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loniccrystals,silica,silicates,andcarbon

lonicCrystals
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Ceramie Materials, Per-
cent lonie Character of
the Interatomic Bonds

Percent Tonie

Material Character CationRadius(nm) AnionRadius(nm)
CaF- 89 0.100 0.133
MgO 73 0.072 0.14
NaCl 67 0.102 0.182
ALOs 63 0.053 0.140
Si0, 31 0.040 0.140 \

Note:largeranionradius

Mostionic crystals can be consideredas close-packed
structureofanionswith cationsin theinterstitial sites.




FCC Octahedral site Tetrahedral site
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HCP

Tetrahedral site Octahedralsite




Fiovme 12,7 The stacking of one plane of close-packed spheres (anions) on top of

another; tetrahedral and octahedral positions between the planes are designated by
T and O, TCS]_]ECI]VEI)’. (FTUIT] W. G. Moffait, 'G. W. Pearsdll, and J. Wulll, 7T7ie

Structure and Properties of Materials, Vol. 1, Structure. Copyright © 1964 by John
Wiley & Sons, New York. Reprinted by permission of John Wiley & Sons, Inc.)

Interstitialsitesin FCC

Octahedral (Oy) sites Tetrahedral (Tq)sites

1at the center
Net4O,sites/unitcell

12middleofthe

edge sites (each
shared by 4 unit
cells) 6

Net8T4sites/unitcell




Interstitialsitesin HCP

Looking down[0001] of HCPunitcell
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30 sites on top half of unit cell (by symmetry,3 more on bottom half)
6Tgsites on top half of unitcell (by symmetry,6 moreon bottom half)

Total6Oysites Totall12 Tysites 7

lonicCrystals

Manyceramicstructures(ioniccrystals)canbeconsideredas
closepackedanionswithcationsintheinterstitialsites.
RecallFCC crystal...

Interstitialsites?

Octahedralsites ' ././.
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lonicCrystals

Manyceramicstructures(ioniccrystals)canbeconsideredas
closepackedanionswithcationsintheinterstitialsites.

RecallFCCcrystal...
Interstitialsites?

Tetrahedralsites r
— : ! !3 r Note:only’20fTd
: . sitesfilled
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lonicCrystals

Chargeneutrality
e.g.CaCa®F  F-
CaF,
AtomicSize(ratioofatomicradii).

Stableconfigurationwhenanionssurroundinga
cationareallincontactwiththecation.

Coulombattraction/repulsion(neednetat
traction)

— Cations wanttomaximize#ofneighboringanions and
vice versa.
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COORDINATION#ANDIONICRADII

« Coordination# increases with 'cation
r

anion
Howmanyanionscanyouarrangearoundacation?
T8 7]

ro ""“1T { Zincblende
cation - coord # ol 8l gl truct
Fanion |® structure
<.155 2 @0 3 @
155-225 3 / o

! Rocksalt
225-414 4 & structure
414-732 6 /

Cesium

7
chloride
732-1.0 8 / ) structure

Adaptedf TabMd2.2,
CaﬁiZtiresz/ Wheredothese numberscome from?11

Cation-anionstableconfiguration

% Frovnwe 1201 Stable and unstable

anion—cation coordination
configurations. Open circles represent
anions: colored circles denote cations.

Stable Stable Unstable
e.g.3-coordinate when C€0SO= _Tala
Gr +r,
C c
Cation
Rewriteas
1
. I -1
/ r, cosa
ra

Witha=30°M rC=O 155

Anion inimumratiofor3-coordinate i




lonicBonds

Bondingincompoundsinwhichthereisalargedifferencein
electronegativity.Anelectronis(partially)transferredfromoneatomto
theother!

(vacuumlevel)
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|deallonicSolid

CoulombEnergybetween2point
chargesdistancerapart:
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(dependsoncrystalstructurebutnotonatomiccomposition) 14




lonicSolids

* Onlyattractiveterm:crystalwillcollapseonitself.Realionsarenot
pointcharges!

