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CO-ORDINATES, INFRA-RED AND RAMAN INTENSITIES
FOR BENZENE

By D. H. WHIFFEN
The Chemustry Department, University of Birmingham, Birmingham 15

(Communicated by H. W. Melville, F.R.S.—Received 14 October 1954)

CONTENTS
PAGE PAGE
INTRODUCTION 131 RAMAN INTENSITIES AND DEPOLARIZATION
NOMENCLATURE AND RELATED MATTERS 132 FACTORS 142
THE FORCE FIELD 133 ALTERNATIVE B, ASSIGNMENT 145
THE FREQUENCIES 139 REFERENCES 146
INFRA-RED INTENSITIES 140 TABLES 147

A quadratic force field with twenty-six non-zero constants is chosen for benzene and reasons are
given for preferring the constants chosen when alternative values are possible. Using this field all
the vibration frequencies of CgHg, CgH;D, ortho-, meta- and para-CgH,D,, sym.- and vic.-CgH, Dy, para-
C¢H,D, and CDj are calculated and found to agree with the experimental values of Ingold.and
coworkers to better than 2 9,. Four dipole moment derivative parameters are introduced to give
satisfactory indications of the infra-red absorption intensities and ten polarizability parameters are
used to give satisfactory indications of Raman shift intensities and degrees of polarization. The
alternative B,, class assignment of Mair & Hornig is also discussed.

INTRODUCTION

Work on the force fields of individual molecules may broadly be divided into two categories.
First, there are approximate treatments, using as few force constant parameters as is
feasible, which are designed to aid the interpretation of observed spectra and which act as
a guide to the approximate values of any missing frequencies. Secondly, there are more
exact treatments which are possible when all the frequencies are known and have been
assigned to their symmetry classes. These more elaborate treatments are aimed at finding
force fields which are as accurate as possible; a knowledge of such fields is important (a) for
comparison with wave-mechanical treatments, (b) for comparison between molecules and
suggesting trial force constants for related molecules, and (¢) for determining the form of
the normal co-ordinates, which in their turn are required for interpreting observations of
infra-red and Raman effect intensities in terms of dipole moments, polarizabilities and their
derivatives. The force field of benzene is discussed in this paper and the information should
be of value under each of these headings inasmuch as (a) the treatment of the electronic
structure of benzene is well developed, () substituted benzenes form a large class of com-
pounds to which many details of the force field may be transferred, and (¢) the ambiguities
of sign, which normally arise in the interpretation of intensity measurements, may be
resolved experimentally from the spectra of the various deuterated benzenes.
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132 D. H. WHIFFEN ON THE

Previous discussions of the force field of benzene include those of Lord & Andrews (1937),
Bernard, Manneback & Verleysen (1939, 1940), Pitzer & Scott (1943), Bell (1945) and
Bak (1945), most of which are based on the six force constant parameters introduced by
Wilson (1934). There are, however, thirty-four quadratic force constants required to
describe the general force field of benzene of symmetry Dy,, and Miller & Crawford (1946)
and Crawford & Miller (1949) have discussed this force field in algebraic form and evaluated
the constants, although in some instances they do not makeafinal choice between alternative
sets of numerical values.

NOMENCLATURE AND RELATED MATTERS

It is now accepted that in the equilibrium configuration benzene has a regular, planar
hexagonal structure with symmetry Dg,. The molecule may be laid in right-hand Cartesian
co-ordinates such that the z axis coincides with the C; axis and the y axis passes through
carbon atoms 1 and 4, if the carbon atoms are numbered 1 to 6 in clockwise order as viewed

n

H, b
He H,
HS HS
H,
Ficure 1

from a point on the positive z axis. Two parameters R;, the G;—C,,, distance, taken as
1-40 A and 7,, the C,—H,; distance,  taken as 1-05 A (H.]. M. Bowen, private communica-
tion) describe the remaining geometry of the molecule and the H or D atoms are given the
same number as the carbon atom to which they are joined. Figure 1 shows this arrangement.
(%, (3, Cy and o7 form a specifying set of symmetry elements and the symmetry classes and
the selection rules are given in table 1. The designations are those of Herzberg (1945) which
are now normally accepted as standard. Crawford & Miller’s (1949) differ from Herzberg’s
in that £, and E,,, and also E,, and E,, are interchanged ; the symmetry class designations
in parentheses are the older designations. Also given are the transformation coefficients
to obtain the symmetry co-ordinates, S, from the valency co-ordinates as given by Miller &
Crawford (1946) for the non-planar classes and Crawford & Miller (1949) for the planar
classes. For most purposes either the symmetry or the valency co-ordinates are suitable,
but occasionally it is convenient to use local Cartesian co-ordinates, especially for depicting
the form of any vibration. For this the co-ordinates for motion of the jth carbon atom from
its equilibrium position in the radial, the z, and the mutually perpendicular direction

1 These distances were chosen in 1952 before several recent determinations were available; the numerical
values affect the force constants through the value of p, and if p is increased by virtue of an increased G—H
or decreased C—C bond length the principal modification would be to decrease I', I'y, T'y, @}, ®, and ®;.
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FORCE FIELD AND SPECTRA OF BENZENE 133

counted positive in a clockwise sense may be taken as R;, Z; and U; and likewise for the H
atoms 7;, z; and ;. The valency co-ordinates are AR; for the stretchlng of the C;—C;,, link,
Ar; for the stretchlng of the G,—H,; link, f; for bendlng of the G;—H; link relative to the
bisector of the ring angle, «; for increase of the ring angle at G;, y; for out-of-plane bending
of the C,—H, link, d; for twisting of the carbon skeleton about the C;—C;,, link and ¢; is
the valency co-ordinate for twisting of both the carbon and the hydrogen atoms about
C,—C;,, and is the same as (¢c+¢y) as introduced by Bell (1945). The signs of §, 7, d and ¢

are determmed by their expression in terms of the right-handed systems R, Z, U which are:
AR; = (27) (R;+R;4y) — (8271) (U;—Ujy),

Ar; =7, —R 7
1oy = Uty (344719) (Ry_y— Ry )+ (4749) (Uy + 204 Ui,
Rya; = 3%2 D (Ri- 2R+ R 1) +(27Y) (U1 = Up),

0y = zj—Zj—l—p(Zj_l—QZ‘—l—Z s
Ry0; = (2.837%) (=2, +2Z,—2Z;,\+Z;.,),
Ryd; = 2R,0;+(2.37%) Ry(y,—7;11)5
=—(2.83Y[Z, .\ ~Z;+Z;,~Z; , +p N2~ Zj 1 — 2+ 244)]s
where p = 1o/R,.

