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I. INTRODUCTION

For a long time the interest in chemical isotope effects was
concentrated on the possibility of using them for the separa-
tion of the isotopes of light elements. During the last 10—12
years, much more attention has been devoted to them but
largely for other reasons. It was found that the measurement
of isotope effects is useful for research in many fields of
chemistry, biochemistry, and geochemistry. For example,
the kinetic hydrogen and carbon isotope effects have been
used successfully to study the mechanisms and activated com-
plexes of organic reactions; the hydrogen, carbon, and sul-
phur effects have been employed to predict the presence of
petroleum and natural gas in geometrical regions, the oxygen

Methods for the interpretation of chemical isotope effects
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and hydrogen effects have been used in paleogesthermomeiry,
and the effects of biogenic elements have found applications in
the study of the mechanisms of cell metabolism.

The value of isotope effects as sources of information in
research is due to one specific feature of their theory. Sta-
tistical thermodynamics reveals a relation, of rare simplicitv,
between the isotope effects and the characteristics of intva-
molecular force fields. This feature makes it possihle to infer
intramolecular characteristics directly from changes in macro-
scopic quantities—the isotope concentrations, but not cor-
versely, which is in general characteristic of the applizations
of the molecular-statistical theory. Hence follows the possi-
bility of securing information about the force fields not oniy
of simple stable molecules, which can be studied by othetv
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methods, but also of investigating short-lived compounds and
fragments of large molecules, which play an important role in
chemical, biochemical, and geochemical systems and mecha-
nisms.

The general, extensive literature on chemical isotope effects
has been reflected systematically in frequently published
reviews, specialised compilations, and monographs. Being
unable to analyse the state of the problem in fields adjoining
chemistry, we shall indicate the reviews and monographs
dealing with various aspects of the applications of isotope
effects in biechemistry'™® and geochemistry®?3. Compilations
and review articles have been devoted to chemical isotope
exchange reactions used for the separation of stable isotopes
of light, medium, and heavy elements (ranging from hydrogen
to uranium inclusive)** 2%, The results of the study of iso-
tope effects*®™?2 and their applications to the study of molecu-
lar structures®*™2*, reaction kinetics and mechanisms?2*2+72°%,
phase exchange*2*3%  solutions, and the behaviour of sol-
vents'*2%3% are reflected in the reviews and monographs -
quoted above.

However despite their relatively large number, the aim of
the review articles published in the last decade was to inform
the reader about fairly narrow questions and they consisted
too often of handbooks and bibliographic compilations. Owing
to their specialist characteristics, both the reviews and mono-
graphs are concerned either only with the main features or
only with special features of the general theory, so that a
general picture of the scope of the theory is not built up.

Nevertheless, in many of the fields indicated, the interpre-
tation of chemical isotope effects is invariably based on the
thermodynamics of isotope exchange reactions. This is
because the methods for the analysis of kinetic and equilib-
rium isotope effects are fundamentally the same and are based
on the general theoretical apparatus of statistical thermo-
dynamics and the theory of the vibrations of polyatomic mole-
cules. Significant new theoretical results, which make it an
effective weapon in the hands of research chemists, bio-
chemists, and geochemists, have not as yet been described
in one publication. Nor has any attempt been made to carry
out a combined analysis of isotope effects which would reflect
their relation to the chemical nature and specific features of
the elements. The aim of the present review is to fill these
gaps to some extent.

11. THERMODYNAMICS OF ISOTOPE EXCHANGE REACTIONS

1. General Theory

In the general case a chemical compound can contain an
element undergoing isotope substitution in several different
non-equivalent positions. Non-equivalent atoms are charac-
terised by different equilibrium and kinetic isotope effects,
while equivalent atoms have identical effects.

Following the procedure of Varshavskii and Vaisberg®?, we
shall consider the equilibrium in the isotope exchange of an
element X between two compounds AXp, and BXp;. The first
contains n atoms X capable of isotope substitution in the given
equivalent positions. The remainder of the molecule of A may
contain exchangeable atoms of the element X, but in other
equivalent positions, which are not taken into account in the
present treatment. Similarly in the molecule BXpy account is
taken only of the exchange of m equivalent atoms of the
element X. If the numbers n and m are not unity, the
exchange of isotopes X and X' will proceed through a series
of stages. Each stage can be formulated as:

AXniniXiog + BX o X) 2AXnei+Xi + BXnopa X, %))
where i=1,2,...,nand j=1,2,...,m.
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The equilibrium constant K;; for this stage can be expressed
in terms of the concentrations of the isotopic forms:
Ky— [AX, X [BX, ;X

n~i .

[Axn-n,‘X;—ll [(BX, X1 . @)

In all there are nm independent stages in the reaction under
consideration with equilibrium constants of the type defined by
Eqn.(2). Their sequence, from the first to the last, corre-
sponds to the overall exchange reaction between the fully sub-
stituted isotopic forms:

mAXp+nBXy=mAX . +nBX, (3)

whose equilibrium constant Ky is equal to the product of the
constants Ki]':

n m
Ke=T1] 1] K (4)
i=1j=1
The real equilibrium includes all nm stages and is character-
ised by the isotope separation factor o measured experimen-
tally:
[Xax, l/(Xax,]

n

Koy, /Xy, ) ’ )

where [X] and [X'] are the overall mole fractions of the iso-
topes X and X' in the compounds AX, and BXp,.

The quantities Kjj, Ky, and o are related to one another and
to the symmetry numbers of the isotopic forms of the molecules
AXp and BXp, by the following expressions:

Ko — 0 B X 0 B, X, .
6 (AX,_ X)) 6 (BXpp_y1y X))
Ky=q™™. 6

Statistical thermodynamics expresses the equilibrium con-
stant Kjj in terms of the partition functions @ of the isotopic
forms of the compounds AX, and BXp:

L Qax,/Qx,
Kij= 1 72,

Qux,,/Qx,, (8)
where the prime refers to forms AXp and BXp, containing the
larger number of atoms of the X' isotope.

In the ideal gas approximation, usually employed for chemi-
cal equilibrium, one neglects the dependence of the partition
functions on the phase state of the given substance, which
makes it possible to calculate these quantities from molecular
spectra and molecular constants without taking into account
the interactions of the molecules. A further simplification is
achieved by employing the Born—Oppenheimer approximation
concerning the subdivision of the internal energy of molecules
into the electronic, spin-nuclear, vibrational, rotational, and
translational components®2. For the majority of isotope equi-
libria, this approximation is also the only one possible, since
more accurate calculations require much more detailed
information about the molecular force field.

In the calculation of thermodynamic isotope effects there is
no necessity to calculate the electronic and spin-nuclear com-
ponents of the partition function. The electronic component
does not differ from the statistical weight of the electronic
ground state for the vast majority of molecules in the range
0—2000 K, since the excited electronic levels are usually much
higher than the ground levels. For the rare molecules where
there is a possibility of thermal excitation of even one elec-
tronic level, the total partition functions must be calculated
for each level separately because excitation is accompanied by
a sharp change in the vibrational characteristics and a very
significant change in the rotational characteristics of the mole-
cules®®®. An analogous situation obtains also for the spin-
nuclear component, which plays a significant role only for
molecular hydrogen, where it must be taken into account by
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calculating separately the partition functions for the ortho-
and para-forms?®S,

The exclusion of the electronic and spin-nuclear components
reduces the task of finding the thermodynamic isotope effects
to the calculation of the vibrational, rotational, and transla-
tional partition functions or, in the refined version, to the
calculation of the vibrational-rotational and translational par-
tition functions.

In the most accurate studies the vibrational-rotational com-
ponent is calculated taking into account the anharmonicity of
the vibrations, the centrifugal stretching effect, and the
effects associated with vibration-rotation interactions¢-7,
However, the information required for this purpose is avail-
able for very few molecules and in the calculation of the iso-
tope effects of all elements except hydrogen one therefore
employs simplified models of the vibrational and rotational
motions, which are assumed to be independent. The simplest
and most widely used harmonic oscillator—rigid rotator model
neglects the three corrections enumerated above, and makes
it possible to resolve completely the rotational and vibrational
partition functions3®3%°,

The calculation of the thermodynamic isotope effects does
not require the separate determination of the partition func-
tions for each isotopic form of the compound. It is more
rational to calculate the ratio of the partition functions of the
isotopic forms (RPFIF) of the given molecule.

In terms of the "rigid rotator—harmonic oscillator" approxi-
mation, the RPFIF, also denoted by f, can be formulated as
follows?27-%?;

D [l —exp (mihc/kT)]di

Lo (M (Ll R ke (G AN
! ‘?(7\7) (IAIBIC> P [2kT(2d‘m“Z d‘m‘” , o

‘ ! IT 11— exp (o;herT))™
' (9)

where M is the molecular weight, IAIgIc the product of the
moments of inertia of the molecule relative to the three (prin-
cipal) Cartesian axes, w; the ith harmonic vibration frequency,
and d;j the multiplicity of its degeneracy; the primes refer,
as in Eqn.(8), to isotopic forms containing a greater number
of atoms of the isotope X'. If the prime is attributed to iso-
topic forms of molecules containing a greater number of heavy
isotope atoms involved in exchange while the symbols without
prime are assigned to forms with a greater number of light
isotope atoms, then Eqn.(9) leads to a convenient specific
relation: fo'/o21.

Eqn. (9) can be significantly simplified by the application
of the Teller—Redlich theorem"!:*?, which relates the moments
of inertia, the vibration frequencies, the molecular weights
M and M', and the masses of the isotopes m and m' in the iso-
topic forms, which differ in the isotopes of a single element:
TAlBle (M [ moon o \?

Gl O =

148l

(10)

Substitution of Eqn. (10) in Eqn.(9) leads to the following
relation:

,

. . d;
T 1o exp (— wjhe/2kT) [1 — exp (— w hc/2kTI 1
i

[T e exp (— wyhe/25T) 11 — exp (— wjhe/2rTI= ) an
i

The multiplier (m'/m)3”/2, determined by the masses of the
pair of isotopes under consideration, enters into all the
RPFIF referring to this pair of isotopes; in the calculation

of isotope effects it always cancels out and is therefore omitted.

