

For a chemical reaction or a phys
process, the change in entropy can
calculated from:

reactants
o

products
o

reaction SSS 

For example:


mol/J/K 5.45

25.0131188

     O(g)H)(gO
2

1
)(gH

o

222






S

Note that in this example, the change
expense of an increase in entropy els
oxygen will, under certain condition
favourable to do so.

nstant temperature are expressed as:

Q

75

T

Q

nt, we add up incremental changes in
eat:

 
1

1

2

2

1

dTmc
T

dQ
T

mcdT
Q

Q





1

2ln

1

T

T
mc

T
T


is the entropy content of one mole of
of 1 atm pressure and 25ºC. Standard

resent the change in entropy to bring the
standard state. Standard entropies are

ntropy is 0K. This statement of zero

Element    So. (J/K/mol) 
H2(g) 131

Compound So (J/K/mol) 
NH3(g) 192.8
H2O(l) 70.0
H2O(g) 188.8
CO2(g) 213.8
CO(g) 197.7
CH4(g) 186.2

sical
n be

O2(g) 205
N2(g) 192
Si(s) 19
C(s) 6
Fe(s) 27

05

in entropy for this system is < 0 at the
sewhere in the universe. Hydrogen and
ns, form water since it is energetically



6.9 Gibbs Energy

It is a natural tendency of systems
energy, such as a ball rolling down
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                O(g)HO(aq)H

Δ     O(g)H)(gO
2

1
)(gH

   O(aq)H)(gO
2

1
)(gH

22

222

222







gy, g
field, and so on. In an exothermic p
and we might expect that such proce
endothermic processes are not. Howe
when water evaporates spont
H > 0 and the water vapour has a hig

(g)( q) 22

Whether or not a phase chang
spontaneously cannot be judged on th
entropy Stotal of both the system (th
also be considered. Whether or not th
more important factor in any partic
temperature T.

Now, the total energy of a system is
of the internal energy and the extern
expressed as: .VpUH 

Part of the total energy H is unavaila

TSGH 

gy
is connected with changes in entropy
the determining factor that quantif
particular process is T, then the unav
the product TS. Thus, the total energy

where G represents that part of the t
conversion into work. This freely
energy. As the temperature increases,
and the unavailable term TS increas
energy in a constant temperature proc

The concept of Gibbs energy al
spontaneous chemical reactions by co
spontaneous chemical reaction will pr
available Gibbs energy: G < 0.

to attain the lowest possible potential
a hill, electrons moving in an electric
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kJ/mol44242286Δ

kJ/mol 242Δ

 kJ/mol 286Δ 







H

H

H
+H signifies 
energy of products 
is greater than 
reactants 
(endothermic)

, g
process, heat leaves a system (H < 0)
esses are always spontaneous and that
ever, this is not observed. For example,
taneously at room temperature,
gher energy than the liquid.

e or a chemical reaction proceeds
he basis of energy alone. The change in
he reaction) and the surroundings must
he change in entropy or enthalpy is the

cular process depends on the absolute

given by the enthalpy and this consists
nal work. Changes in total energy are

able for conversion into work. This part

S

p
. Since the units of entropy are J/K, and

fies the contribution of entropy in a
vailable energy can be calculated from
of a system can be written as:

total energy that is freely available for
available energy is called the Gibbs
, the amount of Gibbs energy decreases
ses. Changes in the amount of Gibbs
ess are thus: .STHG 
llows us to predict the direction of
onsidering both energy and entropy. A
roceed only when there is a decrease in



6.10 Spontaneous Processes

The concept of Gibbs free energy
considerations in determining in w

6. Chemical Thermodynamics

• If a reaction is exothermic H < 0
then the free energy change G <

• If a reaction is endothermic H >
then the free energy change G >
spontaneous.

g
proceeds. A decrease in Gibbs ene
enthalpy or an increase in the produc
H and TS may have the same or o
process, at constant temperature:

THG 

• If the enthalpy change H > 0 an
the process is spontaneous at high
< 0, the process is spontaneous at

It is important to know that S in th
of the system, not the total entropy ch
to conveniently predict and quantify
attributes of the system only.

In chemical reactions, the change in
states of the reactants and products,
concentration of the reactants and proconcentration of the reactants and pro
at standard conditions (1 atm and 25C
as the standard Gibbs energy change

The standard Gibbs energy change o
elements is called the standard
Elements at their standard states
formation.

For a process or a chemical reaction
change in Gibbs energy can be calcula
from:

o
f

o
freaction GGG 

reactafproductsfreaction GGG 

s

y embodies both energy and entropy
which direction a chemical reaction
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0 and the entropy change S > 0, 
< 0 and the process is spontaneous.

> 0 and the entropy change S < 0, 
> 0 and the process is not 

ergy can arise due to a decrease in
ct TS. In a particular chemical reaction,
opposite signs. For a constant pressure

.S

d the entropy change S > 0, then 
h temperature. When H < 0 and S
t low temperature. 

he above equation is the entropy change
hange (of the universe). This enables us

the direction of a process based upon

n Gibbs energy depends on the physical
the temperature and pressure, and the

oducts When reactants and products areoducts. When reactants and products are
C), the free energy change is referred to
e Go.

of the formation of a compound from its
Gibbs energy of formation fGo.
have zero standard Gibbs energy of

Compound fGo. (kJ/mol) 
NH3(g) −16.6 
H2O(l) −237.2 
H2O(g) −228.6 
CO2(g) −394.3 
CO( ) 137 3

n, the 
ated 

CO(g) −137.3 
CH4(g) −50.8 

ants



6.11 Melting of Ice

Consider a mole of ice initially at
surroundings be 283K (+10C).
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g ( )

 

9.23
283

6780

J 6780

335000018.0

gssurroundin 






S

TmcmLH

1
2

1
1






Q

Q

dQ
TT

mL
S

mcdTmLdQ

For the system:

For the system:

For the 
surroundings:

J/K90

9.238.24

surroutotal




 SSS

 
273

335000018.0

 
1

2

1

1

1



 
T

T

Q

dmc
TT

mL

Total change in entropy:

J/K9.0



J 238

70186780

22836780




 STHG

0C. Now, let the temperature of the
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  

J/K 9

104186018.0

Qp

I

(endothermic)

gsundin

   J/K 8.24
273

283
ln4186018.0 

dT

Ice

This is an irreversible 
process. Even though the 
change in entropy is < 0 for 
the surroundings the change

8.24

The Gibbs free energy 
change is < 0 so this process 
is spontaneous. 

the surroundings, the change 
in entropy of the system is 
greater, and so the change in 
total entropy is > 0. 

Data:
cwater = 4186 J/kg/K

920 J/k /KcAl = 920 J/kg/K
Lv = 22.57  105 J/kg
Lf = 3.35  105  J/kg
water = 1000 kg/m3

cice = 2110 J/kg/K



6.12 Freezing of Water

Consider a mole of water, initially at
surroundings be 263K (10C).

6. Chemical Thermodynamics



J/K 4.24
263

6410

J 6410

38.003.6

335000018.0

gssurroundin 







S

TmcmLH

1
2






Q

dQ
mL

S

mcdTmLdQ

For the 
surroundings:

For the system:

For the system:

g ( )

4.2452.23

surrounditotal



 SSS


273

33500018.0

1
2

1

1

1

1










T

T

Q

mc
TT

mL

dQ
TT

S

Total change in entropy:

0

J/K 88.0






J 229

61806410

22636410





 STHG

t 0C. Now, let the temperature of the
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   

K

102110018.00 

Q

(exothermic)

Qp

gsin

   J/K 52.23
273

263
ln2110018.0

0

 



dTc

Q

This is an irreversible 
process. Even though the 
change in entropy is < 0 for 
the system the change in

Ice

the system, the change in 
entropy of the surroundings is 
greater, and so the change in 
total entropy is > 0. 

5.23

This is a spontaneous process 
since the freezing of ice 
results in a decrease in Gibbs 
free energy. 

Data:
cwater = 4186 J/kg/K
c = 920 J/kg/KcAl = 920 J/kg/K
Lv = 22.57  105 J/kg
Lf = 3.35  105  J/kg
water = 1000 kg/m3

cice = 2110 J/kg/K



 mLH

6.13 Ice/Water Equilibrium

Consider the conversion of one mole o

For the system:

80



0.22
273

6030

J 6030

3350018.0

gssurroundin 





S

mLH

335018.0





T

mL
S

mLdQ

For the surroundings:

For the system:

For the system:

(e

J/K 0

2208.22

surrototal




 SSS

J/K 08.22
273


Total change in entropy:

2736030

 STHG

J 0

2736030




of water to ice at 273K:
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

J/K 08

000

5000

Qp

Ice

endothermic)

08.2

gsoundin

 08223

The total change of 
entropy is zero. This is a 
reversible process. 
Extraction of Qp from the 
melted ice would cause it 
to re-freeze.

This process is at phase  08.223  equilibrium. 

Data:
cwater = 4186 J/kg/K
c = 920 J/kg/KcAl = 920 J/kg/K
Lv = 22.57  105 J/kg
Lf = 3.34  105  J/kg
water = 1000 kg/m3

cice = 2110 J/kg/K



6.14 Chemical Equilibrium

A chemical reaction involves reacta
chemical reaction proceeds spontaneo

6. Chemical Thermodynamics

p p
in free energy.

ProdReactants 

products
0

freaction GG 

If a chemical reaction proceeds fro
we may at first expect the process
converted to product. This is not obs
there is chemical equilibrium:

ProdReactants 

In chemical reactions, the free ener
physical state, pressure, and concentra
That is, as the reaction proceeds,
products are created – and the free e
proceeds in time. When the free ener
rate of forward reaction has become e
This usually happens (for spontaneou
the products is somewhat greater th
important to note that this does not ne
used up. At chemical equilibrium,p q
both happening at the same rate.

Precisely what is meant by rate o
Rates of reaction may be expressed a
the reactants per unit time where c
moles per unit volume.

State Conc

Gases Parti

Liquids Mola

Solids Mole

The appropriate time period may be e
or years depending on the reaction.

ants and products. Whether or not a
ously depends on the sign of the change

81

y p g g

ducts
At equilibrium, the rate of 
forward reaction = rate of 
reverse reaction

reactants
0

fs
G

m reactants to products spontaneously,
to continue until the reactants are all

served. Usually, reactions proceed until

ducts

rgy change depends on the temperature,
ations of the reactants and the products.
the reactants are consumed and the

energy change changes as the reaction
rgy change becomes equal to zero, the
equal to the rate of the reverse reaction.
us reactions) when the concentration of
han those of the reactants – but it is
ecessarily mean that all the products are
the forward and reverse reactions are

reverse reaction. 

of reaction depends upon the context.
as the change in concentration of one of
concentration is expressed in terms of

centration units

ial pressure units

arity (moles per litre)

es or mass units

xpressed in milliseconds, seconds, days
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6.15 Statistical entropy

The change in entropy of a system
quantities, Q and T. Molecules of gas
distribution of velocities, and hence
velocities over the total number of mo

The number of molecules N
with an energy E was
computed by Boltzmann using
the Maxwell velocity
distribution function:

kT

E

CeN



Maxwell-Boltzmann 
energy distribution

f(v)

Consider a partitioned volume V
molecules There is a discrete numbmolecules. There is a discrete numb
possible, and there is a finite number
molecules present can have a distribu
that matches the macroscopic propert
V. Each of these possibilities is called

Now, one such possible state is i
concentrated in one molecule and the
this is very unlikely to ever happen,
throwing zero heads and 100 tails in
most likely scenario for our N molecu
Maxwell-Boltzmann distribution.

In mathematical symbols, the stati
(E,V,N) is the number of possible m
observed macrostate. The lower the
more accurately we know informatio
the system is: ln kS

If there were only one possible mic
number of possible microstates increa
the partition is removed, the molecu
exceedingly unlikely that at any one in
over on one half of the now larg
microstates has increased. However, oc os es s c e sed. oweve , o
only two molecules in it? In this case,
molecules will find themselves over to
of possible microstates, for the two-m
is the entropy.
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m can be calculated from macroscopic
s in a volume V at temperature T have a
, kinetic energies. The distribution of

olecules was determined by Boltzmann:

kT

mv

ev
kT

m
vf 222

3 2

2
4)(













kT = 0.025 eV at 300 K

v

High T

Low T

V containing N
ber of energiesber of energies
of ways that the

ution of energies
ties of P, T and
a microstate.

if all the energy of the system were
e others had zero energy. We know that

just as we know that the likelihood of
n 100 tosses of a coin is unlikely. The
ules is that the energies will follow the

istical weight function of the system
microstates that are consistent with the
e number of possible microstates, the

on about the molecules. The entropy of
.

crostate, then S would be zero. As the
ases, the entropy becomes larger. When
les rush to fill the entire volume. It is
nstant, all the molecules will be located

ger volume. The number of possible
one might ask what if the container hado e g s w e co e d
it is likely that at any one time, the two

o one side of the container. The number
molecule scenario, is very small, and so



7 Rates of Reaction

7. Rates of Reaction

7. Rates of Reaction

Summary

• The nature of the reactan
• The concentration of the 
• The temperature
• The presence of a catalys

Rates of reactions:

RT

E

Aek



Arrhenius 
equation

PBA  ba

     mnk
dt

d
BA

P 

Rate law (concentrations):

Rate law (temperature):

• Has no effect on the stoich
reaction.

• Does not affect the equilib
• Affects the reaction mecha

activation energy, thus incr
molecules that can make a 

Catalyst:

n

83

n

nts
reactants

st

hiometry of the overall 

brium position of the reaction. 
anism so as to lower the 
reasing the number of 
productive collision. 



7.1 Rates of Reaction

Consider the reaction between hydr
liquid water:

84


3.163

1370

O(aH)(gO
2

1
)(gH

o

222






S

O(aH)g(O
2

1
)(gH 222 

28600

28600




 THG

k 240

28600




The indications are that this reaction
these two gases are mixed. While this
this reaction does not proceed at all
ignition present – in which case t
violence.

Clearly then, the rates of reactio
reactions. While thermodynamics m
direction in which a reaction mig
equilibrium, more information is neequilibrium, more information is ne
products are produced.

Associated with the rate of reacti
production of products and the consu
only represents the net reaction in ge
in several steps. Intermediate species
intermediate steps often influence the

The most important factors that gove
• The nature of the reactants

• The concentration of the reacta

• The temperaturep

• The presence of a catalyst

The rate of reaction is the rate of
reactants or the products.

rogen gas and oxygen gas to produce
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
J/K/mol 

205*5.031

     aq)



 kJ/mol 286Δ     aq) H

 
94458000

3.16327300




ST

kJ/mol

9.4458000

n should proceed spontaneously when
s might be so, experience indicates that
l unless there is a spark or source of
the reaction proceeds with explosive

on are an important part of chemical
might provide information about the
ght proceed on its way to chemical
eeded to determine at what rate theeeded to determine at what rate the

ion is the reaction mechanism. The
umption of reactants, while observable,
neral. Chemical reactions may proceed
may form and be consumed, and these
overall rate of the reaction as a whole.

ern the rate of a reaction are

ants

change of concentration of either the



7.2 Collision Theory

Chemical reactions involve the break
atoms, ions or molecules. Elemen

7. Rates of Reaction

reactants form new compounds as pro
and entropy – the Gibbs free ene
chemical reaction will proceed. The
chemical reaction takes place.

Central to the answer of this
question is the fact that atoms, ions
and molecules are in constant
motion – especially when they are
in liquid and gaseous form.
Because they are in motion, they
undergo collisions with other atomsundergo collisions with other atoms
and molecules.

When atoms, ions or molecules colli
a chemical reaction may occur. That i
chemical reactions occur as a result o
known as collision theory.

During the collision, bonds are brok
are rearranged into new compounds
how fast reactants are converted into p

• Particles (either atoms, ions o
particular way That is the orieparticular way. That is, the orie
to be a certain way in order
breaking bonds and forming new

• The particles have to possess e
to interact to the extent that bo
ones to be formed.

• The number of collisions per
reaction proceeds and this is
reactants.

The nature of the reactants, the tem
of catalysts can be all explained by cof catalysts can be all explained by c
in a reaction. Only a small proportion

king and formation of bonds between
nts or compounds that comprise the
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oducts. The relationship between energy
ergy – determines which direction a
e question now is to ask just how a

The notion of chemical reactions only 
taking place between atoms or 
molecules when they contact each 
other in a certain way is not so 
obvious as it might seem and was only 
proposed in the early 1900s. 

.

.. ... O No reaction

ide, 
s,

of collisions between molecules. This is

ken and formed as atoms and electrons
. Several variables serve to determine
products:

or molecules) have to collide in a
entation of the colliding particles has

..

.. .... O H

H
Reaction

entation of the colliding particles has
r that the collision be effective at
w ones.

enough kinetic energy to allow them
onds may be broken and allow new

unit time determines how fast the
related to the concentration of the

mperature, and concentration and action
collision theory Not all collisions resultcollision theory. Not all collisions result
are productive collisions.



7.3 Reaction Mechanism

We have agreed that for a chemica
molecules must collide. Further, they

86

another. They must collide with a cert
the right orientation with respect to
broken and allow new ones to form.
collision.

Consider the rusting of iron. Simply

2)g(O34Fe(s) 2 

This is a reasonably slow reaction
collision theory at face value, it woul
were to collide with three molecules o
molecules of iron oxide In reality r

 
  )s(OHFe

OH2OOHFe4

OH2Fe

3

222

2



 

molecules of iron oxide. In reality, r
smaller steps. The series of smaller ste

The chances of a collision occurring
is significantly greater than the chanc
of the required chemical species at
chemical reactions involve two atomschemical reactions involve two atoms
reaction mechanism is the rate-determ
steps cannot be deduced from the net r
found by experiment.

Identification of the rate-determinin
quantitative rate law for the reaction
depend on the concentration of the rea
reactants within the rate-determining
elementary reactions, or the reactio
may be formed which are used up in a
equation.

Some reaction mechanisms are no
these cases, the steps become a self-
combustion).

al reaction to proceed, atoms, ions, or
y must not just touch or brush past one
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tain amount of kinetic energy, and be in
one another in order for bonds to be
That is, there has to be a productive

put, the reaction is:

).s(OFe2 32

. However, if one were to just take
ld be luck indeed if four atoms of iron
of oxygen at the same time to form two
eactions usually proceed as a series of

 
 

OH2OH,OFe

)s(OHFe

OHFe

2232

3

2







eactions usually proceed as a series of
eps is called the reaction mechanism.

g between two atoms, ions or molecules
ces of a collision between three or four
the same time. Most reaction steps in
s or molecules. The slowest step in thes or molecules. The slowest step in the
mining step. The nature of the reaction
reaction. The reaction steps can only be

ng step is important for establishing a
as a whole. Often, the rates of reaction
actants, but it is the concentration of the
step that is they key issue. During the

on steps, intermediate chemical species
a later step and do not appear in the net

oted for their explosive properties. In
-sustaining chain reaction (such as in



7.4 Activation Energy

A reaction step usually involves a tw
or molecules). As two molecules appr

7. Rates of Reaction

one molecule will begin to feel th
molecule. The kinetic energy of mo
potential energy. The potential energy
closer together.

Th llidi l l i

When all the kinetic energy has bee
close proximity and are in a somewh
point form what is called an activate
conglomeration of the participating
complex may split into the product
bounce backwards and reform the orig

The colliding molecules require su
mutual repulsion and allow the col
complex. This is called the activatio
depends on the nature of the reactants

When a spark is introduced
into a mixture of H2 and O2, the
energy of the spark overcomes
the activation energy and allows
the reaction to proceed. The
heat of the reaction furnishes
the required activation energy

Ea

q gy
for further reactions. That is, the
H2 gas undergoes ignition.

If a particular reaction has a large
activation energy, then only a small
enough kinetic energy to overcome
particular reaction has a lower activat

Ea

The activation energy is the
difference in energy between
the activated complex and the
average energy of the reactants.

collisions will have enough kinetic e
proceeds at a faster rate.

wo-particle collision (either atoms, ions
roach each other, the outer electrons of
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he electrostatic repulsion of the other
otion will be converted into electrical
y rises as the molecules come closer and

ffi i t ki ti t

en expended, the molecules are in very
hat unstable state. The molecules at this
d complex. The activated complex is a

g atoms. At this point, the activated
t molecules (the forward reaction) or
ginal molecules (the reverse reaction).

ufficient kinetic energy to overcome
llision and formation of the activated
on energy Eact. The activation energy
.

H

Activated 
complex

Reactants
Products

act

E

t

Exothermic

proportion of collisions may result in
it, and the reaction will be slow. If a
ion energy, then a greater proportion of

H

Activated 
complex

Reactants

Products
act

E

t

Endothermic

energy to overcome it and the reaction



7.5 Nature of Reactants

The rate of a chemical reaction, that is
either the reactants or the products, d

88

When the permanganate ion is reduce
the reaction is very fast and is lim
solutions:

5)aq(H8)aq(MnO)aq(Fe5 4
2  

But when the permanganate ion is r
reaction is fairly slow, taking several m

)aq(H16)(aqMnO2)(aqOC5 4
2
42  

The main difference between the two
be argued that in the case of H2C2O
compared to the case of the Fe2+ solut
the reaction. That is, the reaction mec
quite different in character than that o

Experiments indicate that:

• Reactions that involve the brea
bonds are usually slow at room

• Reactions that involve electron
in aqueous solutions, are g
precipitation reactions, acid
oxidation/reduction reactions.

It is not only the chemical nature of
well. Since collision theory requires a
form the activated complex, any m
contact between atoms or molecule
homogenous systems, such as aqueou
whereas in inhomogeneous systems

i l k l h f

Since the activation energy depends
so does the rate of reaction. There
productive collision in the case of a l
number of particles will have sufficien

reactions only take place at the surfac
Increasing the surface area by mix
reaction. A common example is that s
a block of wood burns relatively slowl

s, the rate of change of concentration of
depends on the nature of the reactants.

The Chemistry Companion

ed by an Fe2+ ion in an acidic solution,
mited by the time it takes to mix the

 O4H)aq(Mn)(aqFe5 2
23  

reduced by oxalic acidic H2C2O4, the
minutes.

