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ABSTRACT. The low frequency lines of pira-dichlorobenzene have been studied in 
different orientations of the crystal which was in tl|e form of a cylinder with the symmetry 
axis along the length of the cylinder. Raman| spectra of the liciuid and of a different 
specimen of solid para-dichlorobenzene have also bi^n studied. The Raman spectrum shows 
six polarised frequencies 330, 747, 1071-1084, Jio6, 1169, 3 >7.1 and seven depolat ised fre­
quencies 2y9, 628, 675, 1248> 1376, 14851 5̂73- 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 iwS 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 intensity in the two cases and 330, and 1576 
are reduced in intensit3  ̂ Similarly the loŵ  frequency line 94 is much weaker than 27 
when the electric vector is along O Y  and stronger w'hen the electric vector is along OZ, 
The frequency 54 remains stremg 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 intensity. The frequency 299 in 
liquid is increased to 308 in solid. In the liquid 299 is weaker than 330 but in the solid 308 
is comparable to and even greater than 330.

In the solid pictures we find two different low frequency spectra. In our picture we 
get the frequencies 27, 54 and 94 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 frequencies 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 wa> the crystal is grown.

I N T R O D U C T I O N

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 lie concludes that there 

.are two modifications of the substance— the a-inodification being stable below 
33'"C and the /^-modification is stable above 33°C. The transformation 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 4 5 °C .
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T h e y , how ever, report a change w hen the m ass is cooled in ice  and b ro u g h t 
to the room tcmpei-alure- T h e  form er au th ors a lso  report th at th ere  is no 
change in L an e patterns w ith the hot and th e cold  cry sta l. V e n k a te sw a ra n  
is also unable to confirm  the ch an ge in  th e sp ectra  of para-dichloroben zen e 
at less than 25'^C  and greater than 33°C  as reported  b 3 ^ ^ u k s  a ttr ib u tin g  it 
to  a change of crystal form , a lth o u gh  the substan ce w a ^ ;e p t  for w e ll o ver a 
w eek at ice-cold temperature. S irk a r and h is co -w o rkers aver th at th ese  
oscillations are not o f the lattice  but arise from  in ter m o lecular o scilla tio n s 
of polym erised groups in the solid . T h e  resu lts  of these authors are g iv e n  
in the T able  1.

It m ay be seen from T a b le  I  th at the fre q u en cy  27 has been 
obtained only by V iik s  and that he has d istin gu ish ed  betw een  the *-and /8- 
m odificutions by the appearance or disappearance of th is  freq u en cy . I t  is 
now w ell know n that the in ten sity  of R am an lines in a crysta l varies w ith  
directional excitation . I t  is therefore im portant to stu d y  w h eth er its  d is­
appearance is an orientation  effect or due to c ry sta l m odification  as su ggested  
by V u k s. It  m ay be stated that the p ictu res reproduced b y  S irk a r  and  
co-w orkers and also by V en katesw aran  are not good en o u gh  to  c le a rly  b rin g  
out the freq u en cy 27. B oth these au th o rs have not w orked  w ith  s in g le  
crystals w ith the result th at the R a y le ig h  line has becom e m uch o ver-exp o sed  
due to extran eous lig h t. B y  w o rkin g  w ith  sin gle  crysta ls  w e h ave  been 
able to get very good p ictu res and the low  freq u en cy lin es have com e out 
very  d istin ctly  w ith out bein g  m asked b y  the halation due to R a y le ig h  line.

C R Y S T A L  vS T R U C T IT R E

According to Hendricks (1933) para-dichlorobenzene belongs to the mono-

clin ic  prism atic class h avin g  the point g ro u p  C sh >  

and the u n it cell contains tw o  m o lecu les. T h e  
dim ensions of the unit cell are a =  s.88X , 6 =  4 , iX  
and c =  i 4.88.S, ^ ^==112° 30'. T h e  u n it c e ll is 
shown in figu re  i .  • T h e  centre o f inversion  is 
located at the centre of each m olecule and the 
orientation of other m olecules can  be obtained 
by the g lid e  plane of* reflection in (010) planes, the 
g lid in g  being parallel to  the a-axis. T h e  elem en ts 
of sym m etry are

