Birthstones by month
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January February March April
Garnet Amethyst Aquamarine Diamond

—_—

May June
Emerald Alexandarite | Moonstone | Pearl

August
Peridot

September October November December
Sapphire Opal |Tourmaline Citrine | Topaz  Tanzanite| Zircon | Tourquoise

https://sciencenotes.org/birthstone-minerals/

Materials That Are Solids

* Solids : Four bonding classifications

— Covalent bonding, which forms network covalent solids (sometimes

called simply "covalent solids” as in diamond and silicon dioxide)

— lonic bonding, which forms ionic solids*

— Metallic bonding, which forms metallic solids*

— Weak intermolecular bonding, which forms molecular solids*
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lonic bonding: ionic solids*

a) Observations: Types of Crystals
Packing of Spheres

b)  Radius Ratios for lons Tucked into Holes
c) Experimental Lattice Energies from
Thermodynamics: Born-Haber Cycle

d)  Theoretical from (Coulombic) Interactions

Metallic bonding: metallic solids*

a) Observations: Structural Types
Packing of Spheres

b) Metal-metal bonding in extended structures
c) HOMO-LUMO gaps and Semi-conductors

d) Types of Alloys

Weak intermolecular bonding, which forms molecular solids*

Close Packing of Spheres;

Chapter 4—Weller . . . Armstrong
The Structures of Simple Solids:
Metals and lonic Salts

1. How do we know? X-ray Crystallography
2. What do we know? Ordered arrays of repeating units;
lattices and unit cells.

William H. Bragg
Nobel Prize Physics, 1915

- ia/-;'-r;
William L. Bragg
Nobel Prize Physics, 1915
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Bragg 's Law:  nA=2dsinB

Direction of X-ray wave

propagation, wavelength = 4 Reflected (scattersdl) X-1ays

<

Lattice plane

Inter-plane spacing, d

Lattice plane

dsinf! dsinf!
- : -
X 9% . #£% 'y - .
\/ \/ \/ \/ Direction of wave propagation
o S o R s Y .
NS N LY A W
Two waves are in-phase Two waves are out-of-phase

Box 6.5 Determination of structure: X-ray diffraction.

Housecroft and Sharpe, Inorganic Chemistry, 3rd Edition & Pearson Education Limited 2008

Following Bragg's law, each dot (or reflection) in this diffraction
pattern forms from the constructive interference of X-rays
passing through a crystal. The data can be used to determine
the crystal's atomic structure.
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The Seven Crystal Systems: crystals build up from these fundamental shapes

’ b
a All90° angles
a And,
May have atoms on
c ¢ corners, in faces, and
a In the body

a a a

Cubic Tetragonal Orthorhombic

V ; ,l'll
||IIII C
a ,."II

V]

Rhombohedral Hexagonal
(trigonal)

Monoclinic Triclinic

Angles unequal to 90°

© 2009 W.H. Freeman

CHAPTER 3: FIGURE 3.1

Unit Cell: The simplest 7)— D
repeating structural unit.

{a) Possible unit call

s i

a unit cell is the smallest unit _
of volume that contains all of g L

the structural and symmetry 5 T: 9 f
'I"_"H_ ]z—f
lattice by translation. T]:irr;f‘:]

— J

information to build-up the
macroscopic structure of the

{€) Mot a unit cell

INORGANIC CHEMISTRY 6E| SHRIVER| WELLER| OVERTON | ROURKE | ARMSTRONG
©2014 B W. H. FREEMAN AND COMPANY
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CHAPTER 3: FIGURE 3.3

Counting ions in the unit cell: Simple Cubic

“Primitive”

Counting ions in the unit cell:

Each corner is shared with 8 other ]
unit cells. Contributes 1/8 to this {:T t}" i
unit cell. Therefore there is : -

O®—_ (+1,00)
8 x 1/8 = 1 atom in this unit cell. a= _

INORGANIC CHEMISTRY 6E| SHRIVER| WELLER| OVERTON | ROURKE | ARMSTRONG
©2014 B W. H. FREEMAN AND COMPANY

CHAPTER 3: FIGURE 4.4

Counting ions in the unit cell: Body-centered cubic

Each corner is shared with 8 other
unit cells. Contributes 1/8 to this
unit cell.

Each atom within the cell belongs
only to that cell and contributes one
to this unit cell.

Therefore there is :

8x1/8=1and1x1="1;
a total of 2 atoms in this unit cell.

