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ABSTRACT. The present state of the theory of the equilibrium
isotope effects of hydrogen has been examined using a new approach
developed by the present authors, namely the coordinate analysis of
isotope effects. The mathematics of the theory have been described
briefly. The conditions under which the isotopic effect is localised
have been formulated. The relationship of the isotope effects in
protium —deuterium and protium—tritium replacements has been
refined. Particular attention has been made to clear methods for
interpreting the parameter Inf, making it possible to reveal the
relationship between the isotope effect and intramolecular properties,
and to systematise isotope effects on the basis of concepts having a
clear physical significance. The isotope effects for the principal
classes of hydrogen compound have been analysed and systematised.
The factors determining the magnitude and nature of the variation in
the equilibrium isotope effect have been established.
The bibliography contains 66 references.
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1. Introduction

The use of deuterium and tritium as isotopic tracers makes it
possible to solve research problems in the most varied branches of
physics, chemistry, and biology. These studies must take account of
chemical isotope effects,! which may be anomalously large for
the isotope pairs protium/deuterium and more particularly
protium/trititum.  The differences in the chemical behaviour of
protium, deuterium, and tritium are themselves used as an effective
means of studying the molecular and dynamic aspects of chemical
and cellular mechanisms.! This approach is based on the fact that
the equilibrium isotope effects are determined by the specific features
of the chemical bonds and the structural characteristics of molecules.
The prediction of the separation coefficients of the hydrogen
isotopes in chemical exchange systems remains an important
problem.

The statistical thermodynamics of isotope effects must solve three
main problems: 1, the establishment of the quantitative relationship
between isotope effects and the geometric parameters and force field
of a molecule; 2, the interpretation of available experimental
material on this basis in terms of molecular structure; and 3, the

prediction of the magnitude of isotope effects in systems which have
not been studied experimentally. From the viewpoint of statistical
thermodynamics, the isotopic replacement of hydrogen is the most
interesting general case, since hydrogen effects are large and can be
measured accurately. Moreover, the theoretical results obtained for
hydrogen replacement are applicable to the replacement of the atoms
of all other elements. In addition, the extremely large amount of
data that has been accumulated on hydrogen effects can be used to
analyse the thermodynamics of isotopic exchange.

II. Basic postulates of the theory of equilibrium
isotope effects of hydrogen

The theory of equilibrium isotope effects is based on statistical
thermodynamics and the theory of molecular vibrations. In the
present work, we shall restrict ourselves to an examination of the
isotope effects of hydrogen in the harmonic oscillator —rigid rotator
approximation. This is related to the fundamental fact that the
decisive contribution to the isotope effect at room temperature is
made by the harmonic vibrational component of the isotopic
differences in the thermodynamic functions, so that all the basic
regularities in the isotope effects can be explained in the above
approximation. Allowance is made for anharmonicity only by
introducing a correction, which may alter the numerical values
slightly but which cannot lead to the appearance of qualitatively new
phenomena.

1. Chemical isotopic exchange. Calculation of the separation
coefficient

The term equilibrium chemical isotope effect denotes the deviation
of the distributions of isotopes between chemical forms (components
of the system) in the state of thermodynamic equilibrium from those
corresponding to equal probabilities. The isotopic exchange of
hydrogen atoms between the components AH, and BH,, (A and B
are arbitrary molecular residues, and m and n the numbers of
equivalent hydrogen atoms of a given type) involves molecular
exchange reactions of the type®

AH,_ 4Dy +BH,_D;= AH,_.Di+BHp-;1:Djes, %)

and also homomolecular isotopic exchange reactions. Each of these
reactions is characterised by its own individual equilibrium constant.
The isotope effect is revealed in the equilibrium constants of
reactions (1) deviating from the equal-probability isotope distribution.
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The quantity used as a measure of the thermodynamic isotope
effect is the separation coefficient o, defined for the replacement of
protium by deuterium as

L _ (D), ®
" ((DV/[HDs
To calculate the separation coefficient « by statistical

thermodynamics it is necessary to establish its relationship to the
equilibrium constants of reactions (1). The separation coefficient o

is given by the equation:>

A= ﬁA./A/BB./B, (3)

where A* and B* are the heavy isotopic forms of the molecules A
and B.

The quantity Basa (the “P-factor”) [the term ‘“‘ratio of the
reduced partition functions” and the notation (s/s’)/f are also used]
characterises the thermodynamic non-equilibrium distribution of the
isotopes only in the molecule of the given substance A. The physical
significance of the Bas/a-factor is that it is the equilibrium constant
of the hypothetical isotopic exchange reaction between the substance
AH,, and the ideal monatomic gas D.

The B-factor is a basic concept in the theory of isotope effects.
The advantage of using the B-factors is that the calculated values of
the B-factors of molecules and Eqn. (3) can be used to calculate the
separation coefficients of the systems which they form. The concept
of the B-factor is also convenient for analysing isotope effects in
terms of molecular structure, since it makes it possible to restrict the
examination to one molecule.

In a number of cases a molecule contains hydrogen in different
non-equivalent groups. Thus the molecule of propionic acid
CH3iCH,COOH contains three groups of hydrogen atoms: the three
hydrogen atoms of the methyl group, the two hydrogen atoms of the
methylene group, and the hydrogen atom of the carboxyl group.
The hydrogen atoms of these groups differ from the viewpoint of
their chemical behaviour, and each group must be characterised by
its own individual value of the B-factor. It is possible in principle to
have intramolecular (intrastructural) isotope effects, that is the
isotopic enrichment of individual groups by intramolecular exchange.
Intrastructural effects are valuable as a means of study in those cases
where it is possible to be confident that true equilibrium has been
established (for example in geochemical systems). When true
equilibrium has been established with respect to several non-
equivalent groups, the separation coefficient can be estimated using
the concept of the overall f-factor of the molecule (Bx), proposed
by Galimov; the method for calculating Bz from the B-factors of
individual groups has been described.*

2, Isotope effects and the theory of molecular vibrations

From the viewpoint of mechanics, an n-atom molecule is a system
of n material points of mass m; connected by elastic forces. This
system has N = 3n degrees of freedom, of which 3n—6 correspond
to vibrations (3n—35 for a linear molecule). In the harmonic
approximation, the frequencies of these vibrations are given by the
matrix equation

GFL=LA, @
where G is the Kkinetic energy matrix, expressed in terms of

the generalised momenta, and F the potential energy matrix in
generalised coordinates. The elements of the matrix G (the so-called

kinematic coefficients) can be calculated if the geometric parameters
of the molecule and the masses of the atoms are known. The
elements of the matrix F (the force constants) are the values of the
second derivatives of the potential energy with respect to the
generalised coordinates at the point corresponding to the equilibrium
geometric configuration of the molecule. The matrix A is the
diagonal matrix of the eigenvalues of the matrix GF, which with an
accuracy corresponding to a constant coefficient are equal to the
squares of the frequencies of the vibrations (A; = C v?, where C is a
constant which depends on the chosen dimensions). The matrix L
(the so-called matrix of the modes of the vibrations) is the matrix of
the eigenvectors of the matrix GF, and is the matrix for changing
from generalised to normal coordinates. The generalised
coordinates usually employed to solve Eqn. (4) are the so-called
natural vibrational coordinates, that is the deviations of the
geometric parameters of the molecule (bond lengths and valence and
dihedral angles) from their equilibrium values.

To take better account of the symmetry and specific features of
the molecule, it is usual to introduce as coordinates the deviations
from the equilibrium values of all the bonds and valence angles in
the molecule (complete system of natural coordinates). The number
of coordinates is then greater than the number of vibrational degrees
of freedom. In this case, zero frequencies appear in the solution of
the vibrational problem.

The natural vibrational coordinates make it possible to relate the
vibrational-spectroscopic properties of a molecule to the concepts of
the classical theory of chemical structure, such as the chemical bond,
molecular fragments, their properties, etc. In particular, the force
constants expressed in natural coordinates have the property of
transferability, that is they change little in series of similar molecules.

In isotopic replacement, the potential energy of a molecule and
hence the force constant matrix remain unchanged (to a high
approximation), and changes take place only in the kinematic
coefficients, which depend on the masses of the atoms. For
replacement by a heavier isotope, the vibrational frequencies can
only decrease. The sums and products of the frequencies of the
vibratsions of the isotopic forms of a molecule are related by various
rules.

3. Calculation of In B in the harmonic approximation

In practice, it is more convenient to deal not with the B-factor
itself but with its logarithm. The value of Inp in the harmonic
oscillator —rigid rotator approximation is calculated using the
equation:?

s Do - B ((2)/0) /(45 /
[ 00)] = E s Doioni

i=1

N
1—exp(—u;
DI M. LR
- t1—exp(—~us)’ -
Here and subsequently, u; = hcv,/kT represents the dimensionless

so-called reduced frequencies, 4 is Planck’s constant, ¢ the velocity of
light, v; the vibrational wavenumbers, cm™!, N the number of
vibrational degrees of freedom of the molecule, and / the number of
atoms replaced; the superscript “*” indicates that the corresponding
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quantity is associated with the heavy isotopic form. The last two
terms on the right-hand side of Eqn. (5) reflect the contribution
made to Inp by the vibrational degrees of freedom of the molecule;
the second term, with an accuracy corresponding to a certain factor,
is the difference in the energies of the zero-point vibrations, and the
third term reflects the contribution of vibrational excitation. The
first term on the right-hand side of Eqn. (5) reflects the contribution
of translational and rotational motion, and is expressed in terms of
the vibrational frequencies using the Teller — Redlich theorem.®

4. Analysis of the accuracy of the basic assumptions

The accuracy of Eqns. (3) and (5) is determined by the accuracy
of the assumptions forming the basis of the theoretical premises
from which they are derived, primarily the Born—Oppenheimer
approximation and the harmonic oscillator —rigid rotator approxi-
mation. Deviations from the Born—Oppenheimer approximation
lead to the appearance of the so-called “electronic isotope effect”,
which has been studied in detail.”™'® It is revealed to the greatest
extent for ions, and also for the simplest molecules. Thus for the
gas-phase reaction

D*+H,—~H*+HD,

the electronic isotope effect is 15% of the value of the equilibrium
constant at 300 K.” For the gas-phase reaction

D,+2HCl==H.+2DCI,

this error in Kequiy is 3.3%.!  In other systems in which the
deviations can be related unambiguously to the electronic isotope
effect, such high values have not been observed. For most molecules
at temperatures around 300 K, the separation of the electronic
component of the isotope effect in the Born—Oppenheimer
approximation does not introduce a significant error.

