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: 8.01. In this chapter we shall discuss the structures of a number of ] X 3
simple compounds of composition A4,,X., and also of some complex i r S "‘S"[“" and cuprous halides
oxides and sulphides of composition 4,, B, X,. We shall find among ¥ 8.04. The wonic radii of Cur and Ag- (096 and 1026 4, respectiveiy)
these compounds representatives of ionic, covalent and molecular are 1{1'~ﬂmf:dmt‘c bcu\'cc‘n lho‘se of Na- and K, and on the basis of
—— E:l’:xy 8eometrical considerations -:\ll tl.xc halides of these metals would
pected to resemble the alkali halides in their structures. T fagr,
) AX STRUCTURES - hawever, Agl and the four cuprous halides have the zincblende stry
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8.02. ‘I'hestructures of a number of AX halides are shown in table 8.01 ‘va::r: aem:l\rrﬂr?g,’.ell]]‘l?'l'ﬂ:lfmd of these qu and A{:Br_ are inso in
. ' 1 are discussed in the following paragraphs. X '“".-\N e .m 1};111, Aln Agl the mteratomic distance ls.A;l:l.\.'.\'
and are di ess than in AgBr, and in this salt, and in all the cuprous halides, the
. R binding is primurily covalent. Iy cuprous iodide, for example, the fonr
Table S.01. The structures of some AX halides bonds from cach copperand jodine wtom can be represented thus:
Zincblende or
.y . ‘urizite structure l
C:csium(zh\l.orsic.ii,s::ucwrc Sodium (Lgtt_).ﬂ::‘b;"ucmrc “ur(zc.x\'. 414 L— %u —_ - l_.
- — LiF LiCl LiBr Lil — e T T + In this way the copper atom (with electronic configuration 2, §, 13, ;%)
! - _ — NaF NaCl  NaBr t‘l‘l T it e S - effectively acquires seven electrons to give the krypton configuraiog .
- o KD & ‘RiE KCl‘l }zt?l;r Rbl = s - 8 H " 2,8, 18, 45% 4p%, and its four bonds may be.‘rcgarde\‘. as spi hyvlirids (of
; RbCl® * Rbbr ’ébll' lét:rl Ié:’c(:]- — = T cucl CuBr Cul S50 one 45 and'three 4 orbitals) with the normal tetrahedral cenliguratios,
| Cs_(_:.l Csﬁr - o -\gE; — Cu:_ - - " In terms of the concept of formal charges the atoms must be represented
: —_ —  AgF Ag A - HEF — - R >
PN NIe NILle —  NH(CI* NHBre NH[ KH.
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138 The strucrures of some simple compounds 8.08

poctions sad see able 1o wander {recly in a tluid state throughout the
sirwcture. At this temperature the electrical conductivity rises abruptly
and the framework of silver atoms may be regarded as ‘melting® into
wself; the finsl breakdown of the iodine framework takes place only
when the true melting point of 5§55 °C is reached. In its a-form silver
wxdide is another example of a defect structure. .

Ammonium halides
SO&  In the majority of its salts the ammonium ion NH,* behaves as
a spherical ion of radius about 1-48 A. This radius is very close to that of
the rubidium ion, and the corresponding ammonium and rubidium salts
are therefore often isostructural. Thus NH,CI, NH,Br and NH,I all
have the sodium chloride structure ut a sufficientlv hink 2c,...-—

e Temevy

- akhough at lower temperaturee *ho. Lo 5t the caesium chloride

arrangement.  Ammonium  fluoride, however, crystallizes with the
wurtzite structure with an (NH,)-F distance of 2:66 A, a distance
appreciably less than that to be expected on the basis of the radii of the
ions (148 +1-36 = 2-84 A). The reason for this abnormal behaviour of
ammonium fluoride is important and will be discussed later (§12.04).
The occurrence of the NH,* ion in the highly symmetrical sodium
chloride and caesium chloride structures is scemingly inconsistent with
its tetrahedral configuration and can be explained only on the assump-
ticn that the ion effectively acquires spherical symmetry by free rotation
under the influence of the encrgy of thermal agitation. We shall en-
counter many other examples of structures in which ions or molecules
are in free rotation, either at all temperatures or above a certain transition
temperature; all are examples of yet a further type of defect structure.

Hydrides and hydroxldes )
8.07. '”D;mjorily of the structures of compounds containing hydrogen
are so distinctive in their propertics that they are best discussed asa ;hu
apart (scc chapter 12). These remarks, however, do not :PPly to the
salt-like hydrides or to the hydroxides of the more clcctropo.smvc metals,
many of which form typically ionic structures resembling the cor-
responding halides in their propertics. )
The hydrides AH of all the alkali mctals are known; they all ‘orm
stable, colouricss crystals of relatively high melting point and all have
the sodium chloride structure in which the hydrogen occurs as the
nepatve ion H 'u./ radius 154 A. ‘I'his radius is interincdiate between

~

Sis . chloride structure, un arrany

8.07

AN strictures 139
the radii of the ions ¥~ and | , 10t

' itthe structural resemblunce
between hydrides and halides is readily understandatle,

In the limited number of AOH hydroxides which have as yet Leen
studied the OH- ion behaves as a spherical entity of radius 133
(again intermediate in size between the F- and Cl- ions), and some of
the crystal structures are analogous to those of the corresponding

halides. Thus KOH (at high temperatures) has the sodium chloride
structure,

Oxides and sulphides

8.08. The oxidesand ettt _; composition 40 and AS show a far
widae -

=z~ 7 sauctural types than the A1\ halides. Some of these
compounds are primarily ionic but in others the bonding is predosi-
nantly covalent; there are, morcover, some important ditferervis
between oxides and sulphides to which we refer later (§3.00). The strie-
tures we shall consider are summarized in table S.02, but there are 2o
others which we shall not discuss.

Table 8.02. The structures of some AX oxides and sulghides

Sodium chloride Zincblende Wurtzite PdO and reluted  NiAs
structure structure structure structures siracture
(c.N. 6:6) (eN. 3:9) (e~ 414) (e~ 3:9) [(SEARENY

—_ - BcO BeS —_ —_ - — —
MgO MgS - - - - - — e
Ci0 CaS - - - - <l e

8088 . - o ) I -

BaO BaS - - — —_ —l - -

vo — — - - —_ - - s

MnO NS —_ - - Mns - = =

FeO — = - - - - - Fes

Co0 - - - - - - - Cos

NiO - - - —_ - - — Nis

= - - — =8 = PO pas -

- e = - —_—. - O s -

= . — = - -- Cu0 -~ -

e — - Zns Zn0 YATES — e

- - [SX1S —_ vas =

- — -- s -3 - ok -

- .. Pus o 23

Oxides
8.09. The oxides of all the alkaline earth mietals except beryvllinn,

also of some of the transition

ctals, have the typically fonic sod

guitient consistent with the radius r.
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C N RN d } -
> o Uervllium O\hl(‘, I\C(j. has ¢! chlende structure, lhls,
N ol b s 14 : J
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OO, Qoananien h f

Uradias of the Be®= jon, but it iy, nev citheless, probable that
ATV Nt ¢ U ; i
. e ructure the bonds have an appreciable degree of coulcn;
in thas struc . .
O edyd cly i BeO is one o
character. 1f, however, they are treated as purely ionic,

ioni : :nd in which the radius ratio is
he few examples of an ionic 4. compound in

' sf.@m.ty;};,O:o.s ik i

inographic broject s of the unit cell of the tetragonal structure
Fe a1 Clmornpl;nc 5;'}{::(;‘.0;@. PdS and P(S.

8.10. The influence of ooirzlcn’t bonding in the oxides is shown more

s of 2 y CuO. Zinc oxide has
cleasly in the struawres of Zn0, PdO, 110 and CuO. Zinc,

th ite structurc, although the sodium chloride arrangement would g
c wurtzs . 1 LhC sc

onding was joni ivel ¢
be expected if the bon_giing:u-as Jonic on account of the relatively larg

> 'stru is shown in 0
radius of the ion Zn¥, The structure of PdO and PtO is s

t itedi we have.as yet],
fig. 8.01 and will be seen to be quite,different from any we :

ic_cry vEach; ' is tetrahedrally.co-;
encountered in ionic, crystals. : Each)oxygen atom is

iy Yy 2o ’ P ;
- ordinated by metal atoms, but; the mectal atoms lhcmselvcs are ,nu-‘
rounded by four Oxyv gtﬂ‘ Iw‘ml dis Poscd mna Pll"c ah“ost at the corners

f 2 square. The structure of CuO is.a slightly distorted variant of the
° '

e

Al
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“ne arrangement, This distribution of Londs isan clegant example of
the stereochemistry of the metals concerned, all of which (i g,

A the divaleny
state) can form four planar dsp? hybrid bords, Thys

:Cu0, for example,
the four bonds from cach €opper and oxygen atom can be represented 25

! |
= I3
—Cu— g

—0—
i .

In this way the €OPPLr atom acquires a share in six extra clecizons 1o
achieve the configuration 2, §, 18, 45%5p% and ir is hybridization of ane
3d, onc 45 and two 4p orbitals which fory < the dsp? bond. In PO the
corresponding bond structure gives rise 1w the cenfiguration 2, §. :§, =8,
5575p'. One o, one s and two P orbitals are 2gain available for dip®
hybridization, but it is possible that the single unpaired electron in the
4p orbital in copper accounts for the strucriral difference between C=0
and PdO, and for the fact that there zre oo isomorphous compeounds of
copper and palladium. .

The distinction between these planar bonds i divalent copoe
the tetrahedral 5p3 bonds jn univalent copper will be noted.

