
CHEMISTRY 1

ELECTRONIC STRUCTURE AND THE PERIODIC TABLE

UNIT 1

Electronic Structure and the Periodic Table

Page 4

Question 1

Calculate the energy, in kJ mol–1, corresponding to
(a) a wavenumber of 1000 cm–1

(b) a wavelength of 620 nm.

Answer

(a) ν = 1000 cm–1 = 1 × 103 cm–1 = 1 × 105  m–1

E = Lhcν = 6.02 × 1023 × 6.63 × 10–34 × 3.00 × 108 × 1 × 105

= 11974 J mol–1   =   11.974 kJ mol–1

(b) λ = 620 nm = 620 × 10–9 m

= 193125 J mol–1  =  193.1 kJ mol–1

Question 2

The bond enthalpy of a Cl—Cl bond is 243 kJ mol–1.  Calculate the
maximum wavelength of light that would break one mole of these
bonds to form individual chlorine atoms.

Answer

= 4.93 × 10–7 m

= 493 nm

Lhc Lhc
E = and so,

E
λ =

λ

23 –34 8

–9

× × × × ×

×

Lhc 6.02 10 6.63 10 3.00 10
E = =

620 10λ

23 –34 8

3

× × × × ×

×

6.02 10 6.63 10 3.00 10
=

243 10
λ
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Question

Calculate the ionisation energy for hydrogen if the wavelength of
the line at the convergence limit is 91.2 nm.

Answer

= 1312.9 kJ mol–1

Page 17

Question (with answer alongside)

Using both spectroscopic and orbital box notations write down the
electronic configurations for:

(a) lithium ↑↓ ↑

1s2 2s1

(b) oxygen ↑↓ ↑↓ ↑↓ ↑ ↑

1s2 2s2 2p4

(c) sodium ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑

1s2 2s2 2p6 3s1

(d) aluminium ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑

1s2 2s2     2p6 3s2 3p1

(e) phosphorus ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑ ↑ ↑

1s2 2s2 2p6 3s2 3p3

(f) argon ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑↓

1s2 2s2 2p6 3s2 3p6

(g) calcium ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑↓

1s2 2s2 2p6 3s2  3p6 4s2

× × × × ×
×

×
λ

23 –34 8 –3

–9

Lhc 6.02 10 6.63 10 3.00 10 10
E = =

91.2 10
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(h) Li+ ↑↓

1s2

(i) F– ↑↓ ↑↓ ↑↓ ↑↓ ↑↓

1s2 2s2 2p6

(j) Mg2+ ↑↓ ↑↓ ↑↓ ↑↓ ↑↓

 1s2 2s2 2p6

(k) S2– ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑↓

1s2 2s2 2p6 3s2 3p6

(l) K+ ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑↓

1s2 2s2 2p6 3s2 3p6

Page 26

Question

Draw Lewis diagrams for
(a) chlorine (e) hydrogen cyanide, HCN
(b) hydrogen fluoride (f) methane
(c) carbon dioxide (g) water
(d) ammonia

Answers

(a) Cl Cl (e) H C N

(b) H F (f) H

H C H
(c) O C O

H

(d) H N H (g) O

H H H
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•
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Question

Draw the two equivalent resonance structures for sulphur dioxide,
SO2.

Answers
S+ S+

O O– O–           O

In fact many textbooks now suggest that there is a third and more
important resonance structure for SO2:

 S

O           O

Page 33

Question

Draw molecules of the following species showing their shape.
(a) PCl3 (d) PF5 (g) NF3

(b) SnCl4 (e) BeF2 (h) BH4
–

(c) BrF
4

– (f) H
2
S

Answers

(a) P
(pyramidal)

Cl Cl
Cl

(b) Cl    (tetrahedral)

Sn

Cl Cl
Cl

In PCl
3
 there are four electron pairs arranged

tetrahedrally around the phosphorus atom.
Three of the electron pairs are bonding pairs
and there is one non-bonding pair of
electrons giving the molecule a pyramidal
shape.

In SnCl
4
 there are four electron

pairs around the tin atom.
These electron pairs are all
bonding pairs and so the
molecular shape is tetrahedral

••

••
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(c)

(d) F

F
P          F

F (trigonal
bipyramidal)

F

(e) F      Be      F  (linear)

(f)  S
(non-linear or bent)

H           H

(g) N

 F F F   (pyramidal)

(h) H       –

B           (tetrahedral)

    H H
   H

In BrF
4

– there are six electron pairs
arranged octahedrally around the
central bromine atom. Four of these
electron pairs are bonding pairs and
the other two are non-bonding pairs.
Since the two non-bonding pairs will
be above and below the plane to
minimise their repulsive effects, the
bonds will be arranged as shown
opposite and the ion has a square
planar shape.

○

○

○

In PF
5
 there are five electron pairs

around the central phosphorus atom.
All five electron pairs are bonding
pairs and are arranged as shown, and
the shape of the molecule is trigonal
bipyramidal.

In BeF
2
 both electron pairs are

bonding pairs and are arranged at
180o around the central beryllium
atom.

In H
2
S there are four electron pairs

arranged tetrahedrally around the
central sulphur atom.  The two
bonding pairs are arranged as shown
and the molecule is non-linear.

••
In NF

3
 the four electron pairs are

arranged tetrahedrally around the
central nitrogen atom.  The three
bonding pairs are arranged as shown
and the molecule is pyramidal in
shape.

In BH
4

– there are four pairs of
electrons arranged tetrahedrally
around the central boron atom.
Each electron pair is a bonding pair
and so the ion has a tetrahedral
shape.

      _
F   F   (square planar)

Br
F   F

••
••

••
••
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Question

Which structure, that of NaCl or CsCl, is likely to be adopted by the
following ionic compounds?
(a) NiO (b) MgO (c) CsBr (d) CaO

Compound Radius of positive Radius of negative Radius ratio (+/–)
ion/pm ion/pm

NaCl 95 181 0.52
CsCl 174 181 0.96
(a) NiO 69 136 0.51
(b) MgO 65 136 0.48
(c) CsBr 174 196 0.89
(d) CaO 100 136 0.74

Answers
(a) NaCl; (b) NaCl; (c) CsCl;  (d) Although the radius ratio of CaO is
midway between that of NaCl and CsCl, CaO adopts the NaCl type of
structure.

Page 55

Question 1 (with answers shown)

Write down the electronic configurations in both spectroscopic and
orbital box notation for the following atoms and ions.

Electronic configuration
Species spectroscopic notation orbital box notation (d electrons only)

(a) Cu [Ar]3d104s1 ↑↓ ↑↓ ↑↓ ↑↓ ↑↓

(b) Mn2+ [Ar]3d5 ↑ ↑ ↑ ↑ ↑

(c) Ti3+ [Ar]3d1 ↑

(d) Co [Ar]3d74s2 ↑↓ ↑↓ ↑ ↑ ↑

(e) Co2+ [Ar]3d7 ↑↓ ↑↓ ↑ ↑ ↑

(f) Co3+ [Ar]3d6 ↑↓ ↑ ↑ ↑ ↑

(g) Ni2+ [Ar]3d8 ↑↓ ↑↓ ↑↓ ↑ ↑

(h) Cu+ [Ar]3d10 ↑↓ ↑↓ ↑↓ ↑↓ ↑↓

(i) Fe3+ [Ar]3d5 ↑ ↑ ↑ ↑ ↑
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Question 2

Zinc invariably forms the 2+ ion and the only ion of scandium is
the 3+ ion.  Using spectroscopic notation, write down the
electronic configurations for both these ions and use them to
explain why zinc and scandium are often regarded as not being
transition  metals.

