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Bonding in Solids 

• We have discussed bonding in molecules with three models: 
– Lewis 
– Valence Bond 
– MO Theory 

• The above models aren’t suitable for describing bonding in 
solids (metals, ionic compounds) 

• The structures of many solids (e.g. NaCl(s), Fe(s)) are best 
described by a lattice model, in which atoms (ions) of the lattice 
are placed in highly ordered arrangements (crystal lattices) 

• Arrangement yields maximum net attractive force with other 
ions/atoms in the lattice 



Close-Packing 

• Treat the atoms of a metal (or ions of an ionic 
substance) as spheres (e.g. marbles). 

• If fill a tray until its surface is covered with a 
layer of marbles, we get a picture that looks 
something like the figure 



Close-Packing 

• In this model, all spheres are touching the surface of 
six other spheres (except those on the 
edges/corners) – a hexagonal arrangement 

• This arrangement is one layer of what is called a 
“close-packed” arrangement 

• See that there are six spaces around each sphere 
also 

• If we were to pile another layer on top of this, it 
would appear as follows… 



Close-Packing 

Around each sphere, there 
are a total of six spaces 



Close-Packing 

• So far, the levels are different (the spheres are not located in the 
same space directly above the first level), so we have an “AB-
type” arrangement for the two layers 

• Note the spaces (hollows) that are now present – two types: 
– “A” – located above a sphere 

– “C” – located above a space 

When the next close-packed level is added, only three 
of the spaces surrounding each sphere can be occupied 



Close-Packing 
If we were to add another close-packed level on top, we could do so in two ways: 

ABC arrangement 

ABA arrangement 



Close-Packing 

• In the top figure (ABC-type), the top layer was 
constructed by placing spheres in the spaces labeled 
“C” of the second layer 

• This results in a level that is different than either of 
the first two levels (an “ABC…” arrangement) 

• In the bottom figure (ABA-type) the top level was 
created by putting spheres into the spaces labeled 
“A” of the second layer 

• The top level here is thus the same as the first 
(bottom) level (the spheres in this level are located 
directly above those of the first level) – an “ABAB…” 
arrangement 



Close-Packed Arrangements 
• These two arrangements are shown below, are 

represented as are ball-and-stick arrangements, and not 
meant to imply that spheres are not touching 

• Which is which? 

 
The coordination number (CN) 

in each of these lattices is 12. 

Top layer different 
than bottom 



Close-Packed Arrangements 
• The unit cells are called: 

a) hexagonal close-packed (hcp) – describing an 
“ABABAB…” arrangement 

b) cubic close-packed (ccp) – this describes an 
“ABCABC…” ordering 

 

 

hcp ccp 

(this is also known 
as a “face-centered 
cubic” arranegment) 



Close-Packed Arrangements 

• The unit cells are shown below as spherical 
models 

– Cubic close-packed (ccp) (face-centered cubic) 

– Hexagonal close-packed (hcp) 



Interstitial Holes 
• The spaces between spheres in the close-

packing arrangements are called interstitial 
holes/interstitial spaces 

• Two types: 

– Tetrahedral (four point cavities) 

– Octahedral (six point cavities - larger) 



Non-Close Packed Arrangements 
• In many solids, the percentage of occupied space 

is less than 74% - these solids assume non-close 
packed arrangements 

• Arrangements below depict the simplest model 
that incorporates all the information of the lattice 
(a unit cell) 

What are the 

coordination 

numbers in 

these lattices? 

Simple cubic Body-centered cubic 

52% of space used 68% of space used 



circle = bcc 

diamond = hcp 

+ = ccp (fcc) Data quoted for T = 298 K 



Unit Cells 

• The smallest collection of spheres that describes a 
lattice (when it is repeated) is the unit cell 

• Some of the atoms in a unit cell are shared with other 
cells, and so they don’t completely belong to one cell 

Example, the atoms at the corners of the 
cell shown on the right are shared with 
seven other cells 
Each contributes 1/8 of an atom to the 
cell shown, and is called a “corner site” 
 

Corner site 

Face-centered site 

A body-centered cubic unit cell 



Unit Cell Contributions 

• Corner sites each contribute 1/8 of 
a sphere to a cell 

• Edge sites contribute ¼ sphere to 
the cell 

• Face sites contribute ½ sphere to 
the cell 

• Sites contained in the cell (e.g. the 
center site of a bcc cell) contribute 
1 each 

Face-centered site How many spheres (atoms/ions) occupy 
 - a simple cubic unit cell? 
 - a body-centered cubic cell? 
 - a face-centered cubic cell? 



This is an example of a binary solid (two elements involved) – what is its formula? 