-
!.l
i

Sulphides

however, are different in'structure ‘from the oxides, showing .thar the
tendency towards covalent bonding is more pronounced in sulphidas
than in oxides, as is to be expected from the relanv

of oxygen and sulphur. The sulphides of Pd and Pt have strucrures
closely resembling those of the correspondin

the characteristic Planar distribution of the four: dsp as” o
‘elements, - S5 e

Lo S1

The nickel arsenide structure
[ 7Sy

8.12. The sulphides'of V. Fe, C

= ..7.‘.4‘;>

by six X neighbours at th 'c‘Bx:r.\E;s of a distorted octahedron but the

six 4 neighbours of an X atom are disposed at the corners of a trigonal

would imply, for each A4 atom has also two other atoms of the same kind

e c!:cu-cnegui\'itiS»
g oxices, and again reveal .

m’these *

>0 and Ni have 3 Structure not Fepre. -
S sented among the oxides. ?his:aiigngemmt, found -alss in NiAsafier
- which it is named, i illustmtcdig'_ﬁg'._&pz. Each 4 atom is co-ordinited -

prism. The co-ordination, hdﬁv'cijer' is.n0t 25 simplé 25 thy by

e T S L T
[ el P -

»e

Scanned with CamScanner

vy



The structures of some simple compounds 8.12

slightly more remote than its
from onc com-._

142
(those vertically above and below it) only
X neighbours. The bonding is obscure and may vary
pound to another, but it is probable that the

covalent and that metsllic bonds operate in
stoms in a vertical direction. This is consistent with the pronounced

anisotropy of the structure: the thermal expansion of nickel arsenid
itself is cight times greater perpendicular to the principal axis than slong

this direction,

addition between the 4

' ¢ xIpind i
Fig. 8.01. (a) Plan of the unit cell of the hexagunal structure of nickel arsenide, NiAs,
projecied on a plane perpendicular to the 2 aniv. (8) Clinogruphic projection of the
same structure. The two As stums fepresented by heavy circles are those within the
unit cell; the others lie outside the cell but have been sdded to show the co-ordinatior
about the Ni stom st 0,0, §.
R 37 R -~ 3
The nickel arsenide structure occurs not only in
in many other, compounds containing 3 transition metal and one of the
y ) ) s ) el o
elements Sn,:Pb-As, Sb, Bi, Se and Te. Many of these systems are
essentially intermetallic in their propertics and will be discussed further

in the chapter devoted to alloys. Here, however, it is interesting to note

that 25 the system becomes more metallic so the bonding in'the vertical .3
ction becomes stronger. Thus in ¢S the Fe-S and Fe-Fe distances 3

dire

A-X bonds arc primarily, ¢ 3 o

but if the two'2f Electrons are uncoupled and one is pro:mot

=30 kAN
the sulphides butalso’.

3 of Lh;.nngs. and overlap between these produces a delocalizad =
- to which the electrical conductivity may be aseribed; i boros @z 2

§.12 AX structures 143

o : .
fiu.:r byo-44 A, whereas in CoSb, o ing to compression of the str
in the z direction, this difference has shrunk to ooz A.

Nitrides

8.13." “A large number of clements form nitrides of compasition AN.
Those of the group 3 metals Al, Ga and In have the wuntzite structure
and are normal covalent compounds since the number of clectrons avail-
able s just that required to form four tetrahedral bunds about each atom
F(_:rfn:x]ly the structures could alternatively be regarded as fvnic, o 1:
taining the ions 43+ and N3-, and on this p'icxurc. tco, the co-oré::
u'ttu]d.bc fourfold on account of the small radius ratio r7:r=. Suck 2y iz -
point is, however, hardly tenable, for the ditference in electronegativity
(r; in the case of AIN) is insufficient to give more than a limited degree
of ionic character to the bond. - i

SIet el

8.14.  The nitrides (and phosphides) of many of the transition metals
form crystals with the sodium chloride structure. This deseription
however, must not be interpreted as implying that they are inaic i';
character, for in fact they display many of the properties of inte ‘
systems. For this reason a discussion of these nitrides is defesic!
chapter 13. o

Boron nitride

8.15. Boron nitride, BN, is polymorphous and in one forn has a laver
structure. Each layer consists of a plane sheet of boron and nitrogen f

. ato -ordi; g i
toms, cach co-ordinated by three of the other kind at the corners of an

equilateral tri:pg!c. “The planar distribution of the three bonds abuut the
boron atom arises, as we have seen (§4.08), from sp* hybradizanen, and
lh_" :b‘_)Ul"hc nitragen atom, which is to be contrasted with the *.-. g
nv:{d:l dlstpbulion of bonds in ammonia, must arise from the same .'lJ\
Nitrogen in its ground stute has the coatiguration i ‘

nisgla
.'éx.‘f‘a‘
two2f electr ed to, 33
the 2 orbiral \\‘c obtain the configuration 153, 2si2plaplap? with 4!1:'
" G i : s =2 SPz<Py=rz 2
::P;{-rned‘ 25, 2p, gnd.:p, orbitals available for sp* hybridization, ;Thy,
nding in boron nitride is thus similar to that in graphite, but with this.

i dxﬂcrt:.ncle: in graphite the carbon atoms, after sp* hybridization, have a
orbital containing one elec s di lase

3 i . Sndis
P g one clectron standing perpendicular te the plane

Yl

1
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CEPOsie: '
in the boron atom and are the superposizion o
- tale are vacant ol

vro

CXCSUNC WO plchered shicess e N 1ore co e
Plex sequences, s for eNaniple,

AABBA A or LA

- A . o tonm 7 bonds
‘T g nthat of nitrogen. Overlap

it by 1w ciactrons in that of nitrog AABBBA Ly ..
G lonw: passible, ==

i tharvion: B fenga po where the span of the fepeat unit is indicated by bold symbats, Inone
form the structure fepeats only after 33 layers, and the ¢ dimension o5
the hexagonal unit cej] i582:9 A The rcl:uionship between thege cors.
plex structures of carborundum and the sim

p~-  arrangements may be compar
Prascodymium and those of the simple close

rd silicides N '
: . 3‘, carbudes and silicides of composition AX are f(:irrl:xfciclz
T e d'l These carbides and silicides are chm:acu:nzc ]) g
“i:!\\? g x. ;-\ucmc hardness, optical opacity :\.nd re nxvady
e ?“"”r iy, Many of them have the sodium chloride
i coflbdc:x‘ol i-o.nic compounds; rather do th. v resemble tl::c
- h.“ xhc:\ :;( and phosphides in simulating allf:y systems in
paso i Sl '5" For this reason they will be ({lscusscd later.
pecsy lhcuf Pm,'\crll;)»l;' those of the more clectropositive mclalf, are
S C-"h'd‘_"- ';0‘? :ropcnics, being colourless, transparent n;\su-
o “c""]mic salts rather than mectal systems. 'T)c'sc
A """»\. wwpical structures will be described in the
carindes arce anmc; some vy

sollions > s ", compounds,
: { thi C"Ai!l\‘l’ devoted o A'\I and /1"..\ ¢ ]
sociions of a8

I
o
4
74
c.

cs
A

73

-
o
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"R
{4

"”
I
-
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Silicon carbide 1i t on
. . f cspccin interes
- . borundum, SiC) is of e: i

8.17. Silicon C?I:Idcl -(:;rphism. mojewey, thin Sis o & :):xlrn:-;
“account of i "cb,_-p:n)mctcd. cach carbon and ::!IC:n a?:"" G
known. As is to of the other kind, an ]
. inated by four atoms : es. The
hedrally co—;;f::;um have the zincblende aﬂd wun‘z;:': Sl:;l::;y been
— orﬁx'ronship between these two structures =l/!;X compounds
d.ose oy E. 13), and is emphasized by the pﬂf']']‘Y trated in fig. 8.03,
dxst;ls;:d (Z.n4é i:s;h')in which botl; are foun:. It';:a:; with onc of the 7
(including ZnS itse ; cture has been zite
zincblende stru I is of the wurtzite

where .lhe cu::-cri.ic:l and parallel 1o th princips ah:ltsl?:dx structures -
cube d':so\:'ahcn viewed in this way it will bc sccnrl eries of puckered
structure. lized as formed by the superposition o nl: ts are identic:
can be visuali but that in zincblende ) & ;dee ¢ related by
‘bce"s of ﬂw“::'d) whescas in wunli‘.e uley.'élgcr(}::!t‘::‘tmaur“ 023
(‘]be." through 180° about the principal axis. In ( ¥
rotaticn "

©:7Znor$;O:Sor2n

rojections of the structures of (a) zincblonde ang
the sequence of Laycrs in the W structurcs.

Fig. 8.03. Clinographic p
(4) wurtzire showing

‘ AX. STRUCTURES » =- -

e 8.18.  The different structures adopted by AX,:compounds are far
more numerous and show g fur greater di\'emitfoft)pé than those found

in AX compounds. Here we sha] discuss only a limited number of

. structures of common occurrence, but it 'must be borne in mind that

 there are in addition many other compoundAs'in_A\.vh.ich the structural

Jrangement is different, Ry g 4’.‘ :

g R e :
8.19. The. structures of the AX, halides which we shall discuss are
-shown in table 8.03. TR

B b Tonlc halldes e 4
N 8.20. Aggnli@nglc number of 4
'hx_‘\:c

L AAAAand '.._.A BALD..,

“

X, halides a%re_.c_ss'emi:y.\-

structures determined by the relative sfz‘es‘ of the ions
— > SCtermur

Conn'mcd.
’

=Y
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‘Table 8.03, The structures of some ANy halides

Layer structurcs

Suvmmetnical stnsctures

-

>
R
=
<
€
<

Jaol

Chain
structures

{

Cadimum iodide

Cadmium chlonde

-

N

A-Cnis.
todbalite —

~

Rutle

Floonte

—

AR RN AR

111|||||||||1|g|

prrrrrrrrrserd

CuDr,

rrrrrrrnnggrtd

-
—

t See §8.25.

Mgl,
Cal
Tl'.
Mnl,
Fel,
Col,
cdl,
Pbl,

i‘lllgllllllllll

ily
Zal,
Pbl,

NiBr,t N

ZaDr,
CdDr,t

C4Cl,

MgCly
MnCl,
FeCl,
CoCl1,
NiCl,
ZnCl,

TRARRRR RN
= v

i i re.
ds have s somewhat distorted venion of rutile structu!

P

. ek
frstrrrrrrrrrrtl
N
Q p

e >

SC-TRRRRERRRRRNAE:
3

8

8.20

these about

; &1
y Fig. 8.

* therefore co-oy

Since the anions are generall

and this co-ordination may
caesium chloride, sodium ¢
co-ordination about the anion, however, will clearly be only one-h:
that about the cation, so tha

responding radius ratio condit;

Structures corresponding

' i) shie

« A co-ordination of

(fig. 8.04).‘ ; Here the calci

Centres of a' cub
3 et

 Sight cubelets into
S20glmnated by ?m!‘_‘,ﬁ“‘l’jﬂs&iﬁllbollll ut the corners o

Ecube whileThe c. ¢ four i

zdisposed a_the
3 structure in wh

AX, structures

y the larger ions it is the co-of
ch determines the structural arranee; ,
be 8-, 6- or 4-fold; as in the structures of ™=

Aloride and zincblende, respectively. The.

the cations whil

t possible co-ordinations and the
ons are as follows:

Co-ondination 8:4
o=

CrivTe

6:3 32
>07 o07-03 <o3

to all these possibilities are known.

