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Auszuy
Durch experimentelle Untersuchung der  Ultrarot-Absorptionsspektren
einiger SiO,-Isotope war es moglich, dio primiire Koordination, die Atom-
ordnungszahl, das Atomgoewicht und die lonenladung don Absorptions-Wellen-
liingen dor groBeren Banden zuzuordnen. Auch dio Verwendung dor Mol-
rofralction zur Voraussagoe und Bestimmung von Anderungoen dor (primiiren und
gokundiiren) Xoordination wird erliutort. .
Abstraet
By an empirical study of tho infra-red absorption spectra of some silica
isotypes it has been possible to relate primary coordinution, atomic number,
atomic weight and ionic charge to absorption wave lengths for the major bands.
Likowise tho utilization of molar rofractivity in predicting or dotormining
coordination changoes (both primary and secondary) is illustrated,

Introduction
An attompt has beon made at using infra-red absorption spectra
and molar refractivities to yield information on coordination of
cations in simple structures. The fact that infra-red absorption spectra
will distinguish phases, which are quite similar crystallographically, is
alrendy woll known?!, and there is no doubt that the difforences in such

* gpectra reflect even minor changes of bond length and configuration,

Of course, even in slightly complex uniaxinl stroctures it is difficult to
make an intolligont guess ab assigning particular froquoencies to cortain
vibration modes.

* Contribution No. 58—123,
I RustuMm Roy and I, 18, Francis, On the distinction of sillimanite from
mullite by infra-red techniques. Am, Min. 38 (1953) 725—728.
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To proceed from the space group symmetry to the permitted vibra-
tion modes is straightforward enough; but so far it has been impossible.
even to detect all expected bands in the spectrum of most solids, due
largely, no doubt, to the very broad bands encountered. However in
cases, such as quartz itself, which have been studied in detail it is
possible to group the absorption bands in the 2—25 u region into
cation-anion stretching, cation-cation stretching and various cation-
anion bending and distorting vibrations. Of these the cation-anion

stretching occurs at the highest frequencies and constitutes the

strongest absorption. In a crystal chemical study of this type this
cation-anion bond is the one which can and does reflect the more
significant structural changes sneh as coordination changes resulting
in bond-length changes. Henee an examination of the strong absorp-
tions at highest [requency should he of primary interest.

Morcover, in simple structures of high symmetry there is reason to
hope that certain associntions will be evident when absorption spectra
of known-structure matoerials are compared, The most satisfactory
groups of phases for such a study would be groups of isomorphs and
groups of polymorphs.

These same phases, especially the polymorphs of GeO,, are of
value in studying changes in molar refractivity. Not many substances
are available which exist in fwo réconstructively related polymorphic
forms, cnch of which can persist to room temperature. One such
substance is (o0, which exists in a six-coordinated rutile form and a
four-coordinated quartz form.

Infra-red absorption spectra

In our carly work?® on coesito and GeO, data ‘were reportod to
show clearly tho ability to distinguish major coordination changes by
absorption spectroscopy. "T'he results in Figs. 1, 2, and 3 summarizo
the information and deduetions to date. The empirical and qualitative
nature of these resulls is emphasized although this may not detract
from their usefulness.

The most significant spectra should be those of the GeO, poly-
morphs. Spectra for the polymorphic series SiO, quartz, SiO, tridymite,
Si0, eristobalite, Si0, glass and Si0), coesite are also shown (Ifig. 2). The
isomorphous series BPO,, AIPO, GaPO,, FePO,, BAsO,, AIAsO, and

2 Rustun Roy, Isomorphism and polymorphism of silica. Mellon Institute
Symposium on “Defect strueture of gquartz and glassy silica”, May 22, 1957,
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464 Frank Dacninie and Rustum Roy
GaAsOQ, in the quartz forms and the GaSbO, rutile form are shown in
, Tig. 3. The following generalizations are made on the basis of these and
1 other spectra:
1 L. When there is a change of primary coordination of the cation it
is clearly reflected in the main stretching frequency. Moreover, the
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ratio of the squares of the wavelengths, in the case of Ge%* changing
from four to six coordination, is 1.48, or nearly 6/4. Whether this is
mere numerical coincidence or whether it reflects a simple mathematical
connection between the effect of coordination on the interionic distance
and hence on the force con-

stant, cannot be adequately Frequency in cm™’
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3. Tho ellect of mass on absorption frequeney has been known for
decades in molecular spoctroscopy. An inspection of the infra-red
absorption spectra published hy Minner and WiLkins® or by Huxwr,

31, A. MinLer and C. H. Winxkins, Infra-red spectra and characteristic
frequencies of inorganiec ions. Anal. Chem, 24 (1952) 1253—1299.
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Wisnerp and Boxmam? of solid inorganic compounds shows that a
mass relationship must also be operative in related series. For example
the sulfate, phosphate, arsenate and tungstate of caleium have major
bands which center (at half height) at 8.8, 9.4, 11.9 and 12.3 microns
respectively. If these bands are correctly attributed to the stretching
frequencies of the S—O, P—0, As—0O and WO pairs of the “anions”,
a reasonable linear relationship exists between the square of the wave-
length and the respective reduced mass. 'I'he same is observed for the
chlorate, bromate and iodate of sodium and for other series.

