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LOW-FREQUENCY RAMAN LINES IN PARA-DICHLORO-
BENZENE

By HARI NRRAIN anp BISHAMBHAR DAVAL SAKSENA

(Recelved for publicalion; October 3, 1950)

1
Plates 1V A4, B.

ABSTRACT. The low frequency lines of p‘ﬁra-dichlorobenzene have been studied in
different orientatinns of the crystal which was in tie form of a cylinder with the symmetry
axis along the length of the cvlinder. Raman;&' spectra of the liquid and of a different
specimen of solid para-dichlorobenzene have also bgen studied. The Raman spectrum shows
six polarised frequencies 330, 747, 1071-1084, 1106, 1169, 3,72 and seven depolatised fre-
quencies 299, 628, 675, 1248, 1376, 1485, 1573. In the directional excitation of the solid in
the form of a single crystal it is found that if the crystal be illuminated with its symmetry
axis along the direction of observation and the electric vector be along the direction of,
observation or perpendicular to it along OZ, it is noticed that the frequencies 747, 1071
1106, 3072 are very much increased in intensity in the latter case than in the former while
308, 630, 1376 remain nearly of the same intemnsity in the two cases and 330, and 1576
are reduced in intensity. Similarly the low frequency line ¢4 is much weaker than 27
when the electric vector is along OY and stronger when the electric vector is along 0Z.
The frequency 54 remains strong in all the cases. The tensors have been derived for these
frequencies, which indicate that each frequency represents a symmetric and an asymmetric
oscillation The tensor for 94 also indicates that the asymmetric component is much
weaker than the component of symmetric oscillation. This frequency, therefore, behaves
like the frequencies 747, 1106, etc.

The frequencies 299 and 330 also show variations in inten.ity. The frequency 299 in
liquid is increased to 308 in solid. In the liquid 29g is weaker than 330 but in the solid 308
is comparable to and even greater than 33o.

In the solid pictures we find two different low frequency spectra. In our picture we
get the frequencies 27, 54 and g4 while in the other we get 45, 57 and 84 although the liquid
spectrum is the same in the two cases. As 27 does not vanish in any orientation, it
follows that the disappearance of frequency 27 in the second case is not an orientation effect.
The latter irequencies were obtained by Venkateswaran by rapid cooling from the melt
and it is likely that the second solid was obtained in that way. It is suggested that the
results reveal a change of structure of para-dichlorobenzene in the way the crystal is grown.

INTRODUCTION

The low frequency Raman spectrum of para-dichlorobenzene has been
investigated by Vuks (1936, 1937), Sirkar and Gupta (1936, 1937), Sirkar and
Bishui (1937) and Venkateswaran (1938). Vuks found that the low frequency
spectrum changes with temperature and from this he concludes that there
are two modifications of the substance—the a-modification being stable below
32°C and the B-modification is stable above 32°C. The transformatjon accord-
ing to Vuks does not involve any change of volume. Vuks has called these
low frequencies as lattice oscillations. Sirkar and Gupta and also Sirkar and
Bishui find that there is no change in the Raman spectra at 32°C and 45°C.
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They, however, report a change when the mass is cooled in ice and brought
to the room temperature. The former authors also report that there is no
change in Laue patterns with the hot and the cold crystal. Venkateswaran
is also unable to confirin the change in the spectra of para-dichlorobenzene
at less than 25°C and greater than 33°C as reported by{uks attributing it
to a change of crystal form, although the substance was kept for well over a
week at ice-cold temperature. Sirkar and his co-workers aver that these
oscillations are unot of the lattice but arise from intermolecular oscillations
of polymerised groups in the solid. The results of these authors are given
in the Table 1.

It may be seen from ‘Table I that the frequency 27 has been
obtained only by Vuks and that he has distinguished between the ¢-and B-
modifications by the appearance or disappearance of this frequency. It is
now well known that the intensity of Raman lines in a crystal varies with
directional excitation. It is therefore important to study whether its dis-
appearance is an oricntation cffect or due to crystal modification as suggested
by Vuks. It may be stated that the pictures reproduced by Sirkar and
co-workers and also by Venkateswaran are not good cnough to clearly bring
out the frequency 27. Both these authors have not worked with single
crystals with the result that the Rayleigh line has become much over-exposed
due to extraneous light. By working with single crystals we have been
able to get very good pictures and the low frequency lines have come out
very distinctly without being masked by the halation due to Rayleigh line.

