
CRYSTALS THAT CANNOT BE DESCRIBED IN 

TERMS OF INTERSTITIAL FILLING OF A 

CLOSE-PACKED STRUCTURE
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CsCl STRUCTURE

→

→

→
Adoption by chlorides, bromides and 

iodides of larger cations
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MoS2 STRUCTURE

→

→

→

• layered structure
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•both MoS2 and CdI2 are LAYERED structures 

•MoS2 layers are edge-linked MoS6 trigonal prisms

•CdI2 layers are edge-linked CdI6 octahedra
157



MoS6 trigonal prisms AsNi6 trigonal prisms

158



COVALENT NETWORK STRUCTURES
Concept of CONNECTEDNESS (P) of a network connecting structural units 
(atoms or groups)

e.g. Structures of Non-Metallic Elements

The "8-N Rule“

connectedness = 8 – # valence electrons

P = 8 – N

P = 1 
e.g. I2 dimers

Space group: Cmca
orthorhombic

159

http://www.chem.ox.ac.uk/icl/heyes/structure_of_solids/Coords/I2.cmdf
http://www.chem.ox.ac.uk/icl/heyes/structure_of_solids/Coords/I2.cmdf


FCC metal

STRUCTURES OF THE ELEMENTS

P = 1 
e.g. I2 DIMERS
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P = 2 
e.g. S8 RINGS

• the packing approximates a distorted close-packing arrangement

• apparently 11-coordinate (3 left + 5 in-plane + 3 right)
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P = 2 
e.g. gray selenium HELICAL CHAINS

• this allotrope of Se is an excellent photoconductor

Chains form a 3-fold Helix down c
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ALLOTROPY

A polymorph is a distinct crystalline form of a substance (e.g., zinc blende & wurtzite).

Polymorphs of elements are known as allotropes.
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P = 3 
e.g. gray As, Bi LAYERS Interlinked 6-membered rings
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P = 3 
e.g. sp2 carbon LAYERS and CAGES
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P = 4 
e.g. sp3 carbon DIAMOND FRAMEWORK
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Structures with the Diamond FRAMEWORK

P = 4 Networks
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Cristobalite: a high-
temperature polymorph of 
quartz

cuprite: a cubic semiconductor
CNCu : 2      CNO : 4

Cu

O
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SILICATE MINERALS
Networks of corner-sharing tetrahedral SiO4

4- Units

Chemical formula hints at network structure:
• terminal oxygens count as 1
• bridging oxygens count as 1/2
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Si:O = 1:4

P = 0, Orthosilicate, SiO4
4-

e.g. Mg2SiO4 Forsterite

isolated tetrahedra

Most abundant mineral in upper mantle
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Si:O = 1:3.5

P = 1, Pyrosilicate, Si2O7
6-

e.g. Sc2Si2O7 Thortveite

dimers 172

http://www.chem.ox.ac.uk/icl/heyes/structure_of_solids/Coords/SiThortv.cmdf
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Si:O = 1:3

P = 2 Rings, Si6O18
12-

e.g. Be3Al2Si6O18 Beryl (the minerals emerald [Cr2+], aquamarine [Fe2+]) 

Hexagonal rings – a cyclosilicate
173

http://www.chem.ox.ac.uk/icl/heyes/structure_of_solids/Coords/SiBeryl.cmdf
http://www.chem.ox.ac.uk/icl/heyes/structure_of_solids/Coords/SiBeryl.cmdf


Si:O = 1:3

P = 2 Chains, Pyroxene, [(SiO3)
2n-]n

e.g. CaMgSi2O6 Diopside
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Si:O = 1:2.75

P = 2 & 3, Chain of Rings, Amphibole, [(Si4O11)
6n-]n

e.g. Ca2Mg5Si8O22(OH)2

Tremolite
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Si:O = 1:2.5

P = 3, Layers, [(Si2O5)
2n-]n

e.g. Mg3Si4O10(OH)2 Talc
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Si:O = 1:2

P = 4, Tectosilicate, SiO2

e.g. Mn+
x/n[(AlO2)x(SiO2)y].mH2O Zeolite ZSM-5

Full 3D framework
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SOME REASONS WHY CRYSTALS ADOPT 

THE STRUCTURES THEY DO

• Atom size
• Type of bonding
• Electron configuration

178
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THE IONIC MODEL OF SOLIDS

The ionic theory of solids (1920s, due to Goldshmidt) considers ions as charged, 

incompressible, and non-polarizable spheres 

More sophisticated models assume ions are composed of two parts:

• a central hard, unperturbable core, where most electron density is concentrated

• a soft, polarizable outer sphere, which contains very little electron density

→ ions have no clearly defined radius and can readily change size (elasticity) and

shape (polarizability)

Victor Goldshmidt

Purely ionic bonding is an idealized form of bonding never 
attained in practice. There is always some covalent character.

