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INTRODUCTION

J.HE effect of the solvent on the spectral character-
istics of solute molecules is of primary significance
in molecular physics, since in most cases we have to
investigate the optical and other physical properties
of the molecules in solution. The investigated mole-
cule is then influenced by the surrounding molecules
of the medium, an influence which can change its
properties appreciably. The experimentally observed
spectra characterize then not the molecule itself, but
a system comprising "the investigated molecule plus
the medium." It is quite obvious that a study of this
problem is quite vital from both the theoretical and
practical points of view.

Two aspects of this question can be distinguished.
The first is to explain the nature of the effect of the
solvent on the spectra, and establish the main laws
governing it, and the second is to use these laws to
determine various physical parameters of the isolated
molecule whenever this determination cannot be ef-
fected by direct means.

In spite of the importance of the problem and the
exceptionally large amount of literature devoted to it,
the problem is far from completely solved в " .
Moreover, great differences exist even in the approach
used by various authors to investigate the solvent ef-
fect.

The present paper, without claiming complete
coverage of the material, will try to review critically
a number of basic papers pertaining to several r e -
cently developing trends. Principal attention will be
paid here to papers whose authors have attempted to
unify the aggregate of experimental facts from some
definite point of view.

We note also that we do not concern ourselves here
with the large group of investigations of the solvent
effect on the electronic spectra of molecules, since
these investigations have their own specific nature
[7-12] _

We must emphasize from the very outset that
the problem of the solvent effect is essentially a
problem of intermolecular interactions. Even a cur-
sory examination of the material accumulated to date
shows that the uncertainty in the conclusions pertain-
ing to the solvent effect in spectra is due to the
variety of types of interactions between solute and
solvent molecules. These may include various types
of classical van der Waals interactions (orientational,

induction, or dispersion interactions), and physical-
chemical interactions of various types (complex for-
mation, hydrogen bond, etc.). An investigation of the
spectra of the interacting molecules is in principle a
powerful means for studying the nature of these inter-
actions. However, the information gained from the
spectra is in code and must be decoded. Here the
main problem is distinguishing the various types of
effects and the establishment, in the final analysis, of
quantitative relations between these effects.

Intermolecular interactions manifest themselves
in the spectra of solutions in various manners, lead-
ing, as is well known, to the following most character-
istic phenomena: a) band shifts; b) changes in the ab-
sorption intensity; c) changes in shape (half-width,
asymmetry) of the bands.

The band shift on going from vapors to solutions or
from one solvent to another is generally a first-order
effect, since it results principally from a change in
the relative position of the molecular energy levels
between which the quantum transition takes place.
The other phenomena, determined to a considerable
degree by the influence of the medium on the transi-
tion probabilities and by the properties of the corre-
sponding excited states, are more subtle effects
which are very difficult to describe. Nonetheless, as
will be shown below, the authors of most papers trying
to encompass all the fundamental aspects of the phe-
nomenon, consider this phenomenon as a rule from a
single point of view, which predetermines the course
of the arguments advanced in all cases. In the present
paper, owing to lack of space, we shall touch upon
only two of the questions indicated above, those of
greatest interest, namely the effect of the solvent on
the positions and the intensities of the absorption
bands.

It is impossible to speak at present of any clear-
cut development of a theory explaining the effect of
the solvent on infrared spectra. Several schools exist,
headed by outstanding scientists and adhering each to
their own opinion on this question. Nevertheless, with
some simplification, one can classify the existing
papers on the subject as belonging to two trends. The
first involves the examination of the collective effect
of the particles of the medium on the spectra of the
solute molecule and the description of this effect by
introduction of macroscopic characteristics of the
solvent (the dielectric constant, the refractive index,
etc.). The papers belonging to the second trend aim
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to establish a connection between the effect of the
solvent on the spectra of the dissolved substance and
the microscopic characteristics (physical, physical-
chemical, and chemical) of the solvent and solute
molecules. The effect of the medium is considered
here to result from the interaction between the dis-
solved molecule and one or several of the particles
surrounding it. Each of these points of view has its
advantages and shortcomings, and the possibilities
latent in both approaches have in our opinion not yet
been fully exhausted by far. Moreover, we propose
that a sufficiently complete description of real sys-
tems can be obtained only by taking into account both
the collective and the individual actions.

1. EFFECT OF THE SOLVENT ON THE BAND

POSITIONS

It is clear even from general considerations that
the conditions under which the investigated molecule
in solution interacts with a light wave differ from the
conditions for an isolated molecule. In particular,
this conclusion follows directly from the general
premises of classical electrodynamics and involves
the need for introducing generalized parameters (die-
lectric constant, refractive index) to account for the
effect of the aggregate of surrounding particles as a
physical medium on the given molecule. It is there-
fore natural that the first papers on the effect of the
solvent on the spectra of a solute tried to relate the
changes in frequency with the macroscopic physical
characteristics of the solvent.

A very fruitful concept was introduced in this con-
nection by Onsager '-13-' in 1936, that of the reactive
field exerted on a given molecule by its surrounding
neighbors, which are polarized by this molecule. In
1937, Kirkwood [ 1 4 ' 1 Й used the Onsager model to de-
velop a simple theory relating the relative band shift
Av/v in the spectrum of the solute molecule with the
dielectric constant of the medium; here the solute
molecule was approximated by a point dipole at the
center of a spherical cavity. This problem was con-
sidered later also by Bauer and Magat '-16-', who took
into account the anharmonicity of the oscillation. The
final expression obtained in Г14~163 is

Av
2e+f (1.1)

where С is a constant that depends only on the
properties of the investigated molecule and рй is the
oscillation frequency of the isolated molecule. The
simplicity of this relation and the ease with which it
can be tested experimentally has attracted the atten-
tion of experimenters to this very day. It is sufficient
to state that in almost every study, the authors have
considered somehow the question of whether relation
(1.1), which has been named the Kirkwood-Bauer-
Magat (KBM) formula, is obeyed. We note that in
formula (1.1) the constant С is in principle a positive

quantity, that is, the band shift on going from the gas
to the solution should always be to longer wavelengths.

An extensive testing of formula (1.1) (see, for ex-
ample, С5'17~2Й ) shows that in most cases it does not
agree with the experimental data. This manifests it-
self above all in the fact that besides the frequently-
observed long-wave shifts (the red shifts), there are
also short-wave band shifts (blue shifts). Thus, for
example, whereas the 3282 cm" 1 frequency of the
antisymmetric stretching vibration of acetylene un-
dergoes a red shift upon solution, the 729 cm" 1 fre-
quency of the deformation vibration of the same mole-
cule shifts toward the blue ^. A blue shift is ob-
served also for the 671 cm" 1 band of benzene, the
829 cm" 1 band of furfural '-29-', and in many other cases.

Along with the foregoing examples wherein formula
(1.1) is not qualitatively fulfilled, it is likewise not
confirmed, as a rule, by the quantitative data. Thus,
de Maine and his co-workers -* who investigated the
infrared spectra of five alcohols, four ethers, acetone,
benzene, nitromethane, p-xylene, and hexane, both in
pure form and dissolved in CCI4, observed no fre-
quency shifts, in spite of the fact that the concentra-
tions of the solutions varied over a very wide range:
from 0.19 to 24.75 mole/liter, while the dielectric
constant ranged from 2 to 34.1.

An approximate linear relation between the value
of the relative shift and a function of e is sometimes
observed in nonpolar solvents (for example CS2, CCI4,
etc.) eo-33D B y w a y o : f i n u s t r a t i o n Fig. 1 shows the
results of a test of formula (1.1), taken from'-26-'. Yet
in individual cases formula (1.1) describes the exper-
imental results '-21-' fairly well (Fig. 2). We point out
in this connection that debates are continuing to this
very date in the literature concerning the need or ad-
visability of replacing e in formula (1.1) by n2

0,
where n0 is the refractive index of the solvent (see,
for example,» 5 ' 2 9 ' 3 «).

The poor agreement between the KBM relation and
experiment is not unexpected, generally speaking,
since the initial physical premises used in its deriva-
tion are quite crude. Indeed, they do not take any ac-
count whatever, in particular, of the individual prop-

FIG. 1. A plot of the shift of
the fundamental frequencies of
C = 0 in acetone (o) and С - Н
in chloroform (•) against the func-
tion (e - l)/(2e + 1) (from M ) .
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FIG. 2. A plot of the relative
shift of the С - Cl frequencies in
(asymmetric) cis-dichloroethylene
(1), C = 0 in acetophenone (2),
and pyrrole (3) against (e - 1)/
( 2 6 + 1 ) (from M ) .
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e r t i e s of t h e m o l e c u l e s of t h e s o l v e n t a n d s o l u t e , n o r

m a n y o t h e r f a c t o r s , w h i c h e x p e r i m e n t s h o w s t o p l a y

a n a p p r e c i a b l e r o l e i n t h i s p h e n o m e n o n . I t w o u l d

t h e r e f o r e b e n a t u r a l t o a t t e m p t t o i m p r o v e t h e t h e o r y

of t h e d i e l e c t r i c i n f l u e n c e of t h e m e d i u m , a s h a s b e e n

d o n e m a n y t i m e s . T h u s , i n a s e r i e s of p a p e r s b y

G a l a t r y a n d c o - w o r k e r s L34-36] m o r e p r e c i s e e x p r e s -

s i o n s w e r e d e r i v e d f o r t h e r e a c t i v e f i e ld of t h e d i s -

s o l v e d m o l e c u l e , t a k i n g i n t o a c c o u n t t h e c h a n g e s i n

t h e p o s i t i o n s of t h e s o l v e n t p a r t i c l e s , d u e t o t h e a d -

d i t i o n a l i n t e r a c t i o n b e t w e e n t h e c o n s t a n t a n d i n d u c e d

m o m e n t s of t h e m o l e c u l e s , a n d a l s o t h e t e m p e r a t u r e .