Answers

Zn2+   [Ar]3d10 Sc3+   [Ar]

Transition metals are often defined as metals which have an incomplete
d subshell in at least one of their ions.  Since ions of zinc and scandium
do not have an incomplete d subshell, they are often regarded as not
being transition metals.

Page 56

Questions (with answers alongside)

Use the rules on pages 55–56 of Unit 1: Electronic Structure and the
Periodic Table to find the oxidation numbers of:

(a) Mn in MnF2 (+2)

(b) S in SO
2

(+4)

(c) S in SO3 (+6)

(d) C in CO3
2– (+4)

(e) Mn in MnO
2

(+4)

(f) S in SO4
2– (+6)

(g) Mn in MnO4
2– (+6)

(h) Mn in MnO
4

– (+7)

(i) Cu in CuCl4
2– (+2)
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Question 1

Write an ion electron equation for Fe2+  acting as:
(i) an oxidising agent (ii) a reducing agent.

Answers

(i) Fe2+  +  2e–  →  Fe (ii) Fe2+  →  Fe3+  +  e–

Question 2

Work out the oxidation number of Cr in Cr2O7
2– and decide

whether the conversion of Cr2O7
2– to Cr3+ is oxidation or

reduction.  Is the Cr
2
O

7
2– acting as an oxidising agent or a reducing

agent in this reaction?  Confirm your answer by writing the
appropriate ion–electron equation.

Answer

In Cr
2
O

7
2–, Cr has oxidation number +6 and so the conversion of Cr

2
O

7
2–

to Cr3+ is reduction since there is a decrease in oxidation number.  The
Cr2O7

2– is acting as an oxidising agent.  The appropriate ion–electron
equation is

Cr2O7
2–  +  14H+  +  6e–  →    2Cr3+  +  7H2O

Question 3

Work out the oxidation number of chromium in Cr
2
O

7
2– and in

CrO4
2– and decide whether the conversion of Cr2O7

2– to CrO4
2– is

oxidation or reduction.

Answer

Since the oxidation number of chromium in both Cr
2
O

7
2– and CrO

4
2– is

+6 then the conversion of Cr2O7
2– to CrO4

2– is neither oxidation nor
reduction.
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Question 4

The most common oxidation states of iron are +2 and +3.  Using
orbital box notation, draw out their respective electronic
configurations and suggest which of the two ions is the more
stable.

Fe2+ [Ar]3d6 ↑ ↓ ↑ ↑ ↑ ↑

Fe3+ [Ar]3d5 ↑ ↑ ↑ ↑ ↑

Answer

Fe3+ will be the more stable since there is a special stability associated
with all the d orbitals being half filled.  In Fe2+ only four of the d orbitals
are half filled and the other is completely filled.

Page 58

Question

Suggest why scandium and zinc are not included in Table 21.

Answer

Scandium forms only the 3+ ion and zinc forms only the 2+ ion and
these metals are very often considered not to be transition metals.  See
answer to question 2, page 55.
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Question (with answers alongside)

Name the following complexes:

(a) [CoCl
4
]2– tetrachlorocobaltate(II)

(b) [Ni(H2O)6]
2+ hexaaquanickel(II)

(c) [Fe(CN)6]
4– hexacyanoferrate(II)

(d) [Ti(NH
3
)

6
]3+ hexaamminetitanium(III)

(e) [Ni(CN)6]
4– hexacyanonickelate(II)

(f) MnO4
– tetraoxomanganate(VII)

(g) [PtCl
6
]2– hexachloroplatinate(IV)

(h) Ni(CO)4 tetracarbonylnickel(0)

(i) [Cu(NH3)4]
2+ tetraamminecopper(II)
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Question

Use your chosen method (or all four) to calculate the volume of
sodium thiosulphate required in the following reaction.  20.0 cm3

of 0.02 mol l–1 potassium permanganate was acidified and added to
an excess of potassium iodide solution. The iodine liberated was
titrated against 0.1 mol l–1 thiosulphate solution using starch
indicator.

The following half equations will help you:

MnO4
– + 8H+ + 5e– → Mn2+ + 4H2O

2I– → I2 + 2e–

2S
2
O

3
2– → S

4
O

6
2– + 2e–

Answer

From the half equations in the question:

2MnO
4

– + 16H+ + 10e– → 2Mn2+ + 8H
2
O

10I– → 5I
2
 + 10e–

2MnO
4

– + 16H+ + 10I– → 2Mn2+ + 5I
2
 +8H

2
O equation(a)

5I2 + 10e– → 10I–

10S
2
O

3
2– → 5S

4
O

6
2– + 10e–

5I2 + 10S2O3
2– → 10I– + 5S4O6

2– equation(b)

Combining equations(a) and (b) gives the equation required for all four
methods:

2MnO
4

– + 16H+ + 10S
2
O

3
2– → 2Mn2+ + 5S

4
O

6
2– +8H

2
O

2 moles 10 moles
1 mole 5 moles
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Method 1

1000 cm3 of 0.02 mol l–1 KMnO4 contains 0.02 moles
1.0 cm3 of 0.02 mol l–1 KMnO

4
 contains 0.02/1000 moles

20.0 cm3 of 0.02 mol l–1 KMnO4 contains 0.02/1000 × 20.0 moles
= 0.0004 moles

Thus the number of moles of permanganate used = 0.0004 moles
As 1 mole of permanganate reacts with 5 moles of thiosulphate (from
the combined equation on page 11), the number of moles of
thiosulphate required = 0.0004 x 5 moles = 0.002 moles
Therefore the volume of thiosulphate required = moles/concentration

= 0.002/0.01 litres
= 0.02 litres
= 20 cm3

Method 2

n for MnO
4

– = c × v
= 0.02 × 0.02
= 0.0004 moles

From the combined equation n for S2O3
2– = 0.0004 × 5 moles

= 0.002 moles

c for S2O3
2– = 0.1 mol l–1

v for S2O3
2– = n/c

= 0.002 / 0.1
= 0.02 litres
= 20.0 cm3

n

c v volume in litres

number of moles

concentration in
moles per litre
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Method 3

1 mole of MnO4
– reacts with 5 moles of S2O3

2–

0.02 mol l–1 MnO
4

– 0.1 mol l–1 S
2
O

3
2–

20.0 cm3 v2 cm3

=

=

v
2

=

= 20.0 cm3

Method 4

Power of MnO4
– = 5 Power of S2O3

2– = 1
v × c × p (MnO4

–) = v × c × p (S2O3
2–)

20.0 × 0.02 × 5 = v × 0.1 × 1

v =

= 20.0 cm3

Page 8

Question 1

10.0 g of limestone was roasted for some time and 6.0 g of residue
was left.  Calculate the percentage purity of the sample assuming
that calcium carbonate is the only compound decomposing on
heating.

Answer

CaCO3 → CaO + CO2

1 mole 1 mole
formula mass 100 44

100 g gives 44 g from the mole relationship
therefore 10 g gives 4.4 g

c1 × v1

n1

c2 × v2

n2

0.1 × v
2

5

0.02 × 20

1

5 × 0.02 × 20

1

20.0 × 0.02 × 5

0.1
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10 g of limestone should give 10.0 – 4.4 g  = 5.6 g of residue but actually
gives 6.0 g therefore only 4.0 g of CO2 were given off.