Q: G;

LY o : 3 ce
o4 Clinographic projection of the unit cell'of the cubic .
structure of fluorite, CaF,. | "
e )

1 Lo 3

The flvorite structure :
8:4is found in the structure of fluorite, Cal.

. umions are arranged at théCorners-and fice, - .
ic uniz ¢ell and the uoring ions are ar

bich 1l cell may be.divided,

the centres of he

L Lach caleivm ios i
o pooile i
linate

l M - 'l . . 3 g —
NiTH 10 : . are N N
iCHim ne: 5_.|_lnm_'s_ul Uluorine jon are tour m i o
ers aon y ‘trahe I'his s \
_pg:{[&rj of A {5?;51!.;.1' etz .n_.\!m,x_).q Vhis ix abic o
cll,b:4»\_'0-unlmuuun 13 tound,
—— e N OMIR,

Scanned with CamScanner

-



< 7 W ) LA 7 ) ! 8.22
13 ' le componnds
(3 r Of some sunpic comy
Jhe eucturey f.n ne xonpd
18 “

The rutile structure

-0 ' 6 BOCCUIK in several A tructures uf Wlllc}l
S \'S ruct »
8 Aco-ordination o N

a—-—

5 r
VINnOnest s ile str 8 L] ), n Cd te
1 B tile structure ( 13- ©. m

! lh( tetra onal u

the cummoncest as fip a n'

2 e
. i } A

nc -ral fofms Or |O . h\ lhl! 5!

O < the miner I ructurc cach atom 18

)
by O i ctragonal
sraphic projection of |h5- wnit el ol the tetrag;
Iy ros Clinograg structure of rutile, 110,

¥ T VRRYTMa T AT st e

4 .

®:i; O;o -~ SYE L .
, TiO,, showing
. hic projection of the tetragonal st m’; :}!\:uﬁ; In which thess
Fig. 8.0, G"-‘”’;:--mn of unions round the cations '
it the co-urdinsting

P8 S5,

- 2%

- rizontal cdyes, R ¢ 3
sre linked in bands by sharing horizont . istorted &
o d by six X neighbours at the comers of a 5-]"8!‘:{'1,(!;{ atom
M@L&%}Jﬁ“wﬁﬂc}hcilhm A atoms 'COsordma‘anl&. If sovenis
'ﬁ?uhfo?:ne at the corners of a nearly equilatenl triangle. %
lie in a plane at :

[P as,

8,22 AN St e 149
e 1t il e sen )
draof .\ agms shares its tyyg Lorizo;

The octaliedra are thus linked in bands, which ruz

¢ stiucture and pass theough the cenre and corner;
s shown jn fig. 8.06.
> .

unit cells of his LH IR
co-ordinating uctahe
51]j:|€cnt octahiedra,
vertically through th
of the unit cell, a

A Congigder Wteach of 1l

al edges winh;

8.23. A co-ordination of 4:2 18 fou
BeF,, which has the (idealized) g
of the forms of Sj0

The Lecrisiobalite Hructure
et T rr—. i

nd among AX, halides only i
cristobalite structure, named after one
s The cubic unjq cell of this structure is shown .

®: '?g.'ﬁ.'.b" P gféfiffa S

-

0:5i; 0.0 : )

Py ~
raphic projection of the
g ,dtcriuob‘:lirgurucmrc.

Fig. 8.07. Clinog

fig. 8.07, and it will be sc'cnuxha_l the st

S.an arrangement'of 4 atoms o
rbon atoms in diamond (or of the zi

¥ith an X atom Fidya¢ bere

is therefore s_qrrqungigt)i.b):_go*q( ,}tncighbp'ugg_:x_z the corpers of 4

&7cgular tetrahedron, “:h'lﬂ“ﬁfx;,f.espnz.is;w:or_din‘a_tsd\ by:only two
hbours arranged ‘.i"i{'.‘f_'.'f'ﬁl".l,'):fm“_’fi‘.“_fpfﬂia“°‘h"‘ 11

v, cach pair of 4 atoms, , Every

Bt I IR

: und in a num'bcr of.
nding is primarily ionic, and it '\vﬂl'b::'_ucn '
the £ompounds :qupted - |
of the radius rario of the g

gCce
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8.24

imple compounds
ctrical

The structures of some s
we may say that these symm
hich the 4 and X atoms differ

150

jons concerned. Broadly speaking,
structures occur in those halides in W
widely in clectronegativity: thus they are common in fluorides, rare in
chlorides and bromides (where they are formed only by the strongly

clectropositive alkaline carth metals), and unknown in iodides.

Tke radius ratios of some AX, halides

ﬁ-Cristobalhe structure
. < o

“Table 8.04.

Rutile structure

Fluorite structure
lr > 07 0'7-03
— ———— —_—
BaF, 099 MnF, 059 BeF, 023
PbF, o088 Fek, 0's9
SrFy .~ . o83 PdF, o's9
HgF, o8 CaCl, o'sS
BaCl, 07§ ZnF, 0'54 -
CaF, o73 CoF, 053
CdF, o7t NiF, o5t
StCl, o063 CaBr, o's1 -
MgF, 048

ctronegativity is too small to give rise to 3

d more complex structural arrange-
many of them are found in
are of sufficiently - =3

When the difference in ele
typically ionic structure other an
There are many of these, and
mpounds. Others, however,

nt description here.

ments result.
only a limited number of co
common occurTence to warra

” Molecular halldes &, . 2. o 0o ]
" The cadmium chloride and cadmium iodide structures
8.25. Many AX, halides, particularly those of the transition metals, "8
show one or other of the closcly related cadmium chloride and cadmium ¥ A

ructures are formed by the super- .3 4

jodide structures. Both of these st

cries of composite jayers, each of which consists of asheet &
toms sandwiched between two sheets of atoms of the
' of onc such layer is sh‘bwn in fig. 8.08, and
eristic feature of the stru
. the cadmium atoms

pr

- position of 35
of cadmium’3
halogen. The arrangement

- it will be seen that a charact
metry of the co-ordination
surrounded by six halogen atoms at the corners of an octahedron,
as the three cadmium neighbours of cach halogen atom all lic to one side
of it. In cadmium iodide the structure as a whole is built up by the3

ition of such layers in identical orientation, and the structure 2

SUPCTPOS:
can therefore be described in terms of the.very simple hexagonal unit cell 5

+aadmium jodide,

3 Rdl"lu Chlolldc struciurs
m 13t
'
structurces dcn\'cd ﬁom that of ¢

al .
one is therefore sometimes
close-packin

{(§7.21).0 .

'8

.26- It 1s Cleal [hﬂt. hC b()ﬂdlll
t

adﬂuum lodldc‘ Str uC!ul(Cb cann

8.25 .
AX,y structures

shown in fig

. g 8.09. It will be

;IBnorcd the distribution of thcn.m;,d that
exagonal close packing. iodine ato

The Cﬁd"llu"l ch oride structure differs !roln that dmium ioudi,
lori . 1
hat of ca
I fide

OXIIY in the gCOﬂlClllCﬂl dlSpOSlthlI of successiv crs; these layers
wve ld)’

no I 1t 5.
W s0 arranged that lhc halo en atoms are in bic clo kin This
g g incu
¢ pac

close relationshi
ip between th
behaviour i een the two structures j .
of CdBr, and NiBr,. These comP;::;:P’!;:Ilch e
1 have the

151

if the cadmium atoms are
ms alone is that found in

©:c; O:cml

Fig. 8.08

single layer of the structures

Fig. 8.08. Plan of a T S0
of cadmium chloride, CuCi,, and

Cdl,, rojected on a n
1 Proy d on plane perpendicular to the = azis. ‘I 18 C
: s . The uuiz cell

;!.'ca:nu'um iodide is indicated, ,
1g. 8.09." Plan of the unit ecll of the hexa,

projected on a ;
plane perpendicular to th gonal structure of cadmium jodide, Cdl
. 5

e = axis.

but § e
1dmiun a;idm.on they possess  defect
m chloride by stacking successive

hyClS in arregular sequence. T'he arrangement o <
14 g ¢ f
th

: bromine a¢
. as in cubic a e asas
. . nds ) .

n N . some og .
g . m?’,‘."“Pca the structure times as in hexay.

- resembles’ that of cubal

an

$05" 31

tiria .
N Tivy '

g il‘ the C:l'dﬁl.iull]' chl A
oxbe prely onie:for dsecin S 1.

same ki f
n the forces between then

cighbourin
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182 The siracicees @f sonie _\ms,'\lc' [} .vulpoulnl.\ 8.20
in cadmium chloride,

spacmnyg an these structutesy
for example, the G Ul distance within the layers is 2:74 A whereas the
CI-C1 distanee buween adjacent layers is 368 A, Morcover, in their
21 propertis the structures teveal the weakness of this interlayer

llent cleavage parallel to the
“The structures

the large ntethae

phys
bonding, for they pencraliy display exce
lavers and 3 mathad anisotropy an thermal expansion.
can, thercfore, be regarded ay molecular arrangements in which each
sheet constitutes 3 single molecule of infinite extent in two dimensions,
as ia the structures of arsenic and graphite, and in which the bonding in
the sheets is duce to covalent links. Thusin the case of halides of cadmium

the bond system round the two atoms can be written

In this way the cadmium atom (with the configuration z, 8, 18, 18, 557)
efecuively acquires ten clectrons to give the configuration 2, §, 18, 18,
5525 5¢% and there are available one s, three 5p and two 5d orbitals to
form 1= hybrid bonds with the characteristic octahedral distribution

sctually ebscrved (sce table 4.01
f the halides. In ferrous iadide,

bords are not of the same kind in all o
45%) acquires the configuration 3

for example, the iron atom (2,8 14,
2, 8, 18, 4% 4% and the bond formation is due to two 3d, onc 45 and
three 4p orbitals. These d%sp? hybrid bonds, however, are also octa-

hedrally disposcd. . ot e : .

