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After today?

« (General construction principles
of crystal structures of ionic compounds
given by Pauling's laws.

(ool
You will know that most of the solids are so-
called solid solutions formed by the
exchange of ions or atoms in ANM and metal
alloys.




Pauling's principles of ionic structures

Linus Pauling: The Nature of the Chemical Bond,
J. Amer. Chem. Soc. 51, 1010 (1929)

1. Every cation is surrounded by a polyhedron of anions, the cation-anion
distance being determined by the radius sum and the coordination number
of the cation by the radius ratio.

2. The total strength of the valency bonds which reach _an anion from all
the neighbouring cations is equal to the charge of the a
BY SA
3. The existence of edges, and particularly of faces, common to two anion
polyhedra in a co-ordinated structure decreases its stability. This effect
is large for cations with high valency and small co-ordination number, and

is especially large when the radius ratio approaches the lower limit of
stability of the polyhedron.

4. In a crystal containing different cations those of high valency and small
co-ordination number tend not to share polyhedron elements with each
other.

5. The number of essentially different kinds of constituent in a crystal tends
to be small 3



1. Pauling's principle

The anion-cation distance is determined from atomic radii.
The coordination number of the cation is determined by the radius ratio.

Radius ratio in 2D case

r(cation)/r(anion) r(cation)/r(anion) r(cation)/r{aniar
< opflmal value = op‘hmql value > op'|'| “
p - 0.26 p - 0.41 = r‘_ = O 70

Stable, but it tends to

unstable Minimal radius  transform to the higher co-
ratio ordination number 4



1. Pauling's principle
Common coordination polyhedrons

cation-anion radius ratio rc/ra determines the coordination number CN

00 -

1.000 12 Close packing

0.000-0.155 2 linear
0.155-0.225 3 triangular * (CO3)*
0.225-0.414 4 Tetrahedral
0.414-0.732 4 square a (CuO,)*>
h-
0.414-0.732 6 octahedral ’ (Nacl,)
0.732-1.000 8 cube a (CsClg)'
° (KOp,)%*



2. Pauling's principle. The electrostatic
valency rule

This rule is an expression of the tendency of any structure to assume a
configuration of minimum potential energy on which the ions strive as far as
possible to surround themselves by neighbours of opposite sing so that electrical
charges are neutralized locally.

For a given cation, Pauling defined the electrostatic strenw‘ro each

coordinated anion as
s, = z/c
where z is the cation charge and c is the cation coordination number.

The valence of an ion (V,, equal to the oxidation state of the ion) is equal to a sum
of the valences of its bonds (s;).

Vi = 2(sij) 6

The best way to illustrate this concept is to do some examples.



2. Paulingliv zdkon. Elektrostaticka sila vazby

ABX:s
CaTiO:s
o o S; Ca-O =2/12 = 1/6
S. Ti-O = 4/6 = 2/3
®B Vo = z*sij(Ti-0)+4*sij(cw6 =2

Ca Ti O
CN 12 6 2(T), 4(Ca)
Oxidation state 2+ 4+ 2-



2. Pauling's principle. The electrostatic
valency rule

What is this good for?

- checking the correctness of the crystal structure
- predicting crystal structures and coordination
- calculating the formal charge or coordination number

[ONoleN




3. Pauling's principle
The existence of edges,

and particularly of faces, common to two anion polyhedra in a
coordinated structure decreases its stability

This rule follows from a consideration of the Coulombic interactions in a
crystal. To maximize such interactions we want to maximize the cation-anion
interactions, which are attractive, and minimize the anion-anion and cation-
cation interactions, which are repulsive. The ca'rion-an'@' @@ Nions are
maximized by increasing the coordination number and deL‘ngz cation-
anion distance. However, we know that if we bring ions to close together
electron-electron repulsions become increasingly unfavorable. Thus optimal
cation-anion distances are dictated either by ionic radii or quantitative use of
the bond valence rule, which are elucidated in Pauling's first two rules.

The basic concept behind this rule is to minimize the cation-cation
interactions. To illustrate this consider the cation-cation distances in both
tetrahedra and octahedra which share common corners, edges and faces, as a
function of the cation-anion distance (M-X)



3. Pauling's principle
The existence of edges,

and particularly of faces, common to two anion polyhedra in a
coordinated structure decreases its stability

Cation-Cation Distance

| Corner Edge Face

Tetrahedra | 2 M-X 1.16 M-X 0.67 M-X

Octahedra 2 M-X 1.41 M-X 1.16 M-X
cation-anion
distance
(M-X)

The most stable The least stable
Stability:

degree of sharing decreases (corner < edge < face) .
CN increases (cubic < octahedral < tetrahedral)
cation oxidation state decreases (this leads to a stronger Coulomb repulsion)



Closer look to the perovskite

Perovskite
CaTiOg

Ca0; cuboctahedra

11



CaO,, shares faces

TiO, shares only corners

12



4. Pauling's principle.

In a crystal containing different cations those of high valency and

small coordination number tend not to share polyhedron elements
with each other

This is a consequence of the 3rd principle, and follows from similar

arguments.
[@NoIel

Let's show it on the perovskite again:

TiO, shares only corners  CaO,, shares faces
CN = 6, V=4 CN =12,V =2 s



4. Pauling's principle.

In crystals containing different cations with high valencies and low coordination
numbers, there is no mutual sharing of polyhedral elements

Tetrahedral (SO,)?~ group
C.N.=4;e.v.=3=1>

"Calculations" based on 4. Pauling
of the principle lawermine that
groups CO;%", Ni(cc) D 50,7,
ClO, etc. must groups
that do not share the vertex

_ together O%-.

For example, bond strength S-O in
S0,%- is 3/2. Valence O is 2.
Remaining valence 3 je insufficient to
join another S => SO,%- is a discrete
ionic group.

14



4. Pauling's principle.

In crystals containing different cations with high valencies and low coordination
numbers, there is no mutual sharing of polyhedral elements

"Calculations" based on 4. Pauling
of the principle lawermine that
groups CO;%", Ni(cc) D 50,7,
ClO, etc. must groups
that do not share the vertex
together O2?-.

For example, bond strength S-O in
S0,%- is 3/2. Valence O is 2.
Remaining valence 3 je insufficient to
join another S => SO,%- is a discrete
ionic group.

15



5. Pauling's principle.

Relatively few types of cation and anion sites

The number of essentially different kinds of constituents

in a crystal tends to be small ‘@ 010 \

In structures with complex chemical compositions, a number
of different ions can occupy the same structural position (site)

Solid solution 16



Bond types based on electrostatic
valence

All bonds have the same strength

(isodesmic) -
Coordination compounds
V, = ZJ/CN, < 1/2Z, m
Groups with exactly half of the anion
charge: silicates (mesodesmic)
V, = Z,JCN, = 1/2Z,

small, highly charged cations make compact

groups €05, S0,

(anisodesmic)
V, = Z,JCN, > 1/2Z,

17



Pauling's Laws for Ionic Crystals

Determination of bond-type from the 2nd Pauling's principle
Isodesmic bond

6(+1/6) = +1 (sum by Na)
Charge -1

Charges are equal => stable
crystal structure

Oxides, hydroxides

18



Pauling's Laws for Ionic Crystals

Determination of bond-type from the 2nd Pauling's principle
Isodesmic bond

...from the second side:

Na* in the structure of NaCl is also
in the octahedral coordination =>
surrounded by 6 Cl-

Each of the Cl atoms contributes
1/6 negative charge

T(CN)=6(-1) = -1
charge Na = +1

19

The final charge is again neutral



Pauling's Laws for Ionic Crystals

- mesodesmic bond

The case occurs when e.v.s. cation corresponds to 3
charge of anion. An example is Si* in tetrahedral
coordination of O2-. E.v. Si is 4/4 = 1. Each O has

an uncompensated charge of -1. Charge -1

corresponds exactly to 3 charge on O?. Oxygen

in the Si0O,* anion are connected by the same

ol [
=

force to the outer groups as the central Si. In

this case, the link is referred to as mesodesmic.

