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Chapter 4: Solids 

 

Solution 4.1 

The unit cell for a body-centred cubic structure is shown in Figure S4.1.  Figure 

S4.1(a) shows ‘space filling’ of atoms – to give an idea of the space they occupy 

in the unit cell. 

Figure S4.1(b) shows the positions of the atoms in a bcc structure on the corners 

(vertices) of the cube and in the centre. 

Figure S4.1 

                      

In order to calculate the packing efficiency of the bcc unit cell we need to use the 

equation: 

Packing efficiency = 
Volume occupied by atoms

Total volume of space used
 × 100% 

In terms of the volume of the atoms in the unit cell and the volume of the unit cell 

itself, this can be written as: 

Packing efficiency = 
VAtoms

VUnit cell
 × 100%   

If the unit cell edge length is a (see Figure 4.1(a)) then the volume of the cube 

and therefore the space used is a
3
. 

To find the volume occupied by the atoms we first must work out the number of 

whole atoms in the unit cell.  

There are two positions for the atoms in a bcc structure, the corners (vertices) and 

the centre. 

There are eight corner atoms and each corner atom is shared by a total of 8 unit 

cells. Therefore the number of corner atoms = 8 × 1/8 = 1 

There is just one atom at the centre of the unit cell, and this isn’t shared by any 

 

Remember that a bcc 

structure is formed from a 

simple cubic structure by 

placing an atom at the centre 

of the cube. This pushes the 

atoms apart along the edge of 

the cell but atoms are in 

contact across the body 

diagonal. 
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other unit cells. So the total number of whole atoms in the unit cell = 1 + 1 = 2 

The volume of an atom is given by: 4/3r
3
  

So the total volume occupied by the atoms in the unit cell = 2 × 4/3r
3
 

In order to determine the packing efficiency we must express the length of the 

unit cell (a) in terms of the radius of the atom (r). This involves using two right 

angled triangles in the unit cell. 

The first triangle is shown in [red] in figure 4.1(a) and involves the length of the 

unit cell and the face diagonal. Let the length of the face diagonal = b. We can 

express b in terms of the unit cell length, a: 

b
2
 = a

2
 + a

2
 

So b = √2a2 = a√2   

The second triangle involves the body diagonal (c), the face diagonal (b) and the 

side of the unit cell. This is shown in [blue] in Figure 4.1(a). In a body-centred 

unit cell the atoms touch along the body diagonal and so the length of the body 

diagonal is 4r.  

Applying Pythagoras’ theorem to this triangle: 

c
2
 = a

2
 + b

2
 

So (4r)
2
 = a

2 
+ (a2)

2
   = 3a

2
 

Therefore a
2
 = 

(4r)2

3
 

So a = 
4r

√3
 

Therefore the volume of the unit cell = a
3
 = (

4r

√3
)

3

 

Inserting the values into the equation for packing efficiency: 

Packing efficiency = 
VAtoms

VUnit cell
 × 100% = 

2 × 4/3πr3

(
4r

√3
)

3  ×  100% 

Cancelling the r
3
 terms and simplifying this becomes: 

Packing efficiency = 
2x4π

3
 × 

(√3)
3

43 × 100% =  
2π3√3

3x42  × 100% =  
2π√3

16
 × 100 =

68% 

The body diagonal is made 

up of two half atoms on the 

corners of the unit cell (2r) 

plus one whole atom (2r) and 

the atoms are all in contact. 
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So the packing efficiency of a body-centred structure is 68% 

 

 

Solution 4.2 

In a question of this type it is usually helpful to start by sketching the unit cell as 

in Fig S4.2. The question states that there are Zn atoms on the corners and Cu 

atoms on the centres of the faces. First we must determine how many of each are 

present in a single unit cell. 

Figure S4.2 

 

Zn atoms: 8 atoms each shared by a total of 8 unit cells. Therefore number of 

whole Zn atoms per cell = 8 × 1/8 = 1 

Cu atoms: 6 atoms each shared by a total of 2 unit cells. Therefore number of Cu 

atoms per cell = 6 × ½ = 3 

So in a single unit cell we have 1 Zn atom and 3 Cu atoms. 

