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Troubles in crystallization processTroubles in crystallization process

Characteristics whose control are difficult.Characteristics whose control are difficult.

Size & its 
distribution

Shape
Polymorphism

Crystallinity

Purity

Questionnaire data (300 companies in 1998)Questionnaire data (300 companies in 1998)
[courtesy of H. [courtesy of H. OoshimaOoshima]]
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Why crystallization?Why crystallization?

Molecular RecognitionMolecular Recognition Self AssemblySelf Assembly

CrystalCrystal
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What are crystals and how do we recognize them.What are crystals and how do we recognize them.

• atoms pack in periodic, 3D arrays
• typical of:

3

CrystallineCrystalline materials...materials...

-metals
-many ceramics
-some polymers

• atoms have no periodic packing
• occurs for:

NoncrystallineNoncrystalline materials...materials...

-complex structures
-rapid cooling

Si Oxygen  
crystalline SiO2

noncrystalline SiO2""AmorphousAmorphous" = Noncrystalline" = Noncrystalline
Adapted from Fig. 3.18(b),
Callister 6e.

Solid defined by way of constituent packingSolid defined by way of constituent packing
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•• Non dense, Non dense, randomrandom packingpacking Energy   

r

typical neighbor  
 bond length   

typical neighbor  
 bond energy   

ENERGY AND PACKINGENERGY AND PACKING

•• Dense, Dense, regularregular packingpacking Energy   

r

typical neighbor  
 bond length   

typical neighbor  
 bond energy   

Dense, regularDense, regular--packed structures tend to have lower energy.packed structures tend to have lower energy.
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a

b

c

αβ
γ

Crystal system (7 systems)Crystal system (7 systems)

- Cubic   (a=b=c) (α=β=γ=90ο)  NaCl, KCl

- Hexagonal  (a=b  c) (α=β=γ=90ο) AgI, graphite, ice

- Tetragonal (a=b  c) (α=β=90ο, γ=120ο) Alum, diamond, rutile

- Trigonal (a=b=c) (α=β=γ   90ο) Ruby, spphire, NaNO3

- Orthorhombic (a  b  c) (α=β=γ=90ο) AgNO3, α-sulphur

- Monoclinic (a  b  c) (α=γ=90ο  β) sucrose, β-sulphur

- Triclinic (a  b  c) (α=β=γ    90ο) copper sulphate

=  

= 

= = 

= = 

= = 

=  

=  

=  

Space group : six parameter to define Space group : six parameter to define 
three dimensional space of unit cell three dimensional space of unit cell 

CrystalCrystal
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The fourteen The fourteen BravaisBravais latticeslattices

SymmetrySymmetry latticelattice crystal systemcrystal system
CubicCubic cubecube regularregular

bodybody--centered cubecentered cube
faceface--centered cubecentered cube

TetragonalTetragonal square prismsquare prism tetragonaltetragonal
bodybody--centered square prismcentered square prism

OrthorhombicOrthorhombic rectangular prismrectangular prism orthorhombicorthorhombic
bodybody--centered rectangular prismcentered rectangular prism
rhombic prismrhombic prism
bodybody--centered rhombic prismcentered rhombic prism

MonoclinicMonoclinic monoclinicmonoclinic parallelepipedparallelepiped monoclinicmonoclinic
clinorhombicclinorhombic prismprism

TriclinicTriclinic triclinictriclinic parallelepipedparallelepiped triclinictriclinic
RhombohedralRhombohedral rhombohedronrhombohedron trigonaltrigonal
HexagonalHexagonal hexagonalhexagonal prismprism hexagonalhexagonal

230 combinations; 32 points groups230 combinations; 32 points groups
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SIMPLE CUBIC STRUCTURE (SC)SIMPLE CUBIC STRUCTURE (SC)

•• Rare due to poor packing (only Po has this structure)Rare due to poor packing (only Po has this structure)
•• CloseClose--packed directionspacked directions are cube edges.are cube edges.