T h e f inal e x p r e s s i o n f o r t h e r e l a t i v e f r e q u e n c y

s h i f t of a p o l a r m o l e c u l e i n a p o l a r s o l v e n t d e r i v e d b y

G a l a t r y [ 3 6 " h a s t h e f o r m

2q'
2 " ° ~ 1

2в§-
3

5л BJ> + 1 J d

( 1 . 2 )

where e', q', p, and у are respectively the charge,
force constant, constant dipole moment, and anhar-
monicity constant of the oscillator used to approxi-
mate the investigated molecules; a is the Onsager
radius of this molecule, q the constant dipole moment
of the solvent molecules, and d the number of mole-
cules of the solvent per unit volume of the solution.
Relation (1.2) was used by these authors to calculate
the value of a of the HC1 molecule from measured
values of b.v/v in different solvents. It was found
that the solvents used can be subdivided into two
groups: in some (CC14, CHC13, C6H5C1 etc.) the
values of a are close to the Lennard-Jones radius of
HC1 (1.65 A), while in others (aromatic hydrocarbons
capable of associating with HC1) the molecular
radius turns out to be smaller (a « 1.54 A).

Expression (1.2) has not been subjected to an ex-
tensive experimental check, which, generally speaking,
is too complicated to be readily performed. However,
even a preliminary analysis shows that formula (1.2)

c a n l i k e w i s e n o t e x p l a i n t h e b l u e s h i f t s o f t h e a b s o r p -

t i o n b a n d s o b s e r v e d i n m a n y c a s e s .

F r o m a m o n g t h e l a t e s t p a p e r s w h o s e a u t h o r s h a v e

d e v e l o p e d a d i e l e c t r i c t h e o r y o f t h e e f f e c t o f t h e s o l -

v e n t o n i n f r a r e d s p e c t r a , w e s h o u l d t a k e u p t h e i n -

v e s t i g a t i o n s o f P u l l i n ' - 3 7 " 4 0 - ' , w h o a t t e m p t e d t o e x a m i n e

t h e p r o b l e m f r o m a g e n e r a l p h e n o m e n o l o g i c a l p o i n t o f

v i e w .

S t a r t i n g f r o m t h e e x p r e s s i o n f o r t h e r e a c t i v e f i e l d

derived by Kirkwood, Pullin proposed that the fre-
quency shift depends in general on the dielectric con-
stant e and the refractive index щ of the solvent,
and also on the molar volumes V of the solvent and
solute, which are implicitly contained into the Onsager
expression for the radius of the cavity ^13>41^. Pullin
subdivided the solvent effect into the following three
parts.

1) The "distortion effect" due to the static change
in the configuration of the investigated molecule when
placed in the dielectric medium, owing to the action
of the reactive field on this molecule. This effect, as
shown in W, should depend on e and can in general
(depending on the properties of the dissolved mole-
cule) lead to either an increase or a decrease in the
frequencies upon dissolution.

2) The "intensity effect," connected with the
polarization of the medium by the dipole moment of
the transition (that is, manifesting itself only upon
application of the light field), and proportional to the
intensity of the band. This effect, determined by the
square of the refractive index of the medium, always
leads to a lowering of the frequency and has been
termed the general red shift in the world literature'-42^.

3) The "overtone effect," due to the need for tak-
ing into account the anharmonicity of the oscillation,
an effect depending on nj> and capable of leading (like
the "distortion effect") either to a decrease or to an
increase in the frequency. This effect is as a rule
relatively small.

Thus, on the whole the frequency shift on going
from vapors to solutions is given by the expression

Av = Bf K, V) + С {/ (e, V) -f K, V)}, (1.3)

where В and С are constants that depend on the
properties of the solute molecules, and the form of
the universal function f(x, V) is unknown.

On the basis of Onsager's model, Pullin proposes
the following form of the function f (x, V):

(1.4)

where x = e or n\, while V characterizes the dimen-
sions of the Onsager cavity D3>41>43]_

P u l l i n ^ compared Eq. (1.3) with the experimental
data on the frequency shifts of the stretching vibra-
tions of the carbonyl group and the asymmetric с—с—с
vibrations of the acetone molecule in thirty-four dif-
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ferent solvents. Here he tried to find the best fit of
theory with experiment by ascribing in turn the follow-
ing values to V: the molar volume of the solvent, the
arithmetic mean of the molar volumes of the solvent
and solute, their geometric mean, etc. The best
agreement between (1.3) and experiment was obtained
when V = R, where R is numerically equal to the
radius of a sphere of volume equal to the molar vol-
ume of the solvent.

Further attempts to improve the agreement be-
tween theory and experiment have led Pullin to the
need for varying also the ratio of the constants B/C
over a wide range. The final results of such a com-
parison for the acetone band indicated above are
shown in Fig. 3, which is taken from '-40-'. We see that
the numerous and quite artificial constructions have
enabled the author only to describe the phenomenon
by means of some monotonic curve. In view of the
arbitrary variation of the values of the constants con-
tained in (1.3), this expression is rather lacking in
physical meaning.

Г725

17S0

d e t e r m i n e d f r o m t h e l i q u i d d e n s i t y b y t h e f o r m u l a

v ms
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FIG. 3. A plot of the frequency

of the С = О stretching vibration

of acetone against the Pullin func-

tion (from M ) .

6 в 10 Г2*А
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H i r o t a '-45-' h a s a t t e m p t e d t o a p p l y g e n e r a l q u a n t u m -

m e c h a n i c a l c o n c e p t s t o s t u d y t h e e f fect of t h e s o l v e n t

on s p e c t r a . U s i n g t h e O n s a g e r m o d e l , h e o b t a i n e d

e x p r e s s i o n s f o r t h e o p e r a t o r of t h e e n e r g y of i n t e r a c -

t i o n b e t w e e n t h e d i s s o l v e d m o l e c u l e a n d t h e m e d i u m ,

a n d found by p e r t u r b a t i o n t h e o r y t h a t t h e r e l a t i v e d e -

c r e a s e i n f r e q u e n c y on g o i n g f r o m t h e g a s t o t h e

s o l u t i o n c a n b e e x p r e s s e d b y t h e f o r m u l a

е - 1 С

w h e r e

lie— i a 3 4JX//'V2 '

иЧ-2)(2е + 1)

3(2B-J-"2)

(1.5)

(1.6)

a n d t h e m e a n i n g of t h e o t h e r q u a n t i t i e s c o n t a i n e d in

(1.5) i s c l e a r f r o m t h e f o r e g o i n g . An a n a l o g o u s e x -

p r e s s i o n h a d b e e n d e r i v e d b y H i r o t a e a r l i e r b y t h e

c l a s s i c a l m e t h o d
[44]

In t h e i n t e r p r e t a t i o n of t h e e x -

p e r i m e n t a l d a t a , t h e v a l u e of a w a s c h o s e n t o i m -

p r o v e t h e a g r e e m e n t b e t w e e n t h e o r y a n d e x p e r i m e n t .

I t w a s found t h a t t h e v a l u e s of a o b t a i n e d t h u s a r e

c o n s i d e r a b l y s m a l l e r t h a n t h e r a d i i of t h e m o l e c u l e s

)

T h e s t u d i e s o f B u c k i n g h a m '-4 e 4 8-' h a v e s h o w n a

m o r e g e n e r a l a n d c o n s i s t e n t a p p r o a c h t o t h e s o l v e n t

e f f e c t o n t h e i n f r a r e d s p e c t r a of m o l e c u l e s . I n o u r

o p i n i o n , t h e s e p r o v i d e t h e c o n n e c t i n g l i n k b e t w e e n

t h e t w o a f o r e m e n t i o n e d a p p r o a c h e s , s i n c e t h e r e s u l t s

o f t h e s e i n v e s t i g a t i o n s , a s w i l l b e c o m e c l e a r l a t e r o n ,

c a n b e u s e d t o e x p l a i n t h e p h e n o m e n o n f r o m t h e p o i n t

o f v i e w o f b o t h u n i v e r s a l a n d s p e c i f i c i n t e r a c t i o n s .

B u c k i n g h a m t r e a t s t h e i n f l u e n c e o f t h e s o l v e n t

m o l e c u l e s o n t h e s o l u t e m o l e c u l e s b y u s i n g t h e m o s t

g e n e r a l q u a n t u m - m e c h a n i c a l m o d e l . T h e t h e o r y w a s

d e v e l o p e d f o r a d i a t o m i c m o l e c u l e ( o s c i l l a t o r ) , b u t ,

a s s h o w n i n '-47-', c a n b e g e n e r a l i z e d a l s o t o i n c l u d e t h e

c a s e o f a p o l y a t o m i c m o l e c u l e . L e t u s d w e l l b r i e f l y

o n t h e m a i n p h y s i c a l p r e m i s e s o f t h i s t h e o r y a n d o n

t h e m e t h o d o f a n a l y s i s .

