
RAMAN SPECTROSCOPY OF LOW PRESSURE GASES AND 
VAPORS1 

Raman spectra of gases and \.apors a t  pressures of a few atlnosphercs \\.ere 
obtained with a carefully diaphragmed Raman t ~ ~ b e  of large volume, irradiated 
by +e high intensity mercury lamps with water-cooled electrodes. Frequencies 
and Intensity contours of 32 of the 35 fundamental bands of CHI, CHaCl, CHiC12, 
CHCI3, CCII, and CH?Br were measured. Vibrational assignments, based on the 
intensity contours of the bands, showed no cliscrepancies in previous assigll~nents. 
The integrated intensities of the bands, determined on the same intensity scale 
for all compounds of the series, show the inadequacy of thc bond polarizability 
theory of Ramall intensities. Depolarization factors, calculated fro111 thc intensity 
distribution in totally symmetric bands, are son~ewhat greater than those 
measured for the liq~lid. i\symmetries in the Q branches of sorne totally synl~netric 
bands are explainecl q~iantitatively in terms of anharino~~icity and isotope effect. 

INTRODUCTION 

Since its discovery the Raman effect has been used, with onl-)- few exceptions, 
in the study of substances in the condensed phases. The lac]; of systematic 
investigations on compounds in the gaseous state is due to the experimental 
difficulties in obtaining satisfactory Raman spectograms when the density of 
the scattering substance is low. Nevertheless, it is important to stuclj- the spectra 
of gases a t  low pressures, since the present theories of molecular structure and of 
Raman scattering are strictly applicable only to n~olecules which are free from 
the perturbing influence of neighboring molecules. In addition, the comparison 
of the Raman spectra of a substance in the gaseous and the coildensecl phase can 
lead to some understanding of the effect of intermolecular forces on the vibration 
and rotation of molecules. 

With the experimental methods developed in the present investigation 
reasonably complete Raman spectra can be obtained for gases a t  pressures of a 
few atmospheres. Special attention was directed to  the accurate measurement of 
intensities since intensity data  are important in the development of n~olecular 
spectroscopy. The relative integrated intensities of the bands of a given n~olecule 
and of chemically related molecules furnish data  for testing theories of Iiaman 
intensities. Also, the contours of the bands of freely rotating n~olecules are 
probably better criteria for the assignment of vibrational frequencies than the 
frequently used depolarization factors. 

EXPERI.MENrTAL METHODS 

Since the density of a gas a t  a pressure of a few atmospheres is lower than the 
liquid density by two or three orders of magnitude, the Raman scattering of the 
gas is very weak compared with that of an equal volume of liquid. This reduction 
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3 Holder of Sclrolarships z~nder the Natio~zal Research Council of Canada, 1.946-48. IJrcsent 

address: Carleton College. Oltawa, Ontario. 

C
an

. J
. P

hy
s.

 D
ow

nl
oa

de
d 

fr
om

 c
dn

sc
ie

nc
ep

ub
.c

om
 b

y 
C

O
L

O
R

A
D

O
 S

T
A

T
E

 U
N

IV
 L

IB
R

A
R

IE
S 

on
 1

0/
27

/2
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
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in scattered intensity must be counterbalanced by increasing the volume of the 
scattering m e d i ~ ~ m  and by increasing the radiation density of the exciting light. 
In addition, the intensity of the stray light entering the spectrograph must be 
lcept low relative to the Raman intensity by careful clesign of the Raman tube, 
if  satisfactory spectra are to be obtained. 

The Raman t ~ ~ b e  shown in Fig. 1 is ~nacle of standard \\.all Pyres tubing, 
35 mm. in internal diameter, ancl can withstand gas pressures of a t  least 10 
~itmospheres. The illuminated portion, 60 cm. long, is separated from the window 

/' ' 
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FIG. 1. IZaman tube for low pressure gases. 

bj. n clial)li~-ugmed section, ancl is tel-minatecl in a cone which serves as a light 
trap. The cliaphragms, macle of opaque blacl; glass, have aper t~~res  8 mm. in 
diameter with sharply bevelcd edges to minimize reflections. A condensing lens 
forms an image of the slit of the spectrograph a t  and within the aperture of the 
baclc cliaphragm, and an image of the collinlator lens a t  ancl within the diaphragm 
nearest the window. 

The t ~ ~ b e  is placed insicle a vacuum flask, 1 .4  meters long, open a t  the window 
end. The temperature is controlled by a heating coil of chrome1 wire \vouncl in an 
open coil on the tube, ancl is measurecl by therrnocoul)les  laced a t  five points 
along the tube. At an average temperature of 150°C. the greatest variation along 
the t ~ ~ b c  is about 8°C. A jacliet, 1 cm, thick and completely covering the 
illuminated section of the Raman tube, is fused to the outer wall of the vacuum 
flask. Either water or a filter solution circulated thl-ough this jacket at a constant 
teniperat~~re eliminates the thermal exchange between the lamps and the Raman 
tube. .A solution of s o d i ~ ~ m  nitrite is used to isolate Hg4358-4 I-acliation from the 
higher frequencies in the mercury spectrum. A thickness of 1 cm. of this solution 
sat~~ratecl a t  25°C. transmits 90% of Hg4358A, but only 5% of Hg4078A and 
1% of Hg4047A. For some spectra the faint mercury lines in the region of 
5000A were removed by sa t~~ra t ing  the sodium nitrite solution with rhodamine-B. 
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PT'ELSII E l  AL.: R A M A N  SPECTROSCOPY 5'79 

