T

i = Zysln

o lated wriangles, BO", c.i. Unht..lbﬂﬂtcs (&]
L B.E).“.e.s:. pyrnbo:uu. (¢—¢) Triangles iharlng"t“
* oranopen chiin, [BO,L.*". c.g. metaborates. i 5 b

* “parallel to one another through the structure znd are linked together by}

. 2 a
rures confgining compiex ions M 11.02 ..
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and two are 1-C0n
b)’ s.l!al.'cd”_ox_\'g-_-n
droxyl groups. These

& ber of BO, groups in the ring is in.:ma:,.cd indcﬁnhd? we.
”:}:c i it the infinitely sxtended open chain of composition
wwach fn 06 %“t":;ﬁ‘ i1.c: . Suchan arrangement differsfundamentally
'[Hogl'wfm“l?clr ci;wlcx anions so far described in that it is no longer
from all the o;m to any discrete radical. The repeat pe riod in the crystal

g 4 : t::‘-:?:i atoms are 3-co-ordinated
o Y oxygen. The boron atoms are linked
oms and the unshared oxygen atoms belong to hy

ydroxyl groups are essential constituents of the complex anior, the

éaRaco™position of which is B 0 1 D
pﬂw‘bIc to po : . ; s i N ‘ e 40,(OH)*~, 50 "thar the _f la
may extend over several units of the cha-m. ctll: dsff;cm p?ln;S gﬂ; :_,hc;:t st should more properly be ritten N:I,[B‘O‘(OH)‘]O‘;E‘I 0:1 ng ;:;:1 :;1,2;
: t in chemical terminolo this 4 A .8H,0. nples -
different atoms ) e 5 7 ae e that the pecy an]! d maay others which could be quoted, serve to emphasize

at the complexity of the ch
;‘qglt'lp_hc_:ty ©of possible configuratio
many of the difficulties which have ar

emistry of borates stems from the
ns for the complex ion, and that
1sen in discussing these compounds

-Fig. 11.012. cﬂinogr—ph:c P T

y . =phic projection of thy
(idealized) structure of the {1*40‘?(0:!]:]:
ion in barax, Na,[1,0,(C8 13.).£4.0.

(83 L (d)

w)

@)

have been duc to attempts to interpret them as the salts of acids which
;- often have no existence. We shall not: however, pursue the question
further at this stage because the sams point is illustrated even more |
- . Tt =
ngly by the structures of the silicates; to which we now tum. -

o gmver e o -t

3 + ot S : o 4 Iscs
o1 > i T - rroupings in borates. (2}

Fig. 11.01. Some actual ur hyputhetical boron-u ;a‘r_‘&:’ gl ey

o oxygen atoms to form closed ing

SILICATES: LN el

chain ion is indefinitely polybasic. An. infinit _
somewhat distorted from the idealized Ifo;m_ shown at ge}] |
the crvstal structure of calcium metaborate, CaB.O,. The ions ¢

is found 1078 o arc of far greater importance than the borates; and, on account of their

«tend

ionic bonds between the calcium and the unshared oxygen atoms. methods than any other class of fonic erystals, The peculiar complexity

11.03. , :\hhl:lug'l'; boron is nurr}nliy 3-co-ordinated by oxygen thc_rc are
also structures in which 4-co-ordination is found, as, for cxat:nplc,.m.thv
heteropolyacids (§10.24). The same co-ordination is found in a limited
“number of borate ions. Thus in borax, normally -:'ormul:'.lcd as 4
Na,B,0..1011,0, the anion has the conﬁga’lr:tfiou shown in fig. 11,02, 1077 -

variety of composition, the difficulty of assigning significant formulac,
d the close morphological association of scemingly quite unrelated
mpbﬁﬁd.s all being characteristics diﬂicu_ltl-_tq_..imcrprct in terms of .
nventional chemical principles. Structural studies have thrown mucl'; 4
. light on these topics, and, in fct, in the structures of the silicates we find

e cmma v “
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Silicates 2iv
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i . e veneral nivielnlos of of silicon, however, Teads 1o 4
nob unly o ot tie tost elepant examples of the general principles o
b

-

grester number of structural trpes, while
“tional complexities due 1o other causes arise,
In the first place the isomor;mqu_s_rcplzcr:mcnt of cations b others of
dhe same charge and similar size, or even the replacement of several
_different cations by others of different valencies but with the s
aggregate charge, although possible in_many ionic strugtures, is parti-
?u_l_;fly_cgggo:: among the silicates. We give in table 11.01 a list of the
ions of most frequent accurrence in silicate minerals, together with their
radii and the oxygen co-ordination numbers —commonly observed,
"Within wide Iin]it§ we may say that th_néc ionSwiich have the same
‘gen_co-ordination Mg*t, Fe'+; Na+ c. ily
« laterchangeable, . and it is this isomorphous _replacement which confers
ton silicate structures their variable 1 indefinite_com osition, the
; @ chemical interpreration of which presented many difficultjes before its
05. The fundamental characteristic of all silicate structures is the 2 structural origin was understood, %
@ f dral co-ordination of silicon by oxygen. The nature of the Si-0 An silicate structures which can ex erience isomor
tetrahedral co- . - ]
bond has aiready been discussed (§8.33) and we have seen that llusmhand > are closel
A ; ere- .
has a considerable degree of ionic character. The.SICh group can e
fore be regarded as having a structure to which both the extrem 3

at the same tinwe ade

A
f‘..‘ ot
8
L

_ﬁ
- -

structural chemistey but also what is perhaps, as vet, the most I..Il\'l'lf'S'.'-i\‘{:
illustration of the power of such studies in rationalizing n.prcvmusly
intractable ficld of investigation. A discussion at some l::ngth is tlu_:rck:orc {
justified, but, even so, it will be possible for us to dcscnbe‘ only a limited
number of the many known silicate structures, and our choice of examples :
will be confined to those which advance our arguments by-the Igcm:stul :
principles which they exemplify. Many structures of which the mt';rc:i,: :
is primarily mineralogical will have to be 1gf1?rcd. but t‘.hc rczd.cr g\ du 7

particulasly concerned with this aspect of s:!u:atc chemistry will fin 312 ?
exhaustive and rzadily accessible account in the work by Bragg an

Claringbull quoted in appendix 1.

2

Ly -

T

General principles of silicate structures

hous replacement -

Y comparable in size and they, too,

Table 11.01. Some conurion fons fi silicate structures
configurations : =
& 0@ o Radi Oxygen e Oxygen
: 7 ; adius co- AL T Radius 0. .
Oe—SIi—Oe arid - Sit+ O ‘lon (A) ordination 0 ~ len (AY ordination f
LB . -
J)e w = 9 o1 ‘o8an, 6,8 :
y L S g ilicates_occupy.a o4 Rt TR S
R it is for this reason that silicates Z o050 ¢ fogst T g g )
i mntrtbutm’}- l‘-‘“_q ':ruc UFGS inTermediane between the salts and 2 e ok GOgEAR R ::é T LR
14 o e :ctof tlreir s . = 10, (to Fedt o6 -
o, s 'fffdu T we picture a simple silicate such ‘-'“’1“’{ jst"?;lfm : 4 Met o vagit s T
“The complex . e s ~ - : ; ; —
ecomp T17) =s consisting of the 1ons Mg** and 510, e Tiv ol 130 | 3
be described shortly) L 2 tin terms of the scparate ioNs§ SEro R i 3 £ e '
=d as a salt, but if we think of I ified 25 a complex® T e :
g2 = Fhmd. 1 % - e by mbia
e 07 Tavould more properly be claisiie - Y A ;
Mg S O o o D ed that we undsctaid] Ehemiiny s peculias to_slisaes’
Oxide. Either view is equally acce Tolly zdequate. - A tac.particular value of the radius of
the implication that neither 2lone is WHolly 7

the zluminium ion, The Al:Q 'rg_d‘_uﬂzﬁﬁlar_h_-gﬁ_j.-.,sc.ﬂm_mm ;
critical. value of o3 for transition fromﬁ%mmtdmmqhabihu.u 1
ion_can occur in both conditions,{sometimes ; “same structure”
At 4~co-ordinated the dumW J0R<ren :silicon, and.‘such /s
placement is urclhma;mm{zggﬁéﬁf indefinj = extent.” For every,
UM ion 50 introduced a ¢ corresponding gubstitution of Ca®* for...