B B, b, Varsin Uy o amiple (55 afed oompiin (B0 chasii o aleste

20




Pauling's Laws for Ionic Crystals

- mesodesmic bond

The case occurs when e.v.s. cation corresponds to 3
charge of anion. An example is Si#* in tetrahedral
coordination of O2-. E.v. Siis 4/4 = 1. Each O has

o
/

an uncompensated charge of -1. Charge -1 a“‘"”"@ » O \
0

corresponds exactly to 3 charge on O%. Oxygen e/ / /g
O.M‘"
. o 4- . 8 O~ g
in the SiO,* anion are connected by the same \a ~\ i y \
force to the outer groups as the central Si. In o l /0
this case, the link is referred to as mesodesmic. o — B\
o]
® o Chain binding is also
- characteristic for borates, chaining occurs
o also in ReO3 (octahedral coordination)
ChMN =4
vaanoe =4 21




Samarskite-(Yb)
*ABO,
* Both sites are octahedrgs
have different sizes

PRSI
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TDy,00sC€0 004180 001PF0.001)x0.341Y0.126 T N 125Cg 123F€( 116Mg 047 W 042
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Isomorphism
Solid solutions, inorganic non-
metallic materials and

metalic alloys
[ONoleN

rules of isomorphic substitutions

23



Isomorphism

Isomorphism -mutual substitution of atoms or groups of
different chemical elements in equivalent positions of
the crystal structure

Qew properties @ MO

Mixture of crystals
Mechanical mixtures

Isomorphic mixture,
Solid subst. solutions

Crystals of A

Micr‘os’rr‘uic_:ﬂrr‘e of the
mixture of crystals

Crystals of B




Solid solutions

impurities occured in crystal structures in quantities between 0.1 - 1 %
Are called as defects of impurities

If the content is higher than 1%?

Solid solution

X0l

Definition:
a solid phase with more than one type of atoms in the
structure reqularly distributed in the structural positions

25



1st Goldschmidt's law

Goldschmidt tolerance factor:

atom A replaces the atom B
T T

minority atomic type major 1 @ ®06) \

Lets define the difference of radii between A and B as:

F-—r
%ArA/B:[ —

r

B

]xlOO

The lower value of |%Ar|, the greated possible substitution

If |%Ar| lower then 15% (e.g. alloys), then the ions of one element extensively
replace the others.

If |%Ar| is higher then 15%, then only limited substitution occurs (15-
30%). With a difference greater than 30% the substitution is impossible.

26



1st Goldschmidt's law

Goldschmidt tolerance factor:

atom A replaces the atom B
T T

minority atomic type major 1 @ ®06) \

Continuous solid solution




1st Goldschmidt's law

Goldschmidt tolerance factor:

atom A replaces the atom B
T T
) r,—r,
AL, =| A8 |x100
f
B
g, =T : : : T°C . . : :
KBr a KClI YoArg, = - x100=28% Continuous solid solution 800 W
Cl
KCl a KT %Al = rJr-rC' x100=21% Limited solid solution 6o Solid solution
Cl
400 |
KCl a Na¢Cl YAl = "~ g x100=35% Solid solution is impossible 200 L/ Two phases
Na
KCI | | mol.l% | NaCl

28



1st Goldschmid's law

The ions of one element can be replaced
indefinitely in ion crystals by others if they do
not differ in their radii by more than 15%

The substitution is dependent on the concen‘rm‘rio@%ure,
compatibility of the bonds, structural types, the electronegativity
difference and the coordination numbers.

The difference in the electron structure of the atoms and the different character of the chemical bonds
of the atoms in the respective compounds can be explained by bounded or no
isomorphism of atoms very similar in their size, but the differing electronegativity of the pairs: K* a
Ag* (Ar =18%, Ax=1,1), Ca?* a Cd?* (Ar=5%, Ax=0,6), Ca?>* a Hg?* (Ar=8%, Ax=0,9), Mg?** a
Zn%* (Ar=12%,Ax =0,4).

Tolerance to isomorphism increases with increasing temperature.

At high temperatures, broad or continuous isomorphic rows of compounds are formed Na* a K* (Ar=36%,
Ax=0,1), K* a Rb* (Ar=12%, Ax=0,0), Ca?®* a Sr?* (Ar=16%, Ax=0,1), Sr?* a Ba?* (Ar=15%, Ax
=0,1), Zn?* a €d?* (Ar=19%, Ax=0,1) with a lower or high difference in the size of the ions, but"with a
lower difference Ax,



2nd Goldschmidt's law

If two cations have the same charge, but a different
size, then the smaller of them will enter the
structure more readily. The smaller jeg-#<
smaller distance between the cation a

and therefore the ionic theory results in a stronger
bond.

30



2nd Goldschmidt's law

If two cations have the same charge, but
a different size, then the smaller of them will enter the structure more readi
ly. The smaller ion causes a smaller distance between the cation and the anion
, and therefore the ionic theory results in a stronger bond.

R Fayalite
gl Fe,SiO,

Forsterite
Mg,SiO,

Fe?* and Mg?* in octahedral sites of olivine (Mg,Fe),SiO,
Their sizes are similar Fe2* 0.61 A, Mg?* 0.57 A
When crystallizing from the melt what will crystallize at the beginning?1
Mg?* or Fe?* olivine?



3rd Goldschmidt's law

Ton with the same radius, but with higher charge will preferably be
incorporated by the growing crystal
Infulence of the charge (z)

The following criteria are valid only when
the charge neutrality of the crystal is achieved:

|Az, 5] = O very good substitution
1Az, 5] = 1 substitution is posc) O
|Az, 5] > 1 very bad substitution

both laws result from ensuring a minimum of attractive
and repulsive forces in ionic bonds and the distance of
lon cores:

. =Nlztz" | 4e* 1.
U= (1-—)
V. n 32




Goldschmidt laws
of isomorphic substitutions

Common substitutions:

8 nebo 9 - u 8 nebo 9

6 nebo 8 - g 6 nebo 8

33



Solid solutions in systems of metal-alloys

s

Types of alloys

® © o o o o o
e ° ° i

® ¢ o o o o o - P ;
® ° °

[ ] ® @ @ ) [ ] &

o oo oBORINGE
(a) Substitute W ete e
(b) Interstitial el
(c) Intermediate, ©

intermetalic

34



Solid solutions of metals

Substitutional solid solutions

atoms of dopant elements may successively occupy all the sites of the original
metal structure (unlimited solubility) or a limited number of sites

Homogeneous solid crystalline phase consisting of at least fwo components A and B
A - Base metal (solvent)
B - dopant(dissolving element)

>
¢:
ol

QN
\

(0
.
X

N

35

Substitutional solid solution disordered substitutional solid solution ordered solid solution



Solid solutions of metals

Substitutional solid solutions

atoms of dopant elements may successively occupy all the sites of the original met
al structure (unlimited solubility) or a limited number of sites

0% B 25% B 50% B 75% B
Their crystal structure is identical to that of the original metal. The formation and
range of substitutional solid solutions is governed by the Hume-Rothery rules:
1. Size factor - The radii of the atoms of the original metal and the dopant must be
roughly the same, r, —rg = Ar < 8% soluble
Ar > 15% insoluble
2. Electrochemical behavior of the elements - For the formation of a solid solution,
it is necessary for the elements to have approximately the same electronegativity
(x04)
(when one is strongly electropositive and the other strongly electronegative, the
more difficult o form solid solutions and intermediate phases are formed).
3. Electron concentration - the ratio of the number of valence electrons. Metal with
fewer valence electrons more easily dissolves the metal with multiple valenc
electrons