I t  was found that cooling the electrodes of a low pi-essure n1ercur-J- lamp 
permits the current, ancl hence the intensity, to be increased several-fold xvithout 
a large increase in vapor density. Cooling is effected by circulating water through 
a finger which projects through the mercury pool into the vapor phase above 
(Fig. 2). The intensity of Hg4358A increases linearly with current up to a t  
least 15 amperes, the normal operating current. In  addition to the increased 
intensity this lamp has other desirable characteristics. There is no appreciable 
broadening of the spectral lines, since the hyperfine structures are resolvable. The 
ratio of line intensities to the intensity of the continuous bacliground is higher 
than for uncooled lamps. The lamp is very stable in operation, and the intensity 
of Hg4358A is not noticeabl), reduced over a period of 1000 hr. The lamp is 
started by heating with a bunsen burner and applying a high voltage bet\veen 
two starting electrodes. Five lamps of the design shown in Fig. 2 were used with 

w ToLaI Lcnath of Tubina - 130 om 

of Tubing - 2.2 cm. 

A 

OPERATING CONDITIONS 
15 Amperes 
90 Volts 

FIG. 2. High-c~~rrent mercury arc with water-cooled electrodes. 

the Rainan tube for gases and gave a total length of discharge of about six 
meters. They were arranged syminetrically about the tube; thus, the transmission 
of the spectrograph was the same for both the isotropic ancl the anisotropic parts 
of the scattered light since both were unpolarized. 

The  Raman spectra were recorded photographically with a double prism glass 
spectrograph ~v i th  two interchangeable cameras. The short camera with an  
F/4 lens of focal length 30 cm. gives a reciprocal linear dispersioil of 225 cm.-l 
per m n ~ .  a t  Hg4358A. The  long camera with ail F/lO lens of focal length 75 cm. 
gives a dispersion of 90 cm.-' per mm. Antireflection coatings on the F/4 
objective improved its transmission by about 30%, and reduced the stray light 
in the spectrograph. 

The  photographic plates were calibrated for intensities by replacing the slit 
of the spectrograph with a stepped slit and photographing the continuous 
spectruin of a Kipp and Zonen standard tungsten band lamp. Photographic 
densities were measured with a Leeds and Northrup recording microphotometer. 
From calibration curves determined a t  the wave length of each Raman band in 
the spectrum, the relative intensities of the bands on a given plate were evaluated 
from the Icnown distribution of intensity in the spectrum of the standard lamp. 
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Calibration spectra were recorcled on each plate with the same exposure times 
as the Raman spectra. Since the same optical arrangement was ~ ~ s e d  for all 
calibration spectra, relative intensities of Raman bands on different plates and 
for different substances coulcl be deducecl from the known current-intensity 
characteristics of the standard lamp. The accuracy of such a comparison is 
depenclent on the reproducibility of the intensity of irradiation from exposure to 
exposure. Relative intensities for different substances were also measured 
directly by mixing ltnown amounts of the substances two a t  a time and 
photographing their superimposed Raman spectra. The relative intensities 
obtained by both methods were consistent, but since two photographic processes 
are involved in the former and only one in the latter, the relative intensities 
obtained by the mixture method were used to correlate the data in Tables I to 
VI. 

The frequencies of the broacl Raman bancls were ineasured from the 
microphotometer trace because this method is more objective than visual 
measurements. To  correct for nonuniformity in the pitch of the drive screur an 
auxiliary scanning unit was added to the microphotometer. A heavily aluminized 
glass plate with accurately spaced transparent rulings was attached to the plate 
carriage, and scanned by the image of a filament lamp. The light from this 
system was directed onto the phototube of the microphotometer, producing pips 
on the microphotometer trace spaced a t  intervals corresponding accurately to 
0.25 mm. on the plate. Raman shifts were cleterinined from the separations of 
the bands from the moderately exposed Rayleigh lines Hg4108Ap Hg4916A, and 
Hg5026A, using the ltnown dispersion curve of the spectrograph. An iron arc 
spectrum was photographecl on each plate to checli the constancy of the 
dispersion which varied slightly with temperature. 

ESPERIMENTrlL RESULTS 

The spectra of methane, its chlorine derivatives, and methl-1 bromide were 
investigated. With the exception of methane which was taken directly from the 
gas cylinder, the substances were introduced into the Raman tube by a two-stage 
distillation. The quantity introduced was sufficient to give a maximum saturated 
vapor pressure of about seven atmospheres. During an esposure the Raman tube 
was kept a t  a temperature high enough to vaporize the substance completely. 
Thirty-two of the thirty-five funclameiltal bands of the molecules were recorded 
on Eastman 103a-0 and 103a-J plates, with exposure times ranging from 1 to 
24 hr. 