For the planar force constants the nomenclature of Crawford & Miller (1949) has been
followed, but it seemed better to extend their systematic arrangement and adopt 0,, ®, in
place of g, 8, for the C—C twisting constants, ®,, ®,, ®,, ®,, in place of ¢, 7, ¢, a, for the
deformations of the H atoms and #,, 7,, in place of #, v, for the interaction constants, in the
out-of-plane classes. In these symbols the potential energy V'is given by:

2V = A18%+A2S 4+A (S§a+S§b)+2A4(S%9a+S19b)
+ €2y 834 €25 875 4 Q3 (855, +15%,) + Q4 (S50, +S505)
+ D183+ Ty ST 4 s (88, +58,) 4 Ly (STea +5%s0)
+ 25 8%+ Z3(S8, +58,) + 0157+ 05(STe0 + STes)
+ @S2+ Dy (§T70 +5%75) + P3(ST0a +5705) + PuST:
+ 26,515, + 2§3(S7a53a+s7b53b) + 288 4(S190S200 T S195S205)
+ 2X3(S6a 580 S6:S85) + 23 (S60:S9q + S65565)
+2ﬂ2S14Sw+2/43(S3aS9a+SabSQb> + 28, (8188 190 St S195)
+ 205512815+ 205(S60S 70+ S6s575)
+ 215485 +205(S1605170 +S1605175)
+275(874500 +S75505) +274(S1805200 18 S205) -

THE FORCE FIELD

A satisfactory force field should reproduce the observed vibration frequencies as closely
as possible, and the aim in what follows has been to reproduce the observed frequencies of
benzene and its deuterated derivatives to within 29, using a quadratic force field. The

experimental observations have had a long history which will not be discussed here and
17-2
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134 D. H. WHIFFEN ON THE

reference is made to the summarizing paper of Herzfeld, Ingold & Poole (1946) which is
part XXI of a series from Professor Ingold’s laboratories and contains references to earlier
work from this school and elsewhere. Their paper gives acceptable values for all the fre-
quencies of benzene and hexadeuterobenzene which were accepted as the basis for the
choice of force constants. It was after much of the work described here was completed that
the alternative suggestions of Mair & Hornig (1946) regarding the B,, frequencies came to
the author’s attention and discussion of this assignment is reserved to a special section.

~ Miller & Crawford (1946 ; see also Crawford & Miller 1949) have adopted the assignments
of Ingold and coworkers and given numerical values for the force constants. As they state, in
many of the symmetry classes an ambiguity arises in the choice of solutions of quadratic
equations and two or possibly more equally satisfactorysets of force constants can be obtained.
Before calculating normal co-ordinates or other quantities it is necessary to make a choice
between the alternative sets.

One basis for choosing would be to calculate the frequencies of the partially deuterated
benzenes with each combination of sets and compare for the best fit with experimental
values. This would be tedious and it is not certain that a clear decision would result. For
example, the 4, frequencies of sym.-CsH;D4 were calculated with the second preference of
Crawford & Miller (1949) for the constants of the B,, class. This gave 1615, 1242 and
899 cm~! which are much closer to Crawford & Miller’s values using their first preference,
namely, 1614, 1245 and 900 cm™! than to the approximate values of Herzfeld, Ingold &
Poole (1946), namely, 1600, 1230 and 916 cm™!. There is clearly no decision to be made
between the two sets on this basis in this instance.

A second basis of choice between the two sets is that the force constants must be physically
reasonable. This means that a chemist is entitled to recognize that the forces principally
arise from the stretching of valency bonds and the distortion of valency angles, and that a
description in these terms must give a reasonably good force field and that the interaction
constants which must be added to give the exact field must be small. With this principle
in mind the classes can be considered individually. '

A,, class. The question here as regards the ambiguity is resolved by the condition that
¢, shall be small and the alternative set is rejected by Crawford & Miller (1949). However,
in this case &, = 0 (as opposed to the more exact —0-420 x 10°dyn/cm) gives calculated
frequencies within 2 %,. In view of the fact that it is necessary to assume

Es=E8=VYs=T3=7,=0,

it seemed better to put &, = ¥, = 0 also and neglect all interactions with C—H stretching
co-ordinates. This puts all C—H stretching co-ordinates on the same terms when the
symmetry classes become combined in the partially deuterated compounds. The errors are
probably less than those caused by the neglect of anharmonicity, and a device such as that
of Lord & Andrews (1937) who use different force constants for G—H and CG—D stretching
would profoundly modify the value of £, and show that the value —0-420 x 105dyn/cm
had little relation to molecular reality.

Ay, class. No ambiguity arises.

B,, class. The position is similar to the 4,, class, and the assumption ¥, = 0 still enabled
the frequencies to be fitted with less than 2 %, error.
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FORCE FIELD AND SPECTRA OF BENZENE 135

E,, class. Even with the assumptions §, = 7, = 0 ambiguity arises between sets with
A, =614x10% p, = 1-40x10%and A, = 3-92x 105, g, = 0-139 x 105dyn/cm. Crawford &
- Miller (1949) prefer the first set, but there are two strong arguments for adopting the
second: (i) the value of y,, the interaction constant, is ten times smaller; (ii) the value of
2A, is much nearer to A; (= 7-62x 10°dyn/cm). It is necessary to compare 2A, with A,
since the L matrix transformation (Crawford & Miller 1949) introduces a factor of 2 in
front of A, and an extra factor of 2¢ in front of ¢, and y,, as can be seen from an examination
of the potential V. (Figures 2 and 3 of Crawford & Miller (1949) should have 25S,, and
215, as the labelling of the VFSC to be consistent with the definitions of their own
figure 1.) A, and 2A, are principally controlled by the C—C stretching and should be
equal if interactions between the stretching of different C—C bonds are neglected. A value
of 2A, as high as 12:28 x 10°dyn/cm is greater than the force constant of an ethylenic
C=C which is 96 x 105dyn/cm (Herzberg 1945, p. 193) and can confidently be rejected.

B,, class (Ingold). The choice here lies between A, = 6-72x 105, g, = 1-30 x 10° and
Ay =499 x10% p, =—0-203 x10°dyn/cm. The much lower numerical value of g, is
certainly in favour of the second set. Also A, is likely to be lower than A,, 2A, and A, since
it is the B,, vibration which leads to alternate long and short C—G bonds, so that in the
distorted position the molecule resembles a single Kekulé structure for benzene and this is
expected to have a lower energy than other arrangements with the same total degree of
distortion. A Kekulé structure with C—C 1-540 A and C=C 1-342A is equivalent to a
distortion S, = 0-100 A and §,, = 0-244 A and all other symmetry co-ordinates zero. Such
a distortion would require 34kcal/mole with A; = 7-620x 105, A, = 6-72 x 10°dyn/cm
but only 28 kcal/mole if A, were 4:99 x 10°dyn/cm. In the real distorted state there will
remain some resonance or delocalization energy so that the value must be less than 39 kcal
which Pauling (1945) gives as the resonance energy referred to a state with non-interacting
double bonds. The value 5kcal/mole which the first figures would give for the remaining
delocalization energy seems rather small and the 11 kcal/mole as given by the second set is
slightly preferable, especially as it is more in accord with the calculations of Coulson &
Altmann (1952). Values based on the second set have for these two reasons been chosen
for further calculations.

E,, class. Even with the assumptions §3 = {3 = 73 = 0, there are several sets of values for
the remaining parameters which fit the observed frequencies for C;Hy and CgDg. A few
trial calculations were made but no set of constants were found which had lower numerical
values of the interaction constants y;, 73 and p, than those of Crawford & Miller (1949),
and essentially their values have been adopted here. It should be emphasized that x; = 0
is not an assumption but the value required to give a satisfactory fit.

This completes the planar part of the force field, and the adopted values are collected in
table 2. They differ slightly in exact value from those discussed above; in some cases the
new values give a slightly improved fit over those of Crawford & Miller (1949), and in others
are a consequence of the revised value of 1-05 A for the C—H bond length.

Crawford & Miller (1949) have also referred to the force field in terms of valency co-
ordinates and corresponding Latin force constants. This form of the field is important as
being more directly related to bond properties, and it is especially in this form that the
interaction constants are expected to be small. The notation of Crawford & Miller (1949) is
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136 D. H. WHIFFEN ON THE

followed, but, as they discuss, there are thirty-seven planar Latin constants whereas there
are only twenty-six planar Greek constants which are sufficient for an exact description of
a general quadratic force field. Four of the Latin constants, namely, /, [, n, n,, are zero,
since non-zero values are inconsistent with Dg, symmetry for the molecule. There are also
three independent relationships between the valency co-ordinates by which any field can
be reduced to one of twenty-six constants. These relationships are:

%+t %ep st gt =0,
Ro(2“j+0‘j+1—“j+2“2“j+3_“j+4+“j+5) = 3%(—ARj+ARj+2+ARj+3_ARj+5)9
BIR (0 p— 0y —05) = (—AR;—2AR; | — AR, + AR, 3+ 2AR; ,+R; ).

