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Birthstones

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

Birthstones by month

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)

– Ionic bonding, which forms ionic solids*

– Metallic bonding, which forms metallic solids*

– Weak intermolecular bonding, which forms molecular solids*
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a) Observations:  Types of Crystals
Packing of Spheres 

b)      Radius Ratios  for Ions Tucked into Holes
c)      Experimental Lattice Energies from 

Thermodynamics:  Born-Haber Cycle

d)      Theoretical from (Coulombic) Interactions

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

Ionic bonding: ionic solids*

Metallic bonding:  metallic solids*

Weak intermolecular bonding, which forms molecular solids*

Close Packing of Spheres; 

Chapter 4—Weller . . . Armstrong
The Structures of Simple Solids: 

Metals and Ionic 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

William L. Bragg
Nobel Prize Physics, 1915



3/4/2019

3

nλ = 2d sinθBragg’s Law:  

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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Inorganic Chemistry Chapter 1: Figure 3.2

The seve

© 2009 W.H. Freeman

The Seven Crystal Systems:  crystals build up from these fundamental shapes

All 90° angles
And,
May have atoms on 
corners, in faces, and 
In the body

Angles unequal to 90°

CHAPTER 3: FIGURE 3.1

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

Unit Cell:  The simplest 

repeating structural unit.

a unit cell is the smallest unit 

of volume that contains all of 

the structural and symmetry 

information to build-up the 

macroscopic structure of the 

lattice by translation.
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CHAPTER 3: FIGURE 3.3

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

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
unit cell. Therefore there is :

8 x 1/8 = 1 atom in this unit cell.

CHAPTER 3: FIGURE 4.4

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

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 :

8 x 1/8 = 1 and 1 x 1 = 1;
a total of 2 atoms in this unit cell.
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CHAPTER 3: FIGURE 3.5

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

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 ½ 
to this unit cell.  Therefore:

From corners:  8 x 1/8 = 1
From faces:  6 x ½ = 3 
Total:  4 atoms or ions in this

unit cell.

CHAPTER 3: FIGURE 3.6

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

The cubic ZnS structure

Counting:  

4 Zn ions in body
6 S ions on faces
8 S ions in corners

6 x ½ = 3
8 x 1/8 = 1

Total S:  4

Has to be!!
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CHAPTER 3: FIGURE 3.7

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

The cubic cesium chloride structure

CHAPTER 3: FIGURE 3.8

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

The structure of metallic tungsten looks like CsCl structure!
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Noble Gases; methane, hydrogen, pure metals

Simple cubic      Body-centered cubic lattice

Inefficient packing; lots of unused space; 

52.4 and 68% of space utilized, respectively

Inorganic Chemistry Chapter 4: Figure 4.11

© 2009 W.H. Freeman

Close Packing of Spheres:  Space Efficiency 74%
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CHAPTER 3: FIGURE 4.11

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

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

CHAPTER 3: FIGURE 3.12

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



3/4/2019

10

CHAPTER 3: FIGURE 3.12

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

Close Packing of Spheres:  Layer by Layer

Note: Layers are offset: ABABABABA…; ABCABC

Note:  Open spaces are trigonal “holes”; tetrahedral 
“holes” and octahedral “holes”;

Inorganic Chemistry Chapter 1: Figure 3.13

© 2009 W.H. Freeman

Hexagonal Close Packed Spheres:  ABABABAB…
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Hexagonal Close-
Packed Spheres

Cubic Close-
Packed Spheres

Unit Cells for

A

B

A

A

B

B

B

B
B

BC

Inorganic Chemistry Chapter 1: Figure 3.14

© 2009 W.H. Freeman
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Inorganic Chemistry Chapter 4: Table 4.2

© 2009 W.H. Freeman

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

Inorganic Chemistry Chapter 1: Figure 3.11

© 2009 W.H. Freeman

Filling Holes in Close Packings
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CHAPTER 3: FIGURE 3.17

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

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

Coordination
No. of 6.

Coordination
No. of 4.