Ea*, Al for Mg"" o

r Fe** for Fe*t must simultaneously occur clse,,

ieslated SiO 4 ions

AThough T et of silicates isolaf
ks O ahh;dut;%f;‘_":}m occur in sulphates, the 31'33“:; S
found, just as iso \zin SiO,. groups linked together throligh
unds contzin SiOq: grou] lear anions of finite'of
Ok Lacas mlpf:gm to form complex polynuc w?‘:;.iu 2 manne
. common ﬂ‘ygt. The silicates may therefore-be icnhsslﬁmm e
-infinite exten us to thzt used for the borates Soher cacosdinatl
formc;“)}: Mofgimﬁng tetrahedra are united. The hig ’

which the co-0
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features which these structures show.

¥ Isolated SiO, groups: orthosilicates

* A somewhat idelized form of this structure is shown in fig. 11.04, in g

240 c rining o ? '
Structures containing complex fons 11 . 11.05 Silicates 241

where in the structure serve ne ity, T
bars ) c _r_}lLtu:L_t_t;\_prm-cl.\t neutrality, The appearance of vlu-
nuRIun Y ong structure in tywo entively different roles is a fegpure of the |

snll_nc:l‘tcs which cherical analysis ulone cannot reveal, and which has given
rise to many difficulties in the interpretation of such systems.

The classification of silicates

11.06, The classification of silicate structures is immediately analogous ;
to that of the borates, and is most conveniently made in terms of the "3
way in which the silicon tetrahedra are linked together. Such a classifi-.
cation, originally proposed by Machatschki, must be regarded as one of
the most valusble contributions to silicate chemistry, for it has intro-.}
duced order in 3 field where previous classifications, based on hypo- &

thetical acids of which the silicates were supposed to be salts, led to- form 2 six-membered ring, S1,0,,', e.g. benyl. < :
considerable confusion; and it is interesting to find that this new classifi- 3 -h}:u’:ge of the disgrams superimposed oxygen stoms have been displaced slightly
cation supports in almost every detail that developed by the mineralogist : ' ;
from purely morphological and physical properties. We shall now pro-
ceed to discuss bricfly a number of silicate structures in order to make |
clear the basis of the classification and o illustrate the characteristic

-+ (€}
o:5i; (O:0

ig- 11.03. Some possible closed silicon-oxygen groupings in silicates. (a) Isolated
drerahedra, Si0f-, eg. orthosilicates. (b) Tetrhedra sharing one axypen otam,
S304'~, c.g. thortveitite. (c) Tetrahedra sharing two axygen atoms to form a three-
E membered ring, Siy0y*-, ¢.g. benitoite. (d) Tetrahedra sharing two oxygen atoms fo

L

11.07. The simplest possible structural arrangement is that in which
isolated SiO, - groups of the form shown in fig. 11.03@ are linked -
together only through the medium of other cations. Such groups are '
found in the orthasilicates, 2nd correspond to an oxygen:silicon ratio of

e L PR S E

4:1 or greater. 7 . s : e
: .. TE}!:"'.:{::: > 35

11.08. A typical structure of this kind is that of the o 3

minerzls, of which forsterite, Mg,SiO,, may be taken as an example,

: Mg in plane of - Mg at height §o.
naper i
@ Sa lyighz i O:On Tieight ju
o % Bt AR ) ¢ R

Fie" i1.04 Plan of the ideslized orhorhembic structure of forsterite-Mg SOy
sizcted on 1 plane perpendiculzs to the x axis. The silicon atoms lie at the centres of

livine series of ?

the tetrahedra of axygen atoms; and are not shown.

1o 03 AP

which, for clarity, the SiO; tetrahedra have been outlined although the:

tincs shown do not of course represent bonds between oxygen at on;:' .3 (3) The magnesium ions are co-ordinated by six oxygen ions Iying at {
= SR - = e T H .
“The silicon atoms at the centres of these tetrahedra are not shown in t MR o rners of 2 very hearly egulac octahedron; so° i et whlé |
g - ¢ e P : tru-cu—n.'c ity 3 cture can be described a5 ‘packing together of tetrahedra and
The main points of importar. = 10 notc in this struc P TTRRERE | edra. ST -
(1) The Si0, tetrahedra are isolated and occur pointing alternately P .(4) The disposition of the oxygen ions alone is approximately that qu
and down. I by O=Mg-0 bonds bexagonal close packing.- A closespacked arrangement of pxygen 1wns 13 '
2y 1] are link rether only by O=ivlg-U bonts. :
(2) The wtruhedra are linked toget
o . e
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h n atom
obtzms - E‘I'i:llic_}llht ;E:gcand ber}lhum atoms arc: l:mhcdrally C : md ,isolated - S:O‘ ,groups_are- Lnown. but thcy are mostly’ umung
_____s(ructurc L ‘each oxygen atom is common to two BcO‘ tctrahcdra and : mbsunccs of pnmz.nly Imncr:llDSlC"l interest. \When the o'cygcn.sz.hmn .
ordinated, 2and ﬂ': e tRICTUTE 18 mcrcly _ nno r.m:cds«; 1some o\'} gen atoms are nccasml} not lmkcd 0 sxhcon

—
EPEL‘E—&O‘WUP“’ ;“diffculty of linking these tetrahedra together in

Silicates ' 243
1o

242 Straciures containin W complex fony 41

nd it seems likely that in wnacite and wi Ilcmne the tetrahedral
co-ordination of the meta! atone i3 due t© 3 consideiable degree of
“covalent charact~r in the nue 21-oxygen bonds. The difference between
the structures of Mp,Si0), and 41,510, may therefore ba compared with .

vLhat between the structures of MgOand Za0; i the former hnsthesodxum
hloride structure with 6-co-ordination of magnesium,’ whereas § in the
tter the more covalent character of the bonding gives nsc 1o the”
£4~co-ordinated wurtzite arrangement.

a characteristie feature of mas ay sihivate structures and results from lhr_"}‘
large size uf these fons compared with that of most others of common

oocurrence,

o —— - a2 5 TS

11.09. Olhcr members of the olivine group have the same structure.

hut with Mg®* fons pantly or wholly replaced by FFe** or Mn**. Ina
olivine itself about 10 per cent of the Mp2+ ions of forsterite are replaced #
by Fei+; fnwlm: and tephroite have the idealized compositions Fe,SlO

|
i e gy e

“and Mn,Si0,, mspecm ely. 5
crehieali f 'H ariets. S
Chundrodia S 12, Th . r;e : SEnmbasiol fable

2 v ¢ garnets comprise a wide range of min ol very vanable

11.10. The minerals of the ;hond:rdue series t:}rt: closely related to < L composition which may be rcprcscn:ed by the general formula
olivine, :md :llus:_r?tc a type of mixed structure o frequent occurrence 3 B4 B2+ Si,0,,, where A2 i Ca+, Mg+, t::_ or Mo, and B is |

ameng silicates. These minerals may be represented by the general AF, Fe* or Cr*. They are 1ypical orthosilicates with mdcpc-\dcr\:

ations of the A and B igns are in aceord-
1 the sn e

formula Mg(F, Ol), .=MuSiQ,, and members are known for all values 78
of 1 from 1 104, The exact details of the structures will not be considered 88
here, but briefly they may be deseribed as furmed by the superposition 28 {4
of sheets of the forsterite structure and of that of Mg(OH),. The 88
structure of Mg(OH). is the same as that of cadmium iodide, with they §

OH - ions arranged in hc\agona] close pacl\lng.and it is the similarity of 2
the arrangement of the oxygen ions in olivine and of the h)dror}l'
groups in Mg(OH). which ¢nables a *fit’ 1o be achieved.

g Si0, groups, and the co-or
fance with their relative sizes; the larger A ions are §-

8 B ions G-co-ordinated by oxyuen. ‘I'he readiness with which the garnets
l'orm solid solution with each other, and the variable composition which

5 lbus results, are clearly to-be attributed 1o the dosg’y comparable sizes
1 of most of the alternative substituent A and B ions. In this connexion

® however, it is noteworthy that the calcium garners differ from the others
in showing only a limited range of sclid solution, owing to the signifi- ¢
& cantly larger radius of the Ca** ion in comparison with the ions Mg, |
Fe't and Mo+, We have already quoted the garnet C5,418ii04 35 an - i" ;
llustration of the :pphc:n on of, Pauling’s rules to silicate stnjclurcslf ;

t§9 °) 1 :

O.*f.:cr nr!f smrctcx .