 O8H)aq(Mn2)g(CO10) 2
2

2  

reactions is the reducing agent. It could
O4, many more bonds must be broken

fast

slow

tion and this might influence the rate of
chanism for the second reaction may be
f the first reaction.

aking and formation of covalent
temperature.

transfer, such as ionic reactions
generally fast. Examples are

d on base reactions, most

the reactants, but the physical nature as
atoms or molecules to make contact to

mechanism that affects the degree of
es will affect the rate of reaction. In
us solutions, there is intimate contact,
s, such as solid/liquids, or solid/gas,

f f h l l

on the chemical species involved, then
e is more chance of a successful or
ow activation energy because a greater
nt kinetic energy to overcome it.

ce of contact of the atoms or molecules.
ing or grinding increases the rate of

sawdust is almost explosive in air, while
ly in comparison.



7.6 Concentration

One of the most important effec
concentration of one or more of

7. Rates of Reaction

increasing the concentration of a rea
(but not always). It is easy to accep
productive, collision between two rea
more of them, per unit volume, involv

ABA 
If we only had one molecule of A an
some time before they encounter eac
produce the reaction. The collision ra
be low.

If we now increase the concentratio
but putting more molecules of A
reaction chamber, then there would
increase in the chances of a suc
collision – the reaction rate would incr
is possible that doubling the concentr
one or other of the reactants would
the reaction rate.

The concentration of a species in
written using [ ] notation. Thus, the r
change of appearance of the product,
of ABof AB.

This equation is called a rate law. k i
rate constant. It should be noted tha
reaction cannot be necessarily deduce
is because one of the intermediate rea
reaction, in which case the rate law f
more of the reactants are continua
generally decrease with time as th

Reaction rate is 
expressed  as 
moles/litre/second

g y
concentrations decrease).

cts on the rate of reaction is the
f the reactants. Generally speaking,
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actant increases the rate of the reaction
pt that the chances of a successful, or
acting particles is increased if there are
ved in the process. Consider a reaction:

AB.

nd one of B, then we may have to wait
ch other and collide in a way so as to
ate, and hence the reaction rate, would

on of A,
in the

d be an
ccessful
rease. It

ration of
d double

n moles per litre can be conveniently
reaction rate is indicated by the rate of
, or the rate of change of concentration

    B A
AB

k
dt

d 

is the constant of proportionality, or the
at the rate law actually observed for a
ed from the balanced net equation. This
action steps may be the rate-determining
for that step would be required. Unless
ally added, the rate of reaction will
he reactants are consumed (and their(



7.7 Rate Law

Consider the reaction:

2

2

AA2

AAA



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2AA2 
The rate law would be written:

   

 2
2

A

A A
A

k

k
dt

d





In general, for an equation of the for

   A
P nk

dt

d 

Note that the exponent of [A] in the ra
A in the reactants in the balanced equa

as:

dt

For a single-step reaction, the expone
However, a chemical reaction nea
mechanism, that is, a series of reactio
connection between the exponents n,
reaction. In general, the rate law for t
experiment.

The exponents n and m indicate the
that reactant. For example, when n =
second order with respect to A and fi
order of the reaction is the sum m+n.

The rate constant, k, is specific to
the experimental conditions. The un
reaction. A high value of k indicates f
k > 10 sec-1, then the reaction is consid

of reaction is independent of the conc
order reaction with respect to that rea

The rate law shows how the instant
the concentration of the reactants,
temperature, the nature of the reactan
constant.

The rate of a reaction with respe
expressed in terms of the rate constan

Balanced equation

The Chemistry Companion

A

rm: PBA  ba the rate law is written 

  .B mn

ate law is the same as the coefficient of
ation. This is a second-order reaction.

Balanced equation

Rate law

ents n and m are equivalent to a and b.
arly always proceeds via a reaction
on steps. Thus, in most cases, there is no

m and the coefficients a, b for the net
the net reaction has to be determined by

e order of the reaction with respect to
2 and m = 1, we say that the reaction is
irst order with respect to B. The overall
When n or m equals zero, then the rate

the particular reaction and depends on
nits of k depend on the order of the
fast reaction. For first-order reactions, if
dered instantaneous.

q ,
centration of the reactant and is a zero-
actant.

taneous rate of a reaction changes with
, as long as other factors such as

nts and the presence of catalysts remain

ect to either reactants or products is
nt k and the order of the reaction.



7.8 Rates of Reactions

There are several methods of expressi

7. Rates of Reaction

Average rate of disappearance of

Average rate of appearance of a p

Instantaneous rate of disappearan

Instantaneous rate of appearanceInstantaneous rate of appearance 

The rate of formation of products P
the rate of disappearance of the reacta

  
dt

d

dt

d RP 

Half-life (the time taken for half 
be consumed or product to be for

Two moles of HI are produced at the
per second. Thus, the rate of change o

)g(I)g(H 22 

dtdt

But we must be careful in expressing
reactant. For example, consider the fo

 
2

HI d

dt

d 

The rate at which H2 disappears i2 pp
disappears, and is half the rate at whic
order of the reaction from this net
relative magnitudes of the rates of pro
order for each participant might be.

ng the rates of a reaction: 

   R R
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f a reactant R:

product P:

nce of a reactant:

of a product:

   
12

12R

tt

R






   
12

12P

tt

P




 
dt

d R

 d P
of a product:

dt

P as a whole is equal to the negative of
ants R:


t

R

of a reactant to 
rmed): 

21t

e rate of disappearance of 1 mole of H2

of concentration, from stoichiometry, is

).s(HI2

t

the rate in terms of a single product or
llowing reaction:

 
.

H2

dt

is the same as the rate at which I22

ch HI appears. We cannot determine the
equation; we can only determine the

oducts and reactants, no matter what the



7.9 Determination of Order

One of the most common ways of de
to measure the initial rate of reacti
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varying the concentration of one
concentration of the other reactants co

   nk
dt

d
A

P 

Let us hold the concentration of B c
of change of concentration of A:

   
 

l
A

l

A'
A

d

k
dt

d n

 
log

A
log n

dt

d 

By plotting the log of the initial re
initial concentration [A], then the slo
the order n.

Similarly, we may hold the conce
concentration of B to obtain a value fo

   
 

log
B

log

B"
B

m
d

k
dt

d m





loglog m
dt

It is important to know that the conce
at the initial conditions, that is, the r
slope of the tangent of the rate curve a

The procedure can also be perform
values of reaction rate and concentrat
simultaneous equations for the two un

This method (either graphical or
method.

etermining the rate law for a reaction is
ion (e.g. formation of products) while
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of the reactants and holding the
onstant.

 mB

constant and express the rate as the rate

  l k

n

  'logg kA 

eaction rate (d[A]/dt) versus log of the
ope of the resulting straight line will be

entration of A constant and vary the
or m.

  "logg kB

m

  logg kB

entrations, and the rates, are determined
rate of the reaction is measured as the
at t = 0.

med numerically, where we substitute
tion into the general rate law and solve

nknowns n and m.

arithmetic) is called the initial rate



7.10 Determination of 1st Ord

An example for a simple first-ord
hydrogen peroxide to water and oxyge

7. Rates of Reaction

OH2O2H 222 

20

30

40

50

V
 (

m
L)

0 10 20 30

t (mins)

0

10

The slope of the tangent to the curve d
that the rate of the reaction decreas
reactant, the decrease in reaction ra
concentration of H2O2. In general, the

   nk
dt

d
22

22 OH
OH 

   

   

   
 

 

   o

t

kt

kdtd

kdtd

k
dt

d

o

2222

0

OH

OH

22
22

22
22

22
22

OHlnOHln

OH
OH

1

OH
OH

1

OH
OH

22

22











[
v
o
r
c
lo

For a first-order reaction, n = 1 and t
dt

  
  t

k

kt

22

222

l
303.2

OHlog

OHlnOHln





der Rate Law

der reaction is the decomposition of
en:
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)g(O2
This is ordinarily a very slow 
reaction, but may be sped up 
by the addition of a catalyst. 
The concentration of H2O2 at 
any point is found by 
inhibiting the reaction by 
addition of dilute sulphuric 
acid, and the titration with 
KMnO4. The volume of 
KMnO4 used in the titration is 
an indication of the 
concentration of H2O2 left inconcentration of H2O2 left in 
the solution. 

40

decreases as t increases, thus indicating
ses with time. Since there is only one
ate is therefore due to the decrease in

rate law would be written:



H2O2] is proportional to the titration
volume in this experiment, and so a plot
of log V versus t is a straight line if the
eaction is first order, and the value of k

can be found from the slope of a plot of
og V versus t.

thus:

t

Vlog



 o
o

22

2

OHlog

O

(change of base to 10)



7.11 Half-Life Method

The half-life t1/2 of a reaction is t
consumed, or half of a product to be
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first-order reaction with one reactant:

   
  
    kt

ot e

kt

k
dt

d







2222

2222

22
22

OHOH

OHlnOHln

OH
OH

OH2O2H 222 
Proceeding as before, we obtain

The half-life t1/2 is the time for one

 
 

k
t

kt

e
kt

o

t

69.0
2

1
ln

2

1

OH

OH

21

21

22

22 21





 

Either the rate constant k or the half-l
to be consumed) can be determined fr
quantity. In a first-order reaction, the
on k.

the time for half of a reactant to be
e formed. Consider previous case of a
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t

 
dt

d 22OH
ln



o

)g(O2

half of the reactant to be consumed:

t

[H2O2]

[H2O2]o

t1/2

life (time measured for half the reactant
rom experimental data to give the other
half-life is a constant and depends only



7.12 Temperature

The rate of a chemical reaction de
between atoms, ions or molecules,

7. Rates of Reaction

particles have an energy greater than
concentration of reactants generally
Increasing the temperature also increa
particles are moving faster and make m
the most profound effect of an incr
fraction of particles with an energy ab

f(v)

Hi h

v

High T

Low

At low temperature, a greater prop
narrow range of relatively low velo
where the range of velocities is more
Increasing the temperature therefore

• Shifts the molecular distribution o
• Increases the proportion of molecu

thus increasing the frequency and nu
ti d h i i th ti

The number of particles N with
Boltzmann using the Maxwell velocit

.kT

E

CeN



The rate constant for a specific r
increases, roughly in accordance with

,RT

E

Aek



where it can be seen that k is an e
temperature, an increase of about 10

time and hence increasing the reaction

in the order of 2 to 3.
If E represents the activation ener

experiment by plotting the logarith
temperatures.

epends on the frequency of collisions
and also the fraction of which these
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n the activation energy. Increasing the
increases the frequency of collisions.

ases the collision frequency because the
more collisions per unit time. However,
ease in temperature is to increase the

bove the activation energy.

In gases, the distribution of
velocities of molecules can be
given by the Maxwell velocity
distribution:

3 2mv


w T
.

2
4)( 222 kT

mv

ev
kT

m
vf













portion of the molecules have a more
ocities compared to high temperature,
spread out, but shifted to higher values.

of energies to a higher value
ules having higher energies

umber of productive collisions per unit
t

a total energy E was computed by
ty distribution function:

reaction increases as the temperature
the Arrhenius equation:

exponential function of 1/T. At room
C results in an increase in reaction rate

n rate.

rgy, then this may be determined by
hm of k versus 1/T over a range of



7.13 Catalysts

The decomposition of hydrogen perox

OH2O2H 
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OH2O2H 222 
If powdered MnO2 is added, the react
MnO2 molecules do not get used up du
the net equation. Substances which i
appearing in the net reaction are calle
be catalysed.

The role of a catalyst is to alter the re
mechanism by insertion of additiona
so that the activation energy is re
allowing the reaction rate to increase.

While the catalyst may be consumedWhile the catalyst may be consumed
reaction step, and regenerated in ano
does not appear in the net reaction.

Catalysts may be solids, liquids or
When the reaction being catalysed i
the same phase (e.g. all liquid), it is
homogenous catalysis. When the r
occurs at the surface of a catalyst, s
over the platinum bed of a ca
converter in an automobile exhaust
it is called heterogeneous catalysis.

A negative catalyst decreases the rate
The means by which this does so m
activation energy, but is sometimes d
chemical present from acting as a cat

• A catalyst has no effect on the stoi
• A catalyst does not affect the equil

the reaction proceeds to the sam
would without the catalyst. It just g

• A catalyst affects the reaction me
energy, thus increasing the num
productive collision.

p g
occurs when one of the products of
reaction.
Enzymes act as catalysts in biolo
biological chemical reactions occur du

xide is a spontaneous, but slow reaction:

)g(O
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)g(O2

tion proceeds much faster. Further, the
uring the reaction nor do they appear in
increase the rate of a reaction without
ed catalysts and the reaction is said to

eaction
al steps
educed,

d in one

Activated 
complex

Products
Eact

E

No catalyst

d in one
other, it Reactants

t

Activated 
complexes

Reactants

ProductsEact

E

t

With catalyst
r gases.
s all of
s called
reaction
such as
atalytic
system,

e of reaction and is called an inhibitor.
may not necessarily be to increase the
due to the inhibitor preventing another
talyst. Auto catalysis, or self-catalysis,

chiometry of the overall reaction.
librium position of the reaction. That is,

me point of chemical equilibrium as it
gets to equilibrium faster.
echanism so as to lower the activation
mber of molecules that can make a

y y , y ,
f a reaction acts as a catalyst for the

ogical processes. Indeed, nearly all
ue to the action of catalysts.



8 Chemical Equilibr

8. Chemical Equilibrium

8. Chemical Equilibr

Summary

   
   ba

dc

cK
BA

DC

Law of chemical equilibrium:

Le Chatelier’s principle:

When a chemical system is
equilibrium is disturbed in 
will change in a way so as 
until equilibrium is re-estab

Le Chatelier s principle:

ba

cc
p PP

P

RT

K
K 

Gaseous equilibrium:

S lid/ l bilit ilib iSolid/solubility equilibrium:

   )aq(B (aq)A spK

The presence of a common
of a compound by several 

Common ion effect:

rium
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rium

s at equilibrium, and that 
some way, then the system 
to counteract the disturbance 
blished.

n ion has reduced the solubility 
orders of magnitude. 



8.1 Chemical Equilibrium

If a chemical reaction proceeds from r
may at first expect the process to
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y p p
converted to product. This is not obs
there is chemical equilibrium.

As the reaction proceeds, the reactan
created. The concentration of the
continuously replenished) and the co
The rate of a chemical reaction depend
Therefore if the concentration of rea
rate of conversion of reactants to p

ProdReactants 

decreasing. At the same time, the rate
reactants is increasing because th
increasing. At chemical equilibrium,
reactions are equal.

DCBA 
At equilibrium, we cannot tell from th
B exist, and how many moles of the pr

es
/li

tr
e

The concentrations of A and B 
start off at some particular 
values, then decrease and level 
off with time. The concentrations 
of C and D start from zero and

Chemical equilibrium is a dynamic

• The rate of formation of product C
equal to the rate of conversion of 

• The concentrations of A, B and C

M
ol

eof C and D start from zero and 
increase and level off with time. 
At equilibrium, the concentrations 
of A, B, C and D are all constant. 

At equilibrium:

Although the balanced equation do
reactants or products at any one time,

occurs at the equilibrium condition,
concentration of reactants or products

It is important to know that catalyst
only serve to increase the rate of both

reactants to products spontaneously, we
o continue until the reactants are all
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served. Usually, reactions proceed until

nts are consumed and the products are
reactants decreases (unless they are

oncentration of the products increases.
ds on the concentration of the reactants.
actants is steadily decreasing, then the
products (in moles/litre/second) is also

ducts
At equilibrium, the rate of 
forward reaction = rate of 
reverse reaction. 

e of the conversion of products back to
he concentration of the products is

the rates of both forward and reverse

D

his equation how many moles of A and
roduct C or D exist.

A
B
C or D

c equilibrium. Chemical activity still

C or D in moles per litre per second is 
C and D back to molecules A and B.
, D are constant. 

C or D

t

es not indicate the concentrations of
they may be measured experimentally.

but externally, we see no change in
.

s do not alter the equilibrium state; they
forward and reverse reactions.



8.2 Law of Chemical Equilibr

Consider the following single-step for
DCBA 

8. Chemical Equilibrium

   A
DC

k
dt

d 
The rate law for this reaction is written

Now, consider the reverse reaction an
BADC 

  C'
BA

k
dt

d 

At equilibrium, the rate of forward rea
reaction, and so:

   
  
   k

k

kk





'BA

DC

C'BA

That is, the ratio of the concentration
constant at equilibrium. A similar trea
reaction steps.

More generally, it is found from ex
equation theDCBA dcba 
equilibrium constant Kc is given by

   dc l f   
   ba

dc

cK
BA

DC

The magnitude of Kc indicates the exte
of the reaction. 

5

55

5

10

1010

10










c

c

c

K

K

K Forward reaction is neg

Appreciable concentrati
of products and reactan

Reverse reaction is 
negligible and almost 
complete conversion of 
reactants to products

law of 
chemical 
equilibrium

reactants to products

Note that the equilibrium constant do
long it takes for equilibrium to be es
on the extent to which equilibrium fav

rium

rward reaction:
D
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 B

n:

d its rate law:
B

 DC

action must equal the rate of the reverse

 

cK

DC

s of the products over the reactants is a
atment can be written for more complex

xperiment that for the general chemical

The value of the equilibrium 
constant depends on the 
temperature and the chemical p
species involved. However, it does 
not depend on the starting 
concentrations of either reactants or 
products. Whatever concentrations 
of A, B, C and D there are, when 
equilibrium is reached, the ratio of 
the concentrations expressed in this 
way will have the same value at that 
temperature. The value of K also 
depends on how the balanced 
equation is written (i.e. the choice of 
coefficients). The equilibrium 
constant must be associated with a 
particular balanced equation

ent 

ligible

on 
nts

particular balanced equation. 

es not provide any information on how
stablished. It only provides information
vours the products over the reactants.



8.3 Equilibrium Constant

For any chemical reaction, the ratio o
the coefficients can be written as:
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   
   ba

dc

BA

DC

This is more formally called the m
chemical equilibrium that this express
Kc (the subscript c indicates concentra

Kc depends on the temperature. Th
which the concentrations are raised.

NO

N2ON 42





K 
 


CO

C

C2OCO2

N

2







c

g

c

K

K

A particular value of Kc depends on th




'

42

N

N

NOON
2

1

cK 






2N

cK
Homogenous equilibrium occurs w

the same physical state. Heterogeneo
and products are in different physical

The concentrations of pure solids an
if more pure solid or liquid is added, t
also increased in the same proportio
remains the same as before. The c
removed from the equilibrium expre
i t th l f Kinto the value of Kc.

Gases cannot be removed from the
concentration changes during the reac

Writing a chemical equation in rever

of concentrations raised to the power of
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mass-action expression. It is only at
sion becomes equal to a constant value

ations in moles/litre).
e units of Kc depend on the powers to


mol/L

O

)g(NO
2

2

2




  

L/mol
OO

CO

CO

mol/L
O

2
2

2
2

2

42





he form of the balanced equation.




2121
21

2

2

L mol
O

NO

)g(O



co
m

pa
re


 21

21
42O

when all reactants and products are in
ous equilibrium occurs when reactants
states.
nd liquids are constant. This is because
then the volume of that solid or liquid is
n and so the number of moles per litre

concentrations of these substances are
ession and are effectively incorporated

e equilibrium expression because their
tion.
rse inverts the value of Kc. 



8.4 Le Chatelier’s Principle

When a chemical system is at equilib
in some way, then the system will ch

8. Chemical Equilibrium

y, y
disturbance until equilibrium is re
Chatelier’s principle.

One way of disturbing the equilib
reactant or a product. When more of a
increases in rate (since reaction rate d
product is formed until the equilibri
restored. When more of product is
products increases, thus increasing th
equilibrium condition is re-establish
product is removed, then the forward
rate so as to restore the concentratrate so as to restore the concentrat
equilibrium condition is re-established

Consider the effect of an increase i
equilibrium expression:

 
  0

ON

NO

)g(NO2ON

42

2
2

242





cK

Increasing the amount of N2O4 mak
larger, and makes the computed valu
NO t i til th i i lNO2 must increase until the original v
the new equilibrium, the concentratio
have increased but their ratio, as exp
remains the same. Looked at another w
increase the rate of the forward reacti
established back to its former level.

Another way of disturbing the e
temperature. The value of Kc at eq
temperature. In an exothermic reactio
favour the reverse reaction. A new eq
of Kc.c

brium, and that equilibrium is disturbed
hange in a way so as to counteract the
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g y
e-established. This is known as Le

brium condition is to add more of a
a reactant is added, the forward reaction
depends on the concentration) and more
ium condition, and the value of Kc, is

added, then the concentration of the
he rate of the reverse reaction until the
hed. Similarly, if either a reactant or

or reverse reaction proceeds at a faster
tion of the removed species until thetion of the removed species until the
d.

in concentration of one reactant in the

C55at    87. 

kes the denominator of the expression
ue of Kc smaller. The concentration of

l f K i t bli h d N t th t tvalue of Kc is re-established. Note that at
ons of both products and reactants will
pressed by the equilibrium expression,
way, introducing more reactant tends to
ion until the equilibrium constant is re-

equilibrium condition is to alter the
quilibrium depends very much on the
on, increasing the temperature tends to
quilibrium is reached with a new value



8.5 Summary of Le Chatelier

Summary of Le Chatelier’s Principle:
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Change Effect on K

Increase in 
concentration of one 
reactant

Constant

Decrease in 
concentration of one 
reactant

Constant

Increase in 
concentration of one 
of the products

Constant

Decrease in 
concentration of one 
of the products

Constant

Pressure increase 
with volume 
decrease

Constant

Pressure decrease 
with volume increase

Constant

Temperature
increase (exothermic 

i )

Decrease

reaction)

Temperature
increase 
(endothermic 
reaction)

Increase

Temperature 
decrease 
(exothermic)

Increase

Temperature 
decrease 
(endothermic)

Decrease

Catalyst added Constant

r’s Principle
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Kc Shift in reaction 

Forward reaction

Reverse reaction

Reverse reaction

Forward reaction

Decrease in number of 
gaseous molecules

Increase in number of 
gaseous molecules

Reverse reaction

Forward reaction

Forward reaction

Reverse reaction

No shift, but rate of both 
forward and reverse 
reactions increased



8.6 Equilibrium in Gaseous S

For reactions involving gases, the law
in terms of partial pressures. The

8. Chemical Equilibrium

p p
measured in terms of its partial pressu
is the total pressure in the system. Con

CB(g)A(g) 

 
 

a

a

K

RT

RT
V

n
P

nRTVP

nRTPV








C

A

General gas equation:

Therefore, for A(g)

Th f
 

  

p

ba

cc

ba

c

c

K

PP

P

RT

K

PP

P
RT

K








BA

Therefore,

That is, a gaseous equilibrium co
pressures of the products over the part

322 g(NH2)g(H3)g(N Example:

 
 
 




 
2

22

2
3

2

3

3

2

2

3

P

RTP

P

HN

NH
K

PP

P
K

NH

N

NH

c

HN

NH
p









 
 
2

RTK

PP

p

HN



Systems

w of chemical equilibrium can be written
amount of gas in a mixture can be
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g
ure. The total of all the partial pressures
nsider the reaction

(g)

and similarly for B(g) and C(g).

where Pa is the partial pressure of 
gas A in volume V

a constant.

onstant Kp is the ratio of the partial
tial pressures of the reactants.