The experimental results are listed in Tables I to VI. The Raman shift given 
for each band is that of the main maximum. When it is certain that a Fermi 
resonance is present, the maxima of both bands are given, and the resonance is 
indicated by a bracket. For frequencies or intensities determined from two or 
more plates the mean deviation is given. The related integrated intensities, 
ix, listed in the tables are reduced values. For the fundamentals they are the 
measured relative integrated intensities divided by the molar density of the 
vapor and multiplied by the factor { I  - esp ( - hvxc/kT)] (v - V X ) ~ ,  where v x  

C
an

. J
. P

hy
s.

 D
ow

nl
oa

de
d 

fr
om

 c
dn

sc
ie

nc
ep

ub
.c

om
 b

y 
C

O
L

O
R

A
D

O
 S

T
A

T
E

 U
N

IV
 L

IB
R

A
R

IE
S 

on
 1

0/
27

/2
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 



is the Raman shift, v the frequencj of the exciting light, ancl the other symbols 
have their usual meanings. Thus these values are independent of the conditions 
of the experiment; they are the squares of the matrix elements of the 
polarizability for the v = 0 to  a = 1 transitions in a cornmon arbitrary unit 
chosen so that the value for v3 of methane is 1000. For overtones and coinbination 
tones the listed values were obtainecl by applying the density and frequency 
reduction factors, but not the temperature factor. 

Since rotation must be practically unhindered a t  the gas pressures used the 
rotational structure of the rotation vibrational bancls shoulcl be fully developecl. 
For methane, some of the rotational lines were resolved ; for the other compounds 
only the intensity distribution in the envelope of the rotational structure was 
measured. However, the intensity contours of the unresolvecl bands are very 
useful in the assignment of the bands to the vibrational modes of the n~olecule. 
For a totall). symmetric (a l )  vibration of a symmetric top molecule the band 
consists of a strong sharp Q branch with rotational wings (0, P, R, and S 
branches). The  intensity of the wings relative to the Q branch depends on the 
depolarization factor, and is zero for cubic symnletry. For a nontotally symmetric 
or a degenerate vibration all the branches have nearly equal intensities; hence 
the Q branch is less pronounced than for totally symmetric vibrations and, with 
low resolution, appears merged with the wings. For a degenerate vibration 
Coriolis interaction between the vibration and the free rotation can lead to a 
broadening of the band and a decrease in the intensity of the central maximum. 
For asymmetric top molecules the contours of the bands can be more complicatecl, 
but are characteristic of the modes of vibration. 

The  vibrational assignments, given in Tables I to VI, are based on the band 
contours, reproduced in Figs. 3-8. These assignn~ents confirm in all cases those 
listed by Herzberg (8). 4 cletailecl discussion of each spectrunl follo~vs. 

  we thane (Table I ,  Fig. 3) 

In addition to the strong bands, vl(al) and va(fe), observed by Dickinson, 
Dillon, and Rasetti(6) and by Mac\Vood and Urey (lo),  n b a l d  was found 

TABLE I 
'I'klE ~ < A ~ I A N  SPECTRUM OF GASliOUS METI-?:\XI.: 

I 
Observed 

Raman shifts, 
cm;' 

Reduced 
relative 

intensitv, i~ 

a t  Av = 1535 cm.-I from Hg4358A, when Hg4047A and its companion lines 
were removed from the exciting light by a filter. This band, which has a 

C
an

. J
. P

hy
s.

 D
ow

nl
oa

de
d 

fr
om

 c
dn

sc
ie

nc
ep

ub
.c

om
 b

y 
C

O
L

O
R

A
D

O
 S

T
A

T
E

 U
N

IV
 L

IB
R

A
R

IE
S 

on
 1

0/
27

/2
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 



582 C.I.\TADI.4N JOL'RS.1L OF PHYSICS.  1'01, 30 

sharp Q branch wit11 approximatel!, one-fifth of the intensit). of the band, must 
be assigned to the fundamental v2(e). Burgess (3) has recently shown that this 
vibration is n-ealcly active in the infrared and that the frequency of the Q branch 

FIG. 3. The v? Raman band of methane. 

is 1533.6 cm.-l The wings of the Raman bancl shoiv features characteristic 
of discrete rotational structure but the resolution obtained does not nrarrant a 
detailed analysis, particularly as the structure is being reinvestigated a t  higher 
dispersion. The resolution of the individual rotation lines of v.%(fn) was somewhat 
better than that obtained b!. earlier \vorl;ers, but the frequencies will not be 
given here since the band structure has 1-ecently been measured a t  much higher 
dispersion (17). The faint diffuse bancl iilith its center a t  2670 cnl.-l is probably 
the overtone of 2vb 

Carbon Tetrachloride (Table 11, Fig. 4) 

The doubly degenerate vibration vr  gives rise to a Raman band with a 
maximum a t  221 cm-I corresponding to the Q branch. The partially resolved 

TABLE I1 

maxima a t  211 and 230 tin-' are a t  the calculated positions of the lnaxiina in 
the 0 ancl S branches respectively. The maximum a t  230 cm.-I is inore intense 
than that a t  211 cm.-I, showing that an underlying component is present which 
can be classified as the 2v?(E) - v2 transition if a negative anharmonicity is 
assumed. The frequency of the transition, 2v2(A1) - v2, calculated from the 
observed frequency of 2v?(A1) (see below), is 434 - 221 = 213 cm.-l; thus, this 
conlponent falls on the maximum in the 0 branch ancl, as expected, is wealcer 
than 2v2(E) - v2. , 

Observed 
Raman shifts. 1 .\ssignmellL 

c 111. -1 I 

Rccluccd 
integraled 

intensity, ix 
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TVELSH ET AL. :  Rd.II:IN SPECTROSCOPY 583 

FIG. 4. Raman bands of carbon tetrachloride.' 