There are many ways in which the thirty-three non-zero Latin constants may be reduced
to twenty-six, but it seems best to remove explicit mention of the terms which are likely to
be small, namely, those governed by f,,, /s L 1ps s &, and £,

With the substitutions

D = D+2f,,—2f,—4.37%,+4.3%,, d,=d+f,—f,—2.374,+2.37H,
d, = d,—fnt+f,+2.37%,—2.374,,  d,=d,—2f,+2f,+4.37},—4.37%,
F=F—4f,+3f, | £ =1f—3+2f
Jo=Jo=37 My Jp=Jn—2.37n,, J,=j,—37n,,
iy = Uy~ 20,1,
k= k—4k,+3k,, k,=Fk, 3k, +2k,
fly = n,—n,,
h, = h,— 3%k, +3%k,, h,=h,+3tk,—3%k,
the planar force field may be expressed as
2V = DIAR?+2d,ZAR; AR; ., +2d, ZAR; AR, , +2d,ZAR; AR,
+ EXAr2 426, ZA7; Aty + 26, ZA1; A o+ 20, AT Ary
+ Gr3 Zp3 428,15 2,1 + 28T T By 0+ 2818 2045
+ FR2 S0+ 2f, R Za; ;. + 21, Ry Za; (AR, + AR, )
+ 2k, ZAr;(AR;+ AR, _ ) + 2k, ZAr;(AR; 4+ AR; ) + 2k, BAT; (AR, ,,+ AR; )
+27,70 28;(AR; — AR; _,) + 27,70 ZF;(AR; .y — AR;_,) +2], 70 Ef;(AR; , — AR, )
+ 2Kk Ry Zt; Ar;+ 2K, Ry X (A Ary ) 427,70 Ry 2 (1 — ;1)
+ 20,7y B (A1 — Ary_y) +2L, 1B, (Ary o — Ar;_y).

The summations are normally over the six values of j, except for cases such as %§,8;,
where only three terms are involved, since values of j>>3 would give the same quantities
with the factors in reversed order.
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FORCE FIELD AND SPECTRA OF BENZENE 137

The relationships between the Latin and Greek constants are:

6D = A+ Ay+2A;+4A 45, — 62, +4. 3by,,
6d, = Aj—Ay— A3 +2A,+2%,—3X,+2. 8y,
6d, = A\ +Ay— Ay—2A,—2%,+-35,—2.3by,,
6d, = Aj— Ay +2A;—4A,— 42,4 62;— 4.3ty
6E = Q,+Q,+20,+2Q, 66, =Q—Q,—Q+Q,,
be, = Q+Q—Q—Q,, 6, = Q—0Q,120,—20Q,,
6G = I, + I, +ol,+2T, 6g,=I—T,—+T,
6g, = I+ 1,—Ty—T, 6g, = I'—I'y+20—20,
F=—x,425, f=—%,+%,
iy = X3
6710 = gl+§3+6%§4“2-3%¢2+3~3%’ﬁ3’ 6hm = 51*2533 671[, = £1+§3—6‘§§4—I—2.3‘5‘;#2~3.3’-’¢3,
6], = plo— 3t ps+ 2t py—m3, 6], = —py+2.20pu,—2m5, 6], = pp+ by 2, —my,
k=—y,+205, k,=—9,+7s
fi, = —38"%m,,
6l, = —3¥r,+ 37, 6, = 3tr,+ 347,

I

The numerical values are given in table 3. It can be seen that the interaction constants
are all small by comparison with the principal constants; this would not be so marked with
a different choice of sets of force constants and, in particular, values of 7, or 7, numerically
greater than 1-0 x 105 dyn/cm would lead to much higher numerical values of J,, J,, or Tp
Ay, and E,, classes. Each of these out-of-plane classes contains only one frequency and
no ambiguity arises.
B,, class. Miller & Crawford (1946) give the choice between

®, = 0203 x10% 5, = 0258 x 10° and ), = 0:339x 105, 5, = 0:373 X 10°dyn/cm.
1 m 1 1 Yy

Though the smaller value of 7, in the first set seems preferable the choice is not clear, especi-
ally as a choice of the ratio 5,/®; as low as possible would give preference to the second set.
E,, class. The choice here is between

0, = 0-157x 105, 7, = —0-154x 105 and ©®, = 0-757 X 10, 5, = —0-515 x 10 dyn/cm,

and again a reason for choosing the first set as giving the smallest numerical value of 7,
is not convincing. Indeed, Ferguson (1953) prefers the second set for this class.

The calculations of Crawford & Parr (1949) can be read as predicting the ratio ®, /@, =1-25
which is most nearly fulfilled if the first preference is taken in each class. Some additional
support can be obtained if the force field is converted directly into Latin constants as for
the planar classes, since the choice of the first set in the B,, and E,, classes gives the lowest
interaction constants.

But a far more conclusive argument in favour of this choice can be obtained by recognizing
that the difficulty in these classes is related to the fact that the twisting described by the ¢
are not really those with which the valency forces are concerned, as has been pointed out by


http://rsta.royalsocietypublishing.org/

A\

/ y

A A

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

1~

AL A

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

138 D. H. WHIFFEN ON THE

Bell (1945). Rather, the force opposing twisting arises from the incomplete sideways
overlap of the p, atomic orbitals on adjacent C atoms; the directions of these orbitals are
determined by the positions of the H atoms as well as of the C atoms, although the value
of §is given by the positions of the C atoms only. Following Bell (1945) itis possible to replace
d by a truer twisting function ¢ which is defined above. New symmetry co-ordinates S and
S¥;, which are the same function of ¢ as S, and S5 are of §, can be introduced and the
non-planar force field written

= OF S+ OF (Str4+S17s) + P3(SToa+ST0s) +PuSH
+OF 8%+ OF (STé +S16) + 20§ ST S5+ 202 (STeaS1ra + o0 S172)-

av,,

n-planar

The relationships between the two sets of Greek constants are:
O = @, +-4.371p720, —4.374p7 1y, OF = Oy +p720,+2p7 175,
0Ff =470, Of =4710,,
7f =27 874710, 7§ =2717,+271p7'0,.
Latin force constants P, f,, £,y 245 @ 90> Gms 9p3 20d £, 4,5 2y, can now be introduced
referring to the yy, ¢¢ and y¢ terms in the force field. The general field with eleven constants

is capable of reduction to one of eight by means of the internal relationships between the
¢ and y. These relationships are

¢j +¢j+1+¢j+2+¢j+3+¢j+4+¢j+5 =0,
P28t e By — 20— Bas = 2. 3—%(27j+7j+1_7j+2“27j+3—7j+4+7j+5)9
$i—@ira—bivst b5 = 2.3 (= V1= Vot ViaT Vius)-
Removing explicit reference to the ¢, ¢, and #, type terms the force field with only eight
Latin constants can be written
2V = PriZy}+2p,13 271+ 2D 3 275700+ 2By 13 275745
QR3 43+ 24, REZS; 6101+ 20, Roro Xy (51— 8;) + 28, Roro 2y;(85-2— $541)>
in which
P =P+8.37p%q,—q,) —8.3747 1, P, =p,+4.37p72(q,—q,)—4.378p7,
D= bm—4.37972(q,,—q,) +4.37p7 Y, f,=p,—8.37p7%(q,—q,) +8.37Hp7"1),
Q =Q—44,+3¢ &= 9—37n+29
io = t,— 1, Zm = t,,— 21,
The Latin force constants are given in terms of the Greek constants by
6P = 0¥ +-20% + 201+ D,, 6, = —DF —OF + DI+ D,
6p,, = OF — OF — DI 4-D,, 6p, = — OF 4-20F —20f + D,
Q=—01+20f, §,——01+0f,
f,=387¥%, 1,=2""7f+3¥f,
in which @} stands for

@, +4.37Y ¥ +8.371p20F +4p~19F — 4p~20F.
3 o 1
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Greatest interest is attached to the numerical value of §, and with the four permutations
between the sets of force constants the possible values are

0-028 X 105, 0-328 X105, —0-006x10° and 0-294 x 10%dyn/cm.

