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7. Introduction.

ABouT two years ago, Redlich, Kurz and Rosenfeld! published their investi-
gation of the Raman spectra of the ion SnCl; contained in some molecules
and of the molecule SbCl;. They also published the theoretical expres-
sions for the frequencies of the ABg model having octahedral symmetry
under a simplified form of the central force system. Recently, VYost,
Steffens and Gross? have published their investigation over the Raman
spectra of the hexafluorides of sulphur, selenium and tellurium along with
their theoretical investigation of the mnormal modes of vibration of the
regular octahedral model ABg under the central force system. “Their paper
also contains the expressions for the frequencies of the normal modes under
the valence force system as investigated by Bright Wilson, Jr. Very recently,
Eucken and Ahrens? have published with the collaborations of Bartholeme
and Bewilogua an experimental paper over the Raman spectrum and the
infra-red spectrum of sulphur hexafluoride. Regarding the structures of
the molecules, the electron diffraction experiments by Brockway and
Pauling* and Braune and Knokes indicate that the hexafluorides of the
sulphur group have octahedral symmetry. Watson, Rao and Ramaswamy?®
find that the sulphur hexafluoride molecule has no permanent dipole
. monient which favours the octahedral symmetry of the molecule. That
the molecules have the said symmetry has also been argued by Ruff? and
his collaborators from the point of view of molecular volumes.
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Theoretically,8 the regular octahedral ABg model has fifteen modes of
vibration of which one is single and totally symmetrical, one is doubly
degenerate and four others are triply degenerate.  The single
mode, the doubly degenerate mode and ome of the triply
degenerate modes are active in the Raman effect and inactive in the
infra-red while two other types of the triply degenerate modes are inactive
in the Raman effect and active in the infra-red. The one remaining triply
degenerate mode is neither active in the Raman effect nor in the infra-red.
Accordingly, the Raman spectra of the hexafluorides of sulphur, selenium
and tellurium show three frequency shifts corresponding to the Raman
active modes. The infra-red spectrum of sulphur hexafluoride shows main
absorptions at 617 cm.! and 965 cm.-! corresponding to the infra-red active
modes. The theoretical expressions for the frequencies of the normal modes
under the central force system are not in good agreement with the observed
frequencies, for the calculated value of v, of sulphur hexafluoride is 1510 cm.-!
while the observed value is 965 cm. according to Fucken and Ahrens. It
has been found by many that the central force formulee are not in good
agreement with the observed frequencies in the cases of some other mole-
cules also. For example, the frequency of the totally symmetrical normal
mode of the methane molecule is 4217 cm.? according to the central force
system while the observed strong frequency shift corresponding to the mode
isat 2915 cm.l Recently, the author® has tried to explain the vibration
spectra of the molecule methane and other allied molecules basing the
constants of the potential energy function firstly on the three types of major
forces, 7.e., the primary valence forces, the directed valence forces and the
repulsive forces, and secondly with a suitable type of intra-valence forces
included with the major forces mentioned.

The purpose of this paper isto obtain the expressions for the frequencies
of the normal modes of the AB; model having octahedral symmetry basing
the constants of the potential energy function on the three types of major
forces pointed out and some types of intra-valence forces. The various force
constants of the sulphur hexaflioride molecule have been calculated. The
probable positions of the frequencies of the infra-red active modes of the
hexafluorides of selenium and tellurium are predicted.

In the case of a polyatomic molecule, one has to consider the three
types of major forces comprised by the primary valence forces, the directed
valence forces and the repulsive forces. Though the three forces’ system is

8 H. B. Wilson, Jr., Jowr. Chem. Phy., 1934, 2, 432,
® N.S. Nagendra Nath, Ind. Jour. Phy., 1934, 8, 581,



252 N. S. Nagendra Nath

not the correct and complete internal force system of a molecule, yet we
think that it is a fair approximation to the correct one. The correct one
is obtained in general by considering also the intra-valence forces arising due
to the interactions of a pair of coordinates, the coordinates being the varia-
tions of the inter-nuclear distances and the valence angles.10 The vibration
spectra of some AB,4 molecules have been explained by the author on the
above concepts. Actually the present investigation also shows that the three
forces’ system is a fair approximation to the correct one and that we can
obtain good agreement between the observed and the calculated frequencies
if we assume a suitable type of intra-valence forces. The calculated value
of the intra-valence force constant of sulphur hexafluoride is low in compari-
son with the three major force constants as it should be.