Dimensions of Cubic Lattices 
• For cubic unit cells, it is possible to determine cell lengths 

(edge) and dimensions of lattice spaces 

• For example, a simple cubic cell will have an edge length of 2r, 
where r is the radius of a sphere  

• It can be shown that the corner-to-corner length indicated in 
the picture will be 31/2a 

Each sphere has a radius of r 
Each edge length (length of the edge of the 
unit cell) is then 2r (spheres contact at surface) 
Can also be shown that 
 - a sphere of radius up to 0.73r can fit 
 in the center 
 -the atoms occupy 52% of the available 
 space of the unit cell 

a 

31/2a 

21/2a 
Simple cubic unit cell 

In this diagram, let a = 2r 



Diamond 

 

• In diamond, C-atoms take on 
a fcc-type arrangement 

• Each C-atom is four-
coordinate (tetrahedral) and 
so possesses a complete 
octet of electrons through 
covalent bonds 

• Also adopted by Si, Ge, Sn 
and Pb (other C-group 
elements) 

 

 



Graphite 

• The most thermodynamically stable 
form of carbon (diamond is 
metastable), graphite consists of 
layers of carbon sheets that are 
built from fused, 6-membered 
carbon rings 

• The bonding that exists within a 
layer is covalent (and delocalized), 
but between planes, dispersion 
forces (non-covalent) hold the rings 
together (weak intermolecular 
force) 



Rock Salt Lattice (NaCl) 
• Interpenetrating fcc lattices of Na+ ions and Cl- ions (rem: fcc = ccp) 

• Cl- ions are much larger then the Na+ ions (Cl-: 181 pm; Na+: 102 pm). 

• Na+ ions are occupying octahedral holes in the unit cell shown 

• Each Na+, Cl- ion is octahedral (six coordinate) 

• NaCl-type lattice structures exist for many ionic compounds (NaF, NaBr, NaI, 
NaH, LiX, KX, RbX (X = halide), AgF, AgCl, AgBr, MgO, CaO, SrO, BaO, MnO, CoO, 
NiO, MgS, CaS, SrS, BaS) 

 

Binary Lattices 



CsCl Lattice 

• Eight coordinate ions (cations and 
anions) – body centered cubic 

• Interpenetrating simple cubic-type 
lattice 

• Adopted by CsBr, CsI, TlCl, TlBr 



CaF2 (Fluorite) Lattice 
• Eight-coordinate cations (Ca2+, grey spheres) 

• Four coordinate anions (F-, blue spheres) 

• Six cations are face-positioned, shared between adjacent cells. 

• This lattice type adopted for group II metal fluorides, BaCl2, and 
f-block metal dioxides 

• Exchanging the cations and anions in this structure would yield 
an antifluorite lattice – M2X stoichiometry.  Adopted by some 
group I metal oxides and sulfides (e.g. Na2S).  



Zinc blende, ZnS (diamond type) lattice 
 

• Similar to the fluorite lattice, with removal of half of 
the anions (so MX2 to MX stoichiometry). 

• Looks something like the structure shown for diamond 
– each atom is in a tetrahedral environment  

How many Zn, S 
atoms exist in this 
structure? 

Zn: grey 
S: blue 



Wurtzite (ZnS) lattice 

• Wurtzite formed by high 
temperature transition 
from zinc blende 

• Hexagonal prism unit cell 
with all ions tetrahedrally 
sited 

• How many Zn2+, S2- ions 
exist in this structure? 



β-cristobalite (SiO2) lattice 

• Again, a lot like a diamond 
structure, but with oxygen 
ions between the tetrahedral 
Si ions. 

• Si-O-Si bond angle in figure is 
180o, while in practice, it is 
found to be 147o (bonding in 
SiO2 is not purely 

electrostatic).  

In a pure ionic model, electrostatic attraction would be the only 
factor that would be expected to hold an ionic lattice together  



Rutile (TiO2) structure 

• Oxygen ions (white) are 
trigonal planar while 
titanium centers (black) 
are octahedral. 

• Four oxygen ions are 
face-oriented, while two 
are contained in the cell 



Perovskite (CaTiO3) lattice 

• A double oxide (oxygen atoms are coordinated to both Ca2+ and 
Ti4+ 

• Ca2+ ion is at center of cube unit cell 

• Ti4+ ions at corners of the cube (eight of these) 

• O2- ions at each edge of the cube (twelve of these) 



CdCl2, CdI2 Lattices 

• Common for MX2 structures to 
crystallize in this structure 

• Can observe the layers as ABAB 
(layered lattices) 

• I- ions (grey) are arranged in a hcp 
format with the Cd2+ ions (blue) 
occupying octahedral holes. 

