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There are interactions between atoms and molecules,

otherwise there would be no condensed phases, only gases.

condensed phases

(liquid, solid)
gas phase

ENERGY

ENTHROPY
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Main types of interactions in solids:

 Supramolecular interactions (for molecular solids):

weak van-der-Waals interactions

H-bond interactions

 Chemical interactions:

covalent (maximum directedness of chemical bond)

metallic (maximum degree of valence electron delocalization)

ionic (maximum electronegativity difference)

ionic bond

covalent

bond

metallic

bond

LiF

TiAl SiO2
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PART 1:

Weak intermolecular 

interactions 
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Weak (van-der-Waals) interactions in molecular solids

dipole-dipole interactions (orientation interactions): Edd 
μ1

2 μ2
2

k T r6

r = intermolecular distance

μ = molecular dipole moment

α = polarizability of the molecule

T = temperature

k = Boltzmann constant 

dipole-induced dipole (induction interactions): Edd  –
μ2 α

r6

induced dipole-induced dipole (London dispersion): Edd  –
α2

r6
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The induction and dispersion interactions are always attractive.

The orientation interactions can be attractive or repulsive, depending on 

the mutual orientation of the dipoles.

The orientation and induction forces are anisotropic and depend on the 

relative orientation of the molecules. The dispersion interactions are 

isotropic

Some general principles of van-der-Waals interactions

type of weak iso- or attractive or typical

interaction anisotropic repulsive energy

orientation anisotropic attractive or repulsive 1-10 kJ/mol

10-30 kJ/mol (H-bond)

induction anisotropic attractive 1-10 kJ/mol

dispersion isotropic attractive 0.5-5 kJ/mol
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Lennard-Jones potential for weak intermolecular interactions

E(r) = ·[(rm/r)12 – 2(rm/r)6]

repulsion component interaction component

Distance

Energy

rm  sum of the van-der-Waals radii

– 

0
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Some general comments on molecular structures

The van-der-Waals interactions are weak (although numerous). The 

molecular crystals usually are well soluble in an appropriate solvent and 

have low melting points

 Typically, the individual molecules pack closely together to maximize 

the number of intermolecular van-der-Waals contacts. Their mutual 

orientations should satisfy the formation of strongest interactions (which 

are, usually, H-bonds)

H-bond interactions

(2.62 Å)

- stacking

(3.37 Å = 2 × 1.7 Å) molecular packing

PhCOOH
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PART 2:

Covalent bonding 
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Covalent bonding

atomic

s-orbital

+

s molecular orbitalatomic

s-orbital

Energy
Em – energy of molecular state

Ea – energy of atomic state

Em

Ea E = Em – Ea E < 0

E – energy of orbital overlapping

E

Bonding between two atoms:

*

higher electron (negative) density

between nuclei (positive)

bonding level

antibonding level
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Strong bonding/antibonding in molecular orbitals depends on the atomic orbital 

overlapping, which is, in turn, in direct proportion to 1) the similarity of atomic 

orbitals’ radii and 2) the similarity of atom’s ionization potentials (IP): 

the same IP

covalent non-polar bonding

similar IP

covalent polar bonding

very different IP

ionic bonding

Ec > Ep > Ei

Energy of the covalent interactions

2)

1)

vs.
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covalent bond

e.g. H—O in H2O

donor-acceptor bond

(coordination bond)

e.g. Fe—O in Fe(H2O)6
3+

The electrons of covalent and coordination bonds are localized between 

bonding atoms and not shared over other atoms and/or bonds

Formation of two-electron -bonds between atoms

* *

unpaired electron
empty

orbital
lone

electron

pair
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Geometry of covalent bonds

Valence shell electron pair repulsion (VSEPR) a.k.a. Gillespie-Nyholm method allows 

to predict the geometry of the diamagnetic covalent compounds of s- and p-elements. 