•• Coordination #Coordination # = 6= 6
(# nearest neighbors)(# nearest neighbors)

(Courtesy P.M. Anderson)(Courtesy P.M. Anderson)
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ATOMIC PACKING FACTORATOMIC PACKING FACTOR

APF = 
Volume of atoms in unit cell*

Volume of unit cell

*assume hard spheres

6

•• APF for a simple cubic structure = 0.52APF for a simple cubic structure = 0.52

APF = 
a 3

4
3

π (0.5a) 31
atoms

unit cell
atom

volume

unit cell
volume

close-packed directions

a

R=0.5a

contains 8 x 1/8 = 
           1 atom/unit cell

Adapted from Fig. 3.19,Adapted from Fig. 3.19,
Callister 6e.Callister 6e.
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BODY CENTERED CUBIC STRUCTURE (BCC)BODY CENTERED CUBIC STRUCTURE (BCC)

•• Close packed directions are cube diagonals.Close packed directions are cube diagonals.

•• Coordination # = 8Coordination # = 8

Adapted from Fig. 3.2,
Callister 6e.(Courtesy P.M. Anderson)

--Note:  All atoms are identical; the center atom is shadedNote:  All atoms are identical; the center atom is shaded
differently only for ease of viewing.differently only for ease of viewing.
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ATOMIC PACKING FACTOR:  BCCATOMIC PACKING FACTOR:  BCC

a
R

8

•• APF for a bodyAPF for a body--centered cubic structure = 0.68centered cubic structure = 0.68

Close-packed directions: 
     length = 4R 

       =  3 a

Unit cell c ontains: 
     1 + 8 x 1/8  
  = 2 atoms/unit cell

Adapted fromAdapted from
Fig. 3.2,Fig. 3.2,
Callister 6e.Callister 6e.

APF = 
a 3

4
3

π ( 3a/4 )32
atoms

unit cell atom
volume

unit cell
volume
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FACE CENTERED CUBIC STRUCTURE (FCC)FACE CENTERED CUBIC STRUCTURE (FCC)

•• Close packed directions are face diagonals.Close packed directions are face diagonals.

--Note:  All atoms are identical; the faceNote:  All atoms are identical; the face--centered atomscentered atoms
are shaded differently only for ease of viewing.are shaded differently only for ease of viewing.

(Courtesy P.M. Anderson)

•• Coordination # = 12Coordination # = 12

Adapted from Fig. 3.1(a),
Callister 6e.
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ATOMIC PACKING FACTOR:  FCCATOMIC PACKING FACTOR:  FCC

APF = 
a 3

4
3

π ( 2a/4 )34
atoms

unit cell atom
volume

unit cell
volume

Unit cell c ontains: 
     6 x 1/2 + 8 x 1/8  
  = 4 atoms/unit cell

a

10

•• APF for a bodyAPF for a body--centered cubic structure = 0.74centered cubic structure = 0.74

Close-packed directions: 
     length = 4R 

       =  2 a

Adapted fromAdapted from
Fig. 3.1(a),Fig. 3.1(a),
Callister 6e.Callister 6e.
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IONIC BONDINGIONIC BONDING

•• Occurs between + and Occurs between + and -- ions.ions.

•• Requires Requires electron transfer.electron transfer.

•• Large difference in electronegativity required.Large difference in electronegativity required.

•• Example:  NaClExample:  NaCl

Na (metal) 
unstable  

Cl (nonmetal) 
unstable  

electron  

+  -  
Coulombic  
Attraction  

Na (cation) 
stable  

Cl (anion) 
stable  

8
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9

Give up electrons Acquire electrons

He 
-

Ne 
-

Ar  
-

Kr 
-

Xe 
-

Rn  
-

F 
4.0
Cl 
3.0
Br 
2.8

I 
2.5
At 
2.2

Li 
1.0
Na  
0.9
K 

0.8
Rb  
0.8
Cs  
0.7
Fr  
0.7

H 
2.1

Be  
1.5
Mg 
1.2
Ca  
1.0
Sr  
1.0
Ba  
0.9
Ra  
0.9

Ti 
1.5

Cr  
1.6

Fe  
1.8

Ni 
1.8

Zn  
1.8

As  
2.0

Cs Cl

MgO
CaF 2

NaCl

O 
3.5

Adapted from Fig. 2.7, Callister 6e. (Fig. 2.7 is adapted from Linus Pauling, The Nature of the Chemical 
Bond, 3rd edition, Copyright 1939 and 1940, 3rd edition.  Copyright 1960 by Cornell
University.