)g






 

  2

3
2

2

3

2

3

3

2

RT

RTHT

RTH

H

  

2
3

2

RT
H



8.7 Solubility of Solids

Many chemical species dissolve in
dissolution where the molecules just
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 
 AgCl(s)

(Cl )(aqAg

Cl)(aqAgAgCl(s)









cK

The concentration of a solid is a co
equilibrium constant to form a ne

j
are surrounded by water molecules
chemical reaction with the water mole

Silver chloride, AgCl, has a low so
do dissolve, do so by forming ions. T
written as:

constant, Ksp:  C )aq(AgspK

The solubility product constant, Ksp,
The product of the ion concentra
equilibrium, the ion product equals Ks

concentration of ions in solution is lo
solubility of the compound is low.

The solubility of a compound in
compound that can be dissolved in 1 l
The solubility of a compound can b
constant.  C)(A K  

 

m103.1

107.1

)(aqAg

a 107.1

C)(aqAg

5

210

10





















s

s

s

Ksp

In general, the solubility product con
n

mn n )(aqMXM 

At equilibrium, the rate of dissolution

 nn
sp

mn

K )(aqM

)( q


Ionic solids (salts) and some molecu
aqueous solution.

water. They can do so by a simple
become separated from each other and
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)(aq

)(aq

onstant, and so is incorporated into the
ew constant, the solubility product

p
s, by dissociation into ions, and by
ecules.

olubility in water. Those molecules that
The equilibrium constant is therefore

Note that the chemical 
equation is written with the 
ions on the product side. 

 C25at  107.1)(aqCl 10  
, applies to saturated aqueous solutions.

ations is called the ion product. At
Ksp. A low value of Ksp indicates that the
ow at equilibrium – in other words, the

water is the number of moles of that
itre of water (at a specific temperature).
e obtained from the solubility product

)(Cl 

 

mol/L

)(aqCl

C25at 

)(aqCl





From the balanced 
equation, 1 mole of AgCl 
will produce one mole of 
Ag+ and 1 mole of Cl-

ions. Therefore in a 1 
litre solution, there will 
be s moles of Ag+ and s
moles of Cl- ions. 

nstant is
nm )(aqX) 

n is equal to the rate of precipitation.

 mnn
)(aqX

)( q)

 at solubility equilibrium

ular solids may dissociate into ions in



8.8 Factors Affecting Equilibr

A system tends towards a state of min
The two tendencies can oppose or rein

8. Chemical Equilibrium

• If the forward reaction is exothe
change S > 0, then the forward

• If the forward reaction is end
change S < 0, then the reverse

• If the enthalpy change H > 0 a
the forward reaction is favoured
and S < 0, the forward reaction

For a solid dissolving in a liquid,
minimum energy can be on either

pp

maximum entropy is on the dissolved





minimenergy  

gainentropy 

SaturateSolid      

For the dissolving of a gas in a
dissolves and so the tendency is to op
when a gas dissolves, the gas mo
molecules, enter a state of lower po
dissolving process.




minimuenergy  

gaentropy 

SaturateGas      

It is important to realise that the e
thing as the solubility product const
an experimentally derived value that
in aqueous solution. The equilibriu
reaction, not just those in aqueous (wa

Many chemical reactions occur in d
for reactions that consume, or produce
the water is considered constant and
constant. This is because the amoun
usually a small fraction of the overall

rium

nimum energy and maximum entropy.
nforce one another.
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ermic H < 0 and the entropy 
d reaction is favoured.

dothermic H > 0 and the entropy
e reaction is favoured.
and the entropy change S > 0, then 
d at high temperature. When H < 0 
n is favoured at low temperature. 

, in saturated solution, the position of
side of the equation. The position of
side:




 mum

n 

solution ed

liquid, entropy decreases as the gas
ppose the dissolving process, however,
lecules, being attracted to the liquid

otential energy and so this favours the

 um

ain 

solutioned

equilibrium constant is not the same
tant. The solubility product constant is
applies to the solubility of a compound

um constant applies to any chemical
ater) solution.

dilute aqueous solutions. In these cases,
e, water molecules, the concentration of
d is incorporated into the equilibrium
nt of water consumed or produced is
total amount of water present.



8.9 Common Ion Effect

The solubility of an ionic solid in a
greatly reduced. This is because th
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g y
appears in the expression for the solub

Ksp = 1.5109 for BaSO4 in water .
be calculated and compared with the s

 
  

mo109.3

105.1

S )(aqBa

5

92

2















s

s

ss

Ksp

Solubility in water:

 
  

 
 

m105.1

1.0105.1

1.01.0

105.1

1.0

)(aqBa

8

9

9

2




















s

s

s

ss

Ksp

since

Solubility in 0.1M Na2SO4:

The presence of the common ion
compound by several orders of magni

a solution containing a common ion is
he concentration of the common ion
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bility product constant.

. The solubility of this salt in water can
solubility in 0.1M Na2SO4.



ol/L

)(aqSO2
4


 

mol/L

)(aqSO2
4


e s will be << 0.1

n has reduced the solubility of this
tude.



8.10 Precipitation

The solubility product constant Ksp

solid precipitate will form as a re

8. Chemical Equilibrium

p p
solutions.

2
4 SOCaCaSO  

The product of the concentrations o
product. When the ion product is
constant, precipitation will occur un
to the extent that the ion product becom

The final volume of the mixed solutio

Consider the mixing of 1 litre of
Na2SO4. We begin by writing the ioni

2 litres, and therefore the concentrat
of the original solutions are:

 
 

 
  

025.0

1.025.0

SO )(aqCa

1.0SO

25.0Ca

2
4

2

2
4

2
















IP

Ksp for CaSO4 = 2.610-4. Since the
C SO ill f i it tCaSO4 will form as a precipitate u
SO4

2 ions fall until the ion produ
precipitation is a method of forcing o
product becomes equal to Ksp, at whic
equilibrium. Precipitation has impor
the extraction of the desired product
possible. Precipitates are sometimes
common ion to further reduce their so

can be used to predict whether or not a
esult of a chemical reaction between
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-2
4O

f the ions in a solution is called the ion
s greater than the solubility product

ntil the concentration of the ion reduces
mes equal to Ksp.

on is

f 0.5M Ca(NO3)2 and 1 litre of 0.2M
ic equation of interest:

Note that the equation has 
been written with the ions on 
the product side of the 

tions equation so that the ion 
product can be related to Ksp
directly, and not the inverse.

)(aq2
4


e ion product is greater than Ksp, then
til th t ti f th C 2+ d

ion product

until the concentration of the Ca2+ and
uct becomes equal to Ksp. That is,
out ions from the solution until the ion
ch time the solid and the solution are in
rtant economic consequences whereby
t must be achieved as economically as

washed with a solution containing a
olubility.



Some molecules or anions have a lone
combine, or coordinate, with some tr
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8.11 Complex Ions

ion. For example, the molecule ammo

NH3 can coordinate to Ag+, Co3+, Zn2+

..

..

.... N H

H

H

     2
4323 Z,NHCo ,NHAg

The OH- ion also has a lone pair of e
Zn2+, Sn2+, Al3+ :

     2
4

2
4 ,OH Zn,OHPb

The ligand (the species with the lonThe ligand (the species with the lon
ion and the electron pairs fill up vaca
configuration for the metal ion. The e
isolated atoms are rearranged to give
electron pairs. The overall charge on t

The equilibrium condition between
ion formation is called the stability co










2

Ni

CNiCN4Ni

stabK 
  3

2

2

NPtNH6Pt

Ni
stabK


 2Pt

Pt


stabK




 2

2

Zn

Zn

ZnOH4Zn 





stabK

e pair of electrons. This enables them to
ransition metal ions to form a complex
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onia, NH3, has a lone pair of electrons:

+, Ni2+ to form complex ions:

     2
63

2
43 NHNi ,NHZn

electrons and can coordinate with Pb2+,

   
4

2
4 OHAl ,OHSn

ne pair) arranges itself around the metalne pair) arranges itself around the metal
ant energy levels to create a noble gas

electron orbitals that are associated with
e hybrid orbitals to accommodate the
the complex ion remains unchanged.

the reactants and products for complex
onstant Kstab.


  
 





2
4

2
4

CNi

CN Tetracyanonickelate

 
 



2
63

42

NH

CN 

Hexaamineplatinum (II)

Tetrahydroxozincate

  
  63

2
63

NH 

NH





 
  
 42

2
4

2
4

OH 

OHn

OH









9 Ionic Equilibrium

9. Ionic Equilibrium

9. Ionic Equilibrium

Summary
• Strong electrolytes dissociate
• Weak electrolytes only partia
• Non-electrolytes do not disso

in solution. 

Ion product of water:

  HlogpH 10

  
 

  







OH H

OH

OH H

w

2

K

K

Acids – proton (H+) donors

  
 HA

A OH3
A


K

Acid equilibrium constant:

Neutralisation: An acid on a ba

Titration: The progressive addi
a base to an acid.

Hydrolysis: The chemical react
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e completely into ions. 
ally dissociate into ions. 
ociate into ions when placed 

[H+] pH pOH

  OHlogpOH 10

mol/L

1 0 14

1107 7 7

11014 14 0

Bases – proton (H+) 
acceptors

  
 B

OH BH
B


K

Base equilibrium constant:

ase gives salt and water

ition of an acid to a base, or 

tion of ions with water.



9.1 Electrolytes

When a substance dissolves, it may
neighbour molecules and become su

110

• Strong electrolytes dissociate co
• Weak electrolytes only partially 
• Non-electrolytes do not dissociat

constituent molecules may break apa
charged anions and positively char
electricity by virtue of the movement
applied electric field. Substances w
solutions are called electrolytes. Sub
electrolytes.

When an ionic substance dissociate
ions themselves are attracted to the
hydrated. That is, a negative anion is
of water molecules and this hydrated
the influence of an electric field bec
charged. Similarly, a positive cation
nearby water molecules and becomes
positively charged.

Both ionic and molecular
compounds may be strong
electrolytes. In the case of HCl, a
molecular compound we havemolecular compound, we have

  ClOHOHHCl 32

The hydronium ion, H3O+, is a hydr
the water of hydration and just write

 HHCl

The degree to which dissociation o

Examples of ionic compounds wh
MgCl2, KBr, CuSO4, LiNO3. Examp
which are strong electrolytes are H
electrolytes are HC2H3O2, HNO2, NH

The degree to which dissociation o
particular, the energy of hydration) an
nature of the solvent, the concentrati
The dissociation of HCl is an example

y do so by simply separating from its
urrounded by water molecules, or the
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ompletely into ions. 
dissociate into ions. 
te into ions when placed in solution. 

art, or dissociate, and form negatively
rged cations. Such solutions conduct
t of the ions under the influence of an

which dissolve to produce conducting
bstances which do not are called non-

es into ions in an aqueous solution, the
e polar water molecules and become
s surrounded by the positive (or H) end
ion can move around in solution under

cause as a whole, it is still negatively
n is surrounded by the oxygen end of

hydrated, but the hydrated ion remains

-



H+ proton with positive 
charge showing one water 
molecule being attracted 
to it. Other water 
molecules may also be 

rated H+ ion. For convenience, we omit

 Cl

occurs depends on energy changes (in

hich are strong electrolytes are NaCl,
ples of molecular covalent compounds
HCl, HBr, HNO3. Examples of weak

3, HCN.

y
attracted to this proton.  

occurs depends on energy changes (in
nd entropy considerations as well as the
ion of the solute, and the temperature.
e of ionic equilibrium.



9.2 Ionisation of Water

Experiments indicate that pure water
but it does conduct, indicating the

9. Ionic Equilibrium

electrolyte. Water dissociates into ion

  OHHOH2

The degree of dissociation is very sm
and OH ions is also very small.

The concentration of water, expr
established from its molecular weight

16m.w. OH2


Th
m
bu
th

18
One litre of water has a mass of 1000
litre of water is:

mole6.55
18

1000



n

That is, water has a concentration of 5

Since the concentration of the H+

exceedingly small, the concentration
the ion product Kw is formed:p w

 
 

 







OH H

OH

OH H

w

2

K

K

Experiments show that the ion p
1.0  10-14 mole2/litre2. The concent
107 moles/litre respectively.

A solution containing equal concen
concentrations are said to be neutral.

  
  m 101OH

m 101H
7

7









is a very poor conductor of electricity,
presence of ions. Water is a weak

111

ns according to

mall, and so the concentration of the H+

ressed as moles/litre, can be readily
and its density:

2

he H+ ions attach themselves to other water 
olecules to form the hydronium ion H3O+, 

ut here we will simply write the H+ ions as if 
ey exist on their own. 

g, therefore the number of moles n in a

es

55.6M.

+ and OH ions in a litre of water is
of H2O is virtually a constant, and so







H

H

product of pure water at 25C is
trations of H+ and OH ions are 1.0 

The concentration of 
H2O (55.6M) is taken 
to be a constant and 
incorporated into Kw. 

ntrations of H+ and OH ions at these

mol/litre

mol/litre



9.3 H+ and OH Concentratio

Consider a 0.1M solution of HCl: 
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  CHHCl

The concentration of H+ ions will be 0
the small amount of H+ ions from the
the equilibrium between the H+ and th
established such that

That is, compared to neutral water, t
reduced from 1107 to 11013 due t

Consider now an aqueous solutio



  11OH

1.0

H101 14











Consider now an aqueous solutio
calculation as above, we find that

The added H+ or OH ions suppress
molecules (in accordance with Le Cha

Because the changes in concentratio
range of magnitudes, it is convenient
– the “p” scale. The pH is the concent

 HlogpH 10

Th OH i th t ti f OH

N

The pOH is the concentration of OH

found from  OlogpOH 10

Since the logarithm is the index to wh
number, the pH is the index of the
neutral solution,  

7

HlogpH 10


 

14pOHpH 

It is easy to show that for a solution at
equilibrium,

Say we have a 5M solution of HCl. What is
the pH? 7.05logpH 10 
A negative pH is possible, but at high conc
about the derivation of these equilibrium fo

ons
because HCl 
dissociates completely 
to H+ and Cl ions. 
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Cl

0.1M and Cl ions 0.1M. We can ignore
e dissociation of the water solvent. But,
he OH ions in the solution must still be

the concentration of the OH has been
to a common ion effect.

on of 0 1M NaOH Using the same

 
 

mol/litre10

OH

OH 

13





on of 0.1M NaOH. Using the same

or inhibit the dissociation of the water
atelier).
on of these ions can cover such a large
to express them on a logarithmic scale

tration of H+ ions found from:

H

i

The pH is a measure of the 
potential to combine with H+

  mol/litre101H

OHNaaOH
13







ions 

OH

hich the base must be raised to equal the
H+ concentration. For example, for a

  10log 7
10 

t 
[H+] 
(mol/L)

pH pOH

1 0 14

1107 7 7

p
ions. A high pH means a high 
potential for H+ combination. 

11014 14 0 

entrations, the assumptions we make 
rmulae breaks down. 



9.4 Acids and Bases

A wide variety of substances can be
acids, bases or salts. Each of these

9. Ionic Equilibrium

when dissolved in water.

Acids

Electrical conductor

Sharp sensation on skin

Sour taste

Change the colour of litmus from blue
red
React with some metals to form H2 ga

Dissolve carbonates to form CO2 gas

It was noticed that substances such a
on had the characteristics of acids
Ca(OH)2, Mg(OH)2 had the chara
postulated by Arrhenius (1859-19
dissolve in water to form H+ ions, an
water to form OH ions:

  HHA
Acid

According to Arrhenius, all acids hav
have the general formula BOH.

A slightly more general definition
dissociate so as to increase the H+ io
res lt in an increase in OH ions

It was also known that when an aci
solution lost its properties of eith
conductor) and formed a salt with the

The degree of dissociation in water
base:

OHNHOHNH

OHNaNaOH

OHCHOHHC

ClHHCl

423

232232















 S

W

S

W

result in an increase in OH ions.

OHNaClNaOHHCl 2 a

The Arrhenius definition of acids and
popular despite it having some limita
ions as the cause of acidic or basic pro

e generally classified into being either
e has several distinctive characteristics
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Bases

Electrical conductor

Slippery feel 

Bitter taste

e to Change colour of litmus from 
red to blue. 

as

s

as HCl, HNO3, HC2H3O2, H2SO4 and so
s. Substances such as NaOH, KOH,
cteristics of bases. It was therefore
927) that acids are substances which
nd bases are substances that dissolve in

A
Base

  OHBBOH
ve the general formula HA and all bases

n of Arrhenius’ scheme is that acids
ons in water while bases dissociate and

id was mixed with a base, the resulting
her (except for being an electrical
e general form BA.
indicates the strength of the acid or the

Strong acid (equilibrium favours products)

Weak acid (equilibrium favours reactants)

Strong base (equilibrium favours products)

Weak base (equilibrium favours reactants)

acid + base = salt + water

d bases remains the simplest and most
ations in only dealing with H+ and OH

operties of substances.



9.5 BronstedLowry

Reactions can take place in other sol
may not be involved at all, yet the re

114

acids and bases. The BronstedLowr

Acids – proton (H
Bases – proton (H

The BronstedLowry classification
definition of acids and bases but inclu
which are not covered by the Arrheniu

Consider the dissociation of HCl
equation in full with the hydronium i

Now, let’s focus our attention on th
 HOHHCl 2

Now, let s focus our attention on th
accepts a H+ ion, a proton, to becom
molecule, according to Bronsted and
the reverse reaction also occurs:

 HOHHCl 2

Here, the hydronium ion donates a pro
a water molecule. For all intents and
acid. In the BronstedLowry scheme
base of the hydronium ion. Or, the h
the water molecule.

In the forward reaction, HCl donate
t id I th ti

Every BronstedLowry acid is acc
The BronstedLowry scheme has t
conjugate pair compared to the Arrhe

acts as an acid. In the reverse reaction
Cl ion acts like a base, accepting a
conjugate acid of Cl and Cl is the c

The degree of dissociation indicates

acid abase

In the forward reaction, HA is the aci
reaction, H3O+ is the acid and A is th

 HOHHA 2

The degree of dissociation indicates
strong BronstedLowry acid implies
greatest strengths of this system is
involve the OH ion can be accommod

lvents besides water. H+ and OH ions
eactions still have the characteristics of
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ry definitions of acids and bases are

H+) donors
H+) acceptors

n is consistent with the Arrhenius
udes certain substances that act as bases
us definition.

in water, and this time, we write the
on:

he water molecule. The water molecule

 ClOH3

he water molecule. The water molecule
me a hydronium ion. That is, the water

Lowry, acts as a base. At equilibrium,

 ClOH3

oton to the proceedings and the result is
purposes, the hydronium ion acts as an
e, the water molecule is the conjugate

hydronium ion is the conjugate acid of

es a proton and becomes a Cl ion. HCl
th Cl i b HCl Th t i th

ompanied by a BronstedLowry base.
his extra dimension of creation of a
enius theory:

n, the Cl ion becomes HCl. That is, the
proton and becoming HCl. HCl is the
onjugate base of HCl.

s the strength of the acid or the base A

acid base

id and H2O is the base. For the reverse
e base.

 AOH3

s the strength of the acid or the base. A
s a weak conjugate base. One of the

that acid-base reactions that do not
dated.



9.6 Strength of Acids

The strength of an acid is described
and produce H+. The pH scale doe

9. Ionic Equilibrium

solution contains a strong acid (or ba
of H+ (and OH) ions which depends o
and the molar concentration used to m

HCl is considered an intrinsically st
dissociates into H+ and Cl ions:

  HHCl
The equilibrium constant KHCl fo
favouring he products. Acetic acid is a

 232 HOHHC
The equilibrium constant for this reactq
small (about 1.8  105), favouring the

The general expression for the acid

  
  
  

 HA

A OH

OH HA

A OH

AOHOHHA

3
A

2

3

32













K

K

since the concentration of H2O is 
considered constantconsidered constant. 

Acid KA Conjugate 
base

HClO4 1010 ClO4


H2SO4 109 HSO4


HCl 107 Cl

HSO4 1.3102 SO4


H3PO4 8103 H2PO4


HC2H3O2 1.74105 CH3CO2


NH4
+ 6.31010 NH3

NH3 1030 NH2


by its tendency to dissociate into ions
es not necessarily indicate whether a
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ase); it only indicates the concentration
on both the intrinsic strength of the acid

make the solution.

trong acid because it almost completely

Cl
or this reaction is very large (107),
a weak acid:

 232 OHC
tion is very 

where we always know that 
H+ is actually hydratedy

e reactants. 

equilibrium constant is given as

KA provides a quantitative 
measure of the strength of an 
acid. That is, its tendency for 
dissociation to provide H+ ions. 
pH is an indication of the 
concentration of H+ ions in a 
particular solution. A highly 
concentrated solution of a weak 
acid may have a similar pH to a 
dilute solution of a strong aciddilute solution of a strong acid. 