1) Number of the valence electrons: VE = N(s) + N(p)

2) Number of lone electron pairs: E = (VE – BN)/2  (BN = the number of actual bonds)

3) Steric number: SN = X + E (X = the coordination number, the number of -bonds)

Steric number determines the geometry of the central atom

Molecular covalent bonds (including donor-acceptor bonds) are formed by 

interactions of the atomic orbitals, which are not isomorphous along different 

directions (except s-orbitals):

Therefore, atoms usually adopt certain robust geometries of the covalent bonds, 

depending on an electronic state, hybridization, interatomic repulsion, etc.
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SN = 5

SN = 6

SN = 4

SN = 3

SN = 2

Structure determination by VSEPR (Gillespie-Nyholm) method

Steric number (SN) = -bonds (X) + lone electron pairs (E)
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Typical examples of ligand geometry for some d elements

linear sp Ag+

square dsp2 Pt2+; Pd2+; Au3+, Rh+,(Ni2+)

tetrahedral        sp3; spd2 Zn2+; Fe3+; Co2+; Ni2+; Hg2+; etc. 

octahedral       sp3d2; sp2d3
Pt4+; Fe2/3+; Co2/3+; Ni2+; Al3+ 

and many other metals

sp3d4 [Mo(CN)8]
4−; [W(CN)8]

4−; [ZrF8]
4−

CN = 6

CN = 8

CN = 4

CN = 4

CN = 2

square

antiprizm
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The coordination geometry, and ligand positions (directions) for each atom are 

usually well defined 

The ligand geometry could be explained and predicted from either hybridization 

(reasonably works for d-elements) or the VSEPR theory, which works great for 

s- and p-elements

The overall structure of covalent network is defined by molecular structures of each 

central atoms and bridging elements:

Some general principles of coordination networks

octahedral geometry

(sp3d2)

+

linear geometry

(sp + sp)

Prussian blue

(primitive cubic net)

Fe3+ CN–
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PART 3:

Metallic bonding 
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Electron in the single atom vs. periodic potential well

potential

energy

distance

= metal cation

E

Eg

N(E)

HΨ = E0Ψ
^

Schrödinger equation

E

potential

energy

distance

discrete degenerate levels continuous bands of levels

N

N(E) – density of states in the band
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Li

2

Li

3

Li

4

Li



…

…

Filled

orbitals

Empty

orbitals

Fermi level

Fermi level (Fermi energy) – the highest occupied level in the band at T = 0 K

Band formation in metallic bonding in a chain of s-elements

Metallic type bonding is packed array of atoms with valence electrons 

delocalized throughout the extended structure, forming infinite bands

Band – continuum of molecular orbitals 
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Example of band formation in 1D metallic chain (d-element)

Pt chain in K2[Pt(CN)4]

x
z

y

Formation of bands

pz

dxy

dyz

dz
2

pz

dyz; dxz

dxy

dz
2

dx
2-

y
2

Orbitals overlapping in a polymeric chain
(Pt2+ = d8)

Better overlap of atomic orbitals results in the wider bands (and vice versa)
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N(E) – density of states in the band

EF – Fermi level

VB – valence band, the highest occupied band

CB – conduction band, the next after the valence band

Eg – band gap, forbidden energy levels

N(E) N(E) N(E)

Band structure in metals, semiconductors and insulators

E E E
Eg

Eg

VB CB VB CBVB

EF

conductor

Eg = 0

semiconductor

Eg < 0.5  3 eV

insulator

Eg > 4 eV

The band occupancy usually follows the occupancy of the corresponding 

electron orbitals in individual atoms (e.g. Li, vide supra)
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Example of band structure in solids. Beryllium.

Energy

2s

2p

Be2

N(E)

Energy

Fermi level

2s band

2p band

bulk Be

2s

2p

1s 1s 1s band

In metallic Be 2s and 2p bands overlap and therefore only partly occupied, 

which cause high electroconductivity properties.
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Another example of band structure in solids. Silicon.

Energy

3s

3p

Si2
N(E)

Energy

bulk Si

Valence band

Conducting band

Eg = 1.12 eV

Bands are formed from hybrid sp3 orbitals. Small energy gap (1.1 eV) between 

VB and CB in silicon makes it nice example of semiconductors

4  sp3 sp3
sp3



*

Si = [Ar]3s23p2
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N(E)

Energy

Metal bonding in Group 14 elements (C, Si, Ge, Sn, Pb)

Diamond structure

r(Sn) = 1.45 Å; Eg = 0

r(Pb) = 1.80 Å; Eg = 0

metal conductors

r(Si) = 1.10 Å; Eg ~ 1.1 eV

semiconductor

r(Ge) = 1.25 Å; Eg ~ 0.67 eV

semiconductor

r(C) = 0.7 Å; Eg ~ 6 eV

insulator

2s22p2

3s23p2

4s24p2

5s25p2

6s26p2
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The list of band gaps (eV) in some materials (at T = 300K)