INORGANIC CHEMISTRY 6E| SHRIVER| WELLER| OVERTON | ROURKE | ARMSTRONG
©2014 B W. H. FREEMAN AND COMPANY
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CHAPTER 3: FIGURE 3.5

Face-centered cubic
Counting ions in the unit cell:
Each corner (red balls) shared with ®

8 other unit cells. Contributes 1/8 to
this unit cell.

Each face (orange balls) shared with
one other unit cell. Contributes %2

to this unit cell. Therefore: I

From corners: 8 x1/8 =1

From faces: 6 x%2=3

Total: 4 atoms or ions in this
unit cell.

INORGANIC CHEMISTRY 6E| SHRIVER| WELLER| OVERTON | ROURKE | ARMSTRONG
©2014 B W. H. FREEMAN AND COMPANY

CHAPTER 3: FIGURE 3.6

The cubic ZnS structure

Counting:

4 Zn ions in body
6 S ions on faces

8 Sions in corners
6x%=3
8x1/8=1
cl b:
Total S: 4
a
Has to be!!

INORGANIC CHEMISTRY 6E| SHRIVER| WELLER| OVERTON | ROURKE | ARMSTRONG
©2014 B W. H. FREEMAN AND COMPANY
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CHAPTER 3: FIGURE 3.7

The cubic cesium chloride structure

INORGANIC CHEMISTRY 6E| SHRIVER| WELLER| OVERTON | ROURKE | ARMSTRONG
©2014 B W. H. FREEMAN AND COMPANY

CHAPTER 3: FIGURE 3.8

The structure of metallic tungsten looks like CsCl structure!

INORGANIC CHEMISTRY 6E| SHRIVER| WELLER| OVERTON | ROURKE | ARMSTRONG
©2014 B W. H. FREEMAN AND COMPANY




Noble Gases; methane, hydrogen, pure metals

Simple cubic  Body-centered cubic lattice

(a) ()
Inefficient packing; lots of unused space;
52.4 and 68% of space utilized, respectively

Fig. 6.6 Unit cells of (a) a simple cubic lattice and (b) a body-centred cubic lattice.

Housecroft and Sharpe, Inorganic Chemistry, 3rd Edition © Pearson Education Limited 2008

© 2009 W.H. Freeman
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CHAPTER 3: FIGURE 4.11

Close Packing of Spheres: one layer. Note “trigonal” holes

'y W W ST < A -

INORGANIC CHEMISTRY 6E| SHRIVER| WELLER| OVERTON | ROURKE | ARMSTRONG
©2014 B W. H. FREEMAN AND COMPANY
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CHAPTER 3: FIGURE 3.12

Close Packing of Spheres: Layer by Layer

., ABCABC

Note: Open spaces are trigonal “holes”; tetrahedral

Note: Layers are offset: ABABABABA..

I
J

“holes” and octahedral “holes’

INORGANIC CHEMISTRY 6E| SHRIVER| WELLER| OVERTON | ROURKE | ARMSTRONG

©2014 B W. H. FREEMAN AND COMPANY

Hexagonal Close Packed Spheres: ABABABAB...

© 2009 W.H. Freeman
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Unit Cells for

Cubic Close- Hexagonal Close-
Packed Spheres Packed Spheres

(2) (b)

Fig. 6.4 Unit cells of (a) a cubic close-packed (face-centred cubic) lattice and (b) a hexagonal close-packed lattice.

Housecroft and Sharpa, Inorganic Chemistry, 3rd Edition & Pearson Education Limited 2008

© 2009 W.H. Freeman

3/4/2019
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Table 3.2 The crystal structures adopted by metals under normal
conditions

Crystal structure Element

Hexagonal close-packed (hcp) Be, Ca, Co, Mg, Ti, Zn

Cubic close-packed (ccp) Ag, Al, Au, Cd, Cu, Ni, Pb, Pt
Body-centred cubic (bcc) Ba, Cr, Fe, W, alkali metals
Primitive cubic (cubic-P) Po

What are the characteristics of the metals that might
be correlated with their crystal structures?

© 2009 W.H. Freeman

or c / dPLC QUTE

Filling Holes in Close Packings

© 2009 W.H. Freeman

3/4/2019
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CHAPTER 3: FIGURE 3.17

An Octahedral Hole and a Tetrahedral Hole:
an atom in the hole will have

Coordination
No. of 6.

Coordination
No. of 4.

(b)

INORGANIC CHEMISTRY 6E| SHRIVER| WELLER| OVERTON | ROURKE | ARMSTRONG
©2014 B W. H. FREEMAN AND COMPANY

Unstable Stability Limit Stable

- Stability limit for Oh hole is 0.414*

*This is the radius ratio of hole size to size of sphere.