Although we have just treated the cadmium chloride and"éadmium"
jodide structures as covalent it nevertheless scems probable that the
A-X bonds within the sheets still retain an appreciable degree of fonic

character and that their true state is better described as a resonance .

between covalent and ionic bonding in which the influence of the former. J

predominates. The reason for this vicw is that the difference in clectro-
negativity ‘of the 4
determining which o

cadmium chloride being the more ionic of the two. Thus it will be seen
from table 8.03 that the cadmium chloride structure is found in many,

chlorides but that the cadmium iodi
corresponding bromides and iodides.

halides of Mg, Ca, Mn, Cd, etc.) it is possible to tracc a’ progressives
transition from a typically ionic structure through those of ‘cadmfum
chloride and cadmium iodide as we pass from the fluoride ta the iodide

). Itshould be noted, however, that the

and X atoms appears still to have an influence in ;
{ these closely related structures is formed, that of?

de arrangement is flvourpd}:y}_th'c )
In fact in some cases (¢.g- theg

e ix’:qcrcw.uy atom (it the conf;
o ULres “six. electrons »to give the conf;

8.26

::fld as the ditference in
view that the bonding
also supported by may

ANy Structypey
i.gih'clrunq;a!i‘ity pro,
s at least pargiay)y io
netic evidence,

Bressively diminishes, p,
MiCin some of the l.:l.':\.' '

The 7
- mereurie fodid,
m"c.u Another structure of ()0 | i
i : aver
. ry atom js €o-ordinated by op
€ corners of i

~
[ERES TN

S LI '.’:-""“L': O” ¢

Fig. 850, 4 2
l]' 10, l‘{a:n of a single layer of the

whole s
made'up b
o Y the super-
¢ round the two atoms ma:3 br
. ? < <

.- Hg-- and
T2 amyp ¥ '
T :
[ ’

I—

gﬁfalionz,s 18" ; i :
e 85016 i
by A thiee 69 orbital are oy ge 2 &1 80 3% 38,
_70rid bonds actually obseryege < 0 {0FM the tetra.
"otiha Cach, G g el
Phruse iy Cdl, and H s st
unfoﬂnn.:e, {9: the :’{,,mm':, ;r:,, 'daa-ib.d:..{-h;; .
Pplicable. ‘Layer siructureg '.ll. ms: rrcmy. ‘nr
er term, -

-
e e
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8.29 )

8.28
AX, Structurey

e yiructures of some simple compounds

154
18, Cllapl 50 tha -
o L one 6s and . ) .
The pailadous chloride and related structures — linearly direere Lo bo::;: 6);:?:;:, . s
i o H . . . »

828 Yot another essentially molecular l}:ranien;‘cnt l:;iz?\?:cs.diﬂ:r ’ :::ig:"“o?!}\vhwh 8Bty Slfitfacrorilyu{’of:‘clym-(mP formelsea N

e o D Rlihoug ‘l % i fes o lgCl, and Hgr,, gy Vol the very Jirferen

i‘x\ dct:;‘in all of :htm lhlc metal atom is co-ordinated by four halogen g i exactly why they should be :i :m?:‘:':: i3 Jesy €A3Y 10 underers. | .

A comn'm'ng inthe fo:n. -
7 of molecylar sheets. 7y,

atoms at the corners of a square, and these :quaru.arc;omcd byho?r:o:::
edges to form indefinitely extended planar chains. These cr al i
disposed in the structure with their axes paralle.l (as shown lor hid:
ia fig. 8.11) and constitute infinite one-dimensional molecules w

wdul:o'rted octahedron of bromine neig
Fig. 8.1:. Clnographic projection of ring two of these ndghb
lh:-onhuhambv: structure of palladous
chlonde, PAQY,. The uniteell is indicated

l ' -

ithi in may be represented : ! %
PdCl,, 23y, the bond structure within the chain m y p T T ar 008 10 those s

I o o xmdsE h Ydroxides |
s i» Wl 1AL [ . 4 has an Dflh 4 i ires eharicr
i e ' i \N/ \N/ \N/? g I bond.'ng. bu:y(ho ¢ ::\nnncmcal ;:rt:cturcg'c}namthrisric of ¢
f o 331~ v/ NN/ \N ./ \ 1 1 1 mium | did . -\13- e o o CoRNi e Cd have o
: - : o) a . ; wim iodi € Structure. Som.c other” hydroxii: e e
. B 2 AH. -,l&"ucrurelqullcdxm A g
¥ ' : 7. U Hicrent from theye of the halides! Tl : ‘
i The mercuric chloride l","","’f e [ SH: e 03800 for theip abnorma| Propertics, are disc 'i.?t"d?ﬁ:"uﬂlum”x |
i @ 23 P . Hnithat it consists of b “os g RS o hALD [ENTER =
. + 829. The structure.of ngCl, ” or:Tc:cl;\ee‘::t:‘h‘i:tm-o-dimcnsioml : Oxldes ang Sulphides ‘ vl
? § .. -Hg-Cl molecules, in contras A $ ' b
discrete C1-Hg-Clm i ,'d,,g ‘ . "
. molecules are arranged ¥ oxides and gy [ ition 40! 24 ‘
! melecules found in Hgl, (’817) hex llﬂ{ﬂ; T, moleculessp iodine” N com d ’u")!“du o{comp""“o"’f’o: and S, resers .
/ in the crystal in 3 manner similar to th:: <,b i :4 r W::lg:'o' In ZFRI - Some of those wh; ;wund; " showing a wige "3.'{"‘}.-'6(":'““;”1 ar
) ooy onty by Len e LR ¢ viieh we sh consider ; Soised ; 5
.03), and arc bound 10 one ano . D 2, It wily n i Tt gy ummarized e
1(317: timnound the mercury atom acquires the configuration 2, 8, 18, 32, .o = be scen from this 1y, that oxides and ‘the l\: ol
» - A ‘ AY e ru.‘spc:h:l:::
—
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1 are formed only by 1

! certain of (e A(OH), hydroxides None of 1.,

< and hilg
. 2 9 mag)’ b}:c:nlp.{rcd with 4} hydrides of thé'alkal; r:::;;: C’l]‘:r.m:r
S 0% 2 of which they n.::::i;: a;c Auite different i iy PFopertics, in ree.
“ ' . A/ 4 : sely resemble metal systd, tes, <
may be compared with those in the sclenium structure (§ 7.06). T!‘\e : ',} m“Cc;Onvcmcmly discussed later (g5 !3-'7-)l3tfn;s gor, 1
h:’ur distribution of bonds round the metal atoms is the samc as in g | { ;H ,c ave ﬂlrc:dy o “miw‘damﬁﬂb ‘;'0?140” o
44 '-:ph'c’s'uuctdrn of the oxides of the same clernents “'8.':193; :mdd rc';l').;cuni: : o ). rif!::‘:gdl')'dl:v;’ I3 negative jon of i .‘,__3: \ l_ml_\;.n.\. ea
At SRR 2t . e "l ® . 1us B N pr- Vb r no e - o e SIS 155 A, crn,
the characteristic spatial disposition of dsp? hybrid bonds ! by&mx;dm e am'; Rt o et ”m“hc‘ﬁmcmr;,‘ :

’
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] i s
' rey of o \lln]':'c' vompau
1w f
The Ztte
150 ‘
L3 nR al o
Toadindar are net it pener

Jind
suipt

atar > 8 aler
ral. We revent to this |‘Ull\l late
Arudia

- hle N el The strwclures « fyome AN\, ontdes and xulr. udes
1 o srwee 2f some AN J
Table hid.

.\lnlyl;\lvmun

. Calim oL Chain
Maatide Nh:“ odide \u‘phld"'( structure
t “"""‘." Mt ture ;:_':“: 5 sructure structur ___é...— -
RS ax 6:3) e | s o $1S,
(O —— .
et Si0, TS, Ve
O N DR o)
HIO, B
PbO, TaS,
'}'8‘ TO, - 1S,
CeOs vo,
h‘:c; NbO,
1' o . TsO,
l.‘o X CrO,
Lo, o0,
NpO, wo
reO, .
O, \nQ)y
AmQ, 110,
. N oxygen
" -c character of
xides ¢ clectroncgative !
© 5 On account of the strongly N nd have symmetrical structures
8.32. 3

rutile and ﬁ-Cﬂsmbi‘“C IVPCS. ahcnd) descr ibed (§§ 8.21

hich
icular structure w.

t- jons. The particular s! i
i ?triul considerations, as will ks)c sét:enLaycr
A ¢ of these oxides in t:.blc .06. Lay=
wm'd nd cadmium iodide types, pic
e e g less clectroncgative anions,

mny oxid :
of the fluonite,

8.23), cor:poscd:':i
tains is determi
ey dius ratios quoxc.d for
e cadmium ¢ d
compounds containin

structurcs of‘lhc 2

arc common in AN, pre.
ides.

are not found among oxi<

e

of ralios 0/ b AX:
T able 8 06. 7 he 'dd“ll ome Oxldfl

Rutile structure ilica structurcs
ctu Sili t

. Mg~ < 03~
Fluorite structure 770’3 .(“ ’a A o
i >R, .18
‘a® :GeO, 038 .
Y, Pb0O, obo SiO, 029
C<O, °1;" Sn0Q, . '0s! e v X
ThO, o B i g 'p ik
PrO, o6, . W%l L] : e
PsOy 064 040, -6 1ia)
Vo, _ %< 10, . 04
NpO, 0-6: 577 RuOy, o'u
PuOs .. o e V2" yO, cvi g
t AmO, . o_,-,-f CrO, o1
' ZrO, MnO, H :
. HfO, * . o6 GeO, - 03

=
e
-

&

8,33 ANy structures

The silica Hructureq
8.33, The structure of
importance because of its
discussed later, Silje
forms stable

silica, of particular interese i
relationship 1, ghe silicate

A s ]m!_\'murphous

tiinerals 1o
and occurs Haturally
in the temperature ranges indicated:

Quarez
(below 850 *C)

as three

Tridymire

Cristobalite
(870-1430 °C)

(above 1470 °C)

In addition, there are 2 and £ modifications of cach of these fors
differing only slightly in structure. T'he idealized structure of f-cristo-
balite has already been described (§8.25 and fig. 8.07); the actua!
structure differs from this in that the oxvgen atoms are somewhat
displaced from the straight lines Joining pairs of silicon atoms so thar
the twobonds to each OXygen atom are no longer collinear, The strecture
of tridymite is also 4:2 co-ordinated and can be regarded as rel
that of wurtzite in exactly the same e is
related to that of zincblende: if the zine and sulphur atoms in wurtzite

are replaced by silicon atoms, and if oxygen atoms are introduced mid-
way between each pair of these atoms

