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RAMAN EFFECT AND ITS CHEMICAL APPLICATIONS
Twenty-five Years in Retrospect

S. V. ANANTAKRISHNAN
Dept. of Chemistry, Madras Christian College, Tambaram, S. India

N 16th March 1928, Prof. C. V. Raman

announced in an address in Bangalore the
discovery of a n2w radiation in scattering which
has since been termed “The Raman Effect’.39 At
the conclusion of his address we find the pro-
phetic conclusion, “We ar2 obviously only at
the fringe of a fascinating new region of expe-
rimenial research which promisas to throw light
oh diverse problems relating to radiation and
wave theory, X-ray optics, atomic and molecular
spectra, fluorescence and scattering, thermo-
dynamics and chemistry. It all remains to be
worked out”. This has b2en well substantiated
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F1G. 1. In the Raman Julilee Volume of the Proceed-
ings of the Indian Academy of Sciences Hibben .has
analysed the trends in Raman Effect studies upto 1938
The akove graph prepared from an analy:is of the papers
abstracted by Chemical Abstracts will be of interest in
continuing part of Hibben's analysis. I have to thank
Messrs, D. Setu Rao and 8, Natarajan for the graph.
by the enormous amount of work on the pheno-
menon published during the last twenty-five
years. The classical organic chemist by a com-
bination of intuitive and empirical approach has

provided us with a large collection of compounds,
of which the relative positions of atoms and
groups of atoms have been clearly indicated.
These hava helped in the applications of Raman
Effect, while at the same time, the scattering
studres have confirmed in a large measure the
assignments of structure by the chemist. In this
short survey 1n retrospect, it is not possible to
cover the ground of the several thousand papers
that hava been published, nor is it necessary.
There have been numerous monographs on the
subject, ¢ # each wiih its distinctive fea -
tures, but the very naturz of the subject makes
these serve only as a starting point for further
study. We may broadly divide the subject into
four divisions : ‘Organic Struciures’; ‘Inorganic
Structures’; ‘Analytical Applications’; and ‘Re-
action Mechanisms’.

§ 1. ORGANIC STRUCTURES

Except in the simplest of compounds, the
assignment of characteristic frequencies 1o
individual bonds is by no means easy. However,
th2 problem has been simplified, because of the
ready availability of a large number of closely
related compounds in which changes are con-
fined to parts of the molecule, while one part
ramains constant. Assignments are then made
by essentially empirical rules: that the radi-
cals in question retain their identity and their
characteristic frequencies remain constant over a
series, without being modified to any appreci-
able extent by the rest of tha molecule. This
is probably true of the vibrations of hydrogen
along with the valency bond, but, as will be seen
later, even this is subject to limitations. In
quite a number of insiances, the assignments
have been madz2 possible by an application of the
Teller-Redlich thaorem.30.41,43  Another method,
frequently used with success by Daure,1~
Cabannes,? Kohlrausch26 and others, makes use
of changes in frequancy caused by a progres-
sive increase in the mass of certain atoms
whilz the rest of the molecule remains un-
changed. Using these methods bond-stretching
frequencies have been assigned to various
bonds, some of which are presented in
Tables 1, II, III and IV.

It will be noticad from Table I that X-H
vibrations show systematic variations with the
position of the element X in the periodic table
There is the unmistakable drift in the direction
of higher frequencies with increasing differences
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TABLE I
(a¢) Characteristic frequencies of X-H bonds
Element B C N O F 51 | S5 Cl
Raman Line 2500 2860-3300 3300-3380 3400-3680 (4140) 2160-90 2400 2680 2800
Force Constant (3-6) 4-97 6-49 8:35 8.62 3:10 4:02 5-13
(b) Characteristic frequencies of X-X bonds
Element C N O Si P S
Single bond Frequency 800 880 877 435 465 467
Double hond Frequency 1640 1442 (1280)
Triple bond Freguency 2050 2328
TasLE 1l
{a) Variations in C-H frequencies

Compound Frequency Compouad Frejuency Compound Freguency
Methane 2918 Ethylene 3019 HCN 3312
Ethane 2013, 2943 Propylene 3012 Acetylene 3287
Zso-Butane 2910, 2986, 2962 Vinyl Chloride 3036 Methyl Acetylene 3305
Nitromethane 2987, 3056

(b) Change in frequencies of C-C bond

Ethane 990 Zso-Propyl Chloride 1059 Ethyl Chloride 1120, 950
Propane 870, 1050 . Bromide 1038 Z-Buatyl . 1153
s-Butane 979 ' lodide 1019 . Bromide 1142
Iso-Butane 794, 964, 1098 ’e Mercaptan 1056 ., Iodide 1131

in the elactronegativities of the element with
reference o hydrogen. Pauling3® has shown that
these differences can be correlated with the
degree of ionic character of the bond in ques-
tion. One can then expect that the hydrogen-
Auorine bond is essentially ionic and this is con-
firmed by the non-observance of a Raman Line
even in the most concentrated aqusous solu-
tions of hydrogen fluoride. The changes observ-
ed are similar, both for the first and the sacond
short periods but, as may be expected, the values
are consistently lower in the latter case. The
period relationship is found also when we con-
sider the X-X bond. The individuality of the
molecule is clearly demonstrated by the varia-
tions noticed in both C-H and C-C bonds and
similarly variations in group interactions are
exemplified by ethylenic and carbonyl freguen-
cies.