T h e H a m i l t o n i a n o f a d i a t o m i c m o l e c u l e i n t h e

g a s e o u s s t a t e c a n b e r e p r e s e n t e d i n t h e f o r m

H = H 4- H ( 1 7 )

w h e r e H o i s t h e o p e r a t o r f o r a h a r m o n i c o s c i l l a t o r ,

w h i l e t h e o p e r a t o r H a t a k e s i n t o a c c o u n t t h e a n h a r -

m o n i c i t y o f t h e o s c i l l a t i o n s . W h e n t h e m o l e c u l e i s

p u t i n s o l u t i o n , i t b e g i n s t o i n t e r a c t w i t h t h e s u r r o u n d -

i n g p a r t i c l e s , a n d t h e i n t e r a c t i o n e n e r g y u d e p e n d s

o n t h e c o n f i g u r a t i o n o f t h e s u r r o u n d i n g m o l e c u l e s . If

w e a s s u m e t h a t t h e v a l u e o f u c a n b e r e p r e s e n t e d b y

a p o w e r s e r i e s i n t h e d i s p l a c e m e n t o f t h e n u c l e i o f

t h e i n v e s t i g a t e d m o l e c u l e f r o m t h e i r e q u i l i b r i u m p o -

s i t i o n s , t h e n a f t e r a v e r a g i n g o v e r a l l t h e c o n f i g u r a -

t i o n s o f t h e s o l v e n t m o l e c u l e s w e g e t

u = u(l) = u0 + u'l + 4 u'V i • • • ,

w h e r e

Thus, for a solution we have

1-й. (1.7a)

The la s t two t e r m s can be regarded as a per turbat ion,
in a g r e e m e n t with the r e s u l t s of m o s t e x p e r i m e n t s .
Using the f i r s t- and second-order per turbat ion theory
formulas, it i s easy to find the shifts in the energy
levels of the dissolving molecule, and consequently
also the frequency shift. The corresponding e x p r e s -
sion derived by Buckingham'-46-, has the form

4 a m , ч B,. / ' - „ ,, Л
~ -,••• \ l и - Л

uiltl, Ti пав* V шг
( 1 . 8 )

w h e r e u ' a n d u " a r e t h e v a l u e s o f t h e d e r i v a t i v e s o f

u w i t h r e s p e c t t o £ , a v e r a g e d o v e r a l l t h e s o l v e n t -

m o l e c u l e c o n f i g u r a t i o n s , A/u>e i s t h e a n h a r m o n i c i t y

c o n s t a n t , a n d B e i s t h e r o t a t i o n a l c o n s t a n t . E v e n t h i s

e x p r e s s i o n , d e r i v e d w i t h o u t a n y s p e c i a l a s s u m p t i o n s
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concerning the nature of the light-absorbing center
and the character of its interaction with the medium,
leads to several definite conclusions. In particular,
the value of the relative shift should be the same for
both the fundamental frequency and the overtones.*

In addition, inasmuch as the values of the parame-
ters B e/w|> п", п', and А/ше do not depend on the
masses of the atoms, the quantity Дш/ш should re-
main constant upon isotopic substitution. It should be
noted that both foregoing conclusions have been con-
firmed by experiment (in particular, with the HC and
DC bands as examples, and also OH and OD t 4 6 > 4 8 ' 1 5 >

51,521 v
To obtain specific expressions relating the relative

shift 6w/w with the physical characteristics of the
solvent and the solute molecules, we obviously must
determine the form of u as a function of the configu-
ration of the surrounding particles and the parameters
of the investigated molecule. It is natural here to use
various models capable of describing intermolecular
interactions of both the universal and specific types.

Let us consider for example the influence exerted
on spectra by the universal effects, which manifest
themselves in a dependence of the band positions on
the bulk physical characteristics of the solvent. In
the general case the reactive field R acting on the
given molecule in solution and due to the influence of
the molecule on itself via the surrounding medium, is
proportional to its dipole moment д, that is,

# = № (1.9)

where the proportionality coefficient g, which depends
on the properties of the medium and the dissolved
particle, is determined by the chosen model. If the
energy u is represented as the potential energy of a
dipole in the field R, that is, in the field of a set of
other dipoles polarized by the given dipole, then the
corresponding expression for u' assumes (after av-
eraging over all the configurations) the following form:

(1.10)

If we use the Onsager model (see '-43-'), according to
which

2 <e-D

where a is the polarizability, a' its derivative, and
(i' the derivative of the dipole moment. We can de-
rive analogously an expression for u". It is easy to
see that in the general case the magnitude of the rela-
tive shift should depend both on the properties of the
solvent and on the specific microscopic characteris-
tics of the solute molecules (dipole moment, polariza-
bility, etc.).

Substituting the values of u' and u" into (1.8) and
grouping terms of different powers of g, we obtain

~^C0 + Clg + C2g°+... (1.11)

" «3(2e+T)*

then

( 1 Л 2 )

For polar solvents we must introduce two values of
g, namely g e and gn, corresponding to the constant
and oscillating (induced by the light wave) dipole
moments of the molecule. Then

Й = ̂  + ? А . (1-13)

where the first and second terms correspond to the
static and dynamic effects (n is the refractive index
of the solvent) [ 8 ) 9 > 1 2 > 4 2 ] . In this case expression (1.12)
assumes the form

/ E—1

(B-l)K--l)

*We note that an analogous conclusion was reached earlier by
ChulanovskayaM, who considered the interaction between two
diatomic molecules.

(1.14)

Evidently it is much easier to describe experimental
data with formulas (1.12) and (1.14) than with expres-
sions (1.1) and (1.3), if the constants В are arbitrary.
However, it is precisely in formulas (1.12) and (1.14)
that these constants are related in definite fashion with
the specific microscopic characteristics of the dissolved
molecule, thus eliminating the arbitrariness in their
interpretation and at the same time permitting several
important and interesting physically-founded conclu-
sions to be drawn from the analysis of the experi-
mental results.

Quite analogously, we can start from relation (1.8)
to investigate the problem of the effect of the specific
interactions on the spectra. Thus, in examining the
interaction between a diatomic molecule and a solvent
molecule via formation of a hydrogen bond, Bucking-
ham has shown that the magnitudes and signs of the
parameters u' and u" change with the conditions, and
this can in turn manifest itself either in a red or in a
blue band shift. These deductions have been con-
firmed by the results of[S3>54].

Another very interesting general result was ob-
tained by Buckingham '-47-', wherein definite relations
between the magnitudes and the directions of the band
shifts corresponding to different types of oscillations,
should be satisfied in the case of linear symmetric
triatomic molecules in any solvent. Thus, for exam-
ple, in the case of the CO2 molecule, the bands corre-
sponding to the stretching vibrations should shift to
longer wavelengths, whereas the deformation-vibra-
tion band should shift to shorter wavelengths.

Thus, a distinguishing feature of the Buckingham
method, as compared with the method considered
above, is the shift in the emphasis of the problem
toward a determination of the form of the potential
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function u, characterizing the interaction between the
investigated molecule and its surroundings. Naturally,
the more correctly the function u is approximated,
that is, the better the chosen physical model reflects
the real picture (regardless of the type of interaction,
universal or specific, described by it), the more ac-
curately should the obtained theoretical relations
satisfy the experimental data. It must be noted that
Buckingham's approach is of particular interest pre-
cisely for the problem of the specific interactions,
which unlike the universal interactions do not lend
themselves (at least at the present) to a description
in general form, but for which it is easier to construct
a concrete model, valid for a given case.

Let us turn now to an examination of the investiga-
tions following the other trend. Here, the authors, in
studying the effect of intermolecular interactions on
the spectra, assume that this problem cannot be
solved in principle by merely accounting for the uni-
versal effects. In their opinion it is necessary to ap-
proach separately each specific case, analyzing the
microscopic effects of different types (association,
complex formation, hydrogen bonds, etc.) between the
given molecule and its nearest neighbors. However,
inasmuch as the overall dielectric effect always oc-
curs to some degree or another, the question arises
of the need for distinguishing the universal effects
from the specific ones.

In this connection, interest is attached to a series
of papers by Bellamy and his co-workers 0,55-64]̂  w n o

proposed a method for processing the experimental
data in such a way as to solve this problem to a cer-
tain degree. The gist of the method is as follows. The
values of the relative shifts bv/v of any vibrational
frequency (for example X-H) of the investigated
molecule in an extensive set of solvents are repre-
sented as functions of the relative frequency shifts of
the analogous chromophore ( Y-H) of some other
molecule, chosen as a standard, in the same series of
solvents. The next problem is to analyze the rela-
tionships obtained, which permit in principle rather
general conclusions concerning the nature of the in-
fluence of the solvent on the molecule. In Bellamy's
opinion, if the relative shift is determined exclusively
by the bulk properties of the solvent (for example, the
dielectric constant), then the stated function should be
a straight line passing through the origin and making
an angle 45° with the axes. If there is a common
mechanism whereby the solvent acts on the investi-
gated and standard molecules, but the shift depends
on the properties of the solute molecule, the resultant
straight lines may have different slopes. Finally, if
the dependence is not linear, then the influences of
the medium on the properties of the standard and in-
vestigated molecules will differ in nature. The de-
pendence of the magnitude of the shift on the proper-
ties of the investigated molecule serves, from

Bellamy's point of view, as a symptom of specific in-
teractions.

The method presented above was used by Bellamy
to analyze a large quantity of experimental data per-
taining to the solvent-dependence of the characteristic
frequencies of various molecules. The choice of the
characteristic frequencies for the investigation was
governed by the aim to obtain as simple a physical
description of the phenomenon as possible, for in this
case (as for diatomic molecules) the action of the
solvent on the chromophore group can be represented
quite justly, in particular, as an interaction between
dipoles. By way of an example, Figs. 4 and 5 show
characteristic plots obtained in '-3-' by the described
method for the X-H and C=O stretching vibrations.
It is easy to see, first, that the relations are linear,
and second, that they have different slopes. The order
of the solvents in increasing strength of their effect
on the X-H vibration bands may differ appreciably
from the corresponding order for the X=O vibrations.
For example, whereas ether exerts a very strong
influence on the vibration frequencies of the X-H
groups, it affects little the frequencies of the X=O
groups. The situation with chloroform is reversed.

It was concluded on the basis of the obtained data
that the specific interactions, rather than the dielec-
tric constant, play the predominant role in the influ-
ence of the solvent on the infrared frequencies of the
dissolved molecules. In Bellamy's opinion, these
specific interactions are manifest in various types of
association of the solute molecule with the solvent
molecules. Thus, in the interaction of the X-H
chromophore groups with nonpolar solvent molecules
( CS2, CCI4, etc.), the association results from the

FIG. 4. Results of processing
of the experimental data on the
relative frequency shift of stretch-
ing vibrations of the X—H group
in the molecules B10H14 (1), HO
(2), and HBr (3) after Bellamy.t3]
Standard substance — pyrrole.