- 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. 
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CHAPTER 3: FIGURE 3.19

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

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

rh/r- = 0.414

rh/r- = 0.225

Inorganic Chemistry Chapter 1: Table 4.6

© 2009 W.H. Freeman

Prediction of structures of ionic salts from 
Radius Ratios:  (r+/r-)
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Rutile:  Titanium Dioxide—most common natural form
Fluorite:  Calcium Fluoride

CHAPTER 3: FIGURE 3.38

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

The Calcium Fluoride, CaF2, or fluorite structure
Ccp with all Td holes filled.
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CHAPTER 3: FIGURE 3.39

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

The Rutile Structure:  TiO2 

hcp with ½ Oh holes filled

Filling Holes in Close Packings

Close‐packed arrays possess an 
equal number of octahedral 
“holes” and twice as many 
tetrahedral “holes”.
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NaCl structure particularly stable!
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Inorganic Chemistry Chapter 1: Figure 3.7

© 2009 W.H. Freeman

Filling Holes in Simple Cubic Packing of 
Anions– The CsCl structure

Coordination
No. of 8.

Ionic Radii
of Cs+ = 1.65 – 1.8Å
of Cl- = 1.65 – 1.8.

Inorganic Chemistry Chapter 4: Figure 4.33

© 2009 W.H. Freeman

Ionic Radii
of NH4

+ = 1.40
of Cl- = 1.65 – 1.8.
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Inorganic Chemistry Chapter 1: Figure 3.6

© 2009 W.H. Freeman

Zinc Sulfide, ZnS  :    Spalerite Structure,
a ccp array of anions with Zn in ½ Td holes 

Inorganic Chemistry Chapter 1: Figure 3.35

© 2009 W.H. Freeman

Zinc Sulfide, ZnS  :    Wurzite Structure, a hcp 
Array of anions with zinc in ½ of Td holes
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CHAPTER 3: FIGURE B3.5

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

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

Inorganic Chemistry Chapter 1: Table 3.5

© 2009 W.H. Freeman
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Inorganic Chemistry Chapter 1: Table 3.4

© 2009 W.H. Freeman

a) Observations:  Types of Crystals
Close Packing of Spheres 

b)      Radius Ratios  for Ions Tucked into Holes

c)      Experimental Lattice Energies from 
Thermodynamics:  Born-Haber Cycle

d)   Theoretical from (Coulombic) Interactions

a) Observations:  Structural Types
Close Packing of Spheres

b) Metal-metal bonding in extended structures

c) HOMO-LUMO gaps and Semi-conductors

d) Types of  Alloys

Ionic bonding: ionic solids*

Metallic bonding:  metallic solids*

Weak intermolecular bonding, which forms molecular solids*

Close Packing of Spheres; 

O
U
T
L
I
N
E
:
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∆HL : Enthalpy for separation of salt to ions 

Energetics of Ionic Bonding:  Lattice Energy

MX (s)              M+ (g)     +      X‐ (g)

How to experimentally measure?  

Use a Thermodynamic Cycle

Thermochemical (Born-Haber) Cycle

ΔHsub : Sublimation Enthalpy of Metal (298 K) 108

½ BDEX2 : Dissociation Energy of X2 bond (298 K) 242

∆Hion. : Ionization Enthalpy of Metal M 496

∆HE.A. : Electron Affinity Enthalpy of X atom 349

∆HL : Enthalpy for separation of salt to ions      

∆Hf : Enthalpy of formation from elements

Values for NaCl (kJ/mol)

M(g)   +    X(g)
ΔHion. - ΔHE.A. M+(g)   +    X-(g)

ΔHL

MX(s)
ΔHf

ΔHsub +    ½ BDEX2

M(s)   +    (½)X2(g)
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Inorganic Chemistry Chapter 1: Figure 3.48

© 2009 W.H. Freeman

Inorganic Chemistry Chapter 1: Table 3.7

© 2009 W.H. Freeman
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Consequences of Lattice Enthalpies

• Electrostatic component stabilizing ionic solids 
gives us

[ZA • ZB]

d          lattice spacing
Lattice energy 

 Thermal stabilities: “Large Cations stabilize 
large Anions”. 