The strength of a base can be 
expressed in a similar manner by 
the base equilibrium constant KB. 

  
 B

OH BH

OHBHOHB

B

2









K

These equilibrium constants can be 
expressed on a logarithmic scale:

 AKK 10A logp   
 B

A

KK

KK

10B

10A

logp

logp



14pp BA  KK
For an acid and its conjugate base,



9.7 AcidBase Reactions

A few acids and bases are strong
dissociation of acetic acid HC2H3O2, a
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2 3 2

  232232 HCOHOHOHHC

The concentration of H3O+ is found fr

  
  

  
 









232

325
3

2232

2323

OHC

OHHC
1074.1OH

OH OHHC

OHC OH
K

If a solution is made with 0.1 mole
[HC2H3O2] is 0.1M. What then is the
small since the value of KA implies a l
us add 0.1 moles of solid NaC2H3O2

almost completely, the concentration
0.1M. Thus  

75.4pH
1.0

1.0
1074.1OH 5

3



 

If to this solution we now add a sma
moles (a drop) of 2M NaOH, then
molecules: 232 NaOHOHHC 

The quantity [HC H O ] is reduceThe quantity [HC2H3O2] is reduce
[C2H3O2

] increases to 0.11M (since
this new solution is

74.1logpH 

 

The HC2H3O2 / C2H3O2
 solution is c

ability to resist changes in pH. If a
solution, this reacts with the acetate i
the other way, and the pH remains alm

If the concentration of the introduce
becomes too large then the bufferingbecomes too large, then the buffering
the solution is exhausted  and the pH c
appreciably. 

g, but most are weak. Consider the
a weak acid with KA = 1.74  105.
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A

Strong acids: 
HCl, HBr, HI, HNO3, 
H2SO4, HClO4


23OH

rom:


2
2O

es of HC2H3O2, then the concentration
concentration of [C2H3O2

]? It must be
low incidence of dissociation. Now, let
. Since the salt, NaC2H3O2 dissociates

of the acetate ion is now approximately

1

1

all amount of a strong base, say 0.001
the NaOH reacts with the acetic acid

2322 OHNaCOH 
ed from 0 1M to 0 099M The quantityed from 0.1M to 0.099M. The quantity
the NaC2H3O2 dissociates). The pH of

8.4
11.0

099.0
10 5 




called a buffer solution, because of its
small amount of acid is added to the

ion and the concentrations shift slightly
most unchanged.

ed acid or base 
g capacity of

Note, without the 
common ion, addition 
of small amounts of 

g capacity of 
changes 

acid or base can 
significantly alter the 
pH by several units. 



9.8 Buffer Solutions

Buffer solutions have the important
when disturbed by the addition of oth

9. Ionic Equilibrium

be made in two ways:

1. Weak acid/salt of conjugate base (e

 

   
 

 
  






























A

HA
logpH

A

HA
OH

AOHOHHA

ANaNaA

3

32

s

A

A

K

K

Th
on
dis
th
ac
m
re
of 
th
re
th   A th
of 

Since [HA] is high (equilibrium to
introduced chemical will react with th

AHAOH  

HAAOH3  
added in buffer

added in buffer

The added H3O+ or OH ions will b
combing with either the HA or A iong

2. Weak base/salt of conjugate acid (e

   
 

 
 BH

B
logpOH

BH

B
OH

OHBHOHB

XBHXBH

2
































B

B

K

K

Co
ion
by
Be
ion
re
eq
eq

pOH14pH 

Any added H3O+ or OH ions will b
combing with either the B or BH+ ions

property of being able to maintain pH
her acids or bases. Buffer solutions can
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e.g. acetic acid and sodium acetate)
here are two equilibrium reactions going 
n here. One is the almost complete 
ssociation of the salt into its ions, and 
e other is the partial dissociation of the 

cid. The [A] is dominated by the 
olarity of the salt solution. The other 
action is the acid equilibrium. Because 

f the presence of the common ion A, 
e equilibrium for this reaction lies on the 
actants side of the equation and [HA] is 

f ti ll l t th l iterefore practically equal to the molarity 
f the acid. 

o the left), any added OH from an
ese ions:

OH2

OHA 2

be prevented from affecting the pH by
s already in the solution.y

.g. ammonia/ammonium chloride)

omplete dissociation of the salt into its 
ns results in the [BH+] being dominated 
y the molarity of the salt solution. 
ecause of the presence of the common 
n BH+, the equilibrium for the base 
action lies on the reactants side of the 

quation and [B] is therefore practically 
qual to the molarity of the base. 

be prevented from affecting the pH by
s already in the solution.



9.9 Indicators

Indicators are either a weak acid
exhibiting a change in colour depen
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molecular form of the acid HA has
another colour.

 HOHHA 2

Typically, a few drops of indicator
be determined and the resulting colou

Colour 1

If a small amount of indicator is ad
concentration of H3O+, then the equil
towards the reactants and Colour 1 d
solution of large concentration of OH
the products and Colour 2 dominates.

be determined, and the resulting colou
read off against a colour chart.

For the indicator:

  
 

   
 













A

HA
OH

HA

A OH

AOHOHHA

A3

3
A

32

K

K

An indicator changes colour when [HA

   AK OH3

Indicators are useful when they exi
changing. If the pH, or the [H3O+]
becomes equal to [A], and the [H3O
KA of the indicator and the colour chan

The end point occurs when the ind

It is important to know that an indic
when [H3O+] = [OH]. Some indica
while others change on the acidic sid
equivalence point.

this is called the end point becomes
process of titration.

or a weak base with the property of
nding on the pH of the solution. The
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s one colour, and the ionic form, A,

 AOH3

are added to a solution whose pH is to
ur of the solution indicates the pH when

Colour 2

dded to a solution containing a large
librium for the indicator solution shifts
ominates. If the indicator is added to a
H, then the equilibrium shifts towards

Indicator KA pH 
of colour 
change

Methyl orange 2 104 3.7
Litmus 1 107 7
Phenolphthalein 7 1010 9.1

ur of the solution indicates the pH when

A] = [A],

ist in a solution whose pH is slowly
] of a solution changes so that [HA]
+] of the solution becomes equal to the
nges.

dicator changes colour. The reason why

ator does not necessarily change colour
ators change colour on the basic side,
de, and some at the neutral position, or

clear when indicators are used in the



9.10 Neutralisation

When an acid reacts with a base, the
form water, and the acidic and basi

9. Ionic Equilibrium

along with the disappearing ions. This
base gives salt and water.

Consider 0.1M HCl added to 0.1M N

NNaOHHCl 
More specifically, in 0.1M solutions
NaOH molecules. They are already
The reaction is therefore actually

NOHNaClOH3  

The net reaction is therefore
2OHOH  

We know from experience that the
water, or more specifically, Na+ ions
water, and not a mixture of acidic and
this? Because in any aqueous solution

Equilibrium favours the products
dissociation of water, has such a low
in this case). The H3O+ ions combine
such time as the product of the concen
 1014 moles/litre.

2OHOH3 

For strict neutralisation of a solutionFor strict neutralisation of a solution
the H3O+ and OH ions must be simil
be of about the same strength. That
added, the final solution [H3O+] = [OH









232

232

HOHOHHC

HOHNaOHHC

In a solution of acetic acid, very
reaction with a strong base in aqueous

The resulting solution is not neutral, b
the products, C2H3O2

, is a Bronsted
  HOHHA

An interesting application of neutra
of heartburn. In order to raise the pH
be used to react with HCl in the gastri

H+ ions combine with the OH  ions to
ic properties of the solution disappear
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s is neutralisation. That is, an acid on a

NaOH:

OHNaCl 2
s, we do not have HCl molecules and
dissociated into their constituent ions.

OH2ClNa 2 

OH2

products of this reaction are salt and
s and Cl ions and water. That is, salty
d basic solutions. But, how do we know
n at equilibrium, Kw = 1  1014.

s because the reverse reaction, the
equilibrium constant (or ion product

e with the OH ions to form water until
ntrations of H3O+ and OH ions fall to 1

OH2 2

n to occur, the initial concentrations ofn to occur, the initial concentrations of
lar – that is, the acid and the base must
is, if equal moles of acid and base are

H] = 1  107.









2322

2322

OHCOH

OHCNaOH

y little dissociation occurs and so the
s solution is:

but slightly basic in the sense that one of
Lowry base. In general,

AOH2

alisation is the use of antacids for relief
in the stomach, sodium bicarbonate can
c juices to give H2O and CO2(g).



9.11 Titration

The progressive addition of an acid to
titration. Typically, when a base of k
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of unknown pH, we say that the ac
number of moles of base is added to
commonly, as a solution via a burette.

As the base is added, the conc
neutralisation. If the pH is monitored
be plotted showing pH against moles o

pH Th
usu
of
a s
po

Moles added base

po
thi
res

Equivalence 
point

7

At the start of the titration, [H3O+]
acid). Before the equivalence point
initial moles of [H3O+] less the mole
the equivalence point, [H3O+] = [OH
point, there is an excess of OH. Sincp ,
neutralise the acid, we know how
equivalence point (from the burette r
from 14 – pOH.

The change in pH of the solution
using a pH meter, or more conventi
indicator changes colour, the end poin

o a base, or a base to an acid, is called
known concentration is added to an acid
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cid is titrated with the base. A known
the acid, either in solid form, or more

entration of [H3O+] changes due to
during the process, a titration curve can
of added base.

he moles of added base are measured
ually by use of a burette. For the case

f a strong acid and a strong base, there is
sharp change in pH at the equivalence

oint where [H O+] = [OH] At or nearoint, where [H3O+] = [OH ]. At or near
is point, a very small addition of base
sults in a large increase in pH.

is the molarity of the acid (for a strong
is reached, [H3O+] is found from the

es of added OH (from the burette). At
H] = 1  107. After the equivalence
ce we know how much OH is used to
much excess [OH] exists after the

reading) and the pH can be calculated

as the base is added can be measured
ionally, using an indicator. When the
nt, the titration is finished.



9.12 Choice of Indicator

During a titration, the indicator to be
corresponds to the equivalence poin

9. Ionic Equilibrium

that the only useful indicator would b
However, the choice of indicator depe

pH

7

14 weak acid/ 
strong base

Phenolphthalein

Litmus

red

colourless

blue

In the case of a strong acid being
three indicators above are suitable. Ho
a strong base, Methyl orange would n

Moles added base

Equiva
point

0

Meth
yellow

red

red

colour too early. Phenolphthalein wo
point (pH at which colour change
equivalence point. For the case of a
orange would be suitable, but not
considered a poor choice because it c
pH compared to other indicators. Wea
bases in titration experiments.

In swimming pool maintenance, a f
from yellow to red over a pH range

A universal indicator is a mixtur
different colours indicate different pH

from yellow to red over a pH range
When the water is basic, the acid dem
acid into the test mixture to determine
solution back to the desired range of p

used should have an end point which
nt. At first sight, this might sound like
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be one that has an end point at pH = 7.
ends on the nature of the reactants.

strong acid/ 
weak base

strong acid/ 
strong base

titrated with a strong acid, any of the
owever, for the case of a weak acid and
not be suitable because it would change

alence 

weak base

hyl orange

ould be a better choice because its end
es) more closely coincides with the

strong acid and a weak base, Methyl
t Phenolphthalein. Litmus is usually
hanges colour over too wide a range of
ak acids are not usually used with weak

few drops of phenol red (colour change
of 6 8 to 8 4) are used to measure pH

re of other indicators designed so that
H values.

of 6.8 to 8.4) are used to measure pH.
mand test involves putting a few drops of
e how much acid is required to bring the
pH (usually 7.2 to 7.6).



9.13 Hydrolysis

Hydrolysis is the chemical reaction of
as Bronsted-Lowry bases and receive
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2 BHOHOHB  n

Halide ions do not hydrolyse to any a
  OHHClOHCl 2

Oxide and sulphide ions hydrolyse:









O2HSOHS

OH2OHO

2
2

2
2
2

-

-

Weak conjugate bases of strong acids 
  OHClOOHClO 424

Strong conjugate bases of weak acids 

32 AOHOHA  n

The salts of strong acids to not hydr
water produces

reactionnoOHNa

ClNaNaCl

2 






  OHHCOHOHC 2322232

Cations may function as Bronsted-Lo
donate proton to the water molecule:

Hydrated cations of groups I and II
metal ions (Al3

+, NH4
+) hydrolyse to g

     32
3

62 FeOHOHOHFe

reaction noOHCl 2

2



The salts of weak acids and stron
NaC2H3O2 (sodium acetate) when diss













OHHCOHOHC

reaction noOHNa

HCNaOHNaC

2322232

2

2232

The salts of strong acids and weak bas









tiOHCl

ClNHClNH 4
4

 



OHNHOHNH

reactionnoOHCl

332
4

2

The salts of weak acids and weak ba
depends on the solubility constants KA

f ions with water. Anions may function
a proton from the water molecule:
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1H n

appreciable extent:


H

pH < 7

do not hydrolyse:
OH

pH 7

do hydrolyse:

pH  7

H 7

Many elements occur 
in compounds as 
oxides and 
hydroxides. When 
hydrolysed, water 
molecules attach 
themselves to anions 
or cations formed by 
their dissociation in 
solution and these 
hydrolysed ions may 
act as acids or bases. 
The extent to which

1A n

rolyse. For example, NaCl dissolved in

n



H 7

OH2 pH < 7

owry acids and 

do not hydrolyse. Hydrated transition
give acid solutions.

   2
52 OHOH

The extent to which 
this occurs depends 
on the size of the 
atom and the charge. 

n
ng bases do hydrolyse. For example,
solved in water produces

pH = 7





OH

n

OH 23

pH > 7

ses do hydrolyse:  
l

O

n

pH < 7

ases do hydrolyse but the resulting pH

A and KB.



9.14 Simultaneous Equilibria

In the ideal case, only one equilib
chemical reaction, but in practice, sev

9. Ionic Equilibrium

time. For example, consider the
dissociation of (NH4)2S in solution:









HSOHS

NHOHNH

2
2

324

There are two equilibria to be satisfied

 
 
  pp

2.0p

2.9p

2

2

4

NBSB

SB

NHA













KK

K

K

  
pH

pp 2 NBSB



 KK

The quantitative analysis of hydrolysi
of two reactions. For example conside

  HCOHOHC 22232





3w

OH

101

OH

K

K












  




A

w

2

w
h

3

w

h

C

H

OH
OH

C

K

K

K
K

K

K











brium constant need be satisfied in a
veral equilibria are operating at the same
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hydrolysis reaction involving the









OH

OH33

d: 

NH 
7

4NH

s involves the simultaneous equilibria 
er the hydrolysis of the acetate ion:

OHOH 232

 

 232

14

OHHC 

OH 







 





232

232

w

232

2

OH

OHHC

OHC





 the hydrolysis 
equilibrium constant

The hydrolysis equilibrium 
constant is expressed in terms of 
the associated acid (or base)the associated acid (or base) 
equilibrium constant. 



9.15 Complex Ions

Ligands are molecules or anions tha
H2O and CN– are examples. Some lig
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2

metal ions – they become coordinated

  
  
  



2

3
62

2
43

CNAg

OHAl

NHCu

The coordination number usually
ion. The overall complex ion charge e
charges. Complex ions may be anionic

The properties of comple ions dThe properties of complex ions d
arrangement of molecules around th
ligand provides electron pairs which
available electron d orbitals around th
happen in several ways. For example
Co and the ligands Cl and H2O:

  

   



2
62

2
4

OHCo

ClCo coordinatio

coordinatio

The lone pairs on the ligands face inw
the central metal ion. The reaction in w

     COH6ClCo 2
2

4
blue

Colours are often prominent in these
associated within the d orbitals are
wavelength components of white ligh
these ions are absorbed and the tr
coloured.

at have a lone pair of electrons. NH3,
gands combine with transition elemental
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d with the ion to form a complex ion.



2

y equals twice the charge on the metal
equals the sum of the cation and ligand
c, cationic or neutral.

depend er m ch on the geometrical

    /
XLM n

metal 
ion coordination 

number

ligand

depend very much on the geometrical
he central atom. In general terms, the
h find a place to attach themselves at
he central metal ion. However, this can
e, consider the complex ion formed by

n number 4

n number 6
  








 


wards towards and occupy d orbitals on
water is

     Cl4OHo 2
62

pink

compounds because the energy levels
e in the visible light range. Certain
ht passing through solutions containing
ransmitted light that we see appears



10 Electronic Equili

10. Electronic Equilibrium

10. Electronic Equili

Summary

• Oxidation occurs at the anod
being oxidised lose their elec
positively charged cations w
towards the cathode.

     4aqFe2sFe4 2
2

• Reduction occurs at the cath
charged ions in solution take 
coming from the oxidation re
neutral atoms. The remaining
anions tend to move towards

   q2

     2aqCusCu 2

     2aqZnsZn 2

    e2H2gH2
2

anions tend to move towards
  2

32 O2e4O3

Ag2e22Ag2  

H2e22H 2 

sCue2Cu 2  

brium
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brium

de. Neutral atoms 
ctrons and become 

which tend to move 

e4 Oxidation occurs 

hode. Positively 
up the electrons 

eaction and become 
g negatively charged 
s the anode

e2

e2



when the oxidation 
number of an atom 
is increased (loss 
of electrons).

s the anode.


 s
 g

s

Reduction occurs 
when the oxidation 
number of an atom 
is decreased (gain 
of electrons).



10.1 Oxidation and Reductio

Oxidation and reduction reactions inv
for electrons between atoms and ions
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how this comes about, we need to loo
drives this type of reaction.

Consider a simplified version of the 
of iron:

The oxidation number, or oxidatio
number of electrons that seem to b
chemical bond is formed. During a
when the oxidation number of an a
Reduction occurs when the oxidation
of electrons). That is, the term reduc
number.

of iron:
    OFe2gO3s4Fe 322 

The oxidation half-reaction is

    e4Fe2sFe4 2
2

In this half-reaction, the oxidation num
atoms increases from 0 to 2+ (loses el

The reduction half-reaction is
  2

32 O2e4O3

In this half-reaction, the oxidation num

The processes of oxidation and re
reactions. In many reactions, the o

In this half reaction, the oxidation num
O atoms decreases from 0 to 2 (gains

The oxidising agent, or oxidant, i
example above, oxygen is the oxidisin
The reducing agent, or the reductan
redox couple is an oxidant and its c
example, the redox couples are written

2
2Fe/Fe and 2

32 O/O
(or

y ,
atoms do not change. Examples
precipitation reactions, acids react
hydroxides, sulphides and carbonates
exchange of protons that is important,

n

volve the equilibrium of a competition
s. It is electronic equilibrium. To see
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ok at some numbers that quantify what

The terms oxidation and 
reduction are historical 

oxidation 

on state, is a quantity that describes the
be gained or lost by an atom when a
a chemical reaction, oxidation occurs
atom is increased (loss of electrons).
n number of an atom is decreased (gain
ction indicates a reduction in oxidation

in origin. They arose 
from the common 
observation that some 
reactants combine with 
oxygen (and so are said 
to be oxidised) while 
others lose oxygen 
atoms (and so are said 
to be reduced). Now it 
is recognised that it is 
the loss and gain of 
electrons that is the 
important feature of 
such reactions

 s3

mber of the Fe 
ectrons) 

mber of the

eduction do not occur in all chemical
oxidation numbers of the participating

such reactions. mber of the 
s electrons). 

is the substance that is reduced. In the
ng agent since oxygen oxidises the iron.
nt, is the substance that is oxidised. A
complementary reductant. In the above
n
Oxidant/Reductant

r Reduction/Oxidation)

p p g
of non-redox reactions are some

ting with bases, acids and oxides,
s. In acid-base reactions, it is more an

not electrons.



10.2 Redox Reaction

Consider the redox reaction:   2sCu 
We can separate out the oxidation an

10. Electronic Equilibrium

Cathode

p
separate beakers of solution, a wire
bridge for ions to move across and ele

cations (+) anions (-)

electrons wire

Ion (salt) 
bridge

(+)
Silver 
rod

   sAg2e2aq2Ag2    sCu
Reduction half-reaction Oxida

The electrode where reduction occu
greater affinity for electrons than cop
combine with the free electrons in the
of free electrons at the cathode repre
ions are pulling the electrons off the s
cathode. But the consumption of Ag2+

up of negative charge (the NO3
 ion

CAg2+

0.1M AgNO3

way, the reaction will come to a stop
more electrons arriving at the cathode

The electrode where oxidation occu
at the anode dissolves away to form C
electrons travel along the wire and ar
up of positively charge Cu2+ ions wou
electrons by the silver and the reaction

If the NO3
 anions are allowed to

anode solution, and the Cu2+ cation
cathode solution, then build-up of exc
reactions at each electrode would proc

The redox reactions, arranged in th
cell (or galvanic cell) since a voltage
the anode. The sign of the anode and
electrons in the external wire, not the

reactions at each electrode would proc

     sAg2aqCuaqAg2 22  

nd reduction processes physically using
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Anode

p p y y g
for electrons to flow along, and a salt

ectrodes where reactions take place.

) Copper 
rod

The salt bridge is a 
tube containing a salt 
solution (e.g. NaNO3) 
and allows negatively 
charged anions to 
move into the anode 
solution and 
positively charged 
cations to move into 
the cathode solution 

(-)

    e2aqCu2

ation half-reaction

urs is called the cathode. Silver has a
pper. So, the Ag2+ ions in the solution
e cathode to form solid silver. This loss
esents a net positive charge. The Ag2+

silver rod and forming solid silver at the
+ ions in the solution results in a build-

ns), and if this is not balanced in some

Cu2+ while at the same 
time preventing bulk 
mixing of the 
solutions. 

0.1M CuSO4

p as the ions in the solution repel any
wanting to take part in the reaction.

urs is called the anode. The copper rod
Cu2+ ions and free electrons. These free
re consumed at the cathode. The build-
uld eventually overcome the affinity for
n would come to a stop.
flow from the cathode solution to the

s flow from the anode solution to the
cess charge would be prevented and the
ceed spontaneously.
his way, constitute an electrochemical
e is produced between the cathode and
d cathode is determined by the flow of
ion flow in the solutions.

ceed spontaneously.