2. The Novmal Modes.

The peripheral atoms B of the model ABg having octahedral symmetry
are denoted by 1, 2, 3, 4, 5 and 6 as shown in Fig. 1. The central atom
A is denoted by 7. The system of internal coordinates is comprised by
the six variations of the primary valence bonds AB and the twelve variations
of the valence angles. The former six coordinates are independent and
only nine of the latter twelve coordinates are independent, for there are three
geometrical relations among them. d,, denotes the variation of the inter-
nuclear distance between the atoms 7 and s and 8,; denotes the variation of
the valence angle subtended by the peripheral atoms » and s at the central
atom. The geometrical relations which exist among the ’s are

O + 0,, + 6, + 6, =0
O + 0, + 0,, + 6, =0 l
b, + 0, + 8, + Oszxoj
correct to the first order. We need only consider the relations correct to

the first order, for we consider the potential energy of the molecule to be
given by a quadratic form,

We formulate the potential energy V of the molecule to be given by
the form* .

2V =X %’ 4.2+ Ki ;E 0, + KtX g2+ 2Ky 6,98,
) 2 12 12 6 -7 F

(1)

TRV T, (& td,) + KT D4+ 2 KN D, 4,

12

10 P.C. Cross and J. H. Van Vleck, Jour. Chem. Phy., 1933, 1, 350.

*We prefer to write the directed valence constant as Ki instead of Ki 12
and similarly the other constants Kii and Kiv instead of Kiii 2
Kvi has not been introduced here with any significance,

as is usual
and Kiv | respectively.



Novrmal Vibrations of Molecules ' 253

The number below the sign of each summation denotes the number of
similar terms to be considered. Let m, be the mass of the atom A and My
be the mass of an atom B.

The geometrical relations among the 8°s and the d’s are

10y = V2dy — (dy, + ds,)
where [ is the length of the AB bond. The displacements of the various
atoms should be such as not to change the linear momentum or the
angular momentum of the molecule. The equations of motion are
dyy=Pd, + Qdy + R (d,+d,,+d +d,) + S(0,+6,+6,_+0 ) and

similar five other equations and

-0, = % (dptdy) + Uldy,tdy) + V (4, +4d,) + W (d,+d,,)

+ X0, + YO, +Z(0,+0,,+0,+0,) + pu,
and similar eleven other equations where uj, ps and ps are Lagrange's un-
determined multipliers corresponding to the three geometrical relations
(1) among the 0’s and where

2Kﬂ 4Kiv Kv
o= K(MA ma>+ ma  m
4Kw Kv
@ ==t T
i T vi
R o= KK
2my My
o 2(Ki_Kiii) Ku , (
' Kn Kiv Ky Kvi
U = l+ml+m,312+m mal
mgl® ' mgl Myl
wo— K %KY
Mgl Myl
3Ki Kiii 2Kii Kiv
X = ket Twg
y — K 8K _Kv
mpl® ' mul® gl
it iv
7 = K K

2my | mgl
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A new system of coordinates* is chosen defined by
d,+d,+d, +d, +d, +d, =P
d.—dy,+d,—d, = £,
—d, +d,—d, +d, = 0,

0,,—0,,+0,,—0, = o,

915—053+036_661 =0,

0,—0,,+0,—0, = o,
d.—d, =Y,
d,—d, =Y,
d57 '67 = IPS

012 + 023-" 034_ 0,,+ 0,57+ 0,— 0,5—0,, = ps
015 + 053—' 636—— 661 + 902 + 684—— 052“ 954 =P,
0,7t 014_ 05— 0,s— 032_ Oyt 0,10, = P
0,,+0,,+ 0.+ 0,,— By, 0, —0,— 0y = O,
621 + 923 + 0zs+ 926—‘ 041— 643_ 045” 946 = @2
051+ 952+ 653+ 054_ 961'" 002— 063_ 064 = @3

The equations of motion in the new system of coordinates are
~@ = (P +Q+4R)D

—Q; = (P+Q—2R)&; i=1, 2
—0i = (X+Y)o;
—pi = (X—Y—2Z)p; ]

. i=1,238

¥, =(P —Q)¥;+80;
—6; = 4—l"f’}+4(U——V)‘P¢+(X——Y+2Z)@¢ J

It can be easily seen that the above system of equations determines six
frequencies of which one corresponds to the single mode, one to the doubly
degenerate mode and the remaining four to the triply degenerate modes.
The values of the multipliers are easily seen to be 0, for

py = — ?Z—{Q'S+Z(U+V+W)<D}
+—;7{23?2+52'1)+Z(U+V—2W) (282,+ 2))}
=0

and similarly pe = pz = 0.