Cg Screw axis (i, 2)

> t C entre o f sym m etry  ( i)  (a)

h G lid e  p lane ( i ,  2)

T h e b-axis in the crysta l is th e  a x is  o f  tw o  fo ld  
sym m etry w h ile  th e  c-a x is  is easily  identified  as 
the crystal is elongated a lo n g 'th is  a x is . T h e  c ry s ta l
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being m onoclinic, one of the optic a x e s  /? co in cid es w ith  the sym m etry a x is  
b of the crystal, the other tw o optic a x e s  n am ely  «• and y  lie  in the plane 
(oio). T h eir e x a ct oiientation is not kn o w n  but as Z  1 1 2 “ 3 0 'th e y  w ill 
be m aking sm all angles w ith the a-and c-axes. B ra g g  (1939) has show n 
that for arom atic crystal of the naph th alen e class the len gth  of the 
m olecule lies along the elongated a x is . In  the case of para-dichlorobenzene, 
since c is very large in the unit cell, th e  len g th  of the m olecule should  be 
nearly parallel to the r-a x is  along w h ich  the optical polarisation  should  be 
m axim um . A ccordin g to H en d ricks, the m olecules are alm ost p aralle l to  
the c-axis in the iirojection of the unit cell on the ac  plane. W e  m ay th ere­
fore consider the m olecules as lo u g h ly  ly in g  in the be plane, the breadth of 
the m olecule being along the 6-axis and the len g th  a lo n g the c-ax is. W e  
m ay therefore ro u g h ly  regard 6-axis as the a x is  of in term ediate p o larisab ility  
and the a-axis as the a x is  of m inim um  jio la risa b ility . W e  have assum ed 
for the sake of sim plicity  th at y-axis of p o larisab ility  lies along the c-axis  
and the a-axis a lon g the a -ax is  a lth o u gh  these w ill in gen eral be s lig h tly  
inclined to these d irections.

I v A T T I C E  O f i C I I v b A T I O N S  I N  
D I C H b O R O B E N Z 1; N I-:

P A R A-

Tt is now w ell know n th at a ll crysta ls  g iv e  low  freq u en cies. P la czek  
( i9.S4 ) has shown that the m odes of vibration  of a crysta l la ttice  m ay be 
analysed b y considering the u n it ce ll as the basis. B hagavan tam  {1939) has 
in th is w ay considered the m odes o f vibration  of a num ber of cry sta ls  such 
as ca lc itc , N aN O ;i, gyp sum  and Sakseiia  of q u artz. lix p c r im e n ta l w ork 
on the directional excitation  in crysta ls  b y  B h agavan tam  (1040) in cal,cite, 
N edungadi (1939) iu N aN ()3  and Saks»?na (1940) in quartz a gree  co m p lete ly  
with the theoretical p iediction s w h ich  show s that a ll freq u en cies show n b y  
a crystal are lattice frequencies. In  a m olecular crystal the low  freq u en cy  
region appears w ell separated from  the regions of h igh  frequ en cies w h ich  
represent the m olecular frequencies, but th is is not so in the case of a lin k e d  
crystal like quartz w here such a d istin ction  cannot be m ade. T h e  low  
frequencies in a crystal are particu larly  sensitive to tem perature.

In i>ara-dichlorobeuzene the low  freq u en cy spectrum  is w'ell separated 
from the h!gh  frequ en cy region w h ich  represents m olecular frequ en cies. 
I he m olecule t,(iH 4Cl2 has a sym m etry and possesses a cen tre of

sym m etry. T he th irty  internal m odes are therefore equally d ivid ed  in the 
Ram an active  and infra-red active classes, the R am an a ctive  m odes being
infrared  inactive. O ut of the 15 Ram an active  m odes 6 are polarised and  
9 depolarised.