10.3 Single-Cell Redox Reac

Consider the redox reaction

   2
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We have seen that this is an oxidation
reaction can be arranged to occur in se
occur in a single solution.

    CaqAg2sCu 2  

Cop
rod

   sAg2e2aq2Ag2  

Reduction half-reaction

Ag2+

When a copper rod is dipped into a
spontaneously deposited on the rod
transfer occurs from the copper to the

Another good example of a single-ce
into hydrochloric acid

      e2aqCusCu 2

Oxidation half-reaction

      e2aqZnsZn 2

Oxidation half-reaction

into hydrochloric acid.

H+

Zinc 

 gH2e22H 2 

Reduction half-reaction

h l di l i h id dThe metal dissolves in the acid, prod
with Mg, Al, Fe and Ni, but not with
metals being able to be dissolved in
consideration of standard electrode p

ction

   2
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n-reduction reaction whereby each half-
eparate solutions. This reaction can also

   sAg2aqCu 2 

per 
d

Redox reactions of 
this kind find 
application in the 
silvering of copper 
conductors in 
electrical switch gear 
whereby the 

1M AgNO3

a silver nitrate solution, silver metal is
d. The solution turns blue. Electron
silver ions in the vicinity of the rod.

oxidation (dulling) of 
copper due to 
atmospheric 
contaminants is to 
be avoided. 

ell reaction is when a zinc rod is dipped

rod

1M HCl

H2(g)

d i h hi hducing H2 gas. The same thing happens
h Cu, Ag and Au. The reason for some
HCl and others not can be found by a

potentials.



10.4 Standard Hydrogen Elec

Consider the redox reaction

    CugHaqCu 2 

10. Electronic Equilibrium

    CugHaqCu 2 

Cathode (+)

cations (+) a

Cu2+

electrons

Ion (salt) 
bridge

Cu rod

   sCue2aqCu 2  

Reduction half-reaction

When the H2 gas is at 1 atm and the
couple is referred to as a standard hy
potential. The potential difference be
the other electrode is called the standa
reaction occurring at that other electro

Cu/Cu 2
Redox coupl

reaction occurring at that other electro
Standard electrode potentials are

oxidation at the hydrogen standard
standard electrode potentials for a re
will be one of reduction when the ot
the standard electrode potential for a
indicates that this reaction will be an o
is the standard hydrogen electrode.

The standard electrode potential Eo

+0.34V and so the copper is reduced a
of Eo for Zn is –0.76V and so if a zi
place of the copper, the zinc would b
reduced.

ctrode

   aqH2su 
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   aqH2su 

Anode (-)

anions (-)

H+

copper 
wire

Pt  (inert) 
electrode

H2 gas in

    e2H2gH2
2

Oxidation half-reaction

e H+ solution is 1 M, the H+/H2 redox
ydrogen electrode and is assigned a 0V
etween the hydrogen standard cell and
ard electrode potential Eo for the half-

ode

 gH/H 2
le Redox couple

ode.
provided from the point of view of
electrode. That is, positive values of

edox reaction indicate that the reaction
ther half-cell is the standard cell. When
a redox reaction is listed as negative, it
oxidation reaction if the other electrode

for the Cu2+/Cu half-reaction above is
and the hydrogen is oxidised. The value
inc electrode and solution were used in
be oxidised and the hydrogen would be



10.5 Standard Electrode Pote

Standard electrode potentials Eo for so
gases are at 1 atm and solutions are 1M
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 
   

 

)s(Age)aq(Ag

OH2e4)aq(H4)g(O

(Cl2e2)g(Cl

Mne5aqH8)aq(MnO

OH2e2aqH2gO

F2e2gF

23

22

2

22
4

23

2



























)s(Pbe2)aq(Pb

(He2)aq(H2

g(SHe2H2)aq(S

(Sne2)aq(Sn

)s(Cue2)aq(Cu

)s(Cue)aq(Cu

(Fee)aq(Fe

2

2
2

2

24

2

23





























)s(Cae2)aq(Ca

)s(Nae)aq(Na

s(Mge2)aq(Mg

)s(Ale3)aq(Al

)s(Zne2)aq(Zn

)s(Fee2)aq(Fe

)s(Sne2)aq(Sn

2

2

3

2

2

2





























)s(Lie)aq(Li

)s(Ke)aq(K








entials

ome reduction half-reactions where 
M:
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)

O

)aq(

OH4)aq(

O

2

+2.87

+2.07

+1.51

+1.36

+1.229

+0.799

)

)g

)g

)aq(

)

)

)aq( +0.771

+0.52

+0.337

+0.15

+0.141

0

-0.126

)

)

)s

)

-0.136

-0.440

-0.763

-1.66

-2.37

-2.714

-2.89

-2.925

-3.045



10.6 Spontaneous Redox Re

A very useful application of st
determination of whether a redox reac

10. Electronic Equilibrium

Consider the copper and zinc redox co

V34.0

Cu/Cu

o

2





E

Z

E
There are four possible reactants and t

)()(

2
)()(

)(
2

)(

2
)(

2
)(

ZnCu

ZnCu

ZnCu

ZnCu

dd

oxred

redox

oxox















react No

Cu

aq(Cu

react No

)(

2





red

1

2

3

4
)()( ZnCu redred 

The first and fourth possibilities
complementary oxidation and reducti
which of the second and third possib
these chemicals are in an electroc
electrode potentials. However, th
expressed in terms of reduction react
for a corresponding oxidation reaction

For the second possibility, the ele
copper in solution would be –0.34V. T
of zinc to obtain –1.1V. Since this tot

h l th t thi ti illwhole, we say that this reaction will n
For the third possibility, the electrod

in solution is +0.34V. This is added
obtain +1.1V. Since this total is a po
will proceed of its own accord and
potential difference of +1.1V across

Standard electrode potentials for a
redox reaction indicate the
reduction potential of the half-
reaction. Generally speaking, a redox
reaction will proceed spontaneouslyp p y
if the oxidant (the one that is
reduced) from the redox couple with
the higher value of Eo reacts with the
reductant of the other.

eactions

tandard electrode potentials is the
ction will proceed spontaneously or not.
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ouples:

V 76.0

Zn/Zn

o

2





E
two possible reactions:

reduction) ous(simultanetion 

)s(Zn)aq(CuZn

)aq(Zn)s(Cu)s(Zn)q

oxidation) ous(simultanetion 

22
)(

2








ox

cannot happen since we must have
ion processes happening. To determine
ilities will happen spontaneously when

chemical cell, we add the standard
he standard electrode potentials are
tions, and so we must reverse the sign
n.
ectrode potential for the oxidation of
This is added to –0.76 for the reduction
tal is a negative voltage for the cell as a

t d f it dnot proceed of its own accord.
de potential for the reduction of copper

d to +0.76 for the oxidation of zinc to
ositive value, we say that this reaction
d what’s more, we would measure a
the terminals of the cell.

Redox couple EoV

Oxidant / Reductant Higher

Oxidant / Reductant Lower



10.7 Oxidation Numbers

Although we can predict which red
from a consideration of standard e

132

consider why the standard potentials
reaction

Cu)aq(Ag2)s(Cu 22  

A2e2)aq(2Ag2  

 (Cu)s(Cu 2

From the above, we can conclude tha
attracting electrons than do copper io
a solid by taking up electrons and th
electrons, rather than the reverse. It
electrons that places a particular elemelectrons that places a particular elem
which as will be remembered is p
reduction half-reactions.

This affinity for electrons by atom
electronegativity. It was found that a
is the method of electron counting b
reaction, when the oxidation number o
increased, the atom is said to have
number of an atom has decreased, the

In the above reactions, the oxidation
reaction, the copper atoms have app
oxidation number is now 2+ (its app
The oxidation number of silver in th
reaction is 0. The oxidation number h
reduced. All this comes down to a com

• Oxidation represents a loss of elec

• Reduction represents a gain of ele

Oxidation numbers allow us to reco
are also useful for balancing the equ
oxidation number do not necessarily i
an electron or has gained or lost nean electron, or has gained or lost ne
them in this way for the purpose of
indicate how many electrons are in
reaction.

ox reactions will occur spontaneously
electrode potentials, we have yet to
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are what they are. Consider the redox

)s(Ag2)aq( 

)s(Ag
 e2)aq(

t silver ions have a stronger affinity for
ns, and so the silver ions are reduced to

he solid copper is oxidised by releasing
is the relative affinity of ions to attract

ment in the list of standard potentials –

Reduction half-reaction

Oxidation half-reaction

Redox reaction

ment in the list of standard potentials –
presented from the point of view of

ms is something we have met before:
a practical measure of electronegativity
by oxidation numbers. In a chemical
of an atom (i.e. its apparent charge) has
e been oxidised. When the oxidation
atom is said to have been reduced.

n number of copper is initially 0. After
parently lost two electrons and so its

parent charge), and is thus an increase.
he Ag2+ ions is initially 2+, and after

has decreased and the silver is therefore
mpetition for the attraction of electrons.

ctrons or increase in oxidation number. 

ctrons or decrease in oxidation number.

gnise oxidation-reduction reactions and
uations for these reactions. Changes in
indicate that an atom has gained or lost
et electric charge even though we useet electric charge, even though we use
establishing the numbers. Rather, they
nvolved for the atom in a chemical



10.8 Balancing Redox Half-R

In redox reactions, both atoms and ch
method of balancing redox equation

10. Electronic Equilibrium

reactions.

Consider the reaction between cop
couples involved are

N,H
o 



E

Since Eo for the nitric 
acid is more positive, 
then the copper must 
undergo oxidation:

and th
under

        V34.0

                   )s(Cu/Cu
o

2





E

4H   e2)aq(Cu)s(Cu 2

Both these half-reactions are balanced
form the net reaction, which is require
to balance the charge. The lowest com

  e6)aq(Cu3)s(Cu3 2 8H 

These half-reactions can now be comb

C3NO28H3Cu 3  

Not all reactions can be balanced so

1. Balance for atoms other than O
2. Balance for O by adding water
3. Balance for H by adding H+

4. Add OH ions to both sides for
with the H+ added from (3)

5. Balance for charge by adding e

It should be noted that balancing a
does not alter the electrode potential f

Reactions

harges must be conserved. A convenient
s is to use the equations for the half-
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pper and nitric acid, HNO3. The redox

V96.0

            )g(NO/NO3





he NO3 must 
rgo reduction:

OH)g(NOe3NO 23  

d, but they now need to be combined to
ed also to be balanced. The procedure is

mmon factor in this example is 6, and so

OH4)g(NO2e6NO2 23  

bined:

OH4)g(NO2Cu 2
2 

easily. A general method is to

O and H
r

r basic solution to form water 

electrons

half-reaction by adjusting coefficients
for that half-reaction.



10.9 Balancing Redox React

Another method of balancing redox
numbers. Consider the reaction betw
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redox couples involved are:


V 96.0

gNO/NO
o

3





E

 
        V 34.0

                 sCu/Cu
o

2





E

Since Eo for the nitric acid is more po
then the copper must undergo oxid
The unbalanced equation is:

 gNOCuNOCu 2
3  

Next, we write the oxidation numb
h l t i th tieach element in the reaction:

Cu has undergone a change in o
number from 0 to 2+. An increase in o
number indicates oxidation. The ch
oxidation number in this element is +2

 
-,22       2      -,25     0 

gNOCuNOCu 2
3


 

N has undergone a change in oxidat
oxidation number is –3. A decrease in

h i h i id i

We need to add H2O to get a balance

There is no net change in oxidation nu

We now introduce a further rule for
change in oxidation number for the ov
overall change in oxidation number fo
equal to the negative of the overall c
side. The only way to do this here is
NO3

 ions by 2. That is, operating on
have: Thus,    03223 

NO2Cu3NO23Cu 2
3  

NO2Cu3NO23Cu 2
3  

And finally, add H+ ions to balance fo

N2Cu3NO2H83Cu 2
3  

ions with Oxidation Numbers

x reactions is by the use of oxidation
ween copper and nitric acid HNO3. The
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3

a) In free, uncombined, 
elements, the oxidation 
number of each atom is 
set to be 0. 

b) In compounds involving 
hydrogen, the oxidation 
number of hydrogen is 
usually 1+.

c) In compounds involving 
oxygen, the oxidation 
number of O is usually 2. 

Rules for oxidation numbers


V

            

ositive,
dation.

bers to
d) The sum of all the 

oxidation numbers of all 
atoms in an ion is equal 
(in both magnitude and 
sign) to the charge on the 
ion. 

e) The sum of all the 
oxidation numbers of all 
atoms in a neutral 
molecule is 0. 

oxidation
oxidation
hange in
2.

tion number of 5+ to 2+. The change in
n oxidation number indicates reduction.

b f h

e for oxygen atoms:

umber for the oxygen atoms.

oxidation numbers, and that is, the net
verall reaction is to be zero. That is, the

for the left side of the reaction has to be
change oxidation number for the right
to multiply the Cu atoms by 3 and the

n the changes in oxidation numbers, we

 .gO

  OH4gO 2
or H atoms:

  OH4gNO 2



10.10 Electrochemical Cell

An electrochemical cell, or galvanic
spontaneously and has an electrical

10. Electronic Equilibrium

This potential difference, when mea
called the emf of the cell Ecell.

ancathodecell EEE 

reduction

When the half-cells are standard elec
given by o

an
o
cathode

o
cell EEE 

Example of electrochemical cell:

V34.0

Cu/Cu

o

2





E

Fe

oE

Since Eo for the iron reactio
copper, then the Fe3+ is un
the oxidant) and so is the
Copper is being oxidised an

V43.0

34.077.0

o
cathode

o
cell




 EEE

In an electrochemical cell that doe
anode and cathode, the redox reaction
charge on the cathode prevents any
anode and vice versa and the reac

Note: we do not have to “balance
overall cell potential. For example, th
copper half cell is still +0.34 if we wri

The potentials do depend on the con
number of atoms that participate in the

C2e4Cu2 2  

electrical potential energy as a r
reduction of energy of the system a
tending to send the system toward
mechanical work or heat by virtue of t

c cell, is a redox reaction that proceeds
potential difference at its electrodes.
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asured at a negligible current draw, is

node

oxidation

ctrodes, the standard emf of the cell is

o
node

   
V77.0

Pt,aqFe/aq

o

23





on is higher than that for
ndergoing reduction (it is
e cathode for the cell.
d so is the anode.

4

o
anodeE

All at 1M 
concentrations

es not have a connection between the
n proceeds until the build-up of positive
y more cations from moving from the
ction stops. The system has acquired

e” the half-equations to determine the
he standard electrode potential of the
ite

ncentration of the species, but not the
e overall reaction.

 sCu

p y q
result of the reaction proceeds. The
as a whole (i.e. the chemical reaction
ds a lower energy state) appears as
the current flow.



10.11 EMF vs. Concentration

The potential of an electrochemical c
the reactants. Standard potentials are
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operates, the concentrations of the re
cell potential on concentration is given

 
 




q

p

n
E

nF

RT
EE

qnep

Re

Ox
log

059.0

Red

Ox
ln

RedOx

10
o

o





 

Consider the electrochemical cell at 2

    ||1S0S| 24      Fe||5.1Sn,5.0Sn|Pt 24 MM 

Anode

 
 
 
 

V14.9

5.1

5.0
log

2

059.0
15.0

Sn

Sn
log

2

059.0

Sne2Sn

10

2

4

10
o
SnSn

24















EE

Since EFe>ESn, Fe3+|Fe2+ is the cathode

0

0

2Sn2Fe

cell

23



 

E

When the electrode is a metal in conta

 o

2

05.0
EE

When the electrode is a gas in contact

(s)
2 Cue2Cu  

When the electrode is a gas in contact

)g(He2H2 2 

o

2

05.0
EE 

n

cell depends upon the concentration of
e given for 1M solutions. As the cell
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actants change. The dependence of the
n by the Nernst equation.


q
p

ed

x

R - universal gas constant

T - temperature (K)

F - Faraday’s constant 96487 C/mol

at 25C

5C:

    |001 23      Pt|5.0Fe,0.1e 23 MM 

Cathode

 
 
 
 

V79.0

5.0

0.1
log

1

059.0
77.0

Fe

Fe
log

1

059.0

FeeFe

10

2

4

10
o
FeFe

23















EE

e and the cell reaction is

V65.0

14.079.0

Sn2Fe 42


 

act with its cation (e.g. Cu2+|Cu), then

 2
10 Culog

59

t with its ion (e g H+|H (g)) thent with its ion (e.g. H |H2(g)), then

 
 2

2

10
H

log
59

HP



Pressure in atm



10.12 Electronic Equilibrium

Thus far we have considered the c
reduction reaction will proceed. Consi

10. Electronic Equilibrium

Cathode

cations (+)

Ion (sa
bridge

(+)
Silver 
rod

V

 sAg2e22Ag2  

Reduction half-reaction

Ag2+

How long does the spontaneous reac
down”? Does the voltmeter reading st

   aqAg2Cu 2  s

Initially, we know from our sta
attainment of equilibrium, the objectiv
forward reaction as written:

   aqAg2Cu s

As the reaction proceeds, the Ag2+ i
solution, and there is a build-up of Cu
lose potential energy as they pass
converted to heat in the resistor. Whe
ions at the cathode, they are in a low
were bound to the copper. Attainmen
force behind most spontaneous chemic

When the silver ions are in short su
from the wire will find a home to go
negative charge at the cathode Whennegative charge at the cathode. When
these electrons, the build-up of negati
to prevent any more from arriving.
difference between the anode and ca
exhausted.

conditions under which an oxidation-
ider an electrochemical cell:
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Anode

anions (-)
wire

Copper 
rod

alt) 
e

(-)

+0.462V

    e2CusCu 2

Oxidation half-reaction

Cu2+

ction proceed for? Does this cell “run
tart to drop and then go to zero?

   sAg2aqCu2  

andard electrode potentials that the
ve of all chemical reactions, favours the

   sAg2aqCu 

ions are being used up in the cathode
u2+ ions in the anode solution. Electrons

through the wire and this energy is
en the electrons combine with the silver

wer energy state compared to when they
nt of a lower energy state is the driving
cal reactions.

upply, then not all the electrons coming
to and there will be a slight increase in

n there are no more silver ions to acceptn there are no more silver ions to accept
ive electric charge will be great enough

At this point, the electrical potential
thode will be zero and the cell will be



10.13 Equilibrium Constant

The potential of an electrochemical c
the reactants. When the cell is exhaus
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the equilibrium constant for the re
reaction:

c

4
2

Fe

F5H8MnOFe5 





K

At equilibrium, E = 0, and so

 
 

o
MnO2

3

10
o
Fe

F

Fe
log0590 -

4





E.E  

o

o
Fe

o
MnO

2

0590

lo
5

059.0

5

059.0

lo0590

Fe

4

















E

.EE

6101.5

0

5
10log

lo
5

059.0







Kc

cell depends upon the concentration of
ted, we reach a state of equilibrium and
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action is satisfied. Consider the redox

   
   84
52

253

2
23

H MnOe

MnFe

OH4MnFe
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8
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
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  
 

 
 

  
 

   
    84

52

253

2

8
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2

8
4
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H MnOFe
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H MnO
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log

Mn

H MnO
log

5

0590
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Mn5










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
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




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
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V77.0

V51.1

Fe
o

MnO
o

4





E
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10.14 Lead/Acid Battery

A battery is a collection of cells arra
acid battery, there are six cells, each

10. Electronic Equilibrium

to provide 12V for the vehicle. The re

   
V36.0

SO,sPb/sPbSO
o

2
44





E

Since the standard potential for the Pb
undergoes reduction and is the cathod

  SOH4sPbO2  Reduction
(cathode)

O id i sPbOxidation
(anode)

V05.2

36.069.1

o
anode

o
cathode

o
cell



 EEE

  PbS2SO2H4sPbO 2
42  

H2S
ele

The concentration of H2SO4 in a mot
and so the actual cell potential is abou

The anode (the negative plates) is
positive plates) is lead peroxide, PbO
reaction product, lead sulphate Pb
precipitate on the battery terminals.

As the cell discharges, the conce
density of the solution also decreases
measure of the state of charge of
h d thydrometer.

When the battery is charged, the
Overcharging results in the evolution
the cathode, and the water in the electr

anged in series. In a motor vehicle lead
producing about 2V, arranged in series
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edox couples involved are:

   
V69.1

sPbSO/SO,H,sPbO
o

4
2
42





E

bO2 reaction is higher, then this species
e.

  OH2sPbSOe2O 24
2
4  

     e2sPbSOSOs 4
2
4

e

  OH2sSO 24  Discharge reaction

PbO2

Cathode
(+)

Pb
Anode
()

SO4

ectrolyte

tor vehicle battery is usually about 5M
ut 2.15V.

solid lead, Pb, while the cathode (the
O2, in a solution of sulphuric acid. The
bSO4, sometimes appears as a white

entration of H2SO4 decreases and the
s. The density of the solution is thus a

f the battery and is measured with a

above reaction proceeds in reverse.
n of gaseous H2 at the anode and O2 at
rolyte has to be replenished.



10.15 Dry Cell

In a conventional dry cell, or Lecla
anode and reduction occurs at an iner

140

a liquid, but a paste of magnesium
ammonium chloride NH4Cl, and carbo

    e2aqZn)s(Zn 2

 
    
     NHZnaqNH4aqZn

gNHaqOHaqNH

OMn2OHsMnO2

3
2

34

3222











 e

Car
Cath

(+

MnO2, 
ZnCl2, 
NH4Cl 
paste

  ZnMnsMnO2)s(Zn 22 

Modern alkaline cells use an alkal
MnO2, ZnCl2, NH4Cl paste of the zinc
cell, the half-reactions are

  ZaqOH2)s(Zn    
    Me2lOHsMnO2

ZaqOH2)s(Zn

22
 



anché cell, oxidation occurs at a zinc
rt carbon cathode. The electrolyte is not
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m dioxide MnO2, zinc chloride ZnCl2,
on black particles.