• In CdCl2, the arrangement is ccp 

• Attractive forces that exist 
between these planes is weak 
(dispersion forces), and so fracture 
of a crystal of this kind usually 
produces cleavage planes  

CdI2 lattice 



Lattice Energies 

• We have already looked at bond dissociation 
enthalpies (energy required to break bonds in 
homonuclear and heteronuclear diatomics) when we 
looked at Pauling electronegativities 

• Energy is also required to break apart ionic lattices, 
due to the large amount of electrostatic forces that 
exist between the ions in the lattice 

• Coulombic forces (attractions, repulsions) 

• Born forces (electron-electron, nucleus-nucleus) 



Energy Between Two Point Charges 

• Consider what happens if we bring two point charges from an 
infinite separation to form an ion pair: 

Mz+(g) + Xz-(g)  MX(g) 
• We can calculate the change in internal energy (DU) as: 

 

 
 

• z is the magnitude of the charge of an ion; |z+/-| is the absolute value of 
this quantity (the modulus) 

• e is the charge of an electron (1.602 x 10-19 C) 
• eo is the permittivity of a vacuum (8.854 x 10-12 C2/J.m) 
• d is internuclear separation 
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• Because oppositely charged ions are attracted to one 
another, energy is released in this process 

• Consider the attractions and repulsions that exist in a 
rock salt lattice (between oppositely charged and like 
charged ions) 
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A Summary of Attractions and Repulsions 

• The attractions experienced by the Na+ ion are 
summarized as follows: 

• 6 Xz- ions, each at a distance d (the ions at the face 
sites) 

• 12 Mz+ ions, each at a distance (21/2)d (the ions at the 
edge sites) 

• 8 Xz- ions each at a distance (31/2)d (the ions at the 
ions at the corner sites) 

• 6 Mz+ ions each at a distance of (41/2)d (imagine the 
next set of blue spheres in figure beyond the face 
gray spheres) 



Madelung Constants 

• We must factor these attractions and 
repulsions into the expression: 

 

 

 

• Convergent series, which yields a number for 
each lattice type that is called the Madelung 
constant, A 
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Madelung Constants 

• If we sum the interactions (attractive and repulsive) 
between the ions of this lattice, we get a convergent 
term (for this lattice, the value converges to a value of 
~1.7476).  This value is obtained regardless of the actual 
charges on the ions. 

• Madelung constants (A) are unique for each 
coordination environment (i.e., for each type of crystal 
lattice).  
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Table 7-2, M. & T. 



Lattice Energy (almost there…) 

• The internal energy change for the formation of one 
mole of an ionic lattice in this arrangement is then 
calculated as: 

 

 

 

 

• L = Avogadro’s number (6.022 x 1023 mol-1) 

• but what about Born forces? (nuclear-nuclear, 
electron-electron forces) 
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Lattice Energies 

• If we consider electrostatic and Born forces, 
we arrive at the Born-Mayer equation 
(evaluated at equilibrium internuclear 
separation, do) 

 

 

 

• r corrects for repulsions at short distances.  
Typically, a value of 30 pm is used for r. 
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•Lattice energy can also be defined as the energy required to pull apart an ionic lattice 
 into its gas-phase ions, as defined in M&T, in which case, it is a positive energy 

Correction for 
Born forces This equation 

will enable us 
to predict lattice 
energies (called 

the calculated 
lattice energy 



Lattice Energies 

• Lattice energy can be defined as the internal energy 
change associated with the formation of one mole of 
the solid from its constituent gas phase ions at 0 
(zero) Kelvin.  Thus, at 0K, the lattice energy 
corresponds to the process:  

Mn+
(g) + nX-

(g)  MXn(s) 
 
Lattice energies may be estimated by assuming an 

electrostatic model (ions are point charges) – a good 
approximation in some cases.  In others, not so good. 



Sample Calculation: Lattice Energy 

• Calculate the lattice energy for NaCl (rNa-Cl = 
283 pm) 
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rNa+ = 116 pm 
rCl- = 167 pm 

Appendix B 



Sizes of Ions 

• Ions of ionic lattices are treated as hard spheres in these 
models 

• Think of the ions (of opposite charge) as just touching in 
this model, thus internuclear separation (do), determined 
experimentally, yields 

 

d = rcation + ranion 

 

• This pure, electrostatic model is a (sometimes poor) 
approximation of structure.  It assumes zero electron 
density between ion spheres (at odds with MO theory) 



Lattice Energy and Born-Haber Cycle 

• The Born-Mayer equation calculates an 
estimate of the lattice energy by considering 
various interactions in an electrostatic model.  