In most studies the ratio o/¢', which is equal to RPFIF when
all isotope distributions are equally probable, is transferred
to the left-hand side of Eqn.(11). The so-called reduced
frequencies wihc/kT are in general designated by uj. When
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account is taken of these conventional procedures and
notations, Eqn. (11) can be put in the form

T tufexp (— iy 1t —exp (—apny® T Ish (uy2)/u)®
- g
H {u; exp (— uf2) [1 — exp (— u‘-)]"}di I [sh (“;/2)/u;]d[

i

The difficulty of the determination of the quantities (o'/0)f
by Egn.(12) depends on the number of atoms in the molecule
and on the symmetry of the isotopic formsunder consideration.
The symmetry numbers ¢ and the degree of degeneracy of the
vibration classes dj and d] depend on the latter. With
decrease of the symmetry of the given form, the degrees of
degeneracy diminish and the orders of the submatrices of the
secular equations of vibrational motion increase. The latter
implies an increase of the number of non-identical cofactors
in the products in the numerator and denominator of Eqn. (12).
In the limit one of the products can have 3N—6 cofactors, but
the main difficulties in the application of Eqn. (12) do not
depend on the fact that the number of cofactors can be large.
A large number of non-identical frequencies implies a sharp
increase of the difficulty of their calculation, because the
frequencies of isotopic forms are usually unknown and are
found by solving the secular equations using particular models
of the potential energy of the molecules.

Evidently the number of different isotopic forms AXp-;X! of
the compound AXp is n+1; in order to characterise fully the
thermodynamic non-equivalence of these forms, it is necessary
and sufficient to calculate n independent values of the RPFIF.

For equilibrium between the molecules of AXn and BXy,, the
calculation of the isotope effects requires the determination of
n+m values of the RPFIF, and, as just shown, each of these
determinations can be very complicated. A successive radical
simplification of the calculation of isotope effects is achieved
by replacing the RPFIF for all possible pair combinations of
the isotopic forms for any molecule by the simplest functions
of a single RPFIF referring to the fully substituted forms AXp
and AXp. This replacement not only greatly reduces the
number of RPFIF required for the consideration of the equi-
librium (two instead of n +m), but also simplifies to the maxi-
mum extent the very calculation of these two necessary values
of the RPFIF, since the high and identical symmetries of the
fully substituted forms reduce to a minimum the number of
different vibration frequencies.

The "rules of the sums of isotopic frequencies"”, first
obtained by Sverdlov*®:"® and Decius and Wilson*” and sub-
sequently modified by Broderson*®, follow from the theory of
the vibrations of polyatomic molecules*>™*, These rules can
be represented by the formula

3N-6 , 3N-6 ,
D) o (AXa i Xj) — 3 0 (AX; 1 Xa-gu)
' 3N-8 , ' 3N-8 ) (13)
= 2 o (AXnX1) — 2 oF (AX - X1vk),
7 7

where the symbols X and X' refer to the light and heavy
isotopes of the element X respectively and p is any integer.
Using Eqn.(13) with p =1,2, Bigeleisen'’”>*° showed that,
for the values of In(fo’/0) referring to different members of
the isotope-homologous series AXn_J-;Xj, the "geometrical mean

rule", which assumes the general form
,‘ﬁkm[%fmxn,,.x;mxﬂxp — const. (14)
i—

holds with an adequate degree of approximation. This rule,

first discovered empirically in an early study by Urey"*’, has
been frequently subjected to numerical tests!®7:%%5° which
invariably confirmed its adequate accuracy [the deviation from
the rule does not exceed 1.0% of In(fo'/o)].
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When the isotopic equilibrium of a specific pair of isotopes
is considered, the geometrical mean rule makes it possible
to characterise the entire set of isotopic homologues by a
single value of the RPFIF, which establishes an unambiguous
(isomorphous) correspondence between the chemical com-
pound (molecule, ion) and the characteristics of its possibili-
ties as regards isotope separation. Varshavskii and Vais-
berg®! suggested that the concept of the B-factor, which is
related to f, be used for this purpose. If the RPFIF refers
to the fully substituted forms AXp and AX}, containing n
equivalent atoms of X capable of isotope substitution, then,
regardless of the complexity of the compounds and the value
of n, the following very simple relation holds:

Inp = % Inf (AX,/AX). (1)

The advantage of the concept of the g-factor over the RPFIF
thus consists in the fact that it defines unambiguously the
degree of thermodynamic non-equivalence of two isotopes in
the given molecule, while the RPFIF includes in addition the
equally probable distribution factor, which is equal to the
ratio of the symmetry numbers. The expression for the
R~factor can be written in the form

Inp— LE din {u‘i exp (— u3/2) [} — exp (— n;/ﬁ))‘l} (16)
n o< u; exp (— u;/2) [1 — exp (— u,/2)]7?
or
1 sh(u;/2) u;
Inf = — d:In T
p=—3 [sh(u;_m, u;] (17)

Eqn. (16) has become the main working relation in most studies
devoted to the thermodynamics of isotope exchange and kinetic
isotope effects, although the necessary stipulations concerning
the conditions governing its application are not made in many
investigations.

Brodskii®' and Varshavskii and Vaisberg showed in the
general case’! that, when account is taken of the equal proba-
bilities of the distributions of isotopes between all the isotopic
forms of substances AX, and BXy,, the isotope separation
factor a, corresponding to the equilibrium in the entire set
of type (2) reactions, is given by the very simple equation

(18)

The simplicity of Eqn. (18) constitutes yet another piece of
evidence demonstrating the superiority of the concept of the
g-factor compared with that of RPFIF.

In view of the difference in the significance of these con-
cepts, we thought it essential to confine ourselves to only one
of them in the present review, namely the B-factor. Never-
theless, in order to simplify and facilitate the exposition, both
terms are used in the text below. Unless otherwise stated,
here the significance of the term "RPFIF" is always identical
to that of the term "g-factor".

o = Bax,/Bax,.

2. Refined Quantum-Statistical Relations

The "harmonic oscillator—rigid rotator" approximation, to
which Eqgns. (12), (16), and (17) correspond, ensures an
accuracy of the calculation of the RPFIF sufficient for the
majority of practical problems in the thermodynamics of iso-
tope exchange. Here we shall consider the refinements and
corrections which follow from improved models and which are
necessary in certain special situations. At the same time,
such treatment should indicate the limits of the accuracy
of Eqn. (12), (16), and (17).

Real molecules are anharmonic oscillators and non-rigid
rotators. Different vibrations of polyatomic molecules are
not independent. The same applies to the vibrational and
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rotational motions of the molecule as a whole. Furthermore,
the energies of states with zero vibrational quantum numbers
differ from the quantity hcwi/2. Finally, account must be
taken of the effects of the internal rotation of groups in the
molecule and (at low temperatures) of the difference between
the rotational partition functions and their classical values
(quantisation effects). The influence of these factors on the
RPFIF decreases approximately in the following sequence:

(1) anharmonicity and interaction between the vibrations; (2)
quantum effects of the rotation; (3) hindered internal rota-
tion; (4) non-rigidity of the rotators (centrifugal stretching);
(5) interaction between rotation and vibrations.

All these corrections are introduced in the form of the
corresponding muitipliers of the quantity Bpgpm found by
Egns.(12), (16), or (17) in terms of the "harmonic oscillator—
rigid rotator" approximation:

Bexact ="Pinarm C1C2C:C.Cy. (19)

The correction for anharmonicity C,; includes simultaneously
the effect of the deviation of the shape of the potential energy
surfaces of the molecules from the parabolic form and the
interaction of different normal vibrations®®:5%5%. The vibra-
tional energy levels of polyatomic molecules are usually speci-
fied by the expression®®

2
Eyibr= thmi (Uz' + %) + 2 hexy (Ui + ;—) +
‘ . ‘Y (20)
+§ihcx,-,-(v;+?)(v,-+—2—)+
in which v; and vj are the vibrational quantum numbers of the
vibrations i and j and xj; and x;jj are anharmonicity constants.
Since the forms of the potential energy surfaces have been
little studied, we shall confine ourselves to the first terms of
the expansion of Eyjppy in Eqn.(20). In terms of this approxi-
mation, the correction for anharmonicity is5%:53

Co= exp [ 3} (i — ) didy] - {1+ 5 i 1

(21)
x4 4 ¢)
@1 i=1)

The first term in this expression, which reflects the influence
of anharmonicity on the zero-point energy, makes the main
contribution. The expression in braces corresponds to the
thermal excitation of the vibrational levels and at the usual
temperatures hardly differs from unity. Taking this factor
into account, the correction for anharmonicity in relation to
Eqns.(16) and (17) is expressed thus:

Cl = exp [42%2 did/ (x;, Cand )C,‘i)] .

.Uy u;
Xij (et +e7)

. u; ui
o e Fu® _!_thd‘dI
" u; kT :
T (e € — 1 e —1)

(22)

According to the Darling—Dennison rule®*, we have for fully
substituted isotopic forms

(23)

% [xy=0/ 0] /oo

Eqn. (22) transforms into®®
_ he ) Aw; Awi R R
Cl_exp[a}-z did; (ET—*__@)T” Aw; = 0, — ;. (24)
i<j

Wolfsberg?*:5%:5¢ showed that the correction to zero-point
energy for anharmonicity, expressed by equations of type (20),
suffers from a significant inaccuracy, because it does not take
into account the component of the zero-point energy which is
independent of the vibrational quantum numbers. A more
accurate expression for the vibrational levels should include
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the constant terms G,, which converts Eqn. (22) into the
following expression:

= i |G+ i);}"%(xq—xfn]. (249
Allowance for the constant terms G, introduces a contribution
to the correction for anharmonicity which is comparable to the
correction itself5%%?, Using the Morse potential function,
Ishida®® expanded the analysis of the correction for anhar-
monicity and tabulated the increments in partition functions
corresponding to it as functions of u and x.