EXAMPLES:  IONIC BONDINGEXAMPLES:  IONIC BONDING
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COVALENT BONDINGCOVALENT BONDING

•• Requires Requires shared electronsshared electrons

•• Example:  CHExample:  CH44

C:  has 4 valence e,C:  has 4 valence e,
needs 4 moreneeds 4 more

H:  has 1 valence e,H:  has 1 valence e,
needs 1 moreneeds 1 more

ElectronegativitiesElectronegativities
are comparable.are comparable.

shared electrons 
from carbon atom

shared electrons 
from hydrogen 
atoms

H

H

H

H

C

CH4

Adapted from Fig. 2.10, Adapted from Fig. 2.10, Callister 6e.Callister 6e.
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He 
-

Ne 
-

Ar  
-

Kr 
-

Xe 
-

Rn  
-

F 
4.0
Cl 
3.0
Br 
2.8

I 
2.5
At 
2.2

Li 
1.0
Na  
0.9
K 

0.8
Rb  
0.8
Cs  
0.7
Fr  
0.7

H 
2.1

Be  
1.5
Mg 
1.2
Ca  
1.0
Sr  
1.0
Ba  
0.9
Ra  
0.9

Ti 
1.5

Cr  
1.6

Fe  
1.8

Ni 
1.8

Zn  
1.8

As  
2.0

Si C
C(diamond)

H2O

C 
2.5

H2

Cl2

F2

Si 
1.8

Ga  
1.6

GaAs

Ge  
1.8

O 
2.0

co
lu

m
n 

IV
A

Sn  
1.8
Pb  
1.8

Adapted from Fig. 2.7, Callister 6e. (Fig. 2.7 is
adapted from Linus Pauling, The Nature of the Chemical Bond, 3rd edition, Copyright 1939 and 
1940, 3rd edition.  Copyright 1960 by Cornell University.

EXAMPLES:  COVALENT BONDINGEXAMPLES:  COVALENT BONDING

•• Molecules with Molecules with nonmetalsnonmetals
•• Molecules with Molecules with metals metals andand nonmetalsnonmetals
•• Elemental solids (RHS of Periodic Table)Elemental solids (RHS of Periodic Table)
•• Compound solids (about Compound solids (about column IVAcolumn IVA)) 11
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METALLIC BONDINGMETALLIC BONDING

•• Arises from a sea of Arises from a sea of donated valence electronsdonated valence electrons
(1, 2, or 3 from each atom).(1, 2, or 3 from each atom).

+ + +

+ + +

+ + +

Adapted from Fig. 2.11Adapted from Fig. 2.11
CallisterCallister 6e.6e.

•• Primary bond for Primary bond for metals metals and theirand their alloysalloys

12
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Arises from interaction between Arises from interaction between dipolesdipoles

•• Fluctuating Fluctuating dipolesdipoles

HH HH

H2 H2

secondary 
bonding

ex:  liquid H 2asymmetric electron  
clouds

+ - + -
secondary 

bonding

SECONDARY BONDINGSECONDARY BONDING

•• Permanent Permanent dipolesdipoles--molecule inducedmolecule induced

+ - secondary 
bonding + -

H Cl H Clsecondary 
bonding

--general case:general case:

--ex: liquid HClex: liquid HCl

Adapted from Fig. 2.14,
Callister 6e.

Adapted from Fig. 2.14,
Callister 6e.

secondary bonding
--ex: polymerex: polymer
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