FIG. 5- Results of proc-
essing of the experimental
data on the relative frequen-
cy shift of the С = О stretch-
ing vibration in molecules of
benzophenone (1), cyclo-
hexanone (2), and dimethyl-
formamide (3) after Bel-
lamy. M Standard sub-
stance — acetophenone.
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action of dipole forces, while if polar media are used
(alcohols or water) the association is due to the for-
mation of hydrogen bonds.

Experiment also indicates a pronounced parallelism
between the polarity of the bond and the sensitivity of
the corresponding bands to the solvent effect. In other
words, the higher the polarity of the bond, the greater
the relative shift (see Fig. 3).

Bellamy's theories can find many practical appli-
cations E63>6^. They were used, in particular, i n ^
to identify the carbonyl absorption frequencies in
pyridones. 4-pyridone exhibits, among others, two
frequencies, 1650 and 1590 cm" 1 , which were previ-
ously attributed to C=O and C=C vibrations, respec-
tively. Upon investigating the variation of these fre-
quencies in sixteen different solvents, Bellamy ob-
served that the 1650 cm" 1 frequency shifts very little,
whereas the 1590 cm" 1 frequency undergoes radical
changes. He therefore concluded that the 1590 cm
frequency belongs to the C=O bond vibrations, since
the latter has a greater polarity than the C=C bond.

We must note nevertheless that we find Bellamy's
point of view quite biased, so that his conclusions are
not sufficiently justified in several cases. Thus, for
example, he regards the differing slopes of the lines
(see Figs. 3 and 4) as a sign of association. That is,
he attributes this fact to the appearance of specific
interactions and not to the bulk dielectric effects. At
the same time it follows even from the simple KBM
formula (1.1) that one should expect lines of differing
slopes for different molecules in the general case
(when processing the experimental data by the Bellamy
method), since the values of the parameter С depend
on the properties of the solute molecule. Moreover,
it follows from the same formula (1.1) that, when
Bellamy's method is used, the plots on Figs. 3 and 4
should be straight lines in any case. That is, the
linearity can be due to the pure dielectric effect of
the medium.

Let us turn now to examine the work done by
Thompson and his co-workers 0,66,69^ w n o s e unique
treatment of the interaction between solute molecules
and solvent molecules is of appreciable interest.
Thompson investigated the solvent effect for pseudo-
diatomic molecules having chromophore groups (for
example HCN, DCN, etc.). The choice of such mole-
cules as research objects was determined by an in-
terest in discovering the micromechanism of the in-
teraction between the particles in solution, for in this
case it is much simpler to obtain a model for the in-
vestigated system and to interpret the obtained re-
sults. The displacements of the frequencies vac a n d

VQQ were investigated in '-69-' in a wide range of sol-
vents, greatly differing in their physical and chemical
properties. Even a preliminary analysis of the ex-
perimental results showed that they cannot be ex-
plained from the standpoint of dielectric effects alone,

and that local specific interactions must be taken into
consideration.

According to Thompson, in examining the specific
interactions between the investigated molecule and
the solvent molecule, it is necessary to distinguish
the groups of atoms (bonds) in the molecules which
exert the most active interaction in the given specific
case. Hence, naturally, in interpreting the experi-
mental data from this point of view, it is logical to
classify the solvents by grouping them as having in
common the stated active centers. As a measure of
the magnitude of the directional activity of a center,
Thompson proposed to use Taft's concept '-70-' of the
so-called inductive and resonance factors <j, which
characterize for the solvent molecule R-A the degree
and sign of the influence of the residue R of the
molecule on the electron density in the active center
A.

Figures 6—9 show the results of the processing of
the experimental data on the shifts of the VRQ a n d

VQQ bands, and also ^c=O> ^n accordance with the
notions presented above. It follows from Fig. 6 that
the plot of yjjc = f ( с ) for unhalogenated aromatic
solvents is linear (line 1). It must be noted that this
line is obtained under the assumption that the interac-
tion center here is the center of the benzene ring (see
Fig. 7a). On going over to halogenated aromatic sol-
vents, the resultant linear dependence has a different
slope (see Fig. 6, line 2), and the points of line 2 do
not lie on the continuation of line 1. In Thompson's
opinion, this may result from the fact that here the
dissolved molecules interact also with another active
center, namely the halogen atom. To check this as-
sumption, the same substances were investigated in a
set of halogenated aliphatic solvents. The results of
this investigation are shown in Fig. 8. It is easy to
see that here, too, good linear relations are observed.
This indicates that in the cases under consideration
the active center is the halogen atom, through which
the interaction is effected (see Fig. 7b). The relative

FIG. 6. A plot of the
H-C vibration frequency of
the HCN molecule against
о for aromatic solvents
(after M ) . 1-Hydrocar-
bons, 2 - Chlorinated com-
pounds.
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3280
$ 3260\

ЗШ FIG. 8. A plot of the H-C and
D-C vibration frequencies of the
HCN and DCN molecules against

b a for halogenated solvents (R =
residue) (after M ) . a) v^c in
R-Cl solvents; b) i , D C in R-Cl;
c ) "HC i n R—Br.

FIG. 9. A plot of the
С = О vibration frequency
in molecules of N,N-di-
ethylacetamide (a) and
N-acetylpyrrolidine (b)
against о for R-H sol-
vents (after ["]) .

s t r e n g t h of t h e e f fec t of t h e h a l o g e n a t o m s on t h e

s p e c t r a d e c r e a s e s in t h e o r d e r I, B r , C l , F .

On t h e w h o l e , on t h e b a s i s of t h e d a t a o b t a i n e d , i t

w a s c o n c l u d e d t h a t if t h e s o l v e n t m o l e c u l e s c o n t a i n

s e v e r a l a c t i v e c e n t e r s , t h e i n t e r a c t i o n b e t w e e n t h e s e

m o l e c u l e s a n d t h e d i s s o l v e d p a r t i c l e c a n o c c u r in

d i f f e r e n t m a n n e r s . T h u s , f o r e x a m p l e , f o r o t h e r

n i t r i l e s ( R ' - C N ) , t h e i n t e r a c t i o n w i t h a h y d r o g e n

a t o m of a s o l v e n t m o l e c u l e c a n i n v o l v e t h e n i t r o g e n

a t o m of t h e d i s s o l v e d m o l e c u l e , t h a t i s , in a c c o r d a n c e

w i t h t h e s c h e m e R ' - C N . . . H - R " .

T h o m p s o n ' 6 ^ u s e d t h e m e t h o d d e s c r i b e d a b o v e t o

p r o c e s s t h e l i t e r a t u r e d a t a on t h e s o l v e n t - d e p e n d e n c e

of t h e f r e q u e n c i e s of a n o t h e r c h r o m o p h o r e — ( t h e C=O

g r o u p ) in t h e m o l e c u l e s of N , N - d i e t h y l a c e t a m i d e a n d

N - a c e t y l p y r r o l i d i n e . T h e r e s u l t s a r e s h o w n i n F i g . 9

u n d e r t h e a s s u m p t i o n t h a t t h e a c t i v e c e n t e r of i n t e r a c -

t i o n i s t h e H a t o m . It i s e a s y t o s e e t h a t t h e f u n c t i o n

i s r e p r e s e n t e d n o t b y a s t r a i g h t l i n e b u t b y a m o n o -

t o n i c c u r v e h a v i n g m a x i m u m c u r v a t u r e in t h e r e g i o n

c o n t a i n i n g t h e p o i n t s c o r r e s p o n d i n g t o t h e s o l v e n t s

w i t h h i g h d i e l e c t r i c c o n s t a n t . T h i s r e s u l t o f f e r s e v i -

d e n c e , in T h o m p s o n ' s o p i n i o n , t h a t i n t h i s c a s e t h e

f r e q u e n c y sh i f t i s d e t e r m i n e d b o t h b y s p e c i f i c i n t e r -

a c t i o n s a n d b y t h e b u l k d i e l e c t r i c e f fec t . F o r a q u a n -

t i t a t i v e s e p a r a t i o n of t h e s e e f f e c t s , T h o m p s o n u s e d

B u c k i n g h a m ' s t h e o r y , w r i t i n g t h e e x p r e s s i o n f o r t h e

r e l a t i v e f r e q u e n c y shi f t in t h e f o r m

Av
( 1 Л 5 >

H e r e h e a s s u m e d t h a t (1 .15) d o e s n o t t a k e a n y a c c o u n t

w h a t e v e r of s p e c i f i c i n t e r a c t i o n s . T h o m p s o n p r o p o s e d

t o t a k e a c c o u n t of t h e s e i n t e r a c t i o n s by a d d i n g t o t h e

t h r e e - t e r m f o r m u l a (1 .15) a t e r m of t h e f o r m C4<x. It

i s o b v i o u s t h a t t h e n t h e s i z e of t h e c o e f f i c i e n t s C 2

a n d C 3 c o m p a r e d w i t h C 4 w i l l s e r v e a s a m e a s u r e of

t h e r e l a t i v e r o l e of i n t e r a c t i o n s of d i f f e r e n t t y p e s i n

t h e o v e r a l l e x p e r i m e n t a l l y - o b s e r v e d e f f e c t . B y w a y

of illustration he considered the variations of the fre-
quency ^с=О °f N-acetylpyrrolidine and acetone, and
also of the frequency t>jjc °f the HCN molecule in
different media, and showed that the relative role of
the specific interactions and the bulk dielectric ef-
fects depends appreciably both on the properties of
the solute molecule and on the solvent. In compounds
containing the carbonyl group, the second type of in-
teraction is apparently predominant, in contradiction
with Bellamy's conclusions. The situation is reversed
for the frequency fjjc °f t n e HCN molecule in differ-
ent halogenated solvents, in which the specific inter-
actions play the principal role.