The larger the radius ratio, the larger the size of the cation
and hence the larger the coordination number should be.

13



CHAPTER 3: FIGURE 3.19

Radius Ratios are guides to matches of hole size and spheres.

r+r,

ry/r- =0.414

ry/r- = 0.225

INORGANIC CHEMISTRY 6E| SHRIVER| WELLER| OVERTON | ROURKE | ARMSTRONG
©2014 B W. H. FREEMAN AND COMPANY

Prediction of structures of ionic salts from
Radius Ratios: (r/r)

Table 3.6 The correlation of structural type with radius ratio

Radius ratio () CN for 1:1 and 1:2 Binary AB Binary AB,

stoichiometries structure type structure type
1 12 None known None known
0.732-1 8.8 and 8:4 CsCl CaF,
0.414—0.732 6:6 and 6:3 NaCl (ccp), NiAs (hcp) Tio,
0.225-0. 414 4:4 ZnS (ccp and hcp)

CN denotes coordination number.

© 2009 W.H. Freeman

3/4/2019
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Table 6.8 Limiting radius ratios for five common

ionic lattices

Lattice Type RR. =r,/r 1/RR.¥A4,

1:1 Stoichiometry '
Zinc blende 0.225 4.44

" Rock salt 0414 2.41
Cesium chloride 0.732 1.37

1:2 Stoichiometry
Rutile 0414 241
Fluorite 0.732 1.37

Fluorite: Calcium Fluoride

Rutile: Titanium Dioxide—most common natural form

CHAPTER 3: FIGURE 3.38

The Calcium Fluoride, CaF,, or fluorite structure
Ccp with all Td holes filled.

INORGANIC CHEMISTRY 6E| SHRIVER| WELLER| OVERTON | ROURKE | ARMSTRONG
©2014 B W. H. FREEMAN AND COMPANY

3/4/2019
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CHAPTER 3: FIGURE 3.39

The Rutile Structure: TiO,
hcp with 72 Oh holes filled

INORGANIC CHEMISTRY 6E | SHRIVER| WELLER| OVERTON | ROURKE | ARMSTRONG
©2014 B W. H. FREEMAN AND COMPANY

Filling Holes in Close Packings

Octahedral hole
Tetrahedral hole

Close-packed arrays possess an
equal number of octahedral
“holes” and twice as many
tetrahedral “holes”.

16



iubb 6.9 Calculated versus observed structures of salts, based on radius ratios

Lattice Type Lattice Type
Compound RR. Predicted Observed Compound RR. Predicted Observed
LiF 0.76 CsCl NaCl CsF (0.66) NaCl NaCl
LiCl 0.54 NaCl NaCl CsCl (0.93) CsCl CsCl
LiBr 049 NaCl NaCl CsBr 0.99 CsCl CsCl
Lil 0.44 NaCl NaCl Csl 0.88 CsCl CsCl
NaF 097 CsCl NaCl BeO 047 NaCl ZnS
NaCl 0.69 NaCl NaCl BeS 0.35 ZnS ZnS
NaBr 0.64 NaCl NaCl MgO 0.68 NaCl NaCl
Nal 0.56 NaCl NaCl MgS 0.51 NaCl NaCl
KF (0.78) CsCl NaCl Ca0 0.90 CsCl NaCl
KCl 091 CsCl NaCl CaS 0.67 NaCl NaCl
KBr 0.84 CsCl NaCl AIP 032 zns ZnS
KI 074 CsCl NaCl TIC 098 CsCl CsCl
RbF 0.72) NaCl NaCl ZnS 052 NaCl ZnS
RbCy 099 CsCl NaCl cds 0.64 NaCl ZnS
RbBr 091 CsCl NaCl HgS 0.68 NaCl ZnS
RbI 0381 cscl NaCl

Note: Values in parentheses correspond to 1 JRR. =r_[r,.
Source: Nathan, L. C. J. Chem. Educ. 1985, 62, 215.

NaCl structure particularly stable!