Solid solutions

a) Non-ordered (random, statistical occurence)
b) ordered (superstructure - superlattice)

1100 T T

1084.87 ' ' T o 1064.43°
1000 avenina
910°C
900

400

ALY 44

800 ™ Pevny roztok (Cu,Au) 7 %
o Cuy_, Au,: Osxsl
O 700r | bbb |
S Usporddani e
E s o -I-Au-f-%!:u: !
E 500 N ,
L e —
= 390° -l ‘

300

200

, , Arrangement of solid solution Cu-Au
S TS N TS W S W W S a) structure of the CuAu compound; b)

100

cu - W Au Structure of solid CuAu solution; C);

Phase diagram of the system Cu-Au Structure of Cu3Au.
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Substitutional solid solutions of metals
- examples of unlimited solubility

Crystal Atomic

system structure radii (&) Valence Electronegativity
Ag-Au Ag Fcc 1,44 1 1.9

Au Fcc 1.44 1 2.4
Cu-Ni Cu Fcc 1.28 1 C‘D"@

Ni Fec 1.25 2 @M
Ge-Si Ge DC 1.22 4 1.8

Si DC 1.13 4 1.8

Unlimited solubility: The solvent and the solute are unlimitedly
soluble in each other.
The requirements meet Hume-Rothery's laws
"Single-phase alloys"



Solid solution
The phase diagram of Ni-Cu
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Intermetallic compounds
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Intermetallic compound Common alloy

Unlike solid alloy solutions, intermetallic compounds have a crystalline
structure different from the original metals.

Two metals can form several compounds ;
For example NaSn;, NaSn,, NaSn, Na,Sn;, Na,Sn, Na,Sn and other.



Intermetallic (intermediate) phases arise from breaking of
Hume-Rothery laws. Substitution solid metal solutions, limited

solubility
Crystal Atomic

System structure radius (&) Valence Electronegativity
Cu-Zn Cu Fcc 1.28 1 1.9

Zn HCP 1.21 2 1.9
Cu-Sn Cu FccC 1.28 1 1.9

Sn Fcc 1.41 2 @ @ @
Cu-Ag Cu FcC 1.28 1 1.9

Ag FccC 1.44 1 1.9
Ag-Bi Ag Fcc 1.44 1 1.9

Bi trigondlni 1.58 3 2.0

Limited or partial solubility: There is a solubility limit of the
substance in the solvent until "saturation", for example Cu-Sn.
Most of the other systems do not meet the requirements of

Hume-Rothery's laws to create "multi-phase alloys" 41



Intermetallic (intermediate) phases arise from breaking of
Hume-Rothery laws. Substitution of solid metal solutions,
limited solubility

Intermetallic compounds:

(a) Electronic compounds. In these, metals do not exhibit their oxidation
levels. Their composition is determined not by the properties of the
interacting components but by the formal electron concentration (FEC),
i.e. the ratio of the valence electrons to the number of ing

atoms in the formula. Most known electronic alloys CGM
three types with specific structures. FEC of the first type is equal to
3/2 (CuZn), of the second type is equal to 21/13 (CusZng) and of the
third type to 7/4 (CuZn,).

b) Laves phases - unfulfilled size factor

c) valence - they are formed by metals with significantly different
electronegativity. The formulas correspond to the usual valency of
the elements

Na,Sn, Na,Sn, Mg,Ge, Mg,Sn, Mg;Sb,, Mg;Al,
42



Interstitial solid solutions

Solid interstitial solutions -
solutions to form dissolved
particles - non-metallic
elements with low atomic
volumes (carbon, nitrogen,
hydrogen and others) occupy
vacant positions in the parent
metal structure and do not
expel the atoms or ions of the
initial structure

© O O O
O O O

O O

O8O0

O O

oN0le
O O

O O Oe

O O
OFe

O O
ocC

43



Interstitial solid solutions

e . g

austenite y-Fe

Admixture atoms enter into interstitial positions,
and only a limited number of additive atoms can enfter.
Solubility is always limited
The ratio of the atomic size of the additive and the original atom must be less than:

B <059
N

44


http://www.google.cz/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&docid=w_qDGLLejvp9xM&tbnid=y4l9mWBLLiz5dM:&ved=0CAUQjRw&url=http://www.tf.uni-kiel.de/matwis/amat/def_en/kap_1/illustr/t1_3_4.html&ei=wOJbUpHBLJHWsgbp_oGQBg&bvm=bv.53899372,d.Yms&psig=AFQjCNE7BBkFB9eKLKsB3_h-H54bX0zYbQ&ust=1381839881677927
http://www.google.cz/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&docid=w_qDGLLejvp9xM&tbnid=y4l9mWBLLiz5dM:&ved=0CAUQjRw&url=http://www.tf.uni-kiel.de/matwis/amat/def_en/kap_1/illustr/t1_3_4.html&ei=wOJbUpHBLJHWsgbp_oGQBg&bvm=bv.53899372,d.Yms&psig=AFQjCNE7BBkFB9eKLKsB3_h-H54bX0zYbQ&ust=1381839881677927
http://www.google.cz/url?sa=i&source=images&cd=&cad=rja&docid=w_qDGLLejvp9xM&tbnid=y4l9mWBLLiz5dM:&ved=0CAgQjRwwAA&url=http://www.tf.uni-kiel.de/matwis/amat/def_en/kap_1/illustr/t1_3_3.html&ei=CeNbUu6aO4PtswaKkoGYBA&psig=AFQjCNFui1BrKjF9nU51jk0GCmRnpDgb1A&ust=1381840010009697
http://www.google.cz/url?sa=i&source=images&cd=&cad=rja&docid=w_qDGLLejvp9xM&tbnid=y4l9mWBLLiz5dM:&ved=0CAgQjRwwAA&url=http://www.tf.uni-kiel.de/matwis/amat/def_en/kap_1/illustr/t1_3_3.html&ei=CeNbUu6aO4PtswaKkoGYBA&psig=AFQjCNFui1BrKjF9nU51jk0GCmRnpDgb1A&ust=1381840010009697

Solid solutions of metals

Interstitial solid solution

1) For the ratio of the size of the atoms of the additive B and the parent metal A, the Hume-Rothery
relationship must be fulfilled:
B <0,59
Fa
2) The size of the interstitial position is not suitable for C:

r.c _ 0080107
r

- = 0,645
wre  0,1240107°

N0~ k| 0_9

For N, the interstitial cavity is optimal: ‘@ @ @ m—_9=0,565

The most important of interstitial solid solutions, although according to the Hume-Rothery's rules should
not have been formed are:

The octahedral
cavities in the a-
Fe are very small.

For this reason,

solubility C is very
low

Atoms C are randomly [ Y
distributed in '
octahedral positions @ § — 'E;‘
such that for 6-7 FCC - I
unit cells there is 1€ J

atom | Low content € does not

J_{:'l L ﬂ change the structural type

of a-Fe. Only the unit

. ©
L"V’f {:rr cell parameter changes

a-Fe (C) -ferite, BCC, the highest solubility of

v-Fe (C) -austenite, FCC, solubility up 0.1 at%C ~ 0.02% (the major component of most
to0 8.9% C ~ 0.8% (727 ° C) (the main common structural steels)
component of most of the stainless 45

steel)



Chemistry and Physics of Solids — Lecture 7

Amorphous compounds
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[l Amorphous compounds
k In addition to

Single-crystals and polycrystalline
compounds, there are non-crystalline
or amorphous substan

~

Single-crystal polycrystalline amorphous

The solid non-crystalline substance in the amorphous state is formed by cooling the
melt at such a rate as to prevent crystallization.