When considering the separation of, and separate allowance for,
the contributions of the vibrational and rotational motion, it should
be noted that the influence of this assumption on the accuracy has
been studied in detail. All possible corrections related to this
assumption have been calculated for molecular hydrogen and a
number of simple hydrogen-containing molecules,'? and it has been
shown that the influence of this factor does not exceed 1% of Inf.
The correction for the effect of quantisation of the rotation, and the
correction for the contribution of the nuclear—spin component,'
are significant only for molecular hydrogen and only at low
temperatures (T < 100 K).

The anharmonicity of the vibrations must be considered, since
vibrations involving the hydrogen atom have the greatest
anharmonicity. A special study'® of this question showed that the
anharmonicity does not in fact make such significant differences to
the value of Inp as usually assumed. In particular, if Infpy is
calculated using the so-called frequencies “corrected for
anharmonicity”, then the result differs by not more than 6.5% from
the value obtained using the experimentally observed frequencies.
The difference between the wavenumbers ‘‘corrected for
anharmonicity” and the observed values may reach 200 cm™" (for the
O—H and N—H stretches). The small difference in the values of
Inp for such a large difference in the wavenumber is related to the
fact that, in accordance with Eqn. (5), there is partial compensation
of the systematic shift of the wavenumbers for the two isotopic
forms.

A similar result is obtained by comparing InB calculated using
Eqn. (5) with the value obtained by direct summation with respect to
the vibrational —rotational energy levels.”’ It is necessary to avoid
calculating the separation coefficient using Inf values obtained in
different approximations, since in this case compensation will not
take place, and the error in the value of o may be considerable.

Particular mention must be made of the error introduced by the
ideal gas approximation (that is when no account is taken of the
phase state of the substance). For hydrogen compounds, this
question is related, apart from anything else, to the tendency of
many of them to associate by hydrogen bond formation,
accompanied by changes in the geometry and force field of the
molecule. The values of « calculated theoretically for an ideal gas
may differ from the values measured experimentally in the liquid or
solid phases. It is of interest to estimate the magnitude and sign of
this error for different chemical exchange systems involving
hydrogen-containing molecules.

The change in the logarithm of the B-factor of a substance with
change in the phase state is equal to the logarithm of the separation
coefficient for the phase transformation. Neglecting the correction
for non-ideal character and other small corrections, for the chemical
isotopic exchange reaction

AH+BD=BH+AD

we have

In oy — Inog = In Blypr/ap — 10 Bhsyep — 10 By apt

+InBEy pp = In(Pan/Pan) — In(pex/PaD) - 6)

Equations taking account of the small corrections have been
published.'6

Sufficient data on the equilibrium vapour pressure above isotopic
forms are now available to make possible their evaluation.!” Eqn. (6)
shows that the maximum error from neglect of the phase effect arises
when for the exchanging forms A and B the distillation effects have
different signs, for example when for form A the vapour pressure
PaH > pap and for B, pgy < ppp. In this case the two
contributions in the right-hand side of Eqn. (6) have the same sign.

The group of compounds for which pp > py consists mainly of
substances which are not associated in the liquid phase, but also
substances which are associated both in the vapour and in the liquid
(organic acids and hydrogen fluoride). Thus for CHCl; at 283 K,
the ratio pp/py is 1.016, and for other similar substances the value
calculated for one atom being replaced at room temperature is even
smaller. For compounds which form hydrogen bonds only in the
liquid, usually, pgy > pp; the greatest isotopic vapour-pressure
difference is shown by alcohols and hydroperoxides. For t-butyl
hydroperoxide, In(pu/pp) = 0.08 at 300 K (highest known value).
Combined with the above value for chloroform, this gives
Inay—Ina; = 0.10. Since for the chloroform—t-butyl hydro-
peroxide system the logarithm of the separation coefficient is small
(~0.1), we find that the relative error in the determination of Ina
for this case is more than 100%. At the same time it must be borne
in mind that, usually, the separation coefficients for systems of
practical importance are large, and for them the error is smaller than
that given above. Since for each specific class of substance the sign
of the error is known and its approximate value can be estimated, it
is obvious that the calculation of the B-factors for the gas phase
combined with data on the vapour pressure of the isotopic forms of
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model classes of compound can be used to estimate the separation
coefficient in condensed phases with an accuracy sufficient for
practical purposes.

Another important assumption made in the derivation of Eqns. (3)
and (5) is the so-called rule of the geometric mean, analysed below.
Here it may be noted that for all compounds except molecular
hydrogen, the error introduced by departure from this rule does not
exceed 1% (at 300 K).

When considering reactions involving the isotopic forms of
molecular hydrogen when homomolecular exchange takes place,
however, the departures from this rule are large, and Eqns. (3) and
(5) cannot be used. In this case it is necessary to take separate
account of all reactions of type (1) and reactions of homomolecular
exchange with corresponding constants. The required equations
have been published.'®!°

Before analysing numerical data on Infp/y, the following
summary is appropriate. It was noted above that the accuracy of
the harmonic oscillator —rigid rotator approximation and the rule of
the geometric mean is ~2%. The absolute values of the vibrational
frequencies are determined experimentally for the gas phase with an
accuracy of ~1 cm™. At the same time, published data give
estimates of the accuracy of the frequencies of 1—35 cm™. This is
related to the fact that many spectra have been obtained for
condensed phases; moreover, various wavenumbers are not observed
experimentally, and are estimated using approximate isotope rules.

The values of the error in In fp/u given subsequently in the Tables
include only the error in the initial vibrational frequencies, and were
obtained from the equation:

N

a1 a1
61nﬁ=2( 025 bvi+ S

7 Vi

6’\7,“) .

i

The values given for v; and 8v; are the most reliable recommended
published values.??!

In most cases the errors in the Inp data are smaller than those
given below. Cases where the vibrational frequencies are determined
with large errors are encountered, however. Thus the calculation of
Infp/u from published®® frequencies for HDCO/H,CO gives the
value 1.99, and for D,CO/H,CO the value 2.13, whereas according
to the rule of the geometric mean the difference between them
should not exceed 1%. According to data from other sources,?? the
value of 2.13 is close to the true value, so that the published®
frequencies for HDCO are incorrect.

Thus to guarantee reliability of the error in Inp, we have taken
for 8v; the largest values of the estimate of the error in the
frequencies given in the works cited.”>?! The influence of errors in
the original data on the error in the B-factor has been studied by
other workers.2>?* Calculation of the error in In Bp/u on the basis
of an estimate of the inaccuracy of the vibrational frequencies gives
an error of about 2%, which corresponds to the error of the
harmonic approximation. From this it is apparently meaningless to
speak of a value of In Bpy with an accuracy of better than 1%. The
values of Inp obtained from experimental spectroscopic data are
therefore given below to two decimal places. We are interested,
however, not only in the actual numerical values of o for specific
systems but also in the correlations between In B and the parameters
of the force field and the structure of the molecule. In the
theoretical analysis, therefore, the values of InP are given with an
extra significant figure.

5. Relationship between the equilibrium isotope effects for
proton —deuterium and protium — tritium replacement

In recent years, trititum has been used increasingly as an isotopic
tracer in research work. The trend, observed in the eighties, towards
the preferential use of stable isotopes compared with radioactive
tracers has not affected the use of trittum, which continues to
increase rapidly. It is therefore often necessary to have data on the
B-factors of the tritiated forms of compounds. In most cases these
data are not available, since spectroscopic studies are carried out
mainly using the deuteriated forms.

This gives considerable interest to the problem of the relationship
between the values of the equilibrium isotope effects with respect to
different atoms, that is the problem of calculating the magnitude of
the tritium effect from the known deuterium effect, and vice versa.

For different molecules, the ratio

’Y=]n ﬁT/H/ln ﬁn/u s (7)

is almost constant.>*?’ A detailed analysis of Eqn. (7) has been
carried out.2>?® It has been shown that v depends on the factors on
which In B depends, that is the geometry of the molecule, the masses
of its atoms, and the force field (that is on its nature), and on
temperature. By varying the parameters of a molecular model it is
always possible in principle to obtain the maximum and minimum
theoretical limits of y (lower limit 1.33, upper 1.44). It should be
emphasised that the published observation®*2%? that the value of y
for real molecules is constant and is related not to the properties of
Eqn. (7) but to the fact that the values of the masses of the atoms
and the force constants in real molecules lie in fairly narrow ranges.
The analysis?®? of the behaviour of the ratio y for a
representative large number of molecules has established that y is
highly characteristic with respect to the type of bond (that is to the
nature of the atom directly joined to the hydrogen being replaced).

Table 1. Recommended values of y for molecules of different types
at different temperatures.

T.X
Molecule
100 200 300 400
H*F 1435 1429 1423 1.416
H*Cl 1.436 1,427 1.47 1.407
H*Br 1.436 1.426 1414 1.402
H* 1.436 1.424 1410 1.396
HOH * - 1412 1407 1,400
CH,0H * 1418 1.440 1.402 1.396
CH,SH * 1419 1407 1.396 1.386
H,*0 1434 1.426 1418 1,418
H,*S 1.419 1.407 1.396 1.385
H, *Se 1.442 1.428 1415 1402
H*CN 1.447 1.409 1.403 1.396
CoHy * 1418 1407 1397 1,389
NH; * 1432 1422 1.413 1.404
PH; * 1433 1418 1.405 1.3%
AsH; * 1432 1415 1.401 1.388
SbH, * 1.428 1.409 1.3% 1.381
CH, * 1.421 1.409 1.398 1,388
SiH; * 1419 1402 1.388 1377
GeH, * 1.420 1.402 1.388 1.376
SnH, * 1.420 1401 1.386 1373

Note. The asterisk indicates the atom being replaced.




208

Russian Chemical Reviews 61 (2) 1992

In addition, y also depends on the number of equivalent atoms being
replaced (it increases with increase in this number). The influence of
other factors is insignificant.