The presence of a single hindered rotation in a molecule
implies a decrease of the number of vibrational degrees of
freedom by unity, a decrease of the number of cofactors in
the expression for the partition function ratio, and hence an
appreciable decrease of the ratio. The vanishing cofactor
is replaced by the ratio of the internal rotation partition func-
tions, which in the general case differs very little from unity®.
This correction (C,) amounts to several tenths per cent of
In B at the usual temperatures for the protium—deuterium sub-
stitution and falls to hundredths per cent for heavier elements.

The correction C; due to the quantisation of the rotational
motion®¢:37¢% j5 significant in the protium—deuterium substi-
tution at low temperatures, while in other cases it is insigni-
ficant. The corrections for the centrifugal stretching of the
bonds in the molecules 7,61 (C,) and for the interaction of
the vibrational and rotational motions %6253 (Cy) are always
negligible at temperatures above 100 K.

In a series of recent studies®*:¢% the accuracy of the initial
Born—Oppenheimer approximation itself was analysed in rela-
tion to diatomic molecules. A correction for its inaccuracy
can be introduced into Eqn.(19) by means of a correction
coefficient Cq. In the examples examined®® the contribution
of this correction to In B does not exceed 0.1%.

3. Approximate Relations

The quite satisfactory accuracy of the "rigid rotator—har-
monic oscillator" approximation, the low availability of more
detailed information about the energy states of the molecules,
and the applicability of the geometrical mean rule make
Eqn.(16) the main mathematical relation of the thermodynamics
of isotope effects. Despite its simplicity, its practical appli-
cation is quite laborious. In order to develop computer
programs for its calculation, a number of attempts have been
made to reduce it to forms more suitable for calculations.

The method of Bigeleisen and Mayer®® is widely used. They
expressed RPFIF as the following function of reduced fre-
quencies and their isotopic shifts:

B=1-+3Gw)Au; Au;=u—us;
G(w) = 1/2 — Vug + 1)(e" —1).

Eqn. (25) significantly reduces the values of In f—the relative
error of the calculation reaches 15—17%. Despite this,
Eqn. (25) is frequently employed as a simple means of esti-
mating the contributions of different vibrational frequencies
to RPFIF and as a means of interpreting the different overall
variations of RPFIF due to the absolute values of uj and Auj.

Another expansion of g, in terms of functions of u; and Au;,
is sufficiently accurate for computational purposes®!:

Sy, Au; C(u)) —2S (u; Au\?
Inf — 26 (x) [1+ . (-") Al L (—") JAui,
2G (u;) u;

6G (u;) u
Glw) = 1/2 — Vu; + 1" —1); S (uy) = Vuy — u;€j(e% — 1% C (uy)

= 2uie™ij(e — 1) — u; (u; + 2) "y — 12

(25)

i

_(26)

The functions G(u;), S(uj), and C(u;) as well as their deriva-
tives with respect to u have been tabulated using small steps
: 66,67

in u®®®7,
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111. METHODS FOR THE INTERPRETATION OF CHEMICAL
ISOTOPE EFFECTS

As mentioned in the introduction, the theory of chemical
isotope effects has two complementary aspects—the use of
isotope effects as a research technique and the consequent
problem of the analysis and interpretation of the measured
effects, and the prediction of effects in order to select
chemical systems for the separation of isotopes or in order
to devise a research technique. Both problems involve the
same mathematical procedures and differ solely in their
formulation and the preference given to different methods of
solution.

Depending on the means used for the analysis and predic-
tion, it is possible to distinguish three levels in these prob-
lems: the level of the rigorous theory of the vibrations of
polyatomic molecules; the level of semiempirical relations
using the correlations between the isotope effects with sepa-
rate exact or approximate characteristics of the molecular
force field; the phenomenological level, operating with con-
cepts such as the degree of oxidation of the element, the type
of geometrical configuration of the compound or its fragment,
and the type of donor atom or ligand attached to the element.

The first level is naturally of key importance, since a
rigorous treatment of the values of o and B in terms of the
theory of vibrations makes it possible to isolate the most
important determining groups of molecular characteristics,
which can then be expressed approximately in terms of the
other two levels. Nevertheless the first level is used nowa-
days solely for the interpretation of isotope effects (in con-
sequence of the complexity of the mathematical relations for
this level and the existence of simpler but accurate proce-
dures which make it possible to calculate the isotope effect
directly); it is therefore the level of the rigorous interpre-
tation of isotope effects.

1. Approximate Relations

The relative simplicity of the theoretical relations between
chemical isotope effects and the intramolecular characteristics
has already been mentioned. The simplest relation, whereby
one can obtain a general estimate of the influence of various
factors on In g, is the linear Bigeleisen—Mayer approximation,
which is valid at high temperatures®®:

1 . 1 (A
Inp = 24—”2’ [ui — ()%= m(—

2
kT) ASp (GF),

Q7

where ASp(GF) is the isotopic increment in the trace of the
product of the kinematic coefficients matrix G and the force
constants matrix F.

Bearing in mind that the stretching vibration frequencies
make the main contribution to Ing, Bigeleisen proposed a
modification of Eqn. (27) which is suitable in the region of all
of the usual temperatures. This is achieved by introducing
a correction coefficient yg(ug) determined by the reduced
frequency ug of the symmetrical stretching vibration®®6°:

Vs [ h\? .
Inp = 517;(5) ASp (GF),' W= }26 (us) s, (28)

Subsequently he described?® a method whereby one can fit to
v a finite Chebyshev polynomial as a function of upax—the
maximum stretching vibration frequency of the molecule. It
has been shown’? that' ‘instead of us and Umax, it is more
desirable to employ the weighted-mean frequency using the
isotopic increments in the squares of the frequencies them-
selves as the weighting factors.
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A simpler method has been proposed” for the determination
of Y from the ugg (asymmetric stretching vibration frequen-
cies) and ASp(GF) whereby an expression can be fitted to Ing
with a relative error of *2% and the necessity to take into
account the isotopic shifts of all the frequencies of the mole-
cule is eliminated. The values of yqs have been tabulated”
as functions of ug,g and the ratio of the isotope shift Au to u.

The analytical value of Eqns. (27) and (28) consists in the
fact that they reveal the principal intramolecular parameters
which determine the values of Ing. These are the force
constants, geometrical characteristics, and atomic masses in
the molecule. Analysis of ASp(GF) makes it possible to
estimate the relative role of each of the three groups of fac-
tors and the relative contributions of different components
within these groups. In terms of their influence on Ing, the
above groups can be arranged in the following sequence. The
influence of the masses of the atoms capable of undergoing
isotope substitution is strongest, that of the force constants
is weaker, and that of molecular geometry is weaker still.
However, one should bear in mind that this subdivision of
molecular parameters into groups is conventional, since the
atomic weight of the element and the characteristics of the
force fields of the molecules in which it is included depend on
one another, and the force constants and molecular geometry
are interrelated to an even greater extent.

Analysis of ASp(GF) revealed a virtually rigorous propor-
tionality of the quantity Inp and hence also Ina to the square
of p, the reciprocal of the atomic weight of the element
involved in isotope substitution, and explained the very rapid
decrease of the chemical isotope effects with increasing atomic
weight °®:

A
A Sp (GF) = Ap 5| aify = m‘z afij

ij ij (29)

where Am =m'—m, m and m' are the atomic weights of the iso-
topes of the given element, u and u' are the reciprocals of the
atomic weights of the isotopes, ajj are coefficients in the ele-
ments gj; of the matrix G which depend solely on the molecular
geometry, and fij are the elements of the force constants
matrix F.

Eqn.(29) permits a rough estimate of the degree of diminu-
tion of the chemical isotope effects on passing from the first
element in the Periodic System (hydrogen) to the last—for
example, uranium. The quantities InB and Ina, recalculated
in terms of a single increment in the mass difference Am,
should then diminish by a factor of (2—3) x 10*.  Although
in reality the scale of the decrease of the effects is somewhat
smaller’? owing to the influence of the second cofactor on the
right-hand side of Eqn. (29), this equation imposes very
stringent limitations on the overall scope of both chemical
isotope separation methods and the applications of isotope
effects as the basis of a research technique. The first fac-
tor on the right-hand side of Eqn.(29) is in fact the main
factor, which determines the limits of the development of these
fields at the present time and shows that they are applicable
to the set of relatively light polyisotopic elements.

Another corollary of Eqn.(29) is the proportionality of the
isotope effects to the difference between the isotopic masses
Am or, more precisely, the direct proportionality of In 8 and
Ina to the increment in the reciprocal of the mass of the iso-
tope Au. This relation is responsible for the large magni-
tude of the isotope effects and the ease of their measurement
and application in those cases where Am >1. At the same
time it can be used to test the accuracy of the experimental
determination of the effects, when the latter have been mea-
sured in relation to three or more isotopes of the given ele-
ment.
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The masses of other elements (incapable of isotopic sub-
stitution) do not enter into the expression for ASp(GF), so
that the values of RPFIF and Ino depend only slightly on
them’®. The influences of the masses of other elements
linked to those involved in isotope substitution are appre-
ciable only in hydrides, where protium can be substituted
by deuterium and tritium which are twice and three times as
heavy.

Table 1. Algebraic expressions for ASp(GF)/Au for certain
types of molecules XY and X(YZ), with linear ligands (YZ)
(r and R =XY and YZ distances; a=YXY angle; B8 =XYZ
angle in the YXY plane; 6=XYZ angle in the plane ortho-
gonal to the YXY plane; <y =angle defining the displacement
of the XY bond from the plane; f,»=XY bond force constant;
frr and f,!.r. = force constants for the interaction of the adja-
cent and opposite XY bonds; f,=YXY valence angle force
constant; f,, and f(, =force constants for the interaction
of adjacent and opposite angles; fg, fBB’ fag» ete. are
defined analogously).