The mass of one mole of this alloy of brass would therefore be: 

Mass 1 mole Zn atoms + Mass 3 moles of Cu atoms = 65.39 g mol
-1

 + 3 × 63.55 

g mol
-1

 = 256.04 g mol
-1

 

Therefore to find the mass of one unit cell of brass we need to divide by 

Avogadro’s number: 

Mass of one unit cell = 256.04 g mol
-1

/6.022 × 10
23

 mol
-1

 = 4.252 × 10
-22 

g 

Solution 4.3 

 

(a) A body-centred unit cell is shown below.   

 

Figure S4.3 
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(b) The number of iron atoms in the unit cell is given by : 

Number of corner iron atoms = 8 

 

Each corner atom is shared between 8 unit cells. Therefore number of 

whole iron atoms per unit cell = 8 × 1/8 = 1 

 

Number of centre iron atoms = 1 

 

Therefore total number of iron atoms = 1 + 1 = 2 

 

(c) The density is given by = 
mass of atoms

total volume of unit cell
 

 

If there are 2 Fe atoms in the unit cell the mass of the atoms in one mole 

is given by: 

 

2 × 55.85 g mol
-1

 = 111.7 g mol
-1 

 

The mass of Fe atoms per unit cell = 111.7 g mol
-1

/NA = 111.7 g mol
-

1
/6.022 mol

-1
 = 18.55 × 10

-23 
g 

 

The volume of the unit cell is given by a
3 

=  (287 pm)
3
 (where a = unit 

cell length) = 23639903 pm
3
 = 23639903 × 10

-30
 cm

3
 = 2.364 × 10

-23
cm

3
 

 

Therefore, the density of iron = mass/volume = 18.55 × 10
-23

 g /2.364 × 

10
-23

 cm
3
 = 7.85 g cm

-3 

 

 

Solution 4.4 

(a) When describing the arrangement of atoms in an ionic structure, it 

is a good idea to work out the arrangement of the ions first. As can be 

seen, the diagram of the unit cell shows Ca
2+

 ions on the corners and on 

the centres of the faces. Thus the Ca
2+

 ions are in a face -centred cubic 

1 pm = 10
-12

 m = 10
-10

 cm 

therefore 1 pm
3
 = 10

-30
cm

3
 



Almond, Spillman & Page: Workbooks in Chemitry: Inorganic Chemistry 
Solutions to questions in the text 

 

© Oxford University Press, 2017.5 

 

(fcc) array.  

 

Once the placement of the Ca
2+

 has been determined, it is then useful to 

determine if the fluoride ions occupy the octahedral or tetrahedral holes in 

the array. In this case, the fluoride ions fill all the tetrahedral holes in the 

fcc lattice of Ca
2+

 ions. Ions that sit in tetrahedral holes have four nearest 

neighbours, and hence the fluoride ions are 4 coordinate. The calcium 

ions are 8 coordinate (corner Ca
2+

 ions are coordinated to one F
-
 ion in 

each of the 8 unit cells it is shared between, face Ca
2+

 ions are 

coordinated to four F
-
 ions in both unit cells they are shared between). 

 

(b) To determine the number of CaF2 formula units we must take each 

ion in turn and determine the number of whole ions in the unit cell. 

 

Ca
2+

 ions:  

8 corner Ca
2+

 ions each shared by 8 unit cells: 8 × 1/8 = 1 corner ion 

6 face Ca
2+

 ions each shared by 2 unit cells: 6 × ½ = 3 corner ions. 

 

Total number of Ca
2+

 ions = 1 + 3 = 4 

 

F
-
 ions: 8 F

-
 ions each totally within the unit cell in a tetrahedral hole = 8 

F
-
 ions 

 

So the ratio of Ca
2+

 : F
-
 = 4: 8 = 1: 2 

 

So formula = CaF2 and there are 4 CaF2 units in a unit cell. 