Since y is characteristic, the most correct method of finding
In B/ is by direct calculation from InPpmu using the relationship
InBru = ylnPpmu. The recommended values of y for molecules of
different types are given in Table 1, compiled using published data.?®
The contributions to Inp from individual frequencies do not
necessarily satisfy Eqn. (7). Moreover, Eqn. (7) can be used as a
criterion of the correctness of regarding molecular fragments as
individual molecules, and also for verifying the reliability of data on
the vibrational frequencies of D- and T-forms.

Thus the use of Eqn. (7) makes it possible, for isolated molecules,
to restrict the study to only the deuterium or only the tritium
equilibrium isotope effect.

III. Theoretical methods for interpreting isotope
effects

1. Approximate representations of the B-factor

Although Eqn. (5) is fairly convenient for calculations, it is not
suitable for interpreting the data obtained in the study of isotope
effects. This is related primarily to the fact that the vibrational
frequencies depend on all the characteristics of a molecule, and not
only on the characteristics of the atom being replaced and its
immediate environment. The association of a frequency with a given
vibrational coordinate, reflected in its assignment, is in general
provisional. Each vibration involves a change in not one but all of
the natural coordinates (bonds and angles), and each coordinate
makes its own contribution to the form of a given vibration. An
assignment is usually made with respect to the natural coordinates
making the greatest contribution to the given vibration. The
distribution of the contributions depends on the masses of the
atoms, and the assignment of the frequencies often changes on
deuteriation. For this reason it cannot be expected that the
contributions of the ith pair of vibrational frequencies to Inf,
denoted In B; in Eqn. (5), will effectively describe the dependence of
In B on the nature of the molecule. It is more correct to interpret the
quantity In § in terms of the structural elements of molecules, that is
the bonds between the atoms and the valence and dihedral angles,
and this requires appropriate representations.

There are now more than 30 published papers dealing with the
development of methods for interpreting isotope effects on the basis
of the approximate representation of Inp as an analytical function of
the force field and the geometry of the molecule. Historically, the
first such representation was the expansion of In § with respect to the
force constants, carried out by Bigeleisen and co-workers.>*® This
approximation is too crude for the study of most characteristics of
isotope effects, so that it was necessary to develop more complex
methods of interpretation, primarily the approximation of Inf by
polynomials, proposed by Bigeleisen and Ishida,®™* and its
improved versions. 3+

The most general form of the Ishida —Bigeleisen representation is
the equation:

1np_2WA Z,(uh ) ®

where u; represents the reduced frequencies. The sum with respect
to i in this equation, with an accuracy corresponding to a
temperature-dependent coefficient, is equal to Atr(GF)’ so that Inf
is clearly expressed in terms of the geometric parameters and force
constants. The numbers 4; are the Bernoulli coefficients, and W,
represents the so-called ‘“modulating factors”. The appearance of
the coefficients W, in the expansion (8) is related to the need to
increase the rate of convergence of this series; for this purpose, the
authors cited resort to scaling of the reduced frequencies by dividing
them by the highest frequency in the spectrum of the molecule being
considered.

An unsatisfactory feature of the polynomial approximation is its
indeterminacy, which is revealed, in particular, by the fact that the
relative values of the contributions to Inf from different molecular
parameters depend on the value taken as up,, in the analysis of In§
for a large number of molecules, and more particularly on the
chosen number of terms in the expansion of M.

Bigeleisen and co-workers’>*® wused another method of
interpretation, which they called the method of “total effects”. The
method can be described as follows. The value of Inf for the
molecule is calculated using data on its geometry and force field.
One of the force constants is then put equal to zero, and a new value
of InP is calculated. In practice, this cannot be done directly,
because of the appearance of imaginary frequencies, and the value of
Inp with a zero force constant is estimated by extrapolation. The
difference between the total value of In B and the value obtained with
a force constant equal to zero is taken as the contribution made to
In B by this constant. This contribution is then associated with the
corresponding coordinate (bond, angle, coordinate interaction).
Thus the value of Inf in the method of “total effects” is represented
as the sum of the products of the crude estimates of the partial
derivatives of Inf with respect to the force constant and the finite
increase in the argument (in the present case the actual force
constant). The proposed method is clearly one of the forms of the
crude approximation of Inf as a function of the molecular
parameters, so that it does not differ fundamentally from the method
of orthogonal polynomials. From our viewpoint, it is less
satisfactory than the method of orthogonal polynomials primarily
because it has been less developed theoretically. The accuracy of the
method of ‘“‘total effects” for the replacement of protium by
deuterium is not very high, and for molecules of medium complexity
having out-of-plane vibrations it is equal to 4—6% at 300 K.

Another approach is that of Wolfsberg and co-workers.*>*! This
approach represents the application of perturbation theory to the
calculation of InB, where the quantity taken as the zeroth approxi-
mation In By js obtained by neglecting all the non-diagonal terms in
the matrices G and F. The basic principle of the method is that Info
is represented as the sum of contributions with respect to the
“zeroth” frequencies vo; and y&, each of which (since the matrix of
the zeroth approximation GyFy is diagonal) can be associated with a
corresponding vibrational coordinate (bond, angle, etc.). For this,
naturally, the values of the zeroth approximation In fo must be close
to the exact value of Inf (that is the matrix GF should not contain
significant non-diagonal elements).

The concept of “zeroth frequencies” vo; leads to serious
methodological difficulties. Thus for the methane molecule, the use
of the complete system of natural coordinates gives ten ‘zeroth
frequencies” vg;, whereas this molecule has only nine vibrational
degrees of freedom. This difficulty arises as a result of the
methodological inconsistency of the Wolfsberg method. In fact,
since In B is represented in terms of the geometry and force field, this
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method still uses the concept of the contributions of the vibrational
frequencies.

The methods considered, for all their differences, reduce to the
representation of Infp as a simple algebraic function, which after
transformation is reduced to the form of a power series with respect
to the molecular parameters, for example the force constants. The
series is terminated after account has been taken of the first few
terms.

It has been shown*? that all expansions of this type are “non-
physical”, that is from the coefficients of this series and from the
calculated contribution made by a molecular parameter, nothing can
be said about the contribution which this parameter in fact makes to
InB. This is related to the fact that the value of the derivative of
Inp with respect to the parameter, obtained from the expansion,
depends decisively on the number of terms of the expansion taken
into account.

This conclusion follows from Eqn. (5) itself, in which the
molecular parameters appear via the frequencies v;. The latter are
described by the branches of a multiple-value function v; =
[Ai(C1 s )17, where { represents the molecular parameters, the
dependence on which is being considered. In this case, however, in
accordance with the theory of power series, the radius of
convergence of the power expansion of Infp cannot be greater than
the distance from the point at which the derivative is calculated to
the nearest branch point of the function [A;(Zy, ..., n)17%  The
positions of these unique points have been studied for a number of
molecules,*? and it has been shown that the change in the assignment
of frequencies with change in a parameter takes place close to them.
Thus attempts to expand In f in a Taylor series are not promising; if
however approximate power expansions are used, then with increase
in the accuracy and hence in the number of terms taken into
account, this expansion approaches a Taylor series; since this
series is diverging, the terms of higher powers make increasing
contributions to In§, distorting the structure of the contributions of
the molecular parameters and concealing the real reason for the
variability of In§. This was previously noted*® for the expansion in
series of orthogonal polynomials.

Since it is impossible to construct a universal analytical expansion
of the pB-factor, there remain two possibilities: either to construct
transcendental universal expansions suitable for the analysis of
particular cases, or to represent Inf directly as the sum of the
contributions of structural elements using numerical methods.

2. Representation of In f§ as an infinite transcendental series

An accurate representation of Inf in the harmonic approximation
as the sum of the terms of an infinite series of functions which are
clearly and simply determined by the force constants, the geometry,
and the masses of the atoms of the isotopic forms of the molecule
has been proposed.***> The representation has the form

ln§=21nﬁ,=z—!l—ln .
p=1 p=1
o

(%/p)*Ac,+(%/p) Ayt ... T (x/p)* Aoy ]

] 9
1T (/P) o F (w/p) oy F ..+ (nip) oy )

The quantities o, are equal to the sums of all the principal minors of
pth order of the matrix GF, 6; = 6} + Ac;, x = h/An*kT.

The expansion (9) converges for all positive ;. The existence of a
simple equation for estimating the error for a restricted number of
terms taken into account, the fact that the signs of the logarithmic
terms are constant, and the rapid decrease in the contributions of
these terms with increase in p distinguishes the expansion (9) from
familiar approximate expansions. Eqn. (9) has been wused
successfully** ¢ to analyse the regularities of the behaviour of In p.

3. The representation of the vibrational component of In §§ as the
sum of the contributions of structural elements of the molecule

As noted above, it is most correct to interpret the quantity Inf in
terms of the contributions of the structural elements, that is the
bonds between atoms and the valence and dihedral angles.

A clear and accurate representation of the differences in the heat
capacities and internal energies of isotopic forms as the sums of the
contributions with respect to the vibrational coordinates corre-
sponding to the above structural elements has been proposed.*” A
similar representation of the isotopic difference in the vibrational
components of the entropies and the vibrational component of Inf
has also been proposed.

To construct this representation we note that the logarithm of the
B-factor, with an accuracy corresponding to an additive constant, is
the difference, divided by kT, between the free energies for the two
isotopic forms of the molecule AX; and AX], calculated for one
atom being replaced:

1
InPaxyaxs = T [

Faxy— Faxs+ Fx — Fxs
kT (10)

Here, (Fx— Fx»)kT is the difference between the free energies of the
isotopes of the hypothetical monatomic gas X (which is constant for
a given type of isotopic replacement).

For the difference between the internal energies of the isotopic
forms we can write:

where @ is the partition function. Adopting the Born-—
Oppenheimer approximation and the harmonic oscillator —rigid
rotator approximation, we have ¢ = Q;Q,Q, (subscripts; t =
translational, r = rotational, v = vibrational motion). The
translational and rotational motions do not contribute to the
isotopic difference in the energies. Thus their zero-point energy
(the energy at the absolute zero) is equal to zero, and the ratios
0*/Q for the translational and rotational partition functions are
independent of temperature, and the derivatives of these ratios with
respect to T are equal to zero. Thus the difference in the internal
energies of the isotopic forms is equal to the difference in the
vibrational energies.