Type of molecule

NogF = -
and its symmetry e BijFi) = 8P GH Ak

i

XY3(Dy, ) 2(f,—F,)) + 8T
X (YZ) (Do ) 2(f, —F,) + 8 fo— 1GV—fap+4( ) (Fp -+ Top)
XY; (Cyp) 2(f, +cosaf,)—4sinaf,, -+ 2(1—cosa)f,

X (Y2)2(Cy) 2(},+cosaf,)~4dsinaf,+2(1 —cosa)f, —4 }/—’f— (1--cos o) X

$ap + 24| 1 -y —cos gy — Fop)

XYs (Dyy) 3= o) =6V 3 (a—T1o) + U~ fag) £ 91y

X(¥2)y (D) | 3Ur—F) =813 (fra— 10 +9 e —Faa) + 91, *GV?&X
X fop+ 5 ]/ (fvgrfo)+3( )(f5+f9+f,35 2 foq)

XY, (D) Al Fi) =16 (Frq = Fra) 8 (o= o) + 8y~ Fp)

X2, (D) | 4Ur—Tre) =16 = Fra) +8 (o= laa) +8(Fy— lyy) —

—16 )/ ——<faﬁ i—faa)+4( )(f;ﬁ Fo=2fap ~ fon)

XY, (Ta) “(f,— ) —16V2 (f,a/f,g)+16(fa——/m)

X(¥Z)(Ta) 5 0F = £ )16V T (g Fra) 16 (g o) 16V——x
x(iaﬁ+faﬁ)+24]/ (faﬁ+fag>+8(l/ p )(fﬁ+fﬁg—
—3fgg)

XYo(On) 8, —fr) =48 g 26 (o + 2 o — o)

X(¥2)5(0n) B(F,— 7)) =48 frq "+ 26 (o + 2 Fog — Fo)— 48]/ (Fop+ fap +

+2fgp) +12 (]/;) (Fa+ Fop— Fpp)

In terms of the range of its accuracy, Eqn.(29) makes it
possible to separate the influence of the isotopic masses from
the influence of the force constants and molecular geometry
within Ing. The role of the last two factors can be seen
from Table 1, which presents the algebraic expressions for
the sums inai]-fij for isotope substitutions of the central atoms

X in compounds of the type XY, and X(YZ),.”* Both the
force constants f” and the coefficients q;j;, which are deter-
mined by the molecular geometry, are derivatives of the
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characteristics of the potential energy surface of the mole-
cules and their effects can be separated only by convention.
Nevertheless, inspection of the expressions in Table 1 shows
that formally such subdivision can be readily achieved and
this makes it possible to separate the influence of bond
strength from the influence of molecular geometry. We shall
take into account the fact that the force constants for the
deformation of bonds f;., the deformation of valence angles f,
the interaction of bonds f;.,., the interaction of bonds and
angles f.,, and the interaction of angles with one another faa
decrease in a specific sequence’®’¢:

fe> > f ez fra.
This means that the main contribution to ASp(GF) comes
invariably from (fy— f,,) combinations multiplied by the
coefficients gjj, equal to the number n of attached atoms Y
or atomic groups YZ. Despite the much greater numerical
values of the coefficients a;; of other combinations of constants,
the fraction of this contribution does not fall below 60% of
ASp(GF) and is in the range 80—90% for the vast majority of
molecules. Thus the force constants f;. for the deformation
of bonds and their number n make the main contribution to
ASp(GF).%%:7¢ If one is dealing with a molecule of the type
XY:Y;...Yj...Y in which the atom X involved in isotope
substitution is linked to different atoms or groups Y;, then
the dominant component of the sum Eaijfij is %fr'i'

(30)

According to the concept of the transferability of force
constants’%7%, the bond deformation force constants for series
of related molecules have the same numerical value or change
comparatively slightly. Together with the considerations
described above, this justifies the treatment of the quantities
InR as sums of certain constant increments corresponding to
each bond. It has been shown’*77 that in isostructural
series of the type CH,, CH;F, CH,F,, CHF,, CF, or BF,,
BF,C1, BFCl,, BCl; the additivity of the values of Ing for
the central carbon and boron atoms holds with a high degree
of accuracy. However, even for an approximate maintenance
of the additivity of ASp(GF), numerous conditions must hold,
which are partly outside the scope of the concept of trans-
ferability of the force constants’®. The next section of this
review will show that the rigorous additivity of InB is incom-
patible with the rigorous additivity of the higher terms of the
expansion of Ing in series in terms of the quantities ASp(GF)/
even for series of geometrically similar molecules. The
assumption of the additivity of the thermodynamic isotope
effects of carbon for arbitrary sets of organic compounds
is therefore erroneous.

7,79

2. Exact Relations

Eqgns. (28)—(29) make it possible to interpret the values of
In g only to within a correction factor y. Although in most
cases the latter lies within a narrow range of values, the
corrections which it introduces can reach 30% of the true value
of In8. This is a result of the failure to take into account
the non-linear terms of the expansion of Ing in terms of the
characteristics of the force field.

An accurate expansion in a variable-sign power series with
Bernoulli coefficients Byj was obtained by Bigeleisen®® for
the range upgx < 2m:

o (— l)]+1 le_ 3N-6
Inp = i () =
P Z' 2] (2i)! ;2, “D) ‘
_ © (— 1)i+1 Bzi—x (Iﬁ)z/‘ ; (31)
=2 ey ur) S5POE

j=1
The condition for the convergence of this series (upgx <2m)

holds only for molecules with comparatively weak bonds or at
relatively high temperatures.
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This limitation as well as the low rate of convergence of
series (31) stimulated the derivation of approximate expres-
sions for In B over an arbitrary range of values of u. Con-
siderable efforts were wasted in the search for ways of achie-
ving a sufficiently accurate mathematical description of Ing8
with the aid of finite orthogonal Jacobi polynomials®*?%:87,
Analysis of different versions of this description by Bigeleison
and Ishida®? led to the conclusion that the following approxi-
mate expression, in which the terms of series (31) are modu-
lated by finite first-order Chebyshev polynomials, is best:

_3 ; O™ By (e 32)
e ?;‘1 T <kr ‘
The accuracy ensured by the Bigeleisen—Ishida expansion
(32) is determined by the order n of the modulating Cheby-
shev function T(n,j,upgx) and the required range of values
uel0,upgx]. The accuracy of Eqn. (32) is higher the higher
the order n and the narrower the required range of values of
u. The marked increase of the error of the approximate
expression (32) with increase of u necessitates the application
of a (third—fourth)-order function T(n,j, uy,x) and the
introduction into T(n,j,upgx) of exact values of Umgx COTTE-
sponding to the maximum frequency of the vibrations of the
molecule in the "light isotope" form.
Nemeth et al.?! used the minimax method in order to expand
the components of InB into a finite polynomial; the resulting
approximate expression is

)ASp (GF).

n 3N-6
Inp=~ 2 a(n, j, umax) - 23 8 (it max)™ ==
=1 i

(33)

z . e\ i

=3 an, j, tmx) - (E) ASp(GFY

=1 /
where a(n,j, uyax) are modulating polynomials analogous to
T(n,j, upax), and their numerical values have been tabulated®.

The difference between Eqn.(33) and (32) is that the Ing
polynomials a(n,j,upax) fit much better the components of In 8
and over a wide range values of u. Although the accuracy
of Eqn. (33) is ultimately comparable to that of Eqn. (32), the
weak dependence of the error of the former equation on u
makes it possible to employ the same numerical values with
a(n,j,upax) for large sets of molecules over a wide tempera-
ture range. This converts Eqn.(33) into an algebraically
simple expression and greatly facilitates the mathematical
analysis of the relations between the RPFIF and all its intra-
molecular characteristics.

Having used the perturbation technique, Singh and Wolfs-
berg® obtained a new relation expressing the RPFIF directly
in terms of the force constants, masses, and geometrical
parameters of the molecule. To a second approximation, this
method ensures an error in the fitting of an expression to In g
at the level of several per cent. The resulting expression
is not algebraically simple®® and has not as yet been subjected
to a general analysis from the standpoint of the possibility of
using it for the investigation of the structural characteristics
of the thermodynamics of isotope exchange.

Eqn.(32) has been used in a series of studies®%®%~#¢in order
to investigate in detail the relations between the RPFIF and
the force constants. The following example provides an idea
about the complexity of the resulting specific relations®®: the
overall form of the expression for ASp(GF)® for a non-linear
triatomic molecule has 113 terms. If it is necessary to esti-
mate the scale of the significance of various constants, this
makes numerical analysis of specific molecules preferable and
lowers the generality of the conclusions.

The estimation of the contributions of various force con-~
stants to Inf with the aid of equations of type (32) involves
a significant difficulty: the replacement of the real (numeri-
cal) value of the force constant by zero has the physical
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significance of either bond rupture (if one is dealing with the
valence constant), or the complete elasticity of the valence
angle (zero deformation constant for the angle), or the cessa-
tion of the interaction between unlike coordinates. Such
substitution can influence the coefficients of the characteris-
tic polynomial to such an extent that certain vibration fre-
quencies of the molecule "modified" in this way can prove to
be imaginary. A special method has therefore been pro-
posed®” for the extrapolation of Ing, in terms of the force
constants, from the region where all the frequencies of the
"modified" molecule retains positive values to zero values of
the force constant. This method must be used in estimating
the contributions of the valence and deformation constants,
which are largest. On the other hand, the constants for the
interaction between unlike coordinates can be estimated
directly with the aid of Eqn. (32).

This exact analysis confirmed the dominant role of the
valence force constants f,. (which follows from the analysis
of the approximate relations and empirical correlations), the
secondary role of the deformation constants f,, and the much
smaller influence of constants of the type fpp, faq, and frg,
which reflect the interaction of unlike internal coordinates of
the molecule. It has been shown®’ that the contributions of
the valence constants to In By, characterising polyatomic
deuterium-substituted hydrides, are almost additive at normal
temperatures (300 K) and are rigorously additive at higher
temperatures. The isotope effects of oxygen and in general
of any element whose atoms play the role of terminal atoms are
similarly almost additive and cumulative with respect to the
force constants®3:%®.  On the other hand, additivity breaks
down significantly for elements of the type of carbon, which
form numerous bonds and play the role of central atoms®®

Expansion (32) has been used®? to test the accuracy of
Eqgn. (14), which postulates the thermodynamic equivalence of
all the stages of the isotope substitution of equivalent atoms.
In contrast to earlier studies, it was found that the correc-
tions to the geometrical mean rule are appreciable and can
amount to 0.1-1% of InB.