Q should be related to the force constant used by Bell (1945) who ignored all interactions,
i.e. it should approximate to £'/R2, where £’ is defined in Bell’s paper and given the value
7-7 x 10-13 dyn/cm/rad which leads to an expected value of { near 0-039 x 10°dyn/cm. It
is only the first of the above values, which was obtained by taking the first preference in the
B,, and E,, classes, that lies within a factor of 7 of this value, so that a conclusive reason has
been found for taking these sets. The numerical agreement is even closer with the revised
value of Cole & Thompson (1950) whose value of @ = 0-40 x 10*dyn/cm is equivalent to
an expectation of {) of 0:030 x 10°dyn/cm, since there is a factor of 3/4 difference in the
definitions. () accepted here is 0-0290 x 10°dyn/cm. The adopted values of the Greek
constants are given in table 2 and of the Latin constants which correspond in table 3. The
smaller values of 7§, 7¥ compared to 7,, 7, and the smaller range of @ values using the Bell-
type field show that the ¢-type of twisting represents intrinsic valency forces in contrast to
the d-type twisting.

THE FREQUENCIES

Having chosen the force field from the observed frequencies, the procedure was reversed
and the frequencies were calculated back from the constants chosen with the results shown
for CGgHg and C¢Dy in tables 4 to 13. The observed frequencies are taken from the papers
of Ingold and coworkers (Herzfeld, Ingold & Poole 1946; Angus, Ingold & Leckie 1936;
Poole 1946; Bailey, Hale, Ingold & Thompson 1936; Bailey, Carson & Ingold 1946).
Since the Raman frequencies are for the liquid state, the infra-red frequencies for the
liquid are quoted where possible, and in cases for which only the infra-red frequency for
the vapour is known it is followed by the letter v. Values preceded by ca are those for which
direct observation is impossible, and approximate frequencies have been derived from over-
tones, etc. The calculated frequencies were obtained in the usual way from the latent roots
of the GF product matrix and the normal co-ordinates were obtained at the same time
from the latent vectors corresponding to these roots. These are indicated in tables 4 to 13
by the §” which are the amplitudes of the symmetry co-ordinates for a classical vibration in
the normal co-ordinate with energy 3w, that is, S’ = 35/dQ, where @ is the normal co-
ordinate involved for the vibration frequency in the same column of the table. Alsogiven
are the amplitudes of vibration of the local Cartesian co-ordinates, that is, R’ = dR/3@Q, etc.,
with the same normalization to the energy 1/v. Only a representative value of each of these
co-ordinates is given in the tables, since the remainder are simple multiples thereof as
indicated for each symmetry class at the foot of the tables for the carbon motions, while
the identities in which the capital letters are replaced by the corresponding small letters
hold for the hydrogen motions.

The calculations have been extended to partly deuterated benzenes and the results are
compared with the experimental values for C;H,D (Bailey, Gordon, Hale, Herzfeld,
Ingold & Poole 1946), ortho-, meta- (Langseth & Lord 1938) and para- (Herzfeld, Hobden,
Ingold & Poole 1946; Bailey, Carson, Gordon & Ingold 1946) C¢H,D,, vic.- (Langseth &

18 Vor. 248. A,
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Lord 1938) and sym.- (Bailey, Hale, Herzfeld, Ingold, Leckie & Poole 1946) C;H;D, and
para-CcH,D, (Herzfeld, Hobden, Ingold & Poole 1946; Bailey, Carson, Gordon & Ingold
1946) in tables 14 to 20. The provisional assignments of Langseth & Lord (1938) have been
freely altered to give improved agreement, but the assignments of Ingold and coworkers are
confirmed with the possible exception of the B, -likefrequencies discussed below and the three
minor points marked ! in the tables. These changes are made since (i) calculation indicates
that of the two frequencies near 1580 cm™! for para-C;H,D, the B,, frequency should be
slightly higher than the 4, and also, unexpectedly, should be more intense in the Raman
effect if the polarizability gradient tensor discussed below is reliable. Similarly for the
frequencies near 600 cm™!, the calculations indicate that the 4, vibration should be slightly
higher and there is therefore slight evidence that the 600-9 cm™! shift belongs to the 4,
class and that of 596-6 cm~! to the B, class. The effect of the reversals is to leave the frequency
product in each class virtually unchanged and agreement with the Redlich-Teller pro-
duct rule is unaffected. (ii) There is a similar problem in para-CH,D, for which the cal-
culated 4, frequency at 583-7cm™! lies below that for the B, class, indicating again a
reversal of the original assignment. However, in this case there is no reason to alter the
assignment of shifts near 1570 cm™!, and the switch of the lower frequencies slightly worsens
the agreement with the product rule and its necessity remains in some doubt. (iii) Calcula-
tions of the B,, frequency near 815cm™! in para-C;H,D, suggest that it should be lower
than the neighbouring frequency of the B;, class and show over twice the intensity in the
infra-red spectrum. On both grounds a reversal of the original assignment is indicated.

It is of some interest to assess the degree to which the symmetry co-ordinates approximate
to the normal co-ordinates. To this end the percentage of the potential energy stored in
each term of the force field is indicated in tables 4 to 13. For the planar classes the principal
term is usually over 70 9, and the corresponding symmetry co-ordinate is a useful qualita-
tive description of the vibrational mode, and expressions such as  C—H stretching vibration’
and ‘ C—H deformation vibration’ are valid. For the £, class, table 13 shows that the C—H
deformation, 4, and the C—C stretching, $,,, co-ordinates are largely excited together,
and that whereas the description of the 1332cm™! frequency in C;Dy as a C—C stretching
and 811cm™! as C—D deformation can broadly be upheld, for C;H4 the description of
1033 cm™! as the C—C stretching and 1480 cm™! as the G—H deformation frequency has
considerable justification. For the out-of-plane classes B,, and E,, of tables 6 and 12 the
interaction terms are so large as to make the description suspect. If, however, transformation
is made to the alternative symmetry co-ordinates S§ and S7;, the interaction terms are much
smaller and the vibrations are essentially C—H deformation and C—C ¢-type twisting
except in the B,, class of C¢H;, where there is considerable mixing.

INFRA-RED INTENSITIES

No accurate measurements of infra-red band areas are available for benzene, and the
use of the normal co-ordinates to determine accurate dipole moment gradients must await
further experimental work. Nevertheless, it is feasible to make a start on this problem and
at least to predict the relative order of band strengths. For this it is necessary, at present,
to work in arbitrary units of intensity, and so the experimental values quoted in the tables
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are 10 times the reciprocal of the pressure in cm Hg required to give 50 9, absorption at the
P and R maxima in a cell 45 cm long. This unit is taken as it is of a convenient magnitude
and may be obtained directly from the curves of Ingold and coworkers. The shape of all
perpendicular bands should be nearly the same, and the values should approximate to the
relative band areas. Likewise amongst the parallel bands, although the relative intensities
between the two types will be in error.