I h e  crysta l o f para-dichlorobenzene has a sym m etry C g* and has a cen tre  
o f sym m etry at each m olecule. T h e  Ram an a ctive  m odes w ill therefore 
be infra-red in active. A s  there are tw o  m olecules in the u n it ce ll, th ere  are 
n o w  24 atom s and 72 degrees of freedom . F o r the tw o  m olecules w e wiU



have 6o iu tern al and 12 extern a l d egrees of freedom . T h e 30 internal m odes 
and th e  s ix  d e g re e s of translation  and rotation  of each m olecule, can be 
coupled  in th e  sam e or opposite phase to g iv e  6u internal modes and 12 
e x te rn a l inodes. A s  rega rd s the internal m odes, we m ay not exi> ect any 
a p p reciab le  ch a n g e  o f fre q u en cy  of m oleijular vibrations b y  co u p lin g  them  
because th e b in d in g s  in a m olecule  arc ver^y m uch stronger than those between 
the tw o  m olecules. E ach  of the 30 interniil m odes w ill therefore be m erely 
d o u b ly  d egen erate  w ith ou t show ing any appreciable change of freq u en cy.

T h e  ex tern a l m odes w ill be of two ty p e s  nam ely translational and rota­
tional prod uced  b y co u ijliiig  of transla|ions and rotations of the tw o

m olecules. A s  the centre of sym m etry is j^reserved in rotation, the rotational 
m odes w ill be R am an active  and translatic|pal modes R am an inactive. M ath e­
m a tica lly  these resu lts m ay be expressed i n  the fo llo w in g  T a b le  I I .

T a b i.k i t

Low-Frequency teaman Lines in Paro’-dichloro-henzene S3
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H i  is the to ta l n um ber of m odes, w', the num ber of internal modes, T ',  R '  

the inodes of tran slatio n al and rotational typ e  and T  pure translations. T h e  
R am an a ctiv e  inodes in the crysta l m ay be d ivid ed  into tw o classes, n am ely, 
to ta lly  sym m etric  and assy m etric B v  A s  the centre of sym m e try  lies 
at each m olecule in the crysta l, each of th e  R am an a ctive  m odes of the 
m olecule w ill be R am an a ctive  in the crysta l and w ill belong to both the 
sym m etric  and an ti-sym m etric  class. S im ila rly  the three rotations of the 
m olecule w ill g iv e  rise to  three to ta lly  sym m etric and three an ti-sym m etric 
R am an a ctiv e  ro tatio n al inodes in the crysta l.

T h e  three sym m etric  m odes are those in w h ich  the rotations are in the 
opposite sense in the tw o  m olecules. A s  the la ttice  m odes in vo lve  in tra­
m olecular forces, w e m ay not e xp ect the sam e fre q u en cy  for the tw o m odes, 
bu t as these freq u en cies are sm all it m ay not be possible to i'esolve the 
d ifferen ces and the lin es w ill therefore appear as broad bands. A cco rd in g  
to B h a g a va n ta m  (1941) o scilla tio n s com in g und er the tra iislato ry  typ e  have
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sm all freq u en cie s  and the R am an  lin e s  are w eak  w h ile  th ose  com in g : u n d e r  
the ro ta tory  type  w ill be ch a ra cter ised  b y  re la t iv e ly  la rge  fr e q u e n c ie s  a n d  
w ill g iv e  rise to  stron g  lines if the ro ta t in g  g r o u p  has la rg e  a n is o tro p y .

The tensor com[)onents of the Raman active inodes in the crystal can 
be determined by their behaviour in directional excitation. If O X  be the 
direction of illumination, OY  the direction of observation and OZ at right 
angles to both, then the depolarisation ratio for the electric vector along

OY  is Pop and for the electric vector along p̂ If a, /S, y

be the directions of the optic axes of the crystal then since jS axis is the 
axis of symmetry a totally synnnelric viliration has four surviving tensor 
components a, 0̂0$ ^vy. ŷ and an antisymmetric vibration only two 
components â0, 0̂7- The method of deriving the behaviour of these vibra­
tions for directional excitation has been discussed by Saksena (1940). These 
are given in Table III.