Material  Symbol  Eg

Cadmium selenide CdSe 1.73

Aluminium antimonide AlSb 1.6

Cadmium telluride CdTe 1.49

Gallium(III) arsenide GaAs 1.43

Indium(III) phosphide InP 1.35

Copper(II) oxide CuO 1.2

Silicon Si 1.11

Gallium antimonide GaSb 0.7

Indium(III) nitride InN 0.7

Germanium Ge 0.67

Lead(II) sulfide PbS 0.37

Indium(III) arsenide InAs 0.36

Lead(II) telluride PbTe 0.29

Lead(II) selenide PbSe 0.27

Material  Symbol  Eg

Aluminium nitride AlN 6.3

Diamond C 5.5

Zinc sulfide ZnS 3.6

Gallium(III) nitride GaN 3.4

Zinc oxide ZnO 3.37

Silicon carbide SiC 2.86

Zinc selenide ZnSe 2.7

Gallium(II) sulfide GaS 2.5

Aluminium phosphide AlP 2.45

Cadmium sulfide CdS 2.42

Gallium(III) phosphide GaP 2.26

Zinc telluride ZnTe 2.25

Aluminium arsenide AlAs 2.16

Selenium Se 1.74
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The electronic structures of TiO and NiO (both are NaCl type)

Crystal structure of MO (M = Ti2+, Ni2+)

t2g

eg

degenerate

d orbitals

Splitting of d levels in 

octahedral field

Ti2+ = d2 Ni2+ = d8

t2g

eg

t2g

eg

dxzdxy

dz
2dx

2
-y

2

dyz
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MO orbital structure (view along the xy plane)

overlapping dxy orbitals (t2g state) no overlap of dx
2

-y
2 orbitals (eg state)

x

y

M2+

O2-

t2g

eg

2pM2+

O2-
σ

σ* bonding
bandThe orbitals of t2g level point between O2-

anions and overlap, forming band structure

The orbitals of eg level point towards O2-

anions and form covalent bonds with 

discrete molecular levels
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Electronic structure of TiO and NiO

Size of Ti2+ is larger than Ni2+, therefore the overlapping is stronger for Ti2+.

The bonding band is partially occupied for TiO and fully occupied for NiO.

t2g

eg

2p

Ti2+ O2-

σ(TiO)  103 (Ω·cm)-1

typical conductor

t2g

eg

2p

Ni2+ O2-

σ(NiO)  10-14 (Ω·cm)-1

typical insulator
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From the structural point of view metals could be regarded as cationic 

spheres, immersed into the electron media.

The packing motif of most metals usually obeys hexahonal (hcp) or cubic (fcc) 

close packing of spheres, or body-centered cubic (bcc). 

Atomic packing for metals
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PART 4:

Ionic bonding 
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 Ions are charged, polarizable and elastic 

(within a narrow range) spheres

 Ionic structures are held together by 

long-range Coulomb’s forces, since in solids 

cations are surrounded with anions and vice 

versa

 The ionic structures are prevented from 

collapse by short-range Born repulsion

Some general principles of ionic structures

The electron density map

in LiF crystal

E = –
z1  z2

40r
e2

E =
B

r n

B – Born constant; n – parameter, n  5  12

Li F
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Calculation of Coulombs interactions in NaCl crystal structure

Coordination spheres of selected Na+ cation

E = –
z1  z2

40r
e2

1
2

3

4

5

6

E = –
z1  z2

40r
Ne2 A

N – the number of identical atoms in 

the structure (N = 2 for Na+ and Cl–)

A – Madelung constant, depends on 

the arrangement of ions in the 

structure

For the rock salt (NaCl) structure:  A = 6 – 12/2 + 8/3 – 6/4 + ···· =1.748

single

interaction

in whole

crystal

r = distance between 

anion and cation
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Lattice energy in ionic crystals

Coulomb’s interactions:

Born repulsion:

Lattice energy (U) in ionic 

crystals as a function of 

interatomic distance (r)

Total lattice energy: U = EC + EB + EW

EC = –
z1  z2

40r
Ne2 A

EB =
B

r n
N

Umin = –
z1  z2

40req

Ne2 A  (1 – 1/n)