In ost corrslations of physical properties
with structure, it is generally assumed that the
contribution of the methylene group or the C-H
and C-C bonds remains constant. Careful ana-
lysis has, however, revealed that this assump-
tion is not justified (c¢f. Walsh%?). Since bond

dissociation energies are related to the charac-
teristic frequencies, a similar position may be
expected here also. Table 1I illustrates the ex-
tent of wvariation involved. Barthalome and
Teller have shown that C-C single bond vibra-
tions lie in the region 809-1143 cm.-1,¥ but be-
cause of overlapping C-H bending vibrations
caused by intramolecular forces, assignment
may be difficult. Kellner has indicated a theo-
retical method for the purpose of assigning C-C
freguencies.23

The importanc: of group interactions within
the same molecule are even more noticeable in
the case of ethylene derivatives and the carbonyl
compounds (Tables III and IV).

Isomerism of different types in the case of
carbon compounds has been built up and illus-
trated by several compounds using two simple
principles : (i) the valency of carbon is con-
stant having a value of four and with the bonds
directed towards the four corners of a tetra-
hedron, carbon being at the c¢antre; and
(ii) free rotation is possible round a single bond
but mulliple bonds cause greater rigidity.
Becent developments in wvalence theories have
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TapLE IIY

Characteristic frequencies of ethylene derivatives changes in C = C frequencies

CH; CHX Frequency CH, CX, Frequency CHX CX, Frequency CXy CXs Frequency
X

H 1623
Me 1647 1650 1679
D 15681 1514
Cl 1608 1571
Br 1598

Allene 1480
CHO 1618

ris  PButane 1669
CHCH, 1634

trans 1681
CH,(CI 1640
CeHs 1601

TABLE IV
Carbonyl frequencies
Compound Frequency Compound Frequency Compound Frequency

Acetone .. 1710 Acetophenone 1677 Benzophenone . 1663
Formaldehyde X 1768 Benzaldehyde 1689 Fluorenone . 1718
Acetaldehyde . 1715 Acetyl chloride 1798 Oxalic acid . 1750
Acetic acid . 1666 Benzotc acid 1647

not materially altered the situation.il

The

thermodynamic properties of ethane and some
of its derivatives clearly showed that there is a
potential barrier to free rotation and that the
methyl groups ‘or substituted methyl groups
take up favoured positions.
ethane itself, Raman spectra do not enable one
to distinguish between the two aliernative

forms (Fig. 2)

In the case of

F1G. 2. Alternative (cfs and trans) forms of ethane.

but hexadeutero ethane appears to have the
transform with D, , symmeiry 16.2242 The case
of substituted ethanes is even more interest-

ing. Taking a number of compounds of the
formula CH,X-CH,Y Langseth and Bernstein-s
have shown other possible configurations also
(Fig. 3).

F1G. 3. Possible configurations of the type CH X-CHz Y

Raman spectra studies have thus enabled the
detection of the presence of such rotation isom-
ers which are chemically not separate entities if
one considers the reactivities alone.
Tautomeric systems have provided us exam-
ples of the pitfalls in the use of Raman Specira
data. Kohilrausch,?* from his study of acetyl
acetone concludes that it is necessary to con-
sider the presence of two moncenolic and two
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dienolic forms, while Lecomtz from his infra-red
studies on metal acetonyl acetonates?? concludas
that there is no hydroxyl group but makes
hydrogan part of a six-membered ring system.
This is analogous to the approach of the clag-
sical chemist {o the quesiion of hydrogen tond.
One has to expect variations in both hydroxyl
and carbonyl Ifrequencies because of group
intaractions and, in the case of intermolecular
hydrogen bonding, it is also necessary to con-
sider the environment which modifies bond
polarisahilities. The valuable extensive work of
Mur.i and Sashadri,34 while providing clear
evidence for hydrogen bonding in the systems
studied, suffers from this limitation. It is now
fairly clear ithat the hydrogen kond is electro-
static in nature Involving an energy change of
a higher order than van der Waals forces.
While this may cause a preferential orienta.ion
of the hydroxyl group, where intramolecu’ar
hydrogen tonding is the case, with intermole-
cular hydrogen bonds, it is difficult 1o expeci
the rigidity which is implicit in the structures
postulatzd by these authors.