In the out-of-plane classes, S, is the only co-ordinate in the same symmetry class as 4, in
benzene itself and a knowledge of the value of ], for the normal co-ordinate is sufficient

. . . . .. . 0 2
to determine the intensity in all cases since this is proportional to v( p gz S 1) , where, as
) 11

above, §* = d5/0Q. In the arbitrary intensity units employed agreement with experiment

is obtained with
intensity = (¥/1000) (2557,)?,

with §}; in angstréms and a normal co-ordinate normalized to energy 44v. This expression
gives the calculated intensities of tables 9 and 14 to 20. Although agreement with experiment
is not all that could be desired, the bands are all of the predicted order of magnitude, and
it would be premature to expect much better agreement considering the neglect of such
factors as band area, resolving power, pressure broadening, amplifier linearity, solubility
of benzene in grease, condensation on cell windows, incipient Fermi degeneracy, anhar-
monicity, etc.

For the planar vibrations, u,, #, are in the E), classand the intensity should be proportional
to : '

2

2
(a'uy Steat Oty St —I—M‘%w) +("%S,8b+ O {9’b+3aﬂx‘S£0b) )

08160 1% 0S19s ¢ 0S5, 08155 % OSigy S200
: oy _ O
Wlth B—E——E.

Comparison with the three E,, vibration intensities of benzene gives the three dipole
moment gradients provided it is clear whether to take the positive or negative square root
of the intensity in each case. It is not easy to predict by inspection which sign should be
taken, and it is better to take all possible combinations of sign, predict the intensities of the
deuterated benzenes with the dipole gradients obtained and choose the set which gives the
best fit. In the present case it is found that the fact that the 1332 cm™! absorption of C¢Dq
is so much weaker than the 1480 cm~! absorption of C4Hy means that only solutions in which
du/0S,g and du/dS,4 are of the same sign can be accepted. The relative sign of du/dS,, is not
given with certainty with the present experimental accuracy, but the best fit was obtained

with the expression
: intensity = (v/1000) (17875 + 14574+ 1685)2.

This intensity is naturally doubled when the a and 4 vibrations retain their degeneracy.
There is no direct clue to the absolute signs of the dipole gradients. However, for the out-of-
plane vibrations it is known (Bell, Thompson & Vago 1948) that the H atom is at the
positive end of the moving link dipole, and it seems likely that this would be so for the S,

co-ordinate also. In both cases the sp? hybridized carbon atomic orbital is not easily able to
18-2
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follow the H atom in direction, and as a consequence the electrons are liable to remain
nearer their positions in the equilibrium configuration, so that the centre of the negative
charges does not move as far as the centre of positive charges. If these signs are adopted,
figure 2 shows the direction of the dipole for the phase crudely indicated, the point of the
arrow being the negative end of the dipole.

XL XTI

Sof smT Saor]

Ficure 2

RAMAN INTENSITIES AND DEPOLARIZATION FACTORS

Although Angus ez al. (1936) provide integrated intensities for the Raman shifts of C¢Hj
and CgD,, they are not of the accuracy which could be obtained with modern spectro-
meters using photo-electric detection, and again only approximate calculations are
feasible. Before inclusion in tables 4, 7, 8 and 14 to 20, the experimental values of relative

intensity have been multiplied by
(1= e M4T) (1)

to correct to 0°K and a standard observational frequency v, assumed to be 24700 cm~!
corresponding to the 4047 A line of Hg (see Woodward & Long 1949). This factor is fairly
significant and increases the intensity of a shift of 3000 cm™! by over 50 9, relative to a shift
of 1000 cm~!. For CsHy and CgDy the relative strengths between the compounds is known
from an experiment with the mixed liquids and only one scale factor is involved. For the
other compounds only peak intensities are known, and in each case a factor has been
included so that observed and calculated intensities agree for the strongest line of each
compound and its observed intensity is given in brackets in tables 14 to 20. The depolariza-
tion factors, g, are quoted unchanged; ¢ = 0-86 = ¢ indicates full depolarization. In the
tables 7, for included, means that the observations refer to two vibrations and that the
vibration in question accounts for only part of the intensity.

The Raman intensities are best discussed in terms of the symmetric polarizability
derivative, @', and the anisotropic polarizability derivative, y’. These symbols are in
general use (Long 1953) for these quantities and have been used here since confusion with
the ring C—C—C deformation and the out of plane C—H deformation angles is slight.
The Raman intensity referred to a fixed observational frequency and 0°K is proportional to

4552413y
for the Stokes lines and the depolarization factor is given by

o= 6y'2/(450'2+7y'?).
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The non-zero components of @’ belong exclusively to the 4,, class and are given by

9a2 {(23% 4 ) g +(2(;9§xx +%) S/]

remembering the identity de,,/0S = da,,/dS which holds for this class. For the in-plane
vibrations y’2 has three non-zero components:

o [ (0%, 0o\ o (0%, da,\ o7
= (as 7S, )S (as; ‘aSZ)SZJ
for the 4,, class, as can be obtained from the more general formula (Herzberg 1945) by
the use of the same identity:

A A

: do, do dot do,
2 xx Q7 xx Q/ xx Q7 wx Q7
Y (aS Soat 35 S1at g5, Ssat 550 )

which is obtained by use of the identity d«,,/dS = —da,,/dS which holds for the E,,, vibra-

tions:

SOCIETY

0%y or | 0%y or | 00y o | 0y o
(as Soot 35, S5 Swtagt S)

for the E, , vibrations and there is the further identity

do,, _ Oa,,
2S, 0S

OF

for this decomposition of the degenerate E,, class. The total value of y'2 is the sum of the
separate y'2 for the classes involved. R, is in the inactive 4,, class, and so rotations do not
affect the intensities of the Raman lines of the planar vibrations.

To calculate the polarizability gradients from the observed integrated intensities involves
the selection between alternative roots of quadratic equations in such a way as to give the
best fit for the isotopic molecules. This seemed to be obtained with the expressions

@'? = (9-65]—2:755)2,
y'2 = (8957 —17-85;)2 for the 4, class,
Y%= (3:85;+4-157—3-25;+0-85)%  for the E,, class,

A B

but other expressions led to intensities and depolarizations not wholly outside the experi-
mental uncertainty. In view of this, further discussion of the relative signs in terms of
intuitive expectations of the polarizability derivatives or bond polarizabilities would be
premature, except to point out that many of the signs are unexpected, e.g. the opposite
signs of the coefficients of §; and S, in @'. This has already been noticed by Lord & Teller
(1937) who undertook a similar treatment for the 4, class, although their numerical values
are somewhat different as they did not include the (1—w/y,)~* term in the intensities.
These authors also discussed the E|, class which is more troublesome, since it also con-
tains the rotations R,, R,. Their treatment relates the intensity of hexadeuterobenzene to
that of benzene itself and is cumbersome for the partly deuterated molecules. It is easier
to adapt their treatment to give functions of the symmetry co-ordinates and two parameters,
one of which relates to the polarizability of the whole molecule and the other to the change