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

melting points (ÞC)

NaF 993 CaF2 1423 MgO 2800

NaCl 801 SrCl2 872 CaO 2580

NaBr 747 Li2O >1700 SrO 2430

KCl 770 Na2O 1275
(subl)

BaO 1923

(0C) 
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Consequences of Lattice Energies:  
Solubility

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

CHAPTER 3: FIGURE 3.51

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

CHAPTER 3: FIGURE B3.5

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

Lattice Energies - Details

V = VCoulomb + Vrepulsion +

ion - ion Coulomb 
 interactions

repulsions
between ion cores

Energy

r = cation-anion distance

VCoulomb = NA(e2/r)[Z+• Z–] A A = [– 6 + 12/¦2  – 8/¦3  + 6/2 – 24/¦5  + ...]

NaCl-type:

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

Na

Cl

Cl

NaCl

Cl

Na

Na

Cl

Cl

Na

Na

Cl

Cl

Na

Na

Cl

Na

Na

NaCl

Cl Na

Cl

Na Cl Na

¦2

¦3
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Inorganic Chemistry Chapter 1: Table 3.8

© 2009 W.H. Freeman
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Aluminum oxide, Al2O3, corundum, 
m. pt, 2044°C

Titanium dioxide, TiO2, rutile,
m. pt. 1843 °C

Calcium fluoride, CaF2, fluorite;  
m. pt.  1418°C
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Metals and Semi-Conductors

Hexagonal Close-
Packed Spheres

Cubic Close-
Packed Spheres

Unit Cells for
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Inorganic Chemistry Chapter 1: Table 3.2

© 2009 W.H. Freeman

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?

CHAPTER 3: FIGURE 3.60

INORGANIC CHEMISTRY 6E| SHRIVER| WELLER| OVERTON | ROURKE | ARMSTRONG
©2014          W. H. FREEMAN AND COMPANY
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CHAPTER 3: FIGURE 3.63

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

CHAPTER 3: FIGURE 3.65

INORGANIC CHEMISTRY 6E| SHRIVER| WELLER| OVERTON | ROURKE | ARMSTRONG
©2014          W. H. FREEMAN AND COMPANY
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Metals vs. insulators
Vs. semiconductors

CHAPTER 3: TABLE 3.13

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

Typical Band Gaps
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Semiconductors

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

• When electrons have been promoted (heat, light), the material 
will begin to conduct.

Thermal energy

promote e–’s

Energy

Semiconductors

• If the band gap becomes small enough, 
some conductivity can be achieved.

• Band gaps:

diamond: 580 kJ/mol ( ~ 206 nm)

silicon: 105 kJ/mol ( ~ 1140 nm)

germanium: 64 kJ/mol ( ~ 1870 nm)

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

https://www.youtube.com/watch?v=kD1O9B5CUUw
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Metals vs Semiconductors

• Semiconductors’
resistivities decrease 
with T

W

Al

Cu

Resistivities =  

Ge

  [e] = [h]

� Metals’ resistivities 
increase with T

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

“Intrinsic” (pure, undoped) 
Semiconductors

• Moderate band gaps ‐ conductivity is low 
but increases with temperature:

[e][h] = Keq = e
‐∆G˚/RT = (e∆S˚/R)e‐∆H˚/RT

∆H˚ ≈ ∆E = Egap also [e] = [h]

[e] = [h] ≈ (e∆S˚/2R)• e‐Egap/2RT

• Conductivity is thus an activated process in a 
pure semiconductor.

 Plot ln� vs. (1/T) to get slope = Egap/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

“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

P

Si

-

n‐Type Semiconductors

• 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.

Add e–

pure silicon

Energy donor
levels
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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

Al

Si

+



3/4/2019

39

p‐Type Semiconductors

• Initially, valence band is full, conduction band is empty

• Removing e–’s leaves “holes” in valence band 

• Number of electrons removed determines conductivity.

Remove 
e–

pure silicon

Energy
acceptor
levels

Substitutional and Interstitial Alloys
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Types of Alloys

Alloys—Stainless Steel 
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Alloys—Brass

Copper with some zinc

Bronze

Copper with some Tin
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• 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 

•Sterling 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 

•Cupronickel nickels are made of nickel and copper, typically 75% copper, 25% nickel: Coinage, e.g. the US five‐cent coin

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

•Solder 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 

Composition of Alloys
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