 

 

Solution 4.5 

 

In this type of question we can use the density of the material and the volume of 

the unit cell to calculate the mass of the ions in the unit cell using the 

relationship: 

 

Density =
Mass

Volume
    

 

We are asked to calculate the number of Cd
2+

 and O
2-

 ions in the cell. By 

knowing the mass of a single CdO, unit we can determine how many such units 

there are in the unit cell. 

 

If CdO has the rock salt (NaCl) structure then we know it must have a cubic unit 

Usually the anions are the 

ions that determine the 

structure type and it is the 

arrangement of the anions 

that is first considered. The 

cations are placed in the holes 

left by the anions. However, 

in the case of the fluorite 

structure the cations are 

arranged according to an 

ABC (cubic-close packed) 

array and the anions fill the 

tetrahedral holes. In the 

antifluorite structure the 

convers is true – i.e. anions 

are arranged according to 

ABC packing and cations fill 

the tetrahedral holes. 
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cell. This means we can find the volume from the length × breadth × height. 

 

Volume of unit cell = 470 pm × 470 pm × 470 pm = 1.03823 × 10
8
 pm

3 

 

Mass of one CdO unit = 128 g mol
-1

/6.022 × 10
23

 mol
-1

 = 2.125 × 10
-22

 g 

Density of material = 8.2 g cm
-3

 = mass/volume 

 

Therefore 8.2 g cm
-3

 = 
n × 2.125 × 10-22 g

1.03823 × 108 pm3 =
n × 2.125 × 10-22 g

1.03823 × 108 × 10−30 cm3 = n ×

2.0467 g cm−3 

 

n =
8.2 g cm−3

2.0467 g cm−3 
= 4 

 

Solution 4.6 

In order to determine whether the structures obey the radius ratio rule we must 

divide the radius of the anion by the cation and then compare the ratio with the 

limiting radius ratio in Table 4.3. Using the radii given in Table 4.4   

a) CsBr =
181 pm

182 pm
= 0.995. This predicts cubic geometry and 8 

coordinate Cs
+
 ions which is as found. 

b) ZnO =
74 pm

126 pm
= 0.587. This predicts octahedral geometry with 6 

coordinate Zn
2+

 ions which is not as found. Actual CN = 4. 

 

c) CuO =
87 pm

126 pm
 = 0.690. This predicts octahedral geometry with 6 

coordinate Cu
2+

 ions which is not as found. Actual CN = 4. 

 

 

d) AgCl =
129 pm

167 pm
= 0.772. This predicts cubic geometry with 8 

coordinate Ag
+
 ions. Actual CN = 6. 

 

e) MgF2  =
86 pm

119 pm
= 0.723. This predicts octahedral geometry with 6 

coordinate Mg
2+

 ions. Actual CN of Mg
2+

 is 6, in the rutile structure. 

 

 

Solution 4.7 

 

The lattice enthalpy depends largely on the charge-to-size ratio of the ions from 

The volume of the unit cell is 

given in pm
3
 so we must use 

the relationship that 1 pm = 1 

× 10
-10

 cm to convert the 

volume into cm
3
. 
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which the solid is formed. Generally smaller cation to anion distances result in 

stronger electrostatic interactions which result in a larger lattice enthalpies. 

 

(i) Br
-
 (196 pm) is larger than Cl

-
 (181 pm) and so NaBr has a smaller 

lattice enthalpy than NaCl even though both are singly-charged.  

(ii) Both Mg
2+

 and O
2-

 are doubly-charged and hence MgO has a much 

higher lattice enthalpy than NaCl.  

(iii)  When calculating enthalpies of formation using a Born-Haber cycle a 

number of energy terms alongside the lattice enthalpy must be used. 

These terms correspond to the enthalpy changes associated with the 

formation of gaseous ions. Thus, for example, although MgO has a 

very large lattice enthalpy it requires a lot more energy to form the 

Mg
2+

 cation from gaseous Mg atoms (2188.3 kJ mol
-1

) than to form 

the Na
+
 cation from gaseous sodium atoms ( 495.8 kJ mol

-1
), and so 

there is some degree of “cancelling out” of these terms resulting in the 

less variable values observed. 