SOCIETY

OF
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of polarizability occurring during the §}, vibration. The forms of the E, -like vibrations
are not exclusively determined by the internal motions which must be supplemented by the
condition of no rotation; this determines the ratio z;/Z; for the E,, class of the molecules
with Dg, symmetry, and this ratio will depend on the moment of inertia and the masses m;.
If, however, the median plane of the carbon atoms is taken as a reference x*y* plane for a
co-ordinate system x*y*z*, coincident with xyz at equilibrium, there is no ambiguity about
00,x [0S, Which is 1ndependent of the masses. If, further, the angles of rotation of the
carbon plane with respect to the xy, space-fixed, plane of the inertia ellipsoid are taken as
, and v, for rotation about x and y respectively, then

2
»}/’2 (aaaS k¥ S{Oa+( )wy) for Elga VibratiOnS,

2
Y2 = 3(‘;(; A2 S 0+ (2 —.2) a)x) for E,,, vibrations,

for which w, and w, are assumed small and there are the identities 0u,s,+/0S}, = —0tys,+[0519,
and o, = a,,, and the « are the elements of the polarizability tensor of the whole molecule.
The above expressions hold also for the deuterated benzenes except for 1:2:4-trideutero-
benzene in which the E,,, and E,,, vibrations are merged into the same class 4”. Expres-
sions for w, and w,, in terms of S}, for Dy, symmetry are

nyy = 3%R0(1 +p) mS04
01, = 3%R0(1 +p) mSigp

in which the 7 are the moments of inertia and m is the mass of the H or D atom. When ),
has its amplitude S;, the o are the librational amplitudes for a vibration of energy $/w
which are required for substitution in the intensity expressions. For lower symmetry the
values of w depend on the other S’ of the same symmetry class but they are still expressed in
terms only of the S, [ and the masses of the peripheral atoms.

Best numerical fit was obtained with

y'2 = (0-4157,+10-20)2,
where w is the librational amplitude in radians. The molecular polarizabilities have been

given as &ty = “yy = 1231 % 10-—25>a2z = 635 %X 10~25 cm3

by Stuart & Volkmann (1933), and so it seems that da,«,+/S},, must be negative, which is the
reverse of that to be expected for a crude picture for which it would be said that the C—H
bond is likely to have a higher polarizability along its length than in the perpendicular
directions. This rather surprising result suggests that the assumptions, expectations and
validity of an isolated bond picture of the polarizability requires closer investigation,
although it is possible that the assumption of the space-fixed orientation of the inertia
ellipsoid is too naive to apply to the liquid state. An unusually large polarizability perpen-
dicular to the C—H bonds might be accompanied by a large numerical value of d«,,/dS,
which would help to explain the relative signs of the polarizability derivatives in the 4,,
class. More accurate measurements, if possible in the gas phase, should establish the
relative signs with greater certainty. The Raman shift intensities calculated for the Stokes
lines corrected to a fixed frequency v, are given in tables 4, 7, 8 and 14 to 20 in the arbitrary
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units required for agreement with the C¢Hg lines and are seen to be satisfactorily in agree-
ment with experiment, as are the depolarization factors, when the approximate nature of
the measurements are considered. Classes which are not derived from the 4;, class of
benzene all have theoretical depolarization factors of ¢ for all lines.

ALTERNATIVE B,, ASSIGNMENT

Although the figures given above show that the assignments of Ingold and coworkers are
reasonably acceptable, there remains considerable doubt concerning the B,, carbon
frequency of C¢Hg and the related modes of the other molecules. A suggestion has been
made by Mair & Hornig (1949) that this frequency lies at 1311 cm~! and not at 1648cm™1,
and that the hydrogen deformation of this class is at 1147 cm™!. To fit these frequencies
and the CgDy frequencies at 1285 and 825 cm™!, the required force constants are

A, =3940x 105, TI,=0-822x10° and u,= 0-30x105dyn/cm,
if the alternative set (Hornig 1950) with
Ay, = 4361 X105, p, = 0667 x 105dyn/cm

are excluded on the grounds of the large value of 4, and consequently of the 7 which would
be more than doubled. The force constants for the Mair & Hornig assignment have been
included in tables 2 and 3 as alternatives and the calculated quantities in tables 11, 17, 19
and 20. From the latter it can be seen that the new assignment is equally acceptable for
these partially deuterated compounds. Apart from the B,,-like carbon frequencies the
changes are small, and this is likely to be true for the remaining compounds, so that a re-
calculation of the B, classes of CsH;D, meta-CiH,D,, vic.-C¢H,D, or the 4, class of ortho-
Ge¢H,D, was not attempted in view of the labour involved and the fact that there is no
conclusive evidence for the Mair & Hornig assignment.

Two comments in favour of the new assignment can be made. (i) A B,, frequency of para-
Ce¢H,D, is observed at 1106 cm~!. Initial calculations with a force field for the Ingold
assignment which gave the closely related B,, frequency of CsHy at 1112cm™! (observed
ca. 1110 cm™1) predicted 1082 cm~! for the para-CsH,D, frequency which is more than 2 9,
from the observed. A small adjustment of the constants raised the CgHg frequency to
1122cm™! and the para-C¢H,D, frequency to 1088 cm™! as given in tables 11 and 17; both
of these are within 2 9, of the required values, although it is unexpected to find that one
should be too high and the related frequency too low. Admittedly, the frequency 1770 cm~!
of Ingold ¢t al. may be too low, but the position is in contrast to the Mair & Hornig case for
which the calculated B,, frequency of para-C¢H,D, is 1103 cm~! which is within 0-3 %,
without any need for adjustment or compromise. (ii) The predicted infra-red intensities
of the B,,-like carbon vibrations of the Bj, class of para-C;H,D, and C;H,D, are low but
yet not zero and are of a magnitude that should be clearly visible on the curves of Bailey,
Carson, Gordon & Ingold (1936), and the observed bands at 1603 and 1585 cm™! respec-
tively must be due to these vibrations. These are 14 cm~! lower than the calculated values
in each case, whereas the related CgHg frequency inferred at 1648cm=! is 18 cm~! higher
than the calculated. Again the force constants are in the nature of a compromise. For the
Mair & Hornig assignment there is agreement to within 8 cm~! with half the presumed
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overtone frequency for the corresponding vibrations at 1292 and 1287 cm™! in each case.
Admittedly, there is no sign of absorption at these frequencies in the infra-red spectra
where they are permitted to appear by the selection rules, but the expected intensity is
extremely slight as indicated in tables 17 and 20 and bands of these intensities would not

be visible on the experimental curves.

The majority of the calculations were performed with either a Friden ultramatic electric
desk calculator or the matrix calculator described by Dr Robb (1954), whom I wish to
thank for the loan of it. The larger classes with 10 or 11 frequencies were computed by the
Mathematics Division of the National Physical Laboratory for which I should like to thank
Dr Wilkinson. Also, sincere thanks are due to the National Coal Board for sponsoring the
program on the infra-red spectra of aromatic compounds and to Professor H. W. Melville,

F.R.S., for his interest.
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&, ia
o, ia

ia #y

ia ia

ia ia

ia ia

ia ia

a 2y

ia M

TABLE 1. SYMMETRY CLASSES, SELECTION RULES AND DEFINITION
OF SYMMETRY CO-ORDINATES

coefficient for j=
A

ot ot ot el ot ot ot bt et b P ot ko et

bt DN bt bt D et D bt D DD et DD et bt et d e

3

| |l 1
Pt e P g P pd

|
[

1
1

4 5 Ei times
1 1 1 6-% AR,
1 1 1 6~  Ar
1 1 1 6=t 1
-1 1 -1 6~ Ry
-1 1 -1 6% 1y,
-1 1 -1 6-% 0
-2 1 1 122 Ry
-2 1 1 127 Ay
~1 2 -1 124 AR
0 -1 1 2-1 08;
0 -1 1 2-1 Ry
0 -1 1 2-1 Ar;
-1 0 1 2-1 AR,
2 -1 -1 12t g
0 -1 -1 2-1 0Y;
2 1 -1 12% py,
1 1 1 6-% 0Y;
1 -1 1 6%  Rya
1 -1 1 6% Ay
1 -1 1 6% AR
1 -1 1 8-t  17,p
-1 2 -1 12% Ry
0 -1 1 2-1 0Y;
-1 2 -1 12 R,
1 0 -1 21 Ry,
—2 1 I 12t gy,
1 0 -1 2=l Ryg,
0 -1 -1 21 1B
1 0 -1 2-1 R,
2 1 -1 12t Ay
-2 -1 1 128 g,
-1 -2 -1 124 AR
0o -1 -1 21 Ar

ia=inactive; the a are the elements of the polarizability tensor and the g are the dipole moment components;
e=degenerate.