Ionic theory is a useful starting point for describing solids 
that in reality have some amount of covalent bonding. 

Pauling's Rules:
Goldschmidt's structural principles for ionic crystals were summarized by 
Linus Pauling in a set of 5 Rules. 179



IONIC RADII ARE AMBIGUOUS

Non-polar covalent atomic radii are easily measured, but ionic radii are not. 

Electron density contour map of LiF (100) from XRD 

Electron density along Li-F internuclear axis

Broad minimum in density!
Where does Li+ end & F- begin? 

e-/Å3
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IONIC RADII ARE VARIABLE

Ions can expand or contract within certain limits (elasticity). Their size varies  
with coordination number.

Values according to the set of radii 
by Shannon and Prewitt (1969), 
referenced to rF- = 1.19 Å and 
rO2- = 1.26 Å

Shannon-Prewitt radii are:

• additive
• self-consistent
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RADII TRENDS

Ionic radii (rion) given for octahedral coordination

Li+ < Na+

< K+ < Rb+

Si4+ < Al3+ < Mg2+ < Na+
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IONIC RADII TRENDS

183



PAULING’S FIVE RULES for IONIC CRYSTALS

Linus Pauling

Historically, Pauling's Rules have been widely 
used, & are still useful in many situations.
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SIZE MATTERS, VALENCY NOT SO MUCH

Molecules and Molecular Materials

• Absolute coordination numbers are controlled by valency (VSEPR)

Non-Molecular Materials

• Valency has only an indirect bearing on coordination number 

e.g., NaICl, MgIIO, ScIIIN, TiIVC are all rock salt (6:6) despite the change in 
valency and trend from predominantly ionic to covalent bonding

• Ionic Size does influence coordination number 
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PAULING RULE #1: Coordination Polyhedra

"A coordination polyhedron of anions is formed around every cation (and vice-

versa) - it will only be stable if the cation is in contact with each of its neighbors.”

• Ionic crystals may thus be considered as sets of linked polyhedra 

• The cation-anion distance is determined by the radius sum

• The coordination number of the cation is determined by the radius ratio 
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PAULING RULE #1

In order to maximize the net electrostatic attraction between ions in a 
structure, the Coordination Number of the Cation will be Maximized 

subject to the criterion of Maintaining Cation-Anion Contact

Determined by comparison of the ratio of the ionic radii (r+/r-), 
with values derived from the geometric contact criterion

Radius Ratio Rules

The Radius Ratio Rules are correct ONLY 1/2 of the time!

stable unstabletransitional
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Coordination number increases with r+/r-

RADIUS RATIO RULES

188



Red lines =

ions in 

contact
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Limiting Radius Ratios - anions in the coordination polyhedron of 

cation are in contact with the cation and with each other 

If cations were to shrink further (i.e. r+/r- decrease), cation-anion 

contact would be lost, in contravention of Pauling's 1st Rule.

Radius Ratio Coordination no. Binary (AB) Structure-type

r+/r- = 1 12 none known

1 > r+/r- > 0.732 8 CsCl

0.732 > r+/r- > 0.414 6 NaCl

0.414 > r+/r- > 0.225 4 ZnS
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Test with alkali halides

Better results with MX2

structures!

SiO2 : 0.32 : CN = 4
TiO2 : 0.59 : CN = 6
CeO2 : 0.88 : CN = 8      
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LATTICE ENERGY

Ionic structures are held together by electrostatic forces and, therefore, are arranged 

so that cations are surrounded by anions, and vise versa 

Lattice Energy (U) = energy required to sublime the crystal and
convert it into a collection of gaseous ions.

NaCl (s) → Na+ (g) + Cl- (g) , ΔHlattice ≈ U Electrostatic potential energy 
(attraction & repulsion):

Short-range Pauli repulsion:

nr

B
V 

B: Born constant
n: Born exponent (n = 5-12)

UNaCl = 778 kJ/mol
192
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REPULSIVE TERM

Ion Configuration n

He 5

Ne 7

Ar, Cu+ 9

Kr, Ag+ 10

Xe, Au+ 12

Born

The value of the Born-Landé exponent is dependent upon 
the electronic configuration of the closed shell ions.

e.g. Na+Cl- = [Ne][Ar]