TAimu III

O Z
11
I O Y o x

O Z O Y un-pol O Z O Y un-pol O Z O Y un pol

0 d* iU 0 d> 0 0 0
0 b‘̂ 0 c* a* d i

0 P 0 r* p c*+/*
0 /* P 0 0 0

/2 1 d*-t-c» p c^-^P
C2 P + P a"2 d i

Symmetry axis

E le c t r ic  v e c to r

Symmetric

A n t is y m m e t r ic
^  a  JSi ^  ^  y  “  /  •

B o th  ty p e  h y m ii ic ( r ic  a n d  
a n t is y n n n e t i  ie

We thus see that with the symmetry 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 electric 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 considered 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 symmetric and anti­
symmetric mode.

R X  P H R  I M K N T A 1,

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 after 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 easily, it was not cut 
in the form of a cube whose axes are along the axes of iiolarisability ellipsoid, 
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 help of a 
Polaroid with an efficiency of go% in the 41358^region. A double image prism 
of calcite was used to split the scatleifed light into horizontal and vertical 
components. The pictures were taken oû a Hilgei two prism glass spectio- 
graph and measured on a Hilger coinji^rator. These results are shown in 
Tables V and V I. One picture (h'ig. c, L^ate IV A) of the litpiid spectrum 
and one picture (Kig. c and Fig <ii of ilic solid taken on a Fuess gla.ss 
spectrograph were also given to us by fate Shrimati S. Bai and their results 
are also included here.

The low-frequency spectrum of the solid picture (I'ig. b) taken by Sliri- 
mati S. Bai differs materially from that of our crystal although the molecular 
frequencies are idenlieally the same. T'his crystal must have grown under 
different conditions. The results of measurements of the low frecpiency 
lines on the solid pictures taken by S. Bai support the results of Sirkar and 
co-workers and of Venkatesw'aran while the results of measurements of the 
spectra taken by us with the other crystal support the results of Vuks. The 
results of measurements on the two solid pictures and the liquid picture are 
given in Table IV and the results of directional excitation in Table V.

T able IV

Ivow frequencies M o le c u U ir  f r e q u e n c ie s v ^ p e c tro g ra in s

Solid 27 54 94 308 53'J 630 747 loyi 1100 Ii6g 1I («) & ;/j
I (15) (30) (8) (10) ( l O ! t8) (JO) (2) (10) fo)

Solid 45 57 84 3'^8 3.30 630 747 1071 I io6 (<>) & (<■ )
II (12) (8) 18) (8) (6) (6) (0; (6)

Solid 45 .S7 84 3u8 3.3^ 630 717 1071 I xoO 1169 if.
II (8) (6) (6) (2) V8) <5> (8) (2) (8) 0 )

I îquid 299 330 628 (̂ 75 747 10 /1 30S-] J 106 13 o<) ' f '
'51 (8) •4) (•>) (S) (3) (3 ' (S (2)

I .̂)larisation 1) P 11 P P P p 1*

Solid 1376 1485 J573 3 7̂-2 ! (ai & (/)
I (I) ' 3 1 (8) (15) 11

Solid 1376 1 'jS-s 1573 S072 1 (l>) & (c-)
11 (I) (I) (4) Cio)

ii
Solid 137*5 148̂ ; i573 307*?

1
1 (d)

11 (1) ( 1 1 (6j ( 3 2 )

I/iquid 1248? 1.37*5 1485 T573 3072 (c)
(0) ‘ I j (1) (d) 1 J O )

Polarisation 1) i:> 1"
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The liquid speclruni hat. been reported earlier by Kohlrausch and co- 
workers who report i i  frequencies (for reference vide Hibben, 1939)* The 
liquid picture (c) reported here is a very overexposed one and it shows the 
presence of weak frequencies 675, 124S, 1485. The /-excitation of strong 
frequencies 747 and 1573 should fall at 690 and 1516  which are far removed 
from the observed values, 'i'he frequency 1485 also occurs in several solid 
pictures. The polarisation picture shows that there are 7 well polarised 
Hues in the liquid while there should 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 observ'ed frequencies 1072 and 1084. It is 
possible therefore that the frequency at 1078 has split as a result of Fermi 
resonance. A  comparison of the solid and liquid picture shows a definite 
liequency sliift for the fre(]Uency 299 in the liquid to 30S in the solid 
[Figs, (c) and (d)]. A comparison of the pictures of the two solids (L) and 
(Ii) shows remarkable differences- The frequency 27 of solid (1), F ig. (a) is 
absent in solid (II), Fig. (b) where a new frequency at 45 is present. There 
IS also a shift in the frequency 94 reported for solid T). Also in .solid (I) 
34 is the strongest fiequency 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 
(f) and (d) for solid (II) w'e find that while the spectrum (d) is stronger, the 
lattice lines and frequency 308 in (d) are weaker than in (c) and the remaining 
molecular frequencies, excc]>ting 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 intensity recorded for the molecular 
frequencies are of the Stokes lines in the 4358 excitation.