Substituting in Eqn. (11) the expression for Q, taking account of
the energy of the zero-point vibrations gives®’

@n

N
heve . heve  hevs . b
AU = Z[ 62” oth—ovi_ _ 2Vi gy VS ]=E'—E, 12)

ot 2kT 2 2kT
where E is the vibrational energy of the molecule in the harmonic
approximation. We now introduce the system of natural vibrational
coordinates corresponding to the above structurai elements of the
molecule.



210

Russian Chemical Reviews 61 (2) 1992

The vibrational energy of the molecule can be represented as*®

U,=tr&F (13)
where F is the force constant matrix, and £ the matrix of the mean-
square amplitudes of the vibrations.

According to the Binet—Cauchy theorem,* the trace of the
product of two matrices 4 and B is equal to the sum of the paired
products of the corresponding elements

Ea,-jb‘-,- .

12

Thus
U,= triF = Zo;,-l"i,-,
)

where o;; represents the elements of the matrix of the mean-square
amplitudes in natural coordinates, and F;; the force constants.

The relationship (14) can be represented in the following clear
form.* We write the matrix AUV, whose elements are the products
of the corresponding elements of the matrices X and F:

(14)

onFun OpF ... owwFin
~ 0y, F OpFoe . . . .. o] NF N
AU., — 124 12 224 22 2 2. (1 5)
OwwFin OonFon ... .. onnFnn

This matrix is obviously symmetrical. According to Eqns. (14),
the sum of all the elements of the matrix (15) is equal to the
vibrational energy U, of the molecule. The term at the intersection
of the ith column and the jth row of matrix (15) represents the
contribution made to the vibrational energy by the interaction of the
ith and jth vibrational coordinates. In particular, the terms on the
diagonal of matrix (15) represent the contributions due to the
interaction of each vibrational coordinate with itself.

The matrix (15) readily gives the representation of the isotopic
difference in the energies as the sum of the contributions with respect
to the coordinates. Thus

AU=Atr SF=tr(AZ) F,

since the matrix F remains unchanged on isotopic replacement
(here, AT is the matrix T* —X).
Thus we can write the matrix
Ay = Ay, - Ay, (16)
made up of the elements Acy;F;;, where the term at the intersection
of the ith column and the jth row represents the contribution made
to the isotopic difference in the energies by the interaction of the ith
and jth vibrational coordinates. The sum of all the elements of
matrix (16) is equal to AU.

To obtain the corresponding expansion with respect to vibrational
coordinates for the difference in the heat capcities ACy, we have to
differentiate the matrix (16) with respect to temperature. This can
easily be done by representing the matrix TasZ = LAL, where L ic
the matrix of the modes of the vibrations, the tilde above the letter

denotes transposmon of the matrix, and A is the diagonal matrix
with the elements*®

Su=[h/8n’cv:]eth[hev/2kT] .

From this we have*’
9 AU ) ( oy a3 ) i
= F

AC=C'—CV=(———— =t —
v ar 1, T\ T ar

17

Here,
GL*/OT = L* (aA*/aT)E* 62,/6T E(aA/aT)L

where 61&/6T is the diagonal matrix with the elements

66;— B/ {160°T?k sh*[ hevi/25T]} .

Using the Binet —Cauchy theorem, we can represent the trace of
the product of the two matrices in Eqns. (17) as the matrix
AACV = AZYV' - “in., s
whose (ij)th element is the product of the (ij)th element of

the matrix (62*/6T 62/6T) and the (i,j)th element of the matrix F.
The matrices

A s
Ao, and A8,

are respectively the representations of the vibrational heat capacity
and the isotopic difference in the total heat capacities as
contributions with respect to the coordinates.

For the isotopic difference in the entropies we have

AS=(S0‘—Sa)+5(_C.”..__fg’ldr___(so-_saw_
() (e,

(18)

[EAESYEIESTS

5<0T)dT

is the diagonal matrix with elements on the diagonal

hcvioth hev; — klnsh hewy
o W g~ Klnsh oo

The corresponding matrix /iAsv is easily obtained from the second
term in Eqn. (18) in the same was the matrices Aoy and Axc, were
constructed.
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We introduce the matrix

Anr, __Asv —TAas,

kT kT (19)

Ang, = -

The matrix obtained is symmetrical, and the term at the intersection
of its ith row and jth column represents the contribution of the
interaction of the ith and jth vibrational coordinates to InB. The
sum of all the elements of the matrix Ay, p_is equal to Inp,, that is

3 *
lnﬁ=lnﬂt+lnﬂ,-§lnm—;+2%, (20)
%]

where a;; denotes the (i,7)th element of the matrix /Ailn,;v.

The use of the representation (20) makes it possible to analyse
InB, and hence the isotope effect, in terms of the vibrational
coordinates, and not the vibrational frequencies. The representation
(20) is exact. An example for the case of the molecule of
formaldehyde H,CO (H,CO/HDCO replacement) is given in Fig. 1.

0273

0.005

Figure 1. Representation of the vibrational component of Infpmu
for the formaldehyde molecule (HCO/HDCO replacement) as the
sum of the contributions of the structural elements; Infg; is the
contribution of coordinates at a distance from the replacement
centre; InB, 4 is the contribution of the non-diagonal interactions.

In Bdis=0.013 s
In B,_a=0.006 ,
In B=2200

The natural vibrational coordinates used (see Fig. 1) are the changes
in all the valence bonds and angles, and also the coordinate of the
out-of-plane vibration p (the displacement of a bond from the
plane). One of the coordinates (a valence angle) is redundant, and
the calculation gives one frequency equal to zero.

4. Matrix representation of the translational —rotational
contribution and the total value of In

The representation examined in the previous paragraph makes it
possible to write Inp as the sum of the elements of the matrix Aj,p,
and the contribution Q (the Teller — Redlich term), determined by the
translational and rotational degrees of freedom of the molecule:

Inp =Z a;+Q,

@n

where

3 m’

Q= ASi/k+ AS ke o 1n " L, detG
2 m 2

det G

, 22

(m is the mass of the atom being replaced).

The Teller —Redlich term Q is determined by the geometry and
the distribution of the masses in the molecule as a whole. In
particular, this contribution cannot be transferred in homologous
series.

Nevertheless, there is no difficulty in constructing an accurate
representation of the Teller — Redlich term and the total value of Inf
as the matrix of the contributions of the interactions of the
structural elements of the molecule, analogous to the matrix (19) for
InB,. To construct the required representation,*®* it is sufficient to
note that the value of In—0 as T— 0. The Teller—Redlich term is
independent of temperature, so that Eqn. (21) gives
lim In B,=-Q , (23)
T—o .

which leads to the required matrix representation for the term (22)
(the matrix Agq):

lima,, ..... lim ayn

T —o0 T—oo
x‘in = —lLim Alnﬁv N B I IR (24)
T—oo lima,y ... .. lim ayn

T o0 T—oo

Eqns. (24) and (21) readily give the matrix representation for the
total value of Inf:

Alnﬂ = Ampv + Aqg, (25)
where each element of the matrix ;‘Aimp is the sum of the
corresponding elements of the matrices 4;,p5, and Aq.

The matrices A4q and App for the formaldehyde molecule
(H,CO/HDCO replacement) have been published.*® The principal
contributions to the value of Inp are made by the following
coordinates: the bond CH* (contribution 1.484), the valence angle
H*CO (0.377), the out-of-plane vibration p (0.168), and the valence
angle H*CH (0.160). The contributions of the other coordinates and
of the interactions between the coordinates are small.

Thus in the works cited*®*’ a complete and accurate
representation of the logarithm of the B-factor as the sum of the
contributions of the structural elements of the molecule was
constructed for the first time.
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5. The use of the representations of In B to analyse isotope
effects. The analysis of the rule of the geometric mean

If a molecule contains a group of [/ equivalent atoms, the
following rule applies approximately when they are successively
replaced by the atoms of an isotope®®>2

(26)

Inf= Tln f(AD,H,_xiAH,)= -Tlll f(AD,/Aa,n

where f is the ratio of the partition functions with respect to the
states of the isotopic forms indicated in brackets.

It can be seen from Eqn. (26) that the rule of the geometric mean
states that Inf is linearly dependent on the number of atoms x being
replaced or, which is the same thing, that the value of Inf is
independent of x.

We can take as a measure of the deviation from the rule (26) the
difference between the actual value of InBap_u, jan,, calculated
using Eqn. (5), and the estimate of this quantity obtained from the
value for the completely substituted form using the rule of the
geometric mean:

1

1
6=71n]‘(ADle__x/AHl)‘—_lhlf(ADl/AHl) . (27)

We define the relative deviation as 8,4 = 8/InBap,/an,). We can
consider a molecule of the type H,A, where A represents an
arbitrary molecular group. Eqn. (9) has been used> to obtain the
following equation for &:

S Y I

where

(/E) (po—q;)F . ..+ (0/B) (Pon—Gan) ]
1+ (w/k)2p,+ ...+ (k) ¥ oy ’
(28)

AHz  AD:

q1=0"F1+g20:,  g,=0,Ai+0, A g AP +6,2, L., gov=0y On

AHD

P.=20, ) P2=201

AHD

"+ (s

Pax=(on " )2 .

)1*--1

In Eqn. (28), account is taken of the fact that in the harmonic
approximation we always have p; = gq;. Since at temperatures
which are not too low the series (28) converges rapidly and since it is
usually necessary only to estimate the value of 3, we can restrict
ourselves, at 7 = 300 K, to the first term of the expansion.

Eqn. (28) shows that the deviation from the rule of the geometric
mean is related to the difference in the values of p; and g¢; for i > 2.
In other words, in terms of the force field and the geometry of the
molecule, fulfilment of the rule of the geometric mean is due to
similarity in the values of p; and g;.

It should be noted that p;—g; for i > 2 depends only on higher
powers of the difference in the reciprocal masses (Ap)’, i > 2. Thus
the inaccuracy of the geometric-mean rule is essentially a non-linear
effect.