“Perhaps one of you gentlemen would mind telling me just
what it is outside the window that you find so attrmctive...2”

3/4/2019
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Filling Holes in Simple Cubic Packing of
Anions— The CsCl structure

Coordination
No. of 8.

lonic Radii
of Cs* =1.65—1.8A
of CI-=1.65-1.8.

f
lonic Radii
of NH,*=1.40
of Cl-=1.65-1.8. . & NHZ 1

© 2009 W.H. Freeman

3/4/2019
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Zinc Sulfide, ZnS : Spalerite Structure,
a ccp array of anions with Zn in 2 Td holes

© 2009 W.H. Freeman

Zinc Sulfide, ZnS : Wurzite Structure, a hcp
Array of anions with zinc in 72 of Td holes

(a)
(0,1)

(b)

© 2009 W.H. Freeman

3/4/2019
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CHAPTER 3: FIGURE B3.5

Filling Holes in Cubic Close Packing of Anions—
The NaCl structure type: All Oh holes are filled

INORGANIC CHEMISTRY 6E| SHRIVER| WELLER| OVERTON | ROURKE | ARMSTRONG
©2014 B W. H. FREEMAN AND COMPANY

Table 3.5 The relation of structure to the filling of holes

Close-packing type Hole filling

Cubic (ccp) All octahedral
All tetrahedral
Half octahedral
Half tetrahedral

Hexagonal (hcp) All octahedral

Half octahedral
All tetrahedral

Half tetrahedral

Structure type (exemplar)

Rock salt (NaCl)
Fluorite (CaF,)
Cddl,
Sphalerite (ZnS)

Nickel arsenide (NiAs); with some
distortion from perfect hcp Cdl,

Rutile (TiO,); with some distortion
from perfect hcp

No structure exists: tetrahedral
holes share faces

Wurtzite (ZnS)

© 2009 W.H. Freeman

3/4/2019
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Table 3.4 The crystal structures of compounds

Crystal structure Example*

Antifluorite K0, K.S, Li,0, Na,0, Na,Se, Na,S

Caesium chloride CsCl, T, CsAu, CsCN, CuZn , NbO

Fluorite CaF,UO,, HgF,, LaH,, PbO,

Nickel arsenide NiAs, NiS, FeS, PtSn, CoS

Perovskite LaliQ (distorted) SITIQ Pb7r0. LaFeO,, LiSrH,, KMnF,

@It NaCl, KBr, Rbl, AgCl, AgBr, MgO, Ca0, TiO, FD

SO RAT N alEN=

Rutile Ti0,, MnO,, Sn0,,WO,, MgF,, NiF,
Sphalerite (zinc blende) ZnS, CuCl, CdS, HgS, GaP, InAs

Spinel MgAl0,, ZnFe,0,, ZnCrS,

Wurtzite ZnS, Zn0, BeO, Mns, Agl, AIN, SiC, NH_F

*The substance in bold type is the one that gives its name to the structure.

© 2009 W.H. Freeman

lonic bonding: ionic solids*

a) Observations: Types of Crystals
Close Packing of Spheres

b)  Radius Ratios for lons Tucked into Holes
c) Experimental Lattice Energies from
Thermodynamics: Born-Haber Cycle

TmzZ—rr-H4CcCoO

d) Theoretical from (Coulombic) Interactions

Metallic bonding: metallic solids*

a) Observations: Structural Types
Close Packing of Spheres

b) Metal-metal bonding in extended structures
¢) HOMO-LUMO gaps and Semi-conductors

d) Types of Alloys

Weak intermolecular bonding, which forms molecular solids*

Close Packing of Spheres;

3/4/2019
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Energetics of lonic Bonding: Lattice Energy

AH, : Enthalpy for separation of salt to ions

MX(s) — M*(g) + X (g)

How to experimentally measure?

Use a Thermodynamic Cycle

Thermochemical (Born-Haber) Cycle

AHion. - AH A. +
M@@) + X S Mg + X(9)
AH,, + % BDFX2 lAHL
AH,

M(s) + (%)X(g} MX(s)
Values for NaCl (kJ/mol)
AH,,, : Sublimation Enthalpy of Metal (298 K) 108
% BDE,, : Dissociation Energy of X, bond (298 K) 242
AH,,, : lonization Enthalpy of Metal M 496
AH¢ , : Electron Affinity Enthalpy of X atom 349

AH, : Enthalpy for separation of salt to ions
AH; : Enthalpy of formation from elements

3/4/2019
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K*(g) + e(g) + Cl{g)

122
K*(g) +e(g) _355
 +1Cl,(g)

—_—

425 K*(g) + Cl(g)
K(g) + 7 Cl,(g)

h

89

"K(s) + +Cl,(g)
438

KCl(s)

© 2009 W.H. Freeman
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Table 3.7 Lattice enthalpies of some simple inorganic solids

Compound

Lil
NaF
NaCl
NaBr
Nal
KCI
Kl
CsF
CsCl
CsBr
Csl
MgF:
Cak:

LiF

Structure

type

Rock salt

Rock salt

Rock salt

Rock salt

Rock salt

Rock salt

Rock salt

Rock salt

Rock salt
Caesium chloride
Caesium chloride
Caesium chloride
Rutile

Fluorite

AHze [(kimol-')  Compound
type
1030 SrCl
ol LiH
923 NaH
786 KH
747 RbH
704 CsH
719 BeO
659 MgO
744 Ca0
657 Sr0
632 BaO
600 Liz0
2922 TiO2
2597 CeD:

Structure

Fluorite

Rock salt
Rock salt
Rock salt
Rock salt
Rock salt
Wurtzite
Rock salt
Rock salt
Rock salt
Rocksalt
Antifluorite
Rutile
Fluorite

AHEe (ki mol- 1)

2125

858
782
699
674
648
4293
3795
3414
3217
3029
2799
12150
9627

3/4/2019
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Consequences of Lattice Enthalpies

* Electrostatic component stabilizing ionic solids
gives us
[Zn-Zg]

Lattice energy oc . .
d — lattice spacing

# Thermal stabilities: “Large Cations stabilize
large Anions’ .

Effects of charge and size on lattice
energies reflected in melting points

melting points (°c)

NaF 993 CaF, 1423] MgO 2800
NaCl 801 SrCl, 872 CaO 2580
NaBr 747 L1,0 >1700{ SrO 2430

KCl 770 Na,O 1275 BaO 1923
(subl)

3/4/2019
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Consequences of Lattice Energies:
Solubility

Ma* and Cl" ions

& C in the gasecus siate
® o 6
E o
8
Step 1 IO
- ¥
A
A%
- 4=+ - By
A ; Heat of Solution
iy Ao = & KImal T «
Ma* and CI” ions 9 -
in tha solid state § o o ¢ s 8
&

Hydrated Ma* and CI” ions

Rule: Compounds that contain ions of widely different radii are generally
Soluble in water (typically radius of M* < radius of X- by 0.8A)

CHAPTER 3: FIGURE 3.51

+40 .
Csl
CsBr RbBr | - Abl
i /N
CsClL b ko ke X,
ALC
O P

kd mol™!
+
M
o

1 ﬂsdH 'II’
o

l ,-"f{ NlaF : \

KF ?,f \

I
ra
=]
=S|
e

FbE |l

A
S

CsF LiBr

Enthalpy of dissolution
o
&

&
=]

[ !

-200 =100 0 +100 +200
{AHWH{)(‘} = A, H(M)} / kd mol™

INORGANIC CHEMISTRY 6E| SHRIVER| WELLER| OVERTON | ROURKE | ARMSTRONG
©2014 B W. H. FREEMAN AND COMPANY
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Theoretical Approach to Lattice Energies

‘Repulsive interactions

—Total energy

r=180 1

mol)

Internuclear distance, r (pm) >

Potential energy

—589

/ ' \Attractive interactions

CHAPTER 3: FIGURE B3.5

<« L

«—cr

INORGANIC CHEMISTRY 6E| SHRIVER| WELLER| OVERTON | ROURKE | ARMSTRONG
©2014 B W. H. FREEMAN AND COMPANY
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Theoretical Approach to Lattice Energies

Energy A

Lattice Energies - Details

r = cation-anion distance
| -
V = VCoulomb + Vrepulsion

- 4

ion - ion Coulomb  repulsions
interactions between ion cores

NaCl-type:
Vcouoms = Na(S[Z:+ Z ] x A =] A=[-6+12/p —853 +6 245 + ]

The Madelung constant: a geometrical parameter that is the same for all
compounds of a given structure type

Theoreraet Dorcvahin of Lattice Sy, E, < U
The attractive potential of an ion pair (+/-) at distance r is
zzeé?
r

In a crystal lattice there will be more interactions (attractive, repulsive)
i i n pair:
than in a single ion pair:

- Az, z.e?
Ec=_....r&

For a mol of ion pairs, including the Born term for repulsion between
e clouds of close ions,

— constant
2
E = NAz,ze® | NB crersicof
E-E=+E..,/’ r " cation/anion

evaluated from erystal
compressibility

Equilibrium ion separation (re) is determined by a balance of electrostatic
attraction and repulsion:

(dE) -0 = NAzze? L3
- 2 a3
ar rar, fe e

Substitution of B gives the Born equation:

2
E_ = M(«l .%) EL = AH_

If z,=+1,z=-1,Tg=3A,n=9,A=1
E_ = -100 kcal/mol

3/4/2019
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evaluation of Madelung constant

example: NaCl
for each ion: SIer
6 counterions at r,'
12 ions of same charge at rgV2
8 counterionis at rgV3
6 ions of same charge at 2r,
A=6 - 122 + 8N3 -6/2 + 24R5 + ... — 1.748
(series converges slowly)
e’z,z 1)
EL = 1.?48hk——¢—=(|-——
re n
structure A
rock-salt 1.748
Madelung constants depend CsCl 1.763
solely on the geometry of sphalerite ~ 1.638
the crystal. wurizite 1.641
fluorite 2519
antifluorite - 2.519
cuprite 2.221

% Comparison of calculated and experimental lattice enthalpies is an
evaluation of the extent of ionic bonding (ionicity) in the crystal.

Table 3.8 Madelung constants

Structural type A
Caesium chloride 1.763
Fluorite 2519

Rock salt 1.748
Rutile 2.408
Sphalerite 1.638
Wurtzite 1.641

© 2009 W.H. Freeman

3/4/2019
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52 3« I0NIC BONDING AND THE NATURE OF SOLIDS

Fig. 3.1 Some crystal ta) sodium chlorid,

(b) cesium chloride: (¢) zing blende ZnS; (d) wurizite ZnS;

(e} Nuorite CaF; (1) rutile T‘D [From A. F. Wells, Smml
C . Cl

Press, Oxford, 1962
Reproduced with o-rm.niuﬂ'l

important. since ignori ng it mnkl lead one to conclude that ionic bonding was much
than which is not the case. We shall see that substances

ing strong. Itidi i bonds. such as diamend. also have very

high meltine noints The hivh melting point of sodium chloride. for example. results

A2 ""o rs 20 0% <
\n. I'\a.

- q\‘!. f.\‘

-

Titanium dioxide, TiO,, rutile,

m. pt. 1843 C Aluminum oxide, Al,O5, corundum,

m. pt, 2044° C

Calcium fluoride, CaF,, fluorite;
m. pt. 1418° C

29



Metals and Semi-Conductors

Unit Cells for

Cubic Close- Hexagonal Close-
Packed Spheres Packed Spheres

(a) (b)

Fig. 6.4 Unit cells of (a) a cubic close-packed (face-centred cubic) lattice and (b) a hexagonal close-packed lattice.

Housecrolt and Sharpe, Inarganic Chemistry, 3rd Edition © Pearson Education Limited 2008

3/4/2019
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conditions

Table 3.2 The crystal structures adopted by metals under normal

Crystal structure

Hexagonal close-packed (hcp)
Cubic close-packed (ccp)
Body-centred cubic (bcc)

Primitive cubic (cubic-P)

Element

Be, Ca, Co, Mg, Ti, Zn

Ag, Al, Au, Cd, Cu, Ni, Pb, Pt
Ba, Cr, Fe, W, alkali metals
Po

What are the characteristics of the metals that might
be correlated with their crystal structures? What is metallic
Bonding? Can MO theory describe it? Account for properties?

© 2009 W.H. Freeman

CHAPTER 3: FIGURE 3.60

INORGANIC CHEMISTRY 6E| SHRIVER| WELLER| OVERTON | ROURKE | ARMSTRONG
©2014 B W. H. FREEMAN AND COMPANY

10#
| —— | Metal
10 Super-
- conductor
=
(&}
(4]
‘:_; 1
=
i3]
]
cin- i
Sm Semi-
conductor
108 [
1 10 100 1000
T/K

3/4/2019
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CHAPTER 3: FIGURE 3.63

Energy —>

12345678 9101112 e
Number of atoms, N

INORGANIC CHEMISTRY 6E| SHRIVER| WELLER| OVERTON | ROURKE | ARMSTRONG
©2014 B W. H. FREEMAN AND COMPANY

p Band p Band

—>

Band gap

Energy

s Band s Band
INORGANIC CHEMISTRY 6E| SHRIVER| WELLER| OVERTON | ROURKE | ARMSTRONG
©2014 B W. H. FREEMAN AND COMPANY
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Energy

Metals vs. insulators
Vs. semiconductors

(a)

(d)

Fig. 6.12 The relative energies of occupied and empty bands in (a) an insulator, (b) a metal in which the lower band is
only partially occupied, (c) a metal in which the occupied and empty bands overlap and (d) a semiconductor.