2ted e
way as the structure of cristobali

arranged to give a denser structure which is discussed i
"(The nature of the Si-0 bond in silica ealls for brief discuss
ditlerence in clcclroncgn(i\'ily between
this value corresponds 163 borid
therefore not possuﬁlé’?&“?u'g:'ﬁ'd si
ionic pg{ﬁp?)und,‘iﬁq‘gh? Si-0

in§g.13.
ion, The
silicon and oxygen is 1-7, and. 7
hich'is :&355_ 40 per cent mhrlf_l'__,:l_l_&
licain, its various Torms as a purely -

' bond must be treated 33 possessing a
considerable degree of covalent character. This view is supported by the ,

fact that th oxygen atoms in all the structures are displaced from the *

I e Ty, : = Rt TS
- line joining silicon atoms, an arrangement _clearly energetically” im= :
- Possible in a truly ionic structure and showing a tcnd;n_c?td\f_a}diih”*e .

fc?mractcristic_gpqt_igl disposition of coy:ilcni' bond:sD'

~

b]
4
-
¢

los o T4 e

o e
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) i 2 Peroxide and superoxide structures, Py "’f—'- -
R% 834, Thestructures of ¢értain 40, compounds notshown in table 8,05 - =
&Y also merit brief consideration, The peroxides CaOq;'ete., of the alkalirizse . ’
f carth metals; although jonic, are quite different from the oxides so far.. v
discussed in that jn them the anions are the diatomic units 0,37 ‘

‘
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158 The structures of some simple compounds 8.34 8.35
similarly, in the superonides RO, RLO, and CsO, diatomic ions Oy~ are sioni AX, stry y
found. All these ovides are therefore more closely related to AX than to “g“'"”"”y less than woulq 1, Elitres 159
AX, compounds. ‘The structure of SrQ, is shown in fig. 8.12 and it ructure 0=C=0 and pro, ¢ expected on the basis of g
structure and the forms probably arises from rﬂo:;-, ol the simple
R ance between thi
. hix

will be seen that it may be regarded as the sodium chloride arrange-

ment with St** and lincar O,2- ions in place of Na* and CI~. The Oy*~
ions are all arranged with their axes parallel to one edge of the unit cell,
the symmetry of which is accordingly lowered from cubic to tetragonal.
The other peroxides and superoxides have similar structures.

(S}
0—c=%

O

i
61 M

<

S0 s 3 Ve d
" ) f:’f’f:"-é ®:5 O.0 L : T

: il el TR g o ‘ . : s
Fig. 8.12. Clinogrsphicprojection of the tetrugonsl structure of strontium’ peroxide,’
$¢0,. The cell shown %3 not the smallest possible tetragona
lniopfhipft_n'.thc sodium chloride structure.

emphasize the re

432805, ,5C - Carbon dioxide . v
Crhmpegon L e e A ey
8.35. The.structure,of carbon. dioxide, . CO,, IS purely . molecular. s g i

‘ Discrete, linear, Ofg-fol:‘molcculcs are arranged with the carbon atoms JCREEEA
at the corners a.ﬁa.,"f:'xé'cat‘:pntrcs of a cubic unit cell and with the axes of 57 {8

the molecules ?a;all'cl to the cube diagonals (fig. 8.1 3). This is an elegant 40
example of a typig@llyvr'polccular structure, for it will be seen that the " »B b~
centres of the molecules are disposed as in cubic close packing, and that, o)
the arrangement of the molccules themselves is as compact as is cons &

O.

3 ;F'Z- 8.13.

3 j“: on a plane .
e T
c

. . i) 8 :
cubic structur oxide a
the & s ubie structy < of curbon dioxide, CO,. et
is. The heights of the atoms l:e. S:((;'l"rpmn:
sied;
X =

<istent with their aspherical shape. The interatomic distance betweea ¥l
‘s, . ) . . < I 2 -
the oxypgen atoms of adjacent rpolcculcs is_about 3-2 A, correspondingy 2RI zero, as is in fact ohse f‘;{fﬂlorl of the same structure A v
k van der Waals forces which liold them together, and they = s act observed. \We | » R
g4 structure in w ¢ have here’ ver anoth o i b o
s der example of o ¢

hi isi
ch a precision determinatio

to the wea
of the interatomic binding

(-0 distance within each molecule is 1-16 A. This latter distance is )

» on the naty
: ¢
: e nof bond length throws lisks
shiy,
. =
\l :
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The vructures of some simple compounds

Y
Sulphides
8.36.  Sulphoris less clectranegative than ovyeen, and in consequence
no sulphide of composition 15, crystallizes with any of the typically
jonic structures commonly found among the onides 40;. A number of
cadmium iodide layer structure, but many others,
esented

sulphides have the
those of the transition metals, have structures unrepr
 these arc of sufficiently

unds so far considercd. Afew of

particularly
arrant discussion

among the compo
common occurrence o W

i’ /
Clinographic projection of the unit cell of @

{ malybdenum sulphide,
heavy circles

| AT EER
the haagonal structure o
MoS,. The four S atoms represented by
are those within the unit cell; the atheas lie satside
the ccll but have been added 1o show the co-ardina-

tion about the Ma atoms.

.\ The inolybdenum sulphide structure
denum sulphide, MoS, (fig- 8.14),".

resembles the structures of cadmium chloride and cadmium iodide in
that it is a layer arrangement in which each layer consists of a sheet of f
A atoms sandwiched between two sheets of X atoms. The co-ordination 4
about the A atoms, however, is no longer octahedral, the six X neigh-
bours being arranged at the corners of a trigonal prism (cf. the co-
ordination of Ni about As in nickel arsenide, § 8.12). The layers are )
n such a way.that_glternate layers are identical, and are
held together only by weak van .def,Waals bonds. The structure is thus-§

another example of a molecular arrangement in which each layer cons
wo-dimensional molecule. The bond distribution

8.37. The structurc of molyb

superposed i

stitutes an infinite ¢
about the two atoms may be written as

—-\hio ./_ and — 5/
N\

8.37

In XN maoivhden IR ‘onfiguration s S
this vay th Iv]
o <
d\.n”ll HHT
H g
1

c.'frc(.‘ll'\'q]". 0
5253 The

taree iron atom
tten

on, the CZCh su]phlu atOﬂ] 1s bOul'ld to one Odlel su]phu: atom a"d

AN Striicires
lol

Cqutres I ')\""UH\' Lo give the COnNigurar -
1 S ¢
LRt elee R ive th
i he ¢ th .
.

orbitals i
: Asanvolved |
one gp, ””‘”‘.“hll‘diz-u,' ‘.lf in bond formation are f;
trigonal pris aon of (hl'SL'g;\'L-; 59 bond are tour 57, o,
o nds with th
e charac

matie djg DOsItIon actuall 0userved sce table
L 4
F I y (
.o1)

N

s vutsi 1 of the unig g
side the ynjy cell unit cell of the cubi
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le compounds . 8.38

< iron atam arc d7sp? hybrids formed by -
two 34, onc ¢s and three 4P orbitals (sce table 4.01), and the bonding °
throughout the structure is wholly covalent. The crystal may,dn}s be
regarded as constituting 2 single giant molecule, just as'njcrygtn.l‘_of
dismond is 3 single molecule of carbon. It is interesting to note that
the [FeS,) octahedra in the structure share faces, and that the shared
longer than the unshared edges.

edges bounding these faces are actually
This is additional evidence for the covalent character of the bindings.<

in ionic crystals co-ordinating polyhedra of anions rarely share faces,
and when they do 5o the shared edges are usually shortened owing to th' i

mutual repulsion of the cations. 1Y
:

162 The structures of some Simp

The octahedral bonds about th

@ N O h}
Fig. 8.16. The structure of the ehain muolecule of SIS,

co-ordinsted by S, snd the tetrahedra are linked into 2
opposite edges.

Each Si atom is tetrahedrally
n infinite chain by sharing ~

. Silicon disulplide

8.39. The structure of §i$,'is of interest by virtue of its comparison

with that of SiO;. As in Si0,, the silicon atoms are tetrahedrally co-
ordinated, but, owing to the less ionic character of the bonding, the .
tctrahedra in SiS, are able to approach more closely and so share oppo- :#
site edges to form infinite molecular chains of the form shown in
fig. 8.16. In all the forms of silica the co-ordinating tetrah dra-sharc 4
only corners. The chains in the SiS, structure are packed tog—ethii"inv uis
much the s2me manner as the chains in selenium (§7.06), so that each is RN
symnetrically surrounded by six others. :

Carbides 5% . ‘
8.40. The great majority of carbides of composition ACy resemble -
intermetallic systems in many of their propertics, and will be discussed 3
Jater (§§ 13-37-13.39)- Sume, however, principally the compounds of the E

more electropositive metals, are strikingly different in their propcrlics R

- now the-axes of the C-

emphasize the relatjo

841. Many structural
We sha.ll describe only two, w
metallic oxides and sulphiclies
.mol.ccular structures of this com
lce is of particular iméomnce a

% 3;22 Many of the oxides, sul
s alkali meuals (e.g. Li.Q, [
structure, Wy
" and cations are int p
and erchanged. Most-
tonic compounds. The c%) o

\

AX, structures 3
-, ‘ o Vos
Srctf'lll;'rc:flil:glyé:gc lSrysl:\l structures. Thus the carbides CaCy,
Saloil tha:.of s,.(') r(ﬁl, and NdC', all have tetragonal structures
Ci and with o > & 1,‘ (fig. 8.12) with the O,!- ions replaced by
related dnd sty be he structure of ThC, (fig. 8.17) is closcly

enc Yy be compared with that of sodium chloride; but

- C ion"lie ; .
instead . perpendicula : .
ead of parallel to it, and give a tetragonal cd'l :Si::’fr;n?pal axis,

8.40

@:1;O:c

Fig. 8.17. Clinog

ruphic projecti
The cell shown iy n vjection of the tetragonal structure of thorium carbid TG
arbide, TRC,.

ot the small,; il
lhese possible tetragonal cell but has been ch
V!

nshi .
P 1o the sodium chloride structure sei to

-4:X STRUCTURES

hich are of common occurrence amo:is
. Th.cfc are, of course; also nunmru'<l»:
po§1txo'n. Among these the structure
nd is discussed separately in §12.03 :

The anti-fluorite structure »

pl\:dcs,l selenides and- tellurides of thy
. cte. ‘e ; :
o 5 aorire o ) have the so-called antiztluorite

¢ i which the positions of the ani

‘fthesecan b i
Most an be reparded ns esser el
-ordination is 4:8. 'L I
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ey

Prede MV Qi
. vcorresponding silver oxide,
1 trespronding N
"

T
v
\

1ol vupnte, Cu 0, ane ' infig. 818, with 2: 4
Wi ™ (1o te cubic structure shown 3
e
voothae vy mangg

ntre
" The onypen atoms are located at the (:”::c:,; :;ud,f:“he
s """'i ."' ;-.m, the copper atoms occupy ||\'r‘(t‘n I”ngcmcm oru\c

b ch the cell may be divided. .l he a: mentotte.
e ’mh as 1n cubic close packing. Each m{)g n e

i ihm “':'"r":":: uc:prn ncighbours at the cmncr;owzighbg:un

S ‘r‘n\ ;Jl i:;h copper atom has only two oxyger

LIRERS L S .