P."Jenaarc and wxﬂemttz .h:- i

el 't_‘.-'..‘. H .
11.11. The *structurc of phenacuc, Bc,S10‘._ is of- mtcrcst in that
B t arrangemen
ity in mmposmon to Torsterite the atomic ge
and a relatively complex rhombohedral structu
this
s are far from close packed. In

spuc of its siml
ﬁzwurd} dlﬁcrcnt.

“the complc:uty of the resulting
A onl) !:y metallic cations,ias in cyanite, .\l -Si0,, or as h)'ﬂm\‘)l ions OH" ' &
1 in topaz, (F, OH),ALSIO,. -In cither case these oxygen atoms must ibh:
be ignored in deriving'the oxygen:silicon ratio, for otherwise the wluc ., !

of this ratio characteristic of the isolated SiO, tetrahedra will be con- | ?’
cealed, Thus the formula of cuclase is often given as HB:AISlO.;'but 4 ‘t

cxpression Of i
/"this condition. -

tisfyin
ma‘rn:: :_l?;f::cl:;ccgbctucm the structures cf r°'rs‘f“'7$; :u;:l phc ci
i n -mu.o the Mg** an
rwdl]y hc ?“r.h ul . ““’ d‘"'"“'“ l y},t.ll t.u-urdllmllull ul' 6 :lnl:l

i3 :m. :ppruprwtt 1o Ox

he radii his ‘way to explain’ whyj

'n:spcctu ely: 'I‘ is not, ha:'wcl::..npu::;bl:ri;:ct::: m{wr than that of; k-rny analysis has shown that it is actually a nnrmal onhmﬂmt:‘ud e "3
\wllcmllc. Zn,Slo,‘. has t czl: d Mg+ ions are very nearly the samt ﬂweret‘ore to bc ng-.lrded as (OH)BeAlSLO,,. _ CCHE S _*-:1- T {
olivine, l'or the radii ¢ ﬂf‘hc Zn__i'l_.—-g 0 S 0,
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Structures containing complex fons I 11.14 : Siiicat, : c E .
i b . iiicates .. vels % :
- : ; S L 1
_l:mfcnfxcaref,jand cerrespond to an oxygen:silicon ratio’ of 251,
2°vicw, .of :J;cq-n_mally ionic character of the Si-O bond the two-
ERsmocred ning 8i,0, is unlikely to be found in any strutture because .
ywould involve an edge common to the two tetrahedra;® of the other

Structures with §1,0, Eroups
o Thortveitite and melilite

ll‘li\-l‘:j- Wh:n the Si0, Broups in a silicate are not scpnmé. but occur
in e_blt"g'-‘t cr ‘hm“gl_l one or more shared oxygen ions, the number of]
L’:Sﬁsgl ::z“gchmmls 3‘8 very large. The simplest of these is that shown¥
5 » 11,030, where two such groups share a single oxygen ion to form
¢ composite group Si,0,*~. Such an arrangement is found in thort %
veitite, $?381,0;, melilite and a number of other minerals, The idealized
composition of melilite may be represented as Ca,MgSiyO;, but thel -
- mincral frcquc:ntl_y contains considerable quantities of alumini::lm and i

we our first example of a structure in which aluminium replaces silicon i

ble ring anions only those with # ='3'and 7 = 6 have %o far been
ed. The threc-membered ring (fig. 11.03¢) oceurs‘in benitoite,
TiSi,0,, and the ring of S SIO, groups (fig. 11 .03d)is found in beryl,

9 % ol 5 - B it T T TV S

"“--.h._._a.,-—ﬂ.—— F -

) 4-co-ordination. For every Si** jon thus replaced Ly AP+ a comp
’:i",?f}_’..ﬁ}.'?‘.‘_’g.c must be made clsewhere in the structure to mainta:

electrical neutrality, and this is achieved by the replacemint of one Mg
- 1 . . . - -. & s i

l Jon by an AP* jon in_6-co-ordination. The composition of the al

minium-containing mineral may thus be represented as Ca,(Mg,_,Al
(Si;_-ALLO;), and such a formula emphasizes the importance of disti
guishing between the aluminium atoms in their two different roles and
the difficulty in assigning a significant formula on the basis of chemical!

analysis alone.

Hemimorphite and vesuvianite

" 11.15. A further interesting structure containing 51,0, groups is that

.. of hemimorphite. | On the basis of chemical analysis this mineral is

.. usually represented by the formula H;Zn,SiO;. The structure analysis

* reveals, however, that the mincral is not an orthosilicﬁe :m‘d that the
c;xygcn ions are of three kinds, thosc :Do-ort'linnting the ?:,23?:;??‘;:}:?:: .

i i : nd those tn water mo . - e ; Y s .

@i ::;t:;:;ic :: gy:l;z?lliﬂ:?;s‘:rhi g the formuls (OH),Zn,S1.0;. H detail as a particularly beawtiful illustration of many of the principles

e T iani 2 of silicate crystal chemistry. '
" . so that the characteristic oxygen:silicon ratio 1s rcvcnlcd..lnfrcsuvmmw 0 i i IS RN SO
"4 combination of independent SiO, tetrahcdra and Si,0; groups Bgigs

=,
i 2 e sodhd 5 ‘vl and :ordr'eﬂ'k:“" SEe bl
" found?  (OH),CayeAl,(Mg, Fe), {(Si:0):.(Si04)s}-~ On the bms_ og_‘ : .\ Lpfs
v+ Pauling's fifth rule, however, such combination of two different types :

. of co-ordination is not likely ta be of common occurrence.

lf"lg. 11.05. Plan of the unit ccll of the hexagonal structure of beryl, Be,AlLSLO,,.
jected on the basal plane. The Si,0,, rings (see fig. 11.034d) at two diffcrent heights
= arg epresented 3s rings of shaded and_unshaded tetrahedra. Thé beryllium and
:lz.gm:'.m’ Jons lie im 2 plane midway betwédn the two sets of rings.” "+ . " - -

117, A plan of the buervi structure is shown infig. 11.05. For clarity
he Si0, groups arehere shown as solid tetrahedra, and only the beryl-
: Eiu':lfind aluminium’ions are separately indicated. The SigO,4 rings are
Rina&rctures; metasilicates . ‘ kclearly revealed and it will be seen that these rings are bound together
1'12'1_6: @los-cd ring-groups of composition (Si0; ..""* 'C."“t:‘;'::sg
indefinite number of members are I'urrncd when m;: Dkgfcs b

hared between neighbouring SiO; tetrahedra) Such group :

EPE*, On the other hand, it will be remembered that in the structure of SiS, (§8.3¢) the
SiS, tetradchra do, indeedd, share eidpes, and that thie face was used 23 an argumen

p.nim'm'g to the ‘covalent charzcier of the 5i-5 bend.
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hETH Strowcrires Cenhdoing compicx fons 11 11,17
by the metallic eations, "I e cosandination of these cations is tllat;#'
demanded by the radius i, and cach beryllium ion is tctr:iht:dr:!Uy.'F -
‘.\'-‘ll:ll'[f_}_l.ﬂlt_lb'd by !‘Olhlr exygen - lons hclfm;.;ing to four diﬁgrmgg.
Similarly, the aluminium ions occur hetween siy different rings and ‘are
octahedrally’ co-ordinated by oxvgen, The sc[nnr::é ri'r.lé;urc thus bound 3
together both laterally and vertically by the oxygen—cation bonds{ The §
strength of cach of these bonds, both from the Aluminiaiand beryllium, §
is 1, and the clectrostatic valeney rule is therefore satisfied in detail, zf
SIce every oxyeen ion not shired hetween two Si0, tetrabedra is linked 8
o one silicon, one bervilivm and one aluminium ionf/ A characteristic..
feature of the beryl structure is the wide, cmpty tunnels passing through

the centres of the rings. No ions ean bie placed in these tunnels, sinee |
the valencies of the surrounding oxvgen ions are nl;ead). completely
expended on their silicon neighbours, but it is possible that the helium
so often found physically occluded in beryl is here accommodated. B
Such occluded helium may be expelled by heat without damage to the
structure. : by -
Cordierite, AlMgy(Si,A1)O,,, has a similar structure to beryl. One-;
sixth of the silicon atoms in the anion are replaced by aluminium to
give the ion [(Si;A1)0,6]", and the balance of charge is maintain d
by replacing (3Bc**+2A1R%) by (3A*+2Mg**). In this casc all theg
aluminium ions arc 4-co-ordinated, but the distinction between their twg
roles, as cations and as constituents of the anion,” must still be recog-
nized and should be represented in the formula, as indicated above,