One of the structural problems that Raman
Specira has helped to solve is that of tetraniiro-
methane. From its reactions, chemists have
often favoured thz view that one of the nitro
groups mus: be different from the other three.
The elucidation of the prob’em has be>n the
extensive work of Chédin,? and of Mathi>u and
his associates.31  The analysis of the Raman
lines of nitroma2thane showed that the two paris
of the molecule are not free to rotale with res-
pect to each other about the C-N axis. In the
cas2 of tetranitromethane this school of work-
ers have shown that each C-NO, grcup Ves in
one plane. The comp'ete Raman Specirum re-
quires a tetrahedral svmmatry with all the nitro
groups ecuivaient. The difference in reactivity
is obviously similar to th2 differences in ene-gy
reouired for the rupture of a C-H bond in
methane where all the hydrogen atoms are
equivalent.

An ouistanding triumnh of Ram>n Tflect
studies concerns the elucidation of the struc-
ture of benzena. While the early work of Krh'-
rausch sugfested the two equiva’ent Kekuléd
structures. the pesition was uncertain till the
clas<ieal invastigations of Inro’d and co-worlkers
on benzene and itz po~tial'y deuter~ted deri-
vatives were made 20 These observations have
clear!v esfablished the D,, symmetry of the
mnlectile,

In d~=ling with problems of structura, men-
tion cshould »2lea be made ta the contrikhutiang
fo our T nnwledge of hvnarenningation involv-
ing methyl groups. Comparisons of Ramanp
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Spectra have also shown that with alkyl dori-
vatives, primary compounds show a mobite
structure while secondary compounds show a
greater degree of rigidity which is still greater
in th2 tertiary compounds. The indications may
be noticed even in the C-C s.ngl> bond v.bra-
tions indica.ed by Kellner (loc. cit.).

§2. INORCANIZ STRUCTURES

In spite of the wealth of material, work with
lnorganic compounds has b2en comparatively
less extensive than with organic ones. The com-
plex nature of the material and the neei for
the study of a larg: proportion of these eithar
in the solid state or in solution is partly res-
ponsible for this state of affairs. The field,
however, has not been neglectad. Leaving out
the binary compounds of an ionic type, we may
consider the developments in a faw select in-
stances,

The most exhaustive studies relate to solu-
tiong of acids in watler, various concentration
rang2s being generally used. The principal
difficulties in the interpretation of the results
arise from two causes: considerable changes
in the dielectric constant of th2 solutions have
to ke expected with large changes in concen-
tration of solute; the hydrogen ion in so'ution
1s invariably solvated. Also it is difficull to
diffarentiate between ion-pairs in concentrated
so'utions and a high'y polarised covalent bond
that is often postulated in some cases. A limita-
tion in most of the interpretations is the ten-
dency to assume that water ra2mains unaffected
by the solute,

Halides of different groups have been exten-
sively studiad. All the halides of the formula
XY. in the fifth group that have been studied
show the expected Raman lines on the basis of
a pyram:dal structure whilz in the case of boran
(rihalides, evidence of the p’anar stru-ture was
obtained by studying isotope shifts. The cases
of phosphorus pentachloride and of aluminium
chlor‘de arz2 of particular interest. Raman spec-
trz]l s.udies of the first compound?®? clearly indi-
cated the presence of PCl.*in the solid which
1s now knovm from pther phvsical studies to be
essantially PCI,* PC1,-1¢ Anhydrous alum’nium
chloride which is known to ocecur norma'ly in
the dimeric form has been assigned the D. P
sviamefry by Kohlrausch though the evidence
from Raman and infra-red spactra have not
been without difficulties.26

Among structures that have intrigued both
physicists and chemists is that of diborane.
Several alternstives h~ve bh2en propesed:
(i) the structure prcposed bv Pau'ing involving
a resonance hybrid with direct bond between
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the two boron atoms: (it) the structure pro-
posed by Bell® involving a hydrogen bridge
structure ; and (i4ti) a protonated double-bonded
structure suggested by Pitzer.38  While some
typa of hydrogen bonding is now fairly estab-
lished, neither Raman Specira nor infra-red
spectra enable any unequivocal decision bet-
ween the Beall and the Pilzer models.

Hydrogen peroxide has also presented diffi-
culties with the possible structures

H—0 H H—O
i >o—> 0 r }1
O—H 1 O

(2) (4) (¢)

Penney and Sutherland have shown from an
analysis of the characteristic frequencies that
the puckered dihydroxylic form (c¢) in which
the hydroxy groups are in perpendicular planes,
basf represents the molecule 36

Nitric acid is one of the most thoroughly in-
vestigated compound. Earlier work has been no
doubt useful as a guide but the nature of the
“uniconised” form has bezn uncertain. The ex-
haustive investigalions of Ingold and co-work-
ers2l on pure nitric acid and in solutions has
enabled a complete interpretation of the spec-
tral bzahaviour in accord with the model of
Maxwell and Moseley32 (Fig. 4).