Returning to the quartz structures, it is evident that this relation
very nearly holds for the GeO, and SiO, pair, and if the cation and
anion charges are considered, also for Bel,. The agreement is improved
by introducing an empirical term for the electron content of the bonds
involved®,

4, The most genoralized case, of course, involves the interaction
between coordination (CN), valence (%, - Z ), a roduced mass term (),
the sum of atomic numbers (4, -+ )7, and the absorption wave
length. By purely empirical means the following relation was found to
hold well for the simple AX, compounds (Bel?,, Si0,, Ge0O,) and the

GeO, rutile form. .
(ON) () - (Ap | Ay

SR -
L s~ o T ¥
ZAZz‘/.’

The agreement for these compounds is within 4 0.002, or within
2 per cent,

Proceeding from the very restricted selection of AX, structures, to
the more general ABO, compounds of the silica and rutile structures,
the agreement does not hold as well, as a study of the figures of
Table 1 will show. The “constant” calculated differs from 0.168 by
7.5 per cent on the average for this group, with individual values
disagreeing as much as - 17 per cent. I'hat there exists some agree-
ment even within these limits is of interest in view of the complications
introduced by the change from simple binary compounds to ternary
ones and the resulting possibilities of ordered and disordered ar-

=0.168.

rangements,

4+ J.M. Hunt, M, P, Wisnern and L. C, Bonuawm, Infra-red absorption spectra
of minerals and othor inorganic compounds. Annl, Chem, 22 (1950) 1478—1497.
5 "This electronic offoct was found to be proportional to the 1/3 power of the
sum of the metal-anion atomic numbers, that is, of the sum of extranuclear
electrons, This factor probably can be rationalized us being proportional to the
lincar electronic density parallel to the strefehing directions modifying the

vibrations of the mass centers,

The use of |
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Compound Forn
BeF, qtz.
Si0, qtz.
GeO, qtz.
GeO, rutile
Bro, qtz.
BAsO, / qtz.
AlPO, qtz.
AlASO, qtz.
GaPo, qtz.
GaAsO, qtz, |
FePO, qtz,
GaShO, rutile
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Table 1. Application of empirical equation in the calculation of “K”

Mainabsorption Per cent
Compound Form wavelengths SURE2 difference
| ] (2, microns) from average
Bel", i qta. ; Ay 0.167 — 0.6
Si0, | qte. | 9.15 0.170 4+ 1,8
GeO, qtz. 11.5 0.169 + 0.2
GeO, | ratile | 14.0 0.166 — 1.2
Average 0.168

BPO, qtz. 8.92 0.141 —10.0
BAsO, qtz. 10.45 0.151 —10.0
AlIPO, qtz. 8.9 < 0,172 + 2.4
AlAsO, qtz. 10.56 0.1569 - 53
GaPO, qtz. 9.65 0.197 +17.2
GaAsO, qtz. 11.25 0.166 — 1.2
Fel0, qbz. 9.7 0.179 + 0.5
GaSbO, rutile 14,4 0.171 + 1.8

For tho ABO, compounds, arithmotical a verages are used for the cation massor
atomic number components, A weighted average is used for the cation charge,

calculated as
Z2 -2yt

Z(A-IS) o ZA—_*:Z;.

Molar refraetivitios

In Table 2 there are presentod molar refractivities (Rm) of a few
AX, and ABX, compounds having mainly the silica and rutile struc-
tures. The values are calculated from data in standard reference
works %78 and from data newly obtained in this laboratory. The main
purposo here is to show the order of magnitude and trend of 22 in the
different known forms of the compounds. Thus for SiO, the Rm
values of the glass, low eristobalite and low tridymito are about
3.6 por cent abovo, and that of coesito, 1,8 per cont below the value for
quartz, The total percontage differonce is very close to that found

O Datnn on Chomieanls for Cornmic Uso, Bullotin 118, National Roesoarch
Council, Washington, D, C. (1049).

7J. D, H. Donnay and W. Nowaockr, Crystal Data. Geol. Soc. Am.,
Memoir 60 (1954).

% Standard X-Ray Diffraction Powder Patterns, Circular 539, Nat. Bu.
Standards, Washington, D. C., Vols, 17 (1953—1957).

30*

Sioton

.