The triply degenerate frequency v4 shows only a central maximum. Since 
there is a Coriolis interaction between the mutually degenerate modes, the 
resultant splitting of the rotational branches leads to an almost symmetrical 
contour without maxima in the wings. 

The triply degenerate fundamental v3 has two coinponents of unequal 
intensities, in agreement with the observations of Morino, Watanabe, and 
Mizushima (11). The positions and relative intensities of tlme conmponents are 
qualitatively consistent wit11 an inexact Ferini resonance between v3(f2) and 
vl + v4(F2). The small changes in frequency, chiefly in v3 and v4, in passing from 
the gas to the liquid are sufficient to malte the resonance almost exact in the 
liquid where two components of equal intensity are observed (22). The difference 
in the relative intensities of tlme two components.in the gas and the liquid 
confimms that a Fermi resonance is involved rather than a departure of tlme 
molecule from tetrahedral symmetry. The abnormally intense overtone of v3 

has two components \vlmiclm can be classified as v l  + v3 + v4 and 2v3. A third 
component, which was observed in the liquid (22) a t  1524 cm.-' and which can 
be assigned to 2vl + 2v4, is not prominent in the gas, because the resonance is 
less exact. 

The totally symmetric frequency v l  gives a band accompanied by wings which 
cannot be interpreted as due to rotation. The definite maximum a t  434 cm.-l 
is undoubtedly caused by a Fermi resonance of the A1 part of 2v2 with vl. The 
broad wing on the high frequency side of vl must be due to the transition 
v3 - v4 with a calculated position 794 - 310 = 484 cm.-l. Such a component 
has been noted in the liquid by Ranl; and Van Horn (15) confirming the 

* I n  these diagrams a conznzo?z i?ltensity scale Izas ?lot been used si~zce there i s  a n  intensity ratio 
qf over 100 between ~ I Z E  weakest and strongest ba?zds. 
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584 C A N A D I A I V  IOURhr..I L OF PHYSICS .  YOL. 30 

theoretical prediction of Horiuti (9). The stronger component (v l  f v4) - v4 
should occur a t  756  - 310 = 446 cm.-I, bu t  is obscured by the isotopic 
broadening of the inain colnponcnt of vl.  The  diffuseiless of v3 - v4 arises from 
the rotational structure characteristic of this type of vibratioi~; also, wealcer 
components due to transitions between higher levels in Fermi resollance may be 
present. 

llletlzyl Chloride (Table 111, Fig. 5 )  

Syinlnetric top inolecules such as  methyl chloricle, methyl bromide, and chloro- 1 

form have three totally symmetric ( a l )  and three doubly degenerate ( e )  vibrations. 

TABLE I11 

THE RAMAX SI'I.:CTRU>f OF GASEOUS METHYL CHLOKIDLi 

Observed 
Raman shifts, 

clll.-' 

I 

1 Assignment 
I I Reduced 

integrated 
intensity, ih 

725.3 f 0.6 
1012 1 2  I 

I 1370 (liquid) (20) , 
1473 f 2 
2874 f 2 I 

FIG. 5. Raman bands of methyl chloride. 

Five fundamentals and one overtone ( 2 ~ 5 )  were observed for methyl chloride. 
Two of the totally symmetric vibratioils, vl and va, are immediately identified 
by the strong Q branch and the weak rotational wings characteristic of such 
vibrations. The  lo\v intensity of the wings for vl indicates that the line is highly 
polarized. The  frequency, 7 2 5 . 3  cm.-l, of v3 differs from the infrared value, 
732  cm.-I ( 2 ) ,  by  more than experimental error, butagrees with the value given 
b y  Nielsen and Ward ( 1 2 ) ,  who observed the vl and v3 bands in the Rainan 
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WELSH El' AL.: RAJIAN SPECTROSCOPY 585 

spectrum of the gas. The third totally syillinetric vibration v?, a t  1355 cm.-I 

.> 
according to infrared data ,  must have a very lo\\r intensity since it was not 
observed. 

The doubl). degenerate bands vr  ancl v c  havc contours resembling Gaussian 
error curves as predicted by Teller (18) from the theory of Coriolis interaction. 
The v6 band is extremely weak and the contour given in Fig. 5 cannot be 
considered very accurate. The v5  band is broader and shows four maxima; these 
features are probably due to the larger value of 5- for this vibration. The  center 
of the band, taken midway between the two central maxima, is about 18 cm.-I 
higher than the origin of the infrared band. This illustrates the fact that ,  unless 
a t  least partial resolution of the band is achieved, the vibrational frequency 
corresponding to such broad bands cannot be found accurately. 