In connection with the foregoing, it must be noted
that the notions developed by Thompson also have
certain shortcomings. In particular, it is not clear a
priori why the linearity of the functions v = i(a) is
due to the effect of only the specific interactions, and
cannot result from superposition of some other effect.
In addition, the description of the experimental data
in terms of a polynomial formula with arbitrarily
chosen coefficients again does not help to solve the
main problem, namely the elucidation of the nature of
intermolecular interactions, since such a description
is in general equivocal.

On the whole, on the basis of the aggregate of the
results obtained, Thompson concludes that the inter-
actions between the solvent and solute molecules de-
pend on the nature of the molecules. One must not
forget here that the region of applicability of relations
such as Buckingham's equation is limited, for in the
general case the objects of study are not diatomic
molecules.

In conclusion, mention should be made of the work
of Norrish'-50J) who attempted to relate the observed
frequency shift to the thermodynamically-computed
energy E s of interaction between the solvent and
solute molecules. Using as an example the C=O fre-
quency of aceton, he showed that kv/v depends
linearly on E s .

An analysis of the points of view presented above
concerning the effect of the solvent on the position of
infrared-spectrum bands indicates that neither the
general theory, which attempts to explain the observed
facts only on the basis of the dielectric influence of
the solvent, nor the theories that take into account
only the specific interactions, disclose the physical
nature of the intermolecular interactions, and are
capable only of describing the phenomenon in some
cases. However, independently of the nature of these
interactions, a study of the effect of the solvent on the
position of the spectra and the establishment of various
empirical relations make it possible to solve many
practical problems (see, for example,^71"75^).
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2. THE EFFECT OF THE SOLVENT ON THE BAND
INTENSITIES

While some p r o g r e s s has been made with r e s p e c t
to the effect of the solvent on the posit ion of the bands
in infrared s p e c t r a , the problem of the effect of the
i n t e r m o l e c u l a r forces on the intensity of the s p e c t r a
has hardly been developed. The r e a s o n for it i s both
the s c a r c i t y of the exper imenta l m a t e r i a l accumulated
thus far, which to a considerable degree involves ex-
per imenta l difficulties, and a l so the g rea t complexity
of the interpreta t ion of the r e s u l t s obtained D>2,76-82]_
It m u s t be noted in this connection that, a s has been
mentioned above, on the one hand, the intens i t ies of
the bands a r e m o r e subject as a ru le to the solvent
effect than t h e i r posi t ions, and on the other hand, in a
theoret ica l analys i s of this problem one has to r e s o r t
to higher d e g r e e s of approximation.

As i s known, a m e a s u r e of the total probabil i ty of
a t rans i t ion involving light absorpt ion between energy
levels of an isolated quantum sys tem i s the integrated
a b s o r p t i o n ' - 8 3 " , defined exper imenta l ly as the a r e a ,
e x p r e s s e d in appropr ia te units , between the s p e c t r a l
absorpt ion curve and the frequency axis*, that i s ,

g a s j I f r / S a s j t о 1 \
v dv = j—s\)Kv dv, ( 2 . 1 )

w h e r e Kv i s t h e B o u g u e r - L a m b e r t l a w c o e f f i c i e n t

c h a r a c t e r i z i n g t h e a t t e n u a t i o n o f t h e r a d i a t i o n f l u x a s

i t p a s s e s t h r o u g h t h e a b s o r b i n g o b j e c t , w h i l e N i s t h e

n u m b e r o f a b s o r b i n g p a r t i c l e s p e r u n i t v o l u m e . T h e

f o r m o f t h e b a n d , t h a t i s , i t s h a l f - w i d t h a n d t h e p e a k

v a l u e o f t h e a b s o r p t i o n c o e f f i c i e n t , i s r e l a t e d t o a

f i r s t a p p r o x i m a t i o n t o t h e o v e r a l l p r o b a b i l i t y , t a k i n g

i n t o a c c o u n t a l s o t h e t r a n s i t i o n s b e t w e e n l e v e l s n o t

e n t a i l i n g a b s o r p t i o n o r e m i s s i o n o f l i g h t .

A n a l o g o u s l y , i n t h e c a s e o f s o l u t i o n s , a m e a s u r e o f

t h e i n t e n s i t y o f t h e b a n d i s t h e q u a n t i t y A g o i , d e f i n e d

a s

A s o l
s o l

YV s o l
K so1 ( 2 . 2 )

We note that the quantity e ^ o l i s no longer uniquely
re la ted to the internal p r o p e r t i e s of the molecule (the
Einstein coefficients), but i s an exper imental c h a r a c -
t e r i s t i c .

Indeed, the total amount of energy absorbed in a
volume dV = q dx of a gas o r solution p e r unit t ime
is de termined by the following e x p r e s s i o n s :

s o l

= В
sol и s o l

hv s o i N
s o l

dV,

( 2 . 3 )

( 2 . 4 )

where В = (87r3/3h2) | D | 2 i s the Einstein coefficient
for absorpt ion at frequency v ( | D | i s the m a t r i x
e lement of the dipole-moment o p e r a t o r ) , u is the
volume energy density at the s i te of the molecule, and

•Accordingly we shall henceforth take the term "intensity of a
band" to mean the value of the integrated absorption.

N is the n u m b e r of absorbing molecules p e r unit vol-
u m e .

On the other hand, the s a m e amount of absorbed
energy can be expres sed in t e r m s of the e x p e r i m e n -
t a l l y - m e a s u r e d quantit ies A g a s and A s o i :

dWgas = - AgasF dx 7Vgas, (2.5)

dW soi = -A s o i FdxN s o l , (2.6)

where F = Sq is the flux incident on the absorbing ob-
ject and is the s a m e , in accordance with the e x p e r i -
mental condit ions, for the gas a s for the solution*
( S is the Poynting vector and q is the c r o s s - s e c t i o n
of the b e a m ) , while dx is the thickness of the absorb-
ing layer .

F r o m (2.3)—(2.6) it follows that

A sol 1 s o l . В sol v sol " sol

4 g a s ( l ( e v d v ) g a s # g a s v g a s " g a s
( 2 . 7 )

t h a t i s , t h e r a t i o o f t h e e x p e r i m e n t a l l y - m e a s u r e d i n -

t e n s i t i e s o f t h e i n f r a r e d b a n d s d e p e n d s n o t o n l y o n t h e

i n t r i n s i c p r o p e r t i e s o f t h e m o l e c u l e i n t h e g a s a n d i n

t h e s o l u t i o n ( B g a s a n d B s o i ) , b u t a l s o o n t h e r a t i o

•*SOl -•gas-
It f o l l o w s f r o m ( 2 . 7 ) t h a t t h e a c t i o n s o f t h e s o l v e n t

o n t h e i n t e n s i t y o f i n f r a r e d b a n d s c a n b e a r b i t r a r i l y

s u b d i v i d e d i n t o t w o t y p e s . T h e f i r s t i n v o l v e s t h e f a c t

t h a t w h e n t h e m o l e c u l e g o e s o v e r f r o m t h e g a s e o u s

s t a t e i n t o s o l u t i o n t h e v a l u e o f t h e l i g h t f i e l d a c t i n g o n

t h e m o l e c u l e c h a n g e s .

I n d e e d , a s s u m i n g t h a t t h e f r e q u e n c y v, a s h a s

b e e n n o t e d , c h a n g e s l i t t l e o n g o i n g f r o m t h e g a s t o t h e

s o l u t i o n , w e r e w r i t e ( 2 . 7 ) , e x p r e s s i n g U g a s a n d MSO\

i n t e r m s o f t h e c o r r e s p o n d i n g f i e l d i n t e n s i t i e s :

A sol В sol E%ff

•gas 'gas
( 2 . 8 )

w h e r e E o i s t h e i n t e n s i t y o f t h e l i g h t f i e l d i n v a c u o

a n d E e f f i s t h e e f f e c t i v e ( i n t e r n a l ) m i c r o s c o p i c f i e l d

a c t i n g i n t h e m e d i u m o n t h e g i v e n m o l e c u l e . E f f c o n -

s i s t s o f t h e s u m o f t h e m a c r o s c o p i c a v e r a g e f i e l d

E a v o f t h e l i g h t w a v e i n t h e d i e l e c t r i c , a n d t h e f i e l d

o f t h e s u r r o u n d i n g p o l a r i z e d m o l e c u l e s o f t h e s o l v e n t .

T h e f i e l d i n t e n s i t y E a v i s c o n n e c t e d w i t h t h e m a g n i -

t u d e o f t h e i n - v a c u o f i e l d E o b y a g e n e r a l r e l a t i o n

t h a t f o l l o w s f r o m t h e c o n d i t i o n o f c o n t i n u i t y o f t h e

P o y n t i n g v e c t o r ^ :

Щ = «0
£av (2.9)

where n0 is the ref rac t ive index of the solvent. It
follows from (2.8) and (2.9) that the ra t io of the in te -
grated intensi t ies of the given band for the solution
and gas c a s e s i s de termined by the express ion

A sol
Л g a s li

s o l
g a s n0Eav

( 2 . 1 0 )

• G o i n g o v e r t o t h e s o l u t i o n e n t a i l s c h a n g e s i n t h e v o l u m e e n -

e r g y d e n s i t y a n d t h e e f f e c t i v e f i e l d a c t i n g o n t h e m o l e c u l e , b u t

t h e s e c h a n g e s a r e n o t r e g i s t e r e d at a l l by t h e r a d i a t i o n r e c e i v e r ,

w h i c h r e s p o n d s o n l y t o t h e m a g n i t u d e o f t h e f l u x ( c o m p a r e w i t h I 1 0 ] ) .
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The second type of action of the solvent on the in-
tensi ty of the infrared bands can a r i s e from a change
in the p r o p e r t i e s of the molecules t h e m s e l v e s , a
change due to the i n t e r m o l e c u l a r i n t e r a c t i o n s . This
manifes ts i tself in the fact that in genera l Bgas
* B s o i , that i s , per turbat ion of the molecule by the
solvent leads to a change in the m a t r i x e lement of the

t rans i t ion dipole moment [89]

It is natura l to at t r ibute the effects of the f irst
type to the general d ie lec t r ic effect (the universa l
effect) and the second type to both the d ie lec t r ic ef-
fect and to the specific actions of the surrounding
m o l e c u l e s , in analogy with the two a p p r o a c h e s r e -
fer red to in the f irst chapter . It is obvious that i n t e r -
act ions of the d ie lect r ic type can be m o r e easi ly d e -
scr ibed mathemat ica l ly than the specific act ions .
Therefore most p a p e r s published to date have t r i e d
to cons ider the effect of the solvent on the intensity
of the bands p r e c i s e l y from the point of view of taking
into account the d ie lec t r ic effects.