CRYSTAL STRUCTURE
According to Hendricks (r1033) para-dichlorobenzene belongs to the mono-

clinic prismatic class having the point group Cg,,
and the unit cell countains two molecules. The
dimensions of the anit cell are a=15.88K, b=4.13
and c=14.884, £ 6=112° 30'. ‘The unit cell is
shown in figure 1. * The centre of inversion is
locatcd at the centre of each molecule and the
orientation of other molecules can be obtained
by the glide plane of reflection in (010) planes, the

gliding being parallel to the g-axis. The elements
of symmetry are

P — e e = - -

Cg Screw axis (1, 2)

. ¢t Centre of symmetry (1) (2)
7 Glide plane (1, 2)

The b-axis in the crystal is the axis of two foldl
symmetry while the c-axis is easily identified as
the crystal is elongated along-this axis. ‘The crystal
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being monoclinic, one of the optic axes £ coincides with the symmetry axis
b of the crystal, the other two optic axes namely « and y lie in the plane
(010). Their exact orientation is not known but as £ 6=112° 30’ they will
be making small angles with the a-and c-axes. Bragg (1939) has shown
that for aromatic crystai of the mnaphthalene class the length of the
molecule lies along the elongated axis. In the case of para-dichlorobenzene,
since ¢ is very large in the umit cell, the length of the molecule should be
nearly parallel to the c-axis along which the optical polarisation should be
maximum. According to Hendricks, the molecules are almost parallel to
the c-axis in the projection of the unit cell on the ac plane. We may there-
fore consider the molecules as 1oughly lying in the bc plane, the breadth of
the molecule being along the b-axis and the length along the c-axis. We
may therefore roughly regard b-axis as the axis of intermediate polarisability
and the a-axis as the axis of minimum polarisability. We have assumed
for the sake of simplicity that y-axis of polarisability lies along the c-axis
and the o-axis along the a-axis although these will in general be slightly
inclined to these directions.

LATTICRE OSCILLATIONS IN PARA-
DICHLOROBENZENILE

It is now well known that all crystals give low frequencies. Placzek
(1934) has shown that the modes of vibration of a crystal lattice may be
analysed by considering the unit cell as the basis. Bhagavantam (1939) has
in this way considered the modes of vibration of a number of crystals such
as calcite, NaNOy, gypsum and Saksena of quartz. Experimental work
on the directional cxcitation in crystals by Bhagavantam (1040} in calgcite,
Nedungadi (1939) in NaNOj and Saksena (1940) in quartz agree completely
with the theoretical predictions which shows that all frequencies shown by
a crystal are lattice frequencies. In a molecular crystal the low frequency
region appears well separated from the regions of high frequencies which
represent the molecular frequencies, but this is not so in the case of a linked
crystal like quartz where such a distinction cannot be made. The low
frequencies in a crystal are particularly sensitive to temperature.

In para-dichlorobenzene the low frequency spectrum is well separated
from the high frequency region which represents molecular frequencies.
The molecule C;HCly has a symmetry D,, and possesses a centre of
symmetry. The thirty internal modes are therefore equally divided in the
Raman active and infra-red active classes, the Raman active modes being

mmfrared inactive. Out of the 15 Raman active modes 6 are polarised and
9 depolarised.

The crystal of para-dichlorobenzene has a symmetry Cq; and has a centre
of symmetry at cach molecule. The Raman active modes will therefore
be infra-red inactive. As there are two molecules in the unit cell, there are
now 24 atoms and 72 degrees of freedom. For the two molecules we will
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have 60 internal and 12 external degrees of freedom. The 30 internal modes
and the six degrees of translation and rotation of each molecule, can be
coupled in the same or opposite phase to give 6u internal modes and 12
external modes. As regards the internal modes, we 1nay not expect any
appreciable change of frequency of molegular vibrations by coupling them
becausc the bindings in a molecule arc very much stronger than those between
the two molecules. Iach of the 30 internal modes will therefore be merely
doubly degenerate without showiug any appreciable change of frequency.

The cxternal modes will be of 1wo types namely translational and rota-
tional produced by coupling of translaions and rotations of the two

molecules. As the centre of symmectry is preserved in rotation, the rotational
modes will be Raman active and transiatigpal modes Raman inactive. Mathe-
matically these results may be expressed im the following Table 11.