E= —ﬁ/|8+B e? Repulsion dueto overlappingouterelectron
r " density ofadjacentions etc..(B isa constant)
* Atequilibriumdistancer,,energyis at minimum:
Dd_EDEL e? nBe® E repulsion
a =M _<—+1—=0
Odr I:lr:r0 TOZ ron
B=Mr n-1
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N me’n . 10 E Me?[ 10 \ \/ attraction
= 1— \\\
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- n 0 41'rs(|)' ng
0 MNZZeO 10 MNZZT——F——
* Ingeneral
(molarlatticeenergy): U=- 012 010 U=- 012 [

ExampleProblem:lonicSolids

BothNaClandMgOhaverocksaltstructure(M=1.748) Given:

Io n Z
NaCl 0.282 nm 9.1 1
MgO 0.210 nm 54 2

Calculatelatticeenergies.

Note:

1. Shorterbonddistance(i.e.smallerr,)correspondstolarger
latticeenergies(i.e.  Us').

L

2. MeltingpointofNaClis801°CwhereasMgOhasmeltingpointof

2800°C.Thisdifferencecanbeattributedtothelatticeenergy difference.
16




AXtypecrystals

Cuerelination “

NaCl:cationradius=0.102nm
anionradius=0.181nm
RATIO=0.564

Whatcoordinationnumberdoweexpect?
Chargeneutrality(1:1cationtoanionratio)

Whatistheresultingcrystalstructure?

P 6) i 22 A unit cell for the rock salt, or sodium
chloride (NaCl). crystal structure

0,414-0.732

S 2t

@ROCK SALT STRUCTURE

(othersolidswithrocksaltstructure:MgO,MnS,LiF,
FeO...)

Comrdinan

i

AXtypecrystals

ZnS:cationradius=0.074nm
anionradius=0.184nm
RATIO=0.402

Ficine 12.4

: Q crystal structure.
B i 7N
| .\ Nz
ey’ 3\
o ¥
» A Zincblende structure
/f,':‘;f_x.{__,. }__ __\
o Zao,

Expectcoordination#= 4

A unit cell for the zinc blende (ZnS)

(othersolidswithzincblendestructure:

ZnTe,CdS,SiC...)




AXtypecrystals

CsCl:cationradius=0.170nm
anionradius=0.1
RATIO=0.939 Expectcoordination#=8

Frovne 1225 A unit cell for the cesium chloride
(CsCl) crystal structure.
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e N g7
! ‘ CsCl structure
/fi/v':__ :‘.\.. \_‘:f_

C// - 21 . . .
SimilartoconsideringNaClasFCCof Cl-
withNa+inOctahedralsites,CsCl

@ Oo canbeconsideredassimplecubic

latticeofCl-withCs+inallinterstitial sites...

Note:thisissimilarbutisnotBCC.
19

A X type (m and/orp #1)

Ication 0.100 Coord.#=8
CaF; (Fluorite)  y__~=0.1330.8 o

CsClstructurefor8-coordinatesystem...butthatleadsto1:1cation:anion.

Here,therearetwiceasmanyanionsascations.
Coordination#foranionsis4!

Whatshouldthestructurelooklike?

£ Ficome 125 A unit cell for the fluorite (CaFs)
o \&iﬁ 5{ J\{/ crystal structure.
| AN
@ A AJ ) Onecationineveryothersimple
4 I oA Q?@ cubic“unitcell”ofanions.
|
o Ja
& & Othercrystalswithfluorite
_ structure:UO,, ThO,... 20
® Ca O F
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AmBnXpType

1. ABX; Type (e.g.BariumtitanateBaTiO;)Perovskitestructure

£ A unit cell for the perovskite crystal
X1/
1 structure.

- 1Ti“*atthecenter
- 8Ba2+atthecorners(effectively1/unitcell)
60%atomson thefaces(effectively3/unitcell)

2. AB,X, Type(e.g.MagnesiumAluminate orspinelMgAl,O,)Spinel
structure

* FCCof 0%

* Mg?*in tetrahedralsites(1/8filled)

* AIR*in octahedralsites(halffilled)

21

Example

CorundumstructureofAl,OsconsistsofO%ionsin HCP
arrangementwithAl3*ionsoccupyingoctahedralsites.