Let us dwell in g r e a t e r detai l on this group of
p a p e r s . If we take into account the variat ion of only
the field of the light wave in the medium, we obviously
presuppose the constancy of the internal c h a r a c t e r i s -
t i c s of the investigated molecule on going from the
gas to the solution, that is , conformance to the condi-
tion B g a s = B s o i . In this c a s e

A sol _ у

я gas
( 2 . 1 1 )

T o d e t e r m i n e t h e v a l u e o f y, o n e m u s t p r o v i d e a

m o d e l f o r t h e s y s t e m , d r a w i n g f o r t h i s p u r p o s e o n t h e

t h e o r y o f m o l e c u l a r s t r u c t u r e o f l i q u i d s . T h u s , t a k i n g

i n t o a c c o u n t t h e e f f e c t o f t h e s o l v e n t o n t h e i n t e n s i t y

o f t h e a b s o r p t i o n b a n d s r e d u c e s i n t h i s c a s e t o f i n d i n g

t h e v a l u e o f y, t h a t i s , i n t h e f i n a l a n a l y s i s , t o e s t a b -

l i s h i n g t h e c o r r e c t r e l a t i o n s h i p b e t w e e n t h e f i e l d s

E a v a n d E e f f .

T h e f i r s t a t t e m p t t o r e l a t e t h e f o r m o f t h e f u n c t i o n

у with the macroscopic c h a r a c t e r i s t i c s of the solvent
on the b a s i s of the Lorentz theory was undertaken by
Voigt'-90-' in 1901. The express ion he obtained has the
form

~9

so that in accordance with (2.11)

(2.12)

(2.13)

The s a m e re lat ion has been obtained l a t e r by many
a u t h o r s : Debye [ 9 1 ] , C h a k o [ 9 2 ] , K u h n M , K o r t u m 1 5 ' 0 ,
Ferguson й й , Polo and Wilson й й , van Kranendonk OT,
and o t h e r s . According to (2.13), on going from a gas
to a solution the integrated absorpt ion should i n c r e a s e ,
and the higher the re f ract ive index n 0 of the solvent
the g r e a t e r the i n c r e a s e . We note that qualitatively
this deduction a g r e e s with m o s t exper imental r e s u l t s .
Individual p a r t i c u l a r c a s e s show a quantitative a g r e e -
ment a s well (for example, the band corresponding to

the a n t i s y m m e t r i c s t re tching vibration of the CS2

molecule " ). At the s a m e t i m e , it follows from
(2.13) that the re la t ive i n c r e a s e in the integral a b -
sorpt ion of any substance dissolved in a given solvent
should be the s a m e . This conclusion sharply d i s a g r e e s
with exper iment ; th is may involve the shortcomings
of the Lorentz model, which does not take into account
the p r o p e r t i e s of the solute molecule .

A b e t t e r model, which takes into account not only
the p r o p e r t i e s of the solvent but a l so c e r t a i n c h a r a c -
t e r i s t i c s of the solute molecules , i s the model based
on the Onsager-Bot tcher theory'- 1 3 ' 1 4-'. According to
Onsager, the internal field Eff c o n s i s t s of two p a r t s :

Ee{(=G + R, (2.14)

where G i s the so-cal led cavity field, independent of
the p r o p e r t i e s of the solute molecule, and R is the
react ive field, which, a s has been noted, is a function
of such p a r a m e t e r s of the given molecule a s the dipole
moment, the polarizabi l i ty, the d imens ions, e t c .

Recently quite a few p a p e r s have appeared, a t t e m p t -
ing to d e t e r m i n e the form of the function y, s ta r t ing
with the Onsager model . Thus, Mecke -̂  der ived an
express ion for the ra t io A s o j / A g a s in the form

(2.15)A sol
A gas

= 1 f 3rcg
п„\ 2ng-f-l

He d i s regarded, however, the react ive field R, so that
express ion (2.15) sti l l did not ref lect the p r o p e r t i e s of
the solute molecule . It follows from (2.15) that for
o r d i n a r y values of the re f ract ive index n 0 for l iquids
( n 0 ~ 1.4—1.5), the solvent effect should be very
smal l , which, a s a rule, contradict s the exper imenta l
r e s u l t s . L a t e r on Polo and Wilson'-96-', on analyzing
the express ion for the internal field, reached the con-
clusion that the t h e o r i e s of Lorentz and Onsager lead
to the s a m e form of c o r r e c t i o n for the solvent effect.
They s ta r ted, however, from an unfounded and e s s e n -
tial ly i n c o r r e c t p r e m i s e that the induced dipole m o -
ment of the molecule is de termined not by the Onsager
internal field but by the Lorentz internal field. Thus,
natural ly the express ion obtained in '-96-' for A s o j / A g a s

is in the form (2.13).

L a t e r on la L a u ^ , analyzing the express ion for
the Onsager react ive field R, obtained a m o r e r i g -
o r o u s re la t ion

A sol n% I

(2 .16)

where n and к a r e respect ive ly the rea l and imagi-
nary p a r t s of the complex " i n t e r n a l re f ract ive i n d e x "
of the investigated molecule ЙМЗ]_ This re la t ion is
too c u m b e r s o m e to be amenable to ana lys i s . F o r the
c a s e of a nonabsorbing pure liquid ( к = О, n = n 0 )
express ion (2.16) r e d u c e s to (2.13). It m u s t be noted
that formula (2.16), which la Lau derived only by
compar ing the fields acting on the molecule in the
gaseous phase and in solution, ref lects the intr ins ic
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p r o p e r t i e s of the investigated molecule, which e n t e r
into the formula via the react ive field R.

The f i rs t a t tempt to take into account the effect of
the i n t e r m o l e c u l a r in terac t ions on the intensity of the
infrared band via t h e i r influence on the int r ins ic
p r o p e r t i e s of the molecule, that i s , on the magnitude
of the Einstein coefficients, was made by Hirota in
the a l ready mentioned paper '-45^. He a s s u m e d that the
r a t i o A s o l / A g a s i s de termined only by the value of
B S ol/Bgas . without taking account of the var iat ion of
the light field acting on the molecule in the gas and in
the solution o r liquid, that i s , actually putting

A sol _ ffsol .__ I-Psol i* (2.17)
-4gas -Bgas I ^gasl2

To take into account the change in T)soi with r e s p e c t
to D g a s , Hirota used the re la t ion between the con-

g
stant dipole m o m e n t s of the molecule in vacuo
and in the liquid MHq> which follows from the Onsager
theory (the so-cal led " i n t e r n a l dipole m o m e n t " ^ 0 )

2 8 + 1 »*+2 Л „ .
- ^ Г — — ;f*gas, (2.18)

where e and n a r e the d ie lec t r ic constant and the
ref ract ive index of the liquid. Inasmuch a s | D |
« d[i/dQ, where Q is the vibrational coordinate '-80-',
it follows from (2.17) and (2.18) that

(2.19)

where С c h a r a c t e r i z e s the effect of the medium
simultaneously on the posit ions and intens i t ies of the
bands [see formulas (1.5) and (1.6)]. Without touching
at p r e s e n t on the question of exper imenta l ver i f ica-
tion of (2.19), le t u s emphas ize that it i s r igorous ly
applicable only for a pure liquid, that i s , a medium
consis t ing of molecules of the s a m e s o r t .

L a t e r on Mal lard and Straley [ 9 9 ] , Brown L m l , and
P e r s o n l-101^ attempted to take into account the v a r i a -
tion of | D | of a molecule on changing from a gas to
a solution, using the well known Onsager re la t ion '-43-'

(2.20)

w h i c h c o n n e c t s t h e d i p o l e m o m e n t /^gas w i t h t h e s o -

cal led " e x t e r n a l m o m e n t " of the molecule Мц„ in the
liquid* '-43-'. Assuming that this formula is valid also
for solutions and replacing e in it by njj ( n 0 is the
refract ive index of the solvent) and taking account of
the difference between E o and E a v [which i s equiv-
alent to the condition у = 1 in formula (2.10)], the
authors of C"~1013 a r r i v e d at the express ion

sol _
-

( 2 . 2 1 )

I t i s i n t e r e s t i n g t o n o t e t h a t e x p r e s s i o n (2.21) c a n

be obtained from (2.16) under the condition к = О,
n = n 0 (nonabsorbing pure l iquid).

Brown proposed also to take into account the effect
of the solvent on the value of | D | by using the s e m i -
e m p i r i c a l express ion re lat ing Msol with Ugas. a s d e -
rived in c e r t a i n p a p e r s 0<>2,i03j Thus, for example,
in '-102-' the following re lat ion i s given:

w h e r e the sign and magnitude of the constant С a r e
d e t e r m i n e d by the geometry of the solute molecu le .