.,c hamv‘st'_f'uc!:ur_cs = The py'roxenes ey
11.18. ( When the closed rings of SiO, groups, cach sharing two oxygen ¢
jons, contain an infinite number of m_cmhr:rs. they d?gcncratc into
indefinitely extended straight chains of t‘hc type shown in ﬁg.'.u.cﬁ'
‘Chains nf- this kind are found in the important_group of{pygga e
Thinerals, the structure of the simplest of wlncl:.dnqpsldp, C.nl\ ¢ i .‘}”
an idealized form in fig. 11.07. Hcr.: the chains are Seen

isillustrated in

groupings in silicates, () Tetrahedr
[Si0,).t*-, e.¢. pyroxcnes. (8) Tet
form open chains, [Si;0)a*%

to form open v

Fi ible o ilicon—oxygen
Fig. 11.06. Some possible open si ;
sliEr-mg two oxygen atoms to form open chms.mm’ e
hedra sharing aliernately two and lhue_oxygen ] g
e.g. amphiboles. (¢) Tetrahedr thering threc oxyge
153&(:;::;}:;5;:::;' ha\x: |..bc€ﬂ dilpbcca slightly to reveal the silicon atoms.
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248 Structures containing complex jons I 11.18 E
end-on, and it will be noticed that they are arranged with the vertices of -
the tetrahedra pointing alternately in opposite directions. In the two
directions normal to their length the chains are linked together by the.

oxygen—cation bonds. Each magnesium ian is - and each calcium ion
§-co-ordinated by oxygen. R

T LR -‘S:'Hc;f:f;‘s:,_,.,.L-....I.__“_, s s 204G

oty EAS SIS L Ty e
The crystal chemistry of pyroxenes and amphiboles
11.20. - It is instructive to’ compage the now accepted formula of
fremolite, (OH, F),Ca,Mg;Si;0,., with the composition CaMgy(SiOy),
Cz,Mg,Si, 04, previously assigned on the basis of chemical analysis.
Che latter formula not only ignores the small quantity of water found -
an essential constituent of the mineral, but also indicates a con-
siderable excess of magnesium compared with the amount usually
observed. Nevertheless, six magnesium ions are necessary to achieve
electrical neutrality.” In the light of the structure analysis it at once
becomes clear that the characteristic oxygen:silicon ratio is 22:8 and
ot 24:8, and that there are only five magnesium ions present. We

cannot, however, express the composition in the form 0,C2,Mg;SiyO..,

Fig. tr.e7. Man of the idealized mono-
clinicstructureofdiopside, CaMg(5i0,),.
projected on a plane perpendicular to the
= axis, The chains of fig. 11,000 are here
seen end-on, the silicon chains, is not neutral. Only if.these oxygen ions occur as

hydroxyl groups is the electrostatic valency rule satisfied and neutrality
& prescrved. gy
ys, The pyroxenes and amphiboles are characterized by the very extensive
 somorphous substitution which they show. In the amphiboles we find
anotl er cxample of the replacement of silicon by aluminium in 4-co-
dination, an_x‘l in hornblende this occurs up to the extent of about
1gAL:0y; compared with SigOy, in tremolite. The' corresponding
balance of charge is achieved either by the replacement of some Mgt
fons by AP+ in 6-co-ordination; or by the introduction of additional

O Mgatheighto ® Mgat height §

O Catheighto  © Caaheight :

y "~ The ampliboles
Eoa i !
y the ibole minerals, closely related to the pyroxenes, a r
11.19. In the amphibole mincrals, closely related y i el ;o fiazian; ot :
Yy TRl . . : or alkaline ea :
double chain of the type shown in fig. 11.06b is found. This may be’ akali or . fth. mtftal lons into the crystal. There is sufﬁclcrft
ded as A ;\cd i'rum the pyroxene chain by the operation of a: space between the chains in the structure to accommodate these addi-
reparded as deniv yros : B : : 2 = - 3
g ion Ianc' assing through the outermost oxygen ions. The 2 “l‘:on:l fons. Even when no replacement of silicon oceurs, extensive
X ~ s . :
e i = orresnonding to this arrangement is 1114, The st substitution Ofﬂjl‘lons bycih_c_gs of the same charge and coinparable'size
oxygen:silican ratio corresp H . . E: vmay take place. Thiis FE:7 6r Mn** may replace M2+, the jons et
structures of the amphiboles resemble very closely in their general § A1 or s g i) o MgeH, . !
atures those of the pyroxenes, and will not be discussed in detail here ML Ty : piace La .ﬂnfi 1 may rcplflcc OH_T In view of
features those o T _|.l yros n. + bawerer.in contaai e dydroxyl-be) ¢ complexities of these structures it is not surprising that their inter-

- iTav ; S Pyroxenes, . L . P . el i g .
'“m}: dhlfee e '“}'_}11) o ituent, so that the idealized formula o pretation 1y terms Oficht.nucalanalyms alone presented great difficulties.
s a“”“}m“'a CO?:)‘H I')IC Mg Si;0... The hydroxyl anc 6. Even when we know what characteristic oxygen:silicon ratios to expect, 4

-molite may be written , IF)aCasMgeon Vs ¢ & = et S :
zlmn' ions ibn such structures can never oceur directly linked to silicon & care must be taken in deducing Such ratios to exclude from the oxygen

uorine io Z

since the single Si-OI{ or Si-F bond would campletely saturate their

fons any which occur in hydroxyl groups or as water, and to include
ir 2 : with the silicon ions those aluminium ions which are in 1~ but not those
X -ailable for their attachment to the } _ A
valency and leave no other bonds avai chi . i
rest of the structure. Accordingly, oxygen atoms contained in the,

in 6-co-ardination.
; : . i :
liydroxyl group must be disregarded 0 deducing the characteristic .

oxygen :silicon ratio. S
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e st ie taliped g e o ——]
o Shee StviEiiss 1ons, c-(-. ! Uf‘ which is actzhedrally co oo dinages vy four of these oxygep
vimn e 208, s (two from each sheet) and by ¢
L2 I si0, tetrahedra sice linked topethier insueh o way that three of

the four UXYBEn wtoms are gy
dimensional network of the ty
of possible arrangements w

Lo un oxygen:silicon raijo

4
red witly neighbour,ng '
peshown in fig. 11.006¢ |

s one
hich may

result. Such a network

corresponds G
of 10:4, and is found in tale an

d the micas,

L]

Bore
o

i ini £ tale, Mg,(OH),SiO

f the idealized monoclinic structure o ) .

Fig. 11.08. (a) j;?p:;pcndicular 2o the x axis. The shecis ol’lﬁg, nﬁ; :}:u;gi:: 3

projected on 2 p:d in the direction of the arrow, For clarity on ygn: o ey ]

edg:-ca.z:nd only some of the magnesium atoms a;:t :!-:::hr:,‘ OL;_ Sicondi o

g i it= bers indicate the 3 b0 ]

e dtml:'l_ m:fd;nr:‘_olcrr:io?:x;u:;ud in uni“t' 31{ {e. h?:d}:;i}gl:n 1:;‘ the u.:;
e th the same a3 thosc of the unshar Mthg

rached s resentati structure, showing the o3

atoros ere not marked ; h tation of the same structur howing the e
i ci;;;s;hm;cﬂ:pnﬂimn stoms snd the co-ordinating at

ordjnating t

the magnesium S10m3. _ '\“IU?ZJ i

=5

e the same manner as in Mg(OH).. Th
l"g"‘_[fi‘d as consisting of sheets of M

3 b}.

f twn 'hydrcx".'i i,
Jons lic at the centres of the hexapor
and, with them, form « close-pucked
bet

ween O and OH s ignored, the mr

= These hydroxyl
al rings of Gpahia: OXYBEN loms
(O+OH) Lyer, 1. he distitiction
1agnesium ions are co-ordinated in
'€ Structure ez thus alternatively be._.
£OOH),
cen sheets of Si0,
bound to them by the common _
which they _:._Iu_arq an arrange-
ently represented] purely coni-

‘octahedra sandwiched bety
tetralicdra and
e i

) —
Su Al —"