From the form of the expressions for p; and g; it is clear that the
relative magnitude of the numerator of the terms in the series (28)
relative to the denominator is greater, the greater the number of
frequencies in the molecule undergoing an appreciable shift on
isotopic replacement. This is due to the fact that the numerator of
the terms in Eqn. (28) depends on the differences p;—g;, which are
determined by the isotopic shifts of the frequencies, whereas the

denominator contains the quantities p; which depend only on the
absolute magnitude and number of the frequenices. Thus with
increase in the number of frequencies in the molecule remaining
unchanged or changing only slightly on isotopic replacement, the
denominator of the terms of the series (28) will increase much more
rapidly than the numerator, with a corresponding decrease in the
values of 8 and 3.

Thus the greatest deviations from the geometric-mean rule should
be expected for the H, molecule and small molecules of the type
H;B, in which the hydrogen atoms being replaced are joined to one
central atom B, so that all the vibrations are vibrational modes of
hydrogen and undergo a marked shift on isotopic replacement. The
molecules of this type include molecules (H,O, H,S, NHj3) of
practical interest for chemical exchange.”® For organic molecules
(except CHy), it is clear that the deviations from Eqn. (26) should be
negligible.

6. Localisation of the isotope effect of hydrogen

In the examination of the dependence of Inf} on the remoteness of
the substituents it should be borne in mind that isotopic replacement
is equivalent to a perturbation which can be regarded as small in all
cases except the case of the replacement of hydrogen atoms. This
perturbation influences the whole molecule, but the influence is
different for its different parts, decreasing with increase in the
distance between the vibrational coordinates and the atom being
replaced. It is possible, however, to have strong interaction between
vibrational coordinates separated from one another, as a result of
the fact that the frequencies of the vibrations to which these
coordinates contribute are similar (resonance interaction).

This raises the question of the accuracy with which the
fragmentary model reproduces the value of the B-factor of the whole
molecule. The importance of this question follows from the fact that
fragmentary models (see Fig. 2) are used to calculate isotope effects,
particularly for complex molecules, and frequently this approach is
the only one possible. It is therefore necessary to know the
magnitude of the errors introduced by this approximation. In
particular, it is important to know whether the value of the p-factor
is influenced significantly by accidental resonance of the vibrations
of the atom being replaced with the vibrations of coordinates at a
distance.

This question has been studied in relation to the kinetic isotope
effect. For example, a calculation® for a number of systems
involving comparison with “truncated” models showed that the
“removal” of an atom separated by more than two bonds from the
atom being replaced introduces practically no error in the calculation
of the kinetic isotope effect. No theoretical analysis of the problem
has been published, however, and the case of resonance has not been
studied.

The representation (9) has been used’ to analyse the question of
the “‘extent™ of the isotope effect. To study this problem, the model
four-atom molecule represented in Fig. 2 was examined. The
following natural coordinates were introduced: the changes in the
bond lengths r, r5, and R, the changes in the valence angles ¢, and
2, and the out-of-plane twisting coordinate y. The calculation was
carried out using force constants and geometric parameters
characteristic of saturated hydrocarbons. To obtain the fragmentary
model from the original molecule, the matrix of kinematic
coefficients G was left unchanged, but the rows and columns of the
force constant matrix of the original molecule were multiplied by a
weighting factor x if these columns and rows corresponded to a
natural coordinate including the atom removed.
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The calculation was carried out for two cases: in the first case, an
atom separated by three bonds (‘“‘third neighbour”) from the atom
being replaced was ‘“‘removed” (x was taken as zero); in the second
case, in addition, an atom separated by two bonds (‘‘second
neighbour”) from the atom being replaced was also removed.

i

Figure 2. Fragmentary models.

The influences of the removal of the second and third neighbours
differ significantly in scale. The removal of an atom separated by
three bonds from the atom being replaced introduces a small error.
The influence of an atom separated by two bonds from the atom
being replaced cannot be neglected, however.

In the multiplication, described above, of the force constants for
the coordinates removed by the factor x, the quantities d; in Eqn. (9)
can be represented as

0;=0;" 40, Vx+o,Px?+ ... g ¥ g™, (29)
where 0'((:-) includes only the force constants and geometric
parameters relating to the coordinates closest to the atom beign
replaced. After substituting Eqn. (29) in Eqn. (9) and reducing
similar terms in the numerator and denominator, Eqn. (9) takes the
form

In p=In ,+86(x), (30)
where 3(x) is a correction. Here, the term Inf, in the right-hand
side includes only the force constants and geometry of the remaining
part of the molecule and is therefore the principal component of In
(the contribution of the immediate environment of the atom being
replaced). The second term in the right-hand side of Eqn. (30)
depends on x, and for x = 1 it is a correction reflecting the
contribution of molecular fragments at a distance.

In B NH H20

24 F HF

20

H,S

//"'—-.\\‘ HCL
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Figure 3. Components of In f for normal hydrides.

Eqn. (30) has also been analysed.”® At room temperature the
isotope effect is localised at the replacement centre, as shown by the
small size of the correction in Eqn. (30). The correction increases
with decrease in temperature, however, and at 30 K its value is
comparable with that of InBo. This reflects the increasing
delocalisation of the isotope effect with decrease in temperature,
revealed by the fact that remote coordinates begin to make a
significant contribution to In .
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The representation of Eqns. (29) and (30) also makes it possible
to solve the problem of expressing Inf as the sums of the
contributions of the first, second, and higher environments of the
atom being replaced.’®

IV. Analysis of quantitative data on the B-factors of
hydrogen compounds

1. Dependence of In B 55 on the nature of the atom directly
joined to the hydrogen atom being replaced. Analysis of In Bpi
for normal hydrides

It is known empirically that the values of the ratio of the reduced
partition functions (the Bpy-factor) of the isotopic forms of
molecules is determined primarily by the nature of the atom directly
joined to the hydrogen atom being replaced. To study this
relationship it is natural to consider the large number of so-called
normal molecular hydrides of the s- and p-elements (that is the
molecular hydrides of a given element with the general formula
EH,). The normal hydrides can serve as a model for examining
more complex compounds, and therefore represent a key group in
the chemistry of the isotopes of hydrogen.

Attempts have been made to obtain a phenomenological
description of In B for normal hydrides,? and also to interpret In Bom
in terms of the force field using the approximate methods of
interpretation and correlations described above.”’~*

The values of InPpu for normal hydrides were recently
re-examined by Bigeleisen.”® It was concluded that the contribution
of each ith vibrational coordinate to Inf is proportional to
(fiAgi:)", where f; is a diagonal element of the force constant
matrix, nd Agy = gy—gy the difference in the diagonal elements of
the matrices of the kinematic coefficients for the H- and D-forms of
the molecule. It should be noted, however, that although the
contribution made to Inf by the valence bond coordinates is in fact
approximately linearly dependent on (f;Ag;)”, this correlation is not
completely satisfactory for the valence angle coordinates, particularly
for the normal hydrides of groups IV and V.

The representation (20) described above has been used to analyse
the behaviour of InPpy for normal hydrides.”® Figs. 3 and 4 give
the force constants and the contributions of different coordinates to
InB. In the analysis of these data it should first be noted that
the Teller—Redlich term InB, + InB; + (3/)In(mp/my), which
depends on the geometry and the masses, changes little and does not
determine the behaviour of Inp for normal hydrides. The decisive
factor is the variability of the vibrational contribution Inf§,. For all
normal hydrides, a predominant part is played by the contribution
made to Inp, by the H—E valence bond coordinate, and this
contribution increases regularly in each period together with the
force constant Fyg on going from group I to group VII, and
decreases regularly in each group with increase in the atomic number
of the element.

The contribution made by the angular coordinates depends both
on the magnitude of the contribution of an individual valence angle
and on the total number of valence angles. This number is equal to
3 for the hydrides of the group IV elements, 2 for group V, and 1
for group VI. On going from group VI to group IV, the
contribution made by one angle (see Fig. 4) decreases, whereas the
total contribution from the angular coordinates increases, since the
total number of angles increases. The part played by the number of
angles is extremely significant, and the total contribution made to

InB, by the angular coordinates is greatest for the normal hydrides
of the elements of group IV. This contribution does not exist for
diatomic molecules, and it is for this reason that Inf for the
hydrogen halides is smaller than that for the hydrides of the
elements of groups V and VI, despite the larger force constant and
the corresponding larger contribution of the H—E bond to In .

Figure 4. Contributions of different structural elements to Inf for
normal hydrides: ay-x is the contribution of the H*—X bond,
agsxy the contribution of the valence angle H*XH, and naysxy the
contribution of the valence angles with allowance for their
multiplicity; Fyx and Fyxy are the bond and valence angle force
constants respectively.
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The magnitude of the contribution of the angular coordinates to
InB is not related in simple fashion to the magnitude of the angle
force constant Fygy. Here, a significant feature is that the
numerical values of Fygy for normal hydrides are comparable with
one another. For the hydrides AsH; and SbHj, the values of Fygy
and hence the contributions of the angles to Infp are anomalously
large, and for AsHj this feature is observed when the calculation is
carried out using force fields obtained by different authors.®
Moreover, for these molecules, the values of the non-diagonal
elements Fg yrw) in the force constant matrix are appreciable. The
contribution of the non-diagonal interactions to Inf, Iis
correspondingly large. In this case the coordinates HE (bond) and
HEH (angle) are strongly coupled, and therefore cannot be
considered independently. The contributions of coordinates at a
distance (bonds and angles not involving the atom being replaced)
are small (< 0.06) for the normal hydrides.”*-%

Thus for the normal hydrides as a class of compound, InBpmu
shows approximately the same dependence on the H—E bond force
constant, the contribution of a single angular coordinate, and the
number of angular coordinates contributing to Inf. As a
consequence of the Ilocalisation of the isotopic effect, these
conclusions apply not only to the normal hydrides themselves, but
also to their derivatives.

2. Dependence of In Bpi on the number, type, and remoteness
of the substituents. Compounds of hydrogen with carbon with
sp 3-hybridisation

The value of Inppy is determined not only by the nature of the
hydride-forming element but also by the nature and number of the
substituents on the atom joined directly to the hydrogen atom being
replaced. The dependence of Infip/ on the nature and number of
the substituents is also large-scale, and comparable with the
dependence of In P on the nature of the hydride-forming atom. For
example, for carbon, even without a change in the hybridisation in
the compounds CH3X, the value of Infpy may vary from 2.49
(X = OCOCHsj) to 2.26 (X = H), which is almost equal to the
range of variation of Inf for the normal hydrides from group IV to
group VII in period II. The number of substituents has an equally
marked influence (see Table 2).