A

.:Cu;O:O

phic projection of the unit cell of the cubic |
gre|

Fig. 818, C-hno structure of cuprite, Cu,O.

o
i i i cturc is
ically disposed about it on a straight linc. This structure | '
symmetrncally G

. . . Is i } . . . s
LnIgue among inorganic compoun s 1n that 1t consists of two ‘dd\ual

x...ﬂpcxcuawl ul"’cuolb whicli are not d“CCuy boudCd 10| Clhcl’ v
(4 )
4

startin, half,
one stom it is possible to reach h;llf, bt.n or:}yt f
ing from any " g ¢ "k
4 'mdcr by travelling along Cu-O bon b
* 'wmﬂd structure in Cu,O may be formula
n“ M 2 7% . e o -epd .-r"
‘—Cu — 1y —%—-4 2,0

) ol s LR A
e the electronic. configuratic
) ives the copper atom the -bonds are ode
This urm’grmct:’ f;:vn the orbitels involved .in lh:ht:';: charscienss
% 8, 18, ‘; ‘p;«';_,ridimion of these gives sp bonds wi
and one 4p;

B e R S

AN wtri Irey 168
Hnear configuration 4op, Ay obsersed (geg o, Y40k This 1s the fouph
sitnple « Opper comipoun.d whose HIUCIlre we havecr:
being Cul (§8.04), CuO) (§3.10) and Cucl, (§3.23;,
10 compure the *ercochemisery of univalens apd
these structures,

red, the otiier s

<0 10 s inite . P

divalent cop
In both Cyo and CuCly q)ie Cuit
coplanar dsp® bond:, in Cul the Cu' atom again Lo, four bonds b
now they are 1p3 honds tetrahedrally dispased, while tnally in Cu () 1,
Cu' atom forms two 3p bonds arranged in line. ’ ’

AMom forme four

A.X. STR UCTURES
8.44, Among compounds of this type few typically innie CIVELale Loy
found, and the structures e Eenerally of fr Breater diversing
complexity than those of the n-!.x:ivrl.\' simiple COMpouids s [
sidered. Wi, increasi

wertpe

¢ valeney of (he cation the endency o,
covalent h;nding becomes more and maee Pronounced, .nu‘l Laver or
molecular structures A mcreasingly commen, Thus among A\ com.
pounds only the fluorides and a few oxides have symmctrical Structures,
while many of the other halides, hydroxides, oxides and sulphides have
layer structures ditfering from cach other in detaj] bur a} displaying the
general features already described as characteristic of such structures.
Probably no AN, compounds with = > 3 haye ionic structures, ana in

the majority of them purcly molecular arrangements are found,

The aluminium Sluoride structyre

-8.45. One symmetrical structyre of €ommon occurrence among ALY,
i.compounds is thag of aluminium fluoride, AlF,, shown (in a somewhar
idealized form) in fiy, $.19. Aluminjum ions are situated at the corners
of the cubic unit cell, with fluorine ions at the mid-points of the cell

 edges. The co-ordination is ¢hyg 6:2,and cach AR+ jon is surrounded

by a regular octahedron of F- jons. These octahedra are linked together

LPY. sharing only corners. This structyre (or a slightly deformed variang

oLit) is found in the fluorides AlF,, ScF, FeF,, CoFy, RhF, and PdF, ,

d in the oxides CrO,, WO, and ReQ, 0.0 - ; . &

) " ias, a P :'
: 5 X . -

2%

¥ - The corundum and haematite structyres

846, The oxides ALQ, ang 105 are both polymorphous, and exivg
in several forms, The a form of these oxides (corundum and haematite),
and also the oxides Cr,0,, Ti.0,, v, v 2-G2,0, and Rh,0,, have 3

=
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5
160 The suructures of some simple compounds 8.46
structure which may be described as’a hexagonal closc-packed array of
with metal atoms in two-thirds of the octahedrally co-;
Each metal atom is thus co-ordinated by six/ .
n has four metal atom neighbours.

f ALO; and Fe,0; has a quite ™

oxygen atoms
ordinated interstices.
oxygen atoms, cach of which in its tur
The co-ordination is 6:4. The y form o
different structure which is described below (§8.57)-

Fig. 8.19. Clinographic projection of the unit cell of the (idealized) cubic structure of
sluminium fluoride, AlF;. ‘I'wo co-ordinating [AIF,] octahcdra are indicated to show
their linkage by sharing corrers.

AnB.X, STRUCTURES = N

8.47. The composition A, B, X, clearly ~mbraces a vast number of
among others, the salts™of the inorganic acids.

compounds, including,
At this point, however, it is convenient to confine our discussion for the
hich A and B both represent clectro-

most part to those compounds in w
positive elements while X is a non-metal, usually oxygen, sulphur ora

halogen. We shall therefore be concerned here with the complex oxides,

sulphides and halides of two metals, all of which can be regarded ay .
primarily ionic compounds with structures containing atoms 4, B and
in the jonized state. Naturally the oxides are by far the most important
and it is they whick have been most extensively studied. Many of these

e - ‘.’
:8.49. . Th
- - Lhe perovskite

;8.4 : structure in its jdeq[;
g,f;_mmlc eameae s 10 1ts idealized form is cubic and }
Ca 19, In the unit ¢ely, i
: 3 calcium atop js atits ce

of Its edges.

_ooted that geoy,..
my of O+ C:
‘ @edrn”y co-ordj

8.47 ’ I ‘ 14
A_B,. .\', Structures
167

oxides prov o ¢ a11C¢ accoup
cto he i
\ lb‘ fp;.\rucular cr 'sl:liog Jp‘l"L‘ H 3

. Yy fapaic s 1ICe

. ecent y CSt!ng slrucluml fC:ItU{CS which ¢} ¢ Ld “x: \-} :
iCh :.".")’ isplav, whi

Inr years some hilVC also assumed great pracical g ‘ 1’ e
etvsdbampertance by
s )

virtue of their
r ferroelectr;
therefo ctric properti i i
re warrante . es. A discussion ¢
73t some lcng(h is
is

ABX, structures

8.48 g
. Two structures are of ¢
Pounds and are ysygly named iy e
. - - < . ‘
nd e, e after the minerals §
3 ‘

Fig. 8.20 Clinogra hic Projection of the unit cell of the (idca 2ed) et
. 8rap. )
s
structure OfPCI'O\'IkHE, CaTiO,.
3

The peroyskite structure

shown i i
e In fig. 8.20, with one formula
UM atoms occupy the corse-s

! s, with Ti atoms occupyi
1ated interstices, Its close
8 {
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849
‘] N,
pic compounds
16N OV L N NPt Cony Plig
A ; Sare
3 the Caatoms
. Ve observed it

s i ., in the
< spectively, in
ytes wns ol Al and | , respect '

e 1.‘.«‘]»1!.!!.\..

those vt I s
Tuciule
latter structy -
It is clear thatin such .
nust exist between the
mus s

N etrical structure a simple rela llOHShlp
ymetrical cture d I |
v )
radii of the CUH)PQHUH wons. Idl‘cl“y “"s
N
wh . st 1. arprer | u.m but it is found that in practice the str
10T 1" titis fou J | 1 structurc
4 he poer G that | t t
(4 S

g iion

-r the conditio

cars whenover |

o ramiy =2 ()
AT d

< < ' i av vithin the a proxi-
s. f. r of wolerance” which may lic wit P

S cre £15a facto

holds. Her

. ) X et )
N s limits 05 -1 . If 1 lics outside these limits other structures obtain.
i o7 .
mate

S IS s e N 0if « rlex
N ins 4 more comy
< ki tructure is found in some i w or
S o s
0. "The peravsha
8§.50. ")

s "N, S \ sted g S Several
i are liste n table S.07.
1 ] id ome of which are listed i
and fluonides, s 7
oxides an

consideration of this list.
i ance emerge from a consideratio
points of importa

i s the A ions are large
‘¢ note that in all the ccmp‘ounds the e s
Ly Pl"]‘; )“L d comparable in size with the o',\.\g,aform Juorine
= a2 S a)an . : cther
e '-' ccted since the 4 and X ions tog P
fon, 2 s 10 be “l‘f ly, the B ions are small, since they : e s
| o Similary. inati ' OoX or fluorine.
i i iate to 6-co-ordination by oxyg?n e
e 3PP’°P”-"{ ourse, merely another expression of ¢ fact shat he
i oy ' 7 lerance fac ! 3
conditions are i iven above with a to - o
i uorides-~#8
o hat for oxides an, es
radii satisfy : ly, we may say 1 oide
uite generally, L res 10-1+4 .
s qumcdl' 31 :mdgli ions must lic within the rang .
1 e
the radii of t

-75 A, respectively.
e ! skite structure
§ Some compounds with the perovskite str
Table 8.07. .

at all « C € uve the dey ucture of fig, 8.20 (sce text)
N n snpounds huve the ideal struct r
Nat all of these ¢ i f

880 1,0, Mty ey

dind I..x,\l()J have iy Stricture, g th
that the valencies of the individygl cations jp g}
secondary impoy tance, and thy amy pair of jo
they have ragii “appropriate
valency of 6 o confer clectrica] neutrality op ¢,
among the oxides liszed in tble S.07 ; ounds with pairg .
cations of valencics tand s, 2 a0 +rand 3and 5. i POIRtis e evern
more clearly by the fye0 that the berovskite strucryre is also foypd inz
number of oxides (not shown j, table 8.07)in which the 4 2ndfor B sites
are not all occupicd by atoms of the same king. Thus (K4 Layrio,
the perovskite Structure wigly the - jons replaced by cqual pumhe; o o:
ions of K ang La, while'in Si(Ga, Nby)O, the 1 1ons
cqual numbers of ons of (3, and Nb, |,

fact that 1K Ny ),

s ang

¢ structure 3, of ¢:
15 ¢an oceyr I

Wovided

e replaced b
In (“.l!’\..;)(.lhl".\.h!)()_' the s,
structure js agiin found, with (B K) in place or 4 and ('1‘i+;\'b) in
Place of 5. |, is, of course, clear that_sych rrangements must constj.
tute defec: structures, for 3 single unic cel| will WPLY the Structure as 5
whole only jif v consider the 4 and/or B sites 10 be Statistically occupied
by equal numbers of the substityent ions,

A still more extreme example shows thae the

Perovskite struceyre can
of the 4 sites Unoccupijed, Sédium tungsten
bronze has the ideal composition NaWo,, with the Perovskite structure,
R but this €ompound shows Very variable Composition and colour, and js

oetter represented by the formul, Na, WO, it 1'>x> 0, In the

Sodium-poor varicties the structure remaijng essentially unaltereq but

Fe vacant. To preserye
~=neutrality one tungsten jon js converted from \Vs+ ¢ W+ for every site
, and this change in ionization gives rise 1o the charqe.