 

   aqH

OHg

OH2s

2
43

2

3









Oxidation (anode )

Reduction (cathode +)

Acid/base absorbs the 
OH- ions
Complex ion formation 
absorbs NH3 gas

bon
hode
+) Zn

Anode
()

Overall cell reaction sO42

line electrolyte of KOH instead of the
c-carbon type of dry cell. In an alkaline

    e2lOHsZnO    
   aqOH2sOMn

e2lOHsZnO

32

2







10.16 Corrosion

Corrosion is the undesirable oxidati
example is the rusting of iron. In sim

10. Electronic Equilibrium

for the rusting of iron is written as

    F2gO3s4Fe 2 

    e2FesFe 2
2

In practice, the rusting of iron requ
reaction proceeds as a series of steps.

  FOH2OOHF4

FeOH2Fe2  

Oxidation half-reaction

The OH- ions react with the Fe2+ ions:

th  
    FesOHFe

FeOH2OOHFe4

3

222





The brown coloured metal we u
compound OH,OFe 232

Iron and steel often rust badly becaus
parent metal and tends to flake off,
water and oxygen and promoting furth

Water and oxygen are typically e
However, a very effective way to red

ti t l (i ith l E

then

and finally

, an Fe(III) hy

reactive metal (i.e. one with a lower E
and the sacrificial anode (usually zin
often called cathodic protection.

V76.0

Zn/Zn

o

2





EV44.0

Fe/Fe
o

2
2





E

Water and oxygen are typically ex
However, a very effective way to red
reactive metal (i.e. one with a lower E
and the sacrificial metal (usually zinc)

Aluminium undergoes corrosion inu u u de goes co os o
very thin (nm) tough layer of Al2O3

on the metallic surface which shields t
Alumina is a very hard ceramic
electricity.

ion of a metal. The most well-known
mple terms, the complex redox reaction
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 sOFe 32

uires both air (O2) and water, and the

 
   OH

OHe 2

Reduction half-reaction

  OH4e4OH2O 22

:

   
OH2OH,Oe

sOHe

2232

3



usually associate with rust is the

se the rust has a lower density than the
thus exposing more of the material to

her rusting.

excluded by painting the iron article.
duce rusting of iron is to attach a more
Eo th t th i d d ti

ydrated oxide

Eo so that the iron undergoes reduction
c) undergoes oxidation. This process is

xcluded by painting the iron article.
duce rusting of iron is to attach a more
Eo so that the iron undergoes reduction
) undergoes oxidation.

Iron or steel coated with zinc is 
said to be galvanised (since it 
acts like a galvanic cell).

the presence of atmospheric oxygen. At e p ese ce o at osp e c o yge .
(alumina) appears within nanoseconds
the parent metal from further corrosion.
material and is a non-conductor of



10.17 Electrolysis

An electrolytic cell is not a spontan
electrical energy input to proceed.
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Consider the redox reaction:

    CsAg2aqCu 2 
Arranged in this way, the half-reaction

      e2aq2AgsAg2 2 aCu 2

Oxidation half-reaction

-0.799V

Reduc

+0.33

The total potential is 0.462V and so
cell were constructed and connected w
the reaction would proceed in the rev
if l t l t ti l d

Anode

cations (+anions (-)

electrons

Ion 
bridge

(+) (-)

Silver 
rod

if we apply an external potential d
potential, then

1 V

V

      e2aq2AgsAg2 2  aqCu 2

Oxidation half-reaction Reduction

CAg2+

Note: oxidation occurs at the anode
case is the silver. Reduction occurs a
in this case the copper. The silver
away and copper particles coat the cop

The applied external potential has
+0.462V in order for the reaction to p
the potential difference across the ele
be 1 – 0.462 = 0.538V.

neous redox reaction, and requires an

The Chemistry Companion

   aqAg2sCu 2
ns are:

  sCue2aq  

ction half-reaction

7V

o this is not a spontaneous reaction. If a
with a wire between the two electrodes,
verse to that as shown above. However,
diff t th l t d 1V

Cathode

+) Copper 
rod

Arranged in this
way, we have an
electrolytic cell in
which the copper
rod is the cathode
(+) and the silver
rod is the anode (-).
The reaction
proceeds as written.

difference to the electrodes, say a 1V

 sCue2  

n half-reaction

Cu2+

which in this
at the cathode,

rod dissolves
pper rod.

1V

Ic

0.583V

(+) (-)

(+) (-)

s to overcome
proceed, and so
ectrodes would

0.462 V

Ic indicates conventional 
current flow
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Summary

H Alkanes Singl

CC Alkenes Doub

CC Alkynes Triple

Functional groups

CC Alkynes Triple

OH Alcohols ROH

O Ethers ROR

CHO Aldehydes RCH

CO Ketones R(C=

COOH Acids RCO

COO Esters RCO

NH2 Amines RNH2

R3NR3N

Benzene ring

try
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try

e C bond 

ble C bond 

e C bond

Methyl

Ethyl

Propyl

Alkyl groups

e C bond

R'

O

=)OR

OH

OR'

2 R2NH, 

Butyl

Pentyl

Hexyl

Heptyl

Octyl

Nonyl

Decyl



11.1 Carbon

The element carbon has four outer va
of Group IV in the periodic table. Th
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more metallic in nature with in
temperature, carbon is relatively ine
covalent bonds with itself and many
the basis for all life on Earth. It is in
element down in the group and also w
of the composition for nearly all of the

With four valence electrons, carbo
gaining four electrons to achieve a no
tends to share its four electrons via c
and lead, the heaviest elements in
valence electrons find it energetically

Carbon reacts with metals to form
non-metals to form molecular compou
form carbon monoxide CO and carb
form cyanides (e.g. HCN).

Pure carbon forms three crystalline
graphite, and the fullerenes. These a
different mechanical, thermal and ele
geometrical arrangement of their atom

valence electrons, find it energetically
the form of metallic bonds.

Diamond has a three- Graphite
dimensional tetrahedral
structure. Each carbon
atom has four neigh-
bours, and all the
valence electrons are
equally shared with no
vacancies or lone
electrons. Thus, dia-
mond is a poor electrical
conductor, has a high
hardness and elastic

dimensiona
sheet struct
sheets bon
as layers
Waals fo
carbon ato
neighbours
valence e
involved
bonding
fourth is

modulus. Diamond is a
good heat conductor due
to the free passage of
phonons.

relatively f
is respo
graphite
electrical co

alence electrons and is the first element
he other elements in this group become
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ncreasing atomic number. At room
ert. At high temperatures, it can form
other elements. Carbon compounds are
nteresting to note that silicon, the next
with four valence electrons, is the basis
e Earth’s minerals.

on has the choice of either losing or
oble gas configuration but in practice, it
covalent bonds. On the other hand, tin
Group IV, with more loosely bound

y favourable to share these electrons in

carbides: e.g. silicon carbide SiC; with
unds: e.g. methane CH4; with oxygen to
bon dioxide CO2; and with nitrogen to

e structures found naturally: diamond,
are allotropes. These have significantly
ectrical properties and differ only in the
ms in the crystal structures.

y favourable to share these electrons in

has a two- The fullerene form of
al hexagonal
ture with the

nded together
by van der

orces. Each
om has three
. Thus, three
lectrons are
in covalent
while the
left in a

carbon consists of a
three-dimensional
arrangement of C atoms
in a pentagon which
together form a sphere
or tube. The most
famous is the C60

molecule, often referred
to as a buckyball.

free state and
onsible for

being an
onductor.



11.2 Carbon Compounds

Carbon forms a great number of comp
hydrocarbons. In addition, hydroc

11. Carbon Chemistry

other atoms in addition to hydrogen be
Central to this remarkable abilit

compounds is the formation of chain
simple hydrocarbon methane CH4:

C

H HH

H

This molecule can be easily expanded

C C

H

H

And so on for propane, C3H8, and bu

C CC

H

H

Other possibilities abound, including
bond such as in ethylene and the triple

C C

H

H

H

H

H

H

H

HH

=

Compounds with single bonds betw
are saturated hydrocarbons. Compo
or triple bonds are called unsaturated
Hydrocarbons with the same chemi
with different structures are possibl
butene C4H8, can exist in four dif
arrangements, each of which is called

The substitution of other elements in
of one or more hydrogen atoms in ca
existence of a large number of hy

HH

existence of a large number of hy
hydrocarbons with an attached OH fun

The ability of carbon to form chain
functional groups is responsible for t
which form the chemistry of life on Ea

pounds with hydrogen. These are called
carbon derivatives are formed when
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ecome involved in the bonding.
ty to form such a wide variety of
ns of atoms. For example, consider the

H

d to form ethane C2H6:
H

H

C
H

H

H

H
..

..

....

..

..

.... C CH

..

..

..

H H

H

utane, C4H10. 

C CC

H

H

C

H

H

compounds involving a double carbon
e bond in acetylene:

C C

H

H

H

H

H

H

H

H

HH

..
H H

..



een carbon atoms
ounds with double
d hydrocarbons.
ical formula but
e. For example,

fferent structural
an isomer.

n place
arbon compounds is responsible for the
ydrocarbon derivatives. Alcohols are

HH The reason for this is 
that saturated 
compounds are 
saturated with H atoms. 
When there is a double 
bond, the maximum 
possible number of H 
atoms that can attached 
to a C atom is 
decreased and so the C 
atoms is unsaturated.

ydrocarbon derivatives. Alcohols are
nctional group.
ns, double bonds, isomers and contain
the great variety of carbon compounds
arth – or organic chemistry.



11.3 Functional Groups

Hydrocarbon derivatives are form
hydrogen become involved in the
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hydrocarbon is written with an attac
hydrocarbon compound (also called
with the symbol R. A common functio

C

H OHH

H

C C

OH

H

H

H

H

H

methanol CH3OH:

ethanol C2H5OH:

H Alkanes

CC Alkenes

CC Alkynes

OH Alcohols

O Ethers

CHO Aldehydes

CO Ketones

Functional groups

Function
reactivit
chemistr
determin
group w
relativel

Conside
CH3CH2

EthCO Ketones

COOH Acids

COO Esters

NH2 Amines

Eth

Eth

Eth

The CH
group.
group
group.

These named alkyl groups form bo
groups and the resulting compounds R
hydrocarbon (e g methane ethane etchydrocarbon (e.g. methane, ethane, etc

med when other atoms in addition to
bonding. In these cases, the core
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ched functional group. The core or
the remainder or residue) is written

onal group is the alcohol, or OH group.

H

Alcohols can be written as ROH 
where R is the hydrocarbon 
residue, or the core hydrocarbon 
component, and OH is the alcohol 
functional group. 

nal groups determine the nature of the
ty of the hydrocarbon involved. The
ry of the compound is usually
ned by the character of the functional
while the hydrocarbon residue is
ly inert.

er some compounds based upon the

2 – residue:

hane: CH3CH2 – Hhane: CH3CH2 H

hanol: CH3CH2 – OH

hyl bromide: CH3CH2 – Br

H3CH2– residue is called the ethyl
Similarly, the CH3– is the methyl

and the CH3CH2CH2– is the propyl

onds with various different functional
R–X are thus derivatives of the parent
c)c).



11.4 Alkanes

Alkanes are saturated hydrocarbons
are single bonds and they contain onl

11. Carbon Chemistry

the compounds are derived from the n

Methane CH4

Ethane C2H6

Propane C3H8

Butane C4H10

Pentane C5H12

Hexane C6H14

Heptane C7H16

The first 10 alkanes Alkanes
(aliphatic
the compl
are increa
structures
Compound
but differe

p 7 16

Octane C8H18

Nonane C9H20

Decane C10H22

Alkanes are the principal
components of petroleum. Low
molecular weight compounds are
generally gases at room temperature
and pressure. Gasoline (petrol) and
turpentine typically contain light
fractions (C H to C H )fractions (C7H16 to C10H22).
Kerosene, diesel oil, lubricating oils,
pitch, and so on consist of heavier
compounds. Alkanes are relatively
inert, but can undergo exothermic
oxidation (combustion) which make
them useful sources of energy.
Fuel Calorific value (MJ/kg)

Petrol 45

Diesel 44.4

Ethanol 27.2

Alkanes are sometimes called para
affinity for forming bonds with othe
participate in reactions, this usually in
atom with another atomic species.

s since the bonds with the carbon atoms
ly carbon and hydrogen. The names of
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number of carbon atoms.

can have chain or branched chain
), or cyclic (alicyclic) structures. As

lexity of the molecules increases, there
sed ways in which molecules can form
with the same molecular formula.
ds having the same molecular formula
ent structure are called isomers.

C

H

C

H H H

Alkanes 
with a 
chain 
structure 
have the 
molecular 
formula 
CnH2n+2.

n-pentane (or normal pentane):

C

C

H
H

H C

C

C

H

C

C

C

H
H

H H

C

H
H

H

H

H

C

H H

H

H

H

CnH2n+2. 

Alkanes 
having a 
cyclic or a 
ring 
structure 
have the 
formula 
CnH2n. 

iso-pentane (single branch at the end)

cyclo-pentane (ring structure)

H

C

C

CC

C

H

H

HH

H

H

HHHH

affins because they have little (parum)
er atoms or molecules. When they do
nvolves the substitution of a hydrogen



11.5 Alkenes

Alkenes (also known as olefins) are u
contain a double bond between two o
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single bonds. As a consequence, there
each of the carbon atoms.

Alkenes in a chain configuration ha
or ethylene (C2H4) is the simplest alke

C C

H

H

Note that the carbon double bond
structure, leading to formation of isom

H

=

Ethene, propene, and butene are gas
and those with greater than sixteen car

While alkenes are relatively inert, 
they are more reactive than 
alkanes because of the double 
bond. The carbon double bond 
has a higher bond strength 

C C

C

H H

H

H

H

=

compared to the single bond, 
but the double bond allows a 
greater potential for attachment 
for other atoms and this leads to 
greater reactivity compared to single-b
involving alkenes are usually associate
bond and the addition of other atoms.

H

H

An important reaction involving alk
chain reaction occurs in which the
broken and employed to form larger a

C C

H

H

H

H

C C

H

H

H

H

+ == =

unsaturated hydrocarbons because they
of the available carbon atoms instead of
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e are fewer than four atoms attached to

ave the general formula CnH2n. Ethene
ene.

C

H

H Bond length: 1.33 Å
Energy: 606 kJ/mol
H = +52.5 kJ/mol

can occur in different places in the
mers. In propylene (C3H6):

H

ses. Higher alkenes are generally liquids
rbon atoms are generally waxy solids.

C

H

C C

H

H

H

H

C C

OH

H

H

H

H H+ H2O  = 

ethylene ethanol

=

bonded structures. Chemical reactions 
ed with the breaking of the double 
  

C C

H

H

H

H

C C

Br

H

H

H

H H+ HBr  = 

ethylene bromoethane

kenes is that of polymerisation, where a
C=C double bonds are successively

and larger single-bonded structures.

HH H H

=

C C

H

H

H

H

polyethylene

C

H

C

H

H

C

H

H

C

H

H

. . . . =



11.6 Alkynes

Alkynes are similar to alkenes except
bond. Alkynes are unsaturated hydro

11. Carbon Chemistry

CnH2n-2. Alkynes are also known as a
term refers to ethyne: C2H2.

C2H2

acetylene
CH

The triple bond can occur anywhere i
the compound 1-butyne. The 1- indic
the chain: CH3CH2C
The CH3CH2 is the ethyl group, and
ethylacetylene.

Alkynes have a similar 
chemistry to alkenes. The CCH 
unit is a linear structure and in 
acetylene, the molecules are 
therefore rod-like in shape. 

y y

The triple bond is capable of 
opening up and accommodating 
additional atoms during reactions. 
Additions may occur with halides, 
halogens, water, and ammonia. 

One of the most common uses o
combustion of acetylene in oxygen p
3300C making it one of the hottest fl

C4O5HC2 222 

Acetylene is a gas, but an unstable
pressures. In welding gas bottle sets,
acetone or dimethylformamide and

The CCH unit, located at the end o
to alkynes and so acid-base reaction
undergo polymerisation to give polya

acetone or dimethylformamide and
containing a porous medium, agamas

that they feature a carbon-carbon triple
ocarbons and have the general formula
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acetylenes, but the common use of this

C C H
Bond length: 1.2 Å
Bond energy: 828 kJ/mol
H = +226.9 kJ/mol

in the chain in higher alhynes. Consider
ates that the triple bond is at the end of

CH

d so this compound can also be named

Ethyne HCCH



Ethyne HCCH

Propyne CH3CCH

1-Butyne CH3CH2CCH

1-Pentyne CH3(CH2)2CCH

1-Hexyne CH3(CH2)3CCH

1-Heptyne CH3(CH2)4CCH

1-Octyne CH3(CH2)5CCH

1-Nonyne CH3(CH2)6CCH

1-Decyne CH3(CH2)7CCH

of acetylene is in gas welding. The
provides a flame temperature of about
ames available in industry.

OH2CO 22 

e one, especially at moderate to high
acetylene is usually dissolved in liquid
stored under pressure in a cylinder

of the structure, imparts an acidic nature
ns are also possible. Alkynes can also
acetylenes.

stored under pressure in a cylinder
ssam.



11.7 Benzene

An important class of carbon comp
arranged in a special ring formation.
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The benzene ring C6H6 has all the
a plane, with a 120 angle between th
atoms. The initial difficulty with this
is that each carbon atoms has three ne
sharing one electron, but there a
valence electrons in carbon. Evident
either has to be three double bonds pr
some way of accommodating the
valence electron. If each second carb
had a double bond, then all available
electrons would be shared but expeelectrons would be shared, but expe
evidence indicates that the bond stre
the C-C bonds are equal around the r
that it is stronger than a single bond
as strong as a double bond.

The bonding in a benzene ring is ex
the valence electrons in the ring str
double bonds, electrons in the rin
superposition of single and double
movement throughout the ring, much
movement throughout the conduction

To signify this, the benzene ring is
one of the following diagrams:

Ring compounds of this type are cal
consist of C and H only, they are c
aliphatic compounds in a ring struct
ring structures (alicyclic). Aromati
within the ring and it is these th
compounds. In contrast to the additi
structure, benzene undergoes substit
replaced by other atoms.

pounds arises when carbon atoms are
H
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atoms in
he carbon
structure
ighbours
are four
tly, there
resent or
e fourth
bon atom
e valence
erimental

H
C

C
C

C
C

C

H

H

HH

C
C

C
H

H

H

erimental
ength for
ring, and
, but not

H
C

C
C

H

H

xplained by the allowable movement of
ructure. Rather than forming single or
ng form a resonance hybrid, or a
e bonds, whereby they may have

h like valence electrons in a metal have
n band.

s often written in shorthand form using

lled aromatic compounds. When they
called aromatic hydrocarbons. Note:
ture are not aromatic; they are simple
c compounds have mobile electrons

It should be always remembered 
that there are not single or double 
bonds, but a special bond 
somewhere between the two 
based upon electron movement 
around the ring. 

hat determine the chemistry of these
ion reactions for alkenes with a chain
tution reactions in which H atoms are



11.8 Alcohols

Hydrocarbon derivatives arise when
residual hydrocarbon core. Alcohols a

11. Carbon Chemistry

more OH (hydroxyl) groups attached,

Three types of alcohol are to
depending on the number of C atom
to the C atom with the OH group. P
alcohols are written RCH2OH.

Secondary (s) alcohols are written RR

CH3CH2CH2 OH
1-propyl
n-propan

CH3CHCH3

OH isopropy
2-propan
s-propan

Tertiary (t) alcohols are RR'R"COH.

CH3CHCH3
p p

CH3

OH

OH

CH3

C t-butyl a

Lower alcohols are soluble in water
presence of the polar OH group.
alcohols, the longer the carbon chain
water-like the compound is and beh
like a hydrocarbon – volatile and
inert. Pentanol and higher compo
insoluble in water.

Alcohols can react with 
other atoms and can act 
as weak bases (due to the
unshared electron pairs on the O atom
acids – where the H atom on the OH
act as a proton donor.

C

Phenol (hydroxybenzene) has the
OH group attached to a benzene ringOH group attached to a benzene ring
and forms the basis of synthesis for
many other compounds.

n functional groups combine with a
are those compounds which have one or
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, ROH. Ethanol (C2H5OH) is 
“alcohol” to the common 
person (e.g. in alcoholic 
drinks). Denatured ethanol
is the usual form used for 
cleaning and other uses. 
Additives render it 
unpalatable and, in some 
cases poisonous (such as 
when methanol is added to 
the ethanol to give 
methylated spirits).

Methanol (CH3OH) is highly

be found
ms attached
Primary (n)

R'CHOH:

 alcohol
nol

yl alcohol
nol 
nol Methanol (CH3OH) is highly 

toxic and may cause 
blindness or death when 
only a few millilitres are 
ingested. 

A common cleaning alcohol 
is isopropyl alcohol, or 2-
propanol (CH3)2CHOH. 

Ethylene glycol C2H4(OH)2

is commonly used as an 
anti-freeze/ anti-boil additive 
in motor vehicle cooling 
systems. In its pure form it 
h b ili i t f 197 3

lcohol

due to the
In higher

n, the less
aves more

has a boiling point of 197.3 
C but has a lower heat 
capacity than water and so 
is used diluted. It does this 
by depressing the hydrogen 
bonding between water 
molecules so that, upon 
freezing, the temperature 
must be significantly lowered 
before ice crystals can form. 

An interesting compound 
prepared from phenol, 
sodium hydroxide, and 

b di id i i i

relatively
ounds are

m) or weak
group can

O

H

..

..

OH

carbon dioxide is aspirin.



11.9 Ethers

Ethers have the general formula ROR
occur as aliphatic (chained), alic
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formations, or a combination. They
derivatives.

The lone pairs of
electrons on the O
atom allow ethers to
form hydrogen bonds
with water molecules
and so they are
generally partially
soluble in water.

O

diethyl e

dipheny

CH3CH2

O

H th t f h d

In some respects, ethers are s
alcohols in that they can be c
derivatives of water. In an alcohol, th
the place of one of the H atoms in
molecule. In an ether, both of the H
replaced by alkyl groups R and R'.
generally isomers of the corr
alcohols. For example, ethanol, C2H

However, they cannot form hydrog
between themselves and so general
lower boiling point than comparable a

p , , 2

the same formula as dimethylethe
course has quite different chemical an
properties.