 

 

Solution 4.8 

 

Our first task in this question is to complete the table, which will ensure that we 

know which thermodynamic data we have available to us. 

 

 

Quantity Physical process Value / kJ mol
-1 

∆atHo(Ca) Ca(s) ⟶ Ca(g) +178 

IE1(Ca) Ca(g) ⟶ Ca(g)
+ + e− +590 

IE2(Ca) Ca(g)
+ ⟶ Ca(g)

2+ + e− +1146 

∆atHo(Cl) 1

2
Cl2(g) ⟶ Cl(g) 

+122 

∆EAHo(Cl) Cl(g) + e− ⟶ Cl(g)
−  -349 

∆fH
o(CaCl2) Ca(s) + Cl2(g) ⟶ CaCl2(S) -795.8 

 

 

This completed table will allow us to calculate the lattice enthalpy for calcium 

chloride. The next step is to construct a Born-Haber cycle. The energy axis has 

been omitted in this diagram for clarity. 
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Figure S4.8 

 
 

The enthalpy of formation is highlighted with the solid blue arrow. The 

alternative route we make use of to calculate this term is given by the dashed blue 

arrow. This means that we can determine the lattice enthalpy of CaCl2, by 

rearranging the following equation: 

 

∆fH
o(CaCl2) = ∆atHo(Ca) + IE1(Ca) + IE2(Ca) + 2 × ∆atHo(Cl) + 2 ×

∆EAHo + ∆latHo(CaCl2)  

 

∆latHo(CaCl2) = ∆fH
o(CaCl2) − (∆atHo(Ca) + IE1(Ca) + IE2(Ca) + 2 ×

∆atHo(Cl) + 2 × ∆EAHo)  

 

∆latH
o(CaCl2) = (−795.8) − (178 + 590 + 1146 + (2 × 122) + (2 × −349)) 

∆latHo(CaCl2) = −795.8 − 1460 

∆latHo(CaCl2) = −2255.8 kJ mol−1 = −2260 kJ mol−1 

 

Solution 4.9 

The Born-Landé equation is:   ∆U =  − (NA × A × 
|z+||z−|e2

4πε0r
) × (1 −

1

n
) 

First determine the Born exponent from Table 4.4. The Born exponent for Na
+
 is 

7 and Cl
-
 is 9 so n = (7+9)/2 = 8. 

We can now place the values in the Born-Landé equation and rearrange to get an 

expression for r. 
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−771 kJ mol−1

= − (6.022 × 1023mol-1 × 1.74756 ×
1 × 1 × (1.602 ×  10−19 C)2

4 × π × 8.854 × 10−12 C2 J-1m-1r
 ) × (1 −

1

8
) 

 

−771 × 103 J mol−1 = − (
2.363 ×  10−14 C2mol-1

1.1127 × 10−10 C2J-1m-1× r 
)

= −
2.124 × 10−4 J m mol-1

r
 

 

Rearranging to get an expression for r: 

 

r = 
2.124×10−4 J m mol-1

771 × 103 J mol-1
 = 2.754 ×10

-10
 m = 275 pm 

 

Solution 4.10 

 

(a) The structure of wurtzite consists of O
2-

 ions in a hcp array (ABAB), 

with Zn
2+

 ions in half the tetrahedral holes. 

 

(b) The Born Haber cycle for ZnO is shown below. 

 

 

Figure S4.10 
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 The enthalpy of formation of ZnO is given by the solid blue arrow. The dashed 

blue arrow allows us to calculate this quantity with the data we have been given. 