Comparison of the values of InBpp for molecules of the type
CH,XY with the values of Inf for CH,X, and CH,Y, molecules
shows that for replacement on several different substituents,
additivity of In Bpy may in general not be observed.

The representation (20) has been used®® to calculate the
contributions of vibrational coordinates of different types to In fpmu
for molecules of the form CH4_ Y, X,», where X, Y = F, Cl, Br, L.
This set of values of the contributions is sufficiently representative
for an analaysis of the relationship being considered. In fact, the
range of change in In By for the methyl group is almost completely
covered by the above set. Moreover, this set of molecules can also
be regarded as a model set in the general case of isotopic
replacement with respect to hydrogen, since the hydrogen effect is
localised at ordinary temperatures.

To be definite, and for simplicity, we shall consider the case of the
replacement of only one hydrogen atom. Some of the published
results®® are given in Table 2. It can be seen from this Table that
the principal contribution to Inp is made by the C—H* bond, and
that this contribution remains approximately constant, changing by
not more than 5% in the whole set of molecules studied (here and
subsequently, the asterisk indicates the atom replaced by the
isotope). This range of change is much smaller than the variation in

the actual value of In By, but larger than the variation of the force
constant Fcy in the given set. The explanation is that the
vibrational coordinate corresponding to change in the C—H* bond
length, subsequently denoted in the text as CH*, shows, particularly
for fluorine-containing molecules, considerable dynamic coupling
with the coordinates CX and with the valence angle coordinates, so
that the magnitude of its contribution to InBpm cannot be
determined entirely by the force constant of one given coordinate.

Table 2. Values of InPpj for halogenomethanes and CH,(CN),
(T = 300 K).

Translational -
Molecule InPpm | rotational T C—H* bond | Contributions of the
contribution contribution | angles H*CX
CHF, 2674003 (B)
CHCIF, 270 0.05 0.07 197 2-0.57 (HCF)
0.51 (HCCl)
CHBrF, 2.65 0.05 -0.2% 1,93 2.0.67 (HCF)
0,63 (HCBr)
CH.F, 264 0145 -0.39 1,94 2-0.79 (HCF)
0.40 (HCH)
CHCILF 264 0.04 -0,03 198 0,63 (HCF)
2-0.50 (HCCHY
CH:Cl, 2521002 (B)
CHBr.F 262 003 -0.08 194 0,76 (HCF)
20,50 (HCBr})
CH,FCl 2.62 0.12 -0.20 1.95 074 (HCF)
0,67 (HCCh)
0,38 (HCH)
CHBrCIF 261 0.04 0.03 195 0.58 (HCCH)
0.56 (HCF)
050 (HCBr)
CHCly 254002 )
CH,BrF 258 0141 ~0.18 1.95 0.80 (HCF);
0,55 (HCBr)
0.38 (HCH)
CHBrCl, 256 0,02 -003 1.94 2-0.57 (HCCl)
0.52 (HCBr)
CHBr.Cl 251 0.02 -0.10 193 0,68 (HCCL)
2-051 (HCBr):
CH,BrCl 2.5740.06 (E)
caleulated value:
2.51 0.10 -0.07 195 0.67 (HCC)
0.55 (HCBr}
(.38 (HCH)
CHBr; 2.5540.03
CH,Br, 2474005 (B)
CH,ICI 248 0.10 -0.07 1.94 0.60 (HCI)
0.60 (HCChH
0.36 (HCH)
CH,Br 2.3340.04 (E)
CHaIBr 244 0.09 -0.10 195 0.62 (HCBr)
0.57 (HCI)
0.35 (HCH)
CHy(C=N), 243 (B)
Note. The letter “E” denotes a value obtained from the

experimental frequencies; the contributions of the vibrational
coordinates are given only for those molecules for which the most
reliable data on the force constants in natural coordinates are
available; Z is the sum of the contribution of the interaction of
coordinates of different kinds and the contribution of bonds and
angles not including the atom being replaced.
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Alcohols and ethers

Compound GH:*—~0~C<2H, cn,uo—c{f{ CH,*—O0~CH,CH, CH,*~ OCH, CH,*0H

In BD/H 2494013 2.4840.09 2.45 2.4440.05 2,40£0.02
Nitrogen-containing compounds

Compound CH,*NH,+ CH,*~N=N—CH,* CH,*NH, CH,*~N=NH CHy*~NC

In ﬂD/H 2.42 2.4140.04 2.39 2.36 2.3540.02
Compounds with halogens and other elements

Compound CH,*F ' CHCl CH,*Br CH,*I CH#—H | CHM*SCHCH, | CH,*~GeH, CH,*~SnH,

In B 2.46+0.,05 l 2,36-+0.04 2.334£0.04 |2.32+0.05 | 2,2640.02 2.35 2.29 2.2140.,03
Compounds with carbon

Compound | CH, *~CH,CH, CH#CH,I | CH,*—CH,OCH, [ CH*CH,F CH,*CH, CH,*~C=CH CH*~C=N
In ﬁD/H 2.4540.06 2.40 2,38 2,37 2,3640.07 2,41+0.05 2.36+0.02

Componn | il | e | Ao | g | o, | Ay | iy |t
In pD/H 2.39 2.3840.13 l 2.38 l 2,37 I 2.3640.08 ‘ 2,31£0.,03 2,31£0.,04 2,30

In general, and in contrast to the normal hydrides, for substituted
methanes the interactions of the vibrational coordinates make a
significant contribution to Inf. This feature means that in this case
the coordinates cannot be considered independently, as confirmed by
an analysis of the force constant matrices.

The fairly marked scatter and the non-characteristic nature of the
contributions of the valence angles to InBpy are obvious. For a
given molecule, the scatter in these contributions obtained by
calculation from the force fields given by different authors, often
exceeds even the scatter in the actual values of Inp. This is not
surprising, since the numerical value of Inp is determined only by
the frequencies, which are obtained unambiguously from the force
field, while the values of the contributions of specific coordinates are
determined by the force field, which is found unambiguously from
the experimental frequencies. In other words, slight scatter in the
frequencies or in even individual frequencies may correspond to a
large scatter in the values of the force constants. The difference in
the force fields is also responsible for the scatter in the values of the
contributions.

At the same time it is obvious that the physically correct solution
for the force field is unique, and, moreover, that from its physical
significance the scale of the variation in the contributions in a set of
molecules should not exceed the scale of the variation of Inp. It is
therefore appropriate to solve the inverse problem, that is to find the
values of the contributions of the coordinates by solving the over-
determined system of linear equations by the least-squares method
for a sufficiently representative set of molecules, using the known
values of InB,. The values of the contributions of the vibrational
coordinates obtained in this way may serve as a criterion of the
physical correctness of the force fields.

Since the solution of the system of linear equations in this case
(the replacement of one hydrogen atom) is in principle unique, it is
necessary to fix one of the contributions. The contribution of the
CH* bond was chosen as this contribution. The accuracy of the
additive scheme indicated corresponds to that of the calculation of
In B from the experimental vibrational frequencies.®

For the calculation of the B-factor for carbon replacement,
Galimov®! proposed an empirical additive scheme which has been
widely applied, chiefly in the study of geochemical effects. In this
scheme, the p-factor itself (and not its logarithm) is calculated, as the
sum of the increments in the chemical bonds without allowance for
the angles; this is quite permissible for carbon. From what has been
said above it is clear that the additive representation is also possible
and useful for hydrogen effects, but in this case it is more natural to
expand the logarithm of the B-factor with necessary allowance for
the valence angles.

Moreover, the dependence of InPpy on the number and type of
substituents for a given hydride-forming element is obviously
determined primarily by the contribution of the valence angles
H*EX and by the contribution of Inp; + Inp,. The electronic
influences of the substituents on the force constant and hence on the
contribution of the E—H* bond play a secondary role. Even if it is
assumed that the contributions of the angles and bonds of each type
to Inp, are unchanged and depend only on the number of
substituents, it cannot be expected that Inp will vary linearly with
respect to the number of substituents, since the linearity breaks down
when account is taken of the rotational contribution (it can readily
be seen that the rotational contribution changes non-linearly with
change in the number of substituents). There is even less reason to
expect linearity when account is taken of the contributions of the
interactions between the coordinates.
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sps-Hybridisation

CH,* CHH * /CH,
CH,*~CH,CH, e H,*CH, H*—H CH,*F CH,*OH CH,*NH,
Compound CH,/ \CH, cHO / \CH, HCHy | g+ C\g}}}: CH, C ) ) NIy
In ﬁD/H 2,5740.09 2.51 ‘ 2.4540.06 ' 2,42 2,36+0.07 | 2,2640.02 | 2.46+0.05 | 2.40+0.05 2.39
sp>-Hybridisation
Carbonyl compounds
0 0 0 0 0 A0 H
ol Y sl v_? o/ ot H*~c? 40 AV
Compound ! H*-CKocn, H-Ron | B RNocy, | TNng, He-Rp | B ~Ccn, Ny | a0
lnBD/H l 2.42 l 2.39 [ 2.38+0.16 [ 2.35 I 2.3 I 2.3040.07 I 2,1640.07 2,134+0,04
Unsaturated hydrocarbons
H* H |H* F H H* H [H* cl H + H *
No_of \ S Np_o/ \, Ne_o/ ~/ =C=CH*| N\
Compound F/C=C\F H/Cz()(‘l, " ’l/(:=(}\]’l H/C=CH’ Cl/C=C\Cl Cl>c=(‘ \H' CH,*=C==CH, H/C=N=N H/C=CH—CH=CH,
In ﬂD/H 2,4340.08 l 2,3440.07 | 2,334£0.05 l 2.33 l 2.31£0.04 |2,28+0.05 ’ 2.2 2.16 2.09
sp-Hybridisation
Compound | H*-C=CF H*—C=C-CF, | H*-C=CH H *-C=CBr H*-C=N H*C=CCl | H*-C=C—CH, | H*-C=C=N
Inﬁl}/H 2.1 2.06+0.02 2,0640.02 2.04 l 2.035i0.q05 | 2.03 1,9740.11 1,88
Cyclic compounds
~C _ - +=CH
Compound | S Cyclohexane| C¥elo Benzene-Dj| Y0 B | cubane-D;| K7
0 butane-Dg propane Dg| CH==CH CH,
In ﬁD/H 2.44 2.42 2.40 ' 2,38+0.06 2.3940,04 l 2,32 2,22 ) 2.10