100 g gives 44 g from the mole relationship

g gives 1 g

g gives 4 g

= 9.1 g

Percentage purity =

= 91.0 %

Question 2

6.5 g of hydrated lithium sulphate gave 5.6 g of the anhydrous salt
on heating.  Calculate the number of moles of water in the
hydrated salt.

Answer

Li
2
SO

4
.x H

2
O → Li

2
SO

4
+ x H

2
O

1 mole X mole
from the question 6.5 g 5.6 g 0.9 g
formula mass 109.9 18
number of moles 5.6/109.9 0.9/18

= 0.05 = 0.05
mole ratio 0.05/0.05 0.05/0.05

= 1 = 1
1 : 1

therefore x = 1

Number of moles of water in the hydrated salt is one, and so the formula
is Li

2
SO

4
.H

2
O

100 × 4

44

100

44

9.1 × 100%

10
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Question 3

8.36 g of a barium salt was heated in a crucible. Oxygen was
evolved. On heating to a constant mass and cooling in a desiccator,
the residue of barium chloride weighed 5.66 g. What was the
formula of the original salt?

Answer

Barium salt → BaCl
2

+ O
2

from the question 8.36 g 5.66 g 2.7 g
formula mass 208.3 32
number of moles 5.66/208.3 2.7/32

= 0.027 = 0.084
mole ratio 0.027/0.027 0.084/0.027

= 1 = 3.11
1 : 3

1 mole of BaCl
2
 was combined with 3 moles of O

2
 therefore the original

salt was
BaCl2O6 i.e. Ba(ClO3)2

Pages 19 and 20

Question 1

(a) Calculate the partition coefficient of compound C between
immiscible solvents A and B given that the concentration of C
in solvent A is 2.25 mol l–1 and in solvent B is 0.75 mol l–1

(b) An impure sample of C was discovered dissolved in solvent A.
Will solvent B be a good choice for the extraction of C from
its solution A?  Explain your answer.

Answers

(a)

= 2.25/0.75
= 3.0

(b) No,
because the solubility of C in solvent B is a lot less than in solvent A

OR because the partition coefficient between B and A is small ( 0.33)
OR because the partition coefficient between A and B is large ( 3.0).

[C]A

[C]
B

K =
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[X]
H2O

[X]CHCl3

K = = 0.125

10 – V

V
= 0.125

[X]H2O

[X]
CHCl3

K = = 0.125

10 – W

100
= 0.125

W

50

10 – W

2W
= 0.125

Question 2

100 cm3 of a 10% solution of X in 100 cm3 water was to be
extracted using chloroform. The partition coefficient between
water and chloroform is 0.125.

Calculate how much more of the solute X can be extracted using
2 × 50 cm3 extractions rather than 1 × 100 cm3 extraction.

Answer

The concentration of X in water is 10 g per 100 g
Let V g be extracted in a single extraction

0.125 V = 10 – V
V = 10/1.125

= 8.9 g

Let W g and Y g be extracted in successive extractions

0.25 W = 10 – W
W = 10/1.25

= 8.0 g

[X]
H2O

[X]CHCl3

K = = 0.125
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This means that 2 g remains to be extracted

0.25 Y = 2 – Y
Y = 2/1.25

= 1.6 g
Total extracted = W + Y

= 8.0 + 1.6
= 9.6 g

Therefore 2 × 50 cm3  extractions yield 9.6 – 8.9 = 0.7 g more.

Page 26

Question

Calculate the pH of the following solutions:
a) 0.35 mol l–1 HNO

3

b) 0.14 mol l–1 H2SO4 (assume fully ionised)
c) 0.78 mol l–1 NaOH

Answers

a) pH = – log [H+]
[H+] = 0.35 mol l–1

pH = – log 0.35
= 0.46

b) [H+] = 0.28 mol l–1 as H2SO4 provides 2 × H+ ions
per molecule

pH = – log 0.28
= 0.55

[X]H2O

[X]CHCl3

K = = 0.125

2 – Y

100
= 0.125

Y

50

2 – Y

2Y
= 0.125
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c) [OH–] = 0.78 mol l–1

[H+][OH–]= 10–14

[H+] = 10–14/0.78
= 1.28 × 10–14

pH = – (log 1.28 × 10–14)
= 13.89

Page 28

Questions

1. Calculate pH of a 0.2 mol l–1 solution of ethanoic acid if
Ka = 1.7 × 10–5.

2. 0.02 mol l–1 benzoic acid C6H5COOH, a monobasic acid, was
found to have a pH of 2.94. Calculate K

a
 of this weak acid.

Answers

1. pH = ½pKa – ½log c
Ka = 1.7 × 10–5

pK
a

= –log K
a

= 4.77
pH = ½ × 4.77 – ½log 0.2

= 2.385 – (–0.35)
= 2.385 + 0.35
= 2.735
= 2.74

2. pH = ½pKa – ½log c
pK

a
= 2 × (pH + ½log c)
= 2 × (2.94 + ½log 0.02)
= 2 × ( 2.94 – 0.85)
= 2 × 2.09
= 4.18

pKa = – log Ka

– log K
a

= 4.18
log Ka = – 4.18
Ka = 6.6 × 10–5
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Page 34

Questions

1. Calculate the pH of the buffer solution made from 1.0 mol l–1

methanoic acid and 1.78 mol l–1 sodium methanoate solution.
The pK

a
 of methanoic acid is 3.8.

2. Calculate the pH of the buffer solution made from 0.1 mol l–1

solution of ethanoic acid and potassium ethanoate. The pKa of
ethanoic acid is 4.8.

Answers

1. pH = pKa – log

= 3.8 – log (1.0 / 1.78)
= 3.8 – ( –0.25)
= 3.8 + 0.25
= 4.05

2. pH = pKa – log

= 4.8 – log (0.1 / 0.1)
= 4.8 – 0
= 4.8

Page 35

Question

Calculate the concentrations of acid and salt solutions required to
make:
(i) a buffer of pH 6.0 from carbonic acid and sodium hydrogen

carbonate (pKa of carbonic acid is 6.4).
(ii) a buffer of pH 3.1 from chloroethanoic acid and its potassium

salt (pK
a
 of chloroethanoic acid is 2.9).

[acid]

[salt]

[acid]

[salt]
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Answers

pH = pKa – log

log = pKa – pH

(a) log = 6.4 – 6.0

= 0.4

= 2.51  =  2.51/1.0

Therefore the concentration of the acid is 2.51 mol l–1 and
the concentration of the salt is 1.0 mol l–1

(b) log = 2.9 – 3.1
= – 0.02

log = 0.02

= 1.05

=

Therefore the concentration of the salt is 1.05 mol l–1 and
the concentration of the acid is 1.0 mol l–1

Page 48

Questions

1. Calculate the enthalpy of formation of methane from the
enthalpies of combustion on page 9 of the Data Booklet.

2. Calculate the enthalpy of formation of ethyne (C2H2) from the
bond enthalpies and mean bond enthalpies on page 9 of the
Data Booklet.

3. Set up a Born–Haber cycle to calculate the enthalpy of
formation of lithium fluoride using the data on pages 9, 10
and 17 of the Data Booklet.