1. Whatfractionofoctahedralsitesarefilled?

2. Sketch2 O%planeswithAl*ions.

A layer

AI3+ positions (solid circles)

22
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CrystalDensity

SimpleAB structures:
nc=numberofcationsin unitcell

A +n,A Ac=atomicweightof cation
p: ny=numberofanionsinunit cell
N 0V A,=atomicweightofanion

V=volumeofunitcell
N,=Avogadro’snumber

Ingeneral:

> A,

p: Example:CalculatedensityofNaCl.

N,V

0

23

Silica& Silicates

PrimarilycomposedofSi andO
R. 0.040nm Coordination#=4
§= =0.286
Radiiratio: Ry 0.140nm ___, (tetrahedral)
Chargeneutrality:Si+*:0%-=1:2 , SiO,

However:

Y%ioniccharacter=51%
(relativelysmallioniccharacter
significantcovalentcharacterexists)

Whatstructure(s)doweexpect?

Tetrahedral Silica unit

ZXEEEANNOES

12



CrystallineSilica

Crystallinesilica

Cristobalite, S10,

9 ‘;f »
s ° ‘
v 3o s

EachO atom is shared by two tetrahedral units

25

Crystalline&non-crstallinesilica

@ Silicon atom

@ Oxygen atom

fa) b}

FFiovne 318 Two-dimensional schemes of the structure of (a) crystalline silicon
dioxide and (b) noncrystalline silicon dioxide.

Note,relativelyopenstructurebutlargebondstrength
(e.g.quartz:density=2.65g/cm3,mp=1710°C) Non-
crystallineform:fusedsilicaorvitreoussilica 2%

13



Silicateglasses

Amorphoussilicaformsa“network”withrelativelylargeopenareas
whereforeignatomsandparticlesmaybeeasilyintroduced.

Silicates:amorphoussilicawithimpurities

Schematic representation of

ion positions in a sodium-silicate glass,

Sodium-silicateglass

27
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Carbon
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graphile (10,10) mbe

Allotropes:differentstructuresforonesubstance(usuallyinelementalsolids)
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Diamond

Frovme 12,15 A unit cell for the diamond cubic

| \\ O crystal structure.
3
L/ HER™ ~
- A
I @
I P28 [0
I ™
A s 0 N
= : 7 \ D
¢ 3 O A D
L. "\ ) Scanning electron
s LT micrograph of a
2N e " diamond thin film in
///V:I e e e which is shown
-~ r\ numerous multifaceted
L
@ — a microcrystaks. 1000

(Photograph courtesy
of the Norton
Company.) |
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Recall hybridization:

AtomicOrbitals
ans-orbital thethreeporbitals
z Px py P2
y
X
Hybridizat
Tx s+1 xp=sp-orbitals Txs +2x p = sp*orbitals 1xs+3x p=sp*-orbitals

z

Z Z
P— A u éO°
w y
X X 60° y
\\ 7'

e

Hybridizationfor graphitic carbon Hybridizationfor Diamond

Whatare the hybridizationsfor graphite anddiamond? 31

Graphite

Carbon
atom

Graphene:singleatomic
sheetofgraphiticcarbon

32

Frovwe 12,17 The structure of graphite.

16



Fullerenes&Nanotubes

Pt 12,18 The structure of a Cyg molecule,
2L L
3 Y
L= =t > ™)
Fievm 1219 The structure of a carbon nanotube. (Reprinted by permission

from American Scientist, magazine of Sigma Xi. The Scientific Research Society.
Ilustration by Aaron Cox/American Scientist. )

CarbonNanotubes

Carbonnanotube=*“rolledup”graphene

Single-WalledCarbonnanotube

— —<0.7-5 nm diameter

Multi-WalledCarbonnanotube
>2 nmdiameter(canbe

# largerthan 100nm) 3




CarbonNanotubes

First‘observed”(correctly
described)bylijimain
sootresultingfromarc
dischargeofgraphite:
Nature354,56(1991)

35

Carbonnanotubes

(10,10) SWNT
ARMCHAIR

Metallic

18



Conceptsto remember...

* loniccrystals:
— Interstitialsites
— lonicradiiratios
— Differentstructures
— Latticeenergy

» Silica&silicates.

« Carbon(diamond,graphite, fullerenes).

37
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