Methyl Bromide (Table IV, Fig. 6) 

All six fundamental frequencies and one overtone (2~5) were observed. The  
doubly degenerate band, vs, is broad and extremely weak. The totally symmetric 

'TABLE I\' 

FIG. 6. Raman bands of methyl bromide. 

Observed 
Raman shifts, 

cm.? 

and doubly degenerate bands can be distinguished immediately by their contours. 
The frequencies of the totally symmetric bands are in good agreement with 

Assignment 

-- 

Reduced 
iotegrated 

intensity, ix 
- 

I 
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infrared values, but the frequencies of the central maxima of the degenerate 
bands are all somewhat higher than the infrared values. 

Clzlorofor~n (Table V, Fig. 7) 
A11 sis fundanlental bands ancl one overtone (2v5) band wcrc observed in 

chloroform. Except for va and v6 the frequencies agree well with those obtained 

TABLE V 

Observed 
Ramarl shif ts, 

crll.-l 

Reduced 
iritegra tcd 

irltcnsity, ih 

FIG. 7. Ramall bands of chlorolorm. 

by Nielsen and Ward (12), who measured all the fundamentals in the vapor. 
Tlle assignment of the bands is immediately evident from the intensity contours 
and the frequencies. The low frequency bands, v2 and v G ,  are asymmetric; the 
low frequency component of v6 is unquestionably real, and is possibly 3v6 - 2 v ~  
shifted to lower frequency as a consequence of resonance degeneracy with v5. 

iMethylene Chloride (Table VI, Fig. 8) 
If methylene chloride has a tetrahedral structure of point group Cz, there 

should be nine fundamentals, of which four are A1 species, one A2, two B1, and 
two Br. The contours of the totally symmetric bands for the asymmetric top 
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'SABLE VI 

Obscr~~ct l  
R a ~ n a n  shifts, 

c111.-~ 

Reduced 
i i~itegrnted 
1 intensity, i). 

FIG. 8. Ralnan bands of methylene chloride. 

sl~ould show a strong Q brancl~ 1vit11 rotational wings, just as for the sj-mmetric 
top. There is therefore no doubt that  the Raman bancls a t  2996, 1430, 713, and 
281 cm.-I correspond to  the A1 type vibrations. Of particular interest is the 
contour of vz(al) a t  1430 cn~.-'. In the liquid this line has a depolarization factor 
of 6/7 (4), which has led to some doubt as to  the assignment of the band. In the 
gas, however, the band has the characteristic appearance of an nl vibration; 
the comparatively high intensity in the wings shoals that the depolarization 
factor is in fact large. 

The contour of the band i t  1153 cm.-I is remarkable in that there are four 
maxima with a central minimum; the intensity distribution 1-eseinbles tha t  of a 
type B infrared band, the envelope of which has beell calculated by Badger and 
Zumwalt ( I ) ;  the Q lines form two maxima on either side and fairly close to the 
band origin. A consideration of the structure ol Rainan bands for the asymmetric 
top shows tha t  this distribution of intensity should occur for the torsional 
oscillation (type Az) for the Cz, point group. The band can therefore be 
unambiguously assigned t o  vg(a?). 
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?'he bands a t  3040 and 748 cnl.-l are broad and flat with a single maximum. 
I t  is clear that the!- correspond to the antisymmetric species B1  or B?; they are 
assigned to the frequencies v6(bl) and vg(b2) respectively. A very weak band a t  
893 cm.-I is assigned to v7(b1). The  band found in the liquid a t  1255 cnl.-l ( 2 1 )  
and interpreted as vs(b?) \\.as not observed in the vapor. 

DISCUSSION O F  T H E  RELXTIVE INTENSITIES  

The polarizabilit). theory of the Raman effect, as developed by Placzek ( 1 3 ) ,  
shows that the intensit), of a fundamental Raman band can be expressed: 

I A ~  N ( v  - v ~ ) ~ ( 4 5 a ' ?  + 13y") ( Q A ) ~ /  ( 1  - exp (- I z v ~ c / k T ) ) ,  

where a' and y'? are, respectively, the average value ancl the anisotropy of the 
derivative of the polarizability \\lit11 respect to  the normal coordinate Q ,  ( Q ) ,  = 

dh/8+cvA,  and iV is the nuinber of scattering molecules. I t  is assumed that  the 
incident light is unpolarized ancl confined to directions perpendicular to the 
direction of observation. The frequency factor ( v  - vA)' and the temperature 
factor depend on the conclitions of the experiment and can be eliminated from 
the experimental intensities. Furthermore, when intensities from different 
compounds are cornparecl using the same experimental arrangement, they can be 
reduced to relative intensities of scattering per molecz~le, iA, by dividing the 
experimental intensities b) a factor proportional to the number of n~olecules per 
 n nit volume. Then one can write 

i ~ =  ~ ( 4 5 ~ ' ~  + 1 3y")  

where C is a constant for all bands. The relative intensities for the fundamental 
bands in Tables I to VI have been reduced in this way. 

From considerations of s)-minetry it is possible to  state whether the constants 
a' ancl y f 2  have values dillerent from zero for a vibration of a given symmetry 
species, and thus to malie predictions concerning the activity of the vibration 
in Raman effect ancl the depolarization of the band. In general, however, it is not 
possible to evaluate a' or y f 2  in terms of more funclainental quantities without 
the iise of an oversimplified model. Therefore, the only expedient is a seini- 
empirical approach such as that  of Wollienstein ( 2 3 ) ,  based on bond polariza- 
bilities. 