[acid]

[salt]

[acid]

[salt]

[acid]

[salt]

[acid]

[salt]

[acid]

[salt]

[salt]

[acid]

[salt]

[acid]
1.05
1.0
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Answers

1. Required equation

C(g) + 2H2(g) → CH4(g) ∆Hf = ?

Information equations

(1) C(s) + O2(g) → CO2(g) ∆Hº = –394 kJ mol–1

(2) H
2
(g) + ½O

2
(g) → H

2
O(l) ∆Hº = –286 kJ mol–1

(3) CH4(g) + 2O2(g) → CO2(g) + 2H2O(l) ∆Hº = –891 kJ mol–1

Rearrange to give the required equation

(1) C(s) + O2(g) → CO2(g) ∆Hº = –394 kJ
(2) doubled 2H

2
(g) + O

2
(g) → 2H

2
O(l) ∆Hº = –572 kJ

(3) reversed CO2(g) + 2H2O(l) → CH4(g) + 2O2(g) ∆Hº = 891 kJ
C(g) + 2H2(g) → CH4(g) ∆Hf  = –75 kJ mol–1

2. C2H2 is made from 2 × C atoms and 2 × H atoms. The starting
materials are C(s) and H2(g).

Required equation

2C(g) + 2H
2
(g) → C

2
H

2
(g) ∆H

f
 = ?

Bond breaking

2C(s) → 2C(g) ∆H = +1430 kJ
H2(g) → 2H(g) ∆H = +432 kJ

= +1862 kJ

Bond making

2 × C—H = 2 × –414 = –828 kJ
1 × C≡C = –835 kJ

= –1663 kJ

Energy for the reaction = 1862 – 1663

= 199 kJ mol–1

∆H
f
  for  C

2
H

2
= +199 kJ mol–1
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3.

∆H°
S
 + ½∆H°

BD
 + ∆H°

IE
 + ∆H°

EA
 + ∆H°

LE
 – ∆H°

f
 = 0 and rearranging

∆H°f = ∆H°S + ½∆H°BD + ∆H°IE + ∆H°EA + ∆H°LE

= 159 + 77.5 + 526 – 328.2 – 1030
= –595.7 kJ mol–1

Page 54

Question

Using the data given below calculate ∆G°  at 298 K and 1
atmosphere pressure for the reaction:

H2(g) + ½O2(g) → H2O(l)

∆H°/ kJ mol–1 S°/ J K–1 mol–1

H2(g) 0 131

O2(g) 0 205

H2O(l) –286 70

Li+ + e– + F(g)

∆Hº
IE ∆Hº

EA

Li+(g) + F–(g)

Li(g) + F(g)

Li(g) + ½F2(g)  ½∆Hº
BD

Li(s) + ½F2(g)  ∆HºS
∆Hº

LE

LiF(s)
∆Hºf
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Answer

H2(g) + ½O2(g) → H2O(l)
∆G° = ∆H° – T∆S°
∆H° = ΣH° products – ΣH° reactants

= –286 – 0
= –286 kJ mol–1

∆S° = ΣS° products – ΣS° reactants
= 70 – (131 + 102.5)
= – 163.5 J K–1 mol–1

∆G° = ∆H° – T∆S°
= –286 – (298 × –163.5/1000)
= –286 + 48.7
= –237.3 kJ mol–1

Page 61

Questions

1. Calculate the temperature at which the decomposition of
barium carbonate becomes feasible.

∆H° = 268 kJ mol–1 ∆S° = 168 J K–1 mol–1

Is decomposition more favourable above or below this
temperature?

2. The reaction of carbon with steam to produce carbon
monoxide and hydrogen is endothermic (∆H° = 131 kJ mol–1).

The reaction is successful at1500 K when ∆G° = – 71.5 kJ mol–1

(a) Calculate the entropy change for the above reaction at
1500 K.

(b) Is the reaction feasible at 25°C?
(c) At which temperature does the reaction just become

feasible?
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3.

What is the minimum temperature at which the metal oxide, MO,
can be reduced by:
(a) hydrogen
(b) carbon?

Answers

1. ∆G° = ∆H° – T ∆S°
T = ∆H°/∆S°

= 268000/168
= 1595.2 K  (1322.2 °C)

At 1590 K
∆G° = 268000 – (1590 × 168)

= 880 J

At 1600 K
∆G° = 268000 – (1600 × 168)

= –800 J

Therefore decomposition is favourable above 1595.2 K as ∆G° must
be negative.

2. (a) C(s) + H2O(l) → CO(g) + H2(g)
∆G° = ∆H° – T ∆S°
T∆S° = ∆H° – ∆G°

∆S° = kJ K–1 mol–1

= J K–1 mol–1

= 135 J K–1 mol–1

∆H° – ∆G°
T

(131 + 71.5) × 1000
1500

–200

–300

–400

–600

800 1000 1200        1400        1600
temperature (K)

2M  +  O2 → 2MO

2H
2
  +  O

2
 → 2H

2
O

2C  +  O2  → 2CO

∆Gºf

(kJ mol–1)
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(b) ∆G° = ∆H° – T∆S°
= 131 – (298 × 135/1000)
= 131 – 40.23
= 90.77 kJ mol–1

∆G° is positive therefore the reaction is not feasible at 25°C

(c) ∆Ho = +131 kJ mol–1 = +131000 J mol–1

∆So = +135 J K–1 mol–1 (calculated in part a)

When ∆Go = 0 , products and reactants are equally favoured.
∆Go = ∆Ho – T∆So = 0

So, T =

=

= 970.4 K

The reaction is feasible at temperatures above 970.4 K.

3. When using Ellingham diagrams the lower of the two lines will
operate as written while the upper will be reversed at a given
temperature.

Reduction of MO requires the MO line to be the upper of the two
lines.
(a) Above the temperature where the MO and H2 lines cross, the

MO line is the upper line therefore approx. 1280 K is the
minimum temperature required.

(b) Above the temperature where the MO and C lines cross, the
MO line is the upper line therefore approx. 1200 K is the
minimum temperature required.

Page 68

Question

Calculate the cell voltage of the following reactions using the
information in the Data Booklet, page 11:
a) the Mg(s) Mg2+(aq) Hg2+(aq) Hg(l) cell
b) the reduction of iodine to iodide ions by sodium sulphite

solution.
c) the oxidation of iron(II) sulphate to iron(III) sulphate by

acidified potassium dichromate solution
d) the reaction between acidified potassium permanganate

solution and sodium bromide solution.

o

o

H
S

∆
∆

131000
K

135
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Answers

a) Mg(s) → Mg2+(aq) + 2e– 2.37 V
Hg2+(aq) + 2e– → Hg(l) 0.85 V

3.22 V

b) I2(aq) + 2e → 2I–(aq) 0.54 V
SO3

2–(aq) + H2O(l) → SO4
2–(aq) + 2H+(aq) + 2e– –0.17 V

0.37 V

c) Fe2+(aq) → Fe3+(aq) + e– –0.77 V
Cr2O7

2–(aq) + 14H+(aq) + 6e– → Cr3+(aq) + 7H2O(l) 1.33 V

0.56 V

d) MnO4
–(aq) + 8H+(aq) + 5e– → Mn2+(aq) + 4H2O 1.51 V

2Br–(aq) → Br
2
 (aq) + 2e– –1.07 V

0.44 V

Page 73

Questions

Use the information in the Data Booklet, page 11, in the following
calculations.