0. 0H—

ent conveni

ventionally, in the way shown in fig. 11,088, AT
* 0.0H—-—
3 The mics S Al
11.23. The structure of muscovite mica,

KAL(OH),(Si,Al)O,,, is relzed to 1

hat of 1ale
in the manner shown in

b}

gnesium ions are
placed by two aluminium jons octahedrally
co-ordinated. To maintain electrical neuzrality
one potassium ion is introd
silicon atom replaced by alum
potassium ions are located b
of the sheets, where they

uced for cvery
inium, and these
erween the faces

are co-ordinated
twelve oxygen ncighbol_.lrs

BB

Fig. 11.09. Schematic reare-
sentztien of the strucrure of
Muscovite mica, KAL(OHY,-
{ShANO,,. P

ii.24. The structure of other

common micas
rom that described for muscovit

may ‘bc'rc::dily derived

- ¢, In phlogopite, KM (OH)(Si;A0,,,
£ the 4-co-ordinated aluminium o '

muscovite is p 'ed but the 6-co-

by magnesium, asintale, In margarite;

rdinated SItes are now occupied

CaAL(OH )2(S1;A1L)0,4; two insiead of only one of the silicon ntnm‘ifc:i: :

3 i Rty magrel
T P ealizid replaced by aluminium and the divalent Ca*+ ign is therefore requirgd in¥ - (74

The structure of tale, ME:(Oﬂ}:ﬁﬂQm; 11‘1;:?:::!& ::':! o Pch_of K* to restore .‘"F‘!lei})ﬂ- s '\.'éit}i“t}ic I;,.:,,_,. i iSes
11‘22: “11:084: Here the sheets of SiO, tetrahed: ith the ¥ SRR, 20\ < ver, isomorphous substitation in the micas is very common, and.
fm:ln':n ﬁlgll::obscrvcd that they are a";f]ged:n‘lzjt?:;:; of the sheés id?,".}i’?: compositions :il:hc 1?1::‘ just cun.side::g :Im rarely realized.. o
and e pethedaticrwicy SO ishares '3 the extent to.which silicon, is- replaced b5, N
and bases of the I fr:vak van der Waals forces, but &.'e il ariable, while the cations which may occu in 6-co-gedination include - .-

as Beld xogel e rhneyvefticcs are strongly cross-linked by ‘ma s S il c e el

t i 5
oxygen stoms.a g )

ol
. -
oy o
- o~ -
. ¢
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commonly K*, may be Na+ ar Caz+
by considerable quantities of F~, In spite
tion, however, the $tructures can al| beint
idealized formula provided only that 1
ordination number rather than valene
point may be most readily illustrated by coi
analyscs, )

11.25. In table 11.02, the chemical analyszs of some s

and of muscovite mica are shown,

Table 11.02. Analyses of talc and muscovite mica®

Compeosition by

oxides
Tale
Mp() 3022 My 22
36 2-606 Fe o1y
Si0; 6224 Si 405
H,0 494 OH 214
10906 O 1000
x Muscovite 1 |
it - N3O oo < Y Na ez
LT . i(‘;) 10705 K 001
; MgO o138 Sy ‘a\'lg o005
©OALO; 37us o CAL 290
S5i0; 4554 Si 33
H,0 480 OH 23
9947 (o} 10°c0
' : - Muscovite 11
27 7 'Na,0 rer ?f: B
L0 Ges K 0
MO o500 Mg o3
CaO 027 Ca o-z:
T TALOy 3470 Al . 20
50, 5301 EC:;H ) i-;;
H,0 -67 3
+ s -soo-‘ 21 0. 1000

' : « mi 1Al
* ldealized formulac: 1ale (OH);Mg, 51,040 mica (O11), 1Al

T Struclures containing conrplex

APRY, Fet, Fedt, Mg2r, Mn® and [+, The alkali metal, although masl- 4

» while finally OH- may be replaced &
of this complexity of composi- "}
erpreted in terms of the simple
¢ primary significance of co-
¥y is clearly appreciated, This
msidering a number of typical B

sOH, a weim OH—
feTheanalysis of muscovite I may be compared

In the first column the composition &vith the formula: (OH),KAL(Si,A)0,g. The si :\::__.-—

and in the second column Fou ions i 3

» expressed on a basis of 10 atoms of oxygen. Ox}'gcn_ 4

in the hydroxyl group, which 2ppears as water in the chemical analysis, <8

is excluded from these 10 oxygen atoms and expressed separately as OH;
L8

Composition by atoms

ions  iI 11.24°

Silicates

253
d column are therefore immediately comparable
zed formulac of the minerals

.The analysis of the talc shows that this
sponds closely ta the ideal composition (OH ):Mg;8i,0,. The O:Si ratio
of 1024 is closely satisfied, but there is some replacement of maguesium
Y iron, The total of (Mg + Fe)slightly exceeds :
3 3nd the resulting excess of positive charge is  ON——,
Ecompensated by a. corresponding excess of Mg Al—

dotwith the ideyl;
g
o

x particular spteimen corre-
.t L

'03, so that a7 of .
the 2-90 aluminium jons must occur in tetra- O O
dral co-ordination. The remaining 1-93 alu- .
'niuminns,toécthc"rwithc-osmagnmium,:rc Cpoh===
6-co-ordinated. The loss of 097 unitof positive
charge, brought about by the substitution of
A* for Sit+, is compensated by the introduc-
on of (Na+K), and there is therefore a close
p-correspondence between the amount of aly-
minium in 4-co-ordination and the total alkali
content. In muscovite IT an unusually low re-
placement of silicon occurs and only o-6o alu-
minium ion is found in tetrahedral co-ordina.
on. Corresponding to this the total alkal;
_oonteﬁ_l_':'__iﬁ;dnly ©61 ion of (Na+K).:
: ‘] - The cﬁian'!el‘_m:'uem!:
11.26. The minerals of the chlosite group
closcly resemble the micas in many of their
ysical properties,  but' differ from them
chemically.in-that they contain a very muck
larger proportion of hydroxyl and no alkali
or alkaline earth metal; a typical member sesmton of s o1y 2
Bas the approximate ' empirical ci:mp:siltion (oﬂ],(s'j,}un;.;:r e Wil
Mg, 5i,0,,(OH ¢¢. Thestructure of these ot
:ul';ulr?ls' :ar:?;ust)‘casily be described by starting from i..c ;uuc:rl.::;%f:--
¥ muscovite shown in fig.'t 1.09, which, Iw\\'cv::r. fc:'r our 3;??5':&!} o..
1‘- Sy noﬁ"be'considcmq ml-r:pruscm phlogopite, KMgy(OH)-(Siz A1)

Fig. 11.10. Schematic repre-
sentation of the strudture. of :

SiADO,-
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254 Ntructures containing complex fons 1 11.26

- seen, this structure may be regurded as consisting of two-
dimer | *sandwich’ anions [I\!L::,(Ol'i}._..{Si:.-\lew]— held together
by potassium cations. In the chlorites the wame anions are found, but
now the cations themselves are also complex two-dimensional unit the :

structure of which is closely related to thatof Mg(OH),. Inthe Mg(OH), #&

structure (§8.30) Mg(OH); octahedra are linked together in the form'd
layers, and the layers are, of course, electrically neutral, If, howeve
we replace one-third of the Mg+ jons by .
Al we obtain a positively charged layer of OH—-

= empiriczl composition [Mg,AI(OH)]*, and it Al—-
is this laver which constitutes the ::l_icm in the 0, OH—
ch]orilcs-. The structure is therefore as repre- S
sented schematically in fig. 11.10, which is
drawn in such a way as to emphasize the re-
lationship to mica. "This sume relationskip may
also be made clear by expressing the formulace
in arzlogous styles, e,

I Miy(OH).(Si;A1)0y  for phlogopite

and
Mg-AI(OH)c. Mgy(OH)(SizANOs
. for chlerite.
It will be seen how much more illuminating
is this formulation of chlorite than the em- :
pirical formulation given carlier; not.unli-r docs T "_”'{Sg‘emmcm
ii - ¢ 0'(Si Al) ratio of 10:4 " geneation of the struc .
:press the carrect O: (51,  sentati et
¥ : ;.: :hﬁ also shows that Mg+, A3+ and OH~ ' kaalinire, Al(OH),Si; s
1Y buta ; e :
: i i ure in two distinct . Py
appear in the struct ; roe
m?::“Fcpr more striking examples could be givén t:-frt}?iti :::I::] :; = ay;
:?ruc'lural studies in resolving the complcxprc_:_l?llerln‘s_o silicate chemist