i’he following points may be noted :

(i) A comparison of the spectrograms (/) and (g) (Plate IV  B) of total 
intensity taken wih symmetry axis along O Y  but with the electric vectors 
along in one and OZ in the other shows that the frequencies 747, 1071,
1106, 3072— particularly the first three, are very much increased 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 the electric vector along OY.

(21 Among the low frequencies 54 remains the strongest in all the 
spectrograms. With the symmetry axis along OY.  the frequency 37 is 
stronger than 94 when the electric vector is along O V in (/), while it is much 
weaker than 94 when the electric vector is along OZ  in (g). The frequency
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T a i u .k V

Directional excitation oj Raman hncs  
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94 also appears weakest when the symmetry axis is along O X  in ( /i) . The 
behaviour of 94 is thus sitnilar to the behaviour of frequencies 747.
1106. 3072, which get stronger when the electric vector is along OZ  and 
symmetry axis along OY.

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

D I S C U vS S 1 O N O V S P n c T R A O F  S O L I D  (I).

(a) 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 9 depolarised. 
The six polarised frequencies are 330, 747* 1071-10S4, 1106, 1169, 3072 and 
seven depolarised lines are 299, 628,675, 1248, i37^q 4̂85* i573- The six 
polarised frequencies naturally represent the plaiiai 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. Among 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 the solid with the same 
frequency. Each of these lines is both a symmetric and anti-symmetric
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oscillution with respect to the crystal and the behaviour of these lines in 
directional excitation is dependent upon the fact as to which of the two is 
stronger. Fiom Table III we see 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 direction of observation but the reverse happens if the 
electric vector is along the perpendicular direction OZ.  Now since the 
molecular frecpicncies appear in both the cases they are both symmetric and 
anti-symmetric. The total intensity of a symmetric oscillation when the 
electric vector as well as the symmetry axis are both in the direction of 
observation is o, while that of an anti-symmetric oscillation is ê  + f~. If a 
vibration is both symmetric and anti-symmetric its intensity will be + f'‘ 
where c and / are compopent tensors of the anti-symmetric type. If, however, 
the electric vector is along OZ. the intensity of both together w'ill be d -t- c ' 
where d and c are component tensors of the symmetric type of oscillation. 
If, therefore, greater intensity occurs for a particular oscillation in the second 
case, the symmetric tensor components must be greater than the anti­
symmetric ones. In this way it has been possible to write the tensor 
components and analyse the vibrations.

It has been stated in the previous section that when the symmetry axis 
is along OY  and the exciting electric vector along OZ  or O Y . [spectrograms 
(jt’) and (/)], 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 cases. It follows from what has been stated above that 
the sum of the tensor components d~ + c.~ of symmetric oscillation of the 
frequencies 747, ici7t, 1106, 3072 is much greater than the sum of tensor 
components -i- o f  the anti-symmetric oscillation of these frequencies, 
while for 330 and 1573 the sum d*’ -t-r? is smaller than + p  and for frequen­
cies 308, 630, 3376 the two are almost the same.