Experimental Test o f  thz Bond  Polarizability Theory of R n m a n  Intensities 
In Wollcenstein's theor),, it is assumed that ( a )  one of the priilcipal axes 

of the polarizability of the bond coincides with the direction of the bond and the 
other two principal polarizabilities are equal for a bond of the single type, 
( b )  the bond polarizabilities change when the bond length changes, ancl ( c )  the 
bond polarizabilities are independent of changes in the bond angles. The  
polarizability of a single bond XY can therefore be characterized by four 
constants-the principal polarizabilities ( a ,  y )  along the bond and ( a ,  y )  

perpendicular to the bond, and the rates of change of these, (a ' ,  y )  and (a ' ,  Y) 2 ,  

with respect to the bond length. When the geometrical and dynamic problem of 
calculatiilg the intensities of the Raman bands of a given molecule is solvecl, it is 
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fount1 that onlj- certain combinations of the bo~icl. polarizabilitics and their 
derivatives occur in tlie expressions for the intensities. These are: 

ylsu = (a1 - a?)?xy,  tlie anisotropy of the bond polarizability, 

aIx -- (1/3) (all + 2a12), ,, the meall rate of change of the bond 
polarizability, ancl 

I " yl?,, = (all - a I ) - , , ,  tlie anisotropy of the I-ate of change of the 
bond polarizability. 

A fourth constant, a,, -- (1/3)(al + 2a4, the mean bond polarizability, isnot 
involved in Ra~nan intensities. 

Wolkenstein, using this concept of bond polarizabilities ancl assuming valence 
force fields, derived formulae for the relative intensities and clepolarizations of 
the Raman ba~icls of the linear and tlie bent symmetrical molecule, XY2, and 
the tetrahedral molecule, XY4. However, the intensity clata available were 
insufficient for an adequate test of the theory. 

Since in methane and its chlorine derivatives only CH and CCI bonds occur, 
the relative intensities and depolarizations of the Raman bancls depend on only 
six constants yZCH, atCH, y12CH, -y2CCl, alCCl, ancl yl\cc In principle, these 
constants can be evaluated (apart from ambiguities regarding sign) from six 
of the 28 rneasurecl intensities for this series of compounds, ancl the validity of 
the theory testecl by calculating the remaining intensities and depolarization 
factors. In practice, however, the problem is not simple sincc force constants 
enter into the intensity formulae for those vibratioiis of the molecule for which 
there are other vibrations of the same symmetry species. I t  has been stressed 
recently by various authors (e.g. Gloclcler and Tung (7) ,  Torl~ington (19)) that a 
~ ~ n i q u e  set of force constants cannot be obtained from tlie observed vibrational 
frequencies of a molecule, because the most general force field, even when a high 
degree of symmetry is present, involves more constants than there arc frequencies. 
Consequently, i f  the calculatecl intensities for such vibrations do not agree with 
the observecl, one does not know whether the theory is invalid or the force field 
is inadequate. I t  is found, moreover, that the calculatecl intensities are very 
sensitive to the force constants. Ho\vever, when a vibration is the only one of its 
symmetry species present in the molecule, the force constants do not appear 
explicitly in the expression for the intensity; they enter implicitly through the 
frequency, vA,  which can be measured experimentally. Thus, these vibrations 
can be used to check the validity of the theory without a detailed knowledge 
of the force field. 

A direct test of the theory can be carried out by co~isidering v2(e) of CH4 and . 

v5(a2) of CH2C12. The normal mode vz(e) of CI-I4 is the superposition of two 
modes, v2, and v?b,  where V2b is the torsional oscillation of the two CH2 groups 
relative to one another and v2, is the deformation vibration orthogonal to this. 
Since there appear to be errors in some of the formulae given by Wolkenstein 
for tetrahedral molecules, we have calculated the intensity of vz(e) from first 
principles. The calculation gives 
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thus, 

i(v2, CHI)  = 2 0 8 - y ' ~ ~  /nzli;v2, 

in which ml is the mass of the H-atom and L I  is the length of the CH bond. 

The intensity of v5(a2), the torsional vibration of CH?Cl?, can also be calculated 
easily. The result is 

in which m2 is the mass of the C1 atom, L 2  the length of the CC1 bond, and k' = 

ml l~ /mt l~ .  Since K is very small (-0.01), the expression reduces to 

i(v5, CHzC1,) = 52$ CH /ml~:v5. 

The calculated intensity ratio of these two bands is 

The measured ratio is 23 (from Tables I ancl VI). Although the measured ratio 
has a large percentage error arising mainly from the error in the intensity of the 
very faint v5 band of CH2C12, there is no doubt that it is greater than the 
calculated value by a factor of 5 to 10. I t  is therefore concluded that the anisotropy 
of the bond polarizability is not a constant of the bond. 