Housecroft and Sharpe, Inarganic Chemistry, 3rd Edition © Pearson Education Limited 2008

CHAPTER 3: TABLE 3.13

Typical Band Gaps

Material

Carbon (diamond)
Silicon carbide
Silicon

Germaniun
Gallium arsenide

Indium arsenide

E,/eV

L e R Y R N L NN Y

5.47
3.00
1.1

0.66
1.35
0.36

INORGANIC CHEMISTRY 6E| SHRIVER| WELLER| OVERTON | ROURKE | ARMSTRONG
©2014 B W. H. FREEMAN AND COMPANY
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Semiconductors

Thermal energy

- promOte " i

* Energy from heat (thermal equilibrium), gives (virtually
Boltzmann-like) distribution of excited states where some
electrons are promoted.

Energy

* When electrons have been promoted (heat, light), the material

will begin to conduct.

Semiconductors

* |f the band gap becomes small enough,
some conductivity can be achieved.

* Band gaps:
diamond: 580 kJ/mol (A~ 206 nm)
silicon: 105 kJ/mol (A~ 1140 nm)

germanium: 64 kJ/mol (A~ 1870 nm)

* Pure Si or Ge can conduct at high T or if
exposed to light.

https://www.youtube.com/watch?v=kD109B5CUUw

3/4/2019
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Metals vs Semiconductors

Resistivities = p = /o

y . . e, . 7 W
1 Metals resistivities

increase with T

[
l

S
1

i

» Semiconductors’

=

Electrical resistivity x 10%/Qm

T T
600 800
Temperature/K]

=
g
g

resistivities decrease
with T

" However, note the
huge difference in
scales on these plots!

G o [e] = [h]

Resistivity/Qm

0 - T
250 300 350
Temperature/K

“Intrinsic” (pure, undoped)
Semiconductors

* Moderate band gaps - conductivity is low
but increases with temperature:
[e][h] = K q = e G /RT = (85 /R)@ M /RT
AH® = AE=E,, also [e] = [h]
[e] = [h] = (e®5/2R)e g Fear/2rT
* Conductivity is thus an activated process in a
pure semiconductor.

= Plot InBvs. (1/T) to get slope = E,, /2
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“Extrinsic” (Doped) Semiconductors

* Pure elemental semiconductors (Si, Ge, etc.)
are used for devices where light or heat can
be supplied to promote electrons.

« More useful devices are made using “doped”
semiconductors — appropriate impurities are
intentionally added to supply electrons (e.g.,
P) or holes (e.g., Al) which modify the band
gaps and the conductivity can be controlled.

n-Type Semiconductors

><1“Dope” with phosphorus. An electron is
“left-over” after forming Si-P bonds.

* The added electrons are easily promoted
from the “donor levels” at normal
temperatures, so they can serve as charge
carriers.

* Typical n-type devices contain on the order of
0.00001% P.
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Phosphorus doped into Si: extra electron

Energy

Add €= Lesssssesd donor
levels

pure silicon

* Initially, valence band is full, conduction band is empty
« Added e”’ s must go in conduction band
* Extent of conductivity depends on # of electrons added.
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p-Type Semiconductors

><“Dope” with aluminum. Formation of Al-Si bonds
“steals” an electron from Si.

¢ The holes allow “places for electrons to move into”
within the valence band, so they serve as charge
carriers

* Shallow “impurity” levels, as for n-type - electrons
easily promoted at normal temperatures.

* Properties of n & p type differ slightly. Most devices
contain combinations of both.

Aluminum doped into Si
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p-Type Semiconductors

Remove
.

acceptor
il N

pure silicon

* Initially, valence band is full, conduction band is empty
* Removing e’ s leaves “holes” in valence band
* Number of electrons removed determines conductivity.

Substitutional and Interstitial Alloys
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Types of Alloys

Substitutional and interstitial alloys

Examples of substitutional alloys include
bronze and brass, in which some of the
copper atoms are substituted with either
tin or zinc atoms respectively. In the case
of the interstitial mechanism, one atom is
usually much smaller than the other and
can not successfully substitute for the
other type of atom in the crystals of the
base metal. Instead, the smaller atoms
become trapped in the spaces between
the atoms of the crystal matrix, called the
interstices. This is referred to as an
interstitial alloy. Steel is an example of an

(T XYY Y)
000000
eeP0®e
2080680
eoo0000®
Pure metal
00000
L] e_0 .
000000
000000
eo00 00
L]
T
Interstitial alloy

Substitutionalfinterstitial alloy

interstitial alloy, because the very small carbon atoms fit into interstices of the iron
matrix. Stainless steel is an example of a combination of interstitial and
substitutional alloys, because the carbon atoms fit into the interstices, but some of
the iron atoms are substituted by nickel and chromium atoms.[8]

