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IN the last few decades, the study of the vibrations
of polyatomic molecules has become one of the most
powerful and widespread methods of studying molecu-
lar structure. These vibrations are directly manifest
in the infra-red absorption spectra and Raman spec-
tra of gases, liquids, and solids.

By measuring the number and positions of the
bands (frequencies or wavelengths), we can get im-
portant information on the geometric and mechanical
properties of molecules, the types of chemical bonds,
etc. It is now even difficult to enumerate the large
list of specific problems that can be solved with the
aid of measurements of vibrational frequencies. How-
ever, this does not exhaust the information which we
can get from study of the vibration spectra.

The processes of emission, absorption, and scat-
tering of light by molecules result from the interac-
tion of the electrons and nuclei with the electromag-
netic field of the light wave. When the nuclei oscil-
late, the electron cloud of the molecule is deformed.
The nature of these deformations depends on both the
structure of this cloud and on the characteristics of
the vibrations themselves. Peculiarities in the struc-
ture of the electron cloud of the molecule are mani-
fest most fully in the intensities and the polarizations
of the spectral lines and bands.

By studying the intensities and polarizations of the
vibrational spectra, we can get information on the pa-
rameters characterizing the electron cloud of the
molecule. From among such parameters, the modern
theory recognizes especially the dipole moment and
the polarizability of the individual bonds in the mole-
cule, and their derivatives with respect to the vibra-
tionul coordinates.

In recent years, the number of papers involving
the measurement of the intensities of lines and bands
in vibrational spectra has increased considerably.
The experimental techniques are being perfected,
and the list of problems making use of this param-
eter of the vibrational spectrum in their solution is
expanding. We can distinguish a number of research
trends in this field. Especially, these include the
calculation of the dipole moments of the bonds and
their derivatives from the measured intensities, the
study of intra- and intermolecular interactions, and
group-theoretical structure analysis.

To some degree, molecular spectroscopy is re-
peating the history of atomic spectroscopy, in gradu-
ally going over from studying the frequencies of the
spectral bands to studying their intensities. However,

the method of studying the intensities is still not being
applied widely enough, in spite of its high sensitivity,
as attested by many researchers. This is due both to
experimental difficulties and to difficulties in inter-
preting the data obtained. The researchers have often
limited themselves to a mere recording of facts with-
out any serious attempt to explain them. Sometimes,
indeed, the conclusions drawn seem to be completely
ungrounded,

In turn, certain theoretical problems have also not
been given a proper treatment, e.g., the problem of
taking into account intermolecular interactions.

This review is concerned with presenting the prob-
lems of the theory of the intensities of the infra-red
absorption spectra of the fundamental vibrations of
polyatomic molecules, and with the experimental
methods of measuring the intensities.

The theory to be discussed is applicable to gases,
and is a good approximation for liquids, but requires
considerable modification for application to crystals.

1. THE THEORY OF THE INTENSITIES AND PO-
LARIZATIONS OF INFRA-RED ABSORPTION
SPECTRA OF POLYATOMIC MOLECULES

According to the general t‘.heory,i’2 the intensity of
an absorption band corresponding to a normal vibra-
tion of a molecule can be expressed in terms of the
derivative of the electric dipole moment u of the
molecule with respect to the given normal coordinate
Q. The polarization is determined by the direction
of the vector (9u/8Qj ).

Experimentally, what we can measure is the inte-
grated intensity of the absorption band:
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where I, and I are the initial and final intensities of
a parallel beam of light passing through an absorbing
layer of thickness I. The integration is performed
over the limits of the absorption band; n is the num-
ber of absorbing molecules.

The derivative of the dipole moment of the mole-
cule with respect to the given normal coordinate is
related to the integrated intensity by the simple re-
lationi™4

— RN
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Let us take up now the problem of the relation of
the derivative (9u/8Qj)y to the structure of the mole-

(1.2)
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cule and the form of the vibration, and the informa-

tion which we may get from an experimental deter-

mination of the integrated intensity of the absorption
band.

1. The Valence-Optical Theory

The complexity of structure of polyatomic mole-
cules still prevents a direct application of the appa-
ratus of quantum mechanics to the problem of the
intensities of vibrational absorption spectra.

Even the use of the approximate molecular-orbital
method® involves great difficulties, even in the sim-
plest systems, and gives appreciable disagreement
with experiment.

In this regard, at present the only actual basis for
theoretical study of the intensities and polarizations
of the vibrational spectra of polyatomic molecules is
the so-called valence-optical theory.

The distinguishing feature of this theory is its
relative simplicity and illustrative character. This
is especially important in studying complex systems.
The theory is also distinguished by its harmony with
modern concepts of structural chemistry. We must
recognize a basic defect of the theory in the necessity
of introducing empirical quantities, namely, the dipole
moments of the bonds and their derivatives with re-
spect to the vibrational coordinates, the values of
which must be found from the experimental data.
However, it would seem that any other theory would
require the introduction of some sort of parameters.
Thus, this defect of the valence-optical method is not
fundamental.

Most of the studies have been based on the valence-

optical theory, both in this country and abroad. In its
original form, the valence-optical theory was pro-

posed by Vol’kenshtein®? and later expanded by him
in conjunction with El’yashevich.”™® It has subse-
quently been adopted by a number of authors, and
brought to a state of greater precision and refine-
ment, 10-11

As was noted, the intensity of an absorption band
corresponding to a certain normal vibration is deter-
mined by the derivative of the dipole moment of the
molecule with respect to the given normal coordinate.
Here, however, both quantities, p and Qj, are char-
acteristics of the state of the molecule as a whole.

If we are to be able to draw any conclusions on the
internal structure and the intramolecular processes
from the intensities of the vibrational spectrum, we
must obviously go over to a description of the behav-
ior of the individual parts of the molecule.

Modern structural chemistry treats as the funda-
mental structural units of a molecule the valence
bonds between the atoms, which have quite definite
directions. We may ascribe a dipole moment to each
such bond.

Hence, we may quite naturally select a specific
representation of the dipole moment as a vector sum
of all the dipole moments of the bonds. The logical
nature of such a representation is confirmed by the
fact that in most compounds, definite chemical bonds
and groups of atoms correspond to more or less con-
stant values of the dipole moments and force con-
stants, maintained in all compounds containing these
bonds or groups.

In the zero-order approximation, all dipole mo-
ments of bonds and groups are assumed to be mutu-
ally independent. On this basis, many calculations
have been performed of the dipole moments of bonds
and their derivatives with respect to the stretching

Table 1. Direct methods for determining the true values
of the integrated absorption coefficient

Method

Integration of the band in R(v)

Integration of the band in D(v)

Extrapolation methods (for bands of

arbitrary shape) o0 = (dRoo/dI*) ;4

variant)
Koo = lim [Reg/1*]
*-0

Single-measurement methods (for
bands of regular shape)

The extrapolation method of Bourgin (first variant)

The extrapolation method of Bourgin (second

The calculation method Koo = ¢ (Roo/1*)

The extrapolation method of Wilson
and Wells (first variant)
Koo = (1/1*)[lim DEJ
1*50
The extrapolation method of Wilson
and Wells (second variant)
Koo = lim [DSy/1*]
*-0
The method of indirect extrapolation
Koo= (1/1%)[lim DJ]|
Sv-0
= lim {D%/I*]
Sv-0

The method of direct integration
Koo = xDg AuQ /1%

The correction method
Koo = (D%/1%)
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of these bonds, using the experimental values of the
intensities of infra-red absorption bands.

A resume of results obtained in this way is given
in Table 1 of the Appendix. However, these calcula-
tions have shown that the values of the dipole mo-
ments of groups and their derivatives found from dif-
ferent vibrations of a single molecule very often dif-
fer (see Table I). The sum of the dipole moments of
the bonds may turn out not to equal the total dipole
moment of the molecule. As a result, certain au-
thors!?~1€ have drawn the conclusion that ‘‘vibra-
tional”’ dipole moments exist, which are appreciably
different from the static dipole moments, as deter-
mined by methods of radio spectroscopy or other
methods. The observed discrepancies have been ex-
plained on the basis of the ‘‘theory of orbital se-
quences,’’ electron redistribution, etc.

The reason for this failure is understandable if
we take into account the fact that, according to Coul-
son!? and Mulliken,!%1® the dipole moment of a bond
may be expressed as a vector sum of three moments:
the primary dipole moment, due to the asymmetric
distribution of the electrons directly participating in
formation of the bond, the polarization (atomic) di-
pole moment, and the moment of the unshared elec-
trons.

Each of these moments exerts an influence on the
surrounding bonds, and may vary upon displacement
of any of the atoms of the molecule. This is espe-
cially true of the component of the dipole moment of
the bond due to the unshared electrons.

In certain cases?®"%2 it has been possible to im-
prove the results of calculations of dipole moments
of bonds and their derivatives by introducing an addi-
tional vector for the unshared electrons. However,
this problem can be solved most thoroughly by going
over to the first-order approximation of the valence-
optical theory. Here, we take into account the de-
pendence of the dipole moments on their surroundings.
Vol’kenshtein and El’yashevich have pointed out the
necessity of doing this in the above-mentioned papers.
In recent years, Sverdlov®3~28 has shown for a set of
specific examples that application of the first-order
approximation provides quite good agreement with
experiment, free from discrepancies between the
values of the dipole moments of molecules as calcu-
lated from the intensities in the infra-red spectrum
and the static dipole moments.

This has demonstrated the competence of the
valence-~optical theory in the first-order approxi-
mation, and has shown clearly that the difficulties en-
countered by foreign authors are due only to the fact that
they used the zero-order approximation. We shall
write the dipole moment of the molecule in the form

n= % (wf +pd +pd ),

(K)

where u;*’ and ugk) are the primary and the atomic

moments, and ufll%‘ is the dipole moment of the un-
shared electrons of the k-th bond.

As for u{)), we can quite definitely consider it to
be directed along the bond. By introducing unit direc-
tion vectors ey for the bonds, we have

w=> ({en + ui -+ ul,)-

We have no information on the directions of ugk) and
y&ké in most cases. It is even more difficult to de-
termine the changes in these vectors as the atoms
vibrate. The contribution of these vectors may be
taken into account by introducing a perpendicular
component of the dipole-moment vector of the bond
(see reference 29). However, such a method is not
very promising, since here we introduce into the
treatment even further parameters (the direction
and magnitude of the perpendicular vectors and their
derivatives with respect to the vibrational coordi-
nates ). This makes any practical calculations im-
possible, even in the simplest systems.

We may most simply take into account the contri-
bution of uyz and uy.e. by finding their components
in the directions of the bond vectors. As we may
easily convince ourselves,® this is equivalent to
making the corresponding corrections to the absolute
values ugk).

In fa,ct, we shall express u.i{ = y.gk) + u&ké in the
form Wy = Zl> Myze;- Then

3
=2 (n{ -+ pP) ey = prer.
3 3

p=y p,g)k)ek—]— 2 z Wy € = Z (H%k) + Z W) €y
1 k i

(1.3)

Thus we obtain a formula completely analogous to
the case of the zero-order approximation, but with
additional terms u{K) including all the corrections
introduced into the dipole moments of the bonds by
the unshared electrons and the polarizing influence
of the other bonds. pui = ugk) + y(lk) can no longer be
considered to be a quantity which is constant for a
given bond and independent of the surroundings. It
may vary from molecule to molecule, and to a con-
siderable extent loses its significance as a direct
characteristic of the bond. Rather, it is transformed
into an empirical quantity corresponding to the con-
crete method of expression of the dipole moment of
the molecule, and reflects both the properties of the
given bond and the effect of the surroundings.

The components of the dipole moment of the mole-
cule in the directions of the bonds are to be consid-
ered in this case to be unknowns to be determined
from the solution of the electro-optic problem. In
this approach, the expression of u as a vector sum
of uiey’s is obviously always possible.

To transform from the total dipole moment of the
molecule to an expression for it in terms of the dipole
moments of the bonds obviously requires a corre-
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sponding replacement of the normal coordinates by
coordinates directly characterizing the positions of
the atoms or the bonds in the molecule. The deriva-
tives taken with respect to the normal coordinates
are replaced by combinations of the derivatives with
respect to these coordinates. The choice of a work-
ing system of coordinates is determined not only by
convenience of calculation, but also by the physical
meaning of the corresponding derivatives. In itself,
this treatment of a polyatomic molecule as a set of
bonds, each taken as a sort of ‘‘diatomic molecule’’
possessing its own dipole moment, has the natural
consequence that we should use a system of coordi-
nates in which the changes in the bond lengths play
a role. Thus, we obtain the derivatives of the dipole
moments of the bonds with respect to the stretching
of these bonds. These derivatives are very similar
in their physical meaning to the analogous deriva-
tives for diatomic molecules, especially in those
cases in which we are dealing with rather isolated
bonds which retain their dipole moments in various
compounds,

The very widely-used systems of valence-force-
field and central-force-field coordinates in the theory
of vibrations of polyatomic molecules are precisely
this sort of coordinate system.

In the former system, the vibrational coordinates
are tallen to be the changes in the bond lengths and
the valence angles, while in the latter system they
are the changes in the bond lengths and in the inter-
atomic distances between unbonded atoms. The set
of dipole moments of the bonds, and the derivatives
of these with respect to the vibrational coordinates
are denoted as the electro-optic parameters of the
molecule.

Before we go on to give an account of the methods
of calculating these parameters, let us consider what
information about the structure of the molecule we
can get in this way. We have shown above that when
we take into account various factors, the very con-
cept of the dipole moment of a bond loses to a con-
siderable degree the physical meaning of a direct
characteristic of the bond. Rather, it is converted
into an empirical quantity which we can calculate
under various assumptions. The same is true, of
course, of the derivatives of the dipole moments of
the bonds.

However, even under these conditions, the inves-
tigation alone of the magnitudes of the derivatives of
the dipole moments of the bonds with respect to the
vibrational coordinates can give us highly valuable
information on the mutual influences between certain
atomic groups and others, on the behavior of the un-
shared electrons, the electron-cloud distribution,
etc.

The values of the appropriate electro-optic pa-
rameters found from a study of certain molecules
may be applied to predict the intensities of the spec-

tra of similar molecules, and thus to improve the
correctness of assignment of frequencies, which is
an essential matter in every spectroscopic study.
The strong dependence of the intensities on the form
of the vibration (see below) makes it possible to
test the correctness of the calculations. We shall
not discuss here the fact that problems of this type
aid in drawing a much fuller picture of the vibra-
tions of a polyatomic molecule and in arriving at
better-grounded conclusions concerning the intra-
molecular processes on the basis of observed spec-
tral changes.