As was a l ready noted above, no extensive c o m p a r -
ison h a s been made between exper iment and e x p r e s -
sions (2.13), (2.15), (2.16), (2.19), and (2.21), in view
of the patent lack of the appropr ia te sufficiently r e -
liable exper imenta l data . However, the a t tempts con-
tained in the l i t e r a t u r e at compar ing theory with ex-
p e r i m e n t enable us to draw c e r t a i n conclusions con-
cerning the applicability of these expres s ion. F i r s t
of all, an examination of the available p a p e r s ' - 2 2 ' 2 9 ' 7 7 "
79,95,99-101,106-ng s h o w s t h a t n o n e o f the formulas

given above i s capable of descr ib ing a sufficiently
broad group of objects, although in individual c a s e s
[95,107] a c e r t a m > m o r e frequently qualitative, a g r e e -
ment between theory and exper iment is observed. By
way of an example, Tables I and II l i s t data taken
from й 9 > 1 0 ( Я and i l lustrat ing the non-fulfillment of r e -
lat ions (2.13) and (2.15). On the other hand, from the
data of'-99-', express ion (2.21) a g r e e s sat i s factor i ly
with exper iment for a whole s e r i e s of bands of the
CH2CI2 molecule, while expres s ion (2.15) d e s c r i b e s
fairly well the exper imental data on the intensity of
the band of methyl formate n e a r 1200 c m " 1 [ 1 0 7 ] (Fig.
10).

We note that the difficulty in es t imat ing how well
these formulas descr ibe the exper imenta l data in-
volves a l so the fact that frequently the i r use has not
been sufficiently well founded. Thus, for example,
in ВС formula (2.19) which is applicable, as was noted,
only to pure l iquids, was used to p r o c e s s the e x p e r i -
mental data on s p e c t r a of solutions.

The m o r e general approach used by Buckingham in
the theoret ica l investigation of the effect of the solvent
on band shifts (see Sec. 1) was a l so used by him to
analyze the dependence of the intensi t ies on the i n t e r -
m o l e c u l a r in teract ions t 4 6 ' 4 8 ^. According to t 4 6 - 1 1 6 ^ the
integrated intensity of an infrared absorption band of
a gas is

*The external moment дц ч is the moment of a point dipole д ц ф

placed in a small sphere having the "internal refractive index" n
of the investigated molecule.

(Aeas)k, n= -^-(Nk- Nn) a>k, п(к\р\п)\ (2.22)

where Nfc and N n a r e the n u m b e r s of molecules in
these vibrat ional levels , and ( k | /u | n ) = fip$HipnAT
is the m a t r i x e lement of the dipole moment of the
t rans i t ion .

F o r vibrational bands of diatomic molecules , under
assumpt ions analogous to those used above (see Sec.
1), we obtain from (2.22) for the t r a n s i t i o n s n —- n + 1
and n —- n + 2
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Table I. Integrated intensity of c e r t a i n infrared bands of propargyl
alcohol in nonpolar solvents (from ^ 1 0 0 '

VO-H

A,
mole"1 liter-cm2

3900
6000
5900
6800

"max.
cm-1

3629
3619
3617
3608

Solvent

CC14
0,01,
cs 2

VC-H

A,
mole"1 liter-cm!

6600
6800
6600
6400

"max.
cm-1

3321
3318
3316
3312

Solvent

QsH14CC14

OjCl,
CS2

,-1Table II. Integrated intensity of the 780 c m band of naphthalene
( f r o m [ 2 « ) .

Solvent
л е х р .

mole-liter
xcm-2

/ T I M - 2 n ^ 2 n 2 + l ^

Acetonitrile
Nit rome thane
Cyclopentane
Benzene
Carbon disulfide

Methylene iodide

6180
6600
6200
5880
6680

6650

1.19
1,23
1.25
1.34
1.47

1,61

5200
5350
4950
4400
4550

4150

1,03
1,02
1.02
1.00
0.98

0.95

6000
6500
6100
5900
6800

7000

12 IA 1,S W n

F I G . 10. R e s u l t s of compar i son of t h e e x p e r i m e n t a l v a l u e s of

A s o l / A g a s f ° r t n e 1200 cm" 1 b a n d of t h e methyl formate m o l e c u l e

( p o i n t s ) with theory ( s o l i d l i n e s ) : 1 —formula (2 .13) , 2 —formula

(2.15) (af ter t 1 0 7 ] ) .

. n+2 = ^ з р - [ 1 - exp (

s p h e r e c o n t a i n i n g t h e a b s o r b i n g m o l e c u l e a n d s e v e r a l

of the n e a r e s t solvent m o l e c u l e s . It m u s t be e m p h a -
sized that in this c a s e an account of the d ie lec t r ic in-
fluence of the medium is made by consider ing i ts ef-
fect on the value of the coefficient В [see formula
(2.10) above]. Thus, formula (2.25) would be valid if
the moment M w e r e the effective moment of the d i s -
solved molecule, reduced to vacuum condit ions.

Actually, the m a c r o s c o p i c s p h e r e with moment M
is s i tuated in a medium r e p r e s e n t e d as a continuous
s t r u c t u r e l e s s d i e l e c t r i c , that i s , it i s subject to the
action of the Lorentz field (see above), r a t h e r than
the field E o . This c i r c u m s t a n c e was taken into a c -

i')2> count by Buckingham in a l a t e r paper'-4 7-'. The final
(2.23) express ion giving intensity of the absorption band in

[48]

(2.24)

Buckingham derived a similar relation also for the
transition n — n + 3. To obtain an expression for the
intensity of the absorption bands of a molecule in
solution, Buckingham used the results of Kirkwood's
theory O17~119J. He obtained the expression

(Лво1 )k,n^^(Nh-Nn)ak,n(k\M\nr. (2.25)

Here M is the moment of a smal l m a c r o s c o p i c sphere
with r a d i u s much s m a l l e r than the wavelength of light,
but considerably l a r g e r than the d imensions of the
individual molecule, such that

= Dm =, •m, (2.26)

solution, according to '-48-', has the form

<

w h e r e m is the dipole moment of a m i c r o s c o p i c

_ -Nn)a>hin{k\m\nf. (2.27)

We note that an advantage of formula (2.27) is the
possibi l i ty in pr incip le , as follows from Kirkwood's
theory, of taking into account the effect of the specific
interact ions on the intensity of the bands by con-
s t ruct ing a suitable model re la t ing the m o m e n t s m
and ц.

Assuming that the moment m can be r e p r e s e n t e d
in the form of a power s e r i e s in the vibrational c o -
ordinate 4, using the Hamiltonian of (1.7a), and e m -
ploying f i r s t- and s e c o n d - o r d e r per turbat ion theory,
we can obtain from (2.25)—(2.27) e x p r e s s i o n s for the
intens i t ies of different absorpt ion bands of the m o l e -
cule in solution. In p a r t i c u l a r , for the t r a n s i t i o n s
n —- n + 1 and n — n + 2 the cor responding e x p r e s -
sions have the form
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sol

sol

)n, n+1 where

(2.28)

(2.29)

from which, taking into account formulas (2.23) and
(2.24), we obtain for the fundamental band

A sol

and for the overtone band
A

0,2 114 II

. ...

(2.31)

As has been noted above, the value of the general
expressions (2.28) and (2.29) lies in the possibility of
using them within the framework of any model that
describes either universal or specific effects of the
solvent. We can draw directly some conclusions,
amenable to qualitative or even quantitative experi-
mental verification, from an analysis of these expres-
sions. Thus, for example, (2.28) and (2.29) imply that
if exp( — hcu)e/kT) « 1, the ratios (A s o l )o, i/w| and
( A s o l )й>г/ы\ for a diatomic molecule do not depend
on the masses of the atoms forming the molecule.
This result is confirmed by the experimental data for
the solutions of CHC13 and CDC13 in CC14 (bands for
to the С—Н and C-D stretching vibrations) Й 2 > 1 0 9 ] .
It must be noted, however, that according to L115J; ^ п е

H-C and D-C frequencies of the HCN and DCN
molecules do not obey these relations.

To establish a relation between the moments ц
and m, Buckingham used the Onsager model, accord-
ing to which В м з ]

= \i-\-aR,

where the field

(2.32)

(2.33)

is represented as the sum of two terms, determined
by the constant ( m) and oscillating ( Д т ) moments
of the molecule; g e and gn are the constants of the
corresponding reactive fields. In place of (2.30) we
have here in a first approximation, keeping only the
terms containing the first powers of ge and gn,

2rcg + l / Л 5 О 1 Y^__» 1 naf " 5 - 1 Л | 2ц.а' e - 1
Зпо |Л^ V Agas J X~r"'"K2n$+i J-f ^ ге + ^ д

Buckingham's ideas, described above, have been
tested experimentally in one of the investigations of
Thompson and his coworkers L1 1 5J. if w e write (2.34)
in the form

<2-36>

depends only on the refractive index n0 of the solvent
and on the experimentally-measured intensity ratio
Asol/Agas> then, upon plotting F as a function of
( e — 1)/( 2e + 1), we should expect to obtain a
straight line with a slope 2д е а'/д 'а 3 . However, Fig.
11, taken from D1O> which shows data on the URQ and
I'CN frequencies of the HCN molecule in different
solvents, indicates that this relation is not obeyed.

Ю

в

°°

F
1,0

0.8

0,0

0,4

0,2

j

0

0
о

* »o°
о

о
о °

1 1 Л 1 1 1

2цва' к—1
(2.35)

О 02 0.0 О 0.2 ОА
е-Г/ге+г

FIG. 11. A plot of Buckingham's function F for the H-C (1)
and CsN (2) vibration frequencies of the HCN molecule against
the value of (6 - l)/(2e + 1) (from t 1 1 5 l).

Thompson attr ibuted the observed d i screpancy to the
p r e s e n c e in this c a s e of s t rong specific in terac t ions ,
not accounted for by formula (2.34). This conclusion
a g r e e s with the analys is of the band shifts of this
molecule p r e s e n t e d in Sec. 1.