1. Can chromium metal be used to displace tin metal from a
solution of tin(II) ions?

2. Oxygen was bubbled through a solution of iron(II) sulphate.
Show, by calculation, if a reaction is possible.

3. Calculate ∆G° for the following cells.
a) Zn(s) Zn2+(aq) Cu2+(aq) Cu(s).
b) Al(s) Al3+(aq) Fe3+(aq) Fe(s)
c) Sn2+(aq) Sn4+(aq) MnO4

–(aq) Mn2+(aq).
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Answers

1. Cr(s) → Cr3+(aq) + 3e– 0.74 V
Sn2+(aq) + 2e– → Sn(s) –0.14 V

0.60 V
Voltage is positive, and therefore displacement will take place.

2. Oxidation of Fe2+(aq) to Fe3+(aq) is the only reaction possible as
Fe2+(aq) to Fe(s) is a reduction and there is already a reduction
half equation.

Fe2+(aq) → Fe3+(aq) + e– –0.77 V
O

2
(g) + 4H+(aq) + e– → 2H

2
O(l) 1.23 V

0.46 V
Voltage is positive so the reaction is possible.

3. ∆G° = –n F E°
a) Zn(s) → Zn2+(aq) + 2e– 0.76 V

Cu2+(aq) + 2e– → Cu(s) 0.34 V
1.10 V

n = 2
∆G° = – 2 × 96500 × 1.1

= – 212300 J mol–1

= – 212.3 kJ mol–1

b) Al(s) → Al3+(aq) + 3e– 1.68 V
Fe3+(aq) + 3e– → Fe(s) – 0.04 V

1.64 V
n = 3
∆G° = – 3 × 96500 × 1.64

= –474.78 kJ mol–1

OR
n = 1
∆G° = –1 × 96500 × 1.64

= –158.26 kJ mol–1 of Fe3+(aq)

c) Sn2+(aq) + 2e– → Sn4+(aq) + 2e– –0.15 V
MnO4

–(aq) + 8H+ + 5e– → Mn2+(aq) + 4H2O 1.51 V
1.36 V

n = 2
∆G° = – 2 × 96500 × 1.36

= –262.48 kJ mol–1 of Sn2+(aq)
OR
n =5
∆G° = – 5 × 96500 × 1.36

= –656.2 kJ mol–1 of MnO
4

–(aq)
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Page 82

Questions

1. Bromide ions and bromate ions react in acid solution to give
bromine according to the equation:

6H+ + 5Br– + BrO3
– → 3Br2 + 3H2O

Rate measurements on four different reaction mixtures gave
the following data.

Mixture [H+]/mol l–1 [Br–]/mol l–1 [BrO
3
–]/mol l–1 Relative rate

1 0.45 0.375 0.075 1
2 0.45 0.75 0.075 2
3 0.9 0.375 0.075 4
4 0.45 0.375 0.15 4

a) What is the rate expression for the reaction?
b) What is the order of the reaction with respect to each of

the reactants?
c) What is the overall order of the reaction?
d) Explain why the rate equation and the overall equation are

different.

2. 2N2O5 → 4NO2 + O2

The reaction rate at various starting concentrations is given in
the table.

[N
2
O

5
]/mol l–1 Rate/mol l–1 s–1

2.20 2.25 × 10–5

2.00 2.10 × 10–5

1.52 1.58 × 10–5

0.93 0.96 × 10–5

a) Draw a graph of the rate against [N2O5].
b) Calculate the value of the rate constant.
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[N
2
O

5
]/(mol 1–1)

1 2

1

2

Rate × 105/
(mol 1–1 s–1)

x

x

x

x

Answers

1. a) Doubling [Br–] doubles the rate (compare 1 and 2) therefore
the rate is proportional to [Br–].
Doubling [H+] quadruples the rate (compare 1 and 3)
therefore the rate is proportional to [H+]2.
Doubling [BrO

3
–] quadruples the rate (compare 1 and 4)

therefore the rate is proportional to [BrO3
–]2.

Rate = k [Br–] [H+]2 [BrO
3

–]2

b) First order with respect to Br–

Second order with respect to H+

Second order with respect to BrO3
–

c) Overall order = 5

d) A reaction mechanism is a series of steps, the slowest of
which (the rate determining step) involves 1 Br– ion, 2 H+

ions and 2 BrO3
– ions reacting together.

The overall equation is the sum of all the steps in the mechanism.

2. a)

Rate constant equals the gradient of the line in the graph.

b) Gradient  = 1.04 × 10–5

Therefore k = 1.04 × 10–5 s–1
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Page 10

Question

Calculate the wavelength of the light required to break the Br—Br
bond using the bond enthalpy of the Br—Br bond.
(See Unit 1 if you cannot remember how to do this.)

Answer

From the data booklet, enthalpy of Br—Br bond =  194 kJ mol–1

= 194000 J mol–1

= 1.94 × 105 J mol–1

E  =  hν and c =λν

So, E = hc/λ  for one photon (one bond broken)
E = L hc/λ for one mole of bonds broken

Rearranging, λ = Lhc/E

=

=

=  61.72 × 10–8 m
=  6.172 × 10–7 m   or   617.2 nm

(6.02 × 1023) × (6.63 × 10–34) × (3 × 108)
(1.94 × 105)

(6.02 × 6.63 × 3)   (1023 × 10–34 × 108)
  1.94    105×
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Page 22

Question 1

Propane was reacted with chlorine. The following products were
obtained:

(i) hydrogen chloride
(ii) two compounds of formula C3H7Cl
(iii) four compounds of formula C

3
H

6
Cl

2
 (labelled A, B, C and D).

(a) What type of reaction has taken place and what type of bond
fission occurred?

(b) Draw full structural formulae for all the organic compounds.
(c) Each of the dichlorocompounds was further treated with

chlorine. A gave one trichloro product.  B gave two trichloro
products and C and D both gave three trichloro products. The
product obtained from A was also produced by C but not by D.
Identify which of the dichloro structures are A, B, C and D.

Answer

(a) type of reaction – substitution (free radical)
bond fission – homolytic

(b) Propane has the structural formula:
There will be two isomers of formula, C3H7Cl.

The structures of the four dichloro isomers are:
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(c) Study the above structures. If possible use models to construct
each one. To make a trichloro compound from each will involve
replacing one hydrogen atom by a chlorine atom. For each
structure work out how many different types of hydrogen atom
there are (i.e. how many non-equivalent hydrogen atoms there
are).

In structure 1 there are two identical methyl groups. So all the
hydrogen atoms are the same. Structure 1 can only form one
trichloro compound and so structure 1 is compound A.

In structure 2, there are two types of hydrogen atom, viz. the two
H atoms attached to the central carbon atom and the four H atoms
attached to the end carbon atoms. So, two trichloro compounds
can be formed.

Structure 2 is compound B.

In both structures 3 and 4, the hydrogen
atoms attached to each carbon atom are
different, i.e. there are three types of H atom.
So there will be three trichloro compounds
possible. The trichloro product from A is
shown opposite. Only structure 4 can
produce the same product as A and so
structure 4 is compound C.

Structure 3 cannot produce the same product because it already
has two chlorine atoms attached to the end carbon and so
structure 3 is compound D.