TABLE 2. ADOPTED FORCE CONSTANTS (10° DYN/CM)

planar

Q 5-120

Q, 5-100

Qg 5-020

Q, 5-150

T, 0-833

T, 0-910 (or 0-822)
T, 0-851

T, 0-914

A, 7-620

A, 5-160 (or 3-940)
A 5-380

2A, 7-340

Z, 0-661

Z, 0-846

X3 —0-18

o -0-13

2 0-00

20, 018

m 0-22

afl others 0 (assumed)

non-planar

0-525
0-430
0-342
0-248
0-196
0-156

0-245

—0-160
equivalent to

0-235
0-280
0-342
0-248
0-0490
0-0390

—0-028
0-024

Alternatives in brackets refer to Mair & Hornig’s assignment.

VoL. 248. A.
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TABLE 3. VALUES OF THE LATIN FORCE CONSTANTS (105 DYN/GM)
planar non-planar

D 5757 (or 5:553) P 0-286
d, 0-430 (or 0-633) , 0-012
d, 0-317 (or 0-113) P —0-022
1, 0-370 (or 0-573) by —0-017
E 5-093 Q 0-0290
e,, 0-025 g, —0-0100
en 0-008 A 0-014
€y —0-040 L 0-:000
G 0-879 (or 0-864) -

2 —0-002 (or 0-012)

m —0-003 (or —0-018)

2, —0-034 (or —0-019)

F 1-031

£ 0-185

7, —0-180

J, —0-028 (or 0-043)

f 0-008 (or —0-063)

7, —0-028 (or 0-043)

i, —0-127

all others 0

Alternatives in brackets refer to Mair & Hornig’s assighment.

TABLE 4. REsuLTs FOR THE 4,, cLAss OF CGgHg anp GgDy

C.H D

4,, class ~ 5.6 § , CGA 8 §
Vearo, (cm~1) 9924 30730 943-4 2286-4
Vobs. 991-6 3061-9 943-2 2292-6
S7 (A) 0-:0506 —0-0094 0-:0485 —0-0161
S5 0-0065 0-1086 0-0126 0-0921
ASE2 (%) 989 1-1 95-7 4-3
Q832 1-1 98: , 4-3 95-
R} (A) 0:0206 —0-0038 0-0198 —0-0066
T 0-:0233 0-:0405 0-:0249 0-:0310
Raman int.:

calc. 12:0 17-8 9-8 17-9

obs. 11-7 18-0 114 15-2
Qecale. 0-09 0-41 0-07 0-35
Qabs. 0-09 0-4 0-08 0-35

Ri=Ry=R;=R,=R;=R;.

TABLE 5. RESULTS FOR THE 4,, crass oF CgHg AND CgDg

4y, class CeHg CgDs
Veare, (cm™1) 1328-3 1031-1
Vobs, ca. 1326 ca. 1037
Sz (A) 0-1779 0-1568
T S2 (%) 100-0 100-0
U; (A) 0-0085 0-0124
u —0-0578 —0-0423

U, =Uy=Uj=U,=Uj= Uy
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TaBLE 6. RESuLTS FOR THE B,, crLass oF GgHg AND GgDy
GsH (0N D)
B,, class ~ 08 . . b N
Veuro, (c™1) 705-9 992-2 600-9 8245
Vobs. ca. 705 985 ca. 601 ca. 827
85 (A) 0-3895 —0-1672 0-2395 —0-3489
S5 —0-1262 0-2602 0-0057 0-2735
SY 0-3906 0-4667 0-4966 0-1443
0,52 (%) 212-2 27-8 94-2 145-7
P, 52 59:6 180-4 0-2 239-9
29,8,85 —171-8 —108-2 56 —285-6
OFS8§? 53-3 54-2 101-3 6-2
D* S22 26-8 80-8 0-1 1075
2 S¥'S; 199 —350 o —14 —137
Z, (A) 0-0230 —0-0099 0-0141 —0-0206
zi 0-0403 0-0668 0-0588 0-0294
Li=—2y=2y=—Zy=Zy=—Z
TABLE 7. RESULTs FOR THE E,, crass oF GgHg anD GgDg
E CGHG CGDG
28 r - A N Ie - A,
Vearo, (c0™1) 610-0 3044-0 1599-3 11795 574-4 2274-8 1545-0 8683
Voba., 6056 3046-8  ca. 1595 11780 5774 2264-9 1561-5 867-3
S5 (A) 0-1097 0-0257  —0-0758 0-0463 0-1018 0-0474  —0-0704 :
S —0-0025 0-1090 00075  —0-0031  —0-0042 0-0913 00191  —0-0046
S5 00252  —0-0066 0-0619  —0-0177 0-0243  —0-0155 0-0629  —0-0044
kY —0-0422  —0-0068 0-0932 01402  —0-0580  —0-0155 0-0669 :
288 (%) 84-1 0-9 153 77 76-9 4-2 137 13-3
Q8572 0-2 98-6 0-9 0-2 0-8 92-6 6-0 .
Ay S 28-2 0-4 650 72 27-8 2:9 69-5 :
I, S22 125 0-1 233 714 251 0-4 124 69-
2055455 —82 0-1 53 13 —7-8 0-6 5-2 :
214864 —16-8 —-01 —-9-8 12-2 —22-8 —0-7 —6-8 15-7
R}, (A) 0-0311 0-0055  —0-0100 0-0090 0-0290 0-0096  —0-0085 -
T1a 0-0325 —0-0574 —0-0143 0-0108 0-0314 —0-0431 —0-0196 .
Us, —0-0174 0-0006 —0-0178 0-0033 —0-0165 - 0-0024 —0-0185 —0-0021
U, —0-0266 0-0000 0-0206 0-0784 —0-0344 —0-0002 0-0073 .
Raman int.:
calc. 22 82 3-8 2-9 1-6 9-1 3-0
obs. 2-2 81 ca. 46 27 1-3 9-2 26

R, = —2R,, = —2R,, =R}, = —2R;, = —2R;, =2.3-4R,, = —2.3-4R;, = 2.3-4R,, = —2.3-R;,,
Uy = — Uy, = U, = — Uy, = — 2718407, = 88U, = 31U, = — 271310, = 31U, = 31U,
Rib = R‘;b = U{a = U;a =0.