Ethers are generally unreactive sub
either acids or bases, but are more rea

Simple ethers have the alkyl groups
the groups are the same, are thus nam
ether). If one of the groups is a more c
name is alk-oxy-alkane. For
methoxypropane.

R' where R is an alkyl group. They can
cyclic, or aromatic (benzene ring)
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are relatively unreactive hydrocarbon

Perhaps one of the most 
well known ethers is diethyl 
ether, CH3CH2OCH2CH3, a 
low boiling point colourless 
liquid used as an 
anaesthetic. Diethyl ether 
can be formed from the 
removal of water from 
ethanol.

Dimethyl ether, CH3OCH3, 
(or DME) is a gas at room 
t t i ft d

ether 

l ether

CH3CH2

b d temperature is often used as 
an aerosol propellant since it 
can be stored as a liquid 
under pressure in 
equilibrium with the gas 
phase, evaporates readily 
and leaves the desired 
product as an aerosol mist 
for the application. 

Methyl phenyl ether 
CH3OC6H5  is found in 
aniseed oil. 

similar to
considered
he R takes
the water
atoms are
Ethers are

responding
H5OH, has

gen bonds
lly have a
alcohols.

5 ,
er, but of
nd physical

bstances and can withstand attack from
ctive than comparable alkanes.

on each end of the oxygen atom and if
med dialkyl ether (such as in dimethyl-
complex group, then the structure of the

example, CH3CH2CH2OCH3 is



11.10 Aldehydes

Alcohols can be thought of as a ste
corresponding alkane. Primary alcoh

11. Carbon Chemistry

aldehydes and carboxylic acids, and
ketones.

Aldehydes have a carbon-to-oxygen
double bond (which itself is called the
carbonyl group) with the genera
formula RCHO. They are usually
prepared by oxidation of the
corresponding alcohol.

Consider the reaction between
methanol and potassium dichromate:

2  OCH3H8OCrOHCH3 2
2
723  

In this equation, the Cr2 ion has been
reduced to the Cr3+ ion, and the
methanol has lost two electrons (and
two protons H+) and hence has been
oxidised to give CH2O, formaldehyde.

Methanal HCHO Form

Ethanal CH3CHO Aceta

Propanal CH3CH2CHO Propi

Butanal CH3CH2CH2CHO Butyr

Cyclic forms also exist,
such as benzaldehyde, an
aromatic aldehyde:

Aldehydes are closely related to k
C=O at the end of a carbon chain rath
aldehydes are soluble in water. Alde

To avoid confusion with alcohols (O
the carbonyl group with an attached H
written CHO and not COH. 

Butanal CH3CH2CH2CHO Butyr

carboxylic acids.

ep towards complete oxidation of the
hols can also undergo oxidation to form
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secondary alcohols can oxidise to form

n
e

al
y
e

C

O

H

n

3

Perhaps one of the most 
well known aldehyde is that 
made from formaldehyde
dissolved in water to give 
formalin, a preservative 
fluid used for embalming 
biological tissues. 

C

O

H

H

aldehyde
group

methanal
(formaldehyde)

OH7Cr2 2
3  

n
e
d
n
.

H

Aldehydes often have a 
pleasant odour or flavour, 
such as in the benzene 
derivative vanillin: 

OCH3

OH
maldehyde

aldehyde

ionaldehyde

raldehyde

C
OH

ketones, but have the carbonyl group
er than in between two C atoms. Lower
ehydes can be further oxidised to form

and cinnamaldehyde, the 
active ingredient in 
cinnamon.  

OH), 
H is 

raldehyde

C

H

O



11.11 Ketones

Ketones have a carbonyl group C=
form part of the same or different alk
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other atoms is an H atom.) The genera

2-

CH3

The oxygen atom is more
electronegative than attached
carbon (i.e. the electron pairs
that constitute the double bond
are closer to the oxygen atom
than the carbon atom), making
this group polar. Unlike
aldehydes, ketones do not have
an H atom attached to the
carbonyl groupcarbonyl group.

Acetone can be formed by the oxida
2-propanol according to

OH7Cr2COCHCH3

H8OCrCHOHCHCH3

2
3

33

2
7233








Aldehydes and ketones have many s
and both are formed from the oxida
alcohol.

Ketones cannot be further oxidised
since there is no H atom availab
functional group (as in the case of al
The absence of an H atom bonded to
atom means that both aldehydes and k
not form hydrogen bonds with each
so generally have a lower boiling p
comparable alcohols. However, the
of electrons on the oxygen atom ca
hydrogen bond with an H atom in
molecule and so lower ketones
aldehydes) are generally soluble in wa

Th f k t ( d ld hThe names of ketones (and aldeh
formed by the number of C atoms in t
chain, and include the C atom in the
group.

=O attached to two other C atoms that
kyl groups. (In an aldehyde, one of the

The Chemistry Companion

al formula is RC(=O)R'.

-propanone
(acetone)

C

CH3

Acetone CH3COCH3 is 
widely used as a relatively 
non-toxic solvent for various 
carbon compounds (e.g. 
paint, plastics, nail varnish, 
superglue, etc). It also has 
the useful property of being 
soluble in water and is 
commonly used as a drying 
agent for glassware in 
chemistry laboratories. It is 
very volatile and dries

O

very volatile and dries 
without leaving a residue.

Another common ketone 
used as a solvent for paints, 
varnish and gums is 2-
butanone, or methyl ethyl 
ketone (MEK), or methyl 
acetone, CH3COCH2CH3, a 
flammable clear liquid that is 
soluble in water. It has a 
characteristic sweet odour. 
As well as industrial uses as 
a solvent, it is also used as a 
polystyrene cement in

ation of



similarities
ation of an

to an acid
le on the polystyrene cement in 

plastic model kits. 

Another significant ketone, 
with a cyclic (but not 
aromatic) structure, is 
cyclohexanone (CH2)5CO 
which is used in the 
manufacture of nylon. 

cyclohexanone

O

ldehydes).
an oxygen
ketones do

h other and
point than
lone pairs
an form a
n a water
(and also

ater. Ketones have significant 
biochemical functions and 

h d ) are produced when body 
fat is used as a source of 
energy when there is a 
shortage of glucose (such 
as during fasting). 

hydes) are
the longest
e carbonyl



11.12 Carboxylic Acids

Hydrocarbon derivatives that contain
(OH) functional groups are called car

11. Carbon Chemistry

RCOOH. When R is an aliphatic re
acid. When R is an aromatic ring, the

et
(a

C
The COOH group is called 

the carboxyl group. 
Carboxylic acids can be 
prepared from the oxidation of 
the corresponding alcohol. 

OH11Mn4HCOOH5

H12MnO4OHCH5

2
2

43








In this reaction CH OH and

Some 

Form

Acet

Prop

Buty

Stea

In this reaction CH3OH and 
H2O produces HCOOH and 
four protons and four electrons. 
Since there is a loss of four 
electrons (compared to two for 
the oxidation of methanol to 
methanal, or formaldehyde) , 
formic acid is a more highly 
oxidised compound than 
formaldehyde. 

Similarly, ethanol can be oxidised to
be formed from the oxidation of ace
compounds can be obtained via the r
in which case the product is CO2 and w

A common chemical demonstration
and baking soda to give sodium ethan

Carboxylic acids are weak acids and
in water, and act as proton donors in
COOH functional group. Lower carbo

C3NaHCOCOOHCH 33 
There is an ionic bond between the C
the ionic compound is written with the

Carboxylic acids react with alcoho
acids are those needed by the body
animal and vegetable oils and fats.

both the carbonyl (C=O) and hydroxyl
rboxylic acids with the general formula

155

esidue, the compound is called a fatty
acid is a benzene ring derivative.

A very common aliphatic 
acid is acetic acid, written 
CH3COOH and is found in 
vinegar. Formic acid (from 
the latin formica for ant) in 
the found in venom of 
ants. Stearic acid is found 
in soaps, waxes and plant 
oils.  Other carboxylic 
acids can be found in 
coconuts chocolate

thanoic acid
acetic acid)

OH

CH3C

COOH
benzoic 
acid

O

coconuts, chocolate, 

carboxylic acids:

mic Methanoic HCOOH

tic Ethanoic CH3COOH

pionic Propionic CH3CH2COOH

yric Butanoic CH32CH2COOH

aric Octa
decanoic

CH316CH2COOH

o form acetic acid. Acetic acid can also
etaldehyde. Further oxidation of these
rather energetic process of combustion,
water.

reaction involves that between vinegar
noate, carbon dioxide and water:

dissociate only slightly, giving H+ ions
reactions. The H+ ions come from the

oxylic acids are soluble in water.

OH7COCOONaCH 223 
CH3COO and Na+ ions. By convention,
e metal ion last.

ls to form fats and oils (esters). Fatty
y and are obtained from digestion of



11.13 Esters

Carboxylic acids contain the functio
easily given up (proton donor): hence
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Derivatives of carboxylic acids are
the OH group is replaced by someth
the OH group is replaced by OR, th
formed. Esters are generally col
insoluble in water and have the g
RCOOR'. For example, a reaction bet
and acetic acid forms the ester methyl

COOCCHCOOHCHOHCH 333 

CCH3COO

O

C

O

CH3COO

methyl acetate

In this reaction, water is formed from 
and the OH group from the carboxylic

Methyl butyrate A

Ethyl butyrate S

Pentyl butyrate A

Pentyl acetate B

Isoamyl acetate P

O t l t t O

Esters are 
commonly 
used in food 
flavourings and 
perfumes due 
to their 

l t d Octyl acetate O

Most naturally occurring fats and
organic acids and alcohols (usually gly
the acid is said to be saturated. Wh
unsaturated. When an acid has one
when there is more than one C=
polyunsaturated. These fatty aci
polyunsaturated fats and oils (oils
temperature whereas waxes are solid)

Esters also undergo polymerisation

pleasant odour. 

polyesters used for clothing and
(PET) drink bottles. An interesting
(which is somewhat incorrectly named

onal group COOH. The H atom can be
the acid classification.
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C

HO

e formed when
hing else. When
hen an ester is
ourless liquids

general formula
tween methanol
l acetate:

OHCH 23  Note that the methyl group 
is the CH3 at the end of the 
molecule. The “acetate” is 
from the carboxylic acid. 

carboxyl 
group

O

CH3

Esters are written with the 
functional group first. 

the H atom in the incoming alcohol, 
c acid, leaving behind an ester. 

Apple CH3CH2CH2COOCH3

Strawberry CH3CH2CH2COOCH2CH3

Apricot CH3CH2CH2COO(CH2)4CH3

Banana CH3COO(CH2)4CH3

Pear CH3COOCH2CH2 CH(CH3)2

O CH COO(CH ) CHOrange CH3COO(CH2)7CH3

oils are very large esters made from
ycerol). When there are no C=C bonds,
hen the acid contains C=C bonds, it is
C=C bond it is monounsaturated, and

=C bond, it is referred to as being
ids form saturated, unsaturated and

are esters that are liquid at room
.

n to form common products such as
recyclable polyethylene terephthalate
example of an ester is nitroglycerine

d).



11.14 Amides

Amides are derivatives of carboxyli
When the OH group is replaced by NH

11. Carbon Chemistry

class of amides occurs when the OH g
be produced by the reaction between a

OHCHCONHCH

NHCOOCHCH

323

333




The reaction between methyl acetate
and ammonia produces ethanamide
(acetamide) and methanol:

CH3C

acet

In the NH2 group, the electrons are
more strongly drawn towards the moremore strongly drawn towards the more
electronegative N atoms, leaving the
H end with a positive charge and so
amides are able to form hydrogen
bonds with each other as they are
attracted to the negatively charged
lone pairs on neighbouring O atoms
This confers a relatively high melting
point for these compounds. Amide
have much the same solubility a
comparable esters, with lower amide
being soluble in waterbeing soluble in water.

The amide link joins amino acids t
proteins. Amino acids are carboxylic
H2NCHRCOOH. During polymerisat
acid groups to be joined together.

OH

O

CHR C

NH2

N

H

pr
ot

ei
n

amino acid
H

c acids in a similar manner to esters.
H2, then an amide is formed. A special
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2

group is replaced by NHR. Amides can
ammonia and an ester.

e
e

The most notable 
characteristic of amides are 
their mechanical strength 
and are often used, both in 
nature and industrially, as 
structural items. 

In nature, amides for the 
basis of links between 
amino acids in proteins. 

I i d i l id

C

NH2

C

tamide

e
e

O

In industrial use, amides 
are joined together in long 
chains to produce 
polyamides, the most well 
known of which are nylon
and kevlar. 

Lysergic acid diethylamide 
(LSD) is also an amide. 

e
e
o
n
e
d
s.
g
s

as
s

Methanamide HCONH2

Ethanamide CH3CONH2

Propanamide CH3CH2CONH2

together in biological processes to form
c acids with an amine group of the form
tion, water is eliminated between two

C

O

N

H

C

O

H

C

R

H

C

R

N

H

amide links

amino acids

HH H H



11.15 Amines

In an alcohol, the R takes the place
molecule to give the general formu
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ammonia NH3.

H
If one or more H atoms are
replaced by an alkyl group,
then the resulting compound is
called an amine. Primary
amines RNH2 have one R
substitution, secondary amines
R2NH have two, and tertiary
amines R3N have all three H
atoms replaced with alkyl
groups Aliphatic and aromatic

R

R

groups. Aliphatic and aromatic
structures are found.

Ammonia NH3

Methylamine CH3NH2

Ethylamine CH3CH2NH2

Propylamine CH3CH2CH2NH2

Butylamine CH3CH2CH2CH2NH2

Aniline C6H5NH2

R

Just as in the case of ammonia, a
bases due to the lone electron pair
atom. Primary and secondary amines
hydrogen bonds with each other an
form hydrogen bonds with water, th
them soluble, the lower gaseous ami
very soluble.

Phenylamine, or aniline, is a prim
where an H atom on the ammonia i
with a benzene ring. This has the
consequence of the lone pair of electr
N atom interacting with and to soN atom interacting with, and to so
being absorbed into the ring, whic
decreases its solubility and raises i
point compared to comparable
compounds.

e of one of the H atoms in the water
ula ROH. Now consider the molecule
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N

H HH

.. Ammonia is a colourless 
gas with a very sharp 
odour. Ammonium 
hydroxide in household 
cleaning products is a 
solution of ammonia gas in 
water where it slightly 
dissociates into the 
ammonium NH4+ and 
hydroxide OH- ions.

Many primary aromatic 
amines are used as dyes. 

N

H HR

..

N

R2
HR1

..

N
..

NH2

Aniline

N

R2
R3R1

amines are

Amines are important in 
biological functions and are 
produced from the 
breakdown of amino acids in 
the body. Amino acids are 
carboxylic acids with an 
amine group of the form 
H2NCHRCOOH. Amines 

i Aon the N
s can form
nd all can

hus making
ines being

serve as neurotranmitters. A 
common natural amine is 
histamine which triggers an 
immune response. Anti-
histamines suppress this 
activity in severe allergic 
reactions. 

Methylphenethylamine (or 
amphetamine) is a powerful 
drug that  modifies the 
action of natural 
neurotransmitters in the 
brain.  

ary amine
s replaced
interesting

rons on the
me extentme extent

ch in turn
its boiling

aromatic



11.16 Polymers

The chemical and physical proper
derivatives depend very much on the

11. Carbon Chemistry

such as methyl and ethyl compounds
boiling point. When these small
monomers, and joined together into
increase greatly with the production o
are called polymers, or plastics.

For example, in ethylene, the C=C 
bonds may be successively 
broken and joined to form larger 
and larger molecules of polyethylene. 
This process is usually performed with
the help of a catalyst The resultithe help of a catalyst. The resulti
polymers. When other atoms or func
of a great variety of properties are pos

Another class of polymers are conde
formed by the expulsion of a water m
be joined. In Nylon, amide links are u
molecules.

One of the monomers used to make
HOOC CH2 CH2

This is used with another monomer, 1
H2N CH2CH2CH2H2N CH2CH2CH2

CH2 CH2 NH

H

When these two monomers are chaine

(CH2)4

N

C

H

N

C

(CH2)6

amide links

OO

During polymerisation, these molecul
a water molecule each time and form
polymer but the amide links join benz

rties of hydrocarbon compounds and
e size of the molecule. Smaller groups
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generally have a high solubility, a low
molecular units, collectively called

o long chains, the molecular size can
of a variety of useful substances which

h 
ing compounds are called addition

C C

H

H

H

H

polyethylene

C

H

C

H

H

C

H

H

C

H

H

. . . . =

ing compounds are called addition
ctional groups are involved, polymers
ssible.

ensation polymers. In these, chains are
molecule from between the monomers to

used to join monomers into large chain

Nylon 6,6 is adipic (hexanedioic) acid:

2 CH2 CH2 COOH

,6 diaminehexane:

2 CH2 CH2 CH2 NH22 CH2 CH2 CH2 NH2

HOOC CH2

ed together, water drops out as shown:

water

H

N

(CH2)4C C

H

N (CH2)6

OO

les continue to chain together, expelling
ming amide linkages. Kevlar is a similar

ene rings together.
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11.17 Physical and Chemical

Group Boiling point

Alkanes Lower compounds are 
gases at room temp. 
Boiling point increases 
as size of molecule 
increases. 

Alkenes Similar to alkenes.

Alkynes

Alcohols H bonding causes 
boiling point to be 
higher than comparable 
alkanes. 

Ethers Cannot form H bonds 
between themselves so 
lower boiling point than 
comparable alcohol. 

Aldehydes Cannot form H bondsAldehydes Cannot form H bonds 
with each other and so 
generally have a lower 
boiling point than 
comparable alcohols.

Ketones Similar to aldehydes.

Carboxylic 
acids

High boiling point due 
to H bonding. 

Esters Lower boiling point due 
to lack of self-H bonds.

Amines Reasonably high 
boiling point but lower 
than alcohols.

The Chemistry Companion

l Properties

Solubility Notes

Do not form H bonds, 
insoluble in water.

Mainly 
unreactive 
with other 
compounds.

Similar to alkenes. Slightly more 
reactive due 
to presence 
of C=C.

More reactive 
than alkenes
due to C Cdue to CC.

Lower alcohols are 
soluble in water. 
Compounds become 
less water-like with 
increasing size. 

OH group 
makes the 
molecules 
polar, and 
able to form 
H bonds. 

Can form H bonds 
with water molecules. 
Lower ethers soluble 
in water. 

More reactive 
than 
comparable 
alkanes.

Lower aldehydesLower aldehydes 
soluble in water due to 
presence of lone pair 
electrons on O atom.  

Similar to aldehydes.

Lower acids soluble. Typically 
weak acids. 

H bond with water 
confer solubility on 
lower esters. 

Lower amines soluble. 



12 Biochemistry

12. Biochemistry

12. Biochemistry

Summary

Glucose 
C6H12O6

CH2 OH

Glycerol

CR

N

Amino 

CH2

CH

CH2

OH

OH

OH

Nucleo

Base-pa
A-T 
G-C

HC6Anaerobic metabolism

CO6

HC6Aerobic metabolism

HC2 3

HC

CO6

6

Photosynthesis

  NADHe2H2NAD
  H2NADHNADH
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C

OH

CH

NH2

acid
O

otide

airing rules 

ADP4NAD2OH 612  

O

OH

base

sugar

phosphate

36ATPOH6O

P36ADP36O6OH

22

2612




ATP4H2NADH2OH 34  

OH6O6OH

energyOH12O

22612

22




reduction
HH
  2e oxidation



12.1 Sugars

Sugars are part of a larger group
Carbohydrates have the general formu
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hydrated carbon compounds.

C

H

C

C

H OH

H OH

Glucose, C6H12O6, 
an important sugar 
in biochemistry is an 
aldehyde . 

Fructose, an isomer
of glucose, C6H12O6, 
and is a ketone. 

C

C

C

O

H OH

H OH

CH2OHO

C

C

CH2OH

H OH

H OH

C

C

CH2OH

H OH

H OH

HO

HC O

CC

C C

H

OH

H

HO

C

H

OHH

H
OH H

CC

OHH

Glucose

HC O

CC

C C
H

O

H

HO

OHH

C

H

OHH

H
OH H

H2

Glucose is the basic fuel for the
recovered from fats and sugars in the
until converted back to glucose for use

of compounds called carbohydrates.
ula Cm (H2O)n and can be thought of as
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m 2 n

r These compounds can readily form
cyclic structures, which are often
more common than the chain
structures.

Glucose and fructose are examples
of monosaccharides. Sucrose, or
table sugar, is a disaccharide and is
formed by the condensation (with
the elimination of one water

l l ) f l l fmolecule) of one molecule of
fructose and one of glucose. The
reverse reaction, hydrolysis of
sucrose, splits sucrose into glucose
and fructose.

O

CC

C C

H

CO

C

OH

HH

H HO
OH

H

Fructose

CC

HOH

H

O

CC

C C

H

C

HOH

C

OH

H

H HO
OH

H

H

Sucrose

2O

e process of metabolism. Glucose is
diet and stored as glycogen in the body
e directly by cells.



12.2 Polysaccharides

Cellulose is a straight-chain poly
thousands of glucose units. It is insol

12. Biochemistry

forms of cellulose in organisms depen
molecule.

C O

CC

C C
H

O

H

O

OHH

C

H

OHH

H
OH H

C
H

H

Starch is similar to cellulose in
constructed from glucose monosaccha
but has a different orientation o
between the glucose elements, w
branching than cellulose. It is ge
mixture of glucose polymers of varyin
the shorter constituents (of molecu
4000) being water soluble.

OHH Cellulose

Starch typically contains a mixture
(soluble) amylose and branched

Starch is broken down into glucose i
body by enzymes, (chiefly amylase, w
constituent of saliva and pancreatic ju

(soluble) amylose and branched
insoluble) amylopectin molecules.
hydrolysis gives glucose. Partial
results in various starch sugars called

Glycogen is similar to the amylop
of starch in structure and is found in
and muscles of animals as an energy
synthesised from glucose from digy g g
enzymes in the liver where it is st
released as glucose into the blood
needed.

ysaccharide (C6H10O5)n consisting of
luble in water. The nature of particular
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nds mainly upon the chain length of the

C O

CC

C
H

O

OHH

C

H

OH

H
OH H

Hydrogen bonding 
between parts of the 
molecule impart strength 
to the structure.