1 in colour)ang explains jis association with the sodium

. Inthe extreme case, when no sodium is Preseat, we have \\_'0_,,
i e, B0, {ﬂ?é, ;fwgﬁ. Fwhich is clcgsc{y rcl:ncd. to that of AIF,. We have :xh:c:xdy
NaNbO, sc:q ,g’, iy [S‘:mg: prity KNﬂ; ; .how l.hls Structure, in jis turn, js rc.lalcd to that of perovskite)

KNbO, BaTiO,  BaSnO, BaThO,  LaMnO, Kz" s 4 third point o b hoted from tab], 8.07is that among the compounds
NaWO, CdTiO, gr'é'oo: LaFeO, . . i ithe perovskite structureare many + titanates”, * niobages , ‘stannates®;. :
2:;:8: 1:C<0, . 5 B v%h.ich wou_ld normally pe regarded as inorganijc salts, Stmctumlly.r - :
SrZr0, I"?)JCCO: : Jever,there is flOJusii{icalio'n for this view:, We shall lager find that i . . r
luq:fg: B £itrue :f:lts of Inorganic acids ﬁn.itc complex anions haye a discrete - H
int of Interest, 5" that among. oxidéi lhc?:}:?c‘;;l;l . ?,?oce(-_;n’_lhc cx)l'gta: slruclurF: In calcium, carbonate, for cxampl_e, )

A m{;d :,o::::lzsiv'cly sestricted to those compounds in 3 o 3" are clearly recognizable and the structure as 3 whole is

structure is n

ively, asis shown by {h
divalentand quadrivalent, respectively, asis shownby th
Aand Bionsare

puilt up of these anjons and of Ca?r Cations arranged |
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A,.8B,X, stru :
8.52. A few oxi X nta Clures
a. Sovlde oxides w : . 17
Tt will Be sec 1 ides }\x(‘h the ilmenite structure are Jisted ; 71
cn from this list that, with the excepti l;léd in table S.¢8.
i . on of C4TiO

8.50

! 170 The structures of some simple compounds
Al similar to that of the ions in‘s.odium.chloridq.f..l'n a}{ciuxx}:.f\gimnagcgttzq ;
ordinated symmetrically by six™” %

s all are”

! the other hand, cach titanium ion i$ co-o! _
oxygen neighbours and no TiOs*~ complexion can'be discerned. Thus, in. St oxides in which the 4 jon ide

spite of the resemblance between :thq.cmpiﬁull_fqmiu!nc CaCOy’ and' ion in the perovskite s‘m/:;:ml‘ﬁdc'l‘a‘bl.y smaller than the corges di
CaTiO,, the compounds are in stmcturqtinﬁ:je!yfdistind, and while the : high temperatures has the ;ef‘T}}C dimorphism of CdTio \f:f‘_hmg
former is a salt the latter should more properly bé regarded as a complex the fact that the radius o{(h(?ézzj‘i‘::(l:ruct;re, is readily c-\"};l.xi;-.:‘kd l:,\‘
" ik for ransiion becwecn the perovakie and e
the list includes a number o(‘(i(a::j\ng“min'(.;'
Ates which

! The final point which we would make about the perovskite structure
is that the ‘ideal’ highly symmetrical cubic structure so far described is should more properly be descri
found in anly a limited number of the compounds given in table 8.07. ¥ be described as complex oxides.

At high temperatures, or when the tolerance factor is very close to unity,

able 8.08. Som: mpo 1 1h r
ome co unds with the ihnenste stric
ble 8§ d i

this simple structure does indeed often occur, but in many compounds MU
the actual structure is a pscudosymmetric variant of the ideal arrange- MnTiO, (‘_;"',"}8: CUTiO, e g
B oT ek - N
In some .\':Tio:, LiNbo, ’\l:ig)', ! )
s

ment, derived from it by small displacements of the atoms.
cases these displacements resultin a slight distortion of the unit cell, the . Low tem
h is accordingly reduced, and in others the deforma- perature form.
lls are no longer precisely identical so that~
f the smaller ideal units.
escribe

All the oxides listed in table S ison

" et o des .08 are 1somorphous, and solid soluj

- alotions of comlso:i?;:::/;]. Thus MgTiO, and FcTiO,Ol;gr;:h:llL?g

oecupy the A orEes mnd. g:Fey_, T}O, in which the Mg and I’::~iLt))1
Cares form » comoner ranom, nfnd I:‘eTlO, and a-Fe,0, at high tem c:
composiare, Ta ge o. solid solution between the two c\lsc .
; Lhc.FeH' and Tit o b IE:’;:‘::Bc, as the proportion o.fa-I-‘c=O, in;:rca;::
g until ultimately these occupy boJI;rilp::gre;s;:'{'"phcmj Py Feions
itions,

symmetry of whic
tion is such that adjacent ce
the true unit cell comprises more than one o
The number of these pseudosymmetric structures is too great tod
in detail here, but it is important to stress that in many cases the degree
of departure from the ideal arrangement is only very slight. Thus BaTiOs ~ &
i has a tetragonal unit cell with axial ratio ¢fa = 1-o1 derived from the g
& cubic cell by an extension parallel to one of the cube edges of only
from the ideal structure are of

=t

—
R —=X]

e

E
it 1 per cent.] Even so, these departures
,l;l profound importance, for it is to them that the ferroelectric properties i
i of many of thesc oxides must be ascribed. Ferroelectricity is not : ABy X, structures
. 8.53. The o
o nly 4B, X, s . :
2ty structure which we shall djscuss is that of
0

;L compatible with the high symmetry of the ideal structure, and it is only A
/ in those members of the perovskite family which have structures of lower
3 symmetry that the property ca occur.

¥ .spincl, MgAlL0,.

The spinel structure

“8.54. Thespi
Siats espinel str .
‘AB,X‘ and slso i1 -,u;m'n' 1s found among a very large numberof oxid
sid cyanides of mc- smulud number of sulphidus, sc],_.“id; : mf‘ics
. dme compositi S s s, Ruurides
in table 8.09. It . position, some of whic
: .09. The cubic un; . vhich are recorde
ind contains 32 X i.‘;blt UE!I cell of this structure is shown ;n';'wr:d
ns. Fach A jon ; 1g. S.21
. . nis > .
four and each B ion is octah d tetrahedrally co-ordinated by
Ko and e h Xion § tdrally co-ordinated by six .V nei o
e lon is bound 10 one A and 1o th Y st X neighbous
< 1re; 1 . o
s 3y therefore be summarized thus: ¢ B ions. The co-ordination

18
i The ilmenite structure
8.51. \When the 4 ion in an ABX; compound is too small to form the

perovskite structure, say when its radius is less than about 1-0 A, the
alternative ilmenite arrangement sometimes occurs. This structure is 3
closely related to that of corundum and haematite (§8.46) and may be
described as an hexagonal close-packed array of X ions (usually oxygen g
ions) with A and B ions cach occupying one-third of the octahedrally 3
co-ordinated interstices. Thus both A and B ions are now 6-co-’

ordinated by anion ncighbours.

A-4X, p- 0N, d-X- 3B
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o 8.55

rey of aone _\UHIVI.- COmMpoiitiay . e
fe 8o thataf the Vions alone are considered
lhhon R f .

: ) e TN V-
jons could be described in terms of 2 cubic sul

. ) AT ETHY
172

Ll bereahoad e
- CCHPOLIS it ¢ spivel s

¢ positions of these Al wi . \ ions at 1:Cr.0,0 i
the e olume only one-cighth that of the true cell, with the \ 10ns;: -\\!.f'k-':“‘. MelFe,0,t YeNi,0
cell of volume only es. In other w ids, the structure is one in a0, I'iFe,0,¢ AN
its corners and face centres. Inoothy ids, FreCr, e MnFe,0, i,
.

ranped as in cubic close packing, with the 1 and Calt,, . FeFe,0,t S

which the N ons e ar , inated interstices Cuce 2 g S
L wetrahedraly and octahedrally co-ordinate ' CuCr'.U‘- "L:'O 1 }“;Rn.o.- C,'iu :;
‘ S “oFe,0, ZnRh,0, \inditas
respeatively L‘::(-.’I::'- Nike, 0t TV, 0,y “.-V;II"‘ :
Nl ('“I:‘.'U‘r SnZn,0,1 o '"'U\‘.
Mncry, ‘ Mealope Um0
i I SeaLd, fioins
ZnV,0, Cde YA
Mol
My :
isc, Mualio). ¢
nC Feal .
}_JL Se, CaCo,0, ¢ C:.-\I'S‘ e
1‘.,\1..,u, Cul'a,0, .\'i.-\llo‘
JIMNOS £0Co,0,c  Currel
30,0, SuCo,0. 1 ZnALO
(._uCu,b:. . AlLO,
CuCuy,s, ZnAlS,