The new coordinates which appear when substituents are
introduced, particularly the coordinates of adjoining angles, make a
contribution to In B which may be either larger than or smaller than
the contribution of the coordinates which disappear. Moreover,
replacement brings about a change in the contribution of Inf, +
InB,. Thus with increase in the number of substituents of the same
type, the value of Inf may either increase or decrease. The
dependence of InPpmu for the methyl group on the nature of the
substituents in compounds of the type CH3R is shown by the data
given below (T = 300 K).576062

In the analysis of these data it should be borne in mind that they
were calculated for the replacement of the three hydrogen atoms in
the methyl group, whereas in the calculation for the CHX,Y,Z;
molecules only one hydrogen atom was replaced. Thus the values of
InBpy for the compounds CH3R are 0.5—1% too high, as a result
of the inaccuracy of the geometric-mean rule. The variation in Inp
for the methyl group for a given substituent X is determined
primarily by the rotational contribution and by the value of the
force constant of the HCX angle, and to a much smaller extent by
the influence of the substituent on the force constants of the C—H
and C—X bonds. These factors may act in opposite directions. Thus
on going from CH3F to CH;l the angle force constant (Fucx/r*cn)
changes from 0.900 N cm™ to 0.651 N cm™. This also determines
the change in In B, which goes from 2.457 to 2.320. On going from
F to I, the force constant of the C—X bond also decreases, from
5.535 N cm™ to 2.338 N cm™, but this factor has less influence on
Inf. The constant Fcy, however, generally changes in the
opposite direction in this series, although the change is slight
(from 4.878 N em™ for CH;F to 5.002 N cm™ for CH;I).

3. Compounds of carbon with hydrogen with sp*- and
sp -hybridisation. Dependence of In 3 on the geometry of the
molecule

We can compare the logarithms of the B py-factors of compounds
with sp”-, sp?-, and sp-hybridisation of the hydride-forming carbon
atom. First of all, the general decrease in the value of InBppy for
sp*- and sp -hybridisation compared with sp >-hybridisation should be
noted. At the same time, the bond force constants Fcy and the
corresponding contributions of the bonds to Inf are greatest for
sp-hybridised and smallest for sp>-hybridised molecules. The factor
responsible for the decrease in InB on going from sp >-hybridisation
to sp2- and sp-hybridisation can therefore only be the decrease in
the number of vibrational coordinates contributing to Inp. To
confirm this, we can consider the contributions of the vibrational
coordinates to Inf for monosubstituted derivatives of ethane,
ethylene, and acetylene (see Fig. 5).%

Fig. 5 shows that the number of coordinates closest to the atom
being replaced decreases in the order ethane—ethylene—acetylene,
leading to a decrease in Inp, despite the increase in the force
constants and hence in the contributions made to InBpy by each
individual vibrational coordinate.

The values of In Bpgy for substituted ethylenes HR'C=CR2R? are
given below [the dependence of In Bp (on the carbon atom) on the
type of hybridisation of the atom directly joined to the atom being
replaced (T = 300 K)].57-5%62

It should be borne in mind that for replacement in ethylene the
substituents R and R® are separated by three bonds from the
hydrogen being replaced. The influence of the substituents R? and
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R? is therefore weaker than that of the substituent R!, but stronger
than the corresponding influence for the methyl group.

Fig. 5 shows that for ethylene, an appreciable contribution to In$
is made by the out-of-plane coordinates. In substituted ethylenes,
the out-of-plane vibrations depend markedly on the substituent.’

a2y
a.17

n

0,405

18

(#,0) 0.405

Figure 5. Dependence of In fp/ on the hybridisation; the change in
the contributions of the vibrational coordinates in the series
ethane —ethylene —acetylene; only the non-zero contributions are
given; the values of InBp/y are 2.372 (ethane), 2.334 (ethylene), and
2.105 (acetylene); the vibrational components of Infpy are 3.222,
3.124, and 2.889 respectively.

The influence of the substituents R? and R® on Inp is therefore also
much stronger than for the methyl group. In fact, the atoms R? and
R? are included in the twisting coordinate y (rotation of the planes
CHR' and CR?R?® about the C=C bond in different directions) and

cannot in this case be regarded as separated neighbours. This must
be taken into account in all cases of substitution at a double bond.

Another group of carbon compounds with sp’-hybridisation
(0]

, which can be regarded
R
as substituted formaldehydes. All that has been said about the
B-factors of ethylenic compounds applies in this case also, except
that in the substituted formaldehydes there is no vibrational
coordinate y. The value of Inf for the formaldehyde is therefore
low. In carbonyl compounds, an important part is played by the
electronic influences of the substituents. The introduction of
electron-acceptor groups such as —OH and —F increases the
strength of the H—C bond, leading to an increase in its contribution
and hence to an increase in In f.

The relative random error in the value of InBp/y for compounds
with a double bond, particularly carbonyl compounds, is extremely
large. This makes it impossible to analyse fine effects. This large
error is related to the difficulty of obtaining accurate data on the
vibrational spectra of these substances, due to the difficulty of
purifying the substances, the indeterminacy (in a number of cases) in
the number of conformers, and other factors. These factors make it
difficult to interpret the spectrum to obtain an unambiguous
assignment of the bands to fundamental vibrations even for simple
compounds. Thus in the above case of formaldehyde-D; the
published set of fundamental frequencies for HDCO is clearly
erroneous. The case of this molecule also shows that the calculation
of InP can provide an additional criterion for the correctness of the
interpretation of an experimental spectrum.

The error in Inp for complex molecules is generally greater than
that for simple molecules. This is also related to the inaccuracy of
the spectroscopic data for large molecules. At the same time,
because of the localisation of the hydrogen effect, the molecular
fragments at a distance do not influence the B-factor significantly.
The use of small molecules as models therefore acquires particular
further importance because of the higher accuracy of their B-factors.

For compounds of the acetylene series, the In B values change very
little with change in the nature of the substituents, due to the
remoteness of the latter. At the same time, when heavy substituents
are present, InB for these molecules is smaller as a result of the
decrease in the contribution of the angular coordinates.

In view of the fruitfulness and general character of the approach
used, the study can be extended by examining different versions of
the C-—-H bond. InPpy has its highest values for sp 3 hybridised
molecules, and Inp for methylene groups is higher than that for
methyl groups. The value of InPp/y for isobutane-D,; is apparently
too low, because of the incorrect published® assignment of the
frequencies of the isotopic forms.

The high values of Inf for benzene is related to the rigidity of its
structure and to the significant contribution from the large number
of out-of-plane coordinates. Many vibrations of the benzene ring
cannot be assigned to one definite bond or angle.” Thus as in the
case of the halogen-substituted methanes considered above, it is
appropriate to examine the benzene ring as a whole, without
distinguishing “‘distant” and “nearest” fragments within it.

On the other hand, alicyclic molecules have lower Inf values
compared with open-chain molecules, and Inf decreases with
increase in the strain in the ring. This is related to the increase in
the H*—C—C angles compared with the tetrahedral angle, which
leads to a decrease in their strength and a decrease in their
contribution to In p.

consists of compounds of the type H~C
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4. The values of In /4 for compounds of hydrogen with
nitrogen and oxygen

In the approach being used, the regularities of the change in the
In Bp/y values for compounds of nitrogen and oxygen are the same
as for carbon compounds. All that has been said above about the
dependence of In Bp/y on the type of hybridisation and the number,
nature, and remoteness of the substituents is also applicable to these
molecules. The number of compounds of nitrogen and oxygen for
which experimental spectroscopic data are available, however, is
much smaller than that for carbon compounds. The InBpy values
for some of these compounds are given in Table 3. The Infpmy
values for the corresponding normal hydrides show that the
behaviour of InBppy for nitrogen compounds with sp>-hybridisation
is similar to the case of the methyl group, but the Inp values for
nitrogen compounds are on the average 0.2 unit greater than for the
methyl group with identical substituents. For nitrogen compounds
with sp2-hybridsation, the In Bp/m values are lower, as they should be
(thus for NH3, p3yy = 2.21).

Table 3. Values of InBpy (T = 300 K) for compounds containing
NH and OH bonds. %62

N-H bond In o 0-H bond In Bpm
NH(CHy), 2,71 HO-NO, 2592002
NH,-NH, 259 HO-NH; 259
NH;~CH; 258+0.03 HO-F 254
f HO—-CH, 2.5120.04
NH;—C 256 0
CH, /
HO—C, 250£0,05
Y “\CH,
M-y 249 HO-CI 24402
NH,-OH 245 0
NH; 2.42 HO—C( 242
HN=NH*(ci) 240 H
N 220£02 HO-H 2.38:0.02

The In Bp,y values for the O—H bond in oxygen compounds are
close to the values for N—H bonds.

Practically all compounds containing NH and OH groups are
capable to some extent of forming hydrogen bonds; this leads to a
change in the immediate environment of the hydrogen atom being
replaced and to a change in the force constants, and also influences
Inf (the InB values given in Table 3 were calculated for the
monomers). At the same time, it is known that hydrogen bond
formation has only a weak influence on the value of InB. This
follows from the low values of the isotope effects of vapour pressure
at 300 K. When a hydrogen bond is formed, compensation of the
contributions made to lnf by the newly produced degrees of
freedom takes place, and this explains the weak influence of
association on the B-factor.*

In addition to hydrogen bond formation, another specific process
is possible for the amino-group, namely protonation, which takes
place in practice in aqueous solutions of aminoacids. On

protonation of the amino-group, as a result of the increase in the
number of vibrational degrees of freedom, In fp/u increases (2.68 for
the ammonium ion, compared with 2.42 for ammonia). It should be
emphasised, however, that protonation cannot be regarded simply as
the mechanical addition of new structural elements to the molecule,
since it is accompanied by a radical rearrangement of the force field.
This may change in Inp in either direction. Thus protonation of
oxygen and fluorine leads to a considerable decrease in In Bpy. The
published®>®® separation coefficients for the H;0* /H,O system show
that In Bp/y for the hydroxonium ion is ~0.3 unit lower thn In Bp/u
for H,O. This is related to the difference in the electronic structures
of the O and N atoms, as a result of which the protonation of the
water molecule or the removal of an electron from it lead to a
decrease in the strength of the bond, a sharp decrease in the force
constants, and hence a decrease in Inp. These marked changes in
InBp/y on protonation may be significant in isotopic fractionation
processes in biological systems.