The most interesting results may be obtained by
thorough study of an entire class of related com-
pounds. Let us suppose that we find in this class that
certain electro-optic parameters, e.g., the dipole
moments of the bonds and their derivatives with re-
spect to stretching of the bonds, are invariant. Then
this demonstrates that these quantities actually re-
flect real properties of the bonds, and may be used
to characterize them.

In particular, the dipole moment of a bond may
serve as a rather unambiguous criterion of the bond
type. Thus, for example, Smyth15 gives the following
values for the relation of typical dipole moments to

the bond type:
Dipole moment in Debye

Bond type units (D)

Covalent

Single .......... Chseaesaneenes 0-2.0

Double......cvaenne Ceseranese 0-2.5

Triple. e cvvrvevrnenes savenannss 0-3.5

Metallo-organic ...cvvnevurnsnes 2-4
Coordinate ......... sese ssseeranen 3-4.5
Ionic veveveenns resecenraan cessoes 6-20

The values of the derivatives may also serve as
valuable characteristics of the bond type.

Undoubtedly, the widespread permeation of theo-
retical methods into the practice of spectrochemical
research will open up new possibilities for the use of
the electro-optic parameters to study molecular
structure and various kinds of intra- and intermo-
lecular interactions.

2. The Direct and Inverse Electro-optic Problems

Above we considered in detail the general approach
to the solution of the problems of the intensities in the
absorption spectra of the normal vibrations, based on
the concept of the dipole moment of the molecule as a
vector sum of the dipole moments of the bonds.

Making use of the representation of the total dipole
moment of the molecule in the form u = %#kek, and

transforming from the normal coordinates to the set
of natural vibrational coordinates, we can write

a%:‘),: [% 5%(2’} P’heh>qki+§ 5%(% Pheh>Yni]N¢-
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Here, the coordinates for bond stretching are denoted
by the symbols q, while any other coordinates
(changes in valence angles, out-of-plane coordinates,
changes in interatomic distances, etc.) are denoted
by v. Nj is a normalizing factor. .

We can write the same equation in the simpler
matrix form

NSl ERE I H RS

Here we have used the following notation: {e} = {e,,
..., em} is a row matrix with elements eg (where
the ek are the direction vectors of the bonds); {u}
ou ou

bq By
rectangular matrix of the derivatives of the dipole
moments of the bonds with respect to the vibrational

coordinates, as follows:

de de

3 5y (1.4)

is the

is a row matrix with elements pu;

an ap.\ 0g1 °" " dgm OV, In
% & I Im Fpm m
99, I94m Oy1 A%
o0e o0e

and

8q By
tives of the direction vectors of the bonds with re-
spect to the vibrational coordinates, having a form

O O, o q
al' 5; H fmally, {
matrix in which all of the relative amplitudes of the
vibrational coordinates corresponding to a given nor-
mal coordinate are arranged in order. This set of
amplitudes is ordinarily called the form of the vibra-
tion. Hence we shall always refer hereinafter to the
column matrix simply as the form of the vibration.
The normalizing factor in matrix notation has the

form N. v;

where U is the matrix of the force constants. The
ol Ou

3q oy
solute values of the dipole moments of the bonds when

the equilibrium configuration of the molecule is dis-

is the rectangular matrix of the deriva-

analogous to is a column

matrix characterizes the changes in the ab-

oq oy
changes in direction due to rotations of the bonds
during vibration. Since any changes in the dipole
moment can be described in terms of the 3N—6 in-
dependent internal vibration coordinates, these mat-
rices must consist solely of derivatives of the dipole
moments of the bonds with respect to these independ-
ent coordinates.

As was stated in Sec. 1, the absolute values uy of
the dipole moments of the bonds are assumed to be
functions of all 3N—6 vibrational coordinates. This
is also true of the positions of the bonds, which are
given by the direction vectors ey of the bonds.

turbed. The matrix characterizes their

Equation (1.4) may be separated into a valence

, ou oufita

(stretching) term {e} |-= =& Il and a deforma-
e { 9q ovllivili

. oe de|ilq

tion term — — .

{ud oq oy |llvli
The basic difficulty consists in calculating the
matrix g—: g—:/ . The basic difference between the

existing methods of calculating (9u/9Qj), lies pre-
cisely in the method of calculating this matrix.1é-11
31-33 The analysis and comparison of these methods
is not part of our subject.

de ode
aq By
=81 (AeBT -E). Here, S~! is the diagonal matrix
of the reciprocals of the bond lengths; Ae is the ma-
trix obtained from the diagonal matrix of the recip-
rocals of the masses of the atoms by termwise sub-
traction from each other of the rows corresponding
to the atoms of each bond; B is the transpose of the
matrix for transformation from the Cartesian coor-
dinates of the atomic displacements from the equi-
librium positions to the vibrational coordinates

(i.e., "q
Y

energy of the vibrations in the given coordinate rep-
resentation (this matrix is the inverse of the matrix
of the kinematic coefficients ordinarily used in the
theory of the vibrations of polyatomic molecules, and
can be found either by inversion of the latter or di-
rectly®); E is the diagonal matrix of the direction
vectors eg.

Taking into account the form of the normalizing
factor, we finally obtain

(o )= [0 5 5

References 31 and 32 showed that

=B r|l); T is the matrix of the kinetic

+ S (Aef;T—E)] H‘\’(“t ‘/va_ﬁw (1.5)
B | B 415
The elements of the matrix Z—g g—_’; and the dipole

moments of the bonds are the electro-optic param-
eters of the molecule. Equation (1.5) is a general
expression for (9u/9Qj)g and hence for the intensity
of the given normal vibration. We must recognize
the advantage of this formula in representing
(61/9Qj )y as the (matrix) product of two factors.
One of these factors clearly combines all of the
electro-optic and mechanical parameters of the
molecule, and is invariant for all normal vibrations
of the molecule. The second factor is simply the
form of the given vibration. This characteristic of
Eq. (1.5) makes it highly suitable for all sorts of
general studies of the relation of the intensities to
the characteristics of the molecule, as well as for
deriving a number of consequences.
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It is also important that Eq. (1.5) is very conven-
ient for computer calculation. The symmetry of the
molecule can also easily be taken into account.

In the zero-order approximation, the non-diagonal
elements of the matrix | 8u/9q| are assumed to be
zero. This corresponds to the assumption that the
dipole moments of the bonds are independent of their
surroundings. We can take into account the effect of
the surroundings, the atomic polarization, and the
unshared electrons by introducing into the treatment
all or some of the derivatives of the dipole moments
of the bonds with respect to the vibrational coordi-
nates.

The formula given here permits us to calculate
(8u/8Qj )y unambiguously, and hence, to calculate the
intensity and polarization of the absorption band, pro-
vided that we know the electro-optic and mechanical
parameters of the molecule, and the frequency and
form of the vibration. A problem of this type is or-
dinarily called a direct electro-optic problem.

Let us consider now the inverse problem of de-
termining the electro-optic parameters, and clarify
the theoretical side of this problem. In general, we
may know from experiment two quantities: the deriv-
ative of the dipole moment of the molecule with re-
spect to a normal coordinate (to be exact, without
its sign, since the intensity of the absorption band
is determined by the square of this derivative) and
the direction of the vector (8u/8Qj)¢, i.e., the po-
larization. In addition, we may assume that we know
the form of the vibration from the solution of the
mechanical problem.

We begin with the formula

(38, Lol 3 |+ w5

where (as shown) |8e/9q|=5"1(A¢BT—E) and q
is the set of vibrational coordinates. For brevity, vy
is included simply in the symbol g. We assume the
coordinates to be normalized. We now transform the
valence term into the form

Jhal

o, opy
B, Pan
{el, R em} ......
Wm  Hm
dqy "' Ogn
_ g an,y . Wm’ . Om
g, """ Oqn 90 %n
e ... 0 1)
..... Tn
0... ¢ J
b O _ 2‘_1,-}
..... - { 3 | ®
en .-+ 0 1)
..... rn
0 ... e, J
N—— et
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Then we can write

36 )o= [ {5} e+ 3|5 |l

={Z—’;, p.} _:3 “‘I“i:{.qi}lg’ %i_l %% : (1.6)
aq Ly

By finding the projections of all of the vectors of
the matrices |de/dq| and € on the polarization di-
rection, and substituting in the corresponding forms
of the vibrations, we can derive a system of scalar
inhomogeneous linear equations in the electro-optic
parameters.

As an additional equation we can use the equality

K= 77 Ok-
k

Since in the general case the number of electro-
optic parameters is larger than the number of nor-
mal vibrations active in absorption, the system of
equations cannot be solved unambiguously.

Hence, in practical calculations, we must search
for a way to reduce the number of unknowns or to in-
crease the number of equations. The number of un-
knowns may be reduced either by assuming that some

o ou
oq 9y
zero (since, as it seems, we can assume that the
mutual influence of distant atoms and groups will be
negligible ), or by using the symmetry of the mole-
cule, since the electro-optic parameters of equiva-
lent bonds and groups are equal to each other. The
number of equations may be increased by using iso-
topically-substituted molecules, for which the electro-
optic parameters remain unchanged.

The second fundamental difficulty in calculating
the electro-optic parameters consists in the inde-
terminacy of the signs of the derivatives (8u/8Qj ).
This is due to the impossibility of determining the
relative phases of the different normal vibrations of
the molecule.

Hence, we must perform the calculations of the
electro-optic parameters with various independent
combinations of signs of the (9u/8Q;);. Thus, we
obtain a corresponding set of values of the electro-
optic parameters. Obviously, the combinations of
(9u/8Q; )’s obtained from each other by simultane-
ous change of the signs of all the derivatives will
give the same values of the electro-optic parameters,
but with the opposite signs. Hence it follows that the
electro-optic parameters can be found only without
the sign. This, of course, is not true of their rela-
tive signs.

The selection of the correct combination of the
electro-optic parameters will be made below either
from some indirect reasoning, or by applying the
calculated values of the parameters to isotopically-
substituted molecules, and comparing the calculated
intensities with the experimental values. In order to
do this, we may also use homologous series.

of the derivatives in the matrix

are equal to
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We must note that the accuracy of calculation of
the electro-optic parameters (or if the latter are
known, of the intensities) is highly dependent on the
accuracy of determination of the form of the vibra-
tions, i.e., fundamentally on the determination of the
matrix U (of the force constants).

Thus, while the direct problem of calculating the
intensities in the vibrational absorption spectra of
polyatomic molecules, when we know the form of the
vibrations and the mechanical and electro-optic pa-
rameters, may be solved unambiguously and rather
simply for molecules of any complexity, the inverse
problem of determining the electro-optic parameters
encounters considerable difficulties even for the
simplest systems.

Nevertheless, in a great number of cases, we can
be assured of obtaining quite correct values of the
electro-optic parameters, provided that we perform
this determination not for a single molecule, but for
an entire class of related compounds of gradually in-
creasing structural complexity, with the use of iso-
topic molecules. The organic compounds are espe-
cially adapted to this purpose, for the presence of
repeating groups permits us to assume that the cor-
responding electro-optic parameters will remain
constant, thus leading to a decrease in the number
of unknowns.

Here we can check the correctness of the calcula~
tions of the electro-optic parameters and improve
their accuracy at each stage by making a preliminary
calculation of the corresponding intensities in the
next molecule and comparing them with experiment.

This type of calculation obviously requires an ex-
tensive use of computers to permit one to try differ-
ent variants of the solution.

3. Specific Intensities in Infra-red Spectra

The study of vibrational absorption spectra of
polyatomic molecules has shown that definite chem-
ical groups correspond to definite so-called charac-
teristic (specific) frequencies and forms of vibra-
tions, which change relatively slightly upon transfer
of these groups from one molecule to another.

This peculiarity of the vibrations of polyatomic
molecules has been responsible to a considerable
extent for the very widespread application of spec-
troscopic methods in science and industry. At the
same time, it has been noted that often the specific
vibrations are also distinguished by invariable (spe-
cific) intensities. This valuable property of certain
of the specific vibrations may be widely applied in the
solution of various problems. Recently this problem
was subjected to a detailed theoretical study.3%,35-37
As a result, it turned out to be possible not only to
find the conditions under which the intensity may be
specific, but also to point out a number of methods
of simplifying the calculation of the specific inten~
sities.

The study of specific intensities (and polariza-
tions ) gives us, on the one hand, a supplementary
criterion for the correctness of assignment of fre-
quencies in the spectra of complex molecules, and
on the other hand, it may act as an experimental
proof that certain chemical groups have a closed
electronic structure. This latter point is of ex-
tremely great value, not only in elucidating the
structure of complex molecules, but also in con-
structing various sorts of simplified models of
molecules.

The conditions under which the vibrations of some
group of atoms in a molecule may exhibit specific in-
tensity can be reduced to the following:

1) The vibration of the given group of atoms must
be completely specific in frequency and form for the
set of coordinates describing that group.

ou ou , the derivatives of the
9q oy
dipole moments of the bonds of the particular group
of atoms with respect to the coordinates of this group
must be large in comparison with the derivatives of
the dipole moments of bonds outside the given group
with respect to the coordinates of the group. If the
specificity is to remain stable (over a series of
compounds ), it is also necessary that this require-
ment be fulfilled by the derivatives of the dipole mo-
ments of the bonds of this group with respect to the
coordinates of the rest of the molecule. In essence,
this implies the assumption that the electrical con-
nection between the given group and the rest of the
molecule is weak.

3) The given group must have as few as possible
atoms in common with the rest of the molecule.

4) The bonds in the rest of the molecule must not
rotate when the equilibrium bond lengths and angles
in the given group are varied.

The latter two conditions result from the require-
ment of invariance of the position of the center of
gravity and of the angular momentum of the entire
molecule when the given group of atoms alone is
vibrating. These same conditions are also valid cri-
teria for specific polarization. However, in this case,
the requirement that the frequency be specific is not
obligatory. Besides, frequencies which are actually
stably specific in the spectrum most often correspond
to vibrations which are specific in both frequency and.
form. Thus, the special reservations regarding the
specific nature of the polarization are not of essen-
tial interest.