Amorphous compounds

Characteristic properties

Isotropy ,
properties are the same in all directions

)

i)

supercooled liquid

There is no precise melting point



Amorphous compounds
Characteristic properties

supercooled liquid

Perhaps the longest physical experiment in the
world was made at a university in the Australian
city of Brisbane. In 1927 Prof. Thomas Parnel

put the tar in a glass funnel:
{oNolol

1938 the first drop showed
1947 the second drop showe
1948 professor Parnel died

Other drops:

1954
1962
1970
1988
2000

The experiment is far from complete, but it is
clear that tar is 100 million times more viscous
than water.



Principle of the glass order

Consider two of the network's tetrahedra

The rotation of tetrahedron A around
the C3 through the tetrahedron B that
occurs in the melt by breaking the
linkages to the oxygen anions

During cooling, bonds are re-created in
random orientations and the system

freezes. Reverse gements
mist be S

Non-ordered system occurs within an
angle 6 120° - 180°.

SHORT RANGE ORDER (SRO)
Tetraheral

no
LONG RANGE ORDER (LRO)




The amorphous compound is characterized by the absence
of a defined long range order:

random order of atoms, absence of periodic symmetry and crystalline
structure
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Crystalline solid
cristobalite (SiO,)

Slow heating of quartz gradually generates high temperature modifications of tridymite and then cristabalite, which passes
over. With rapid quenching of quartz above 1500 ° C, it can melt without the formation of high temperature forms. The
amorphous mass in the range of 1000-1500 ° C is unstable and slightly reverts back to crystalline modification of
cristobalite. For this reason, in the production of quartz glass, the crystalline raw material is heated to temperatures
higher than 1700 ° C (cristobalite melting point).

Amorphous glass

In amorphous solids, the arrangement of atoms is limited to the nearest neighbors -
it is a so-called short range order



Glass - theory of the structure

- Irregular Network Model - Oxidized Glass
- Bernal model (sphere arrangement) - amorphous metals

Crystalline hypothesis: Glass is an aggregate of highly dispersed crystals dissolved
in a substance or phase of an unordered structure. When glazing a polymorphic
transformation occurs in crystallinity.

\“. o | The theory satisfies the glass-forming
.. T : processes in spontaneous s
Lo , crystallization, characteris BY__SA

semiconductor and metallic glass

In silicate systems, crystalline theory

. ! .
‘ ot ‘1 was not confirmed. Crystals include a
. o | number of 1-2 unit cells so deformed that
. T it is not relevant to describe the glass

| state.




Glass - theory of the structure

- Trreqgular Network Model - Oxidized Glass
- Bernal model (sphere arrangement) - amorphous metals

Zachariasen's rules of glass formation (A,O,)

An oxygen atom is linked to not more than two glass-forming atoms. (CN O<2).
 The coordination number of the glass-forming atoms is small (3,4)
- The oxygen polyhedra share corners with each other, not edges or faces.
* The polyhedra are linked in a three-dimensional network.

[ONolen

Ixides A,O or AO, where A is a metal atom, do not meet any of the laws

‘ S oot

'* Oxides A,0; meet the laws if oxygen atoms form triangular coordination
around each atom of A. Similarly, AO, or A,O5 meet these laws if the

oxygen atoms form a tetrahedron around each atom A




Oxides formed as glasses:- B,O;




1.

2.

to form the grid and the melt will rather crystallize without

Oxides formed as glasses" , i-\.

q.‘}gfﬁg‘ &69*
Glass-forming oxides - can produce glass; for :}fm " ) 4
As,O;. Silicon directional covalent bonds. Bond % g-ﬂ_u"g_x}g
strength with oxygen is higher than 80 kcal / mol b 3%
Intermediate oxides - can replace the network X A oo ol o A
builder, but can not independently form glass, for . g

: - P ¢ C}} . ¥ LAY
example Al,O;, TiO,. Fixed broken networks. Bond ¢ 2 b O X
strength with oxygen between 60-80 kcal / mol ‘?z,/,‘.- . £ 3‘«{'
-0-M-0-AI-0-M-0 RO R
Na* ‘@ @ @ \ Modifying ion

Network modifiers - interrupt bindings Bridging o

between polyhedrons in the network - alkali oxides j . g %

and alkaline earth oxides. Bond strength with oxygen 3 Ff‘} o Gk

lower than 60 kcal / mol | ’!0} () .‘,.Z{‘ck
-0-M-0- Na*  Na* -0-M-0 @ AH<@° &

ionic bond c-'\»# O -~ 9"(}."
If a large number of links are broken, then it does not happen . 3"1 \, ¥
P %

Creating glass- Na,0, K,O, Li,O, CaO, MgO

Si-0-Si + Na,O — Si-O Na* Na* -O-Si

bridging oxide (BO) non-bridging oxide (NBO) NBO



Amorphous in the meaning of
X-ray diffraction

Structure of glass

SiO, is composed of corner-shared tetrahedra into a 3D
infinite network.

Powder diffraction: "diffuse wide peak" - shows distances over
long distances - reflects only typical glass distances, ie, shorr;
distance arrangements.

Random order

. & Energy
. .. Typical bond-

i . . s legth
CRISTOBALITE .... Typical binding
energy of |
connected atoms
Oe® — - "

Radial distribution function

INTENSITY

®) ordered Energy
SILICA GLASS T
Typical bond-

legth

Typical binding -
1 n energy of
10 20 30 ‘b connected atoms r
20° * |



Amorphous in the meaning of
X-ray diffraction

Structure of glass

SiO, is composed of corner-shared tetrahedra into a 3D
infinite network.

Powder diffraction: "diffuse wide peak" - shows distances over
long distances - reflects only typical glass distances, i.e., sh
distance arrangements.

Radial distribution function Q.

(@) O% Oo Volume of the layer
CRISTOBALITE y ¥
M O 09@0 V= %?ﬂ:? + 6r)° — %?rr‘a ~ drridr,

The number of atoms in the spherical layer between
rl ar2:

INTENSITY

(o)
SILICA GLASS

piits r
o~ | e [ anrip(r)dr

10 20 30 40 3 . ni
20° G X

Crystal structure of cristobalite
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Amorphous in the meaning of
X-ray diffraction

Structure of glass

SiO, is composed of corner-shared tetrahedra into a 3D ‘A wh
infinite network. £ !)4;,;&

Powder diffraction: "diffuse wide peak" - shows distances over 41'%5: 7';;""
long distances - reflects only typical glass distances, i.e., shoac—F< =)

distance arrangements.

Radial distribution function

(@)
CRISTOBALITE

’ (o)
SILICA GLASS

Q0
-

INTENSITY

E -

4z P(r) (arbitrary units)

@
=)




427 P(r) (arbilrary units)

—
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Measurement

Si-0 distance in the first coordinate
sphere: ~ 0.16 nm

The Si-O bond length in silicates

corresponds to O ® @ rhe

calculated bond ILSC.:)IEEJ

corresponds to the ratio:

(Si-0)/(0-0) = (V3)/2 = 0.162/x
(V2)

x = 0.265 nm - the value
corresponds to the detected distance
O-0 (second co-ordinating sphere) ~
0.27 nm

o0

: -

—

)



Si-0 distance in the first coordinate
sphere: ~ 0.16 nm

The Si-O bond length in silicates

corresponds to O he

calculated bond |LSC;>-§)-@J

corresponds to the ratio:

(Si-0)/(0-0) = (V3)/2 = 0.162/x
(V2)

x = 0.265 nm - the value
corresponds to the detected distance
O-0O (second co-ordinating sphere) ~
0.27 nm
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Differences between crystalline and
amorphous substances

1. Amorphous substances always have isotropic properties
2. Differences can be observed when heating

Volume ﬂquid m

i melting
' Crystal | 5

1
-

]

T

mp

Dependence of the molar volume on the temperature during
melt cooling or heating of the crystalline solid



Different modes of
melt cooling to glass state

Volume

melt

Supercooled
liquid

@O0

Faster
cooling

Slower
cooling

crystal: |

T9 Tg Twe

Dependence of the molar volume on the temperature during melt cooling or heating
(a) crystalline substances; (b) amorphous solids



Properties of oxide glasses

+ Optically transparent
* non-conductive (< OO
+ Strong but fragile
+ Chemically inert
* High melting point




Metal glasses

2500 -
2000 -
o A
Z 1500 n
= | Steels Glassy Alloys
: Y f 0lo)
$ 1000 - o _J.
7 ' Titanium )
(Alloys
5001 W J
Silica Wood Polymers
0 I ' 1
0 1 2 a

Elastic Limit %)

These are metal alloys - Mn, Fe, Co, Ni, Pt, Mo ... and metalloids (B, Si)
and non-metallic elements N, C. Glasses containing only one metal element
are known. They are formed by extremely rapid cooling of the melt to
suppress crystallization. The structure remains glassy.