• We can also determine the lattice energy by 
employing experimental values (e.g. 
enthalpies of formation, bond dissociation 
enthalpies, etc.).  This procedure is called the 
Born-Haber cycle 



• Atomization 

• Bond Breaking 

• Ionization 

• Electron Affinity 

• Lattice Energy 

 

• Formation 

 

 

 

Na(s)  Na(g) 

Cl2(g)  2Cl(g) 
Na(g)  Na+(g) + e- 
Cl(g) + e-  Cl-(g) 
Na+(g) + Cl-(g)  NaCl(s) 

 
Na(s) + ½Cl2(g)  NaCl(s)  

Relevant Reactions For Sodium Chloride, NaCl 

Bond enthalpy, DCl2 corresponds to DH for Cl2(g)  2Cl(g) process  

B-2 

B-3 

Appendix 





Born-Haber Cycle 

 DHo
f(MXn,s) = DaH

o(M,s) + n/2D(X2,g) +    
 ΣIE(M,g) + nDEAH(X,g) +     
 DHo

lattice(MXn) 

 

• Rearranging, we get 

 

 DHo
lattice(MXn) ≈ DHo

f(MXn,s) - DaH
o(M,s) - n/2D(X2,g)- 

  ΣIE(M,g) - nDEAH(X,g)  

 

Born-Haber cycles are often called “experimental” lattice 
energies, since they are derived from thermochemical data. 

DHo
lattice(MXn) = DU(0K) 



Sample Calculation 

• Use the Born-Haber cycle to calculate the lattice 
energy of NaCl, given DHo

f(NaCl,s) = -407.6 kJ/mol 

 

• DaHo(Na,s) (sublimation of Na) = 108 kJ/mol 

• D(Cl2,g) (dissociation of Cl2) = 242 kJ/mol* 

• ΣIE(Na,g) (appendix B-2) = 495.8 kJ/mol 

• DEAH(Cl,g) (appendix B-3) = -349 kJ/mol*  

* Defined for Cl(g) + e-  Cl-(g) 

* Defined for Cl2(g)  2Cl(g) 



Sample Calculation 

• Thus, the lattice energy is: 

 
 DU(0K) ≈ DHo

f(MXn,s) - DaHo(M,s) - n/2D(X2,g)- 
  ΣIE(M,g) - nDEAH(X,g) 

 

 DU(0K) ≈ (-407.6 kJ/mol) – (108 kJ/mol) - ½( 242 
  kJ/mol) – (495.8 kJ/mol) – (-349 kJ/mol) 

 

= -783.4 kJ/mol  



Lattice Energies 

• We see there is only a minor discrepancy 
between the value obtained with the Born-
Mayer equation (-767 kJ/mol) and the Born-
Haber cycle (-783 kJ/mol) 

 

• For NaCl, there’s only a ~2% difference 
between the calculated and experimental 
energies (an ionic model provides a good 
approximation of NaCl) 



Lattice Energies 
• Since the calculated values agree so well (2% error), we see the 

electrostatic model is a reasonably good assumption for the type of 
bonding which exists in a NaCl(s) lattice 

• Not true for layered structures like CdI2(s) – recall the forces that exist 
in this structure 

• We also see that for silver halides, the calculated and experimental 
energies differ greatly, in the order AgF<AgCl<AgBr<AgI.  The bonding 
with larger halide ions has more covalent character, and thus an ionic 
approximation does not hold 

F Cl Br I



Radius Ratios 
• A rough guide for predicting structures of 

salts (cations and anions).  Use rcation/ ranion, 
or r+/r-) 

Value of r+/r- 

 

Predicted 

Coordination 

Number of 

Cation 

 

Predicted 

Coordination 

Geometry of 

Cation 

 <0.15 

 

2 

 

Linear 

 
0.15-0.22 

 

3 

 

Trigonal Planar 

 
0.22-0.41 

 

4 

 

Tetrahedral 

 
0.41-0.73 

 

6 

 

Octahedral 

 
>0.73 

 

8 

 

Cubic 

 



Radius Ratios 
 

• These guidelines often yield incorrect predictions – example: LiBr 
(r+/r- = 0.38; tetrahedral) 

• Predict only one coordination geometry for a given combination 
of ions (not helpful for polymorphic samples) 

• Examples: 
 

– What is the coordination number of Ti in rutile? (rTi3+ = 75 
pm; rO2- = 124 pm) 

 
– What is C.N. of Ca in fluorite? (rCa2+ = 126 pm; rF- = 117 pm) 

 
– What is C.N. of Zn in zinc blende? (rZn2+ = 77pm; rS2- = 170 

pm) 



Electrical Conductivity in Metals, 
Semiconductors, and Insulators 

• Electrical conductivity is a property displayed by metals 
and some inorganic and organic materials 

• Loosely defined as the ability of a substance to permit 
movement of electrons throughout its volume 

• On a molecular level, electrons can be passed around 
(atom-to-atom) by being promoted into empty orbitals 
on other atoms 

• Band theory is used to explain conductivity 