£ Tkecl_&}g;u.ﬁ' als > 'Wi'ﬁ‘

- i ri ies of complex silicates which

ay minerals comprisc a series 00 e

‘427 T:;);:el t:u: micas in some of their physical pm}:;ﬂ:ire; hisr
?ig;'l * r{mm them in forming sizeable cry?Ea[s mlly wi

e olinite :

c:llty. As an example, the structure of ka ) e

i «d infig. 1111, T :
o is structure, illustrated i i
dcs::nbn.d‘.‘ i ‘::. :luminiur;': and we find smglc,jhccts oi So:”:\_‘er he
me::; fbs:hl;m ‘corners, just as in talc. Thes¢ sheets, ) are e
lin yt , &t

e

lz(OHLSi!O!-' may e

S .
Stlicares 188

S . 3 " - x .
:J; langcr grouped in pairs, but instead al] point the same wa
Su-proups lie inside the hexagonal

11.27

¥. Hydroxyl
ring of unshared OXygen atoms @t the
=vertices of the Si0, tetzahedra to form a close-packed (O+OH) laver,
ag;in‘as in tale, and above this layer is a complete close-packed sheet of
J;}fd_roxyl groups. Aluminium ions occupy positions of octahedral co-
sordinatior: between these twao sheets so that cach AL ion is co-ordinated
by four hydroxyl groups and two oxygen atoms.) The structure may
b, therefore be regarded as made up by the superfosition of composite
S layers each consisting of a sheet of SiO¢-tetrahedra and a sheet of
s AlO,(OH), octzhedra united by the~commion oxygen atoms./These
layers are, of course, electri lly neutral and are therefore held torether
ga.only by van der Waals furc% It will be noted, however, tha they are
Q_nnsymmczrical in charzcter,
this fact which is responsible for the reluctance of the clay minerals 1o
form large crystals,

The physical properties of the sheet structures

11.28. Many of the very distinctive physical properties of the micas and

related minerals find a ready explanation in their structures. The pscudo-

hexagonal symmetry is an immediate consequence of the hexagonal form

of the separate shects, and the eminent cleavage results from the weakness

of the bonds by which these sheets are held together, These bonds, how-
ever, are not uniforinly weak, and corresponding to gradationsin strength

these minerals are extremely solt and cleave readily; tale isin fact
e oftest of all known mincrals and its cleavagg ﬁrié;_hppl_im_’_ti_up'.iq the
e'of French 5ha]k:5§>_:i_lilbriﬁrit;, -In muscovite ‘mica, on ‘the ‘other
and, the bﬁﬁdémnicmi{s‘ tﬁrough the K+ jon, and these forces,
though still weak compared with the other bonds in the structure, are
ng enough to cecasion a Titarked increase in_ hardness.- Finally, in

onger, owing to the presence of Ca® or other; doubly charged ions
between the layers,-and a further’increasé in hardnéss;'accompanied by
s perfect cleavage, i obsirved. - 7 <5 iy iy i 12 0

o

[

_ j-amew_. rk structures . R AT ; A
e: R | T LR N o e
1120, @O'h.-_ final class of silicate structures is that which arises when the
10, tetfahedra arc so linked that every oxygen .ion is shared berween
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Structures containing com plex ions 1] 11.29

two tetrahedra. Such an arranpe iv i an indefini :
o oo 8. fnmf“sz:t“ﬁlﬁ s rise to an indefinitely cz:c;g:n‘:::t:: ;1: sg‘;og:llif su_b_s‘:\i_:i:_esj by
2 L Ccd onc potassium’ion is "¢

introduced. The potassium is accommodated mhﬁimu&;} ::-(:I:l:: b
gtructuge and is surrounded by ten oxygen atoms: the co-ordination 15, -

owever, irregular and the structure cannot conveniently be regarded as © -
f based on a packing of pol_-,'hcdrg) Inalbite, Na(AlSi,)O,, sodium replaces™
2 'Exe potassium of orthoclase( and in anorthite, Ca(ALS:,)0,, two of the
8¢ silicon ions arc replactd by aliminium and a divalent &tion 1s therefore
g% required 1o restore neutrality) Complete solid - e
B8 solution occurs between albite ‘and anorthite, on ?
.account of the close correspondence between the $
‘radii of the Na* andCatrioms 0'95 and o-gg A,
respectively), But not between albite and ortho-
'_El:fc. despite their closer chemical similarity,
owing to the difference in size between tb{Na"
prand ICH fons (0-g5 and 1-55 A, respectively).¥The
g close morphological and physical associatién be-
“tween albite and anorthite has long been recognized
by mineralogists as more significant than their
chemical dissimilarity, and the structural justifica-
Etion for this association provides us with another
Eclegant example of the geometrical principles
t!cll:rmining the structures of ionic crystals.

; an oxygen:silicon ratio of 3
2, and is, of course, found in its.simplest form in"the various modifi
cations of silica already discussed. It is clear that no metallic silicate cag
be b‘fsfd on such a structure unless some of the silicon is replaced by'
aluminium, for only then does the framework acquire the negative charge §
required to balance that of the cations introduced, . Y
In contrast to the other types of tetrahedron linkage already described;§
the threedimensional frameworks commonly exist in a number of &8
entirely different forms which give rise to several quite distinct families ji
of petrologically important mincrals. A few silicates have structures SR8
based on the frameworks found in the various forms of silica. Thus th
structures of kalsilite, K(AISi)O,, and nepheline, Na,K(A1,Si,)0,, ¢
be regarded as derived from that of tridymite by the replacement of
one-half of the silicon ions by aluminium and the introduction of the
appropriate number of alkali ions to restare neutrality. The structures of 8
carnegicite, Na(AlSi)O,, and cukryptite, Li(AlSi)Q,, are similarly related §8
to those of cristobalite and quartz, respectively. Tt'will be noted that in S8
all these minerals aluminium is, of course, always present and that the g
O:(Si, Al) ratio is always 2:1. .
In the majority of the framework silicates, however, the framework is
far morc open than that found in silica, and this open character, coupledis
with the intrinsic rigidity of the three-dimensional network, confers on
these structures a quite exceptional degree of flexibility of composition.g
“The framework silicates are also notably less dense, as a class, than those2
(such as olivine:and the micas) ‘ill'_l'-}';'_h_l'l‘-h__t.h'-‘-lﬂl’g"?‘ -““’m"‘_a“urszg !
nearly close packed. We shall confine our discussion m_lh":c R
groups of such structures: " sz f o B Lo 4
—— \ Gy B
30. {Mineralogically by far the most importnnf framf:\s'or:\ Slh.cat:;
= ot imngrtant ‘of all rock-forming minerals, are T
snd B0EEde OIS ||npqr_t'..mt_.0“: , “the framework shown 10
fclspars, the structures of which are i‘!::%‘vcd on the f: it 1B
i 10 il e seen Uit the (Si, ADOy tetruheden are GrOupes.s
e that these rings in their turn form links of! .
rings of four members andthat t 1}.5:. i J pigghea R
kinked chain running vertically in the diagram. L‘:' a-ﬂpmn:nll ';{ _‘_?
however, somewhat deceptive, for it must be m-m“; cL{'on::li::g in the TR
oxvgen atoms of the tetrahedra are .ared so that the osely i
- . vertically, as shown, but also trans Y
structure extend not only verucally, )

v : _
~build up a three-dimensional netw ork.

: '}:fj&“.‘:fafffﬁ_.. fo Bl bl ) -0 S, ;
®i1.31. A second group of minerals based on 3’ oSkl Q07"
I'l:i_lmr:work structure is the zeolite family of hy-  Fig. 1252, Clino-
drated silicates, butfhere the, framework is very - ﬁﬁ?ﬁﬂfﬁ;:ﬁ;;f-‘
& much more open thamthat found in the felspars © oxygen famework in .
and is intersected by wide channcls in which the P~ T
cations and Water molecules are located, These water molecules, how-
are very loosely bound in the crystal and it is a distinetive fenture I
‘the zeolites that they can be readily expelled by heat without
troying the structure; they can, moreover, be reversibly replaced
e 01 even substituted by other neutral molecules such as thosc of ammonia,
. ﬁzé;cury. alcohol or iodine provided, that these molecules are not too
lites therefore - *
e

large to penctrate the interstices; of :the framework. Zeo

ssess the remarkable properiy of acting as ‘molecular:
able only to small molecules)
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Another distinctive characteristic of the -

Silicates 259
zeulites is that the cations, !