→ n = (7+9)/2 = 8

The more compressible the ion, the larger its Born exponent

193



194



Madelung

MADELUNG CONSTANT

....)
4

6

3

8

2

12
6(

4 0

2

 

r

eZZ
V



Madelung Constant (A):
The numerical value of the series summation

• Depends only on the geometrical arrangements of ions 
(the crystal structure), not the lattice constant

Crystal structure Madelung constant Coordination

Rock salt 1.748 6 : 6

CsCl 1.763 8 : 8

Sphalerite 1.638 4 : 4

Fluorite 2.520 8 : 4

Rutile 2.408 6 : 3
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BORN-LANDE EQUATION FOR U

This is the Born-Landé equation (1918)

U is the sum of Coulombic attraction and Pauli repulsion:
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SOME LATTICE ENERGIES

• for a given crystal structure, U depends most strongly
on the charge on the ions

• the internuclear separation re has a smaller effect

Melting point:  MgO: 2800°C
CaO: 2572°C
BaO: 1923°C

increasing
lattice constant
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KAPUSTINSKII’S EQUATION

Kapustinskii noted in 1956 that the Madelung constant, the 
internuclear distance and the empirical formula of simple ionic 
compounds are interrelated. He derived a formula that can be used to 
estimate the lattice energy of any hypothetical compound without 
knowing its structure (i.e., w/o the Madelung constant). 

• n is the # of ions per formula unit

• radii are in picometers
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BORN-HABER CYCLES

Lattice energies are calculated from Born-Haber cycles rather than measured directly

Let’s use a B-H cycle to form crystalline NaCl from Na (s) and Cl2 (g) 

in their standard states:

)()(
2

1
)( 2 sNaClgClsNa 

)()( gClgCl 

)()( gNagNa 

+

fH

dissociation

1

2
H D 

sublimationH S  EA

IP

-U

UEAIPDSH ondissociatif 
2

1
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For NaCl:

S 109 kJ/mol

IP 493.7 kJ/mol

½D 121 kJ/mol

EA -356 kJ/mol

ΔHf -410.9 kJ/mol

U = 778.6 kJ/mol

Born-Lande: 764.4 kJ/mol
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UBorn-Lande UBorn-Haber ΔU

AgF 920 953 33

AgCl 832 903 71

AgBr 815 895 80

AgI 777 882 105

Increasingly covalent

The Born-Landé equation is a poor approximation to the lattice 
energy for compounds with significant non-ionic character

Rock 
Salt

CN 4
structure
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The Born-Landé equation is also a poor approximation to the 
lattice energy for transition metal compounds with crystal field 

stabilization energy (CFSE):

e.g. MF2 compounds (high spin rutile)

No CFSE
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PAULING RULE #2: Electrostatic Valence

Principle (“charge balance”)

“In a stable ionic structure the charge on an ion is balanced by the sum of 

electrostatic bond strengths to the ions in its coordination polyhedron.”

• A stable structure must be arranged to preserve local electroneutrality

Electrostatic Bond Strength (e.b.s.)
• For a cation Mm+ surrounded by n anions Xx- the electrostatic bond strength of

the cation-anion bonds is:

• For each anion, the sum of the electrostatic bond strengths of the
surrounding cations must balance the formal charge on the anion:

. . .
m

e b s
n



cations

m
x

n


e.g. Fluorite, CaF2: Ca
2+ (8-coordinate) e.b.s. = 2/8, and

so, # = 4 (F- is 4-coordinate)

#

1
1

4cations

x 



Pauling’s 2nd Rule helps with structure prediction/rationalization:

ReO3:

→ Re6+ is 6-coordinate & O2- is 2-coordinate 

6e.b.s.Re 6 /

(6 / ) 2
cations

n

n

 



CaTiO3:
2

4

2 4

e.b.s.Ca 2 /12 1/ 6

e.b.s.Ti 4 / 6 2 / 3

(1/ 6) (2 / 3) 2
Ca Ti





 

 

 

  

→ O2- is coordinated to 2 Ti4+ & 4 Ca2+ ions
(each oxygen is common to 2 TiO6

octahedra and 4 CaO12 cuboctahedra)   205

6,  cations = 2n 
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http://www.chem.ox.ac.uk/icl/heyes/structure_of_solids/Coords/ReO3.cmdf
http://www.chem.ox.ac.uk/icl/heyes/structure_of_solids/Coords/PerovP2.cmdf
http://www.chem.ox.ac.uk/icl/heyes/structure_of_solids/Coords/PerovP2.cmdf


PAULING RULE #3: Polyhedral Linking

“The stability of structures with different types of polyhedral linking is 

vertex-sharing > edge-sharing > face-sharing.”