Metal glasses

http://www.youtube.com/watch?v=wiMFxOU7t+AU

2500
_ 2000 -
g /I
2 1500 Glassy Al
1 assy Alloys
o . |
g e, @ 00
& 1000 -
& / Titanium
fAlloys
500 4 |
"_silica Wood Polymers
0 ' ! 1
0 1 2 3

Elastic Limit (%)

Features of metal glass - high strength, resistance
against abrasion, toughness, ductility, excellent corrosion
resistance



Production of metal glasses

Ar Pressure

; % Molten
lnduptlon e Alloy
Heating
Coi 2z

Z

z

Melt-Spun
Rotating = &t:bon
Wheel

Metal glass - Requires cooling speeds > 106 K s
Na-Ca glass - cooling ~10 Ks!
SiO, - cooling 0.1Ks!
B,O;- does not crystallize'under normal pressures



ordered and dis-ordered
packing

Kepler's estimate - it is not possible to beat the balls more Disordered packing of balls with lower density around 0.64
densely than the bulk fraction n//18 = 0.7405 (Bernal's packing)



Models of amorphous state

Bernal - the local atomic arrangement in the
amorphous alloys is not random and is related
to a local atomic arrangement that is similar

to any of its named polyhedrons.
‘@ H© \

v |
The five "canonical" cavities described by

(0] Sl (p) Bern: a) tetrahedron: (b) octahedron: c) a
g& trigonoidal prism (covered by three
. polookapters); d) Archimedean anti-border

A& e ab (ended with two semi-cents). e) tetragonal

dodecahedron



Oxide glasses/
silicate glasses

Glass types

Folymeric glasses

Metallic glasses

[ONoleN

Building blocks

Bonds inside

Bondes between

glasses

the building building blocks
block
Oxide tetrahedral covalent covalent
glasses (3D) (ionic) (ionic)
Polymeric Curved lines covalent van der Waals
glasses (1D) bonds and H-
bonds
Metallic Atoms (0D) - metallic




Thermodynamic stability of glasses

- There are no conditions under |
which the glass would be
thermodynamically stable

- Still, glasses in nature last for -
the entire geological epoch

- glass is thermodynamically 6
metastable E.

@ 1 (c0) WO

- 6ravity Analog:

glass 26
@

Stable position - lowest

point v

at the highest point - any

v

0 An unstable position - usually CPYSTGI

change means shifting to a

stable position The glass is in a state of relatively
N high Gibbs" free energy. High
Metastable position - must activation energy is required to
move before falling change the structure E,.

25



Partially crystalline
substances




Partially crystalline
substances

it

-— v e S ""f[_.
_r-':“-‘e-_ -
N
S
(b)

Partially crystalline solids
a) glass ceramics, b) a partially crystalline polymer



Non-crystalline solid phase -
mesophase

With increasing temperature the reduction of
the order can be observed

|'II‘|I"I"{| 9_.

crystal {liquid crystal - mesophases} liquid

Lot o oot




Mesophase

(a) smectic phase - from the Greek name for soap

The layers are preserved, but the
arrangement between them is lost



Mesophase
(b) Nematic phase from the Greek word for thread

VEUOG

‘ l , ‘ "! l'» Nemati Phase
Layering lost, but the molecules remain stacked

- looking at the ends of the molecules - there
is an obvious fluid-like disorder




Chemistry and Physics of Solids — Lecture 8

lonic bond
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2

in solid compounds

What kinds of forces are holding them together?

Bonds



A\ NN NI SSOSREGE

“Perhaps one of you gentlemen would mind telling me just
what it is outside the window that you find so attractive..?” 3




Classification of solids

based on realized bonds

- Lonic = transmission of electrons, ion
formation, coulomb's attractive forces

between oppositely charged ions
Bond's energy 50 -1000 kJ/mol

* Covalent = electron sharing between several
atoms (2, 3, 4....) (9 ®O
Bond's energy 200 -1000 kJ/mol
* Metallic = electron sharing between many

atoms
Bond's energy 50 -1000 kJ/mol

- Van der Waals = attractive forces between

temporary poles (dipoles)
Bond's energy 4-42 kJ/mol




Ionic bond: anion is a big, greedy thief dog




Ionic bond is characterized by:

1) non-directional (any ion in any direction is capable of attracting an ion

of the opposite charge).
2) each ion that interacts with the counter ion does not compensate the force fields in
all directions.




Tonic bond

Kossel's description: _ oo X
*Li +F* —— Li*SFe”
1s22s!  1522522p5 152 1522s522p®

[He]  [Ne]

Model of ionic bond according to Kossel
(1916)



General ideas

- There must be attractive forces between

cations and anions
- An obvious candidate for explaining the attraction forces will be coulombic
forces

F — 1 q1q2

4ﬂ()<3()\

- where r is the distance between the atoms (ions)
forming the solid

However, it is preferable to consider the potential
energies between two ions instead of forces.
Mathematically, energy (E) and force (F) are
combined by: E(r) =+ 9%

Aregr

E(r)=/Fdr .



TIonic bond

The ions have repulsive forces, van der Waals forces (the
same as for neutral molecules), and Coulomb forces.

Potential energy between pairs of isolated ions of the charge
e in the distance r:

A B z.z.eé°
E(f')=-r—m+—i A~E m=6n=5a

r'n 471:80,‘ \M
1st van der Waal${ember'.

2nd member is repulsive, 3. Coulombic
member
VDW contribution is negligible compared to Coulombic (~ 0.01 - O.1eV
versus 10 eV).

B e’ 2
ECr)~+2 E(r)~+ o4 8
r Armgr r Amgr
Attraction Repulsion

(decreasing energy) (increasing energy)




Tonic bond

‘ Potential energy 8Y

0

A
1

repulsions = B/r"
‘u/

The equilibrium
distance ry
(r,=rytr,) is the
point where the
energy equals

2
Z,Zye
E(r)= + 22—
4me,r

repulsion

Repulsive potential:

The minimum value of U, is called the
ionic cohesive energy of the solid.

It represents the energy needed to
separate the solid into a set of
isolated cations and anions

B/r"

n - Born's e@;g)-@;endem

on electrostatic
configuration of layers of ions

configuration |n

He 5
For example Na*Cl- =

Ne 7 [Ne][Ar] ->(7+9)/2 = 8
Ar, Cu+ 9
Kr, Ag+ 10
Xe, Au+ 12

The more compressible the 10

ion is, the higher the value
of Born's exponent



Relative bond strength of every
bonds types

0 : TE—
>
>
8 1 Van Der VVaals
L 2 Metallic
3 Covalent
4 |onic

l
a, Distance

11



Calculation ot the unit cell energy
of NaCl

Bond energy of NaCl

* What is the energy of electron transition from

Na to Cl to form a "molecule" of NaCl?
- To remove the electron from Na (ionisation energy IE), it is

necessary to "release" 5.14eV ‘ @ ® O \
Na(g) + 5.1 eV = Na*(g) + e-

- If Cl catches an electron then it releases 3.62eV
(electron affinity EA):

Cl(g) + e- = Cl-(g) + 3.6 eV

12



Bonding energy of NaCl

where is the energy gain?