Question 2

Table 1 (page 12 of Unit 3: Organic Chemistry) shows that the C≡C is
stronger than the C––C bond but not three times as strong. The
ethyne molecule (H–C≡C–H) is known to be linear. Describe in terms
of hybridisation how the C≡C bond could be formed.
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Answer

In the hybridisation model used to describe the bonding in ethene
(described on pages 13–14 of Unit 3: Organic Chemistry), each carbon
atom is joined to three other atoms (two hydrogen atoms and the other
carbon). Consequently, each carbon atom forms three σ bonds using sp2

hybrid orbitals.

The ethyne molecule is linear. Each carbon atom is joined to only two
other atoms (a hydrogen atom and the other carbon atom). It seems
likely that each carbon atom forms two σ bonds and consequently
hybridisation of one of the 2s and one of the 2p orbitals is proposed.
The two sp hybrid orbitals will be arranged as shown below.

Each carbon atom also has two unhybridised 2p orbitals at right angles
to the sp hybrid orbitals. Sideways overlap of these forms two π bonds.
The carbon to carbon triple bond consists of one σ bond and two π
bonds. The π bonds are not as strong as the σ bond and so the triple
bond is not three times as strong as the single bond.

Question 3

Ethene is reacted with a solution of bromine in methanol. As well as
the expected product, some Br–CH2–CH2–OCH3 is also obtained. By
considering the mechanism of the reaction, account for the formation
of the second product.

Answer

The mechanism for the addition of bromine to ethene
is discussed on pages 16–18 of Unit 3: Organic
Chemistry. The intermediate shown in Figure 1 is
proposed.

The expected product is 1,2-dibromoethane which is
formed by nucleophilic attack on this intermediate by a
bromide ion.

Figure 1
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However, the molecule of the solvent, methanol, can
also act as a nucleophile. As shown in Figure 2, the
oxygen atom of the hydroxyl group is partially
negative. Nucleophilic attack by this oxygen atom on
the intermediate (Figure 1) gives rise to the other
product as shown in Figure 3.

Figure 3

Question 4

Name and draw structures for the products of the following reactions,
in each case stating which product will be formed in the higher yield:

(a) the reaction of propene with hydrogen bromide
(b) the reaction of 2-methylbut-2-ene with hydrogen chloride
(c) the catalytic hydration of 2-methylbut-1-ene
(d) the addition of hydrogen bromide to 3-methylbut-1-ene.

Answer

(a)

The formation of 2-bromopropane obeys Markovnikov’s rule since the
hydrogen atom of the HBr molecule has become attached to the carbon
of the double bond which has more hydrogen atoms attached to it.
2-bromopropane is therefore the most likely product.

Figure 2
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(b)

The formation of 2-chloro-2-methylbutane obeys Markovnikov’s rule
since the hydrogen atom of the HCl molecule has become attached to
the carbon of the double bond which has more hydrogen atoms
attached to it. 2-chloro-2-methylbutane is therefore the most likely
product.

(c)

The formation of  2-methylbutan-2-ol obeys Markovnikov’s rule since the
hydrogen atom of the H

2
O molecule has become attached to the carbon

of the double bond which has the greater number of hydrogen atoms
attached to it. 2-methylbutan-2-ol is therefore the most likely product.

(d)
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The formation of 2-bromo-3-methylbutane obeys Markovnikov’s rule
since the hydrogen atom of the HBr molecule has become attached to
the carbon of the double bond which has the greater number of
hydrogen atoms attached to it. 2-bromo-3-methylbutane is therefore the
most likely product.

Page 24

Question 1

Draw full structural formulae for the following:

(a) 1-bromo-2,3-dimethylbut-2-ene
(b) 4-chloro-3,3-dimethylcyclohexene
(c) 4-bromo-1-chloro-2,3,5-trimethylhex-1-ene.

Answer

(a) (b)

(c)
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Question 2

Name the following compounds:

Answer

(a) 1,1,2-trichloroethene
(b) 1,4-dibromopent-2-ene (draw out the full structural formula first)
(c) 1,3-dichloro-2-iodo-2-methylpropane

Page 32

Question

What are the possible products when 2-chloro-2-methylbutane is
reacted with:
(a) aqueous potassium hydroxide
(b) a solution of potassium hydroxide in ethanol
(c) a solution of sodium ethoxide in ethanol ?

Answer

The full structural formula for
2-chloro-2-methylbutane is:

(a) With aqueous KOH, the most likely
reaction to occur is nucleophilic
substitution. So, the most likely product
is 2-methylbutan-2-ol.
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(b) With KOH in ethanol (a less polar solvent), elimination is more
likely and two products are possible:

(c) With sodium ethoxide in
ethanol, both elimination and
substitution are possible,
depending on, amongst other
things, temperature. At lower
temperatures substitution is
more likely producing the ether
opposite. At higher temperatures, elimination is favoured giving
the products shown in part (b).

Page 47

Question 1

Study the following reaction scheme:

(a) Identify reagents A and B and the type of reaction taking place
in each case.

(b) There are two possible isomers of C3H7Cl. Which one is involved
in this reaction scheme? Explain your choice.

(c) Draw full structural formulae for the compounds X, Y and Z.
(d) Explain why the reagents NH3 and CN–, are able to react with the

central compound.
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Answer

(a)
C

3
H

7
Cl C

3
H

7
OH

This reaction is a substitution involving replacement of –Cl by
–OH. A suitable reagent for A is an aqueous solution of potassium
hydroxide.

C3H7Cl C3H6 + HCl

This reaction is an elimination. A suitable reagent for B is
potassium hydroxide in ethanol.

(b) The two isomers are 1-chloropropane and 2-chloropropane.
Hydrolysis of the former produces a primary alcohol which on
oxidation produces an aldehyde. This in turn can be oxidised to a
carboxylic acid. On the other hand, 2-chloropropane produces a
secondary alcohol which on oxidation produces a ketone which
resists further oxidation. The compound in the reaction scheme is
2-chloropropane because the oxidation product resists further
oxidation.

(c)

(d) NH3 is ammonia whose structure is shown opposite.
The presence of the lone pair makes the nitrogen
atom nucleophilic.

–CN ion is the cyanide ion, whose structure is shown
opposite. The negative charge on carbon makes the
cyanide ion nucleophilic.

In the central compound, the C—Cl bond is polar with a slightly
positive charge on the carbon atom which is therefore susceptible
to nucleophilic attack.

Reagent A

Reagent B
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Question 2

The following reaction shows the esterification of 2-methylpropenoic
acid by reaction with methanol. The ester formed is the monomer
used in the production of Perspex.

2-methylpropenoic acid can be made in three steps from propanone.
The first step involves the reaction of propanone with cyanide ion.
Using full structural formulae, outline the three steps involved in the
synthesis of 2-methylpropenoic acid and name the type of reaction
occurring at each stage.

Answer

Step 1
The reaction between
propanone and cyanide ion
involves nucleophilic
addition across the carbonyl
group to give the
cyanohydrin shown.

Step 2
Elimination of water using
potassium hydroxide in
ethanol solution creates the
carbon to carbon double
bond.

Step 3
Acid hydrolysis of the nitrile
(–CN) group produces the
carboxylic acid,
2-methylpropenoic acid.
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Page 52

Question

The following table contains melting point data for selected organic
compounds.