• Effect is largest for cations with high charge and low coordination number

• Especially large when r+/r- approaches the lower limit of the polyhedral stability
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promotes
Ni-Ni bonding

Obeyed by compounds of high polarity, e.g. oxides/halides

Not obeyed by compounds of lower polarity

e.g. SiO2 = vertex-linked Tetrahedra, but SiS2 = edge-linked Tetrahedra

Flouted by some compounds



PAULING RULE #4: Cation Evasion

“In a crystal containing different cations, those of large valence and small 

coordination number tend NOT to share polyhedron elements with each other.”

In other words, highly charged cations will tend to be as far apart as possible 
to minimize electrostatic repulsion. 

Partly just a corollary to Rule #3.

CaII 12-coordinate CaO12 cuboctahedra share FACES

TiIV 6-coordinate TiO6 octahedra share only VERTICES

e.g., CaTiO3
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PAULING RULE #5: Parsimony

“The number of essentially different kinds of constituents in a crystal tend to be 

small.”

i.e. as far as possible, similar environments for chemically similar atoms

e.g., Treating the mineral Garnet Ca3Al2Si3O12 as an ionic crystal…

Ca2+ Al3+ Si4+

coordination 8 6 4

e.b.s. 1/4
1/2 1

O2- formal charge of 2 is satisfied by a number of alternative combination of bonds 

• Pauling Rule 5: Each O2- most likely in the same environment 

• Only one possible arrangement: 
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1. Around every cation, a coordination polyhedron of anions forms, in 

which the cation-anion distance is determined by the radius sum and the 

coordination number is determined by the radius ratio.

2. The Electrostatic Valence Rule: An ionic structure will be stable to the 

extent that the sum of the strengths of the electrostatic bonds to an anion 

equals the charge on that anion.

3. The sharing of edges, and particularly faces by two anion polyhedra 

decreases the stability of a crystal.

4. An extension of the third rule: In a crystal which contains different 

cations, those with high charge and low coordination numbers tend not to 

share elements of their coordination polyhedra.

5. The Rule of Parsimony: The number of essentially different kinds of 

constituents in a crystal tends to be small.

SUMMARY OF PAULING’S RULES
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WHEN PAULING’S RULES ARE BROKEN

Non-ionic bonding d Electron effects

Jahn-Teller distortions

Pauling’s Rules are disobeyed by compounds that are not well described by the ionic 

model. Often special structural influences on the bonding are responsible.

→ wurtzite

→ face sharing
211



WHEN PAULING’S RULES ARE BROKEN

The inert pair effect

Distorted coordination polyhedra
(tetragonally-distorted CsCl structure)

• Divalent Group IV ions
have stereochemically  
active lone pairs

Pb2+ : [Xe]4f145d106s2

• Most common with 
heavy p-block elements 
Tl, Sn, Pb, Sb, Bi 
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Covalent bonding, partial or complete, occurs when the outer charge density on an 

anion is polarized by and toward a neighboring cation

FAJANS’ (“fayans”) RULES FOR COVALENCY

Fajans’ Rules (1923) are used to predict the polarization of a chemical bond, 

depending on the charge of the cation and the relative sizes of cation and anion.

Polarization (covalency) will be increased by:
1. High charge and small size of the cation

Ionic potential Z+/r+ = polarizing power
2. High charge and large size of the anion

The polarizability of an anion is related to the deformability
of its electron cloud (i.e. its "softness") 

Ionic Covalent

Low positive charge High positive charge

Large cation Small cation

Small anion Large anion
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Indirect evidence that the 
structure is NOT ionic

Increasing Polarization (less 
ionicity) in bonding

low-dimensionality 
layers/chains
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MOOSER-PEARSON PLOTS

Structure maps based on average atomic size and electronegativity differences.

Electronegativity: A measure of the net attractive force felt by a foreign 
electron in the vicinity of an atom.

• larger n, larger orbitals
→ less directionality 

(more ionic)
e.g., Si, Ge, Sn, Pb
covalent → metallic

• almost perfect division of
compounds into 4 structures

(critical ionicities)

• suggests increased ionicity of
wurtzite over zinc blende
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TRIANGLES OF BONDING

AB compounds, according to the 
electronegativities of A and B

Ketelaar’s Triangle (1947)Jensen’s Triangle (1995)

for binary AxBy compounds  

http://www.meta-synthesis.com/webbook/38_laing/tetrahedra.html 216
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ZINTL PHASES

Intermetallic compounds of an alkali or alkaline earth and a p-block element.

Rb12Si17
K8In11

In11
7-

K4Ge4

CaSi

Ba3Si4

others:

Si44-
Si94-

polyanionic compounds