Y ‘1!

too, can be readily and reversibly

pRumber, $0.that the struetures are bonded more firmly along the lengths

structure as a whole, often by simply

exchanged without damaje to the 1
immersing the crystal in a soluti

f the chains than tzansversely, In this respect they resemble the

3

of the appropriste salt, and it is, of course, this base-cxchange property

which is the foundation of the permutite

system of water softening

Naturally, if ions are removed they
must be replaced by others of equal
aggregate charge, but it is not neces-
sary that they should be cqual in _
number $ince the interstices in the
structure are large enough to accom-
modate additionz! 1ons if required.

Thus one-half of the calcium ioans in

thomsonite,
N2Ca,(Al,S1,)0,,.6H,0,

can be replaced by pairs of sodium

ions, the total number of cations

being thereby increased from three

to four.

!1.32'./{ Although the above-men-
tioned 'propertics are common to
zeolites as a wholc, the structures of
these minerals dig?gﬁi‘,':}.}fir, _r:l?_tailcd
features and in the nature ':':'._t‘..'.t-,}{’."
framework which they contain.
‘I'hose which have been most exten-
sively studied aretheso-called fibrous

zeoliles,

fig. 11.13 to form chains ex

. ; 6
ith a repeat unit of lcr'lgth .
:;l:crcforc?:'charactcrimc of all fibrous

: ins the unit (Si, Al)s( 1o
an example) that the 20008 RS e ole of his didtance. As wil

jon in terms of chains

dimension of the unit ce

. : |

, the descript . .linked through’ the AL ST o Wl s g agrCiE R Lt
Gesptive, s e chins st o et o SHE e oo s i, opld Vi i o e,
unshared ﬂyjmm‘f 3 %:o::-li;".ﬁ' are relatively few which makes jon exchange possible without Gl _FT...'. {
(rameworks. Nevertheless, these . / —\ ‘ = -

—

iz. 11.13. The silicon-oxygen fram
Flt-. work in the fibrous zeolites.

i d to grow as needles or as fibrous aggregates., s
i l“ti;:t;é?nhl)og. tetzahedra are linked in the manner shown
e i : tending indefinitely through the structt 4
.6'A made up of five such tetrahedra. 1 5
zeolites (of which thomsoni

3 : :
phiboles and pyroxenes, and their fibrous character may be ascribed
: i i "'——-'—"--—______"__ 0
the case with which cleavage parallel to the chains can occyr
The ultramarines

» 11.33.  The ultramarines comprise :l'gruup of naturally occurring and
x> artificial framework silicates which differ from all silicate structures so
f:u' considered in that they contain not only the (Si, Al)-O complex
anion but also the negative ions Cl=, SO2- or S.*-. Ultramarine itself
-has the idealized formula Na,(AleSi;)0.;.5., and sodalite and nosclite
3 have analogous compositions with the S2*- groups replaced respectively
= by 2C1- and by SO,*~. The ultramarines differ from the zeolites in being
g7 anhydrous, but they resemble these minerals in the readiness with which
on exchange can be achieved. Nor is this ion exchange confined 1o the
s cations, for the ions Cl-, S0,*~ and S,*= can also be interchanged, and

g sodalite, for example, can be artificially transformed into noselite.
loreover, other ions, both positive and negative, not found in the
naturally occurring silicates may be readily introduced, giving an exten-
ive series of synthetic ultramarines containing the elements Li, Ca, Ag,
¢T1, S¢, Te and others. Wide variations in colour, ranging throughout the
pfspectrum from red to blue, accompany these substitutions, and the
st artificial ultramarines accordingly find extensive use as pigments. - ;
-In spite of the complexity of the ylta‘{gﬁérins their structures are ."

4 basically quite simple. The minerals are all Cubic, and contain basket- i
ike frameworks of (Si, Al)O, tetrahedru of the form shown infig. 11.14a.
This representation may appear complex but in fact it can be very
simply deseribed as consisting of rihg! of four tetrahicd:a on the faces
f the cubic unit cell and rings of six tetrahedra encircling its corners,
7a description which is perhaps more casily scen in the alternative presen-

2 tation of fig. 11.144, Here the szrﬁctﬂ;g':iiihaxm in plan projected on
ihe base of the unit cell and the tct_'rﬂh?:_déa_‘_in‘ihe lower half of the cell -
B> Liive been omitted. The four tetrahedra jn the top face of the cell and - L A2
BLthe four groups of six about the cornery of thisface; are clearlylvisible. - &-/5%
BThe 'baskets’ in the structure a}E'Faf,:qtm' isolated but arc linked. .
Bwith their neighboursinto avery open three-dimensional frameworkinthe .« uzq,
feavitics of which the remaining jons e Jocated.-As with the zeolitesy ft i * <.

-

Inth

=3

:’}]_)uom and that ¢

—— . . o i S

of tetrahedra is in paig
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.
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11:34. ‘This concludes our systematic deseription of mhcate. structurcs.
d for reference we give in table 11.03 a summary of.‘shc several classes -
we have considered, togsther with' the mrrtsp3nding 0:(8i; A))
atios. Before we pass on toother; tup:cs there remain a numbes of
ernl points common to all sthcatcs which call for bncf Consideration.

Table 11.03. Some silicate structure f)'pet

< . Q:(55, Al
¥4 Structural armagement Examples | ritie

L Independent tetrahedra Orthosilicates, ¢.g. olivine, 41
) gamets .

- Two tetrahedra sharing one oxygen atom Thortveitizz 7:2

Closed rings of tetrahedra cach sharing Metasilicates, e.g. benitoite, 31’

¥ rwo oxygen atoms beryl .

Infinite chains of tetrahedsa each sharing  Pyroxenes

= £¥0 oxygen atoms

it Infinite double chains of tetrahedra Amphibales H Y
sharing alternately two and three

E atoms

& Infinite shects of tetrmhedra each sharing  Micas, chlorites, clays 5:3
= th.tc: oxygen stoms

Inaite framewak of ttt::hedﬂ each Felspars, zeolites, ultra- -
l!u.nng all four exygen atoms m:dnu

The crystal chemistry of the silicates
vow The replacement of silicon by o other ions - ’

11.35. - Although APP* is the only ion which commonly rcpl:l.ccs Su“’ 100
tetrahedml ca-ordination in the silicates, other ions occasionally appear ‘
in 1 o the same role. The most important of these is As%+, which is found in
rzeliite;” Mp,(Ca.Na)As,0,.. This mineral is isomorphous with the,
osilicate gamct of ideal composition AlLC2,Si,0,4,. and it is seen
rom a comparison of the formulac that the threq units of positive charge.
“acquired by the substitution ‘of As*t fm' Sitt.are compensated by, the,
réi:lacement of 2A1* by 2Mg* and o‘f C:t-+ by N 4% Small but :lpp?ccv ¥
g ble quantities of silicon are often found replacing arsenic.in berzeliite..

dIn the ultramarine helvite, (Mn, l‘c, Zn)gBeeSigOs- Sz, ane-half, of .
i the tctrnhedmlly co-ordinated sites in the framework are occupicd b\'

. 3 2 [T

-

Syted

. 3 w‘* B Rt

€n fmn:wurln in the ultramarines shown in :lmogrl
Fl: ’ ‘I:Pl"‘l l::)‘l'-lfh'l:e‘:l:zr,-r.:p,:um:d as a plan pl’ﬂ]cﬂtd on the :uenoillnh; l:::a: hu;n:
S:ll’“(;nlg; the Si0, - ‘rahedra in the upper partof nlhiccll: :\: :nc::“; Al num‘bm
been displaced slighty 0 reveal more clearly the teld a :buve e pro;ccnoa,
indicate the h:l;.hu of the eentres of :h: tetrahedra

eapressed in units of e

?- Model structures of Hac s:ftm!e: ‘ - '.",

£11.36. Wc have already defined modr:l structurcs as. isostructural
e substances in which jons occur closd) cquivalent in size but different in
ch:rgc. In'this sense Li,BeF, is a model of the structure of willemite,
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Zn.Sil)y. The radii of the several
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and the close correspondence between the 1wa scts of radii results in '@
isomorphous structures with closcly similar cell dimensions and crystallo- S8
graphic properties. On the other hand, the increased strength of thef
polar binding in the silicate is reficcted in the physical propertics, as the i
following data show: R
Li;BeF,
38