TasLe 11
‘ Lixternai ’ Selection Surviving
Co £ C,  ay iiom, T modes [ 1’ rules tensor
‘ T R R IR components
i !
1, 1 1 1 1| 18 o o 3| oa1s 1 €aar €apy €19y €uy
A, 1 1 -1 —1 18 T, 2 0 6 15 / a
B, 1 -1 1 -3 18 Tr., T, 1 0 S ¥ / a
B, 1 -1 -—1 1 18 . o 3 ! 15 P S €.5, €5y
Un 24 o o o
€ 72 o o o

n, is the total number of modes, n’; the number of internal modes, T, R’
the modes of translational and rotational type and T pure translations. The
Raman active modes in the crystal may be divided into two classes, namely,
totally symmetric 1, and assymetric B,. As the centre of symmetry lies
at each molecule in the crystal, each of the Raman active modes of the
molecule will be Raman active in the crystal and will belong to both the
symmetric and anti-symmetric class. Similarly the three rotations of the
molecule will give rise to three totally symmetric and three anti-symmetric
Raman active rotational modes in the crystal.

The three symmetric modes are those in which the rotations are in the
opposite sense in the two nolecules. As the lattice modes involve intra-
molecular forces, we may not expect the same frequency for the two modes,
but as these frequencies are small it may mnot be possible to tresolve the
differences and the lines will therefore appear as broad bands. According
to Bhagavantam (1941) oscillations coming under the translatory type bhave
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smmall frequencies and the Raman lines are weak while those coming uader
the rotatory type will be characterised by relatively large frequencies and
will give rise to strong lines if the rotating group has large anisotropy.

The temsor components of the Raman active imodes in the crystal can
be determined by their behaviour in directional excitation. If OX be the
dircction of illumination, OY the ditection of obscrvation and OZ at right
angles to both, then the depolarisation ratio p, for the electric vector along

QY is po,—= "2“ "and for the clectric vector along OZ, p. =.__-_“ If o, 8,7y

€, Y s

be the directions of the optic axes of the crystal then since B axis is the
axis of symmetiry a totally symmelric vibration has four surviving tensor
components €,., €ag, €yy, ¢y and an anti symmetric vibration only two
componcnts €., €gy. The method of deriving the behaviour of these vibra-
tions for directional excitation has becen discussed by Saksena (1940). ‘These
are given in Table 1I1.

TanLy II1

|
|
|
i

! l
Symmetry axis l (YA { Y ‘ ON
——- e e ' I —_— .. —
Electric vector ‘ 0Z OY un-pol , 0Z OY un-pol 0Z OY unpol
_.___ s — S
Symmetric b o dt a2 at o a? o o o
Caa =0, €gy=0, €, =, & = 5 y = X a2 ¥ arqdr
‘air:d; C.AT=0, €gy =0, b? o b‘ t C‘ o Ci a d a +d
Antisymmetric n o 2 L o2 ot et 2 A
ne TEHYT= €, =€, , T O, — — A - - - . — —_—
:aﬁzeﬂﬁ‘ﬁr:‘:’- ' o 2 c i o A 73 o o o
Roth type symmetric and 12 a2 da?+s? | d9 O 2 g2 2. 42
a?z—+1? d « d?+4c ¢t f cé+ f
antisymmettic - ol 1 a2 f’ P".:f-f" 2 B iray
|

J’ b? ez bl+4c?

We thus see that with the syminetry axis along the direction of obser-
vation, the symmetric vibrations will be absent when the electric vector is
along the direction of observation while the anti-symmetric vibrations will
be absent when the clectric vector is along the perpendicular direction -OZ.
If a vibration is both symmetric and anti-symmetric the depolarisation ratios
arc as shown in the third row.

Bhagavantam has comnsidered the lattice modes of para-dichloro-benzene
but he has omitted the frequency 27 observed by Vuks. According to him
only three oscillations are observed and each is a symimetric and anti-
symmetric mode.