* One can, however, simplify the expressions for ¢’s, p’s and ®’s by the help of the
geometrical relations (1) but the existing ones are preferred on account of symmetry.
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The first normal mode is described by @* when all the d’s are equal and
all the 6’s vanish.  This corresponds to the mode when all the peripheral
atoms are vibrating along the primary valence bonds with the central atom
at rest. The mode is totally symmetrical and quite active in the Raman

Fig.6

effect and inactive in the infra-red. The frequency of the mode is

V(P + Q + 4R)

Y, == ——
1 2me

1 1 i v viy
= 5 { s (K + 4KF 4 2K 4 4K } (Fig. 1)

The doubly degenerate mode is described by £, and Q,. The mode
corresponding to 2, is described when all the §’s vanish and 2d,, = — d,, =
2dy; = — dy; = 2d5; = 2dg;. 'The modes are active in the Raman effect

and inactive in the infra-red. The frequency correspounding to these modes is
1 .
v, =54 (P +Q - 2R)

1 1. - .

—_ — it v vi
2me { My (K -+ K+ 2K 2K )} (Fig. 2)
One of the triply degenerate modes is described by o; (1 =1, 2, 3).
The mode corresponding to o; is described when all the d’s vanish, 6,, =

— 053 =0y, = — 0,, and other #’s vanish. The modes are active in the

* The normal coordinates spoken of here are proportional to the actual normal
coordinates, : - ;
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Raman effect and inactive in the infra-red. The frequency con‘espondmg
to these modes is g1ven by

v, = 57;5 v(X+Y)
1 1 /74(K! Kii s
= Srme {Hf (J—“Z—EP_—) T 2Ku)} (Fig. 3)
Another triply degenerate mode is described by p; (i=1, 2, 3). The
mode corresponding to p, is described when all the d’s vanish,
01 = o = — Oy = — 0= «x
O = — 05y = — O, = O = —%
and other ’s vanish. The modes are inactive both in the Raman effect
and in the infra-red. The frequency corresponding to these modes is
given by

v =5 V(X—Y-22)
1 1 /2K —K&) |
= {5 +x))

omre (Fig. 4)
The remaining normal modes of vibration are given by p ¥; 4 q0;
candr ¥; 4+ 50; (1= 1,2, 3) where the constants p/g and #/s can be
determined by the equations corresponding to @, and ©;. The normal

mode corresponding to p¥, + ¢@, is described when

d17 = - d3, = X
b1s = — b2 = — 050 = 0. = Y
0.5 = 916=““935="“036—-y
r (Figs. 5 & 6)
and other d’s and ¢’s vanish. The mode corresponding to 7 ¥, 4 s @, is
described when the same conditions hold but x = — g y ‘

All the modes are inactive in the Raman effect and active in the
infra-red. The frequencies of the modes are given by

1,=="—"VA ’i=5,6
Where)\s—l—/\“P—Q—{-X Y + 2Z — 48]1.

— 3Ku 2(K1 Km) 4 . 16K
K (ms ) my T (mn o) T md
AA=P—-Q) (X—Y +2Z) — 48 (U — V)
_ i ( ) ‘)K(KI Km) 4K (K —Kiil)
mB VA i? I?

+ KKii —

{Kiv2 . {Kii Kiv }
) 12 l
We will assume that the greater root is A,.
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3. Comparison between Theory and Experiment.

In the following, we will discuss the potential energy of the molecule
V given by the form :
2 V=K Zdnz—]—Kigﬁlf—{—Kﬁ f‘]d P42 Ki 5"9 20,12 KV 2919 (d,,-+d,;)

' ] +K* 54,
where K, K and K" are the force coustants of the primary valence bonds
the directed valence of the primary valence bonds and the repulsions
between the peripheral atoms respectively. Kii and KV are the intra-
valence force constants. K' is the force constant of repulsions between
the extreme B atoms.