References

1. Synthesis and Applications of Isotopically Labeled Compounds
(Edited by R R Muccino), Elsevier, Amsterdam, etc., 1986
2. Ya M Varshavskii, S E Vaisberg Usp. Khim., 1957, 26 1434
J Bigeleisen, M G Mayer J. Chem. Phys., 1947, 15 261
E M Gailimov Zh. Fiz. Khim., 1971, 45(5) 1187
[English translation in Russ. J. Phys. Chem., 1971(5)]
5. L M Sverdlov, M A Kovner, E P Krainov Kolebatel'nye
Spektry Mnogoatomnykh Molekul (The Vibrational Spectra of
Polyatomic Molecules), Nauka, Moscow, 1970
O Redlich Z. Phys. Chem. (Liepzig), B, 1935, 28 371
L I Kleinman, M Wolfsberg J. Chem. Phys., 1973, 59 2043
L I Kleinman, M Wolfsberg J. Chem. Phys., 1974, 60 4740
L I Kleinman, M Wolfsberg J. Chem. Phys., 1974, 60 4749
M Wolfsberg, L I Kleinman ACS Symp. Ser., 1975, (11) 64
J M Postma, L F Silvester, P A Rock J. Phys. Chem., 1988, 92
1308
12. J Bron, C Chang, M Wolfsberg Z. Naturforsch, B, 1973, 28 129
13. A Farkas Orthohydrogen, Parahydrogen, and Heavy Hydrogen
(Translated into Russian), ONTI, Moscow, 1936
14. D Z Goodson, S K Sarpal, P Bopp, M Wolfsberg J. Phys.
Chem., 1982, 86 659
15. C L Chen, P Bopp, M Wolfsberg J. Chem. Phys., 1982, 77
579
16. J Bigeleisen J. Chem. Phys., 1961, 34(5) 1485
17. 1 B Rabinovich Vliiyanie Izotopii na Fiziko-khimicheskie Svoistva
Zhidkostei (The Influence of Isotopy on the Physicochemical
Properties of Liquids), Nauka, Moscow, 1968
18. B M Andreev, Ya D Zel'venskii, S G Katal’nikov Tyazhelye
Izotopy Vodoroda v Yadernoi Tekhnike (Heavy Isotopes of
Hydrogen in Nuclear Technology), Energoatomizdat, Moscow,
1987
19. B M Andreev, G H Sicking Ber. Bunsenges. Phys. Chem., 1987,
91 177
20. T Shimanouchi Tables of Molecular Vibrational Frequencies,
Consolidated, Vol. 1, Washington: NSRDS-NBS, 1972
21. T Shimanouchi J. Phys. Chem. Ref. Data, 1977, 6 993
22. K S Krasnov, N V Filippenko, V A Bobkova, et al.
Molekulyarnye Postoyannye Neorganicheskikh Soedinenii:
Spravochnik (Molecular Constants of Inorganic Compounds:
A Reference Book), Khimiya, Leningrad, 1979

> w

=90

—



220

Russian Chemical Reviews 61 (2) 1992

23.

24.

25.

26.

27.

28.

29.

30.
31.
32.
13.
34.
35.
36.

37.
38.
39.
40.

41.
42.

43,

45.

47.

48.

49.

50.

S1.
52.

A A lvlev Zh. Fiz. Khim., 1972, 46(11) 2733

[English translation in Russ. J. Phys. Chem., 1972(11)]

A A Ivlev, M Ya Koroleva, V A Dement’ev Zh. Fiz. Khim.,
1974, 48(10) 2424 [Enpglish translation in Russ. J. Phys. Chem.,
1974(10)]

R E Weston Z. Naturforsch, A, 1973, 28 177

C G Swain, E C Stivers, ] R Reuwer, L J Schaad J. Am.
Chem. Soc., 1958, 80 5885

J Bigeleisen Tritium in the Physical and Biological Sciences,
Vol. 1, Vienna: IAEC, 1962, p. 161

D A Knyazev, N F Myasoedov, S V Demin, A V Bochkarev
Zh. Fiz. Khim., 1984, 58(9) 2265 [English translation in

Russ. J. Phys. Chem., 1984(9)]

D A Knyazev, N F Myasoedov, A V Bochkarev,

S K Myrzalieva Zh. Fiz. Khim., 1984, 58(9) 2260

[English tianslation in Russ. J. Fhys. Chem., 1984(9)]

J Bigeleisen, M Wolfsberg Adv. Chem. Phys., 1958, 1 15

J Bigeleisen, T Ishida J. Chem. Phys., 1968, 48 1311

T Ishida, J Bigeleisen J. Chem. Phys., 1976, 64 4775

J Bigeleisen, R C Hom, T Ishida J. Chem. Phys., 1976, 64 3303
J Bigeleisen, T Ishida, M W Lee J. Chem. Phys., 1981, 74 1799
G Nemeth, B Gellai, G Jancso J. Chem. Phys., 1971, 54 1701
D A Knyazev, T L Blank, A A Ivlev, A D Blank Dokl. Akad.
Nauk SSSR, 1977, 233 126

D A Knyazev, T L Blank, A A Ivlev, A D Blank Zh. Fiz.
Khim., 1979, 53(7) 1682 [English translation in Russ. J. Phys.
Chem., 1979(7)]

T Oi, A M Popowicz, T Ishida J. Phys. Chem., 1986, 90 3080
J Bigeleisen, T Ishida J. Chem. Phys., 1975, 62 80

G Singh, M Wolfsberg J. Chem. Phys., 1975, 62 4165

S A Skaron, M Wolfsberg J. Am. Chem. Soc., 1977, 99 5253
D A Knyazev, [ V Shimanogova, A V Bochkarev Osobye
Tochki Chastotnoi Funktsii Molekuly i Nevozmozhnost’
Postroeniya Universal’nogo Algebraicheskogo Razlozheniya
B-Faktora (Unique Points of the Frequency Function of a
Molecule and the Impossibility of Constructing a Universal
Algebraic Expansion of the B-Factor), Moscow, 1988, Dep. in
VINITI, 13th January 1988, No. 212-V88

L V Gladun, D A Knyazev, A V Bochkarev Izv. Timiryazey.
Sel’sk.-Khoz. Akad., 1985, (1) 179

D A Knyazev, N F Myasoedov, A V Bochkarev, A D Blank
Dokl. Akad. Nauk SSSR, 1986, 287 1415

D A Knyazev, N F Myasoedov, L V Gladun, AV Bochkarev
Tr. Mosk. Khim.-Tekhnol. Inst. im. D I Mendeleeva, 1984, (130)
98

D A Knyazev, N F Myasoedov, A V Bochkarev Zh. Fiz.
Khim., 1988, 62(12) 3131 [English translation in Russ. J. Phys.
Chem., 1988(12)]

D A Knyazev, N F Myasoedov, A V Bochkarev,

N M Zhavoronkov Teor. Osn. Khim. Tekhnol., 1987, 21(4) 472
S J Cyvin Molecular Vibrations and Mean Square Amplitudes
(Translated into Russian), Mir, Moscow, 1971

F R Gantmakher Teoriva Matrits (The Theory of Matrices),
Nauka, Moscow, 1988

N M Zhavoronkov, D A Knyazev, A A Ivlev, G D Klinskii
Usp. Khim., 1980, 49(3) 385 [English translation in Russ. Chem.
Rev., 1980]

J Bigeleisen J. Chem. Phys., 1955, 23 2264

J Bigeleisen J. Chem. Phys., 1958, 28 694

53.

54.
35,
56.

S1.

58.

59.

60.

61.

62.
63.

65.
66.

D A Knyazev, N F Myasoedov, A V Bochkarev Zh. Fiz.
Khim., 1986, 60 (9) 2293 [English translation in Russ. J. Phys.
Chem., 1986(9)]

P Sharlin Acta Chem. Scand., Ser. A, 1986, 40 441

M Wolfsberg, M J Stern Pure Appl. Chem., 1964, 8 225

D A Knyazev, N F Myasoedov, A V Bochkarev,

L V Gladun, A D Blank Zh. Fiz. Khim., 1986, 60(12) 2943
[English translation in Russ. J. Phys. Chem., 1986(12)]

D A Knyazev, A N Bantysh, A A Ivlev Kernenergie, 1969, 12 9
J Bigeleisen Proc. Nat. Acad. Sci. USA. Phys. Sci., 1981, 78
5271

D A Knyazev, N F Myasoedov, A V Bochkarev Zh. Fiz.
Khim., 1988, 62(12) 3186 [English translation in Russ. J. Phys.
Chem., 1988(12)]

D A Knyazev, A V Bochkarev, M A Sytdykova Zavisimost’
B-Faktora ot Chisla i Tipa Zamestitelei (The Dependence of the
B -Factor on the Number and Type of Substituents), Moscow,
1990, 21 pp. Dep. in VINITI

E M Galimov Priroda Biologicheskogo Fraktsionirovaniya
Izotopov (The Biological Fractionation of Isotopes), Nauka,
Moscow, 1981

D A Knyazev, G D Klinskii Isotopenpraxis, 1978, 14(2) 41

D A Knyazev, N F Myasoedov, A V Bochkarev,

1V Shimanogova Vsesoyuznyi Simpozium po Stabil’nym
Izotopam v Geokhimii. Tezisy Dokladov (Summary of Papers
Presented at the All Union Symposium on Stable Isotopes in
Geochemistry), Izd. GOEKhI Akad. Nauk SSSR, Moscow,
1989, p. 380

D A Knyazev, N F Myasoedov, I V Shimanogova,

A V Bochkarev Izv. Timiryazev. Sel’sk.-Khoz. Akad., 1989, (5)
168

J W Larson, T B McMahon J. Am. Chem. Soc., 1986, 108 1719
J L Kurz, M T Myers, K M Ratcliff J. Am. Chem. Soc., 1984,
106 5631