EXPERIMENTAIL

The crystal was supplied to us by late Shrimati S. Bai. It was grown
from melt by the process of slow cooling and was free from impurities as
it was grown afier several crystallizations. The crystal was in the form of
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a cylinder with its symmetry axis along the length of the cylinder. As the
crystal evaporates rapidly and internal cracks develop casily, it was not cut
in the form of a cube whose axcs are along the axes of polarisability cllipsoid,
but was worked as such. The crystal was quite clear in a fairly large region
and free from internal strains. ‘I'he light from a horizontal arc was focued
on the crystal contained in a glass tube and was polarised with the helpof a
polaroid with an efficiency of go% in the 45358?\ region. A\ double iinage prism
of calcite was used to split the scattefed light into horizontal and vertical
components. ‘I'he pictures werc taken ou,z*,a Hilger two prism glass spectro-
graph and measured on a Hiiger compa:rator. These results are shown in
Tables V and VI. One picture (Fig. ¢, Plate IV A) of the liquid spectrum
and one picture (Fig. c and Fig di of ,ihc solid taken on a Fuess glass
spectrograph were also given to us by iatc Shrimati S. Bai and their results
are also included here.

The low-frequency spectrum of the solid picturc (Ifig. b) taken by Shri-
mati S. Bai differs materially from that of our crystal although the molecular
frequencics are identically the same. ‘I'his crystal must have grown under
different conditions. ‘T'he resnlts measurcments of the low frequency
lines on the solid pictures taken by S. Bai support the results of Sirkar and
co-workers and of Venkateswaran while the results of measurements of the
spectra taken by us with the other crystal support the results of Vuks.  'The
results of measurcments on the two solid pictures and the liguid picture are
given in Table 1V and the results of directional excitation in Table V.

of

TABLE IV
L.ow frequencies Molecu'ar frequencies Spectrograms
——— - .- ! ——
Solid 27 54 04 | 308 339 630 747 1071 1100 X160 | (a) & /)
I (13) (30) (8) (10) (10: (& (10)  (2) (10) (0)
Solid 45 57 84 308 330 640 747 1071 1106 (0) & (¢)
IT (12) (8) (5 |8 (8 (& (6) (o) (6)
Solid 45 57 84 308 330 630 =17 1071 1100 1169 d.
11 (&) (6) 6) (2) &) 53 8y (2 (8) )
Liquid 209 330 628 075 747 1071 1084 1106 1100 e
5 8 ) ) W @) (3 8 ()
Polarisation D r D r P r & I
Solid 1376 1485 1573 3072 L ) & ()
T (n ' (8 (15) |
Solid 1376 148~ 1573 Suy72 | () & (c)
11 (1) (11 (4 (20} i
]
Solid 1376 1483 1573 3072 . (d}
I1 (1) (1 (6) (12) '
Liquid 12482 1376 1485 1573 3072 . (¢)
(0) (B 9] (1) (B) vy ‘
Polarisation D D I
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“

The liquid spectrum has been reported earlier by Kohlrausch and co-
workers who report 11 frequencies (for reference vide Hibben, 1939). The
liquid picture (¢) reported here is a very overexposed one and it shows the
presence of weak frequencies 675, 1248, 1485. The f-excitation of strong
frequencies 747 and 1573 should fall at 6go and 1516 which are far removed
from the obscrved values. ‘I'he frequency 1485 also occurs in several solid
pictures. ‘T'he polarisation picture shows that there are 7 well polarised
lines in the liquid while there sheould be only 6 according to theory. The
frequencies 1071 and 1084 form a close doublet both being polarised. It is
interesting to note that the sum of two strong frequencies 331 and 747 is
1078 which lies in between the observed frequeucies 1072 and 1084. It is
possible therefore that the frcquency at 1078 has split as a result of Fermi
resonance. A comparison of the solid and liquid picture shows a definite
tiecquency shift for the frequency 299 in the liguid to 308 in the solid
[1tigs. (¢) and (d)]. A comparison of the pictures of the two solids (I and
(I11) shows remarkable differences. The frequency 27 of solid (1), Fig. (a) is
absent in solid (II), Fig. (b) where a new frequency at 45 is present. ‘There
1s also a shift in the frequency g4 reported for solid /I). Also in solid (1)
54 is the strongest ficquency while in solid (II) it is 45. The spectrum of
solid (1) is the same as that of Vuks and the spectrum of solid (II) the same
as that of Sirkar and Venkateswaran. By a comparison of the two spectra
(¢) and (d) for solid (II) we find that while the spectrum (d) is stronger, the
lattice lines and frequency 308 in (d) are weaker than in (¢) and the remaining
molecular frequencics, cxcepting 308, are stionger. The frequency 308 shows
a much larger diminution of intensity than the lattice frequencies.

The low frequency Raman lines are very strong compared to mole-
cular frequencies. The visual intensities recorded for them are of the anti-
Stokes lines in 4046 excitation while the intensily recorded for the molecular
frequencies are of the Stokes lines in the 4358 excitation.