Name Formula mp/oC

Benzenecarboxylic acid C
6
H

5
COOH 122

Butanedioic acid HOOCCH2CH2COOH 185

Ethyl benzoate C
6
H

5
COOC

2
H

5
–35

By considering the structures of the compounds, explain the
difference in their melting points.

Answer

Full structural formulae:

The melting point of a substance depends on the strength of the
intermolecular forces. Hydrogen bonds are stronger than van der Waal’s
forces.

Butanedioic acid has the highest melting point despite having the lowest
molecular weight. The molecule contains two carboxyl groups and
extensive hydrogen bonding is possible.

Benzenecarboxylic acid molecules contain only one carboxylic group
and so have less scope for hydrogen bonding. Their melting point is
therefore lower.

Ethyl benzoate molecules cannot form hydrogen bonds. So the
intermolecular forces are much weaker. Consequently it has the lowest
melting point.
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Page 57

Question 1

Describe and explain the shape of the ammonia molecule.

Answer

Ammonia has the formula, NH3, and the structure shown
alongside. There are four pairs of electrons around the
central nitrogen atom – three bonding pairs and one lone
pair. Four pairs of electrons will be arranged tetrahedrally.
Since only three pairs are bonding pairs, the shape of the molecule is a
shallow pyramid.

A more mathematical approach using sp3 hybridisation (see pages 7–9 in
Unit 3: Organic Chemistry) predicts the same shape.

Question 2

Ethylamine reacts with hydrogen chloride producing dense white
fumes:

C2H5NH2(g) + HCl(g)  → C2H5NH3
+Cl–(s)

(a) What type of bond breaking occurs?
(b) What type of bond is formed?
(c) Identify the electrophilic centre and the nucleophilic centre.
(d) What other term can be used to describe the role of the amino

group in this reaction?

Answer

(a) Heterolytic fission of the polar H—Cl bond occurs.
(b) The lone pair of electrons on the nitrogen atom is used to form a

bond with hydrogen. A dative covalent (co-ordinate) bond is
formed.

(c) The H—Cl bond is polarised with the hydrogen atom carrying a
partial positive charge. The partially positive hydrogen atom is the
electrophilic centre.  The lone pair on the nitrogen atom of the
amino group makes it nucleophilic.

(d) The amino group accepts a hydrogen positive ion (a proton) and
so acts as a base.
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Page 58

Question

Using the bond enthalpy information on page 9 of the Data
Booklet, calculate the theoretical enthalpy of formation of gaseous
benzene using the Kekulé structure. Compare your answer to the
measured value.

Answer

The Kekulé structure contains:

six C—H bonds
three C—C bonds
three C   C bonds

Required equation: 6C(s) + 3H
2
(g) → C

6
H

6
(g)

Bonds broken Bonds formed

6C(s) → 6C(g) = +6 × 715 = +4290 kJ 6 × C—H = –6 × 414 = –2484 kJ

3H2(g) → 6H(g) = +3 × 432 = +1296 kJ 3 × C—C = –3 × 346 = –1038 kJ

3 × C    C = –3 × 602 = –1806 kJ

Total  = +5586 kJ Total  = –5328 kJ

∆Ho
f
 (gaseous benzene) = Σ (bonds broken) + Σ (bonds formed )

= +5586 – 5328
= +258 kJ mol–1

The value obtained using measured enthalpies of combustion is +82 kJ
mol–1.

Clearly the actual structure of benzene is more stable than that pro-
posed by Kekulé.

——

——
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Page 66

Question

Study the reaction scheme below which is based on methylbenzene,
and answer the following questions.

(a) What type of reaction is involved in reactions 1 to 4?
(b) For reactions 1 to 4, state the conditions required and in each

case identify the electrophile.
(c) Identify the type of reaction involved in:

(i) reaction 5
(ii) reaction 6.

d) Methylbenzene undergoes a free radical substitution with
chlorine to give an isomer of the product of reaction 1. What
conditions would be required for this reaction and what would
be the product?



CHEMISTRY4 6

ORGANIC CHEMISTRY

Answer

(a) Reactions 1 to 4 all involve electrophilic substitution.

(b) Reaction 1: Chlorine reacts in the presence of an FeCl3 or AlCl3

catalyst.
The catalyst polarises the Cl—Cl
bond. The electrophile is the
partially positive chlorine atom in
the intermediate alongside.

Reaction 2: Fuming sulphuric acid is used which contains sulphur
trioxide dissolved in concentrated sulphuric acid. SO3

is the electrophile.
Reaction 3: The alkyl halide alongside is

used in the presence of an
AlCl

3
 or FeCl

3
 catalyst. The

partially positive carbon atom
in the intermediate alongside
is the electrophile.

Reaction 4: A mixture of concentrated nitric acid and
concentrated sulphuric acid is used. The electrophile
is the NO

2
+ ion (nitronium ion).

(c) Reaction 5 is oxidation (of a methyl group to a carboxyl group –
gain of oxygen).  Reaction 6 is reduction (of a nitro group to an
amino group – loss of oxygen).

(d) Free radical chlorination is generally initiated by sunlight
(ultraviolet radiation).
A possible product is shown alongside.

Page 74

Question 1

(a) Draw structures for all possible isomers (structural and
geometric) with molecular formula, C4H8.

(b) If that was too easy, try to draw structures for the 12 isomers of
formula C5H10.
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Answer

(a) Molecular formula is C4H8. Isomers with this formula could be
alkenes or cycloalkanes.

Alkenes

Cycloalkanes

Cis-but-2-ene and trans-but-2-ene are geometric isomers while the
remainder are structural isomers.

(b) The molecular formula is C5H10. Again there will be alkene and
cycloalkane isomers.

Alkenes
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Note that pent-2-ene has one alkyl group attached to each carbon
of the double bond and so exists as cis- and trans- isomers
(structures 2 and 3).

Cycloalkanes

Start with a five-membered ring and then systematically reduce the
size of the ring.

There are a number of different ways to add two carbon atoms to a
three-membered ring.  Structure 8 has the two carbons attached as
an ethyl group while structure 9 has them attached to the same
ring carbon atom as two methyl groups.

Two methyl groups can be attached to a three-membered ring in
three different ways:

In structure 10, both methyl groups are attached to the same side
of the ring giving a cis-isomer. In both structures 11 and 12, the
methyl groups are on opposite sides giving trans-isomers.
Structures 11 and 12 are different because they are non-
superimposable mirror images. These molecules are asymmetric
(i.e. chiral) and so are enantiomers.
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Question 2

Draw the full structural formula for the first alkane to show optical
isomerism and name the compound.

Answer

If a molecule is to show optical
isomerism it must contain a chiral
centre, i.e. a carbon atom with four
different groups attached to it. For an
alkane, one of the groups will be hydrogen. The others must be CH3,
C

2
H

5
 and C

3
H

7
. So 3-methylhexane will show optical isomerism.

Question 3

Would you expect the isomer of tartaric acid
shown alongside to be optically active?   Explain
your answer.

Answer

This isomer will not be optically active because it is not asymmetric.
There is a plane of symmetry as shown in the diagram above.

Question 4

Thalidomide is a notorious drug. In the 1960s it was prescribed to
pregnant women to treat morning sickness. There are two optical
isomers. One of the isomers
provided an effective treatment
for the morning sickness but
unfortunately the other caused
serious malformation of the
foetus.
From the structure alongside,
explain why thalidomide exhibits optical isomerism.