Stability of the specificity of the frequencies and
form (throughout a series of compounds) is ordinar-
ily associated with specific chemical forces, as mani-
fested in the smallness of the non-diagonal elements
of the force-constant matrix. Since the potential and
electric fields in the molecule must generally be in-
terrelated, smallness of the derivatives of the dipole
moments of the bonds with respect to the vibrational

2) In the matrix
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coordinates will probably be associated with small-
ness of the analogous elements in the force-constant
matrix.

It follows from the general theory that vibrations
which are specific in intensity will necessarily be
specific in frequency and form, while vibrations which
are specific in polarization must also be specific in
form. If this conclusion is confirmed by experiment,
we then may naturally classify the absorption bands
in a vibrational spectrum as being specific in fre-
quency and form, or specific in polarization, or spe-
cific in frequency. Here, specificity of any type may
be tested experimentally. The highest form of spe-
cificity is that of intensity, since it requires an en-
tire set of conditions for existence; thus it must be
found relatively rarely. '

Table 2 of the Appendix gives systematized data
on the absolute intensities of certain functional groups
exhibiting the property of specificity of intensity. All
of the values are given for solutions in CCl; (or CS,,
when indicated with an asterisk). The comparison of
the results of various authors permits us to estimate
the error of the performed measurements.

4. The Relation of the Intensity to the Number of
Equivalent Groups in Polyatomic Molecules

The problem of specific intensities is closely con-
nected with that of the relation of the intensities of
the fundamental vibrations of polyatomic molecules
containing several identical groups to the number
of such groups. This problem is essential in the
development of methods of group-theoretical struc-
ture analysis based on infra-red spectra.

A number of experimental studies have been de-~
voted to this problem.3-45:48 However, the existing
store of experimental material does not permit us
to discern any general regularities of this sort in
the spectra of polyatomic molecules. Indeed, most
of the researchers have adhered to the opinion that
the relation of the intensities to the number of groups
is necessarily linear. Even if we do not mention the
fact that this view is often contradicted by their own
experimental data, we must note that it is based on
the completely incorrect assumption of the independ-
ence of the vibrations of the separate groups in the
molecule. Besides other factors to be discussed be-
low, the fact is completely ignored here that the vi-
brations of all the groups in the molecule always
exhibit definite phase relationships, while the groups
themselves maintain mutual spatial relations.

The correct answer to this problem has been ob-
tained*%47 only on the basis of a thorough theoretical
study.

Let us consider a molecule consisting of a certain
invariable common portion (which we shall call the
kernel), to which n identical groups of atoms are
attached. The intensity of the absorption bands cor-
responding to some normal vibration of the molecule

will be determined both by the vibrations of the ker-
nel and by those of the groups being considered. Be-
sides, if the number of equivalent groups is increased,
the electric and mechanical parameters, the forms of
the vibrations, and the frequencies will undergo appre-
ciable changes. Hence, in the general case, the rela-
tion of the intensities of the corresponding absorption
bands to the number of equivalent groups will be very
complex and irregular. However, if we assume that
the vibration of each equivalent group satisfies the
conditions for specificity of intensity and polarization,
and their forms of vibration differ only by a constant
factor, we may infer a certain regularity in the behav-
ior of the intensity of the absorption band correspond-
ing to the vibrations of this group. This regularity
will be expressed by the simple formula

2 " N
A; (n) = const- :—’("—)< 2 azh, ) 2’
DI
k
where hy is the polarization vector of each equiva-
lent group, i.e., a unit vector with a direction given
by the derivative of the dipole moment of the equiva-
lent group with respect to the normal coordinate de-
scribing the vibration. ai is a factor giving the rela-
tive amplitudes and phases of the vibrations of the
equivalent groups; n is the number of equivalent
groups; and vj is the vibration frequency in cm=1.

The stated limitations are in complete agreement
with experiment, since they are simply a more pre-
cise expression for the conditions commonly applied
by researchers for ‘‘independence’’ of equivalent
groups.

In the special case in which all of the vectors hy
are parallel, and oy is unity, the corresponding in-
tensities are simply proportional to the number n
of groups. In the general case, the intensities may
either rise or fall, depending on the relative posi-
tions of the groups. For example, this is observed
in a study of the series (CHj3),SiCly_p, in which the
vibration intensities agree well with Eq. (1.7) (see
references 43 and 47).

In addition to its use for group-theoretical struc-
ture analysis, the proposed relation may be applied
as an experimental proof that certain groups exhibit
specific intensities. Thus, it is a criterion of their
closed character and the invariance of their structure.

We must also note that for group-theoretical
structure analysis we must use those absorption bands
having frequencies which vary relatively slightly when
the number of groups is varied. A large shift in the
frequency is almost always associated with disturb-
ances in the structure of the molecule, leading also
to changes in the electro-optic parameters.

2. THE EXPERIMENTAL DETERMINATION OF IN-
TENSITIES IN INFRA-RED ABSORPTION SPEC-
TRA
The measurement of the absolute intensities of

infra-red absorption bands began more than thirty

(1.7)
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years ago in the studies of Kemble and Bourgin.4?3

As the technique of infra-red spectroscopy developed
and methods of measurement were perfected, the
number of such studies has gradually increased. How-
ever, the experimental and methodological difficulties
have not yet been overcome in many respects; the
complexity and laboriousness of the existing methods
of obtaining and handling the experimental data seri-
ously hinders this type of investigation.

The data on absolute intensities, obtained mainly
from a set of the simplest compounds, are still in-
conveniently scattered at present in a large number
of original papers in the literature. We cannot as-
sume here that all existing values have the same de-
gree of reliability; some of the measurements per-
formed by different methods or different authors
have led to appreciable discrepancies in the results.

5. The Fundamental Methods of Measuring the Inte-
grated Intensities of Infra-red Absorption Bands

The quantity characterizing the intensity of an
infra-red absorption band, directly associated in its
physical meaning with the electro-optic parameters
of the molecule, is the integrated absorption coeffi-
cient

Ko= § K (v)dv, @.1)
where the integration is performed over all frequen-
cies of the band corresponding to the given vibrational
or vibration-rotation transition. The absorption co-
efficient for a given frequency v is related to the
optical density of the substance at the same frequency,
D(v)=1n[I3(v)/1(v)] by the relation

If the band is measured in percent absorption, R (v)
=1~[I(v)/Ij(v)], then

_In[i—-R)]

K (v)= —REZRON,

2.2)
where I* is the so-called effective path length of the
light beam in the material, as defined by:

f {— for a homogeneous liquid,
*=1 c¢l— for a solutien, or
l pl— for a gas.

Here I; is the intensity of the incident light, I is the
intensity of the transmitted light, ! is the path length
of the cuvette containing the material, ¢ is the con-
centration of the substance, and p is the partial
pressure of the gas. Thus, the quantity K (v) to be
determined is related non-linearly to the quantities
ordinarily measured experimentally, I(v) and I(v)
(with single-beam instruments) or R (v) (with
double-beam instruments).

The basic difficulty in the experimental determi-
nation of the intensities of infra-red bands is the

non-monochromaticity of the radiation involved to a
greater or lesser extent in any actual spectroscopic
instrument. This lack of monochromaticity is due to
the finite width of the slit, diffraction, aberrations,
etc. Hence, the quantities I and I or R being
measured no longer refer to a given frequency v,

but are values averaged over a certain frequency
range 6v. The greater the value of 6v is, the more
strongly the observed spectrum is distorted. In dis-
tinction from the other distorting factors (see below),
whose roles may be minimized by selection of definite
optimum conditions for measurement, the effect of the
non-monochromatic radiation cannot be diminished
below a certain limit determined by the light-gather-
ing power and general sensitivity of the instrument.

In most modern spectrometers, 6v always amounts
to several em™!, and is comparable in order of magni-
tude with the width of the absorption bands in the con-
densed states of matter, disregarding the fine rota-
tional structure as occurs in the case of gases.

The existing methods of determining the true val-
ues of the integrated absorption coefficient are in
essence various ways of taking into account the effect
of the non-monochromatic character of the radiation.
Let us discuss these methods.

1. Method of determining K, based on integration
of the band in terms of R(v). As is known,51,52 the
integrated intensity of the absorption band R (v), that
is,

Ro=\ R(v)dv, @.3)
0
is independent of the spectral slit width 6v, which
gives rise only to a redistribution of the energies
over the band contour R (v). This characteristic of
the integrated absorption R is the basis of a num-
ber of methods for determining the true values of
kew. The methods to be discussed below are divided
into extrapolation methods, carried out on the basis
of several measurements at different values of 1*,
and methods based on a single measurement at a
single value of I*.

a) Bourgin’s extrapolation method. This method
is historically the very first method of precise quan-
titative measurement4®% in the infra-red spectral
region. In order to derive the appropriate relation,
we shall differentiate the following expression with
respect to [*:

Ro = S (1 — e=K*] dv,
]
where the integration is performed, as before, be-
tween the limits of the given absorption band R (v).
Then we have

2.4)

oo

dR
= \ K (v)e=E M *dy
[

dar*

and hence,
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dR.,
K= (Til_*)za=o’

Consequently, the value of the integrated absorption
coefficient Kwo may be determined from the meas-
ured integrated absorption R, by performing an ex-
trapolation to zero effective path length of the light
beam in the material. In this case, K, is defined
as the slope of the curve of R, plotted against I*
at the origin. Since R, does not depend on the re-
solving power of the spectrometer, the form of the
extrapolation curve is determined only by the shape
of the band being measured. Ordinarily, as we ap-
proach the origin, the extrapolation curve increases
greatly in curvature, thus leading to large errors in
the measured slope.

There are two possible variants of this method.

If we expand In[1-R (v)] in Eq. (2.2) in series,
we have

2.5)

K&:T‘*—i[R(VH%R(v)u ...]dv.

[

(2.6)

References 50, 53, and 54 have shown that in the limit
as [* — 0 the observed values of the integrated ab-
sorption coefficient K& become equal to the true
values, since the contributions of the quadratic and
higher terms in the series in Eq. (2.6) become neg-
ligible, and the integral on the right-hand side re-
duces to R,,. Thus,

K. =ll.i_5)1 (%) 2.7)
This method permits us to a certain degree to avoid
the difficulty of the previous method, which is due to
a certain indeterminacy in the measurement of the
slope at the origin. If we plot R, /I* against I*,
then, according to Eq. (2.7), the problem of deter-
mining K is reduced to finding the intercept on the
axis of ordinates, which can be done more accurately
than the determination of the slope. However, as

I* — 0 the extrapolation curve still has a curvature
that depends only on the shape of the contour being
studied, so that the measurements cannot be per-
formed accurately enough. In order to improve the
accuracy, we would have to follow the trend of the
extrapolation curve to very small values of I*, but
this in turn is limited by the rapid increase in the
errors in measuring small intensities.

b) The computation method. The two previous
methods are universal, since they permit us to de-
termine the true values of the integrated absorption
coefficient for bands of any arbitrary shape, and in
principle, for any values of the practical resolving
power of the spectrometer. They have the defect of
being experimentally cumbersome without having a
high accuracy of measurement. For bands of regular
form, not distorted by rotational structure (in the
condensed states of matter), the problem becomes
simpler, since it becomes possible to make a prior

theoretical calculation of the relation between the
quantity K., to be determined and the measured
quantity Ry :
Rm
Ko=0¢—, (2.8)
where the coefficient ¢ is a function of the shape of
the band contour and the magnitude of the absorption.
We shall expand the exponential in the expression
for the integrated absorption R in a series,

Rw=°§ [1—e‘K(V)"]dv=l*°§ [K(v)—K—(zv)—zl*+ ---]dV
] [ (2.9)

and make the well-known assumptions on the form of
the true contour of the band, such that we may substi-
tute a dispersion function for K (v). Then, after
making the appropriate transformations, we derive
an equation of the type of Eq. (2.8), containing an ex-
pression for ¢ of the form

1
P=——p——Fp 3 (2.10)
1_T°+(_41 —_

where Dy is the true value of the optical density at
the band maximum, undistorted by the instrument.
The relation of ¢ to Dy has been tabulated in refer-
ence 55 in a similar way (see the third method given
in the present paper).

The conversion factor ¢ can be calculated without
recourse to series expansion by applying the concept
of the form factor r, which enters into the expres-
sion for the integrated intensity:

Ro,=rpAvgR,, D= rpAvpD,. (2.11)

As was shown in reference 56, the form factors for
bands in terms of R(v) and D{(v) practically coin-
cide in the optimum range of D, values. That is,
rg =rp. Hence, the factor ¢ will be

o= ‘Doo — Dy Avp (2.12)
R, 1—e—Do Avp’

where, in particular, we may show for bands having

the form of a dispersion function (see reference 56):
Do

A'Vn S
Avg = ¢ . (2.13)

The quantity ¢ may also be expressed as a function
of Dy. It is not difficult to transform the true values
of Dy into the observed D§ values, for example, by
using the tables in the cited papers.5%:% One of the
basic assumptions on which the computation method
in the form discussed above rests is that the true
contour of the band for liquids and solutions is a dis-
persion function. We must note that this assumption
seems to be confirmed by most of the experimental
tests which have been carried out.55-58

2. Methods of determining K. based on integration

of the band in D (v). The methods already discussed,
based on operations with R (v), have the advantage
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that they permit us to determine K, directly from a
recorded spectrogram without having to change the
scale of the spectrum, i.e., without having to trans-
form to the optical density D (v), which is related
non-linearly to R(v):

D ()= —In[1—R ()] 2.14)

Also, in view of the known relation (see references
54 and 59):
[+

Koo > ~Dl;:° > %" (2.15)
the transformation from the integrated absorption
R, to the integrated absorption coefficient K, is a
longer step, and hence, less precise, than the trans-
formation from the integrated optical density D, to
K. . Further, since D is generally subject to dis-
tortion owing to the non-monochromatic radiation,
the use of a spectrometer with better resolving power
will obviously aid in the extrapolation D9 /1* — K,
although it plays no role in the extrapolation R, /I*
— Ky -

The problem of how the optical density is recorded
is not essential. Thus, for single-beam instruments,
instead of performing a rather tedious and inefficient
manual recalculation, it is rational to use a conver-
sion scale, as described in reference 60. For double-
beam instruments, the recording of the bands in terms
of optical density may be carried out directly by
means of a photometric wedge of the appropriate form,
or if the wedge is linear, by using a special logarith-
mic integrator.®! The problem has been discussed
repeatedly in the literature of direct recording of
optical density in the infra-red,® % of automatic
measurement of the integrated absorbancy,® etc.
Thus, in spite of the fact that the transformation
R(v) —D(v) of the bands sometimes requires sup-
plementary experimental procedures, the transfor-
mation DY /I* — K_ is more convenient in a number
of cases. The use of the integrated intensity D2 is
the basis of a number of methods for determining the
true values of the integrated absorption coefficient
K. ; as before, these methods may be divided into
extrapolation and non-extrapolation methods.

a) The extrapolation method of Wilson and Wells.
The basis of this method is the extrapolation relation

lim D2,

1*~+0
Ko = *

(2.16)

which has been shown to hold true in reference 54.
The problem of determining K, consists in finding
the observed values of the integrated optical density
DY for a wide range of values of the effective path
length I*. Then K, is defined as the slope of the
graph of DS plotted against I* at the origin. The
form of the extrapolation curve now depends not only
on the shape of the band, but also on the resolving
power of the spectrometer: as §v decreases, the

vl
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curvature of the extrapolation curve at the origin
decreases, and the accuracy of the measurements
increases.