Table 2. The functions b; in Egqn. (35) [BI = (3.55559 x
1078/ T2upm a5 )%, ga =a(n,{,upax) according to Nemeth et al.®
and n =degree of polynomiall.
n Function bf
1 bi=b,
2 b1=B,+2B,0,
by=—28;
3 b= B\ +2B,0,+3B;0,°—3B102
by=--2B,—3B40
b3=238;
4 b= B, +2B,01+3By0,2—3B30; + 4B40,°—8B,0,02+
+4B403
by=—2B,—3B301—4B40,>—4B,0,
==3B;3-+4B,0,
by=—4B,

A deficiency of Eqns.(32), (33), and other polynomlal
expansions of Ing in terms of the parameters ASp(GF)] is the
algebraic complexity, already mentioned, of the increments
in the traces of the degrees of the matrix (GF), which con-
stitutes a significant obstacle in the mathematical analysis of
the relations between the RPFIF and the characteristics of
the molecules. A definite advance in this respect was made
by the simplification achieved using Waring's formulae®®*’,
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Their application replaces the parameters ASp(GF)f by Aoi
(isotopic increments in the coefficients o; of the characteris-
tic polynomial for molecular vibrations):

0, = 4n?c? 2 o
B
0, = (4% S wio,
i#k

2 OO

ikl

(34)

= (dn3c?)P

This replacement of the parameters of the expansion reduces
Eqns.(32) and (33) to the form

Inp = 2 biAa; + 2 bixAc;Acy -+ 2 bjuhAoAoyho+ ..., (35)

Jokd

where b;, b; 1, and bi k,1 are functions of o; of different
orders, which depend onthe choice of modulating polynomials.
If the functions b] bl K> .- are found by the method of
Nemeth et al.?* from the polynomials a(n,j,upax), then their
form is significantly simpler than in the case where T'(n,j, umax)
is used for the same purpose (Table 2).

The advantages of Eqn. (35) compared with Eqns.(32) and
(33) are as follows. Despite its apparent greater complexity,
Egn. (35) has a simpler structure and converges more rapidly,
but Table 3 shows that the contribution of even the second
sum on the right-hand side of Eqn. (35) is comparable to the
error of the approximation and can therefore be neglected

together with higher terms. The first sum ;bjAoj has a

convenient structure. In contrast to the variable-sign sums
on the right-hand sides of Eqns.(32) and (33), it includes
only positive terms whose absolute magnitude decreases
rapidly. Table 3 shows that the first term with Ac; amounts
to 70—90% of In B, the contribution of the second term with
Ao, is 10—30%, and that of the term with Ao, is about 1% of
InB, i.e. is comparable to the error of the approximation.
This enables us to speak of the relative contribution of each
term to InB, while a similar statement does not have such a
clear-cut significance in relation to the terms of the variable-
sign sums (32) and (33).

Table 3. The structure of the contributions of the terms
of expansion (35) to InB at 300 K (degree of polynomial

fitted n = 3, n' =degree of secular equation).
In Bharm , 5b.A0; )

Molecule {Eqn(16)] n 2% biAay b,A0, byATy
NO, 0.0976 2+1 0.0997 0.0737 0.0254 0.0006
NQF 0.0823 0.0838 0.0718 0.0119 4.0001
NOCI 0.0761 + 0.0775 0.0704 0.0070 0.0001
CO, 04719 | 4-+1-F141 | 0.1678 0.1215 0.0450 0.0043
COF, 0.1811 343 0.1840 0.1517 0.0317 0.0006
HCO™ 0.1773 34-34-3 0.1797 0.1290 0.0492 0.0015

Furthermore, the first sum _Zb]-Ao consists of simple func-

tions. Table 2 shows that the values of b; are power func-
tions of the coefficients 0j of the characteristic polynomial.
These coefficients refer to an isotopically unperturbed mole-
cule and can be readily expressed not only in terms of the
frequencies [Eqn.(34)]but also in terms of the matrices G and
F. The values of ¢; are equal to the sums of products of the
principal minors of order j of the matrices G and F.** The
isotopic increments Agj can be expressed quite similarly.
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Overall, the properties of oj and Agj make it possible to sepa-
rate relatively simply the influence on Ing of force charac-
teristics, on the one hand, and of the geometry and mass of
the molecules, on the other. This makes Eqn.(35) convenient
for the interpretation of isotope effects and for the search for
relations.

An example of useful applications of Eqn. (35) is the deriva-
tion of the quantitative coupling relations between the isotope
effects of different elements and the frequency characteris-
tics of the molecules®. For the reaction

HCO; 2 CO;+ OH™ (36)

four isotope exchange processes are possible between all three
substances and there can be four equilibrium isotope effects
with respect to three elements:
*- - »
HE0; + 00 2 HEO; + 80y ag = Bo, B, -

* *
HCO; + OH~ & HCO; - OH~; =By ,

s s HORT ey =Pon /B - (37)
(1 .

* *
HCOO; + CO, 2 HCO; +COy aff) =Beo /B .
. 3

HCDO; + OH- 2 HCOs + OH~; o = Boy-/Bucoy -
The coupling relation for Eqns.(37) or, what amounts to the
same thing, for reaction (36), is as follows:

e Inac + M Inoy + 2 —'—Lg-(lna(o“ +ina®) =
Ape Apy Apg

(38)

=3} jb;(C0O,) 0; (COp) + 3 jb; (OH") 0 (OH") — 3 jb; (HCO;) 07 (HCOY).
i i i

i
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Figure 1. Types of temperature variations of theoretically
calculated isotope separation factors for oxygen, carbon, and
hydrogen in terms of the variables Ina and 1gT in the following
systems: a) **0CS/CH,CH®0; b) Br,C*®0/H*®0CO,;

¢) CH,;*¥*CHO/H?C00™; d) CH,CHDCH,/DCOOH;

e) CH®OCH,/CI,C**0; f) CH,*’*CO/H**C007; g) DONO,/trans-
DONO; h) 3C0,/CH,COCH;; i) DONO,/HCOOD;

i) CH,DCOCH,/CH,DCH,CH,.

With the aid of coupling relations of type (38), it is possible
to estimate isotope effects which have not been investigated
experimentally, to test the reliability of the results, and to
determine the characteristics of the transition complexes.
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3. Temperature Variation of isotope Effects

The most complete theoretical treatment of the nature of
the temperature variation of In8 and Ina has been achieved
by Denisov et al.”* and by Stern and coworkers®®®*. The
analysis was based on the study of the InB; components of
the RPFIF corresponding to different vibration frequencies w;
[see Eqn.(17)]. Each component In i can be effectively
fitted at low temperatures by a linear relation in terms of the
reciprocal of the absolute temperature and at high tempera-
tures by a quadratic relation. The transition from the first
type of relation to the second occurs at higher temperatures
for each frequency the higher the frequency. In the generai
case the resultant value of InB in the region of moderate tem-
peratures therefore depends on temperature in a complex way
and, while obeying the linear and quadratic relations at low
and high temperatures, always exhibits a monotonic decrease
with increase of temperature. In contrast to Ing, the values
of Ina, which are equal to differences between the In8, can
vary non-monotonically with increase of temperature. It has
been shown’!»°%% that there are several types of tempera-
ture variation of Ino, which include relations with inversion
of the sign of Ina, with a maximum, with a minimum, and with
points of inflection (Fig.1).

1V. CHARACTERISTICS OF THE VARIABILITY OF ISOTOPE
EFFECTS

1. Semiempirical Structural Relations

The study of the correlations between the RPFIF and the
exact or approximate characteristics of molecular force fields
leads to the possibility of estimating the RPFIF with the aid of
extremely limited spectroscopic or non-spectroscopic informa-
tion. Conversely, measurement of isotope effects makes it
possible to find the approximate values of the force constants,
the stretching vibration frequencies, and other molecular
parameters.

As shown above, the valence force constants f,., corre-
sponding to the longitudinal deformation of the valence bonds
involving the atom undergoing isotope substitution, make the
dominant contribution to the values of InR. In series of
related compounds there are definite relations between the
quantities fj. and other force constants of the molecules (f,
frrs fras fog) Or their simple combinations (elements of the
F-matrix)”*75,%5,%  which permits a definite selection of the
valence force constants f; as the main argument in the study
of RPFIF correlations. Since the valence force constants
fr are characteristics of the bond strength and there are
many other bond properties correlated with them, the quan-
tities In 8 should exhibit fairly close correlations with many
parameters of both the bonds themselves in the molecules and
of the atoms involved in the bonds.

The density of such correlations and hence their reliability
and usefulness are determined both by the selected method
of expressing the bond strength and by the nature of the
set of compounds for which such correlations are constructed
For example, for simple sets such as those of diatomic moie-
cules 7°%, the observed relations are so close and simple
that the RPFIF can be expressed analytically as a function of
the properties of the atoms forming the molecule. On the
other hand, for the set of hydrides of different elements, it
has been possible merely to conclude that the variation of the
RPFIF is periodic®. In the general case of polyatomic mole-
cules dense linear Inf— If, and InB— L(f,. *f}..) correlations
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are observed for sets formed by geometrically similar com-
pounds. A variable phenomenological feature of the com-
pounds in such sets is usually the nature of the donor atom
attached to the atom undergoing isotope substitution. Exam-
ples of such correlations are presented in Figs.2 and 3.100-10%
In series of the type XY, and XY;Yj-;, where Y and Y' are
different halogens, hydrogen, oxygen, and chalcogens, etc,
these correlations are so close that methods of comparative
calculation of the RPFIF become justified, for example, those
based on the linear relations of the InBx—InBx: type

(Flg. 4).103

In compounds XYiYh_i, where the geometry of the coordi-
nation sphere of the atom involved in isotope substitution is
retained, In8x is nearly additive: the values of InBx can be
obtained as the sums of certain increments for the X-Y and
X~-Y' bonds. As shown above, this is a consequence of the
transferability of the force constants in such series of mole-
cules.