Equilibrium interatomic parameter 

for the minimum lattice energy (weak 

interactions are ignored):

Weak interactions: EW  –
1

r 6

EB

EC

Umin

req

U

0
r

(n  5  12)

Born repulsion contributes ca. 10-15% of 

the total lattice energy of ionic crystals
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The Madelung constants for some simple structural types

Formula Structural type CN Madelung constant

MX Wurtzite (ZnS) 4 1.641

MX Sphalerite (ZnS) 4 1.638

MX Rock salt (NaCl) 6 1.748

MX CsCl 8 1.763

MX2 Fluorite (CaF2) 8+4 2.520

MX2 Rutile (TiO2) 6+3 2.408

Among possible packing types, the ionic structure tends to adopt packing 

with higher CN and Madelung constant

For smaller cations high CNs are not possible, favoring packing with smaller 

Madelung constants
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Geometrical principles for tight ion arrangements in binary salts

Calculation of the limiting radius ratios 

rM / rX for binary MX ionic salt

M = cation; X = anion

rM – ionic radius of cation

rX – ionic radius of anion

a – unit cell parameter

structural

rM / rX CN P-hedron       type

> 0.732 8 cube CsCl

0.732 ÷ 6 octa- NaCl

0.414 hedron 

< 0.414 4 tetra- ZnS

hedron sphalerite

CN = 8 CN = 6 CN = 4



PART 5:

Description of structures 

based on packing of balls

Important basic

structural types 
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Hexagonal close packing 

CN = 12

Cubic body-centered packing

CN = 8

Primitive cubic packing

CN = 6

The most important sphere packing types

Cubic close packing = face-centered cubic

CN = 12
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Detailed structure of cubic close packing

Each unit cell of ccp has 4 lattice atoms (yellow), 8 tehrahedral (T) and 4 octahedral 

(O) sites. One O is in the center of cube, the others are shared with adjacent unit cells

fcc sphere packing

lattice atoms

Octahedral site

Tetrahedral site
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Structure of NaCl (rock salt)

Cl– anoins form ccp lattice 

Na+ cations occupy octahedral sites

CN(Cl–) = CN(Na+) = 6 (octahedron) **

The rock solt structure is very common for AB 

ionic compounds (halides and oxides)

**) For the compounds AxBy coordinaton numbers are related 

inversely to the stoichiometry:  CN(A) / CN(B) = y / x

The structure could be viewed 

as edge-shared octahedra 

NaCl6 or ClNa6
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Structure of ZnS (sphalerite, zinc blende)

The nature of Zn and S sites are equal

Zn(S) ions form ccp motif 

S(Zn) ions occupy half of the tetrahedral 

sites

CN(Zn) = CN(S) = 4 (tetrahedron)

The structure could be viewed as packing 

of corner-shared tetrahedra

The structure is common for covalent nets, 

rather than for ionic compounds
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Structure of CaF2 (fluorite)

Ca2+ cations form ccp lattice 

F– anions occupy all tetrahedral sites

CN(Ca2+) = 8 (cube)

CN(F–) = 4 (tetrahedron)

The structure could be viewed as packing 

of edge-shared tetrahedra

The structure is common for ionic solids 

with AB2 stoichiometry.

Antifluorite – anionic ccp lattice with 

cations in tetrahedra sites (e.g. Na2O)
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C (diamond)

Diamond is sphalerite where Zn and S 

are the same (C)

CN(C) = 4 (tetrahedron)
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Cesium chloride (CsCl)

This is not a body-centered structure, 

since the atoms in the origin and in the 

center of the cell are different

Cs+ and Cl– ions are structurally identical

Cs+ (Cl–) ions form primitive cubic 

packing, where counter ion occupies the 

center of the cubic unit cell

CN(Cl–) = CN(Cs+) = 8 (cube)
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Pyrite (FeS2)

CN(Fe2+) = 6 (octahedron)

CN(S2
2–) = 6 

CN(S) = 3 (distorted triangle, ignoring S—S bond)

Iron(II) cations occupy close-packed fcc lattice.

The S2
2– anions centers the octahedral cages. 