As in the case of the extrapolation methods of
Bourgin, the accuracy of an extrapolation of this
type, other conditions remaining the same, may be
improved by replacing the determination of the slope
by the finding of the intercept on the axis of ordinates.
The corresponding extrapolation relation®:% may be
written:

2.17)

o

o=t (72
and the experimental procedure is reduced to plotting
the relation of DY /I* to I* and extrapolating to I*
= 0. The use of a better spectrometer improves the
quality of the extrapolation by smoothing the extrapo-
lation curve, and avoids recourse to the measure-
ment of exceedingly small absorbancies, which al-
ways involve the greatest errors.

The extrapolation methods of determining the true
values of the integrated absorption coefficient, in
spite of their obvious experimental awkwardness,
have a valuable characteristic: their applicability to
absorption bands of any arbitrary shape. Thus they
are indispensible in the study of the intensities in
gas spectra. For the gaseous state of a substance,
the problem of measuring the total intensity of a
vibration-rotation band consisting of a large number
of separate fine lines is rather complicated. The
problem is that bands having fine structure, not
nearly always resolvable with ordinary apparatus,
will give extrapolation curves with very large curva-
ture at I* =~ 0, thus considerably reducing the accu-
racy of the measurements. In order to obtain satis-
factory accuracy, we would have to perform the
measurements at impractically small values of 1*.
Hence, Wilson and Wells suggested, on the basis of
the example given by reference 66, that the fine
structure of the band should be smeared out by ad-
dition of a non-absorbing foreign gas at some defi-
nite pressure (often many atmospheres) which can
be determined by an additional special experiment.

Thus, the problem of determining the true values
by the extrapolation relations must be solved in two
stages for gases. In the first stage, the pressure of
the foreign gas (with a given concentration of the
absorbing gas) is selected such that the measured
integrated intensity becomes practically independent
of further increase in the pressure. Only after this,
in the second stage, is the extrapolation procedure
itself carried out by varying the value of I* (ordi-
narily by varying the partial pressure of the gas be-
ing studied). In working with spectrometers of high
resolution, often the smearing out of the fine struc-
ture by the described method will alone be sufficient
for the determination of K from one or two meas-
urements without recourse to detailed extrapolation.
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The increase in the intensity of bands observed
upon increasing the pressure is commonly attributed
to the broadening of the individual lines of the fine
structure. Now, the true integrated absorption coef-
ficient of any component of the fine structure is
larger than the observed value [cf. Eq. (2.15)]. Hence,
as the pressure is increased, the individual lines of
the vibration-rotation band will broaden and the effect
of the instrument will diminish. Thus, the observed
intensity must increase and approach the true value,
up to the pressures at which the fine structure com-
pletely vanishes. Thus explanation of the role of the
pressure is generally accepted at present, and in
practice, it is the basis of the extrapolation methods
discussed above for measurement of the intensity of
infra-red absorption bands in gases.

Nevertheless, we cannot be satisfied with the as-
sumption that the pressure only brings about a broad-
ening of the bands without affecting the integrated in-
tensity in any way. Thus, it was shown in references
67 and 68, in which very high pressures of various
foreign gases were used, that the observed integrated
intensity of the absorption bands continues to rise
even when the fine structure has completely vanished.
Further, in a number of cases,-" the pressure in-
crease brings about the appearance of pressure-in-
duced absorption at the sites of the bands which are
normally forbidden by the selection rules.

In other words, the method of measurement being
discussed does not take into account the effect of the
molecular collisions on the probabilities of energy
transitions. We must keep this fact in mind in apply-
ing the extrapolation methods in practice.

b) The method of direct extrapolation. If we carry
out the extrapolation procedure, as is often done in
practice, not by varying the length [ of the cuvette,
but by changing the pressure p of a gas or the con-
centration ¢ of a solution, the value of K, deter-
mined may be distorted, in the general case, as a
result of certain physical deviations from the Lam-
bert-Bouguer Law. These deviations, namely the
gas-pressure effect or the concentration-dependence
of the absorption, have been little studied in them-
selves. Hence, we should give especial consideration
to a method of eliminating the effect of the lack of
monochromaticity in the determination of K, by
directly varying the quantity 6v itself, that is,

lim D?
<0 DO
Koo=6v—>10. =61i11(]).( l:° ) (2.18)
V-

Ordinarily, this method is used to carry out an ex-
perimental verification™ of some particular theoret-
ical calculations. It is obvious that, in the case of
gases having a marked rotational fine structure, this
method may be applied only with instruments of high
resolving power.

¢) The method of direct integration. Up until now,
we have discussed the determination of the true val-

ues of the integrated absorption coefficient K., from
the observed integrated optical density for bands of
any arbitrary shape. For bands of regular shape, as
a rule, such as are found in the condensed state of a
substance, the problem can be simplified. On the
basis of a theoretical analysis of the effect of finite
slit-width, we can replace the rather cumbersome
extrapolation technique by a simpler method of meas-
urement. One of these methods is based on direct in-
tegration of the band expressed in terms of D (v),
the shape of the band being assumed to be known.

For well-known reasons, the shape of D (v) may be
expressed by a dispersion function. Then [cf. Eq.
(2.11)],

D = S D(v) dv="-5 DoAvp, = xD{Av, 2.19)
¢

where
=0 Do Avp 2.20
% =5 D% Ave (2.20)

Hence

#D3AVS

Ko=—p 2 @.21)

and the problem of determining K. is thus reduced
to finding the observed values Dg and AV%. Thus,
we may limit ourselves to measuring the band con-
tour from three points, without having to measure
areas. This is sometimes very convenient for rapid
but not very accurate intensity estimates. Values of
the coefficient ¥ are tabulated in reference 55 for
various values of the experimentally determined
quantities D and éu/Av% (see the first method in
reference 55), and may be determined from the re-
sults in reference 56 by the relation k = roDy/ DS,
(see Table 2¢ in reference 56).

d) The correction method. The method of measur-
ing three points, which leads to large errors in the
results, is not very applicable to precise quantitative
measurements of the intensities of infra-red absorp-
tion bands. Hence, for bands of regular shape, the
most widespread method has been that of corrections.
In this method, we may simply write

DO
Ko=%—73, (2.22)
where the correction factor ¥ is calculated from
theory based on certain assumptions on the shape of
the absorption band and the instrumental parameters
A number of papers?%:5:3-75 have been devoted to the
solution of this problem.

Thus, in reference 55, the correction concerned
here was calculated on the basis of the extrapolation
relation of Wilson and Wells and the assumption that
the true contour of the band in D (v) has the form of
the dispersion function. The theoretically-calculated
form of the extrapolation curve permitted the deriva-
tion of the following expression for the correction
factor y:
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1
v =1"eps’ (2.23)
where the values of the slope coefficient ® are tabu-
lated for various values of the ratio 6v/Avp (see the
second method in reference 55). Here Avp is the
true width of the band in D (v).

In reference 56, another method was used, based
on the use of Voigt functions to fit the observed con-
tours of the infra-red absorption bands. Here the
values of the correction factor @, which is equal to
the ratio D, /DY, are directly tabulated as functions
of the experimentally-measured quantities Df,’ and
ov/Av]) (see Table 2 in reference 56). The latter

paper discusses the problem of the quantitative agree-

ment between the methods of making the corrections
proposed by the various authors. In order to avoid
the necessity of recalculating the contours by the
transformation R (v) — D (v) in applying the correc-
tion method in practice, we may calculate the quanti-
ties DS and AV% directly from the corresponding
values of R,, and Av} obtained under the given con-
ditions of measurement,!!? just as we may do in the
previous methods.

Experimental verifications of the method have
been carried out repeatedly. Thus, in references
55—58, as was noted, the basic assumption on which
this method is based, the assumption that the true
form of the band is a dispersion function, was con-
firmed for most of the investigated bands by direct
measurement of their contours for liquids and solu-
tions. A direct experimental check on the magnitude
of the corrections calculated in reference 55 has been
performed by Russell and Thompson,™ using the
above-mentioned extrapolation method, by narrowing
the slit width (to 0.4 cm™1) on prism and diffraction
spectrometers. It was shown in another paper® that
the results obtained by the computation method
(Ramsay’s third method) and the correction method
(Ramsay’s second method ) agree within a precision
of 2%, and differ from the results obtained by the
method of direct integration (Ramsay’s first method)
by 5—10%. Undoubtedly, the data obtained from the
results of measurements at three points of the con-
tour are less reliable than those based on measure-
ments along the entire band contour.

The discussed methods of determining the inte-
grated intensities of infra-red absorption bands,
comprising the fundamental methods commonly ap-
plied in practice in infra-red spectroscopy, are sys-
tematized in Table I. We must emphasize again that
the extrapolation methods, as a rule, are used in
studying the gaseous state of a substance, while the
simpler computation and correction methods based
on single measurements for bands of regular form
are used in studying substances in condensed phases.

3. Other methods of determining K. . The other
methods proposed by various authors for direct
measurement of intensities in infra-red spectra are

either approximate’’ or seldom-used'® 8 modifica-

tions of the methods discussed above, or they are
complex, inconvenient, and not always applicable in
practice (the method of curves of growth,® the
method of correction of the observed contour,8- 8
etc. ).

The integrated intensities of infra-red absorption
bands may also be determined indirectly from the
dispersion, the emissive power, or the reflectivity.
We cannot consider these indirect methods as com-
peting with the direct methods of measurement, but
as supplementing them. Indeed, in studying the in-
tense absorption bands of liquids or solids, we must
work with very thin layers of the substance (as thin
as several microns). The precise measurement of
the thickness of these layers is always difficult, even
when we use the interference method, since very
small irregularities in the inside surfaces of the
cuvette begin to play an appreciable role, as well as
slight wedge-shaped forms of the layers, etc. Be-
sides, when the cuvette is of thickness comparable
with the wavelength of the infra-red radiation, mul-
tiple reflection and interference phenomena within
the absorbing layer lead to considerable deviations
from the Lambert-Bouguer Law.#% Hence, the ac-
curacy of these measurements is low, although the
development of methods®? permitting one to avoid
these difficulties to some extent has recently begun.

However, it is just at the sites of the most in-
tense absorption bands that the use of the direct
methods involves great experimental difficulties. At
these points, as is known, it is easiest to perform
measurements of the dispersion, the reflectivity, or
the emissivity, which are related in a definite manner
to the absorbence of the substance. Thus, in refer-
ence 90 for the case of a liquid, the following relation
was established between the dispersion of the refrac-
tive index in the infra-red and the integrated absorp-
tion coefficient:

n K@
niHe @2.24)
v,

ﬂz(")""ﬁis=cz —1—_7,
k3

where the summation is carried out over all the bands
active in absorption. Here the vj are the character-
istic frequencies of the vibrations, C is a normaliz-
ing factor, nyjg is the refractive index extrapolated
from the visible region of the spectrum, and n; is
the ‘‘mean’’ refractive index, defined by:

S n(v)K; (v)dv
M=t (2.25)
oS Eiway

For the case of a gas, nj = 1, and the equation is re-
duced to the well-known®:# Kramers dispersion rela-
tion. The technique of measuring the refractive index
in the infra-red has become quite well developed at
present.’1-%

The numerical values of the absorption coefficients
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can also be determined from the thermal radiation
spectrum.®-% This problem has also been studied
recently in more detail in reference 97. The prob-
lems of reflection spectroscopy have been quite fully
discussed in references 86, 98, and 99.

8. The Accuracy of Measurement of the Intensities
of Infra-red Absorption Bands

The intensity of an infra-red absorption band is a
parameter affected by a large number of highly varied
distorting factors. The ways of taking into account
the basic factor, the lack of monochromaticity of the
radiation, have been discussed above. In the general
case, the systematic distortions occurring in the
measurement of the intensities of infra-red bands
may be divided into: 1) instrumental distortions due
to the non-monochromatic radiation and the lag in the
recording apparatus; 2) systematic errors in meas-
uring the areas of the bands, due to the finiteness of
the interval of integration; and 3) systematic distor-
tions which arise in certain special studies (e.g., in
temperature measurements: the effect of the thermal-
radiation'background;®? in studies with very thin lay-
ers of material: multiple reflections, etc.). Distor-
tions of the latter type and systematic errors which
are not general in nature will not be discussed here.

The problems of accuracy of measurement also
involve the problems of selecting the optimum con-
ditions of measurement so as to minimize the acci-
dental errors.113

In precise quantitative intensity measurements,
we must above all eliminate or take into account the
instrumental distortions. A rather large number of
studies has been devoted to the analysis of these dis-
tortions. We shall refer to the specialized literature
55-57,73-15,100-105,112 £,y the details, and mention only
the basic results.

In its general form, the distorting effect of the in-
strument on the form of a spectral line may be de-
scribed by an equation of the form

Ro(v) = S f(v—v)R()dv,

]

relating the distribution function of the observed ab-
sorption band Ry(v) with that of the true contour
R (v’) by means of the so-called apparatus function
(also termed the ‘‘slit”’ or ‘‘transmission’’ function)
f (v —-v’). By definition, this function is the output
function generated when the input signal is a 6-func-
tion.104,105 with appropriate forms of the apparatus
function, Eq. (2.26) is equally applicable to the de-
scription of the effects on the form of a spectral line
of both the optical system of the monochromator and
the recording system of the spectrometer.