* Noral siyg ture, 1 lnverse tructure
Nor: A
Cture, 1 d s ture,

sites are occupied, not by

; the Mg+
lons, while the rest of (e © Mg lons, but'by one-ha)f of the ¥

o e s ¢ 1ons, together avith all ¢he Mgz 5
random over the sites of g.co ordinatj {
- ion.

emphasize this distinction we Y Wi
}ftmaum . Fc(Mch)o‘. 2 may wqte the formuly of
st 10 table 8.0 is indicated, w

lons, i,
If we wish +

the inversed
he structure type of the compoun
here known, )

ure of spinel, AB, X.. proj::-clcd on
units of je.

it cell of the cubic struct 1, A i
o i axis. The heights of the atoms are indicated in k
¢ halves of the cell are shown separately, and only the

Fig. 8.21. c g
a plane perpendicular wdlhc-
For clarity the lower and upper halves
co-ordination about the . ions is indicated.

ds listed

8.56. The facto

rs which determin
: e
the two spincl s ol

fuctures are by
that the 4-co-ordinated sites wo

cations, so that sp; i <7

spinels with » a

= ! o) n Would ‘¢ the no
 Withr > 7y the inversed struc iy Pl

ority of the oxides with the spinel structure A is 2 ‘dlvnlcnt !
dition is not essential, and it is found -

total cation charge is the most
n combinations which yicld a

B .
O means clear, might be expected

In the maj
uld always be occupied by

and B a trivalent ion, but this con
(as in the perovskite structure) that ".w
significant factor and th:.n .othcr catio
neutral structurc arc admissible.

the smaller
« al and those
h case, and if anything the rc\'cmzu,m' This, however, is far from being the

e ) . SC1s more nearly true, Tl :
to be a tendency for tri- 4;g quadrivalent ion)s t N 'lfhm o L

b (xcept 4 O prefer 6-co-ordingre
m:dina(‘i pt for the ,?ns Fed+, Ins+ and Ggi+. which .Ydln.llkd
3 . on) and for the jong Zu** and Cdir ¢o GhO\.\' a spec';smcrf A
an 12l preference

can thcr;fprc arrange ons in a serics

Za®, Cdie

FC”, In?e GCal*
Other dival;m ions
Other trivalent fong
Quadrivalent ions

X ibed i § * spinel structure 3§
structurc so far described is the ‘normal spinel stru &

8.55. The oxides. Some oxides of T2

i d in many AB,0,
is the arrangement foun ‘ d '
o : however, have an alternative ‘inversed’ structurey

which may be best described in terms of a spcci}flic cxnm[plz: ::;h‘hc

is oxi f sites in the structur )
MgFe,0,. In this oxide the pattern o ! : %
disgtrib!uti‘on of the oxygen ions is exactly as in the normal splnc(l;. 'I;:;
arrangement of the cations, however, is different: the 4-co-ordinated}

this composition,
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isttsbuted ¢
; b R utec at random over the 2 i n
oM b’ t 1€ Cations. On the averap ! 4 sites nor .\J”y u\'(\lpicd
I L. rage thete are (hercfore 2; vacant cation sites
In the li i Cture t conv vl
gh( of this siiuct e (3 v
: " ! S 817 u h i d I}
; ; p crsion of Fe,O 4
' 3! into “e.t) r
‘l) Ul.\d:rs(ood. he unit cell of l‘t,() t()nl‘l/[ \“’ 4
oxidat on is rcad I 5 N ang § Jele
16 Fe and 32 O jons. As oxidation procccd: the oxy Ren o
c 3 Wis e

undisturbed o (%
e c blfl the Fe2* jons are replaced b i
tons. Finally, wi y two-thirds the

The strwciures of some aimple compounds

wuch that of the two inetal fons i any given spinel the one standing
higher in the series wall tend to occupy the 4-co-ordinated sites. Thus we
should expect the majority of AV BP0, spinels (all except those
containing Fe?*, In** or Ga’* ons without Zn' or Cd?* ions) to have ;

the normal structure and all A4 5,%0, spincls to have the inversed = -
arrangement, as indeed appears to be the case where the structure type

is known. As specific examples of the application of this principle we

may contrast the structures of the following pairs of compounds

wen all el et | o
aniextra 0} Bl o s shl Fe?* ions have been thus retioed
‘ave been introduced and 2§ sites are left v )

Norma! Inversed
structure structure In a similar w
MgV,0, VMg, 0, : Hiar way we can understand th i £
;1‘}9'8‘ I‘:"'f"o‘ ;’ncl.hc spinels. Starting, sav, with NgAl i)l’t:sy SIOhd' l?lu(xon ot
‘\,:c::o: N\i,ln:bo: smjﬁradually increased by the subs!ilut?or:'of c\:l‘:‘:r}“m“m o
solutions which we shall discuss l:nc‘ l i .\lls". o
r electrical " neutra o

preserved in such t i
h 1 substitution i
elsewhere in the soemprorat hby af\o.thcr simultancous sub
' et of vaems ue SE; l.lt. cre it is achieved simply by
pcara. ant sites ositions whi v “be
byestices. Whandh o b ch would normally be ccc
sttution has been completed just 2§ suc:

- PR
: e !
Ppear per unit celi and the y-Al, O, structure results.

8.57. The inclusion of magnetite, Fe,0,, in table 8.09 is of interest.
“This oxide has the inversed spinel structure, and its relationship to the
other spinels is made clear by writing the formula as Fe3+(Fer*Fe**)0,
It is probable that the semi-conducting properties of magnetitc can be
attributed to an interchange of clectrons between the Fe?+ and Fe** ions
in the B sitcs, and that semi-conductivity in other spinels is associated,
gs here, with the presence of ions of different valencies in crystallo- *
graphically equivalent positions.
Of even greater interest is th

e

SOME CHEMICAL CONSIDERATIONS

8.58. In the r
considerable nuf:nzs:j]:f??;:ﬁc,r e have described the structures of
~ oxides and sulPhidc; of < J_d\ cly SI.mplc compounds, mostly the halides
" to present these structu !.m mcml.hc cl_cmcms_ It has been conven x
principles of st.—uc'::r:]lr: .k:‘”cmvcly in this way because many ot the
o structures as by those “'hl-.-‘s.ncc(urc are illustrated as well b\'. simple
> are discussed mmone fullvh_‘,;": more complex. Some of these p-rinciplcs
:«g’. d‘sifﬂb‘lc that we Shuuld'su;nm:—i::zt. Ch-aptc'r. but at this point it is
clusions of the presant chantee by o bu;l:un o.x (hc. more importanz con-
;, rather than the geometrical s )y a brief review in which the chemical
- 2 significance of the structures is consicered

¢ relationship of the spincls to ALO,

and Fe,0,, for it has long been known that many spincls can take up
indefinite quantitics of these oxides in solid solution. As normally
cxists in the a form with the structure already described
{ul oxidation of FeyO,, ay form, with an entirely
ained. The cubic unit cell of this new structure

f the spincd structure of Fe,0,, and the |
hich the iron ions occupied the
four additional oxygen ions
It was,

preparced, 'e;05
(§8.46), but, by the carc
different structure, is obt
is of about the same size as that o

<ment first proposcd was onc inw
essary

arrang
same sites as in the spincl with the nec

per unit ccll accommodated in inter
however, difficult to understand how such large ions as thosc of oxygen

could be introduced into a structure already so closcly packed, and it is 3
now recognized that the actual structure must be rcgan.icd, not as a 2
spinel structure with an excess of oxygen, but rather as a spinel structure g
with 2 cation deficiency. The structure of ¥-Fe,0, (and of 7-A1.0,) is

one in which 32 oxygen jons per unit cell arc arranged exactly as m
with the corresponding number of iron or aluminium ions,

stices in the structurc.

ements it is j : .
§ alucays the nonl-r:i:;l;;:‘q-w. bear in mind from the start that o
etals, For this rms(;n l}---.G.ns or 1ons are far larger than those
occupicd by non-inetall .‘."gr"ﬂl‘fr pa'n of the volume of the str
Sructure e b . '._ -; 1C .;..'JZHS, il"d mn m:my cases, as
Y be desenibed L5 a close-packed ¢

AWl A

spanel,
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non }

nteratices they oo v. Accord RV, S¢ lid solution -.\d vorable com-
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weation are vomiman Examples of this amony complex oxides have
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Heady oot e, but ane further l'\lll‘.]l\lt‘ of an cven \‘ln\l\lcr com-
RYS KSR Y
M LAt nd may by oty J
I'he onide FeO has lhl.!(.\ been dt\\.llh(d as a \lml‘ ¢ lOlllC COI\\pU\.lnd
i

with the sodium chlornide structure, in which, of course, the oxygen ions

are
cumposition rarely corresponds to-the ideal formula, and that much

arranged as in cubic close packing. It is found, however, that the

more commonly a considerable “excess of oxygen is present, corre-
‘l‘““\““L say,toan .\pproum.\u unnposmon 7 ‘01 10 Asin the relation-
ship of ¥-Fe.0510 Fe, 0., it is impossible 1o countenanc? the presence of
excess u.\_\'p-n in a structure already close packed, and a more accurate
descrption is in terms of a deficiency of iron, say FeyyO. The pattern
of oxvgen sites is as in the ideal structure, but as Fe*- ions are replaced
by Fe3- vacant cation sites appear in the structure. Since these sites are
randoml\ arranged their exact number, and accordingly the exact
composition, are matters of no significance. The relevance of this to the
chemical laws of fixed composition and simple proportions is apparent,
and is discussed more fully in the next chapter (§9.35).

8.60. Onec further question which may be briefly discussed at this point
is the relationship of oxides to sulphides. Although oxygen and sulphur
are closely related chemically there are, nevertheless, important dif=
ferences which are reflected in the corresponding structures. In the first

place, oxygen is more clectronegative than sulphur, and simple ionic
structures are therefore far more common in oxides than in sulphides.
Thus simple symmetrical ionic structures often occur in oxides of
composition A0 and AO, but in sulphides are found only in the AS
compounds of the most electropositive metals; sy mmetrical A4S,
structures are unknown (see tables 8.0z and 8.05). On the other hand, the: 758
sulphides show a range of more complex structures not represented i
among oxides, and often the sulphide structure is surprisingly complexi
when that of the corresponding oxide is simple, as, for example, in the
pairs of compounds FeO and FeS, MoO; and MoS,, SiO, and SiS,, and}
others. Furthermore, many common sulphides have no counterparty
among oxides, and vice versa: Thus FeS, is of widespread occurrence as
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