The authors of'-115-' have at tempted to establ i sh, on
the b a s i s of data on the intens i t ies of infrared bands,
a c o r r e l a t i o n between the nature of the c h r o m o p h o r e s
and the p r o p e r t i e s of the solvent. Thus, they have
shown that the re la t ive effect of different solvents on
the ra t io A s o i / A g a s for bands corresponding to the
vibrat ions of the c h r o m o p h o r e s HC and HD in the
molecules HCN, DCN, and HC = C - C H 2 C 1 is the
s a m e . F u r t h e r , a c l e a r - c u t p a r a l l e l i s m i s observed
in the effect of solvents on the bands of the С = N
and C=O chromophores. This manifests itself not
only in identical types of solvent-dependence of the
band shift, which was demonstrated earlier'-69-', but
also in the existence of a definite connection between
the C=O band shift and the intensities of the С = N
oscillation bands (Fig. 12). It was also shown that the
intensity of the H-C and С = N bands of HCN mole-
cules in halogenated solvents varies linearly with the
Taft inductive factor a of the residue R (see Sec. 1
and Fig. 13). The last result confirms the conclusions
derived earlier from the study of the band shift, con-
cerning the directionality of the interaction of the
molecules, which takes place in accordance with the
scheme R - Cl . . . HCN.
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FIG. 12. Correlation between the frequency of the C = O vibra-
tion of acetylpyrrolidine and the intensity of the CsN bands of
the molecules ICN (a), (CH5)2N-CN (b), and C6H5CN (c) (from [U5]).
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FIG. 13. A plot of the intensity of the H-C and C=N bands of
the HCN molecule against the value of о for halogenated solvents
(R = residue) (from [ ' " ] ) . a) A C N in R-Cl solvents; b) Ане i n

R-Cl; c) A C N in R-Br; d) Ане i n R-Br.

U n l i k e t h e H C N a n d D C N m o l e c u l e s , t h e g e n e r a l

d i e l e c t r i c e f fec t p l a y s a r e l a t i v e l y m o r e i m p o r t a n t

r o l e in t h e s o l v e n t e f fect i n t h e o t h e r n i t r i l e s ( CH3CN,

C C 1 3 C N , N ( C H 3 ) 2 C N , a n d C 6 H 5 C N ) , a n d t h e s p e c i f i c

i n t e r a c t i o n c a n n o t o n l y w e a k e n b u t a l s o c h a n g e i n

d i r e c t i o n ( f o r e x a m p l e , t h e i n t e r a c t i o n g o e s o v e r t o a

p a t t e r n : R ' C N — s o l v e n t m o l e c u l e ) . In t h i s c a s e t h e

p l o t of t h e f u n c t i o n F = f ( e — 1/2 e + 1 ) i s c l o s e r t o

l i n e a r , a s i l l u s t r a t e d in F i g . 1 4 . T h e a u t h o r s of '-115-'

a s s u m e t h a t t h e d e v i a t i o n s of t h e e x p e r i m e n t a l p o i n t s

f r o m t h e t h e o r e t i c a l l i n e c a n b e e l i m i n a t e d b y i n t r o -

d u c i n g i n t o B u c k i n g h a m ' s e q u a t i o n (2.34) a n a d d i t i o n a l

-F
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FIG. 14. A plot of the Buckingham function F for the C^N
vibration frequencies of the molecules CH.CN (a) and CClaCN (b)
against the value of (e - l)/(2e + 1) (from I 1 1 5 ] ) .

ff-dependent t e r m , b u t t h e f u n c t i o n a l f o r m of t h i s c o r -

r e c t i o n r e m a i n s u n c e r t a i n .

T h u s , i n t h e q u e s t i o n of t h e e f fect of t h e s o l v e n t on

t h e b a n d i n t e n s i t i e s , T h o m p s o n a g a i n a d h e r e s t o t h e

o p i n i o n t h a t t h e a p p r e c i a b l e r o l e t h a t t h e s p e c i f i c i n -

t e r a c t i o n s c a n p l a y i n m a n y c a s e s m a k e i t h a r d l y

p o s s i b l e t o e s t a b l i s h a g e n e r a l low f i t t i n g a l a r g e s e t

of m e d i a .

In c o n c l u s i o n l e t u s d w e l l b r i e f l y on o n e i n t e r e s t i n g

c o n s e q u e n c e t h a t f o l l o w s f r o m t h e r e s u l t s of B u c k i n g -

h a m ' s w a y of p r o c e s s i n g of t h e e x p e r i m e n t a l d a t a .

A s h a s b e e n i n d i c a t e d , t h e s l o p e of t h e l i n e s o n F i g s .

11 and 14 is determined by the quantity 2ц.еа'/ц'а3.
Figure 14 indicates that the CCI3CN molecule shows
a negative sign of the quantity 2juea'/n'a3. This means
that in going over from CH3CN to CC13CN the sign of
д е . or more probably of д ' , of the С = N bond is re-
versed. This result confirms the hypothesis previously
advanced by Jesson and Thompson in '-67-'.

It follows from the foregoing that in spite of the
major and important information which can be gained
on the basis of a correct interpretation of the experi-
mental data on the intensities of infrared spectra of
solutions, the difficulties encountered in obtaining and
analyzing these data are quite large. This has brought
about a situation wherein the existing theories have
hardly been subjected to an extensive experimental
verification.

CONCLUSION

As shown by an examination of the material given
above, the possibility of taking into account the effect
of the solvent on the positions and intensities of the
infrared spectra of molecules is in general quite
limited. Essentially, in most works where the authors
start from the concept of the influence of the solvent
as a dielectric medium, the matter reduces to a
tendency to describe the phenomenon by establishing
a monotonic connection between the experimentally
observed effects and the macroscopic characteristics
of the medium. Agreement with experiment is reached
here frequently by introducing into the formulas sev-
eral indeterminate parameters, which naturally,
makes it difficult and in some cases simply impossible
to explain the nature of the intermolecular interac-
tions.

The impossibility of describing the solvent effect
with the aid of theories that consider only effects of
the dielectric type is not accidental. First of all, this
involves the existence in the solution of specific in-
teractions which these theories do not take into ac-
count. In addition, it seems to us that the method of
analysis from the standpoint of the general dielectric
influence of the medium can be greatly improved.
Favoring this assumption is the fact that models of
this type are much more widely applicable to real
systems that is customarily assumed.
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In particular, Dekker '-120-' has shown that Onsager's
formula for the internal field is valid also for a model
of a spherical cavity containing an eccentrically-
located mathematical dipole having a radial orienta-
tion. Later Frood and Dekker ^121^ have shown without
any additional assumptions that Onsager's formula
for the dielectric constants of liquids, derived under
the assumption of a spherical molecule with a math-
ematical dipole at its center, is perfectly applicable
also to the case of a spherical particle with an ex-
tended dipole of arbitrary position and direction.
Finally, Scholte '•122^ has stated that the conclusion of
Frood and Dekker is a particular case of the more
general problem of the reactive field of a particle
containing an arbitrary distribution of electric
charges. In addition, we shall point out that recently
a number of more refined theories have appeared, in
which account is taken of the short-range interaction
between molecules in a liquid C43,123,1243_

On the other hand, attempts to solve the problem
by reducing the interactions between molecules of
the solute and solvent to specific interactions alone
(hydrogen bonds, association, etc.) that is, revealing
one aspect of the mechanism of the phenomenon, can
also hardly prove successful. Investigations belonging
to this trend are too one-sided in their approach to
the problem; in the final analysis, this leads again to
a tendency more to describe the phenomenon rather
than to explain it. Obviously, in the general case the
specific interactions appear always and unavoidably
against a background of the universal effect of the
medium, and therefore one of the most urgent prob-
lems is that of separating the universal and specific
effects and establishing quantitative relations between
them. We note that investigations of this kind are al-
ready being reported (for example, the series of
papers by Thompson and his co-workers). The possi-
bility of such a separation will permit a more justi-
fied and deeper quantitative analysis of the specific
interactions. Thus, the separation of the general di-
electric effect from the overall effect observed in ex-
periment is of particular importance particularly
from the standpoint of the problem of specific inter-
actions .

The question of a quantitative analysis of the spe-
cific interactions aimed at clarifying their nature is
undoubtedly much more complicated and calls for the
creation of a specific model for each case, such as
to take into account the individual features of the in-
teracting particles. Some successful attempts at such
an analysis can already be found in the literature.
Thus, LaLau *-29- has constructed a very simple phys-
ical model, based on taking into account the localized
electrostatic interaction of the atoms belonging to
the solute and solvent molecules, and has thus suc-
ceeded in giving a semi-quantitative explanation of
the blue shifts of the benzene bands belonging to the
•y-CH deformation vibration, upon interaction with

polar molecules like acetone and acetonitrile.
Generally speaking, the subdivision of the inter-

molecular interactions into universal and specific is
quite arbitrary. It is natural to take the former to be
the classical van der Waals interactions (orientational,
induction, dispersion'-6'125-'), which after averaging
over the configurations and the volume lead to the
action of the solvent as a physical dielectric medium
(bulk dielectric effect).

Interactions of the second type, which are charac-
terized by their directionality, are now of a physico-
chemical character and lead actually to the formation
of more or less strong bonds between the molecules,
the energies of which are still much smaller than the
energies of chemical bonds. Obviously, this type of
interaction depends to a greater degree than the first
interaction on the individual properties and the nature
of the molecules of the solute and solvent. One can
conceive of systems in which specific interactions of
one type or another do not occur, whereas van der
Waal's interactions occur in all cases.

At the present stage, when, as already noted, there
is no rigorous and consistent theory of the effect of
intermolecular interactions on the infrared spectra of
molecules, the subdivision of the interactions into
universal and specific is justified. One must bear in
mind, however, that there are already sufficient
grounds for attempting to create a molecular theory
of the phenomenon such as to permit us to regard the
interactions from a unified point of view, whether
they be universal or specific. The need for developing
such a theory, and the need for further extensive ex-
perimental research in order to obtain reliable quan-
titative data, are insistently dictated by the demands
of science and practice.
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