According to the theoretical analysis of the sub-
ject,31552,55-57,78-15,101-105 ¢, o offective influence of the
apparatus function of the monochromator on the in-

(2.26)

tensities of infra-red absorption bands is determined
by the width of the apparatus function (effective slit-
width) 6v and the width of the absorption band Av,
and depends as well on the magnitude of the absorp-
tion Dy at the band maximum.

When the ratio 6v/Av is large, we must take into
account the lack of monochromaticity of the radiation
by introducing corrections or performing an extrapo-
lation (see Sec. 5). According to current recom-
mended practice,!% 6v must be determined experi-
mentally in the wavelength range below 2u by meas-
urement of the mercury emission lines (a very nar-
row helium line was used for this purpose in refer-
ence 75). In the range > 2u, 6v may be determined
by approximation formulas®%5,108,107 taking into ac-
count the dispersion of the apparatus, the aberra-
tions, and diffraction phenomena.

As the analysis of the subject has shown,108-111 the
effect of the apparatus function of the detecting and
recording apparatus on the intensity of an infra-red
absorption band is determined by the relation between
the time constant 4t defining the lag in the recording
of the spectrum and the bandwidth in terms of time
At, that is, the time taken to traverse the half-width
of the band. The ratio 8t/At plays the same role
here as the quantity 6v/Av does in the distortion of
the spectrum due to non-monochromatic radiation.

Since At = Av/v, the problem of taking into ac-
count the instrumental distortions of the recording
system is often reduced to selecting a recording
speed v of the spectrum such that the effect of lag
may be eliminated in effect, without the necessity
of introducing corrections and other like procedures.
We may estimate whether lag distortions have been
eliminated from the shape of the contour of a re-
corded spectral line by the rule: there must be no
fewer than ten noise maxima within the width of the
band.!%! Thus, the scanning speed v and the instru-
mental time constant 6t must be chosen such that
their product vét is at least an order of magnitude
less than the band width Av, in order to eliminate
instrumental distortions.

In measuring the integrated intensity of infra-red
absorption bands, we often have to make use of all
sorts of truncations of the observed band contour.
This fact may have a considerable effect on the re-
sults of the measurements. The simplest case of
the truncation of a band contour is neglect of the
‘“gkirts’’ in measuring its area. The correction for
the ‘‘skirts’’ for a band having the form of a disper-
sion function has been calculated in reference 55,
and for a Gaussian band in reference 110. The cor-
rection considered in reference 113 was calculated
for an observed band form described by Voigt func-
tions, and having a form intermediate between the
Gaussian and dispersion distributions. The latter
correction is presented in a convenient form for
practical use.
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In infra-red spectroscopy, and especially in the
study of complex polyatomic molecules, cases often
occur in which a given band overlaps the skirts of
neighboring closely-spaced bands which cannot be
separated from it graphically, or the band may be
superimposed on some background of continuous
absorption due essentially to scattered radiation.
Besides, it is sometimes technically difficult for a
number of reasons to select a comparison cuvette
so that its transmission in the spectral range being
studied may give the desired 100%-transmission
level (for double-beam instruments ), or the source
level I, (for single-beam instruments). For some
reason or another, it is often difficult in performing
the measurements to determine the exact position of
the base line of the band, as is necessary to deter-
mine its area.

Bearing in mind these difficulties, such as actu-
ally occur in the measurement of the integrated in-
tensity of bands, a truncation method has been devel-
oped in reference 113 (in accordance with reference
114) as a means of establishing the correct param-
eters of bands in the spectra of polyatomic molecules.

In reference 113, the corrections were calculated
for a type of truncation such that the background line
is drawn between the farthest observable points of
the band, truncating its base. The calculations were
performed for various band forms expressible by
Voigt functions for various relative truncation limits
down to twice the half-width. The values of the cor-
rections are tabulated directly as functions of experi-
mentally-determined quantities.

7. The Absolute Intensities in the Infra-red Spectra
of Molecules

According to the general ideas presented in Sec. 1,
the intensity of any absorption band is proportional to
the number n of absorbing molecules per unit volume
of the substance. The integrated absorption coeffi-
cient calculated per molecules of substance is gener-
ally called the absolute intensity of the given band:

Koo

2.27)
For a long time, one of the factors hindering the
performance of these intensity measurements was the
lack of a single generally-accepted scale of absolute

intensities. This fact hindered and sometimes ren-
dered impossible the comparison of experimental re-
sults obtained by different authors. In consideration
of this, the International Commission on Molecular
Spectroscopy, created at the initiative of the IUPAC
(International Union of Pure and Applied Chemistry),
recommended definite units for the absolute intensi-
ties of infra-red absorption bands in a special reso-
lution.!5 The absolute unit was taken to be the quan-
tity A = (l/nl)fln (I,/1)dv, which has the dimensions
of cm?-molecule™!-sec™t.

e
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Table II gives the units most often used by various
authors for measurements of absolute intensity, and
the appropriate conversion factors are given.*

We must make the following remarks concerning
the units of measurement given in the table. The unit
[em~2-mole~!-liter] is denoted in the terminology of
reference 115 as the practical unit, is most often used
in research on solutions, and is symbolized here by B.
This unit is identical with the so-called unit ‘‘darks’’,
which has the dimensions [em - millimole~!], and is
used primarily in the foreign literature. The units
having the dimensions [cm~2-atm™!], [cm™!-atm™],
and [cm~!.sec™!-atm™!] are used in gas studies as
a rule. The unit [cm?-molecule™] is denoted as the
Q unit in the terminology of reference 115, or as the
Crawford unit in the foreign literature, with the sym-
bol I'; it is very convenient in a number of theoret-
ical studies. The Crawford intensity!16~118

1
r=-% S D(v)dlnv
is related to A by the simple relation

r=4.
v

(2.28)

Strictly speaking, Eq. (2.28) is an approximation, but
in practice it is obeyed to a sufficient degree of accu-
racy. One must take this point into account in using
Table II.

The absolute intensities of infra-red absorption
bands having dimensions given in Table II are simply
related by Eq. (2.27) to the experimentally-determined
integrated absorption coefficient K., which is ordi-
narily expressed in units of [cm~2] or [cm~!sec™!].
Indeed, for a liquid, n = Np/M, and hence

2
([ oees) =K [ ™1 SY
where c is the velocity of light, M is the molecular
weight, p is the density of the liquid, and N is Avo-
gadro’s number. For solutions, n = CyN = Cy(Np/M),
and hence,

cm? -y cM
4 [ otentsmeas | = Koo [om™®] Gyg s

where Cy; is the molar concentration, or number of
moles of the substance being studied per unit volume
of solution, and Cy is the volume concentration.

*Translator’s note: The authors have neglected to state that
the frequency v has the dimensions of sec™ in the definitions of
the units A, A’, and 8, and cm™ in the other defined intensity
units. Further, the Q unit, which in the original literature has the
units {cm® - molecule™], is treated inconsistently by the authors
as having these units at times, and as having units [cm?- mole™]
at other times. The procedure followed here in translation is to
express the Q unit always in {[cm®- molecule™] in the body of the
text, making corrections where necessary, but in [cm® - mole™] in
Table II in accordance with the tabulated values.

tIn the approximation in which the volumes of the initial
components are additive.



Table II. Conversion factors between the units of measurement of the absolute intensities of infra-red absorption bands

Dimensions of the At:::,l?:ol“;it" ;};‘E !::li:-, ,’2‘:’,;:3} The ‘E:?tctical The“?l;t(orl"—) The unit The unit The unit
units of measurement cule-!. gec! «sect cmemillimole=t em2emole-L-liter cm’.mo'le-l cmt+atm™ cm--atm™t emt+sect-atm™!
A A’ D B T g a B
Absolute unit,
cm? - mole-
culet « gect A 1 1.66-10-24 4,98. 101 4,98.10-11 4,98-1014.v em™1{1,12.107%.v cm™1 1,12.10°° 3,73-10-20
The unit

f:x::‘-:gxole" A 6.02.1028 i 2,99.1018 2,99.1013 2.99.101%. v cm1|6,75.1014. v cm~1 6.75.1014 2.24.104
The unit

cmmittimotes | D 2.01-1010 3.34-10°1¢ t t 1001073,y em1|  22.4-% em-1 22,4 7.50.10-10
The practical

unit, cm*2

mole=t - liter B 2.01.1010 3.34.1071¢ 1 1 1.00-1078.vem-1 22.4-% em™1 22.4 7.50-10-10
The Q-(orI'-)
it,

e mote-t T | 2.01.408.v-1em1|3,34.10- 1. v em1| 1.00-40%-v"2em™® |1,00.10%%-1 emt 1 2.24100 224108 v LegY| 7.50-10-7.yley™
T;wattm" g 8,95-10%. vl em™l [1.48-10715.v71 em™ 1| 4.46-1072.v 1 cm™! |4,46.40 2y 1em™? 4,46.10°8 1 v-lem-1 3.34-10" 1.y Icm™
The unit a 8,95.108 1,48.10-18 4,46-10-% 4,46-10°2 4.46-10"5.v em1 v em-1 1 3.34.10~11

cm-2 - atm-?

The unit
cml.secl-atm={ f 2.68.1019 4.46-10°8 1,33-10° 1.33-10° 1,33.100.v em™1 | 2,99.1010y cm™1 2.99-1010 1

7€6
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For gases, n = Np/RT, and hence,

c¢cRT
Np ’

2 -
oo ase | = Koo lont?]
where R is the gas constant, T is the absolute tem-
perature, and p is the gas pressure.

In spite of the complexity of the experimental tech-
nique, the absolute intensities in the infra-red spectra
of a large number of molecules have already been
measured. Basically, the simplest molecules in the
gas phase have been studied in order to calculate the
values of the electro-optic parameters of the mole-
cules on the basis of the absolute-intensity data.

Owing to the lack of standards in this region of
measurements, it is rather difficult at present to
judge the true accuracy of the results of different
authors. The estimates which they have made of the
accuracy of the absolute-intensity measurements
(about 10—20% on the average) are somewhat condi-
tional, since the error in A is determined by a large
number of highly varied factors. We can get an ob-
jective estimate of the accuracy of the measurements
in this case only by comparing the results of differ-
ent authors for the same substances.

The experimental absolute-intensity data of a num-
ber of simple molecules in the gas phase, which have
been scattered through a large number of separate
papers, have been systematized in Table 3 of the Ap-
pendix. The quantitative results, which have been ex-
pressed by different authors in different systems of
units (shown in column 6) have been reduced to a
single absolute scale with the dimensions [em?/mole-
cule-sec]. The method of measurement is given in

column 5 to characterize the results more fully.
Finally, in view of possible deviations from the
Lambert-Bouguer Law due to the effect of pressure,
we have deemed it useful to give in the table infor-
mation on the pressures at which the measurements
were performed (asterisks denote pressures ex-
pressed in psig units ). Since the discrepancies be-
tween the results of different authors often exceed
their estimated errors of measurement, Table 3 of
the Appendix gives as full as possible a presentation
of the results obtained by different authors for the
same bands, so as to give an objective characteriza-
tion of the accuracy of the measurements (the most
doubtful data are indicated with question marks).
We must make the reservation that the amount of
absorption for a condensed phase is larger than in
the gas phase, even when the probability of the cor-
responding transition does not change. This is due
to the change in the field intensity of the light wave
upon going to a denser medium. Since we cannot go
into the details of this important problem, we refer
the reader to the study of Neporent and Bakhshiev,t8
where a rather complete bibliography is also given.

We must note in conclusion that the problems of
calculation and experimental determination of the
intensities of infra-red absorption bands are in a
state of development. The importance of their fur-
ther progress is dictated by the vast possibilities
which infra-red spectroscopy possesses in the study
of the structure and properties of molecules and for
analytical purposes. Undoubtedly, these pressing
problems of molecular spectroscopy will receive
much attention in the coming years.



936 L. A. GRIBOV and V. N. SMIRNOV
APPENDIX

Table 1. The moments and effective charges of certain bonds, as determined from the absolute inten-
sities of infra-red absorption bands in the zero-order approximation of the valence optical theory

Effective charge
Molecule Dipole moment g (in D) Reference /9t (in D/A) Reference
1. The C—H bond
Methane CH, 0.3 ” 0.6 ”
0.4 108
Ethane C,H, 0.3 107 For class A,, 1.24 ™
0.3 7 For class E, 0.75 *
Ethylene C,H, For vibrations Lt C=C 0.77 107
For vibrations [C=C 0.52 17
For out-of-plane vibrations 0.37 107
Acetylene C,H, |From deformation vibrations 1.0 s From valence-bond  0.52 s
vibrations
Ditto 1.05 = Ditto 0.87 =
” 1.0 102 ” 1.6 1
HCN ” 1.13 ¥ ” 1.05 ¥
CH,F From valence-bond vibrations 0.4 ‘ i 1.4 or 2.2 ‘
From deformation vibrations 0.3 ¢ From deformation 0.4—0.8 ¢
vibrations
CH,C! For class A, 0.15 » For class A, 1.0 ”
For class E 0.41-0.37 v For class E 0.24 1
CH,C, 0.45 » 0.2 or 0.3 >
CHF, 0.15 o 0.3 o
CHCI, 0.6 o 0.03 o
Benzene C,H, In plane of the ring 0.31 0 In plane of the ring 0.45 *
For out-of-plane vibrations 0.61 90
Mean value 0.42 4
CH,I For class A, 0.43-0.52 ‘ For class A, 0.92-0.99 ‘
For class A, 0.38 © For class A, 0.73 ”
For class E 0.32 ‘ For class E 0.02-0.23 *
For class E 0.39-0.42 “ For class E 0.13 1
CH,D, CDH, 0.33 s 0.61 2
CH,D, -
CH,Br For class A, 0.25 1 For class A, 0.98 1
For class E 0.34-0.44 ® For class E 0.19 1
CH,I, For class B, 0.5 s 0.2 5
For class B, - 0.86 o
H,CO 0.5 “ 1.3 *