+ If Na*(g) a Cl-(g) reach the distance of roz2.4OA [A=10-10

m=0.1nm] a "molecule™ of NaCl occurs. Released energy:
6 eV (Coulomb’s potential) Na+
—[1.6x 107"}

o cr
(o ] A

1 e 2 4 22885 X 107 % 2.4 107 ro~2.404

—[16x107"] . g
T Ve 0]®
41180 r 4x¥x8.85x10‘”x2.4><10‘1""><1.6><10‘” L@c‘ﬁ

+ Energy of "molecular unit" NaCl formation :
Na(g) + 5.1eV = Na*(g) + e-
Cl(g) + e- = Cl(g) + 3.6 eV
Cl-(g) + Na*(g) = NaCl(s) + 6.0 eV
Na(g) + Cl(g) = NaCl(s) + 4.5 eV (cohesive energy)

13




Tonic solid forms

* Energy gain of the ,molecule™ formation of
NaCl(s) is ~ 4.5 eV

- It is the cohesive energy needed to disrupt a
"molecule" of NaCl and to rebuild neutral Na and Cli
atoms.

- This energy is enormous- E;s,=E() OO :
4.5x1 6x10-1? (Joul/pair) x 6.023 x 1023
(pairs) = 433.7 kJ/mol

- For a much more accurate calculation of total
electrostatic energy, it is necessary to take
into account the interactions of each ion with

all others in the crystal

4.5x1 .6x10-1? (Joul/pair) x 6.023 x 1023 (pairs) = 433.7 kJ/mol
433.7 x A = 433.7 x 1.7476 = 757.9 kJ/mol 14




Ionic solid compounds
Energy of the unit cell of NaCl

We considered only the molecule of NaCl, but what is the electrostatic gain of the solid?

We start from the central ion Cl-

Energy gain from other 6 Na*
E — BE 0Na+
4TFE[; r ‘cr
Energy loss from other 12 Cl:
2

: v,

dmeg v /2 e
Energy gain from another 8 ions of Na* and together:

-"
poioc il

l--.".

[©

e L |

«.

E=+12

e (612, 8
 dmegr V2 V3 15



Ionic solid compounds
Energy of the unit cell of NaCl

We considered only the molecule of NaCl, but what is the electrostatic gain of the
solid?

We start from the central ion Cl-

1. coordination sphere

3. coordination sphere 7. coordination sphere

/I\ 5. coordjnation sphere ‘, Na+
T T ‘;GI' .

6 12 8 6 24 24 12
A= _—__ + _ _

— — + — + ...
| ﬁ.f 2 V3 N/Z 1.,/ 5 \.I'E x-"?

l

4. coordination sphere

2. coordination sphere 6. coordination sphere

16



Tonic solid forms

Example: NaCl
How high is the electrostatic gain to form the
ordered solid?

A lot (70 000 membersl):

® Na+
2
e
E =-1.748 . Q% Qe
TEr 2
Atomic arrangements
Electrostatic member
' «—
A - Madelung's constant. r

Its value is characteristic of a particular structure

17



Values of Madelung's constant

CN are coordination numbers (cation, anion) and n are the total

Why are some of
the substances
given the highest
coordination?

Answer
Higher Madelung
Potential

number of ions in the empirical formula.

attice A CH [aB_ |A&in
CsCl 1762 | [8.8) |AB 0.B32
NaCl 1.746 | [66) |AB 0.674
Zinchiende | 1638 |[44) |AB 0.B1D
wurizite 1641 |(44) |AB 0.621
fuorite 2518 |(34) |AB, 0.B4D
rutile 2406 |(63) |AB, 0.E03
cul, 2355 | (53] |AB, 0.788
Al 4172 |[(64) |AB, |[DE34

Erwin Madelung

The value of Madelung constant A is constant for each of the stoichiometries, and
the values for A / n are approximately similar for each of the structures.

Edisp= Emi"'/ A

18



Ionic solid compounds

example: NaCl

471'80r' =-A 47[80f'

Total lattice energy per mole of NaCl

2E il @@ 023
Etc:rt — 9

Two ions - Na a Cl \

2 Every pair needs
to be included only once

E, =-1.748

Etot = —AN
Aregr

. Grid energy is calculated, but
calculation: 861 kJmol-!. incorrectly: there are repulsive

Experimenf; 786 kJImol-! forces, otherwise the crystal would
immediately become a black hole. *



Total energy of crystalline

l"/l()l'dl

solid

The minimum Uo value is
called the lattice or ion

NB cohesive energy of the solid
_ It represents the energx
N necessary fo separate the

r solid into a s ed
positive and ws.

vy

10%

The existence of (non-classical) repulsive forces causes
real cohesive energies to be about 10% lower than the
values calculated by Coulomb's potential. 20



Total energy of crystalline

l"/l()l'dl

solid

The minimum Uo value is
called the lattice or ion

cohesive energy of the solid
3 NB It represents the energx
- T necessary to separate the

r solid into a7 lated
positive anMons.

10%

The existence of (non-classical) repulsive forces causes
real cohesive energies to be about 10% lower than the
values calculated by Coulomb's potential. 21



Total energy of crystalline
solid

The minimum Uo value is
called the lattice or ion
NB cohesive energy of the solid

E - It represents the energx
n necessary fo separate the

r solid into a s ed
positive and ri@&?-@-[s.

(‘/l()l;\l

r 2
T ”f + E - _ NAZAZBe " NB
4ne,r r

KL// . */.
10% How to find

< "0 >] this term?

n

vy

The existence of (non-classical) repulsive forces causes
real cohesive energies to be about 10% lower than the
values calculated by Coulomb's potential. 22




Born-Landé equation

NAz,z e’ . N8
4re,r r

In equilibrium distance (r =r,) d%r =0

Az, z.e’r"’ ©NoIo

B —_
4re,n
In general
(lattice energy):
U - (NAzAzBez X1 l)
4re,r, n
Zz AZB

U = -1389( )1 - —) (kImol™)

23



Born-Haber cycle

The lattice enthalpy of any
ionic compound is a change
in enthalpy to produce 1 mol
of solids in the standard
state from the ions in the
gaseous state

Grid enthalpy can not be measured

directly and hence counts from other
known enthalpies that join in the cycle.

Born-Haber cycle

Na(s) + 1/2 Cl(g) > NaCl(s)
T AH Madelung procedure

Na(g) + 1/2 Cly(g) 24



kJmol-! A
+800

Born-Haber cycle of NaCl

+700
4600, 1 sublimation Na
+500

o o

+3004

+2004

Na(g) + 1/2 Cl,(9) Y Y

0 o
Na(s) + 12Clg  AHs = +107 kimol

© o ©

-200 4

+100 4

-300 4

-400 4 N



kJmol-1 A

1800 Born-Haber cycle of NaCl
+700
+600.
+500. . o
.w| 2 Dissociation of bonds of
+300
200 Na(g) + Cl(g)
i 1 ©_
100, | Na(g) + 112 Clyg) AAHD = +121kJm°
0 Na(S) + 1/2 Cl,(g)
-100 |
-200 4 “ ° o
-300 | ° °
-400 | )



kJmol-! A

Born-Haber cycle of NaCl

+800-
Na*(g) + CI(g)
+700 e-
+600_ . . e-
|3 Tonization of Na
| o
S

+400] |AH|=+502kJmol-* .
+300

Na(g) + Cl(9)
+2004 1

N 1/2 ClI
+100 a(g) + »(9)

0 Na(S) + 1/2 Cl,(g)

-100 4
-200 |
-300 4

-400




kJmol-! A
+800

Born-Haber cycle of NaCl

Na*(g) + CI(g)

+7004 1t
600 4 electron affinity of Cl

+500- AHE: -355kJmol?