The correlations between In8 and I(f,*f,..) for a set of
compounds with different geometries have a much smaller
density. For such sets (Fig.5), the correlation coefficients
are approximately 0.8. This is a natural consequence of the
influence of the component of ASp(GF), which is not propor-
tional to If,. and reflects the differences associated with the
geometrical variety of molecules.

Frequently only the stretching vibration (symmetric or
anti-symmetric) frequencies are known for the compounds of
interest. The knowledge of these frequencies is virtually
equivalent to the knowledge of one of the combinations (f}. * fyy)
and the squares of the stretching vibration frequencies v can
therefore be used as bond characteristics for compounds
where the central atom is linked to monatomic ligands. Such
correlations are equally well applicable to sets containing the
elements of a single Group or a single Period. It is also
necessary to exclude the influence of masses by introducing
the corresponding multiplier (Figs.6 and 7).
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Figure 3. Dependence of 8y — 1 for the terminal atoms Y

in the tetrahalides XY, of the elements in the carbon subgroup
on the combination of force constants f. + . at 300 K; 1) XF,;
2) XCly; 3) XBr,; 4) XI,.

The force constants are second derivatives of the bond
energies E with respect to internuclear distances corre-
sponding to equilibrium distances re. It is therefore natural
to expect that relations of the type InB—E or In B—I_ZEI- should

be fairly simple. However, even for sets of related diatomic
compounds such expectations are not borne out in prac-
tice®” %%,  For polyatomic molecules, the above relations are
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0006 00072
10005 < 40.0070
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Figure 2.
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Dependence of In Bx for the tetrahalides XY, of the elements in

the carbon subgroup on the combination of constants fr +fp at 300 K.
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also not simple!®. A much better correspondence is

observed between Ing and the argument no(yxyy/ygyy Y PE,
where nq is a constant, yx and yy are the first ionisation
potentials of the atoms X and Y forming the molecule, and y&
and y{’( are the first ionisation potentials of the alkali metals
belonging to the same Periods as X and Y. The use of this
argument (Fig.7) is based on the familiar empirical relation
fy=cE/ry, which Lippincott generalised'®®. The above
relation has been confirmed for a fairly large set of com-
pounds?®5,

Ln /31
ing Pb 6e | Si
Sn Pb
$n
0002 \-00004 -

Ge

-10.406 < 0.06
_-§i

42001 0002\ 0004 {004

4002 < 402

1 | i
4 a7 /73 47

Lnﬁc)

Figure 4. Correlation between the Ing8x for silicon, germa-
nium, tin, and lead tetrahalides and InB¢.

Ln /6
4008

9004

1

aq 4 8 72 76
10°2(£. fr), dyn cm™!

Figure 5. Correlation between InBFe and L(fp, f,.)-

Among the numerous other methods for fitting approximate
expressions to the sum of valence force constants, we may
note the empirical relations of Gordy'°®, Guggenheimer!®’,
Ferreira'®®, Varshni'®®, and Somayajulu'!®, which made it
possible to obtain linear correlations between Ing and the
internuclear distances, electronegativities, the numbers of
valence electrons in the atoms, and other characteristics®’1°%
(Figs.8 and 9).

For hydrogen isotope effects, the influences exerted on the
H-X bond by other atoms linked to the hydride-forming ele-
ment are significant. Characteristics such as the electronic
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charge of the bond, the electron density at the bond, the
electronegativity of the substituting group, and the Taft and
Hammett constants are fairly closely correlated with In Ry for
the corresponding sets of hydrides®®*»*°? (Figs.10—12).

+Amx)]

X

1,

Lgﬁ'[mx(

z
JVL

Figure 6. Dependence of lgg[mx(myx +Amx)} on vZuy,, where

v is the stretching frequency and py, the reduced mass
1) cyanides;

[up, =mpmy /(mg, + my)]: 2) acetylacetonates.

Ln/EY

L
750

7E/7%
Figure 7. Dependence of InB on nE/ry: 1)-3) for C, Ge,
and Si; 4) and 5) for Cl and Br.

2. Phenomenological Relations
-

This concept includes correlations which can be observed
by comparing the isotope effects of one or several elements
with generally accepted chemical concepts such as the degree
of oxidation of the element, the type of donor atom or ligand,
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and the configuration of the coordination sphere of the ele-
ment involved in isotope substitution. The choice of these

features of the chemical compound as the phenomenclogical
equivalent of the intramolecular force field is justified by the

possibility of a direct comparison of the isotope effects with a
76,100,111

wide variety of chemical data

Ln/BY

0 0z 0k 06 ”.;”‘
Tgs A

Figure 8. Correlation between InBy and r, for the tetra-
halides XY, of Group IV elements: 1) fluorides; 2) chlorides;
3) bromides; 4) iodides.
~7
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Figure 9. Correlation between Bx — 1 and the Gordy—
Ferreira factor kxky /r'e2 for the tetrahalides XY, of Group IV
elements; kyx and Ky = atomic electronegativities; r, =inter-
nuclear distance.

The oxidation state of the element, the type of ligand, and
the type of configuration sphere are interrelated discrete
parameters. While the others are kept constant, each can
vary only within narrow limits. In order to extend the range
of values of the given parameter, it is necessary to adjust the
isotope effects of different elements to a single scale and to
include them in an overall analysis. This is achieved in two
ways. Firstly, if one needs to compare the isotope effects
of different elements, then one should use effects corre-
sponding to a unit increment in isotopic masses. All the
numerical values of Inf and Ina quoted in this review satisfy
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this condition. Secondly, if one needs to exclude the influ-
ence not only of Am but also of the atomic mass m of the
element involved in isotope substitution, then the quantities
InB/Ap should be analysed. In conformity with the signifi-
cance of Eqns. (28) and (29), these quantities can be referred
to as the effective force fields in which the atoms in the mole-
cule involved in isotope substitution are located.

V4

a7

2 4 5 8 70
10%f,, dyn cm™!

Figure 10. Dependence of BH (1) and electron density p (2)
of the H-X bond on the force constant fi..
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NHy/ CH,
HOo S o ¥
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Z NH 'PHS)
SiH, o8 Mz
HEL
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[ ]
LiH
T I N

92 04 05 08 p%

Figure 11. Correlation between InBy and the bond electron
density p.

Py

72

77~

77
Figure 12. Correlation between By and the electronegativity

x of the hydrogen-substituting groups.
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The influence of the degree of oxidation of the central atom
on its InB can be most readily followed for the sequence of
compounds formed by elements with the same donor atom or
ligand. The variation of the effective field In8/Ap is simplest
for the sequence of isoelectronic-isostructural compounds.
Fig.13 shows that the values of InB/Au are linear functions
of the formal oxidation state in the series of tetraoxo-anions
and tetra- and hexa-halogeno-complexes of both p and d ele-
ments in the highest oxidation states. For transition metals
in isostructural series of compounds the variation of Ing/Au

with increasing degree of oxidation remains monotonic (Table 4).

For o-donor and (o—m)-donor ligands, InB/Au increases,
while for o-donor and m-acceptor ligands it diminishes with
increasing degree of oxidation.

Figure 13. Relation between InBx/Aux and the formal oxi-
dation state of the central atom in series of isoelectronic
molecules.

Table 4. Relation between Bx — 1 and the oxidation state
of the central atom.
n Px—1 n Bx—1 n Bx—1 n Bx ~1 n Bx—1 n Bx—1
Isostructural o-complexes
VF? CrFy RuF} ReF? | Mnoy RuO}
—3 1 0.00550 | —3| 0.00720 | —3]| 0.00177 | —2| 0.00065 | —3: 0.00741 | —2| 0.00296
—2 { 0.00860 [ —20.00762 [ -°! £.70234 | —1| 0.00087 | —2| 0.00987 [ —1| 0.0033%
—1{0.01066 | 0] 0.01450 | 0] 0.00363 | 0} 0.00129 | —1| 0.01173 | 0| 0.00396
Isostructural m-complexes
Cr(CN)? | Mu(CN)? Fe(CN)? | Cr(CoHa) Fe(C;H,)?
—3 1 0.00586 y —3 | 0.00583 { —3| 0.00634 |--1 0.00271 |1t 0.00313
—4 0.00678|—4 0.0069% | —4 | 0.00852°| 0| 0.00324 | 0| 0.00506

The increase of the degree of oxidation of p elements is
coupled with a change in the number of attached ligands, the
type of hybridisation of the valence orbitals, and the con-
figurations of the compounds. The monotonic increase of the
effective force fields observed in such sequences (Table 5)
must be attributed to the increase of the degree of oxidation,
since the configuration can be regarded as derived from the
oxidation state and the type of ligand. The monotonic varia-
tion of In8/Au for sequences of this type does not imply their
simplicity. In these sequences there is a change of both the
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type of hybridisation and of the number of non-bonding elec-
tron pairs. A more flexible and exact equivalent of the con-
cept of the degree of oxidation proves to be the sum of bond
orders, which exhibits a closer correlation with Ing (Fig.14).

Table 5. The values of 8x — 1 for the fluorides and oxides
of Group VI p elements.

Compound Bx ~1 Compound Bx—1 Compound Bx —1
SF, 0.00944 SeFy 0.00474 TeF, 0.000676
SO 0.00866 SeO 0.00130 TeO 0.000433
SF 0.019 SeFy 0.0028 TeF} 0.0011
SO, 0.0243 Se0, 0.00348 TeO, 0.00126
S0}” 0.0271 Se02” 0.00378 TeO}” 0.00145
SF, 0.0411 SeF, 0.00748 TeF, 0.00285
SO, 0.0430 SeO, — TeO, -
Sor 0.0428 Se0Z” 0.00680 T 02" 0.00177

bnfy
xCL0;
404
42403
04z
207
MY A

i

P S I N N

2 4 5 &M

Figure 14. Correlation between InB of sulphur and chlorine

oxides and the sum of bond orders M.