We are following the direction of all the other arrows and hence we add all of the 

thermochemical values: 

 

∆fH
o(ZnO) = ∆atHo(Zn) + IE1(Zn) + IE2(Zn) + ∆atHo(O) + ∆EA1Ho(O)

+ ∆EA2Ho(O) + ∆latHo(ZnO) 

 

Inserting the values from the question: 

 

∆fH
o(ZnO) = 130 kJ mol−1  +  906 kJ mol−1 +  1733 kJ mol−1  +

 248 kJ mol−1  + (−141 kJ mol−1)   + 844 kJ mol−1  +  (−4003 kJ mol−1)   =

 − 283 kJ mol−1  

 

(c) The Born-Landé equation is given by:  

∆U =  − (NA × A × 
|z+||z−|e2

4πε0r
) × (1 −

1

n
) 

For ZnO we have the following: 

 

|z+| = |z-| = 2 

n(Zn
2+

) = 9  n(O
2-

) = 7 therefore n = (9 + 7)/2 = 8  

 

r  = distance between cation and anion. In the wurtzite form of ZnO, both Zn
2+
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and O
2- 

are tetrahedrally coordinated, so r(Zn
2+

)  = 74 pm and  r(O
2-

) is 126 pm. 

Therefore, r = r+ + r- = 74 + 126 = 200 pm 

 

Inserting values into the Born Landé equation we obtain: 

 

∆U =  − (6.0222 × 1023 mol-1 × 1.6381 

×
2 × 2 × (1.6022 × 10−19 C)2

4 ×  π ×  8.8542 ×  10−12 C2 J-1 m-1 × 200 × 10−12 m
 ) × (1 −

1

8
)

= −3982 kJ mol−1 

 

The value of -3982 kJ mol
-1

 agrees well with the theoretical value of -4003 kJ 

mol
-1

. The very large value of the lattice enthalpy can be explained by the high 

charge on both cation and anion and the small size of the Zn
2+

 ion. 

 

 

Solution 4.11 

 

The Born-Landé equation is :  ∆U =  − (NA × A × 
|z+||z−|e2

4πε0r
) × (1 −

1

n
) 

The Born exponent, n, = (10 (Ag
+
) + 9 (Cl

-
) )/2 = 9.5. 

r(Ag)  = 129 pm and r(Cl) = 167 pm; r+ + r- = 296 pm 

Inserting the values for AgCl we obtain: 

 

=  −7.3389 ×  105 J mol−1 = − 734 kJ mol−1  

 

Using the Kapustinskii equation we need to insert the appropriate values into the  

∆U

= − (6.022 × 1023mol-1 × 1.7476 × 
1 × 1 × (1.602 × 10−19C)2

4 × π ×  8.854 ×  10−12 C2J-1m-1 × 296 × 10−12m
) 

× (1 −
1

9.5
) 

following equation:  
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∆U =  −
kν|z+||z−|

r+ +  r−
= −

107900  pm kJ mol−1  ×  2 ×  1 ×  1

129 pm +  167 pm

=  −729 kJ mol−1 

   

As can be seen the agreement between the values obtained by calculation is very 

good. However, neither value agrees well with that obtained from the Born Haber 

cycle of -915 kJ mol
-1

. The disparity is due to polarisation in AgCl that leads to a 

degree of covalent bonding character, which is not considered by either the Born-

Landé or Kapustinskii equations. 

 

 

Solution 4.12 

 

The Kapustinskii equation assumes that ions behave as hard elastic spheres, and 

that the bonding in a solid is purely ionic. These values therefore show how the 

silver halides vary more and more from a purely ionic model as the group of 

halides is descended. Fluoride is the smallest ion and has the highest charge to 

radius ratio of the halide ions.  Iodide is the largest anion and hence the most 

polarisable. Thus AgF is expected to show the greatest degree of ionic bonding 

character, whilst AgI will show the greatest degree of covalency and hence the 

true value of its lattice enthalpy will vary the most from that calculated assuming 

a purely ionic model.  

 

 

Solution 4.13 

 

The problem can be broken down into two parts. In the first part we must use the 

Kapustinskii equation to calculate a value for the lattice enthalpy of dissociation 

of Cs3N. Once we have a value for this enthalpy change we can apply the Born 

Haber cycle to obtain a value for the enthalpy of formation of Cs3N. 

 

In order to use the Kapustinskii equation we need values for the radii of the Cs
+
 

and N
3-

 ions: r(Cs
+
) = 181 pm and r(N

3-
) = 132 pm. 

The value of the Kapustinskii constant = k = 107900 pm kJ mol
-1

. 