+400

Na*(g) + CI(9)

+300-
Na(g) + Cl(g) @ @ @

+2004 1

Na(g) + 1/2 Cl
41004 (9) 2(9)
0 Na(S) + 1/2 Cl,(g)

-100

-200

-300

-400



kJmol-! A

Born-Haber cycle of NaCl

+800.
Na*(g) + Cl(g)
+70001 ¢
+600.
+500
+400_ il
+300 Na*(g) + CI(g)
Na(g) + Cl(g)
+2004 1t
N 1/2 Cl
4100 b a(g) + 2(9)
0 Na(S) + 1/2 Cl,(g)
-100 |
-200 _ AHP= -411kImol
-300 | ° .
b creation of NacCl
-400 - . 29
NaCl(s)



kJmol-1 A
+800_

Born-Haber cycle of NaCl

Na*(g) + CI(g)

+700_

+600_

+500

+400

+300

a

pasivity activity

)
AH = +502kJmol-*

)
AHg= -355kJmol-* Major energy member decisive
stability of ionic solids

\ 4

Na*(g) + Cl-(9)

+200

A

Na(g) + Cl(g) Laf*ice% py Of
NaCl

Na(g) + 1/2 Cl,(g)

Y AH? = +121kJmol

+1004

A

Na(S) + 1/2 Cl,(g)

AHg = +107kJmol

-100

-200

-300

-400

AH®= -411kImolt

F

AH = -786| kJmol-

30

NaCI(s)



Calculation of the lattice energy

Calculation of lattice enthalpy (direct measurement is impossible)

@ is performed: @

Theoretically

Born-Landé BoBr?; e;perimen'r

Kapustineky Nk
AH=-762t0 - 752 kimol+ AH®= -786 kimol
lattice energy consists lattice energy consists
of an ionic contribution of an ionic and covalent

only contribution

31



Properties of ionic compounds

Tonic solids are crystalline (arranged in a 3D set of ions)
- High melting points and boiling points - Very strong attraction
between ions (difficult to separate)
- Hard, rigid, but brittle
- They do not keep electricity in a solid state, but solutions

electrolytes) or molten salts conduct i+
( Y ) ‘ @ @@ \

Like charges

External repel
force

32



Prediction of lattice energy

+ Two factors determine the lattice
energy of ionic compounds.

- Higher charges produce highe éng)gfe
energies (2+ and 2 lead to str

bonds than 1+ and 1-).

* Less energy levels lead to higher lattice
energies (LiF has higher lattice energy

than NaCl)
» charges are the most important factor




Comparison of potential dependencies on inter-
ionic distances for NaCl, MgO and LiF

» MgO potential well is
much deeper than for LiF
and NaCl (ca 4x deeper)

20 -

+ LiF potential wellf <&
deeper than for N@c‘@&

+ Same crystal structure
(Rocksalt)

Potential [eV]
[

20 F + Inter-Ionic Equilibrium
Distances
- NaCl ;=283 pm
- LiF 1= 209 pm

- MgO rp=212 pm

) o * Valencies are different
Relative Inter-Ionic Distance r/ry [-]
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Lattice energy

V kJ/mol:

LiCl — 861
NaCl —» 787
KCl —» 717

|

The magnitude of the
factor - AHL is
reduced by an
increase in the size of
the ions

(Li* < Na* < K*)

LiF — 1030 ]

4
MgO - 3OO

|

Charge Factor - AHL
significantly increase with
increasing ion charge

(Li*, F-,Mg?*, 0%)

The strength of the ionic bond is dependent:
1) at inter-ionic distances

2) ion charge 3



Negative of lattice energy (kJ/mol)

1100

1000 —

900

800

700

600

A\

Li+
(76 pm)

Nat
(102 pm)

K+
(138 pm)

Rbt
(152 pm)

\\

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

LiF

(133 pm)

(181 pm)

(196 pm)

—Rbl

(220 pm)
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Properties of ionic compounds
Ion distances and hardness of materials

9— 4Be0 Interionic H
distance Hardness
8 \\ Compound - (Mohs)
L A BeO 1.67 9.0
\ s ety
) e MgO () WO | 6.5
\\ Ca0 l 4 AR
S \\\_m =rQ 2.56 3.5
AL N BaO 2.76 3.3
o8
SrQ e \ Bz0
H | G

3 - The increasing hardness

: is directly proportional

to the ionic potential:
¢=Z/r

)
(9%}

Hardness increases with decreasing inter-ionic distance at constant cartridge

Sizes. 37



Chemistry and Physics of Solids — Lecture 9

Covalent and metallic bond

X0l
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Covalent bonds in solid
compounds

oper‘a'rive use of |valence| electrons



Covalent bond

Directional properties - prefers only a certain coordination arrangement

\/

Unpaired
alectrons

Covalent bond between two atoms of chlorine

Examples of covalent bonds:
Non-metallic elemental molecules(H,, Cl,, F,, atd.)
Different atoms (CH,, H,O, HNO; a HF)
One-element solids (diamond, silicon, germanium)



Potential energy of the bond H,

d. Repulsive forces greater

—
than attractive forces. C{ e
b. Potential energy decreases >
as hydrogen atoms approach. w

Q@; 01©) \(J-)

Changmg the
density of
the electrons
with mutual
approximation

a. No attraction.
Potential energy is zero.

c. Most stable arrangement.
Molecule is formed.

Distance between nuclei



Covalent crystals - sp3 hybridization

ls 25 2px 2py 2pz sp? hybridization
Electronic configuration of © | LT LT T 1T
in ground state

Electronic configuration of C | LT T T T T
in excited state :

sz hybridization in C LT T T 1 A

Three 5;::E unhybridized

hybridized arhital
orbitals

Hybrid orbitals are formed from one s and three p orbitals.
They have the same energy

Q «—cusion ., £y

\Q;ctracfﬂg/
@

red shading represents the "binding region”

antibinding region
ueiBal Buipuigiue




Octet rule

atoms with 8 electrons in the valence sphere are stable
Atoms are combined to have 8 electrons in the valence sphere.
They have the same electron configuration as noble gases

Number of covalent bonds = {8-(nb of vale{@ H© rrons)}

Chlorine:8-7=1 it can bind only one other atom
Carbon:8-4=4 can bind other four atoms

Attractive Electron cloud

The formation of a

covalent bond is /y /
associated with the

equalization of - — —

attractive and

. Repulsive >.\\
repulsive forces

Nucleus
between atoms. / 5




Covalent crystals

They usually do not have free electrons.
Crystals are insulators (often semiconductors)

FO*Q,_O
%ﬂkﬂ'%‘"ﬁ%%

Examples: diamond, silicon, graphite (in plane), SiC,germanium



Structure of diamond

Carbon is in coordination IV




Covalent bond - directional valence
theory

E. (kcal/mol)

Dependence of energies of
single covalent bonds on
interatomic distances

E(keal) = - 3%

For elements of the IV.

group
(C.Si,Ge,Sn):

E(kcal) = - 38R(A)+143

075 125 175 225 275 325
R, A



The graphite structure is different

Each carbon is connected with another three.
Hybridization sp?.

Molecule is planar 120°

with connected hexagonal rings.

n bonds are above and below the plane.

... but graphite has a higher
cohesive energy than a diamond!