‘The following points may be noted :

(1) A comparison of the spectrograms (f) and (g) (Plate IV B) of total
intensity taken wih symmetry axis along OY but with the clectric vectors
along OY in one and OZ in the other shows that the frequencies 747, 1071,
1106, 3072—particularly the first three, are very much increcased in intensity
in the latter case when the electric vector is along OZ, while the frequencies
308, 630, 1376 remain nearly of the same intensity in the two cases and the
frequencies 330, 1573 are reduced in intensity in the latter case. The
frequencies 747, 1071, 1106 and 3072 are almost of the same intensity as 630
and 1573 when excited by thc electric vector along OY.

(2) Among the low frequencies 54 remains the strongest in all the
spectrograms. With the syminetry axis along QY. the frequency 27 is
stronger than 94 when the electric vector is along OY in (f), while it is much
weaker than 94 when the clectric vector is along OZ in (g). The frequency
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94 also appears weakest when the symmetry axis is along OX in (k). The
behaviour of ¢4 is thus similar to the behaviour of frequencies 747, 1071,
1106. 3072, which get stronger when the electric vector is along O7 and
symmetry axis along OY.

(3} The frequency 27 does not disappear in any picture.

DISCUSSION OF SPECTRAN OFF SOLID (.

(@) Molecular frequencies :

We shall first consider the liquid spectrum. According to theory we
should get 15 Raman lines of which 6 should be polarised and ¢ depolarised.
The six polarised frequencies are 330, 747, 1071-1084, 1106, 1169, 3072 and
seven depolarised lines are 299, 628, 675, 1248, 1370, 1185, 1573. The six
polarised frequencies naturally represent the planai vibrations of the
molecule ; of these 330 is a C-Cl oscillation, 3072 is a C-H oscillation and the
others are C-C oscillations. Amonyg the depolarised oscillations 299 and 630
represent vibrations perpendicular to the plane of the benzene ring.

All the lines in the liquid spectrum’appear in thc solid with the same
frequency. FEach of these lines is both a symmetric and anti-symmetric
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oscillation with respect to the crystal and the bchaviour of these lines in
directional excitation is dependent upon the fact as to which of the two is
stronger. Ftrom Table T11 we sce that if the symmetry axis of the crystal is
along the direction of observation, the symmetric oscillations are absent and
the anti-symmetric oscillations appear with great intensity if the electric
vector is along the dircction of observation but the reverse happens if the
clectric vector is along the perpendicular direction OZ. Now since the
molecular frequencies appear in both the cases they are both symmnietric and
anti-symmetric. T'he total intensity of a symmetric oscillation when the
clectric vector as well as the symmetry axis are both in the direction of
observation is o, while that of an anti-symmetric oscillation is e+, If a
vibration is both symmetric and anti-symmetric its intensity will be e’+f
where ¢ and f are compoypent tensors of the anti-symmetric type. If, however,
the electric vector is along (7 the intensity of both together will be d*+¢”
where d and ¢ are component tensors of the symmetric type of oscillation.
If, therefore, greater intensity occurs for a particular oscillation in the second
case, the syminetlric temsor componcents must be greater than the anti-
symmetric ones. In this way it has been possible to write the tensor
componcnts and analyse the vibrations.

It has been stated in the previous section that when the symmetry axis
is along OY and the exciting elcctric vector along OZ or OY. [spectrograms
(g) and (N], the frequencies 747, 1071, 1106, 3072 are stronger in the former
case than in the latter while 330 and 1576 are stronger in the latter case than
in the former and the frequencies 308, 630, 1376 remain nearly of the same
intensity in the two cascs. It follows from what has been stated above that
the sum of the tensor components d°+c¢® of symmetric oscillation of the
frequencies 747, 1071, 1106, 3072 is much greater than the sum of tensor
components ¢+ j* of the anti-symmetric oscillation of these frequencies,
while for 330 and 1573 the sim d* + ¢? is smaller than ¢* + f* and for frequen-
cies 308, 630, 1376 the two are almost the same.