Alloys—Stainless Steel
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Alloys—Brass

Copper with some zinc

Bronze

Copper with some Tin
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Composition of Alloys

Bronze - probably the first intentionally created alloy - consists primarily of copper, usually with tin as the main additive:
Musical instruments (cymbals), medals

#Steel consists mostly of iron and has a carbon content between 0.2% and 2.1% by weight:
Building, cutlery, surgical equipment

*Brass consists of copper and zinc, the proportions of which can be varied to create a range of brasses with varying
properties: Musical instruments, springs, screws, and rivets

oSterling silver (92.5% silver, the rest usually copper): Musical instruments (flute and saxophone), cutlery
*10K (or 12K, or 14K, or anything under 24K) gold: Jewelry, police badges
eCupronickel nickels are made of nickel and copper, typically 75% copper, 25% nickel: Coinage, e.g. the US five-cent coin

ePewter (traditionally 85-99% tin, with the remainder consisting of copper, antimony, bismuth and lead):
Tankards, spoons

eSolder consists of lead and tin, the proportions of which can be varied to create a range of solders. The two most common
alloys are 60/40 Sn/Pb and 63/37 Sn/Pb:
Used to join together metal pieces in plumbing and electronic/electrical work

*”Type” metal is an alloy of lead, tin and antimony in different proportions depending on the application. The proportions
used are in the range: lead 50-86%, antimony 11-30% and tin 3-20%:
Typesetting (part of the printing process) where the molten type metal is injected into a mold that has the shape of one or
more letters or characters, these are then used to press ink onto paper

*Wood's metal is composed of 50% bismuth, 26.7% lead, 13.3% tin, and 10% cadmium:
Used by gunsmiths for making castings of firearm chambers

3/4/2019

42



3/4/2019

Comparison of Lattice Energies (I in kJ/mol) of Some Salts
Solid U7 Solid U Solid U Solid U
LiF 1036 LiCl1 853 LiBr 807 LiI 757
NaF 923 NaCl 786 NaBr 747 Nal 704
KF 821 KCl 715 KBr 682 KI 649
MgF, 2957MgCl, 2526 MgBr, 2440 Mgl, 2327

Mgis) — Maig) AH® = 148k]

Fiig) — 2Fig)

Mg(g) — Mg*(g) + e~
Me*{g) —= Mg " (g} + &~
Fig)+ ¢~ — F(g)
Mg(s) + Falg) — MgFi(s)

AN®
AH®
AH"
AH®

159 kJ
738 k)
1450 kJ
~328 K1

AH® = — 1123k
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ENTS OF A SM_ARTP_H

SCREENC

BATTERY O

Indlum tn oxice 5 a mixture of
ncium oxide and tin ovde. used
i @ transparent film in the screen
that eonducts electricity. This allaws
the sereen 1o function as a touch
SErben

The glass used on the majovity of
smartphones &5 an sluminosilicate
glass, composed of a mix af aluming
(ALO,) and sdica {Si0]. This glass
also contalng potassium ar, which
help o strengthen &

& variety of Rare Earth Blement
compounds are used in small
quandities to produce the colours
N the smartphone's sereen. Some
COMpOUnS Ane also Lsed [0 reduce
UV fight penetration inta the phone.

Copper s used for wirng in the
phane, whist copper. gold and siver
are the major metals from which
microelectrical  components  are
fashioned. Tantakum & the major
compenent of Micro-Lapacaors.

Pickel (5 used in the microphane as well
Al

pcclinkm: ¢ neodmin wre \5ed
In the magnets in the speaker and
mikrophone. Neodymum, terbium and
dysproshim ane used in the vibration Lt

Pure silicon 15 used 1o manutacture
the chip in the phone. It is oxidised
10 produce RON-CONCUCTNG regions.
then other elements are added in
order to allow the chip 1o conduct
wlectricity

Tin & lead are used 1o solder
lectronics in the phone. Newer lead
free solders use @ mix of tin copper
and sibver

The majority of phanes Lse lthium ion batteries,
which are composed af lithium cobakt cxsde a5 8
positive slectrode and graphite {carbon) as the
negative electrode. Some bameries Lse otfher
metaki, suth as manganese, in place of cobalt,
The battery's casing & made of aksminkim,

Magnesium compounds are aiyed to make
some. phone cases, whist many are made
of plastics. Plstics will also include flame
retardant compounds, same of which contain
bromine, whilkt nickel can be included to
reduce electromagnetic interference.
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