2. The C—F bond

CH,F From deformation vibrations 1.5 ¢ From valence-bond 4.0 *
vibrations

CH,F, For class A, 0.7 or 1.8 o3 5.7 or 6.2 o
For class B, 1.0o0r1.8 o

CHF, 2.8 o 4.5 o7
CF, 2.4 w

1.10r2.4 o 3.40r49 s

C,F, For class A,, 2.2 o For class A,, 3.4 e

For class E,, 0.7 or 1.6 e For class E, 3.8 e

3. The C—Cl bond

CH,C1 From deformation vibrations 1.5 ¢ For class A, 2.3 ‘

For class A, 2.24 ®

CH,Cl, 0.95 o 3.7 o

Chloroform CHCL, 0.4 o 4.2 o

Phosgene C1,CO 2.9 & 8.1 53

Thiophosgene 0.39 s 4.21 s
C1,Cs
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Table 1 (continued)

Effective charge
Molecule Dipole moment y(in D) Reference du/dr(in D/A) Reference

4. The C—Br bond

CH,Br From deformation vibrations 1.4 ‘ From valence-bond 1.6-2.0 ‘
vibrations

Ditto (class A)) 1.5 ®

CH,Br, 0.7 o 33 *

5. The C-I bond

CH,I From deformation vibrations 1.2 ¢ From valence- 0.44 or 1.05 *
bond vibrations

Ditto (class A,) 0.64 i

CH,J, 0 o 2.1 =

6. The C~D bond

C,D, 0.89 » 0.785 "
0.94 102

7. The C=0 bond

co 0.1 " 3.14 "

Co, 1.1 u 6.0 107

5.8 1

5.85 u

oCS From deformation vibrations  0.63 1ot From valence-bond 8,55 1
vibrations

Ditto 6.7 7

Phosgene C1,CO 3.91 & 4.08 5

Formaldehyde For class B, 1.9 # 1.9 *

H,CO

8. The C=S bond

ocCs From deformation vibrations  0.09 1ot From valence-bond 5.9 16
vibrations

Ditto 4.3 e

CSs, 1.24 » 5.9 o

1.16 82 5.6 7

5.7 “

Thiophosgene 0.70 53 3.54 s

cLCs

9, The C = Nbond

HCN 1.8 ¥ 0.66 ”
C,\N, 1.2 “ 0.72 "

10. The N=0 bond

NO 0.1 ™ 1.7 i
N,O 0.7 108 6.5 1

11. The S=0 bond
so, | 0.270r1.53 | * | 20301330 |
12. The B—F bond

BF, For class A} 1.7
For class E’ 2.6 or 0.9

& | For class E’ 4.0 or 6.1 &
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Table 2. The characteristic intensities of infra-red absorption
bands of certain functional atomic groups
(determinations in CS, solution marked*)

Vibra- Vibra-
tio: Absolute ’ tion Absolute
fre- intensity Ref- fre- intensity Ref-
Substance quen- | A X 10 er- Substance | gyen. AX10 er-
ey (in [(in cm?/mol- | ence oy (in (incm?/mol-| ence
cm-1) | ecule-sec) cm1) ecule-sec)
| 1. Functional group C=N
Acetonitrile 2267 2,10 89 . Cyanopyridine | 2240 2,39 28
2267 | 2041 o |Ehyioepyriaine| 947 | 2140 o
2267 3.04 26 ln-Propylcyanide| 2250 2,50 8o
2267 2,49* 8

Trichloro- 2249 3,15 108 n-nl’ig:tylcya- 2251 3.20 89
acetonitrile } o0 | 3.20 5 - 2251 | 3,25 |

Phenylaceto- | 2251 2,50 89 || Benzonitrile 2232 4,20
nitrile 2232 8,60 57

Acrylonitrile 2232 3.24 28 2232 9,64 8

Propionitrile 2262 3.18 4 2232 9,93 18

2262 2.94* 8 2232 10.7 26

Phthalonitrile | 2244 4.82 8 2232 8.03* 8

2244 4,36 8 || Acetylcyanide 2221 14,2 28

2. Functional group C=0
Acetone 1117 77.3 2 || Benzophenone | 1668 104 1
1717 79.7 5 1668 110 2
1717 82.0 104 1668 104* 1
1717 83.0 28 | propiophenone | 1694 108 68
1717 86.0 108 3 Methyl acetate | 1750 110 2
1717 75.0* 104 1750 128 28
Diethyl ketone [1727 77.3 2 1750 125* 78
Butanone 1720 84,0 28 | Fthyl acetate 1750 129 2
Benzaldehyde (1710 105 2 1750 149 28
1710 106 105 X 1750 165% 8
1710 132 50 | Methyl propio- | 4700 | 129 28

Acetophenone (1692 105 2 nate
1692 108 @ | Methyl formate | (700 | 448 7
1692 | 110 3o | Methyl carbon- | 4763 | 189 2
ate

3. Functional group S —H

Ethyl mercaptan| 2570 1,15 91 || Butanethiol 2570 1.74 9

Thiophenol | 2570 1,89 91 Il 2-Methylpro- 2570 1.79 1

Propane-1-thiol | 2570 1,84 21 pane-2-thiol

4. Functional group O —H
Methanol 3644 16,6 109 propargyl 3600 34.3 14
: 3644 26.4 3 alcohol
3644 26,9 14 | Trans-dihy- 3621 23.2 1

Ethanol 3634, 30.9 8 drocryptol

Cyclopentanol | 3600 24.9 14 || Tricyclo- 3620 18.5 18

Cyclohexanol 3600 21,9 14 propyl

n-Propyl 3640 22.8 28 | carbinol
alcohol 3640 25,9 14 || Diphenylamine | 343, . 923.5 80

Phenol 3609 49.3 12

Allyl alcohol | 3600 28,9 18 3609 59.8 3

3609 63.3 108

Benzyl alco- 3600 32.8 1

hol
5. Functional group NH,

Aniline (sym- 3395 3.5 5 | Para-chloro- 3390 191 18
metric vibra- | 3395 14,1 49 aniline (sym-
tions) 3395 16,1 16 metric vibra-

3395 14.8% 4 tions)
Para-chloro- 3470 18.6 18
aniline (anti-

Aniline (anti- | 3478 3.6 58 symmetric
symmetric 3478 14.5 Ty vibrations)
vibrations) 3478 18.7 18

3478 14.3% 49
6. Functional group CH,

Aliphatic 2900 441 27, 28 || Ketones 2900 7.40 | 27,8
hydro- 1460 5,44 27, 28 1460 13,1 27, 28
carbons 1460 6,38 54 1370 19,4 21, 28

1370 3,94 27, 28 || Ethers 2900 25,4 27, 28
1370 2.49 54 1460 20,0 27, 28




Table 2 (continued)

INTENSITIES IN THE INFRA-RED ABSORPTION SPECTRA

Vibra- Vibra-
. Absolute . Absolute
g:? intensity | Ref- ggx} intensity | Ref-
Sub: | Ax10® er- Subst: . A X108 er-
ubstance quex;n (in cm3/mol- | ence ubstance quex;n (in cm?/mol- | €nce
‘::ym(-x) 'ecule-sec) s?;ngl) ecule-sec)
7. Functional group CH,
Aliphatic 2900 38.1 27, 28 | Ketones 2900 4.80 27, 28
hydrocarbons | 1460 2,17 54 1460 11.7 27, 28
1460 2.32 27, 28 1370 8,30 27, 28
720 0,604% 54
720 | 0.593* 5 .
8. Functional group C—H
Aliphatic 2900 13.9 27, 28
hydrocarbons

Table 3. Absolute intensities of the infra-red absorption bands
of certain simple molecules in the gas state

Units ij
. absolute
'E;“gni’;:f;) ﬁzgls‘::s Total Method | intensity| Ref-
Molecule pressure of meas- measure-| er-
and form of A X 10° in atm
vibration | (in cm?/mol- (in atm) urement ment used| ence
ecule-sec) by the
authors
1. Diatomic molecules (symmetry Cooy)
CO 2144 26,6 700* | extrapolation o 74
2144 26,8 a 9
NO 1883 7.06 700* | extrapolation [+1 7%
1883 8.40 a 9
HCI 2887 15.0 a 8
2887 17.5 extrapolation a 10
2887 17.9 1500* ” a "
HBr 2500 6.16 700* | extrapolation o w
BrCl 440 0.52 1,6—8 »”» D 11
IC1 382 3.24 i ” D 1n
2. Triatomic molecules
0CS 521v, 1.34 30* | extrapolation B 0
(symm., C_,) 859v, 4, 411 1 ” 76
859 13.0 2 » 18
2070v,E 295 1 ”» 7%
2070 481 2 ” B 18
HCN 12v, 22.9 " a a7
(symm., C .} 2089v,(CN) 0.075 " o 37
3312v4(CH) 27.0 " a a7
DCN 569v, 6.83 ”» a i
L C. 1921v,(CN) 1.33 ”» a 37
Gsymme, Ooo) | og20vA(CD) 15.2 . a 5
CICN T14v, 0.635 " B o
(symm., C_,) 2214v,(CN) 8.20 " B 69
CO, 670 18.0 9 " B 21
(symm., D_) 670 19.0 » a s
670 20.9 » a 107
670 24.6 ”» a 4
670 27.0 68 » o 72
670 20.1 from dis- a 2
670 26.9 1.95 persion a 45
) from the
2350 301 9 curve of [ 21
2350 320 growth B 107
2350 286 extrapolation a 28
from dis-
CSe, gggva(cs) %{% 1 persion B Z:
7 g
(symm,, {)wh) 1593 587 ) extrapolation B 61
Csi, 1303v, 141 1 " )
(symm., D_ ) "
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Table 8 (continued)

Band Absolute :{:T:lsu::-
and posi- || intensity intensi -
Molecule tion (in em"1)| A X 10° Total Method :'eﬁﬁﬁrz R:,f.
and form of | (in cm2/mol- p;ﬁss:x re|  of meast- ment used; ence
vibration | ecule-sec) (in atm) uremen by the
authors l
N 33(? .
(s 2% ) ggg 22,? * 1 extrapolation g 1:;
’ mm. r [o.0) * "
589 4.03 from dis- B 2
persion
ggg Z;é ® 1 extrapolation g li;
- 4 ”
1285 29.9 from dis- 25
persion
gggg igi :13 extrapolation ] 21
2 18
2225 209 ” E 108
2225 171 from dis- 25
pergion
SO, 519v, 9,58(?) | 100+ |extrapolation| g 22
(symm., Cyyp) 519 3.4 » 68
519 14,0 1—3 ” g 59
519 13.0 200%* 23
1151v, 8.43 (?) 100* ” g 22
1151 3, " B o
1151 11,8 1—3 ” 89
1151 10.4 200* ” 23
1361v, 59.9 (1) 100* ” 22
1361 98.5 ” B 8
1361 95.4 1—3 » B 59
1361 94.0 200* 3
p

3. Tetratomic molecules (of C3, symmetry)

NH 950v,A4 67,2 34 : 62
3 1627y i El 123 s extrag?latxon g a2
3337v,4; 2.24 34 " a 62
3448v,E 1.46 3% a ®
PHy 992v,4, 9.19 »” a 62
1122v,E 11.4 " a o
2323v, 4, 2971 " a o
2328v,E 29.1 " a P
NF, 492 0.677 1 . g s
642 0,769 1 . 4 s
906 199 1 g s
1032 14.8 1 " g o
BF, 718v,A4 29.8 500%* ” a 80
(Dsh) 1504v3 5 296 1 ” o 80
82v, 8.68 1 ” o 00
4. Methane and its derivatives
CH, 1305v, 16,6 f;Zng::' B 7
(symm., Ty) ggg igg 300 extrapolation B ‘:;
3020vg(CH) | 36.2 from dis- 7
3020 33.6 persion . 107
3020 40.1 600 extrapolation B 97
”n 5

CD,H 1300v, 3,33 ” ) a2
(symm., Cj;) 3000v,(CH) 7.83 " B 32
CHgD 2200v,(CD) 3,13 n B 32

(symm.,; Cgp)
CF, 633v,F, 4.67 1 » a 8b
(symm., T';) 1267v;F, 508 1 " a 85
SiF, 301w, F, 56,8 i » a 85
(symm.,. T4) 1031v,F, 295 1 » a 86
CH,F 1050vg4, 54.1 ,, 4
(symim, Cgo) | 1200v4E 0.86 " a
1468v,4, 1.68 ’ B 4
1470v4E 2.98 ” .
2863v, 4, 18.6 ” 4
2967v,E 18.6 o B s

—
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Table 3 (continued)