The study of the relations between the RPFIF and the nature
of the ligands and donor atoms is complicated by the fact that
at the present time the values of InR are known mainly only
for compounds with the simplest monatomic ligands. Table 6
shows that, in series of isostructural compounds formed by
donor atoms of the elements of a single Group of the Periodic
Table, there is a marked decrease of In Bx with increase of

the atomic number of the donor element in the Group. Fairly
rigorous relations of the type
In 8(XY,)/in B(XY.') =¢~const. (39)

are observed between the values of Ingx for halides, oxides,
and chalcogenides. The values of t are then close to the
ratios of the electronegativities of the donor elements Y and
X. Compounds with different oxidation states of the central
atom and ligands belonging to the same Period (F~ and 0%~,
CI” and S*7, Br~ and Se?”) have approximately the same
values of the RPFIF of the central atoms.
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For octahedral complexes of doubly- and triply-charged
metal ions belonging to the first transition Period, the follow-
ing sequence, corresponding to the variation of InRx with
the nature of the ligand, apparently holds:

CN->Acac>F->H,0~NH,;=0%. (40)

Table 6. Relation between B8x — 1 and the type of monatomic
.ligands.

Y LIy BeY, BY, ey, PY, PY, Say;~

0,0754 0.1139 0.2435 0.2251 0.0277 0.0465 0.00207

Cl 0.0468 0.0634 0.1364 0.1042 0.0126 0.0219 0.00099

Br 0.0333 0.0488 0.1157 0.0837 0.0109 0.00070

I 0.0217 0.0358 0.0975 0.0649 0.0098 0.00074
¥ cy, cvy PYS vy AsYy MoY;” wys~

[¢] 0.1888 0.2059 0.03974 | 0.01253 | 0.00616 0.00402 0.00121

S 01111 0.0985 0.02289 | 0.00698 { 0.00298 0.00257 0.00072

Se 0.0938 0.0865 — - - 0.00159 0.00047

Overall, there are three factors which determine the depen-
dence of the RPFIF on the nature of the ligand: the occur-
rence of the donor atom of the ligand in a definite Period, the
chemical individuality of the donor atom, and the influence on
the donor atom by the remaining atoms of the ligands. The
available data for different complex-forming ligands permits
the conclusion that the first factor is of greatest importance,
while the individuality of the donor atom has less influence
and the latter is comparable to the influence of the remaining
part of the ligand. There is a satisfactory correspondence
between the sequence based on the variation of Inf and the
familiar simple sequence of donor elements:

C2NZOZF>SZCI>Br>1 (41)

The variation of In g with the degree of oxidation of the ele-
ment and with the nature of the donor atom or ligand added
to it follows the analogous variation of the valence force con-
stants fj.. This correspondence is confirmed by numerous
empirical relations between f}. and both phenomenological fea-
tures of the compound specified above and is caused by the
relation between InB and f,. already discussed.

The relation between the RPFIF and the configurations of
the coordination spheres of the element in the compound can
be traced only for a few types of configurational transitions.
Examples of such transitions are provided by transitions of
the following types:

CO, (Deot) = CO3 ™ (Dn);
BF, (Dsn) — BF, (Ta),
SiF, (Ta) — SiF3™(On) .

Table 7 shows that in the majority of instances such trans-
tions, associated with an increase in the number of added
donor atoms and a change in the type of hybridisation of the
electronic orbitals of the atom involved in isotope substitution,
are accompanied by a decrease of Inf. This can be explained
by the marked decrease of f» in such transitions. However,
the configurational transitions caused by the addition of elec-
tron-deficient species and by the delocalisation of the non-
bonding electron pair of the atom can be accompanied by an
appreciable increase of Inf. An example of such transitions
is NH3(Cay,) + NH,(Tg).1%
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V. SYSTEMATIC TREATMENT OF CHEMICAL ISOTOPE
EFFECTS AND THEIR PREDICTION

In both applications of isotope effects—in the separation
of stable isotopes and in the employment of such effects as
the basis of a research technique—it is necessary to solve
the following problems: the determination of the limits of
applicability of the corresponding methods and prediction of
the systems and situations in which these methods are most
effective. In other words, the problems can be formulated
in the following way: (a) statistical estimation of the isotope
effects for various elements of the Periodic System; (b) the
search for a method of rational classification of isotope
exchange reactions as the basis for a systematic treatment of
isotope effects; (c) the determination of the principles
governing the prediction of systems with large isotope effects
on the basis of general chemical information. The above
problems have been solved' ™7 and the results will be
considered briefly in this section.

Table 7. Isotope effects Bx — 1 in configurational transitions.

% CYy(Deepy) = CY(Dyp) Y BYy(Dgp) — BY AT

0 0.1888 0.2095 OH 0.278 ‘ 0.247

S 01111 0.0985 F 0.2435 0.213

Se 0.0938 0.0865 cal 0.1364 ] 0.106

Y SIY (T g~ SiY2T(Op l Y l SaY Ty s0vE 0y

F 0.0475 0.0323 F 0.00208 0.00207

cl 0.0259 0.0085 cl 0.00119 0.00099

Br Br ¢.000954 (1.000996

1. Statistical Estimation of the Isotope Effects of Different
Elements

The sets of possible chemical exchange systems of different
elements are quantitatively non-equivalent but their number
is always at least several thousands. On the other hand,
the number of compounds of each element for which the values
of the RPFIF are known is almost always small. The sets of
systems with calculated isotope separation factors o suscepti-
ble to a statistical treatment are also small and for the majority
of elements the sets of possible systems are insufficiently
representative. The deficiency of information can be com-
pensated by extending the framework of the treatment by
combining the systems of different elements in a single set.
However, the values of InB and lna depend to the greatest
extent on the atomic weight of the element and such combi-
nation requires the normalisation of the Ina, i.e. they must
be adjusted to a single scale.

For this purpose, the concept of the y-factor has been
introduced; it is defined as the ratio of the absolute value
of Ino for a specific chemical exchange system of a given
element to the maximum possible value Inap gy for the same
element. o5, is numerically equal to the separation factor
for a hypothetical system in which the exchange takes place
between the compound with the maximum possible value Bmax
and the non-bonded atomic form for which B =1:

v=|Ina|/Inpmax. (42)
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For any element, y varies in the same range 0<y 1. The
available information about the characteristic features and
limits of variation of 8 is sufficient to create a reference sys-
tem of maximum values By gy for the majority of elements of
the Periodic Table. Compounds in which the element exhibits
the highest oxidation state, coordinates ligands with donor
atoms of elements in the Second Period (C,N,O, and F), and
has a nearly saturated coordination sphere have the highest
values of B. For a large number of elements, it is possible
to indicate directly compounds whose B-factors should be
extremely close to the upper limit; for others, the By 44 were
estimated by correlation methods'!?,  Comparison of the Bmax
for different elements reveals a periodicity in their variation
with increase of the atomic number of the element in the
Periodic Table.

Table 8. The v distribution functions (the probabilities of
finding systems in different ranges of y values).

No. of Ranges of -y values

SYStemy g_o.1 Jo.1—0.2]0.2—0.3J0.3—0.4J0.4—0.50.5—0.6] ¥ep.

Type Characteristic of set

1 | Set taking into account
the abundances of
different classes

1081 {0.57310.238|0.094|0.063 |0.025|0.007 | 0.126
1 Set not taking into account
the abundances of dif-
ferent classes —_
HI | Set of experimentally
investigated systems 16

0.381]0.2810.472{0.091|0.061}0.014| 0.171

0.410|0.349(0.4380.0580.025]0.010} 0.150

=

The separation factors for each element can assume differ-
ent values within the range [1; Bpax]. The frequency of
the appearance of larger and smaller values of a can be
different. The concept of attainable values of a has the sig-
nificance of maximum values, the probability of the appear-
ance of which remains acceptably large from the practical
point of view. A direct empirical estimate of the probability
of the existence of different ais mathematically equivalent to
the construction of statistical distribution functions for a.
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The conversion of statistical distribution functions for o into
statistical distribution functions for y makes it possible to
compare directly the functions for different elements, to
estimate the degree of their similarity, and to solve the
problem of the possibility of employing average (generalised)
distribution functions for y in order to estimate the attainable
values of a for those elements for which direct!analysis of the
problem is impossible or difficult.

The vy distribution function is determined by the nature of
the set of systems for which it is constructed. It is possible
to distinguish hypothetical random sets formed by pair com-
binations of all the compounds with known B-factors; the
sets of thermodynamically compatible systems; the sets of
systems with a high rate of isotope exchange or a rate satis-
factory for practical purposes. The vy distribution functions
of the three types have been investigated in the case of eleven
elements (H,B,C,N,O,F,Fe,Co,Ni,Zn). It has been estab-
lished that overall the y-functions of each type differ little
despite the marked chemical individuality of each of the ele-
ments enumerated. Hence it follows that the estimation of
the attainable values of o for different elements can be
achieved with the aid of averaged y-functions.

However, the set of systems satisfactory in both thermo-
dynamic and kinetic respects can be constructed in different
ways. It is possible to investigate the set of all the systems
with known values of o in which account is taken of the dif-
ferent abundances of different classes of systems (set I,
Table 8). The Yy distribution function for such a set will
reflect the probability of a random selection or discovery
of systems with particular values of y. One can investigate
the y-functions for each class of systems (see below). The
averaging of such functions without taking into account the
abundances of the classes leads to y-functions taking into
account the element of specificity in the search for systems
(Set II). Finally, one can investigate the y-function for the
set of experimentally investigated systems (set III). Evidently
all three types of functions are suitable for the estimation of
the attainable values of o.