O ",

H
o

Fic. 4. Structure of Nitric Acid,

It may be mentioned here that Raman Spectra
of the monomeric form of eyanic acid and of
thiocyanic acid, as also hydrazoic acid, indicate
the presance of an N-H bond in all three raiher
than the isomeric structure with O-H or S-H
bohd as the case may be.

Raman Spectra sfudies have also been of use
in the study of ions of the type XY, and XY,
besides various complexes.

§ 3. ANALYTICAL APPLICATIONS

The simplicity of technique and the indivi-
dualily of Raman Spectra have enabled the
gradual use of Raman Spzctra in the qualita-
tive and quantitative analysis of mixtures of
ciosely related compounds which could not be

3
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handled by the usual chemical means. Qther
physical methods oftan  involve expensive

equipment and, where isomeric hydrocarbons
are involved, unsatisfactory in use.

In the presen{ brief survey it is not possible
to make any detailed reference 10 improvements
in ths techniques. These hawve been designed fo
improve the intensity of the scattered radiation,
cutting out the background illumination and
the developmen! of photoelectric and similar
devicas for recording as well as detecting Raman
line.18.27 QOne of the rnost interesting devices is
that of a multiple reflection technique which
has made the study of gases more feasible than
before.4°

Quife early in the development of the sub-
Jeet, interesting applications have bzen noticed
in the perfumery industry. The relative amounts
of isopropylidene and of isoprepenyl i1somars in
the terpene series, the composition of both
naiural and synthetic mixfures of the terpene
hydrocarbons and similar compounds have beéen
studied extensively in France.

Raman Spectra have bezn particularly use-
ful for the study of unstable compounds which
cannot be frozen out as in the case of nitrogen
pentoxide iin nitric-sulphuric acid mixtures,
nitric-perchloric acid mixtures and similar in-
stances.8.21 By a measurement of iniensities of
persistent lines, Goubeau has been able f{o

atect and make a rough estimate of the rela-
tive amounts of benzene, toluene and the
xylenesl? while Piaux estirnates the amounts of
cis and trans pantenes cbtained by the de-
hydration of pentanol using the specificity of
their Raman Spectra.3? Initial work on aroma-
tic hydrocarbon mixtures dealt with binary
mixtures but mare recent work has enabled the
estimation of as many as eight aromalic com-
pounds with an accuracy of 2%.40

The methed is particularly handy where the
components of a mixtura are not affected by
intermolecular forces. This is the case with
hydrocarbons and both qualitative and quanti-
tative are possible with comparison spectra of
the pure hydrocarbons. Fensk: and others have
prepared a very useful collection of Raman
spectrograms for over 350 compounds.S1® Re-
cently, 4 monograph has appeared! davoted
solely to the analytical applications of the

Raman Effect.

§4. CHARACTERISTIC FREQUENCY AND CHEMICAL
REACTIVITY

While Raman Spectra have not been as use.-
ful as ultraviolet absorption or infra.red studies
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in the identification of transient molecules, it
is nevertheiess an important tool in the correla-
tion of reactivity with structural influencas.

The concept of mesomerism or resonance has
been introduced to account for the behaviour
of a variety of compounds'¥3® and Raman

actra have been helpful in the elucidation
of some of these structures. Thus Raman
spectral evidence has substantiated the sym-
metry of the nitro group, the carboxyi, nitrate
and carbonatz ions and the linear struciure of
carbon dioxide and carbon disulphide. Both
infra-red and Raman Spectra have been used
in following the course of polymerisation re-
actions where thz mesomeric structure of a
butadiene system is progressively replaced by
a system of isolated double bonds. The preci-
sion of measurements now possible has enabled
a study of the influence of the structure of the
initial polyenes on the course of polymerisa-
tion. A close correlation betwzen the C=C
double bond frequency and the activation energy
of the reaction as well as the relationship bat-
ween the carbonyl frequency and activavicn
energies for both acid and alkaline hydrolysis
of carboxylic esters is noticeable.?.3 Addition
and substitution reactions and the relationsnp
with characteristic vibrations has been the sub-
ject of study by Duchesne.l4

In deaaling with reactivity, one has to reckon
more with excited structures than with mole-
cules in the ground state and Duchesne has
indicated the problem taking the rzlative rafe
of addition of hydrogen bromide to ethylene
and acetylene as examples.ld It is intaresting
toc note in this connection that the infra-red
studies of Ingold has recently shown that in
its excited statz, acetylene has a non-linear
form. The subject deserves further siudy.
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