UOnits of
) Absolute absolute-|
Banq posn:x intensity Total Method intensity | peg.
Molecule tion (in cm™){ A X 10F |pressure| of meas- [|measure-| o,
and form of | (in cm?/mol- (in atm) urement [mentused| ...
vibration ecule-sec) by u:he
authors
CH,Cl 732v,4, 10,4 extrapolation 3] 4
(symm., Cy,) 732 1.5 80 ” T 19
1015vgE 2,00 80 ” r 19
1015 2.09 » 4
1355v,4, 4.48 " 4
1355 3.39 80 ” IN 19
1455vE 6,13 80 » r 19
1455 4,85 ” B 4
2966v, 4, 10.1 " ) 4
2966 8.74 80) ” r 19
3042v,E 4.83 80 ” r 19
3042 4.85 y B .
CH,J 533’\’3141 0.97 ” ﬁ 1
(symm., Cyy) 533 0.96 80 ” r 19
880v4E 4,43 80 " r 19
880 4,00 ”» B 4
1252v,4, 12.0 ” B 4
1252 10.3 80 " r 19
1440v £ 5.28 80 ” r 19
1440 4,11 ” B 4
2970v, Ay 5.97 " B 4
2970 5.49 80 " r 1
3060v,E 1.07 80 ” T 19
3060 1.01 ” B 4
CH,Br 611v,4, 5.41 " B s
(symm., Cg,) 611 4.31 80 " T 19
932v,E 3.57 80 it r 1
952 2.98 » ] 4
1305v,4, 8.21 " B 4
1305 6.96 80 " r 19
1445vE 5.97 8) . r 19
1445 4.85 " B 4
2972v; Ay 8,40 ”» B 4
2972 8.00 80 ”» r 19
3056v,E 2.28 80 » r 19
3056 2.05 ”» g .
CD4Cl 695v34, 7.65 80 ”» r 19
(symm., Cg,) T15veE 0.55 80 ” r 19
1029v, 4, 5.36 80 ” r 19
1058vE 3.45 80 ” T 19
2161v, 4, 5.67 80 ” r 19
2286v,E 2,55 80 " r 19
CD,1 S0tvgA4, 0.49 80 " T 19
(symm., Cgyp) 660veE 1.59 80 " T 19
2155v, 4, 3.03 80 ” T 19
2300v,E 0.344 80 »” r 19
CD,Br 578vy A, 3.36 80 . r 19
(symm., Cy,) T12veE 1.00 80 ” r 1o
933v,4, 5,62 80 ”» r 19
1056v,E 3.52 80 " r 15
2157v Ay 4.34 80 " T 19
2293v,E 1.07 80 " r 19
CH,Cl, T42v, 53.0 100* » B 98
(symm., C,y) 898v, 0.485 100* ” B 93
1262v, 14.0 100* »” B 93
3048v4(CH) 1.78 100* ” B 93
CH,I, 573v, 17.6 1 " B 88
(symm., Cop) v, 2.9 1 ”» g 88
1106, 4.3 1 ” B a8
3049v4(CH) 1.39 1 ” B 88
CH,Br, 636v, 37.4 1 " B 85
(symm., Cy;) 814v, 1.80 1 ” B 88
1189v, 23.0 1 ” B 88
3040v 0.544 1 ’" B 88
CHF, H08ve 2.57 1 " B 67
(symm., Cg,) T00vz Ay 7.46 1 ” B 67
1150v,4,,vsE| 429 1 ” B 67
1377w, B 48.5 1 ” B "
3035v,4, 17.6 1 » B o
CHC], 681vyA4, 2.98 1 " B 67
(symm., Cs) 769v,E 134 1 " B &
1224v,E 20 9 1 ” B 67
3034v, A4, 0.22 1 » B o
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Units of
: Absolute absolute-
tg‘ﬂ“é:‘:;:, intensity Total Method | intensity [ Ref.
Molecule iR vl of) A leoc pressure | of meas- mentsul'e;l er-
. vibration (ei‘:‘fl':-é::)l- (in atm) |  urement mi‘; used| ence
authors
5. Ethane and its derivatives (symmetry D34)
CoHg ggg"s E, % . gz gg extrapolation T 107
N ” 70
1379vg Ay, 1.99 50 v r 7
1472v,E,, 6.67 50 » r 70
2915v5 gy 23.8 50 2 T 70
2996v,E, 61.3 50 " r 70
CoDg 594w E,, 1.65 50 ” r 70
1077vg Ay, 1.45 50 ” r 70
1082v,E, 4.54 50 . T 70
2095vgAgy 121 50 »» r 70
2236v,E,, 32,0 50 " r 20
CaFe 219v,E, 2.14 1 ” D o3
522vgE, 3.93 1 ” D o
T14vgAgy 16,3 1 ” D 63
1116v54,, 118 1 ” D &
1250, By, 408 1 ” D o
6. Ethylene and its derivatives (symmetry 'Vp)
C,Hy 949v, By, 51.7 extrapolation 108
949 39.7 700* » D 30
14447 1,84, 4.86 700%* 17 D ae
1444 7.82 ”» D 108
2990V, By 10.1 » D 108
2990 6.73 700* ” D 30
3106v4Bau 12,4 700% ” D 30
3106 21,2 ” D 108
C,D, 720¥,Byy 20.8 700% " D 30
1078v15Byu 2.58 700 » D 30
2200v,; B3, 3.79 700 ” D 30
2345, By, 6.07 700% ” D 30
7. Acetylene and its derivatives
C.H, 730v 80.9 200% |extrapolation 102
(symm., D) 730 89.5 300* Yo g 2
730 90.0 from dis- B a8
3290v,(CH), E 311 3 persion B 18
9 34.5 300% . extrapolation g 22
”
3290 36.4 o dia. a0
CyDy 539v; 38.8 200* persion B 1023
(symm., D_ .} 539 35.2 300% |.extrapolation 22
2200v, 15.2 300%* ” g 22
C,HD 3335v, 12.2 300* ' 22
(symm., C_.) 2585v, 0,313 300% » g 22
1851v, 9,32 300% " 8 =
679v, 9,73 300%* ”» B 22
520vy 41.6 300* " B 22
C4(CHy), 1054v,,E’ 0,59 1 " 8 8
(symm., Dgp) 1382v,4; 1.27 1 ’y B 61
1456v o5 14.5 1 ” B o
2915v,A; 25.5 1 ”» B 64
2973v4E 20,6 1 ” 8 Lol
8. Benzene and its derivatives (symmetry Dgn)
CeHg 673 A5, 43.9 1 ‘extrapolation B 20
A1038E,,, 4.4 1 » B 20
1486E,, 6.5 1 ” B 20
3036—72—-92 37.8 1 » g 2
(triplet)
v(CH)
CoFe 315E,, 70,0 1 ” B o2
1002-1020E 203 1 ”» B 92
(doublet)
15 E 272 1 ' B 92
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Table 3 (continued)

Units of

Absolute absolute-
Band posi- intensity Total intensity | Ref-
Molecule tion (in cm™l)| A X 10° pressure orgfntg::_ measure- | er-
and form of |(incm2/mol- (in atm) ment |mentused|ence

vibration ecule-sec) ' ure: by the
authors
9, Other molecules
H,CO 1490v, 4.63 400* | extrapolation| 8 34
(symm., sz) 1760v, 29.1 400% » B 34
2860v,vy 63.8 400* ” B 3¢
(unresolved)

Cl,CO 575v, 5.04 20* ve a 53
(symm., C_) 849v, 117.5 20* »” a 53
* 1827v, 87.5 20* »» a 53
Cl,CS 502v, 2,75 20* »» a 53
(symm., C,) 802vy 65.6 20* » a 53
1138w, 61.7 20% » a 63
CyNy 235v 8.39 0,5 » B 85
(symm., D__ .} 2150v(CN) 3.36 1 ” B 69
SFq 645vFy .4 » a 85
(symm., O) 94TveF 1y 537 ”» a 85

Bibliography for Tables 1, 2 and 3 of the Appendix

11,, B. Archibald and A. D. E. Pullin, Spectrochim.
Acta 12, 34 (1958).

2G. M. Barrow, J. Chem. Phys. 21, 2008 (1953).

$G. M. Barrow, J. Phys. Chem. 59, 1129 (1955).

4G. M. Barrow and D. C. McKean, Proc. Roy. Soc.
(London) A213, 27 (1952).

5Bayliss, Cole, and Little, Austral. J. Chem. 8,
26 (1955).

sBayliss, Cole, and Little, Spectrochim. Acta 15,
12 (1959).

"Bell, Thompson, and Vago, Proc. Roy. Soc.
(London) A192, 498 (1948).

8 Benedict, Herman, Moore, and Silverman, Can.
J. Phys. 34, 830, 850 (1956).

% Benedict, Herman, Moore, and Silverman,
J. Chem. Phys. 26, 1671 (1957).

p, G. Bourgin, Phys. Rev. 29, 794 (1927); 82, 237
(1928).

U w. v. F. Brooks and B. Crawford, Jr., J. Chem.
Phys. 23, 363 (1955).

27, L. Brown, J. Phys. Chem. 61, 820 (1957).

3T, L. Brown, J. Am. Chem. Soc. 80, 794 (1958).

47, L. Brown and M. T. Rogers, J. Am. Chem.
Soc. 79, 577 (1957).

15 Brown, Sandri, and Hart, J. Phys. Chem. 61, 698
(1957).

165, Ccalifano and R. Moccia, Gazz. Chim. Ital. 87,
58 (1957).

WA, R. H. Cole and F. Macritchie, Spectrochim.
Acta 15, 6 (1959).

18 callomon, McKean, and Thompson, Proc. Roy.
Soc. (London) A208, 332, 341 (1951).

1 Dickson, Mills, and Crawford, J. Chem. Phys.
27, 445 (1957).

2D, F. Eggers, Jr. and C. B. Arends, J. Chem.
Phys. 27, 1405 (1957).

2 p, F. Eggers, Jr. and B. L. Crawford, Jr., ibid.
19, 1554 (1951).

2 Eggers, Hisatsune, and Van Alten, J. Phys. Chem.
59, 1124 (1955).

BD. F. Eggers, Jr. and E. D. Schmid, J. Phys.
Chem. 64, 279 (1960).

ME. E. Ferguson and R. E. Kagarise, J. Chem.
Phys. 31, 236 (1959).

%50, Fuchs, Z. Physik 46, 519 (1928).

% Foffani, Pecile, and Pietra, Nuovo cimento, Ser.
10, 13, 213 (1959).

1S, A. Francis, J. Chem. Phys. 18, 861 (1950).

285, A. Francis, ibid. 19, 942 (1951).

23, A. Francis, ibid. 19, 505 (1951).

30 Golike, Mills, Person, and Crawford, J. Chem.
Phys. 25, 1266 (1956).

81 Herranz, de la Cirva, and Morcillo, An. Real.
Soc. Esp. Fis. y Quim. A55, 69 (1959).

$2R. E. Hiller, Jr. and J. W. Straley, J. Mol.
Spectr. 5, 24 (1960).

3. C. Hisatsune and E. S. Jayadevappa, J. Chem.
Phys. 30, 848 (1959).

341. C. Hisatsune and D. F. Eggers, Jr., ibid. 23,
487 (1955).

1. C. Hisatsune and E. S. Jayadevappa, ibid. 32,
565 (1960).

% C. M. Huggins and G. C. Pimentel, ibid. 23, 896
(1955).

31G. E. Hyde and D. F. Hornig, ibid. 20, 647 (1952).

38 J. P. Jesson and H. W. Thompson, Spectrochim.

Acta 13, 217 (1958).

3 Jones, Forbes, and Mueller, Can. J. Chem. 35,
504 (1957).



944 . L. A. GRIBOV and V. N. SMIRNOV

40 Jones, Ramsay, Keir, and Dobriner, J. Am. Chem.
Soc. 74, 80 (1952).

Up L. Josien, Nuovo cimento, Ser. 10, 2, Suppl.
No. 3, 772 (1955).

# josien, Fuson, and Lafaix, Compt. rend. 249, 256
(1959).

#$3R. E. Kagarise, J. Chem. Phys. 31, 1258 (1959).

# 1. D. Kaplan, ibid. 15, 809 (1947).

45 1. D. Kaplan and D. F. Eggers, Jr.; ibid. 25, 876
(1956).

4 Kelly, Rollefson, and Schurin, ibid. 19, 1595
(1951).

4R, Kiyama and K. Ozawa, Rev. Phys. Chem.
Japan 25, 38 (1955).

48y, J. Kostkowski and L. D. Kaplan, J. Chem.
Phys. 26, 1252 (1957).

4 p, J. Krueger and H. W. Thompson, Proc. Roy.
Soc. (London) A243, 143 (1957).

5 p, J. Krueger and H. W. Thompson, ibid. A250,
22 (1959).

1y, Liddel and E. D. Becker, J. Chem. Phys. 25,
173 (1956).

52 Lord, Nolin, and Stidham, J. Am. Chem. Soc. 77,
1365 (1955).

R, J. Lovell and E. A. Jones, J. Mol. Spectr. 4,
173 (1960).

H. Luther and G. Czerwony, Z. phys. Chem.,
New Series, 6, 286 (1956).

%3, Maeda, J. Chem. Soc. Japan 75, 854 (1954).

%g, v. Markova and P. A. Bazhulin, Izv. Akad.
Nauk SSSR, Ser. Fiz. 23, 1186 (1959), Columbia Tech.
Transl. p. 1188.

STM. R. Mander and H. W. Thompson, Trans. Fara-
day Soc. 53, 1402 (1957).

83, F. Mason, J. Chem. Soc. 1958, 3619.

5 J. E. Mayhood, Can. J. Phys. 85, 954 (1957).

80D, C. McKean, J. Chem. Phys. 24, 1002 (1956).

61 McKean, Callomon, and Thompson, J. Chem.
Phys. 20, 520 (1952).

82D, C. McKean and P. N. Schatz, ibid. 24, 316
(1956).

83 Mills, Person, Scherer, and Crawford, ibid. 28,
851 (1958).

81 M. Mills and H. W. Thompson, Proc. Roy. Soc.
(London) A228, 287 (1955).

65T, Miyazawa, J. Chem. Phys. 29, 421 (1958).

8 Morcillo, Herranz, and De La Cruz, Spectrochim.
Acta 15, 497 (1959).

87 Morcillo, Herranz, and Fernindez Biarge, ibid.
15, 110 (1959).

88 3, Morcillo and J. Herranz, An. Real Soc. Esp.
Fis. y Quim. A52, 207 (1956).

8 E. R. Nixon and P. C. Cross, J. Chem. Phys. 18,
1316 (1950).

" Nyquist, Mills, Person, and Crawford, J. Chem.
Phys. 26, 552 (1957).

T 5. Overend and B. Crawford, Symposium on Mo-
lecular Structure and Spectroscopy, Ohio, June, 1957.

™2 Overend, Youngquist, Curtis, and Crawford,
J. Chem. Phys. 30, 532 (1959).

W, B. Person and C. A. Swenson, ibid. 88, 233
(1960).

3. 5. Penner and D. Weber, ibid. 19, 807, 817
(1951); D. Weber and S. S. Penner, ibid. 19, 974
(1951).

153, 8. Penner and D. Weber, ibid. 21, 649 (1953).

®D. Z. Robinson, ibid. 19, 881 (1951).

""R. Rollefson and R. Havens, Phys. Rev. 57, 710
(1940).

"R. A. Russell and H. W. Thompson, J. Chem. Soc.
1955, 479.

®R. A. Russell and H. W. Thompson, J. Chem. Soc.
1955, 483.

0 R. A. Russell and H. W. Thompson, Spectrochim.
Acta 9, 133 (1957).

81R. A. Russell and H. W. Thompson, Proc. Roy.
Soc. (London) A234, 318 (1956).

8P, N. Schatz, J. Chem. Phys. 29, 959 (1958).

8 Pp. N. Schatz, ibid. 31, 1146 (1959).

8 p, N. Schatz, ibid. 32, 894 (1960).

%P, N. Schatz and D. F. Hornig, ibid. 21, 1516
(1953).

% p. N. Schatz and I. W. Levin, ibid. 29, 475 (1958).

8 p, Sensi and G. G. Gallo, Gazz. Chim. Ital. 85,
224, 235 (1955).

8 N. L. Singh and J. W. Straley, J. Chem. Phys.
25, 490 (1956).

8 M. W. Skinner and H. W. Thompson, J. Chem.
Soc. 1865, 487.

0 H. Spedding and D. H. Whiffen, Proc. Roy. Soc.
(London) A238, 245 (1956).

1R, A. Spurr and H. F. Byers, J. Phys. Chem. 62,
425 (1958).