Crystal structure of covalent
compounds

i I v v Vi

5 & 7 g compounds III-V and II-VI
1 e by . are arranged symmetrically
s @ . @ T B { N 0 around the group IV
. v G A 20 15 30 L N
i 4 i and usually crystallize in the
. f 13 14 13 15 structures of sphalerite or
: @ . @ e :@ i Al i P 5 wurtzite
= i i 15 21 25 @ @@
& i — - GaAs:
p@ @@ | 2L S T 2 S Ga 4s?4p! Lﬁm; a> 4 x sp
= = In | Ga | Ge | As | Se As 4s24p3 -> As* 4 x sp
' L6 16 18 20 2
Covalent bonds in Si. 48 49 50 51 53 ' s -
Eacf} Si atom contributes Cd| Im | Sn | Sb | Te ’ ::_;; ; o
one of its four valence electrons : _ . X " ;
to a common bond H H " - o ; ah
with another Si. &0 8l &2 K3 &4 :@: @ i ::
Atoms are identical, Hg | TI | Ph | Bi Po " i .
and electrons are - = Y - - ; S o
most likely located : _ : @ _:v_‘.’:;;;;;-@_a :
halfway between them. 52 sip! sfp? sfpd sfpt T

Polar bond in III-V intermetallic compounds.
One bond arises from the sharing of two electrons from the As atom 11
Ga contributes by an empty orbital. Atoms are not the same, and the electrons are shifted towards the larger core.



Polar covalent bonds

a!.ﬂ'

=000 [CE0

Polar Covalent Bonding



Mixed bonds

ionic to covalent

» Covalent or ionic bonds are simple extreme cases.

> Most molecules share electrons “unequally" due to differences in
electronegativity and electron affinities

» The polar molecule generates a dipole momentum.

X0l

More

p | Less
electrons

'.;’{' electrons



Solids with mixed bonds

If the atoms of the elements forming the covalent solid are
different

For example, Zn and Se in ZnSe - the electrons are located closer to
one of the atoms (with higher electron affinity)

VN ﬁi-;f"_'__"'\\ ;__,,f---_;;_;_':':':_:é_—;-':?\
/ e s Y T \‘H
Lo \ -~ : / R e ,.-"II -\"‘.:":- WA I"'I,.' |
N\ e
covalent Ionic to covalent

Increasing the mutual deformation of ions

14

Increasing the bonding polarity



Tonic to covalent character of compounds

An empirical relationship to derive the ionic character of a molecule bond :

% of ionic character f(AB) ter = (l—f’:-'_':l’E 41‘“_“%100

‘Table 6.2 Percent lonic Character of a Single Chemical Bond with
Oxygen

' iDlﬁ'er-euce m ~ lonic " Difference in "~ lonic Elec‘rr‘onega"'iVity:
electronegativity character, % electronegativity character, %

02 1 1.8 55 Zn - 1

03 2 ! Y

s P

05 6 21 67 BY _SA

0; .. ° e

07 2 ¥ A % of ionic character GaAs 4%

0.8 15 24 76 . .

0s 1 25 g % of ionic character ZnS 15%

l:l 26 27 84

12 30 28 86

1.3 M 29 88

14 39 30 89

15 43 31 91

16 47 32 92

15



Solids with covalent bonding

The melting temperature of isoelectronic compounds, depending on their
polarity

W 11 11 LE 4
Inl| Gal| Ge | As | Se
1.6

L6 18 20 24 ‘@ 010 \

group compound percent ionic T,(°C)
IV Ge 0% 937
ITI-V GaAs 4% 1238

II-VI ZnSe 15% 1517

16



Effective ion charges

Compound Effective Compound Effective
charge charge
Nac +0,87 Si0, +1,97 -0,99
NaBr +0,83 ‘@ 016 \
A|203 ] = ,'UE
NaJ +0,75
MqgCl, +1,5
+1,26 -1,00
AIN +1132 A|253

17



lonic character (%)

Sorting bonds based on differences in electronegativity

100
207 0t 0.4
'5 T T T 2 2
2.0 1.0 2.0 3.0
Electronegativity
difference, AEN 0.5 <a <2

Approximate relationship between
electronegativity differences and ionic
character of bonds

covalent Polar to covalent
>

Sharing of e-  Partial transfer of e-

ionic

e- transfer

18



Metal Bond: Obedient dogs with
many bones around.

il
P
=
=
=
&

Metallic Bonding



Metallic bond

- Metals can be considered as stacks of
stationary ions, which are surrounded by

electrons ''sea

+ The concept is based on a bounded covalent bond,
where electrons are shared by all cry

- Metallic bond is not directional

Scheme of metal bond formation

Metallic atoms

0 ; o & @ e

o SR

) o ® ¢ o
® . o O,

“shared" elektrons

20



Solids with metallic bonds

If the number of valence electrons per atom is lower than KC, then a
metal bond is formed

Metal bonds are non-directional; same in all directions.
The resulting structures are therefore tightly arranged with a

maximum coordinate number of 12 (hexagonal o 8

21



Electronic band structure of solids

What happens in crystalline solids when approaching atoms
are so close that valence electrons form one system?

Two closely related sodium atoms divide

Anti-bonding level the energy level of 3s into two separate
-_
vels.

| (GRIIR

Energy

Internuclear distance

MNa —= .
The energy reduction is
'® associated with the transition of
both electrons with antiparallel
spins to a lower energy level.

22



Electronic band structure of solids

What happens in crystalline solids when approaching atoms
are so close that valence electrons form one system?

— @4
M 4 2oew m
e @D
L -
- QEBS : (O
4 atoms of sodium split the 3s energy level
intfo four separate levels.
}35- Internuclear distance
- e e e ) the 3s energy level into five separate
e e e see levels.

0000

Hypothetical Nay molecule 23



Electronic band structure of solids

What happens in crystalline solids when approaching atoms
are so close that valence electrons form one system?

Ma —s s .

 In solids, the distance between individual

{ h

energy levels is negligible so that the levels - 2
fuse into the bends. N < ‘@ 0o, \

. oo

* A band that is occupied by valence electrons
is called a valence band.

@4 Anti-bonding character

* A partially filled or low-lying band of Na, L..<: ere
energy levels is called a conductive band: . 2 Bonding character
= & ¢ € o8

=

24



Electronic band structure of Na

Energy

Internuclear distance [

ENERGY

Free atom level

By contacting N atoms of sodium (largé
number), the 3s energy level is split info

N separate energy levels. @ _ _
2

N atoms occupied the 3s belt. The
electrons occupy the lowest possible » 15
levels. ' r ER—

£

Interatomic distance —

The colored area is |allowed band| of no o
filled levels. In the chosen phenomenon - Na (1s22522p53sl):

between atoms, these are allowed T = i . 3s and 3p the bands overlap .
states of energy == . the inter-atomic distance ry, the valence electron is

not limited to 3s with the band

lead colors of metals.

25



Overlap of bands in Mg

£ &y

3P 3p —

A L, Valence band

26



Band structure of diamond

~107 % ey

"Bands" are
composed of
closely spaced
orbitals

Conduction
barnd

|rteratormic distance

27


https://upload.wikimedia.org/wikipedia/commons/e/ef/Solid_state_electronic_band_structure.svg
https://upload.wikimedia.org/wikipedia/commons/e/ef/Solid_state_electronic_band_structure.svg

Band structure of solids

- valence band - filled - highest occupied energy levels
- Conduction band - empty - non-occupied energy levels

____________________ » Eood

|
T Energy band |
|
Energy band gag_ |
o | | Energyband | [~ ; -
L | E)
|
)
! c
------------ >— i
|
|
T Interatomic ——
Equilibrium separation
interatomic

spacing
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Schematic diagram of the formation of zones
of semiconductors 14 of the periodic system
of elements

Free electrons in vacuum

29



Band theory of solids

Empty
band

Band gap

Empty states

Filled states

(a)

Electrical behavior

Empty
band

Empty
conduction
band

Empty
conduction

Filled
band

Band gap

@ @@ \band

Band gap

(b)

Filled
valence
band

(c)

Filled
valence
band

(@
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