The frequencies 747, 1071, 1106, 3072 are the polarised frequencies in
the liquid spectrum, and thcrefore represent the totally symnietric planar
vibrations of the molecule. It has been shown by Nedungadi (1941, 42) in
naphthalene that when the clectric vector is in the plane of the molecule,
the planar vibrations are excited more strongly than when it is perpendicular
to the moleculare#plane. In the case of a para-dichlorobenzene the molecule
lies roughly in the bc plane where b is the symnietry axis and ¢ the length
of the molecule. If the symimetry axis b is along the direction of observa-
tion QOY, and the c-axis vertical along OZ then whether the electric vector is
along OZ or OY it remains in the plane of the molecule. But the electric
vector will excite more strongly in thc direction OZ because this direction
is along the length of the molecule which is the direction of maxlmum optical
polarisation (vide Plate 1VB, Fig. gj. If the electric vector is along OY the
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direction of observation, it lics along the breadth of the molecule, and these
frequencies will be weaker for two reasons, firstly because the breadth of the
molecule is in a direction of intermediuatc polarisation and secondly because the
totally symmetric vibrations will scatter weakly when the electric vector is
along the direction of observation. From, Fig. k) Plate IV B we sce that the
molecular frequencies have come out very ;gvcak when “the electric vector is
is along OZ and the symmetry axis aléng OY. 'T'his is easily explained if
we imagine the c-axis to lic along the diregtion of illuimination OX so that
the electric vector OF is now pcrpendiculi to the plane Uc of the molecule.
In this case the electric vector O shall exgpite very weakly.

The behaviour of the frequency 330 appears to be different from those of
the other lines 747, 1071, 1106, 3072 in the liquid. The former decreases in
intensity when the electric vector is along " Z and symmetry axis along OY
while the latter increascs i intensity. As all these frequencies represent the
totally symmetric vibrations of the molecule, they should be expected to
behave alike. It is possible that the difference in behaviour may be related
to the nature of the vibration.

The frequency 299 also shows large variation in intensity and frequency
in passing from solid to liquid. In the liquid the frequency 299 is weaker
than 330 but in the solid it becomes comparable in intensity to 330 and even
stronger and its frequency also increases to 308, [Plate IVA, Figs. (e), (d) and
(c)]. ‘This frequency, likc 628, isan anti-symmetric oscillation perpen dicular
to the plane of the ring, and so the anti-symmetric tensor components would
be larger than the components of the symmetric femsor. It is possible that
308 represents the anti-symn;etric oscillation and 300 the symmetric one but
the latter may be too weak to appear. No such' variation of frequency has
been noticed in other lines. But the frequency 330 in the solid behaves
differently from other polarised vibrations likc 747, 1106, etc. and more like
the depolarised frequency 1573. This may be explained by supposing that
it is also an anti-syminetric oscillstion, in the crystal.

(b) Lattice frcquencies :

The behaviour of the low frequency Raman lines in the crystal in direc-
tional excitation can be explained if we represent the frequeucies by the

three tensors :

27 51 af
5 3 12 12§ 4 2 4
5 12 5 8 2 2 3
3 6 4 5 S o 7 8 7

The figures which are only relative and give the squares of tensor com-
ponents, have been arrived at by a careful study of all the spectrograms
taken with crystal and in different orientations with the help of Table I1I
by following the method described in the preceding paragraphs. It may be
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scen that cach frequency consists of a symmetric and an’ anti-symmetric part
but in the frequency o4 we find that the componenis ¢ and f representing
the anti-symmetric oscillation are smaller than the remaining tensor com-
ponents a, b, ¢, d which reprgsent a symnetric oscillation. T1'hus g4 behaves
in the same way as the polariscd molecular frequencies 747, 1106 etc. When
the symmetry axis is along QY and electric vector along O/, the intensities
of the three ircquencies 27, 54, 04 being given by the value of d°+c¢*® are as
7: 14: 11 while if the electric vector be along QY they will be given by
the value of ¢+ f* and arc as 11: 20- 5. Thus in the first casc 94 is stronger
than 27 and in the sccond case weaker while 54 is always the strongest.
Using these tensors the polarisation of the lattice frequencies have also been
written down and compared with the observed values :

Symmetry axis (A 07 oy oY ox
Electric Vectm QoY OY & 0Z 0Z oY 0OY & 0Z
27 Calculated 375 9/10 3/4 3/6 11/15
Observed 1/r 5/5 3/4 6/8 5/6
54 Calculated 5/12 13/17 5/9 12/8 20/17
Observed ‘ 2/8 12/12 5/6 20/12 R/6
—— —— ———————— — — ; - ———— ———— e - — — -
94 Calcenlated 4/2 774 4/7 2/3 5/8
Observed 3/10 3/ 3/6 4/6 1/2