82D, sSteele and D. H. Whiffen, J. Chem. Phys. 29,
1194 (1958).

3. W. Straley, ibid. 23, 2183 (1955).

uyg, Vincent, Nuovo cimento, Ser. 10, 2, Suppl.

No. 3, 816 (1955). )

% wWeber, Holm, and Penner, J. Chem. Phys. 20,
1820 (1952).

% 7. Wenograd and R. A. Spurr, J. Am. Chem. Soc.
79, 5844 (1957).

% welsh, Pashler, and Dunn, J. Chem. Phys. 19,
340 (1951).

% H. L. Welsh and P. J. Sandiford, ibid. 20, 1646
(1952).

9 T, Wentink, Jr. and S. H. Bauer, ibid. 81, 834
(1959).

10 H, Whiffen, Trans. Faraday Soc. 49, 878
(1953).

Mg, c, Wingfield and J. W. Straley, J. Chem.
Phys. 22, 1949 (1954).

102 R, C. Wingfield and J. W. Straley, ibid. 23, 731
(1955).

103y, w. Thompson and D. A. Jameson, Spectrochim.
Acta 13, 236 (1958).




INTENSITIES IN THE INFRA-RED ABSORPTION SPECTRA

14y, W, Thompson and D. J. Jewell, Spectrochim.
Acta 13, 254 (1958).

105 Thompson, Needham, and Jameson, Spectrochim.
Acta 9, 208 (1957).

106 17 w. Thompson and G. Steel, Trans. Faraday
Soc. 52, 1451 (1958).

107 A, M. Thorndike, J. Chem. Phys. 15, 868 (1947).

108 Thorndike, Wells, and Wilson, ibid. 15, 157
(1947).

19 Y, Tsubomura, ibid. 24, 927 (1956).

1 yol’kenshtein, El’yashevich, and Stepanov,
Konebanus moiekya (The Vibrations of Molecules),
M.-L., Gostekhizdat, (1949).

2wilson, Decius, and Cross, Molecular Vibrations,
McGraw-Hill, New York (1955).

3B. Crawford, Jr., J. Chem. Phys. 29, 1042 (1958).

41. M. Mills and D. H. Whiffen, J. Chem. Phys. 30,
1619 (1959).

5C. A. Coulson and M. J. Stephen, Trans. Faraday
Soc. 53, 272 (1957).

8 M. V. Vol’kenshtein, Dokl. Akad. Nauk SSSR 80,
784 (1941).

TM. V. Vol’kenshtein, JETP 11, 642 (1941).

8M. A. El’yashevich and M. V. Vol’kenshtein,

J. Phys. U.S.S.R. 9, 101 (1945).

9M. V. Vol’kenshtein and M. A. El’yashevich,
JETP 15, 124 (1945).

YD, A. Long, Proc. Roy. Soc. (London) A217, 203
(1953).

g M. Ferigle and A. Weber, Can. J. Phys. 32,
799 (1954).

12 3. W. Smith, Sci. Progr. 41, 270 (1953).

3p, F. Hornig and D. C. McKean, J. Phys. Chem.
59, 1133 (1955).

1 . McKean, J. Chem. Phys. 24, 1002 (1956).
. Smyth, J. Phys. Chem. 59, 1121 (1955).
. McKean, J. Am. Chem. Soc. 77, 2660 (1955).

. Mulliken, J. Chem. Phys. 3, 573 (1935).

&
o
“uweana

20p, N. Schatz and 1. W. Levin, J. Chem. Phys. 29,
475 (1958).

Ap, T, Narasimhan, Proc. Nat. Inst. Sci. Ind. A24,
55 (1958).

22 5. W. Linnett and B. G. Reuben, Trans. Faraday
Soc. 55, 510 (1959).

21, M. Sverdlov, Onr. u cnektp. (Optics and Spec-
troscopy) 4, 697 (1958).

2

L. M. Sverdlov, ibid. 6, 729 (1959), transl. p. 477.
%1, M. Sverdlov, ibid. 7, 21 (1959), transl. p. 11.
28 1,. M. Sverdlov, ibid. 7, 152 (1959), transl. p. 97.
211, M. Sverdlov, ibid. 7, 600 (1959).

281, M. Sverdlov, ibid. 10, 33 (1961), transl. p. 17.
291, M. Sverdlov, Dissertation (Belorussian State

University, 1961).
307, A, Gribov, Proceedings of the 13th Conference
on Spectroscopy (in press).

. Coulson, Trans. Faraday Soc. 38, 433 (1942).

Mulliken, J. Am. Chem. Soc. 72, 4493 (1950).

945

311, A. Gribov, Dokl. Akad. Nauk SSSR 127, 788
(1959), Soviet Physics, Doklady 4, 843 (1959).

821, A. Gribov, op. cit. ref. 23, 8, 769 (1960),
transl. p. 404.

BB, N. Snegirev and M. A. Kovner, ibid. 8, 880
(1960), transl. p. 462.

33, R. Polo, J. Chem. Phys. 24, 1133 (1956).

% L. A. Gribov, op. cit. ref. 23, 9, 658 (1960),
transl. p. 346.

%€ 1. M. Sverdlov, ibid. 9, 40 (1960), transl. p. 21.

371.. M. Sverdlov, ibid. 9, 671 (1960), transl. p. 353.

383, A. Francis, J. Chem. Phys. 18, 861 (1950).

895, A. Francis, J. Chem. Phys. 19, 942 (1951).

0y, Henry and G. Ourisson, Bull. Soc. Chim.
France 1955, 99.

4R, N. Jones, Spectrochim. Acta 9, 235 (1957).

25, A. Glebovskaya and E. I. Maksimov, Izv. Akad.
Nauk SSSR, Ser. Fiz. 23, 1194 (1959), Columbia Tech.
Transl. p. 1195.

435, V. Markova and P. A. Bazhulin, ibid. 23, 1186
(1959), transl. p. 1188.

4 E, 1. Pokrovskii, ibid. 23, 1189 (1959), transl.
p. 1191.

4 Ignat’eva, Bazhulin, and Baeva, Vestnik MGU,
Ser. Fiz., No. 6, 127 (1959).

%1, A, Gribov, Dokl. Akad. Nauk Beloruss. SSR 5,
151 (1961).

4L, A. Gribov, op. cit. ref. 23, 9, 176 (1960),
transl. p. 93.

48 Jones, Ramsay, Keir, and Dobriner, J. Am. Chem.
Soc. 74, 80 (1952).

Y E. C. Kemble and D. G. Bourgin, Nature 117, 789
(1926).

D. G. Bourgin, Phys. Rev. 29, 794 (1927).

5'D. M. Dennison, Phys. Rev. 31, 503 (1928).

52 Nielsen, Thornton, and Dale, Revs. Modern Phys.
16, 307 (1944).

53 J. L. Dunham, Phys. Rev. 34, 438 (1929).

M E. B. Wilson, Jr.,and A. J. Wells, J. Chem. Phys.
14, 578 (1946).

%D. A. Ramsay, J. Am. Chem. Soc. 74, 72 (1952).

V. N. Smirnov, Vestnik MGU, No. 1, 61 (1959).

STA. V. Iogansen, in the collected volume, Meroas
uccrenosanus Hedrell u Hedrenpoayktos (Methods of
Studying Petroleum and Petroleum Products), M.,
Gosnefteizdat, (1955).

%G, G, Petrash, op. cit. ref. 23, 9, 121 (1960),
transl. p. 64.

59 Morcillo, Fernandez, and Herranz, An. Real. Soc.
Esp. Fis. y Quim. A52, 193 (1956).

80H. A. Willis and A. R. Philpotts, Trans. Faraday
Soc. 41, 187 (1945).

813, A. Francis, J. Chem. Phys. 18, 861 (1950).

62 7. H. Daniel and F. S. Brackett, J. Opt. Soc.
Amer. 43, 960 (1953).

8 F. 5. Brackett, ibid. 47, 636 (1957).

84 V. S. Medvedev, Tlpu6. u Texn. sKci.
(Meas. and Exptl. Techniques) No. 5, 100 (1957).



946 L. A. GRIBOV and V. N. SMIRNOV

85williams, Coates, and Gaarde, Anal. Chem. 27,
2017 (1955).

% E. Bartolomé, Z. phys. Chem. B23, 131 (1933).

8TWelsh, Pashler, and Dunn, J. Chem. Phys. 19,
340 (1951).

8 . L. Welsh and P. J. Sandiford, J. Chem. Phys.
20, 1646 (1952).

8 M. F. Crawford and H. L. Welsh, Phys. Rev. 80,
469 (1950).

g, Minmura, Rev. Phys. Chem. Japan 24, 49
(1954).

" Coulon, Galatry, Robin, and Vodar, Disc. Faraday
Soc. 22, 22 (1956).

2R, A. Russell and H, W. Thompson, Spectrochim.
Acta 8, 133 (1957).

B A. V. Iogansen, Dokl. Akad. Nauk SSSR 87, 527
(1952); 92, 919 (1953).

U], V. Peisakhson, Vestnik LGU, No. 5, 129 (1955).

5H. J. Kostkowski and A. M. Bass, J. Opt. Soc.
Amer, 46, 1060 (1956).

1 Jones, Ramsay, Keir, and Dobriner, same as
reference 48.

M. Veingerov and P. Slobodskaya, Izv. Akad.
Nauk SSSR, Ser. Fiz. 11, 420 (1947).

83, S. Penner and H. Aroeste, J. Chem. Phys. 23,
2244 (1955).

™ J. Vincent-Geisse, J. phys. radium 15, 539 (1954).

% F. Oswald, Z. Elektrochem. 58, 345 (1954).

817, D. Kaplan and D. F. Eggers, Jr., J. Chem.
Phys. 25, 876 (1956).

8 Landsberg, Bazhulin, and Sushchinskii, Ochophuie
napaMeTpbl CNeKTPOB KOMOWHAIMOHHOTO PACCeAHMs
yraesogopogos  (Fundamental Parameters of the
Raman Spectra of Hydrocarbons), M., Academy of
Sciences of the U.S.S.R. (1956).

8y, M. Chulanovskii and A. V. Timoreva, Izv.
Akad. Nauk SSSR, Ser. Fiz. 11, 376 (1947).

4 M. Yasumi, Bull. Soc. Chem. Japan 24, 53 (1951);
28, 489 (1955).

%M. P. Lisitsa, Dokl. Akad. Nauk SSSR 111, 803
(1956), Soviet Phys.-Doklady 1, 716 (1957).

8%1. Simon, J. Opt. Soc. Amer. 41, 336 (1951).

8M. P. Lisitsa and V. N. Malinko, op. cit. ref. 64,
No. 3, 52 (1957).

8 C. P. Smyth, Dielectric Constant and Molecular
Structure, Chemical Catalog Co., N. Y. (1931).

¥ P, N. Schatz, J. Chem. Phys. 29, 959 (1958).

%P, N. Schatz, J. Chem. Phys. 32, 894 (1960).

%1 R. E. Kagarise and J. W. Mayfield, J. Opt. Soc.
Amer. 48, 430 (1958).

%2R. E. Kagarise, ibid. 50, 36 (1960).

%M. P. Lisitsa and Yu. P. Tsyashchenko, op. cit.
ref. 64, No. 4, 108 (1959).

% C. Tingwaldt, Phys. Z. 35, 715 (1934); 39, 1
(1938).

%3, F. Kapff, J. Chem. Phys. 16, 446 (1948).

% N. G. Yaroslavskii and A. N. Aleksandrov,

J. Phys. Chem. (U.S.S.R.) 26, 1278 (1952).

97B. 1. Stepanov and Ya. S. Khvashchevskaya,
op. cit. ref. 23, 5, 393 (1958).

93, Lecomte, Compt. rend. 249, 2443 (1959).

9 M. Caméo-Bosco, Compt. rend. 248, 1642 (1959).

10y M. Chulanovskii, Usp. Fiz. Nauk 68, 147
(1959), Soviet Phys.-Uspekhi 2, 444 (1959).

101 proceedings of the Conference on the Theory of
Spectral Instruments, op. cit. ref. 23, 8, 116-127
(1960), transl. pp. 57-64.

102 5, B. Willis, Austral. J. Sci. Research A4, 172
(1951).

1035, Brodersen, J. Opt. Soc. Amer. 44, 22 (1954).

14 G, Amat, Contribution a 1’4tude de 1’intensité des
bandes d’absorption infra-rouge, Paris (1953).

1055, G. Rautian, Usp. Fiz. Nauk 66, 475 (1958),
Soviet Phys. Uspekhi 1, 245 (1959).

108 Barnes, McDonald, Williams, and Kinnaird,

J. Appl. Phys. 16, 77 (1945).

10T A, N. Aleksandrov and V. A. Nikitin, Usp. Fiz.
Nauk 56, 3 (1955).

185 Brodersen, J. Opt. Soc. Amer. 43, 1216 (1953);
Nuovo cimento, Ser. 3, 653 (1955). ,

109y, A, Nikitin, Onruxo-mex. npoM. (Optical-Mechan-
ical Industry) 2, 20 (1956).

10, D. Dmitrievskii and V. A. Nikitin, ibid. 4, 9
1957).

1, A, Gribov, op. cit. ref. 64, No. 2, 65 (1958).

12 chulanovskii, Peisakhson, and Shchepkina, op.
cit. ref. 23, 7, 763 (1959); 8, 57 (1960).

48y, N. Smirnov, Vestnik MGU, No. 6, 10 (1960).

4p A, Bazhulin and M. M. Sushchinskii, Usp. Fiz.
Nauk 68, 135 (1959), Soviet Phys.-Uspekhi 2, 436
(1959).

5 pesolutions of the International Commission on
Molecular Spectroscopy, op. cit. ref. 23, 4, 547
(1958); 7, 281 (1959), transl. p. 179; 8, 739 (1960),
transl. p. 390.

118 g Crawford, Jr., J. Chem. Phys. 20, 977 (1952);
29,.1042 (1958).

173, Fernandez et al., An. Real. Soc. Esp. Fiz. y
Quim. A54, 281 (1958).

1188, g, Neporent and N. G. Bakhshiev, op. cit. ref.
23, 5, 634 (1958).

Translated by M. V. King