TABLE 8. RESULTSs FOR THE E;, cLass oF CgHg AND GgDg

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Zyy = Zyy= — Zhy = — Ziy = —27138Z;, = —34Z;, = 34Z;, = 21347, = 317}, = 347, Z;,=Z;,=0.
19-2

E,, class CgHg CeDs
Vearo, (€t0™1) 8511 660-7
Vb, 8489 661-7
Sto (&) 4 0-2223 0-1959
D;872 (%) 100:0 100-0
Z;, (A) —0-0130 —0:0190
Z9q 0-0884 0-0647
o (rad.) 0-01072 0-01567
Raman int.: ‘

calc. 1-04 1-50

obs. 1-0 15
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TABLE 9. RESULTS FOR THE 4,, cLAsS OF CgHg aAnD GgDy
4,, class CeHg CgDs
Ve, (1) 673-0 494-1
Vobe. 671 496‘51}
i, (A) 0-2321 0-1989
@873 (%) 100-0 100-0
Z; (A) —0-0073 —0-0117
z4 0-0874 0-0695
ir. int.:
calc. 22 12
obs. 18 14
=2y =2y =2, =Z}, =27,
TaBLE 10. REsuLTS FOR THE B, crass oF CgHg anp CeDy
CeHs CeDs
B,, class - \ e A —
Veuo, (€m™1) 10122 3067-8 961-5 22844
Vb, ca. 1010 ca. 3062 ca. 963 ca. 2290
iy (A) 0-1734 0-0328 0-1660 0-0562
Sy —0-0068 0-1087 —0-0131 0-0921
2,82 (%) 98-8 12 95-4 4-6
»S2 12 98-8 46 95-4
R, (A) 0-0204 0-0039 0-0196 0-0066
T 0-0232 —0-0405 0-0249 —0-0310
TaBLE 11. RESULTs FOR THE B,, crass oF GgHg aAnD CDg
Ingold Ingold Mair & Hornig Mair & Hornig
B,, class CeH; CeDs CeH, CsDs
bewe, (cm~1)  1629-8 1122-3 1572-5 822-8 1307-2 11478 12857 8256
Voba. ca. 1648 ca. 1110 ca. 1571 ca. 826 1310 1150 ca. 1285 ca. 825
Sis (A) 0-0645 0-0383 0-0713 0-0227 0-0731 0-0355 0-0805
Sts —0-1006 0-1327 —0-0643 0-1259 —0-1085 0-1349 —0-0588
Ay (%) 663 34-0 84-1 16-2 810 218 100-0 2:9
T,S 285 71-9 121 88-3 373 65-6 111 91-7
21, 87,515 52 —59 3-8 —45 ~183 12-6 —111 54
U; (A) 0-0152 0-0090 0-0168 0-0053 0-0172 0-0084 0-0190
u] —0-0259 0-0632 —0-0094 0-0568 —0-0271 0-0634 —0-0050
Uj=-Uj=Uj=—-U;=Uj=-Us.
TaBLE 12. REsULTs FOR THE E,, cLass oF CgHg anp CgDg
CH CsD,
E,, class , 00 — - 00 —
Vet 404-2 9840 3497 804-6
Vobe, 405 ca. 970 ca. 362 ca. 793
Si6 (A) 0-2784 0-1176 0-2425 0-1741
7 0-0679 0-2495 0-0359 0-2390
ST 0-3758 —0-4301 0-3894 —0-2892
0,52 (%) 1507 11-1 132:1 29-6
252, 247 1370 80 1537
29,816517 — 754 —481 —40-1 —83-3
0512 68-7 370 852 20-5
(OERY 16-1 89-4 52 100-3
2ESES,, 152 —26-4 96 —20-8
Z,, (A) 0-0348 0-0147 0-0303 0-0218
Zog 0-0792 —0-0770 0-0806 —0-0488

Zyy=—Z3=Zs = —Z4, = 271882}, = 347}, = 317, = 271387, = 847, = - 34Z;,, Z] =7 —0.

0-0109
0-1353

0-0026
0-0578
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TasrE 13. REesuLTs ForR THE E,, cLass oF CgHg anp CgDy
D
E,, class ; CGE_IG . , GGA s \
Veale. 1033-4 1489-2 3079-0 807-9 1331-2 2288-4
Vobe, 1033 1480 ca. 3080 811 1332 2283
Sy (A) 0-0813 0-1515 0-0076 0-1025 0-1077 0-0157
RV 0-0424 —0-0378 —0-0088 0-0270 —0-0476 —0-0164
Sho 0-0040 —0-0057 0-1084 0-0042 —0-0144 0-0917
T, 83 (%) 29-4 710 0-1 59-9 401 05
2A, 5713 64-2 354 09 333 62-8 4-3
Q,82 0-4 0-6 99-0 0-6 41 95-4
281,858 60 —70 0-0 6-2 —7-0 -02
R, (A) —0-0165 —0-0096 0-0053 —0:0138 —0-0121 0-0090
7, —0-0188 ~0-0129 —0-0573 —0-0162 —0-0204 ~0-0439
U, —0-0102 —00135 0-0005 —0-0036 —0-0170 0-0016
uh, —0-0646 00500 —0-0005 —0-0637 0-0214 —0-0009
ir. int.
calc 88 11-2 19 71 23 10
obs. 7-9 9-2 ca. 17 ca. 10 2:5 16
Ri,=2Rj, = —2R,, = —R,, = —2R;, =2F;, = —2.3-%R},, = —2.3-%R;, = 2 .31}, = 2 .3-R;,,
Ry =Ry, =0, :
Use = Use = — Us, = — U, = 271880}, = 81U, = - 34U, = — 271310, = - 3405, = 840;,, U, = Uj, =0.

TaBLE 14. RESULTS FOR MONODEUTEROBENZENE (C,,)

v (cm™1) Raman int. e ir. int.
rcalc. obs? ’ calc. obs. K rcalc. obs. ) - calc. obs. K
A, class a P a
30755 3066v 8:0 .24 0:41 1. 043 4-6 ca. 2
3069-9 3060 4-2 1. 24 0-69 i. 0-43 1-0 ca. 1
3069-9 3054-8 54 .24 0-41 . 0-43 0-7 ca. 1
2282-9 2269-0 4-3 2:4 0-51 0-61 1-7 2:3
15899 1591-1 1-6 2:6 0-85 0-8 0-:05 —_—
1482-2 1479 0-:02 mw 0-38 — 52 ca. 4.
11777 11756 14 1-8 0-84 0-8 0-01 —
1029-9 1031-0 0-16 04 0-:09 — 4-0 2-1
1006-0 1006-8 2:0 2:4 0-09 0-40 0-11 —
979-1 980-0 9-3 (9-3) 0-08 0-28 0-14 —
6035 i. 601-8 11 . 21 0-86 1. 0:81 0-:00 —
4, class a ap ia
984-0 ca. 970 - 0-00 — — — e e
851-1 849-9 0-52 . 12 — — — —
404-2 ca. 405 0-:00 — —_— — — —
B, class (Ingold) a dp a
30789 3077 0-00 i.24 — — 9-4 ca. 3
3044-0 3044 4-1 .24 —_— —_ 0-00 —
1623-8 ca. 1620 0-1 —_ — — 0-08 —
1592-6 1574-3 1-8 1-8 —_ —_— 02 —
1455-0 1449 0-1 mw — — 4-0 ca. 4
1300-7 1292 0-2 0-3 _— _— 0-00 0-1
1145-1 1158-2 0-7 1.0 — —_ 0-07 0-1
1074-7 1075 0-2 0-3 — — 2:0 1-4
857-4 857-1 0-3 i. 1.2 _— — 2:1 16
603-0 i. 601-8 1-0 i. 21 —_— — 0-01 —_
B, class a dp a
989-4 995 0-00 w —_ — 0-0 0-2
934-3 922 0-08 w _— —_— 0-4 1-2
780-4 7787 0-32 0-6 _— — 4-0 11
700-7 698 v 0-01 — — — 32 55
607-0 608 v 0-08 — — — 13 24
3824 380 0-03 mw —_ — 0-1 0-3
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