Zn,Si0,
55

Hardness (Mohs scale)
Mcliing point (°C)

IR po 570 ‘ 1509
Salubility in water Readily soluble Insoluble

The chemical classification of silicates

11.37. The purely structural classification of the silicates which we}
have here adopted naturally challenges comparison with older and morcd
arthodox chemical classifications. I.ong before the application of x_mi.
structure analysis, the mineralogist had classed together, on purely.
morphological grounds, many silicates of very different constitution
while the chemical classification of substances of such uncertain and}
variable compasition necessarily presented great difficultics. NevertheS
Icss, we can now sce that the failure of the chemical classification was due
not so much to the inherent difficulty of the material as to the falsity of:
the princ'iplcs on which it was based. On the one hand, the dual roIc' of
aluminium, which enables it to appear either as a normal metallic cationg
- or in place of silicon, could be detected only by X-ray methods, a}'{d,
the other, the chemical classification sought always to refer all silicates]
to some correspanding acid. We cannot here cmphasizi: teo strong.]y that
structurally therc is no relation whatsoever betwee a acids :mE:l their sal
and that in so far as acids exist it is 2 structural ac_c:c?e_:m which does not
represent any structural association. The, properties of thcstrong s
polarizing“and Vanishingly small H* ion ‘are so entirely different frog
those of any other cation that they demand entircly separate treatmetig
and we deliberately refrain until chapter 12 froErE dxscgssmg-,th_l
tures of any acids or acid salts; In most of the ﬂllcal:es_the. diso .
tion of the structure which would result from the substitution of hyd
¢ other cations is so drastic that it is unthinkable that n!crh
should be stable, The acids simply have no exisience.;

gen for th
arrangement

5

b #ees o discuss the more itmportan

% "3¢id Tiormally exists only as a glass. -

Silicares ) 263
=023
HES LT the sili 1
uur account of the silicates, While we have tried
uctiral and chemieal fea
D 0 R ) : tures of these
minerals we would armain e sl that our treatmeny has been in :
sense exhaustive from 2 mine:alogical point of view: (Si, Ao u_-;-.-.l
- el = s - o o 1 s
i ‘hedn::*can be I.rnl.f.d together in many different ways and numerous types
: silicate exist in addition t0 those which we have discussed. The
= tader who wishes for 2 more detailed account of these structures is
- {dcncd to the work by Bragg and Claringbull already mentioned.

31138, This conchudes

si7

GERMANATES AND PHOSPHATES

11.39.  Other oxy-szlts in whici, iurge polynuclear anions are found are
¢ germanates and phosphates. The radius of the Get+ ion, which is
ery nearly the same as that of Sit+ gain corresponds to teirahedral
§ co-ordination by oxygen, and GeO, (in one of its forms) has the quartz
= structure. A number of germanctes arc known with structures 2nalogous
1o those of some of the silicates which we have discussed, but they have
not been widely studied. L

-
- |

1140.  Phosphorus is characterized by the complexity of its oxygen
chemistry (compared, say, with that of nitrogen), and the saks of many
xy-acids are known. X-ray structural studies have been concerncd
principally with the salis of quinquivalent phosphorus, in all of which the
phosphorus atom is tetrahedrally co-ordinated by oxygen, Isolated
. POJ- ions, analoguus to SO~ and Si0,*- ions, exist.in many,ortho-:
‘phosphates, some of which have structures clqsély_ _ic!:l_l'.cd to those of
‘orthasilicates when due allowance is mace for the difference in valency.
The POy groups, however, may also be linked, by sharing one or more-.
oxygen atoms, to give polynuclear complexes. Thus the P,0;4= icn
(2nalogous to the Si,0;%~ ion in thortveitite) is found in pyrophosphates,
nd four-membered ring-ions P,0;+*, of the form shown in fig. 1115,
xccur in aluminium metaphosphate, Al,(P,0,.)s+ (This ringimay. be
; ared with the ions Siy0,%~ and Si0,51*~ in benitoite.and _b_:ryl_.)
UThe association of PO, groups into infinite chains (analogous 1o those in. R
e pyroxenes) has not been established in any mctnphmPhﬂﬁ-b&F,‘_“;Y’:-- et
r in"metaphosphoric acid and be responsible for the fncg.:!ast ik

Lthe
ki

.“ s 1.;!"'..:
B% - The possibility of more complex associations of PO, groups, hﬂ“b_ -lf:tt:
e 1o those found in the micas and felspars, does not asise in ?t::ll:"fouf ~,
B cuse any arrangement in which these groups sharc threc o e
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264 Structures containing corlex ions  If 11.40

oxygen atoms is alren

"

L oele \.l'i\'!!}\ neetral, while the sharing of all
oxygen atoms would ‘..».d @ positve jun of composition [P0,],™* 1a 2
the various forms of phospherus pentoxide, however, PO, grougs are
found united by sharing three oxygen atoms. In one form the 2ssocia.
tion is inm_ discrete P,O,, molecules (fig, 11.16), bound to one anuther
only by .van der Wasls forces, and in this form the compound is soft,
volatile and reactive. In a sccond form, however, the PO, groups are
linked into 2 coherent three-dimensional network extending ghroughuut

ty
=y
fn

‘,2 THE STRUCTURES OF. SOME
COMPLUNDS CONTAINING HYDROGEN

. * INTRODU crmn

't

12'01 We have already discussed the struétures of a lum'cd numhc. of
{dmgtﬂ-conmnmg compounds, notably the hydrides of the metals,
certain hydroxides and some ammonium salts, In the hydrides the
a h} d-fﬁgen atom appears as the anion H-, compzrable in character with
-3 halogen ion, and the structures of the hydroxides and of the ammonium
‘salts which we have so far considered can similarly be described in
terms of sphcn::.al OH- and NH* ions. We now turn to discuss some
stml:turcs in v.luch tl\c h) d:ogtn atom p.zys a much more d:stmm ive

chmctmstlcs of these structures arise from the unique pusmon of ih
’h}dmgcn cation as an-ion of vanishingly small size and one lacking any
pL 18 .extranuclear electronic strecture.” In terms of the simple geometeic
:'ET"; ‘picture of fonic structeres such an jon would be expected to be 2-co-
2 ?.:, ordinated, znd in the majority of the structures to which we now wm
‘BE ¢ find two atoms .X and r linked by a hydrogen-atom to form the

I,O:U

! gl 2
Fie. 11.15. Clinographic prrm.:mn af Fig. 11.16. Clmogrip'hu: projection of .:;.. ;
the structure of the P,0,.*" ion. structure n{anc form of the PO, moles

..:["‘ 10

the structure to gi\c a harder, less \'olail]c and l:.ss :cacmc cryst::.l ']‘illm THE EYDROGEN BOI-{D
latter armngcmcnt may be regarded as the analogue uf the. various si an The h dro A —— ;
structures, but clearly no silica analogue of the molecular structurs is; 5 yorog o | Sl mms = iy
y of 510, groups by a sharing of all oxygen atoms ¥G :..1 02. The conception of a binding firs L dvaaced
possible since the nicize o ;: o posmblc through the medivn of a hydrugr.n atom was- firs

can never !l'“:ld a finitc complex. R ATE Y i o .-\somc fifty years ago and fzs since been widely :IPPI“-":l “Pccfau) in
: : ’ LE- n:ganlc chemistry. ‘Thus the fact that certain types’ org:mc com-

u[ld S\IC]l as thc sugars, =07 C-\mﬂPIC, are hude‘ 3nd I'I'.IOIc bn“lel ‘d
g

‘\.“

It higher tempcratures, than the majority of urga!ll s s
e m:ltbz::t:'; to }ydrl:gcn bonds between the molemﬁ:s—mhthc.cz::t \\l
", {4
a:mngcr than the normal van der Waals forces.” Similarly, the ten
R siro!

NH,,
; ; sociation s.hom\ b) compounds containing the ‘groups ; H
5 J-e to as

E CCOH, =NCH, =NH, cte, may also be sascribed
e —OH, —

the fact
2 wwo or more molecules;
form ion Lemween
hnirubcn-bun.l
thJ: yssociations does nut pecss

- in these Luﬂlpﬂulll’: when the: hvdrogen
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