Table 8 presents the vy distribution functions corresponding
to the three specified methods of construction of the initial
sets. The probability of obtaining high values of Yis highest
for the function which does not take into account the abun-
dance of systems of different classes and is lowest for the
function which does take this factor into account. The

Table 9. The values of In8 55 at 300 K (the formula of the compound with Bmax is indicated).
* *

Li;0 BeF, BF, CF, NO; NO} CF,
0.117 0.124 0.214 0.202 0.150 0.115 0.0309

NaF MgF, AlIF, SiF, PO3™ SO Clo;
0.00467 0.0160 0.0257 0.0473 0.0382 0.0428 0.00406

KF CaF, ScF3™ TiFZ™ vol~ CrF, MnO7 Fe(CO)2* Co(CN) NiF>
0.00121 0.00347 .00704 0.00911 0.0122 0.0133 0.0117 0.0104 0.00745 0.0101
CuF, ZnF, GaFg’ GIF, AsFy SeFs BrFg
0.00274 0.00235 0.00551 0.00605 0.00677 0.00719 0.00449

RbF SrF, YF™ ZrF, NbF, MoFg TcF, RuF, RbF, PdF,
0.000259 | 0.000661 0.00223 0.00302 0.00373 0.00429 0.00423 0.00394 0.00385 0.00355
AgF CdF, InF:’ SnF, SbF, TeFq 1F,
0.000303 | 0.000707 0.00163 0.00220 0.00266 0.00285 0.00251

CsF BaF, LaF, HIF, TaFy WF, ReFg OsFy IrF, PtF,
0.000102 | 0.000241 0.000924 0.000980 0.00110 0-00136 0.00135 | 0.00129 0.00128 0.00123
AuF HgF, TIFY” PbF, BiF, UF,
0.000141 0.000269 0.000431 0.000493 0.00070 0.000642
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function of experimentally investigated systems occupies an
intermediate position, which is evidently a consequence of
the low specificity of the empirical search for systems to be
used in isotope separation. At the same time all three func-
tions are on the whole similar. This shows that their use
for the estimation of the attainable values of o is fairly relia-
ble.

Table 9 presents the estimates of the attainable values of
o at 300 K, obtained for all the elements in the Periodic
Table, with the exception of the lanthanides, actinides, and
the noble gases.

2. Classification of Isotope Exchange Reactions

In order to serve as an effective instrument for inter-
pretation and prediction, the classification of chemical
exchange systems must cover fairly completely the entire
region of equilibrium chemical isotope effects and must consti-
tute a flexible means of combining specific information with
general chemical information. The set of features defining
the systematic classification must meet these requirements.
The choice of the state of oxidation of the element, the type
of coordinated ligand, and the configuration of the coordina-
tion sphere of the compound as features of this kind is satis-
factory in this respect.

Allowance for the three features of each compound implies
that each chemical exchange system is described by six fea-
tures and that in each pair of like features the two can be
either identical or different. Hence follows the subdivision
of the entire set of isotope exchange reactions into eight
classes. Table 10 defines the different classes and presents
examples of the corresponding reactions. All the classes can
be subdivided into four groups: class I—the class of homo-
molecular exchange reactions for which the isotope separation
factors are mathematically rigorously equal to unity; three
"simple" classes (II, III, and IV) in which the number of
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differing features of the compounds is unity; three classes
(V, VI, and VII) with two differing features of the com-
pounds; eclass VIII, in which the number of differing fea-
tures of the compounds is a maximum and equal to three.
Each class can be subdivided in its turn into subclasses cor-
responding to a specific combination of both variable and
invariant features. However, the available data are insuf-
ficient for a detailed investigation of the subclasses and in
the main only the classes as a whole are so far susceptible to
analysis. Analysis of the experimentally investigated sys-
tems does not allow a comparison of the possibilities of dif-
ferent classes, because the vast majority of systems investi-
gated refer to class VII, isolated systems in classes III, IV,
VI, VIII have been studied, while classes II and V have not
been studied at all.

Table 11. The vy distribution functions for different classes
(probabilities of finding systems in different ranges of v
values).

Ranges of vy values
Class Yav
0—0.1 0.1—0.2 0.2—0.3 0.3—0.4 0.4-0.5 ' 0.5—0.6

1f 0.474 0.30 0.35 0.22 0.11 0.02 .00
I 0.079 0.85 0,14 0.00 0.00 0.01 0.00
v 0.105 0.48 0,30 0.16 0.04 0.05 0.00
v (0.198 0.28 0.38 0.24 0.03 0.07 0.00
VI 0.282 0.08 0.34 0.22 0.12 0.18 0.02
VII 0.124 0.55 0.31 0.09 0.05 0.00 0.00
VIII 0.310 0.16 0.16 0.29 0.24 0.16 0.08

Table 11 illustrates the y distribution functions for seven
classes with vy #0 obtained as a result of the interpretation

of calculated theoretical data''®, Table 11 shows that the

average value for a given class increases with increasin
av

Table 10. Classification of isotope exchange reactions. Examples of kinetically satisfactory isotope
exchange reactions belonging to different classes (290—300 K)15126,
Class System Kinetic characteristic @theor (Am=1) | aexp (Am=1) ’;rzatg{on
Class 11 Fe(CN)3™ -+ Fe(CN)g™ k= 3.5 x 102 litre mol-! 51 1.00216 —_ 0.24
Confi; tion and ligand identical, oxidation states e - _ . e ;
onfiguration and lig [Mo(CN);* 4 Mo(CN)3 k= 355 litre mol1 s'1 1.00075 . 0.19
Class 111 HDS+H:0 | HETS =10 cm 2.20 2.38 0.27
()x1gi§2:;:ate and configuration identical, ligands Mn(CN):‘ + Mn(HZO)G‘ rapid exchange 1.0032 _ 0.21
Znl} - ZnlF2- " very rapid exchange 1.,00052 — 0.16
Class IV NH, - NH} | k=24.6 mol s 1.034 1.035 0.25
idation state and ligand identical, configurations . . y
Ode?ffleorZ:ta e and ligand identical, configurations SIFP" -{ SIF, rapid exchange 1.0150 _ 0.32
HgClg -+ HgClZ™ rapid exchange 1.00005 — 0.20
Class V V(H,0)2 4 V(CNY2~ id exch: 1.0012 - 0.08
Configurations identical, oxidation states and ligands (H:0), a s - rapid exchange
different Mn(H,0)5" -+ Mn(CN)g rapid exchange 1.0008 - 0.07
Class V1 i NO -+ NOy rapid exchange 1.079 — 0.54
ng«'::llilfdfse :tei::ltlcal, configurations and oxidation states NO+NO, rapid exchange 1.035 1.028 0.24
Class VI CO,+H,0 HETS = 13 cm 1.02% 1.021 0.18
Oxidation states identical, configurations and ligands |SO2+HSOs rapid exchange 1.010 0.22
different Zn(H;0)2* + ZnI2™ rapid exchange 1.0007 - 0.30
Class VIII Li(amalgam) + Li(H;0), HETS = 10 cm 1.050 1.055 0.72
Configurations, oxidation states, and ligands NO -+ HNO, HETS = 2-3 cm 1.065 0.43
different
Mg (amalgam) + Mg(H2O):+ rapid exchange 1.0105 1.0105 0.43

*HETS =height equivalent to the theoretical stage.
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number of differing features. The difference between the
influences of individual variable features on vy, can also be
clearly traced. The classes of systems with a variable
valence state have higher values of y,, than the classes with
variable configurations of the coordination spheres, while
the classes with different types of ligands have the lowest
values of y,, (this is associated with the stepwise nature of
the substitution of the ligands and the predominance of the O-
and N-donor ligands among those investigated). The most
complex class VIII, in which all three features of the con-
trasted compounds, forming the systems, are different, has
the highest value of ygy.

3. Principles of the Prediction of Systems with High Isotope
Effects

Both as a means for isotope separation and as the basis for
a research technique, chemical isotope effects are more suit-
able the higher their absolute value. The problem of the
prediction therefore usually involves the search for systems
with large effects. On the other hand, the principles of the
prediction must be formulated as the most rational method for
finding such systems on the basis of the entire available infor-
mation about chemical systems. Direct theoretical calculation
and correlation estimates of the values of o are the most reli-
able means used in such search. However, the computational
method of prediction is limited by the small availability of the
required initial data. The knowledge of the thermodynamic
characteristics of isotope exchange can to some extent com-
pensate for this deficiency and can play the role of the main
guiding principle.

However, the broadest base for a rational search and for a
comprehensive analysis of systems is provided by the above
classification of chemical exchange systems, since it is derived
not only from the common causes of the occurrence of isotope
effects but also ensures the possibility of employing the most
readily available general chemical information.

Isotope effects should be predicted taking into account the
specific purpose of the systems sought. In relation to the
specific search for chemical exchange systems suitable for
isotope separation on the basis of the classification described
above, the principle of the selection of systems with high iso-
tope separation factors can be formulated as follows. One of
the two compounds of the system should be formed by an
element in its highest oxidation state and the ligands coor-
dinated by the element must contain donor atoms belonging to
the Second Period (the o-donor or om-donor atoms F, O, and
N) and must form an unsaturated coordination sphere. The
other compound must contain the given element in the smallest
possible oxidation state; the ligands coordinated by this
element must contain the elements of higher Periods as donor
atoms (omdonor ligands with weak m-acceptor properties) and
the coordination sphere must be saturated.

This principle conflicts with other requirements. Apart
from a high separation factor, the "promising" chemical sys-
tem must have specific qualities, namely thermodynamic sta-
bility , satisfactory kinetics of isotopic exchange, ready
separability of the juxtaposed chemical forms between the
juxtaposed phases, and simplicity of the interconversion of
the juxtaposed chemical forms. Since the thermodynamic
classification of chemical exchange systems takes into account
the general chemical unity of different classes, it can serve
as a basis for a general analysis of the possibilities of differ-
ent classes, including also the series of specific requirements
enumerated.

The prediction of isotope effects in systems which can be
fruitful objects of study using the isotope effects themselves
constitutes a more difficult problem which awaits solution. .
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