Tet us first consider the potential energy function under the constants
K, K'and K¥ Assuming the Raman frequencies of the sulphur hexa-
fluoride molecule, we can calculate its infra-red frequencies. Table I shows
the observed frequencies under the head A and the calculated frequencies
under B assuming the constants K, K'and K, The agreement between the
observed and the calculated frequencies is not bad considering that the
calculations have been made on the three forces’ system. Next we consider
the intra-valence forces whose contributions towards the potential ener gy V
of the molecule is given by Kiil 261, 0;.. Assuming the Raman frequencies

and v;24v,2 we can calculate v, and ve as shown under the head C. The

TaBLr 1.
A B C
(v, | 78 (775) (775) | K =3-977x10° dyn/em.
v, | 645 'R (645) (645) | Ki=0-689x10°
‘ lv, | 525 (325) (525) Ki 5
SFE, T,,z — 371 407 7 =0506x10° -,
v, | 617 ] - 534 578 K 5
| ooy }I.R oor os9 | 7==—0-078X10°,,

R. means Raman frequencies and I.R. means infra-red frequencies.

calculated frequencies are in fair agreement with the observed ones.
It may be urged that good agreement between the observed and the
calculated frequencies might be obtained by considering the repulsions
between the extreme fluorine atoms. Our formule show that K¥ has to be
negative if we try to get good agreement under the three forces’ system
or should have a large value about half of K% under the same with the
intra-valence forces just pointed out. We think that the repulsive forces
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between the extreme fluorine atoms are quite feeble and that they are

dominated by the intra-valence forces. Another type of intra-valence forces

may be chosen by considering 28,,(d,; +d,;) in the potential energy func-
12

tion. These forces are only operative in the normal modes of vibration

with frequencies v; and v,. Now the five constants can be determined

assuming the five observed frequencies. The values of the calculated

constants would he 3.977x 105, 0.689x 105, 0-567x 105, —0.139x 105,

0-087x 10% for the constants K, K¥ XYI2, Ki/[2 and K"/l respectively.

The values of the constants are quite reasonable but the value of the

frequency v, of the normal mode which is both inactive in the Raman effect

and in the infra-red would be at 433 cm.-! while it is 363 cm.-! as calculated .
by Eucken and Ahrens from the specific heat data.

Our formulee show that accurate calculations of the primary valence
constant, the repulsion constant and the sum of the directed valence constant
and the intra-valence constant can be made assuming only the Raman
frequencies. The values of the constants of the hexafluorides are given in
Table II.

TasrLy II.
Substance | Kx10- | Kitx10-s | KLE KB g0,
'SF, 3-977 0-689 0-428
SeF, 4666 0-247 0-336
TeF, 4.952 0-139 0-205

Rough determinations of v,, v; and v, of the other hexafluorides are
made ignoring the intra-valence constant. The values of the frequencies are

given in Table III.

Tasre II1.
Substance v, v, Vg
SeF6 286 . 368 815
fl.‘el"*‘6 221 267 772

' The value of v, in the case of sulphur hexafluoride is 407 cm..! Tt is
in fair agreement with 363 cm.?! calculated by Fucken and Ahrens from

the specific data. ‘
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The calculated values of the frequencies v; and v, of sulphur hexa-
fluoride according to Wilson’s formulze as given by Yost are in rough agree-
ment (similar to the agreement we have obtained assuming the three forces’
system) with the observed frequencies. But his constant ‘p’ does not
denote the constant of the repulsions between the adjacent fluorine atoms
but the intra-valence constant of the terms 12 dir d,;.  The forces

corresponding to those terms come into play even when the molecule 1s
executing the totally symmetrical normal mode. Also, there seem to be
small errors in his expressions* for vy, and v, if our expressions and Yost’s
expressions are correct,

The author is highly thankful to Professor Sir C. V. Raman for his
interest in this work.

Nole added in proof.—~While this paper was in the press the paper on * Intramolecular
Forces in Octahedral Molecules” by A. Fucken and F. Saufer has appeared in the
Zeitschrift fiir Physikalische Chemie (B), 1934, 26, 463, Their paper deals with the types
of intramolecular forces which can exist in these molecules with special reference to SF, .
We may remark that the existence of types of forces other than those of the three
forces’ system was first formulated by P. C. Cross and J. II. Van Vleck (loc. cit.). Such
forces were named as the intra-valence forces and their usefulness in the case of AB,
molecules was pointed out by the author (loc. ¢it.).

The equations of motion of the octahedral molecule obtained in this paper have the

same symmetry as that of the molecule and they can be regarded as general. Other
€’s do not enter them on account of the geometrical relations (1).

* For example, the coefficient of K in our expressions and that of &y, in Yost’s
expressions should be the same as that of ko1 in Wilson’s expressions for As + A.
5a