Fe

S

The overall structure could be seen as NaCl type with alternating Fe2+ and S2
2– ions 

(left) or packing of swung, corner-shared octahedra (right)
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Rutile (TiO2)

The Ti4+ cations adopts body-centered 

tetragonal packing. O2– anions form 

bridges between three Ti4+ atoms

CN(Ti4+) = 6 (distorted octahedron)

CN(O2–) = 3 (triangle)

The structure could be viewed as packing 

of vertices- and edge-shared distorted 

octahedra
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Rhenium trioxide (ReO3)

Re6+ cations form primitive cubic net, 

O2– anions lie in the middle of the

Re—Re edges

CN(Re6+) = 6 (octahedron)

CN(O2–) = 2 (linear)

The structure 

could be viewed as 

corner-shared 

octahedra ReO6
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Perovskite (CaTiO3)

Perovskites have the generalized formula ABO3, (A – larger cation; B – smaller cation) 

In the ABO3 structure anions O2- and A cations form ccp motif with ¼ octahedral 

positions occupied by B cations.

CN(A) = 12 (as in cp structures)

CN(B) = 6 (octahedron)

CN(O2–) = 2 (strong) + 4 (weak) = 6(squashed octahedron)

Oxygen

Metal B (small)

Metal A (large)

Two views of ABO3 perovskite structure with origin at B (left) or A (right)

Perovskite structure is formed by inserting of another cation into a center of ReO3 cage
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Spinel (MgAl2O4)

Normal spinels have the generalized 

formula AB2O3, where A – tetrahedral 

cation; B – octahedral cation. 

In a normal spinel anions O2- form ccp

where ⅛ of tetrahedral sites are 

occupied by A and  ½ of octahedral 

positions occupied by B cations.

CN(A) = 4 (tetrahedron)

CN(B) = 6 (octahedron)

A

B

O
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Detailed structure of hexagonal close packing

Each unit cell of hcp has 6 lattice atoms (yellow), 6 tetrahedral (T) and 6 octahedral 

(O) sites. Four T are inside the unit cell, the others are shared with adjacent unit cells

hcp sphere packing

Octahedral site

Tetrahedral site
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Structure of NiAs (niccolite)

As atoms form hcp lattice 

Ni atoms occupy octahedral sites

CN(Ni) = 6 (octahedron)

CN(As) = 6 (trigonal prism)

As

Ni

The structure could be

viewed as packing of 

edge-shared octahedra (NiAs6)

or edge-shared prisms (AsNi6) 

Ni

As
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Structure of ZnS (wurtzite)

S atoms form hcp lattice 

Zn atoms occupy tetrahedral sites

CN(S) = 4 (tetrahedron)

CN(Zn) = 4 (tetrahedron)

The nature of Zn and S sites 

are equal

The structure could be viewed 

as packing of corner-shared 

tetrahedra
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C (lonsdaleite, hexagonal diamond)

Lonsdaleite is wurtzite (ZnS) 

where Zn and S are the same 

atoms (C)

CN(C) = 4 (tetrahedron)

view along hexagonal channels

view across the hexagonal channels
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Quartz (SiO2)

view of quartz structure along b axis view along c axis

CN(Si4+) = 4 (tetrahedron)

CN(O2–) = 2 (linear connector)

Quartz structure is made of corner-shared 

tetrahedra (SiO4), but the topology is 

different from other 4-connecting nets of 

diamond or lonsdaleite.  

Characteristic feature of the quartz topology 

is helices along c direction.

Space group = P 32 2, i.e. structure is chiral.
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Corundum (Al2O3)

Corundum (Al2O3)

CN(Al3+) = 6 (distorted octahedron)

CN(O2–) = 4 (distorted tetrahedron)

The structure could be viewed 

as packing of 

egde- and face-shared {AlO6} octahedra

The topology of Al2O3 net is based 

on connection of octahedral and 

tetrahedral nodes.
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Graphite (C)

Graphite is 2D structure, made of 

carbon atoms in sp2 hybridization.

Each layer is 3-connected net with 

honeycomb structure {6,3}.

The layers are alternately packed 

as ABAB mode



56
Molybdenite (MoS2)

layer structure stacking of layers van-der-Waals gap

Molybdenite (MoS2) is important layered structural type.

The structure is based on Mo-centered edge-sharing trigonal prizms 

Each Mo and S2 ions form alternating honeycomb structure, similar to graphite. 

These layers stack one upon another by alternating ABAB law. 

Mo

S
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