TR




REP TP

it

civake el

468

between the glass and coesite forms of Bel?,. The /2m for the cristobalite
and quartz forms respectively of BPO,, BAsO,, AIPO,, AlAsO, also
are approximately within 3 per cent of each other. A decrease of the

Frank Dacinnre and Rusrum Roy

Table 2. Comparison of molar refractivities

|
|

o *
c d| ¥ — QIR | e
ompoun orm ensity 1 T 0. ractive m difference
1 index
Si0, glass ' 2,203 1458 | 745 4 3.6
Si0, l-crist. [ 2.326 1.486 | 7.42
Si0, L-trid. 2.262 ' 1,470 i 7.41
Si0, quartz 2.648 | 1.548 : 7.19
Si0, COORILO 2.90 | 1.598 7.006 — 1.8
|
Bel", glass 1.986 - 275 4.07 -+ A&7
Bel?, quartz 2.38 1.328 4.00
Bel?, coosite 2.66 1.345 3.93 — 1.7
BPO, crist. 2.80 1.697 6.41 + 2.6
BPO, quartz 3.07 1.642 | 6.24
|
BAsO, crist. 3.04 1.682 : 7.16 + 3.5
BAsO, quartz 4.00 1.738 i 7.49
AIPO, crist, 2.28b 1465 7.36 + 3.4
AIPO, quartz 2.62 1.526 7.12
Gul?O, crist. 3.27 1.560 8.15 + 2.5
Gul’0, quartz 3.04 1.603 f 7.95
MnPO, crist, 2.87 1.482 7.50 + 4.7
MnPO, quartz 3.20 1.528 7.22
GeO, glass 3.628 | 1.6081 9.90 + 2.8
GoO, quartz 4,228 [ 1 9.63
rutile 6.239 | 2.015 8.40 —12.2

Abbroviations: crist. = cristobalite, trid. = tridymite.

8 e —
* Avorago refractive indox caloulatod as ‘/N;,'*'N,. The comparative valuecs
of Itm, in gencral, are not sensitive to manner of ealouwlating the averago re-

fractive index.

Rm
(A-B)X,
reported in em?® per mole.
*** Percentage difference relative to the Z2m value of the quartz polymorph
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same order is evident for the glass-quartz forms of GeQO,. In all of
these compounds the A and B cations are tetrahedrally coordinated by
the anions although the polyhedra may be more or less distorted and
are differently packed. The constant differences between the different
structural arrangements of the totrahedra demonstrate the sensitivity
of the refractivity data in reliably deseribing the “efficiency of pack-
ing”” of the ions, even where primary coordination is not disturbed.
The effect of a change from 4 to 6 coordination is brought out very
clearly in the densities, refractive indices and molar refractivities
of the quartz and rutile forms of GeQ,. Relative to the quartz form,
the density of the rutile is 48 per cent greater, and the average
refractive index 18 per cent greater. The molar refractivity decrease,
on the other hand, amounts to only 12.2 per cent. However, since
this valuoe is three times the maximum change noted for the various
forms differing only in sccondary coordination, such a change is
correlatable  with an integral change of primary coordination.
In addition, the additive nature of Rm is espegially important as it
allows tho calculation of the refractivities of components in com-
plex compounds and therehy provides a tool for testing the co-
ordination of various cations of & multicomponent system. Sarrorn
and Suverman? give values which they obtained for AlO, with
Al in 4 and 6 coordination as (2,30 and 10.53 em*/molo. Theso
values diffor by 14 por cent in tho samo direction as for the GoO,
quartz-rutilo paiv. Roy ' has caleulatod values for MgO with Mg
in 4 and 6 coordination, 5,18 and 4,64 respectively, which also
differ by 12 per cont'', Thus one mwy genoralize with caution
that, if the molar refractivity “contribution” of an oxide increases
by 12 - 2 per cont, a change of coordination from 6 to 4 may
be predicted.

The uselulness of molar rofractivity in supporting our conclusions
reached via infra-red data that the cations in coesite (SiO, and Boli,)
aro totrahedrally coordinated, is ovident, It also supports indirectly

PI1LW. Savrorn and A, Suvierman, Alumina-silion rolationship in glass,
J. Am, Coram. Soc. 80 (1947) 203211,

10 Rousrom Roy, Magnesium in fourfold coordination in glass, J. Am. Chem.
Soe. 72 (1050) 3307,

1 Theso authors and others (N. .. Kemipn and K, F'ATANS, personal com-
munications) also list values of /t for muny minorals and their glasses whoero no
signilicant changes in eation coordinntion are expoetod, and these respective
values differ by only onoe or two por cent,

T
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the assignment 2,134 of 16 molecules to the coesite cell—that is, the
measured density is compatible with the 16 molecule unit and with
the Rm value calculated. If the coesite cell contained 18 molecules the
measured density would be considerably in error (2.90 vs. 3.26) and
the Rm based on the higher density would be almost 12 per cent
lower than for quartz, suggestive of G-coordinated Si, and of a rutile
structure, which clearly coesite does not have.
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