Cellulose acts as the main 
structural element of plants 
and forms the cell wall that 
gives plants their rigidity. 
Wood is about 50% 
cellulose. Mammals 
generally are incapable of 
breaking down cellulose to 
glucose although cows and 
sheep, and other 
ruminants, have the 
necessary bacteria in their 
di ti t th t

that it is
aride units,
of linkage
with more
enerally a
ng lengths,
lar weight

OHH

e of linear
(relatively digestive system that 

perform this function. 
Insects (e.g. termites) can 
also digest cellulose. 

Starch is used as an 
energy store in plants. The 
glucose produced by 
photosynthesis is stored in 
plant tissue as starch until 
it is needed by the plant. 
Starch in plants, when 
eaten as food, is an 
important source of 

l f i l

in the 
which is a 
uice).

(relatively
Complete

hydrolysis
dextrins.

ectin form
n the liver
store. It is

gestion by
glucose for animals. 

g y
tored until
dstream as



12.3 Lipids

Fats and oils are esters. Esters are der
H on the OH group is replaced by R s
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Esters are usually derived from the re
the elimination of a water molecule.

Animal and plant fats are
triple esters, or triglycerides,
of glycerol (glycerin) C3H8O3 .
Each of the three available OH
groups in glycerol is available
for combination with three
molecules of fatty acid. Fatty
acids typically have from 12 to
20 carbon atoms

C

C

C

G
(propa

20 carbon atoms.

Linolenic acid has the general form
CH3(CH2)4CH=CHCH2CH=CH(CH2)7CO



Fats, which are solid at room tempe
made from saturated fatty acids, w
which are liquid at room temper
formed mainly from unsaturated fa
Fats and oils from plants and animal
contain a mixture of different types
two or three fatty acids attached to
molecule.

CH3CH2CH=CHCH2CH=CHCH2CH2=CH(C

and is called an omega-6 fatty acid b
first C=C double bond is on the six
atom from the (left-hand) end. Linole
am omega-3 acid. (Note: normally nu
atom positions is from the right.)

Lino

Fats, along with oils and waxes
example of a broader group o
Compared to carbohydrates, lipids





p y , p
contain a smaller proportion of O atom
are relatively insoluble in water.

rivatives of carboxylic acids where the
so that the general formula is RCOOR'.
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eaction between acids and alcohols with

Fat in the body acts as a 
storage place for 
glucose. When fat 
reserves are called upon, 
the fats are converted 
back into glycerol and 
fatty acids. The glycerol 
in turn is converted into 
glucose by the liver. 

Fats in the diet are also a 
source of linolenic

CH2

CH

CH2

OH

OH

OH

Glycerol
ane 1,2,3 triol)

C17H29CO2H and linoleic
C17H31CO2H unsaturated 
fatty acids which are 
essential in animal 
dietary intake because 
they are unable to be 
synthesised by the body 
directly and are required 
for metabolism into a 
variety of other acids 
required by various bodily 
functions. 

Fats also serve a 

mula
OOH

erature, are
while oils,
rature, are
atty acids.
s typically
of esters,

a glycerol

structural role in the body 
by providing heat 
insulation and a barrier 
against mechanical 
shock for organs.

When fats hydrolyse, or 
react with water, in an 
alkaline solution, glycerol 
is formed along with the 
metal salt of the 
carboxylic acid. Such a 
reaction is called 
saponification,  from 

CH2)7COOH

ecause the
xth carbon
eic acid is
umbering of

leic acid

, are one
of lipids.

generally
which soaps (e.g. sodium 
stearate) is formed. 

g y
ms. Lipids



12.4 Proteins

Proteins are amino acids joined togeth
classified as polyamides. The arran
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within the protein structure determine
protein may contain 100 or more amin

CR

N

am

Amino acids with the
amine group attached to the
same C atom as the COOH
group are called alpha-
amino acids and are the
most important in
biochemistry.

The twenty or so amino acids found
diff i th k f th Rdiffer in the makeup of the R r
glycine, R is just an H atom,
phenylaniline, R is a ring structure.

On one end of the chain, there is
group; this is the N terminal. At the o
the chain, there is a COOH gro
terminal. In between, water molecules
eliminated to leave amino acid units, o

C

O

NC

O

C

R

C

R

NC

R

NH2 . . .

A typical polypeptide protein c
between 100 and 500 or more a
residues. The sequence of amino a
primary structure of the molecule
chains of proteins themselves have a
structure, usually in the form of
spiral. Hydrogen bonds between
amino acid groups are responsibl
structure. Often, there is more
polypeptide chain present and the

HH HHH

When a protein undergoes
hydrolysis, the amino acids are recove

p yp p p
intertwined helixes held together by h
ionic bonds leading to a tertiary struc

her by amide (or peptide) links and are
ngement, or sequence, of amino acids
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es the function of the protein. A typical
no acids. The mechanical structure 

of proteins (i.e. the 
sequence of amino acids 
and hydrogen bonds) has 
great significance for 
living organisms. Proteins 
form the basis of skin, 
hair, muscle, tendons,  
and other tissues in the 
body. 

Some proteins are 

OH

H C

H2

mino acid

d in proteins
id l I

O

enzymes and act as 
catalysts for chemical 
reactions which would 
otherwise proceed too 
slowly for use in 
organisms. 

The secondary structure 
of proteins is stable 
within narrow 
temperature and pH 
ranges. When the 
secondary structure of a 
protein is disrupted, 

esidual. In
while in

a free NH2

other end of
oup, the C
s have been
or residues.

C

R

COOH

either by heat (such as 
by cooking), or 
immersion in acids or 
alkalis,  the protein is 
said to be denatured and 
the physical properties 
change markedly. 

consists of
amino acid
acids is the
. The long
secondary
a helix or

n different
le for this

than one
y exist as

H

complete
ered.

y
hydrogen or
cture.



12.5 Nucleic Acids

Carbohydrates, lipids and proteins ma
fourth major class of compounds com
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Nucleic acids are long-chain poly
nucleotides, joined together.

In DNA, there are four 
types of nucleotide. 
Each nucleotide 
consists of a 5-carbon 
sugar (deoxyribose), 
with an attached phosphate, 
and a nitrogen base. Each type 
is distinguished by the identity 
of the nitrogenous bases

wate
lost

OH

P

OHOH



p

O

of the nitrogenous bases. 

adenine thymine

N
O

DNA bases

In DNA, there are only four bases pr

A T

N
H

O

O

NH
H3CN

N
H

N

N

NH2

HC
CH

NH2

HC

guanine cytosine

N

N
H

N

NH

NH2

A shor
way of
these 
to just
covale
betwe

Nucleotide

G C

O base

phosphate

N
H

O

NHC

HC

HC

betwe
groups
leave 
and H

OH

sugar

ake up the bulk of living organisms. A
mprise the nucleic acids DNA and RNA.
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ymers that consist of smaller units,

O

CC

C Cer 
t

C

H

HHO

H H

OH

H

H

H

hosphate 
group

sugar

N

water 
lost



base

nucleotide

HOH

The NH group on the base 
combines with the OH group on 
the sugar and a H2O is lost. 

resent. 

The primary structure of DNA
is a sequence of nucleotides
bonded together as long chains.
The phosphate group of one
nucleotide bonds with the sugar

rthand 
f writing 
groups is 

t show the 
ent bonds 
en the

of another (losing a molecule of
water in the process).

O

O

Oen the 
s, and 
out the C 
 atoms. 

O



12.6 DNA

The primary structure of DNA is es
nucleotides in the chain. However, DN
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chain, but is paired with an opposite
held together by hydrogen bonds.

The bases can only 
pair according to 
certain rules: A is 
always paired with T 
by a double hydrogen 
bond. G is always 
paired with C by a 
triple hydrogen bond. 

Th l dd lik

O

O

OThe ladder-like 
structure is further 
characterised by 
being coiled up in a 
spiral, each chain with
bases pointing inwards
and bonding with the
corresponding base on the other
nucleotides, identified by their bases,
the sequence on one chain has to be
base-pairing rules A-T and G-C.

O

O

Sequences of nucleotides fall
functional groups called genes, whic
turn lie along a single large D
molecule called a chromosome. In
cells, chromosomes occur in duplic
pairs. When cell division by mi
occurs, the DNA molecules are replic
by rupturing the hydrogen bonds betw
the two chains and then each c
forming bonds with new nucleo
according to base-pairing rules. Whenaccording to base pairing rules. When
division is complete, the two new
each contain paired chromosomes o
same genetic sequence as the parent c

ssentially the sequence of bases in the
NA does not ordinarily exist as a single
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chain so that the bases are paired and

O

OA T

C G

=

– the so-called double-helix. The
can appear in any particular order, but
reflected in the other by virtue of the

O

OT A

G C

=

Although there are only four 
bases in human DNA, the 
molecule typically consists of 
about 1500 nucleotides in the 
chain, allowing billions of 
combinations of base 
sequences possible in a single 
molecule. 

RNA is similar to DNA but 
consists of ribose as the sugar 
and a single chain structure with 
the base uracil rather than 
thymine. There are different 

into
ch in
DNA
most
cated
itosis
cated
ween
chain
otides
n cell y

types of RNA; some act as 
messengers, carrying the DNA 
template to the site of protein 
synthesis (ribosomes) in the 
cell, while others transport 
amino acids to the ribosomes.

n cell
cells
f the
ell.



12.7 Enzymes

The many chemical reactions which t
are collectively called metabolism. T

168

hydrolysis reactions:
sugars

fatty acids + 
glycerol

amino acids

Co

These reactions occur at temperatur
pressure. The reaction rates would b
were altered by use of catalysts. Nea
involves the use of a specific biologic

Enzymes are very large protein mol
molecule is typically much larger thanmolecule is typically much larger than
chemical reaction. The reaction mol
condensation reaction), called the sub
on the enzyme molecule.

An activated complex
is formed, and the
reaction proceeds along
a different pathway than
would normally occur in
the laboratory.

When the reaction is complete, the

substra

enz

Enzymes lower the activation energ
of molecules by virtue of bringing
optimum manner, or altering the bon
forming temporary bonds on the re
applying mechanical stress to the reac

Enzyme inhibitors are used within
enzymes by masking or blocking the
reaction rates as a whole.

When the reaction is complete, the
the enzyme is available to catalyse ano

The importance of enzymes cannop y
reagents of all the chemical reaction
mixed when needed as in a laboratory
process of chemical reactions betwee
by the action of enzymes.

take place in an organism to sustain life
Typical reactions are condensation and
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polysaccharides 
(cellulose, starch)

fats

proteins

ondensation


Hydrolysis


res of about 37C under atmospheric
be too slow unless reaction pathways
arly every biological chemical reaction
al catalyst called an enzyme.

lecules of a specific shape. The enzyme
n the molecules actually involved in then the molecules actually involved in the
lecule (or molecules in the case of a
bstrate, attaches itself to an active site

products detach from the enzyme and

ate
Enzyme/
substrate 
complex

products

zyme enzyme enzyme

gy by increasing the collision frequency
the molecules together spatially in an
nd energies involved in the reaction by
acting molecules, and in some cases,

cting molecules to facilitate contact.

n the organism to control the activity of
active sites on the enzyme to regulate

products detach from the enzyme and
other reaction.

ot be over-stated. In a living cell, theg ,
s are not stored in isolated bottles and
y, but exist all together in solution. The
en these mixed reagents is orchestrated



12.8 ATP

Organisms need nutrients to stay ali
proteins and fats and, in animals, ar

12. Biochemistry

provide a source of energy, essential
Vitamins and other trace element
functioning of enzymes.

Metabolism is the oxidation of gluco

P36ADP36O6OHC 26126 
The energy released by the oxidation
is stored as chemical potential energ
formation of ATP molecules from
molecules. Adenosinediphosphate
of a molecule of adenine, ribose,

O

phosphate groups:

When energy is used to bind a thi
molecule, adenosinetriphosphate is f
and is called phosphorylation. The e

OHOH

CH2

adenine

ribose

N

NN

N

H2N

CH
HC

and is called phosphorylation. The e
the phosphate bond. Energy-rich AT
release their energy when used direct
muscle action, protein synthesis and n

Another important molecule invol
NAD (nicotinamide adenine dinucl
oxidation-reduction reactions in m
electrons ultimately necessary for co
reactions are

 2H2NADHNADH

  HNADHe2H2NAD

When NAD+ is reduced, it stores ener
form of NADH and a H+ ion. Whe
energy, usually to form ATP from AD

  2eH2NADHNADH

ive. Nutrients comprise carbohydrates,
re usually ingested as food. Nutrients
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l amino acids and essential fatty acids.
ts are also required for the proper

ose to carbon dioxide, water and energy:

36ATPOH6CO6 22 

Energy stored as 
phosphate bonds via the 

conversion of ADP 
(adenosinediphosphate) to ATP 

(adenosinetriphosphate)

n process
gy in the
m ADP
consists

and two

OHATPenergyPADP 2

ird phosphate group to the end of the
formed. This is an endothermic process
energy used to create ATP is stored in

O P

O

O

O P

O

O

O P

O

O

OH

phosphates

= = =

energy used to create ATP is stored in
TP molecules are then hydrolysed to
ly in other biological processes such as

nerve impulse transmission.

lved in metabolism is the co-enzyme
eotide phosphate). NAD takes part in

metabolism by losing and accepting
onversion of ADP to ATP. The redox

Reduction can occur by 
adding hydrogen. 
Oxidation can occur by 

reduction

rgy by storing an excited electron in the
en NADH+H+ is oxidised, it releases

DP.

y
removing hydrogen. oxidation



12.9 Anaerobic Metabolism

Anabolic processes build up low-ener
Photosynthesis in plants is an anabol

170

down high-energy reactants to low-
doing so. This energy is transferred to

Anaerobic metabolism involves tw
from a carbohydrate into pyruvic ac

Glycolytic pathway

C2ADP4NAD2OHC 36126  

and (ii) the fermentation of pyruvic a
lactic acid. The ultimate aim is to prod

C6

PGA

C3

2ATP  2ADP

g
ly

co
lo

si
s

2NAD+  2NADH+2H+

No O2 present

Lactic acid (animals)

fe
rm

en
ta

tio
n

CO2 + ethanol (plants)

2NADH+2H+  2NAD+

Net 2 ATP gained

Anaerobic metabolism occurs in a
high yield of ATP since the products
still contain a substantial portion of
While anaerobic metabolism can pro
when O2 is in short supply, or non
pyruvic acid for use in aerobic respir

rgy reactants into high-energy products.
lic process. Catabolic processes break
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-energy products, releasing energy in
o ATP.

wo steps: (i) the breakdown of glucose
cid:

e.g. glucose, from a carbohydrate

ATP4H2NADH2OH 343  

acid into either CO2 and ethanol, or
duce ATP from ADP.

AL  (phosoglyceraldehyde)

3

Energy is absorbed in 
this preparatory step 

Pyruvic acid

4ADP  4ATP
Energy is released 
and stored in ATP

if O2 present

all cells. It does result in a particularly
s, ethanol, lactic acid and pyruvic acid,

(2) of aerobic 
metabolism

(1) of aerobic 
metabolism

the original energy from the glucose.
ovide ATP for energy use (in muscles)
ne at all, it also provides a source of
ration.



12.10 Aerobic Metabolism

Aerobic metabolism, or respiration
oxidised with the production of ATP
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presence of molecular oxygen:

OH22NADH 2 

3 Ace2NAD2CoA22C  

cycle KrebsAcetylCoA2 

(1)

(2)

Pyruvic 
acid

Coenzyme A

(4)

2N(3)

fr
om

 g
ly

co
ly

si
s

(1) The NADH from glycolysis is ox

(2) Pyruvic acid C3 is oxidised to an
acetic acid C2. NAD+ is reduced 

(1) The NADH from glycolysis is ox
the addition of O2, to produce six

(3) NADH+H+ from (2) is oxidised b

(4) AcetylCoA enters the Krebs cyc
of multiple reactions, the net effe
of ATP plus energy-rich NADH.

During the Krebs cycle, six molecul
a related compound, FADH, are form
are energy-rich and can be further oxare energy-rich and can be further ox
O2. The net result of (4) is the prod
Anaerobic metabolism produces two
thirty four ATP molecules from a
molecules of ATP from the complete o

Fats and proteins
are also sources of
ATP, by virtue of
their breakdown
into components
which can be
i d i

Fats Glycerol

PGAL

to 
l l tiinserted into

glycolytic and
aerobic pathways.

glycolytic
pathway

n, is the process by which glycerol is
molecules from ADP molecules in the
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OH2NAD2 2 

2CO2H2NADH2etylCoA  

OHCO 22 

OH2NAD2OH2NADH 22  

C2

xidised, by

+  6 ATP

+  6 ATP
+  2 ATP 
directly + 
NADH+H+

n activated form of 
to NADH+H+.  

xidised, by 
x ATP. 

by O2, to form six ATP. 

cle (or citric acid cycle). This consists 
ect of which is to form two molecules 
. 
les of NADH+H+ and two molecules of
med. These electron-carrier molecules
xidised as in (1) and (3) which require

NADH+H+

xidised as in (1) and (3) which require
duction of twenty two ATP molecules.
o molecules of ATP, which added to the
aerobic metabolism makes thirty six
oxidation of one molecule of glucose.

Fatty 
acids

Acetyl 
CoA

Protein Amino acids

Pyruvic 
acid

toc 
y to (4) of 

aerobic 
pathway

to 
glycolytic 
pathway



12.11 Cyclic Photophosphory

Ultimately, the energy contained with
comes from photosynthesis in plants
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production of glucose, is

HCEnergyOH12CO6 622 

light

Chlorophyll is the unique ingredien
promote an electron of low energy int
is passed from one transfer molecule
until it returns to a chlorophyll molec
the energy lost is used to convert ADP

EnergyPADP  EnergyPADP 

As the excited electron is passed
molecule to molecule, some of the en
used to create ATP. The process is no
efficient.

2e

PQ

Cyt

 energy

E = hv

Chlorophyll

PC

PQ, Cyt and PC are electron
molecules that undergo reduction (wh
accept the electron) and oxidation (wh
donate the electron).

In this mode of photophosphorylation
cycle; no oxygen or NADH+H+ is pro

 energy

ylation

hin glucose used in animal metabolism
s. The overall reaction in plants, for the
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OH6O6OH 22612 

Note that O2 is a 
product of this 
reaction. 

nt of plants that captures photons to
to an excited state. The excited electron

to another, losing energy at each step,
cule in an unexcited state. At each step,
P to ATP:

OHATP  OHATP 2
Because electrons are 
donated by chlorophyll 
from the high-energy 
state and then to 
acceptance in a low-
energy state, this 
synthesis of ATP is 
called cyclic 
photophosphorylation. 
The ATP, essentially 
created from ADP by the 
energy of sunlight, is 
ultimately used to create 
high energy glucose

d from
nergy is
ot 100%

ADP  ATP high-energy glucose 
(which is stored in the 
plant as starch) from 
low-energy CO2. Animals 
eat the plants and 
convert starch into 
glucose, which is then 
used to create ATP for 
their own metabolic 
processes. 

carrier
hen they
hen they

n, electrons are transported around in a
oduced.

ADP  ATP



12.12 Non-Cyclic Photophos

Another way of producing ATP used
cyclic photophosphorylation, but em

12. Biochemistry

extraction of energy from ex
photophosphorylation is used by mode

4e

Fd
Fp

  H42NAD

E = hv

4e2ADP 

4e

Chlorophyll Chloro

4e

4e

PQ

Cyt

PC

4e

2ADP 
2ATP
(stored 
energy)

The production of ATP and NADH+
involves two light reactions. Electron
chlorophyll is balanced by different el
from the water dissociation.

Additional reactions take place in w

3C5 + 3CO2

3C6

6ATP  6ADP
6PGA 

(2C3 + P)
3A

D
P

Ribulose

p
reactions is converted into carbohydra
and (if the energy is coming from N
with the net result being glucose. The
no light is required.

( 3 )

3A
T

P
 

C6H12O
stored 

6PGAL  
6NADH+6H+  6N

1PGAL  5PGAL  

phorylation

d by plants has a beginning similar to
mploys a more complicated path for
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xcited electrons. This non-cyclic
ern green plants :

  H2NADH2e4

to dark reactions to 
make glucose 

  e4OH4O2H 22

Note that O2 is a 
product of this 
reaction 

ophyll

E = hv

+H+

n deficiency in one 
lectrons from those 

which the energy obtained from the lightgy g
ates for storage. That is, CO2 is reduced,
NADH+H+) the NDAH+H+ is oxidised
ese are known as dark reactions since

The resulting glucose is used in
metabolism by the plant cells
for making cellulose/starch
(trunks and branches, etc) and
other sugars (such as in fruit),
which may in turn be eaten by
animals from which the glucose

O6 (glucose) 
as starch

AD+ is recovered and used in animal
metabolism.
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12.13 Metabolism

Summary: Food

Proteins

Amino 
acids

Eating

Carbohydrate

Glucose

Glycogen

Digestion

ATP

Proteins

Anaerobic and
aerobic 

metabolism

ATP is used to provide the energy
into proteins required by the body f
enzymes, muscles, nerves, signalling
energising DNA replication. It also
vision, brain activity, and nearly a
Glycogen and fats can be stored
metabolism pathway as glucose and

h th i f d b i dienergy when there is no food being di

The Chemistry Companion

Air

es Fats

Glycerol Fatty acids

O2

Oxygen

Breathing

Fat

Also required are 
vitamins (organic 
compounds in small 
quantities that cannot 
be synthesised by 
the body) and 
minerals (usually 
absorbed as metal 
ions). Vitamins and 
minerals are required 
as components of 
enzymes, muscle 

CO2

d 

y ,
action, bones, teeth, 
haemoglobin, etc.

y source for conversion of amino acids
for the production of skin, hair, cells,
g, anaerobic respiration, as well as for
o provides energy for muscle action,
all biological energy transformations.
in the body and sent back into the

d glycerol for oxidation into CO2 and
t dgested.
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