The Kapustinskii equation is: 

∆U =  −
kν|z+||z−|

r+ +  r−
 

Covalency is a sharing of 

electrons and it will be 

highest in a  bond between a 

metal and non-metal when 

the metal ion is most 

polarising i.e. a small, highly 

charged metal ion and/or the 

non-metal ion is most 

polarisable i.e. larger 



Almond, Spillman & Page: Workbooks in Chemitry: Inorganic Chemistry 
Solutions to questions in the text 

 

© Oxford University Press, 2017.13 

 

Inserting the values into the Kapustinskii equation gives:  

∆U =  − 
107900 pm kJ mol-1 × 4 ×  1 × 3

181 pm + 132 pm
 =   −4137 kJ mol−1 

 

The next step is to construct a Born Haber cycle as shown below. The quantity 

we need to calculate is depicted by the solid blue arrow. The alternative route we 

can use to calculate this quantity is given by the dashed blue arrow. 

Figure S4.13 

 
 

Applying Hess’s Law to the Born Haber cycle we can write: 

 

∆fH
o(Cs3N) = 3 × ∆atHo(Cs) + 3 × IE1(Cs) + ∆atHo(N) +

[∆EA3Ho(N) + ∆EA2Ho(N) + ∆EA1Ho(N)] + ∆lattH
o(Cs3N)  

 

∆fH
o(Cs3N) = 3 × 78.7 + 3 × 376 + 473 + 2565 + (−4137) =

+265.1 kJ mol−1  

 

The value obtained for this process is endothermic which is what we would 

expect as caesium nitride is not a stable material. As was described in Chapter 3, 

Note that there are a total of 

4 ions in the Cs3N formula 

unit and |z+| = 1 and |z-| = 3. 
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of the group 1 metals, only lithium forms a stable nitride. 

 

 

 

Solution 4.14 

 

The problem can be broken down into two parts. In the first part we must use the 

Kapustinskii equation to calculate a value for the lattice enthalpy of Mg3N2. Once 

we have a value for this enthalpy change, we can apply the Born-Haber cycle to 

obtain a value for the enthalpy of formation of Mg3N2. 

 

In order to use the Kapustinskii equation we need values for the radii of the Mg
2+

 

and N3
-
 ions. Using Table 4.3, we obtain Mg

2+
 = 65 pm and N

3-
 = 171 pm. 

 

The value of the Kapustinskii constant = k = 107900 pm kJ mol
-1

. 

 

The Kapustinskii equation is: 

∆U =  −
kν|z+||z−|

r+ +  r−
 

 

Inserting the values into the Kapustinskii equation gives: 

 

∆U = −
107900 pm kJ mol−1  ×  5 ×  2 ×  3

65 pm + 171 pm
=  −13716 kJ mol−1 

 

 

The next step is to construct a Born Haber cycle as shown below. Using the data 

from the table above the quantity we need to calculate is depicted by the solid 

blue arrow, whilst the alternate route we can use to determine this quantity is 

highlighted by the dashed blue arrow. 

 

Figure S4.14 

Note that there are a total of 

5 ions in the Mg3N2 formula 

unit and |z+| = 2 and |z-| = 3. 

These unusually high values 

result in a very large value 

for the lattice enthalpy of 

Mg3N2 
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Applying Hess’s Law to the Born Haber cycle we can write: 

 

∆fH
o(Mg3N2) = 3 × ∆atHo(Mg) + 3 × [IE1(Mg) + IE2(Mg)] + 2 ×

∆atHo(N) + 2 × [∆EA1Ho(N) + ∆EA2Ho(N) + ∆EA3Ho(N)] +

∆latHo(Mg3N2)  

 

∆fH
o(Mg3N2) = 

3 × 150 kJ mol−1 + 3 × 2186 kJ mol−1 + 2 × 473 kJ mol−1 + 2 ×

2565 + (−13716 kJ mol−1) = −632 kJ mol−1   

 

In this case Mg3N2 is seen to have an exothermic enthalpy of formation. This is in 

keeping with the known chemistry of group 2 metals in forming stable nitrides 

(see chapter 3).  

 

 

 

 