Answer

Thalidomide is optically active because it contains a chiral centre. The
carbon atom labelled (*) in the diagram above is the chiral centre.
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12.0
2.340 0.638 g

44.0
2.0

1.433 0.159 g
18.0

× =

× =

Page 76

Question 1

A sample of an organic compound with a mass of 1.224 g was
completely burned in oxygen and found to produce 2.340 g of carbon
dioxide and 1.433 g of water only.  Calculate the empirical formula of
the organic compound.

Answer

Mass of carbon =

Mass of hydrogen =

Mass of oxygen = 1.224 –(0.638 + 0.159) = 0.427 g

Carbon Hydrogen Oxygen

Calculate number 0.638/12.0 = 0.053 0.159/1.0 = 0.159 0.427/16.0 = 0.0267
of moles

Calculate the 0.053/0.0267 = 2 0.159/0.0267 = 6 0.0267/0.0267 = 1
mole ratio

So the empirical formula is C2H6O.

Question 2

Oxalic acid is found in rhubarb and contains only the elements
carbon, hydrogen and oxygen.  When 1.540 g of oxalic acid was
burned in oxygen, 1.504 g of CO2 and 0.310 g of water were formed.
Calculate the empirical formula for oxalic acid.  If the molecular mass
of oxalic acid is 90.0, what is its molecular formula?

Answer

Doing a similar calculation to question 1 gives an empirical formula of
CHO

2.
   Since this adds up to give a formula mass of 45 and the

molecular mass is 90, then the molecular formula must be double the
empirical formula, i.e. C2H2O4.
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Question 3

An organometallic compound known as ferrocene contains only the
elements Fe, C and H.  When 1.672 g of ferrocene was combusted in
oxygen, 3.962 g of CO2 and 0.810 g of water were formed.  Calculate
the empirical formula of ferrocene.

Answer

FeC
10

H
10

Page 79

Question

Look at the mass spectra of benzoic acid (Figure 108) and methyl
benzoate (Figure 109) and identify the ions responsible for the major
peaks in each case.

Figure 108
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Figure 109

Answer

The four major peaks in the mass spectrum of benzoic acid are:

m/z Ion responsible

122 C
6
H

5
COOH+

105 C6H5CO+

77 C
6
H

5
+

51 C4H3
+

The four major peaks in the mass spectrum of methyl benzoate are:

m/z Ion responsible

136 C6H5COOCH3
+

105 C
6
H

5
CO+

77 C6H5
+

51 C
4
H

3
+
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Page 83

Question

The spectra below are of ethanoic acid, CH3COOH (Figure 112),
and ethanoic anhydride, (CH

3
CO)

2
O (Figure 113). Draw the full

structural formula for both compounds and then determine, giving
reasons, which spectrum is due to which compound.

Figure 112

Figure 113
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H
O

H C C

H
H

H C C
O

H

O

Answer

Ethanoic acid has structural Ethanoic anhydride has structural
formula: formula:

H
O

H C C
O H

H

The main difference in the structures is the presence of the O—H bond
in ethanoic acid.

The main difference in the two spectra is the broad peak at
approximately 3200 cm–1 in Figure 113.  This is due to the O—H bond,
so Figure 113 shows the spectrum of ethanoic acid.

Pages 89–90

Refer to the spectra on pages 89–90 of Unit 3: Organic Chemistry.

Question 1

From the following low-resolution NMR spectra and other
information given, suggest a possible structure for each substance.
Figure 119 shows the 1H NMR spectrum of a hydrocarbon.
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Figure 119

Answer

There are three signals and so there must be three different
environments for the hydrogen atoms. The integral will give the ratio of
the atoms causing the signals.

Chemical shift Integral Ratio

7.4 δ 23 mm 5

2.8 δ 9 mm 2

1.4 δ 14 mm 3

Using the correlation tables on page 15 of the Data Booklet, the signal at
7.4 δ (caused by 5 hydrogen atoms) corresponds to aromatic hydrogen
atoms. This is likely to be caused by C6H5–, a mono-substituted benzene
ring.

The signal at 1.4 δ is likely to be caused by a
methyl group, CH

3
–, while that at 2.8 δ is likely

to be from a –CH2– group.
Putting this all together gives ethylbenzene.
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Question 2

Figure 120 is the spectrum produced by a compound of molecular
formula C

2
H

4
O.  Suggest a possible structure for the compound.

Figure 120

Answer

There are two signals. So there are two different environments for the
hydrogen atoms.

Chemical shift Integral Ratio Type of hydrogen

2.1 δ 25.5 mm 3 methyl group

9.7 δ 8.5 mm 1 aldehyde

Putting this together gives ethanal.
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Question 3

Analysis of a sweet-smelling neutral compound of carbon,
hydrogen and oxygen produced the following results: %C = 54.5;
%H = 9.1.  From its mass spectrum, the molecular ion had a mass/
charge ratio of 88.  Its infra-red spectrum showed a prominent
peak at 1735 cm–1.  Figure 121 shows the NMR spectrum of the
compound.  Suggest a possible structure for the compound.

Figure 121

Answer

First calculate the empirical formula.

C H O

Mass in 100 g 54.5 g 9.1 g 36.4 g

Relative atomic mass 12 1 16

Moles 4.425 9.1 2.275

Ratio 4.425/2.275 9.1/2.275 2.275/2.275

= 2 = 4 = 1

The empirical formula is C2H4O. The formula mass of C2H4O is 44.

The molecular ion shows a molecular mass of 88. So the molecular
formula is twice the empirical formula, i.e. C4H8O2.
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The infra-red spectrum contains a peak at 1735 cm–1 which suggests the
presence of a carbonyl group, C=O.

The NMR spectrum shows three signals and so three different types of
hydrogen atom.

Chemical shift Integral Ratio

4.1 δ 13 mm 2

1.9 δ 20 mm 3

1.2 δ 20 mm 3

From the correlation tables, the signals at 1.2 and 1.9 δ are likely to be
produced by methyl groups. The signal at 4.1 δ (caused by two
hydrogens) is likely to be due to a –CH

2
– group. This signal has quite a

high δ value for a –CH2– group and so is likely to be adjacent to an
oxygen atom (see correlation tables in the Data Booklet).

Summarising, the molecule contains the following:

C=O CH
3
– CH

3
– –CH

2
O–

This is consistent with the molecular formula
of C

4
H

8
O

2
. Putting the pieces together, the

molecule is likely to be ethyl ethanoate.

Page 92

Question

Figure 125 (on page 59) is the simulated electron density map of
an aromatic compound with molecular formula C

6
H

3
Cl

3
O.

(a) Draw the full structural formula for this compound.
(b) Explain why you drew the structure in terms of electron

density.
(c) Draw the electron density map for methanoic acid.

H C
O

O

H
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Figure 125

Answer

(a)

(b) An aromatic compound containing a benzene ring would give rise
to the six equivalent sets of rings. The slight ‘humps’ on two of
these are hydrogens, and the three large sets of circles are the
chlorine atoms as they have a larger number of electrons. The last
set of circles attached to a carbon atom is an oxygen as it is slightly
larger than the carbon atoms (more electrons) and the slight
‘hump’ on it is a hydrogen, giving the OH group.

(c)

Cl

Cl

Cl

OH