The frequencies 747, 1071, 1106, 3072 are the polarised frequencies in 
the liquid spectrum, and therefore represent the totally symmetric planar 
vibrations of the molecule. It has been shown by Nedungadi {1941, 42) in 
naphthalene that when the electric vector is in the plane of the molecule, 
the planar vibrations are excited more strongly than when it is perpendicular 
to the molecular.#plane. In the case of a para-dichiorobenzene the molecule 
lies roughly in the he plane where h is the symmetry axis and c the length 
of the molecule. If the symmetry axis h is along the direction of observa­
tion OY,  and the c-axis vertical along OZ then whether the electric vector is 
along OZ or O Y  it remains in the plane of the molecule. But the electric 
vector will excite more strongly in the direction OZ because this direction 
is along the length of the molecule which is the direction of maximum optical 
polarisation {vide Plate IVB, Fig. g). If the electric vector is along O Y  the
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direction of observation, it lies 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 intermediate polarisation and secondly because the 
totally symmetric vibrations will scatter weakly when the electric vector is 
along the direction of observation. Froin|Fig. *f/cj Plate IV B we see that the 
molecular frequencies have come out very|veak w hen'the electric vector is 
is along OZ  and the symmetry axis al|ng OY.  This is easily explained if 
we imagine the c-axis to lie along the direction of illumination O X so that 
the electric vector OZ  is now perpendicula|' to the plane he of the molecule. 
In this case the electric vector OZ  shall e iiite  veiy weakly.

The behaviour of the frequency 330 api>ears to be different from those of 
the other lines 747, 1071, iio6, 3072 in t|ie liquid. The former decreases in 
intensity when the electric vector is along |0 Z and symmetry axis along O Y  
while the latter increases in intensity. Ais all these frequencies rejiresent 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 IV A , F'igs. (e), id) and 
(c)]. This frequency, like 628, is an anti-symmetric oscillation perpendicular 
to the plane of the ring, and so the anti-symmetric tensor components would 
be larger than the components of the symmetric tensor. It is possible that 
308 represents the anti-symmetric oscillation axid 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 like 747, 1106, etc. and more like 
the depolarised frequency iS73- This may be explained by supposing that 
it is also an anti-symmetric oscillstion, in the crystal.

(b) lyattice frequencies ;

The behaviour of the low frequency Raman lines in the crystal in direc­
tional excitation can lie explained if we represent the frequencies by the 
three tensors ;

27 5 t

6 5 3 12 12' 5 4 2 4

6 5 6 12 5 8 2 2 3

3 6 4 5 8 Q 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 III  
by following the method described in the preceding paragraphs. It may be



90 H . Narain and B. D* Sa\sena

seen that each frequency consists of a symmetric and an anti-symmetric part 
but in the frequency (̂ 4 vve find that the components e and / representing 
the anti-symmetric oscillation are smaller than the remaining tensor com' 
ponents a, by i  ̂ d which represent a symmetric oscillation. Thus 94 behaves 
in the same way as the polarised molecular frecpiencies 747, t ro6 etc. W hen  
the symmetry axis is along OV and electric vector along O / ,  the intensities 
of the three iretjuenoes >̂7, 54, 94 being given by the value of d + c "  are as 
7 : 14 : IT while if the electric vector be along they will be given by
the value of c~ + and arc as 11 : * 5. Thus in the first case 94 is stronger
than 27 and in the second case weaker while 54 is always the strongest. 
Using these tensors the [lolarisation of the lattice frequencies have also been 
written down and c ompared w ith the observed values :

Symmetry axis 

1^'lertric Voett>i

27 Calculated 

Observed

54 Calculated  

O b s e rv e d

OZ OZ OY

OY OY ^ OZ OZ

OY OK  

OY OY  & OZ

3 ' 5  

i/r

9 /1 0

.5/5

5/12 13/17

2 /8  12/12

3/4

3/4

5/9

5/̂

3/6

6/8

11/15

5 / 6

12/8  20O 7

20/12 8 /6

94 Calculated 4 /2  7 ' 4 4 / 7 •i/ 3 5 /8

C ibserved 3 /i o  3/1 3 / 6 4 / 6 1/2

It has been stated earlier 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 94 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 I'lerpendicular to the plane of the molecule or roughly  
the d-axis as the moment of inertia involved in this case will be the largest. 
The moment of inertia wdll have an intermediate value about the breadth of 
the molecule and the intermediate frequency 54 may reasonably be assigned 
to oscillations about this axis. A s the intensity depends upon the optical 
anisotropy coming into play during a vibration, we may expect the frequency 
5 4  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 
intensitv in naphthalene and of large intensity in para-dichlorobenzene. A b



the lattice Raman * lines are rotational oscillations, it is likely that this 
difference is due to the anisotropy of the rotating group. In gypsum the 
rotating group SO4 is tetrahedral and has the smallest anisotropy and so the 
lattice lines will be weak. In para-dichlorobenzcue, 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 injlense.