A second simple test of the bond polarizability theory can be carried out for 
both CH and CCI bonds by considering the relative intensities of the a l  
vibration of XY4, the b vibration of the XY2 group in Z2XY2, and the XY 
stretching vibration in ZXY.  For the CH bond the series used is CH4, CH2C12, 
and CHC1:I; for the CCI bond, CC14, CH?CI,, ancl CHJC1. The intensity formulae 
are (23) : 

The depolarization factor of v,, (XY in Z3XY) is given by: 

For the CH bond, vl(~1) oi CH4 and v6(bl) of CH?C12 were used for the 
calculation of the constants a"ClI and yIzCH, and vl(al) of CHCI3 as the check. 
The results are given in Table VII. The agreement is seen to be poor, and the 
conclusion is reached that the rate of change of polarizability is stroilgly 
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'TABLE VII  

1 Calculated 1 Experimental 

dependent on the nature of the neighboring bonds. T o  reproduce the experimental 
values above aIzCH, calculated from vl  of CH4, would have to be reduced by a 
factor of two. 

A similar calculation for the CCI bond was made using vl(al) of CCI4 ant1 vg(b2) 
of CHBCI? to determine a'\Cl and y'"ccl, and using vs(al) of CH3CI as a check 
(Table VIII).  In this case the agreement for i is better than for the C H  bond, 

- TABLE VII I  

1 I 

1 Calculated I Experimental 

but  is ilevertheless not g-ood. Agreement can be obtained b>- assuming that 
a'\cl in CHgC1 is smaller than a'2ccl in CC14 by a factor of 0 .  72. This also 
gives a slight improvement in the agreement for p .  

I The inadequacy of the bond polarizability theory is also apparent from a 
comparison of the intensities of the bands characteristic of the CHg group in 
methyl chloride and methyl bromide. Although the intensities of the deformation 
frequent)-, v6(e), are almost the same in the two compounds, those of the 
stretching frecluencies, vl(al) and vl(e), in CH3C1 are 28% and 42y0 higher, 
respectively, than in CHaBr. The frequencies, on the other hand, show changes 
of less than 1%. Even Inore striking is the difference in the intensities of the 
symmetrical deformation vibration, vz(al), of the CH3 group in these two 
molecules; in gaseous methyl chloride the band could not be detected, whereas 
in methyl bromide it was easily recorded. In these cases, the intensity of the 
band is therefore much more clependeilt on the types of the neighboring bonds 
than is the frequency. I f  a comprehensive theory of Raman intensities can be 
developed, experimental intensities can perhaps be used along with the 
frequencies in determining a unique set of lorce constants for molecules. 

Total Intensities o j  Vibrational Rama.rz Scattering 

The total intensity of the vibrational Raman scattering, Cii, is plotted in 
Fig. 9 for each molecule of the series. The  high value of the total intensity in 
methane is noteworthy; this intensity is concentrated in the vl  ancl v g  bands, 
which are more than three times as  intense as any other band in this group of 
con~pounds. In proceeding along the series from inethane to carbon tetrachloride, 
the total intensity falls to a minimum for ~nethylene chloride and then rises 
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I .  9. Comparison ol total intensities of vibrational Raman scattering 

again. There is therefore a correlation of the total intensity with the clegree of 
symmetry of the molecule; \\rith decreasing symmetry the total intensity 
decreases. 

INTENSI'TY DISTRIBGTIOK IN TOT-ILLY SYNINIETRIC 
RARilAN Bi lNDS O F  SYR4X4ETRICP.L TOP MOLECULES 

1;or totally symmetrical vibrations of freely rotating molecules the division 
of intensity between the five branches of the band is related to the value of 
a/?,/y(" and hence to the value of p .  The isotropic (polarized) scattering which 

depends on a" is all contained in the Q branch, whereas the anisotropic 
(depolarized) scattering which clepencls on is distributed thro~~ghout  all five 
branches. For transverse observation the division of intensity is as follows: 

iqa (45k2 + 13xyi2), 

where x depends on the ratio of the moments of inertia and can be found from 
curves, valid for B << kT, given by Placzek and Teller (14). If IQ/IOpR, has 
been obtained experimentally, aI2/y" and p can be evaluated. 

The  intensity distributions in the v 3  bands of CH3Cl and CH3Br were carefully 
measured and used to determine a1?/y'? The theoretical distribution in the 
wings was obtained from curves of Placzek and Teller, using the appropriate 
values of B and kT. The theoretical distribution was then modified for the finite 
slit width and matched to the experiment contour by adjusting the intensity 
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scale factor. The extent and general shape of the wings agreed veq-  \I ell with the 
theoretical curve, as shown for CH3Br in Fig. 10. The contour of the Q branch 

FIG. 10. Intensity distribution in a totally symmetric Raman band (v3 band of methyl 
bronlide). 

was obtained by subtracting the theoretical curves for the wings from the 
experimental contour. The values of and p, calculated by the method 
outlined, are given in Table 1X. 