1t has been stated ecarliecr that the low frequency Raman lines
represent rotational oscillations. The frequency of a rotational oscillation
will depend upon the moment of inertia involved in a given oscillation
while its intensity will depend upon the molecular anisotropy produced in a
given vibration. 'The frequency ¢4 may therefore be regarded as due to
oscillations about the length of the molecule or the c-axis as the moment of
inertia about this axis is minimum, while the frequency 27 'will represent an
oscillation about an axis perpendicular to the plane of the molecule or roughly
the a-axis as the moment of inertia involved in this case will be the largest.
The moment of inertia will have an intermediate value about the breadth of
the molecule and the intermediate frequency 54 may reasonably be assigned
to oscillations about this axis. As the intensity depcnds upon the optical
anisotropy coming into play during a vibration, we may expect the frequency
54 to be the strongest as the oscillations about the breadth of the molecule
will involve the largest anisotropy. /

It is to be remarked that the lattice frequencies are very much more
intense than the molecular frequencies. If we take three soft crystals—
gypsum, naphthalene and para-dichlorobenzene, we find that the lattice lines
are much weaker than the molecular Raman lines in gypsum, of comparable
intensity in naphthalene and of large intensity in para-dichlorobenzene. -As
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the lattice Raman 'lines are rotational oscillations, it is likely that this
difference is duc to the anisotropy of the rotating group. In gypsum the
rotating group SQy is tetralhedral and has the smallest anisotropy and so the
lattice lines will be weak. In para-dichlorobenzene, however, the anisotropy
of the rotating group is the largest, firstly, because the molecule is plane and
secondly because it is very much elongated along one of the axes, and so the
lattice lines may be expected to be very ingtense.

Companrison of the spectra of the soligs (I) and (IT).

Several spectrograms of solid (I) rcveél clearly the three low f{requency
lines 27, 54 and 94 cms™! both in the io46 and 4358 excitations, but the
two pictures (¢) and (d) taken with Ifucss glass spectrograph by 8. Bai
reveal three different frequencies 45, 57 and 84 although the liquid spectrum
is the same in thc two cases. The frequency 27 does not appear in that
picture. ’‘T'he spectrograms taken with crystal in different oricntations also
reveal the fact that the frequency 27 does not vanish in any oricntation.
Hence its disappearance in one picturc is not duc to an oricntation effect.

The difference in behaviour between sclids (I) and (I1) is also indicated
by the bchaviour of the molecular frequencies 308 and 330. In the two
pictures (¢) and (d) of solid (II) we find that in one picture (d) which is
stronger of the two, the molecular frequencies have come out stronger than
in the other but all the lattice frequencies and the frequency 305 are weaker.
This is different from: the behaviour of solid<{1) in which the lattice frequency
04 behaves differently from other lattice frequencies and more like the
symmetrical oscillations. Further, when the symietrical vibrations arc
stronger, the frequency 330 is weaker than 308 in solid (I) (IFig. g) but 308
is weaker than 330 in solid (II) {Fig. d)  Also 54 is the strongest frequency
in solid (I) and 45 in solid (1I).

Venkateswaran, while working with para-dichlorobenzene cooled from
melt also gets the same frequencies as those of solid (1II) namely 45, 57, 84.
In this case the substance cooled was not a single crystal, while in our case
it is a single crystal since it was grown from melt by slow cooling. Tt is
possible that a change of structure may occur in rapid couling and in fact
Sirkar and Bishui and also Vuks report change of frequencies by sudden
cooling in ice. We thercfore feel inclined to think that a change of structure
does occur in sudden cooling.

Bech (1006) and Vuks have discussed the transformations of para-
dichlorobenzene. Bech points out that when this liquid is cooled below 39°C
a sudden contraction of volume takes place, and this is considered as a
modification of the lattice. Vuks has discussed a transformation in which
the molecules rotate in their position so that the projection on the ac plane is
now inclined to the c-axis. ‘This transformation would require no change of
volume as the lattice is unaltered and it takes place at 32°C. DBut according
to Sirkar and Gupta this transformation would involve a change of X-ray
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intensities in Laue spots which hasnot been noticed by them. Venkateswaran
and also Sirkar and co-workers fail to report any change of spectra by change
of temperature. It howcver, appears definite to us that some change of
structure docs take place in the way the crystal is grown and the point
requires further investigation.
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