C o m p a r i s o n  of  t h e  s p e c t r a  o f  the so l ids  (/) and i l l ) .
i.

Several spectrograms of solid (I) reveal clearly the three low frequency 
lines 27, 54 and 94 ems"  ̂ both in the 4*̂ 46 and 435H excitations, bi\t the 
two pictures (c) and id) taken with E^uess glass spectrograph by S. Bai 
reveal three different freeptencies 45, 57 atld 84 although the liquid spectrum 
is the same in the two cases. The frequency 27 does not appear in that 
picture. The spectrograms taken with crystal in different orientations also 
reveal the fact that the frequency 27 does not vanish in any orientation. 
Hence its disappearance in one picture is not due to an orientation effect.

The difference in behaviour between solids (I) and (II) is also indicated 
by the behaviour of the molecular frequencies 308 and 330. In the two 
pictures (r) and id) of solid <II) vve find that in one picture id) 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 30S are weaker. 
This is different from the behaviour of solid~/I) in which the lattice fretiuency 
94 behaves differently from other lattice fre<|uencies and more like the 
symmetrical o.scillations. Further, when the syminelrical vibrations are 
stronger, the frequency 330 is weaker than 308 in solid (I) (l'*ig. gl but 308 

is weaker than 330 in solid (II) (Fig. d) Also 54 is the strongest frequency 
in solid (I) and 45 in solid (II).

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

Bech (1906) 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 r-axis. This transformation would require no change of 
volume as the lattice is unaltered and it takes place at 32°C. But according 
to Sirkar and Oupta this transformation would involve a change of X-ray

LiOW~Fre<jUGncy teaman Ltines in Para-dichloro-benzene 91
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intensities in Lane spots which has not been noticed by them. Venkateswaran 

and also »Sirkar and co-workers fail to report any change of spectra by change 

of temperature. It however, appears definite to us that some change of 

structure does take ])lace in the way the crystal is grown and the point 

requires furthei investigation.

A t' K N’ n W h K J)G M K N T

W e have to acknowledge our grateful thanks to >Sir C. V . Raman for 

kindly placing the H ilger two-prisin glass spectrograph at the disposal of 

one of us, and to late Shriiiiati vS. Bai for giving us the crystal and the two 

plates for our use.

DjiPARTMiiNT or 1‘nvsics,
tTNlVI-KSlTY OK AU,.\HAHA1»

R Ji V K R N C K vS

hec'li au<l l$bbingliaiKs, 1906, lici. 29, 3<S7o. 
niiagavaiitaiii, 1941, hid. .laid. .S’l 13, 513 

1939, ibid 9, 221 
J940, ibid 11, 62.

lliagg, 1939, Crystdliinc Stale ((. r.̂ H & SutiM, lOi i)|> 
iJeiKlrieks, 1933, .S’. 84, S3.
Hil)ben, 1939, Ratnan A Iiifar-rcd .speclta. pp
Nedmigatli, 194:, lud. Aiad. .SV 15, 376.

1 9 4 1 .  ' b / d  1 3 , 1 6 1

J939. ibid 10, 797.
Placzek, Hand liueh der Radiology, Pd, VI, Vol 
Sak.seiia, 19.40, /‘lOt. hid. Acad. Si., 11, 229.

1940, ibid 12, 93.
Sirkar and 15i‘-lmi, 1937, Hid. Join. Pliy., 11, 47,s 
Sirkar and Ciipia, 1936, ]iid. ]oin. phy, 10, 473 
vSirkar and tinpta, 7937, lud. Jour. Phy., 11, 2,S7 
Venkateswaran. 1938, hid. Acad. Si , 8, 448.
Vnk.s, 1936, Owi. Rcu , 1, 73

Vuk.s, 1937, .Ida. Phy. Chem., 6, 11