TABLE IX 
DEI~OI.ARIZAT~OX FACTORS FOR TOTALLY SYMBIETRIC.IL RAMAN BASDS 

The formulae used for the evaluation of p are strictly valid only for transverse 
observation, but in our experiments no attempt was made to prevent oblique 
rays from entering the scattering medium. Oblique rays increase the observed 
isotropic intensity over the anisotropic, since the scattering in the forward or 
backward direction is proportional to 90a1" 14y1? compared with 45a1+ 1 3 y 1 2  

in the transverse direction. The p values obtained by the above procedure are 
therefore lower than the actual values. I t  is noteworthy that the p values 
measured by Cabannes and Rousset (4) for the liquid are still lower. The 

1 I ~ / ~ ~ p ~ ~ .  1 a j 2 / y f 2  j P (vapor),  
liaman band / experimental calculated from I Q / I O P R S  

p.(liquid), 
experlll~ental ( 4 )  
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probable explanation is that the p values of Cabannes and Rousset refer 
essentially to thc Q branch. Even though molecular rotation in the liquid is 
hindered to a large cxtent, some of the anisotropic scattering falls in the wings 
of the line and is not included in the depolarization measurement unless a very 
wide slit is used. 

The effect of obliq~ie rays on the p values cannot be large, since their intensity 
is greatly reduced b>- the inverse square law and reflection losses. 'This conclusion 
is substantiated bj- the fact that the p values, representing lower limits of the 
actual values for the vapor, are ilevertheless higher than the values for the 
liquid. Thus the use of the fornlulae for transverse observation in the calculations 
given in the discussion of relative intensities is justified. 

STRVC'TURE O F  T H E  Q BRAKCHES OF T H E  
vs BANDS OF CHX1 AND CH3Br 

Even \\-it11 a coinparatively wide slit the Q branch of the va bands ill CHBBI- 
and CHzCl show distinct asymmetr>-. Accurate intensity contours for the Q 
br'lnches of thcsc bands, obtained by ~lsillg a narrow slit (3 cm.-I) and the fine- 
grained Ilfoi-d Special Lantcrn plates, are reproduced in Figs. 11 and 12. 'The 
rotational wings are supprcssccl because of the sinall slit width. 

The obvious causes of a marlied asymmetry of the Q branch arc: (a )  transitions 
from excited vibration levels giving rise to components shifted by anharnionicity, 

FIG 11. I ~ ~ t c n s i t y  contour of the Q branch of the vr bar~d of mctliyl brornidc. 
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FIG. 12. Irltensity contour of the Q branch of the vs band of ~nethyl  chloride. 

and (b) the presence ol two or more isotopic forms of the molecule. Both efiects 
can be calculated approximately for the v:3 vibration since it is the characteristic 
vibration of the substituted honcl and can be treated in a diatomic approximation. 

For CI-I:%Br the effect of anhar~nonicity alone needs to be considered. The only 
tl-ansition from an escited vibrational state having an appreciable intensity is 
the 2 + 1 transition; it gives a component shifted towards lower fl-equencies by 
22,v.l from the 1 + 0 component. The anharmonicity constant, x,, can be 
calculated approximately from the dissociation energy, D ,  of the C Br boncl by 
the lormula x ,  = v3/4D The ratio of the intensities of the two components 
is given by IP + JIl+ o = 2 exp( - hcvs/kT).  The shilt calculated from 
D = 2.63 ev. (16)  is 8 . 3  cm.-l, and the intensity ratio for the tenlperat~~re of 
the vapor in the experiment is 0 .2 .  

The experimental contour n7as analyzed by a 9-1-aphical method. The high 
frequency side of the band contains a negligible intensity contribution from the 
2 + 1 transition. Therefore, by taking the ordinates of the 1 + 0 component 
beginning a t  the high frequency side, and plotting a corresponding ordinate 
reduced by the factor 0 .18  and shifted 8 . 3  cm.-1 towards lower frequencies, the 
intensity contour was separated into two parts. The co~nponents resulting from 
this analysis are approximately s\-rnmetrical, showing that the asymmetry of the 
Q branch in this case is due mainly to anhar~nonicitjr. 
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For CH3CI the chlorine isotope eflect ~llust also be considered. The line of 
the ~nolecule containing the heavier isotope is shifted towards lower frequencies 
by the amount, v3(1 - p/p,), where p and p, are respectively the reduced masses 
in a diatomic approximation of CH3 - C13j and CH3 - ClJ7. The calculatecl 
shift is 5 .8  cm.-I, and the intensity ratio of the components is 3.06:1, the 
relative abundance of the chlorine isotopes. The analyses of the experimental 
intensit)- curve gave two components, still quite asymmetric, as shown in Fig. 
12. Calculations for the anharmonicity preclict a shift of 10.5 cm.-l ancl an 
intensity of 0.11 for the 2 + 1 component relative to the I + 0 component. 
An analysis of the CH3C135 co~nponent ~vith these clata gave two s~lmmetrical 
components. The as).mmetry of the v3 band in CH3C1 is t h ~ ~ s  explained. 

For both n~olecules the contour of the Q branch after correction for anharmoni- 
city and isotope effect still sho\vs a half uricltl~ of 7 cm.-'. Since the evciting line 
is very narrow and the spectral slit width was only 3 cm.-I, the Q branch must 
have an intrinsic half \vidth of 5 to 6 cm.-l. This half wiclth is probably due to 
interaction between vibration and rotation, since it has been sho\\rn recently 
that isotropic Iiaman scattering is not broadened to any extent by collisions (5). 
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