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Abstract—Asaresult of transformation of isotope-exchange rate equations (isotope-kinetic equations), arela-
tionship was derived that does not contain time and universally relates the variables of isotope composition (an
isotope-mechanistic equation). With the use of this relationship, mechanistic parameters that characterize
atomic rearrangements can be determined from experimental data even in cases when the rate of exchange var-
ied in the course of aprocess, for example, under nonisothermal conditions. The use of the proposed approach

for the treatment of the results of dynamic thermal isotope exchange in the O,~Y Ba,Cu;0, and O,—Pt/CeZrO
systems demonstrated that the experimental datawere excellently described by the theoretical equation derived

in thiswork

INTRODUCTION

Let us consider the following situation: A laboratory
experiment on the isotope exchange of a diatomic (or
polyatomic) gas was performed with sampling into
ampulesat regular intervals. On the way to amass spec-
trometer, the ampule numberswere confused so that the
time of sampling became unknown (the “loss of time”
may also occur for other reasons). Isit possible in this
case to obtain useful information on the exchange pro-
cesses from the analysis of the isotope composition of
gas samples? If possible, what information can be
obtained and how? Thiswork was devoted to answering
these questions.

First, we cannot skip the reasonable question; what
is lost together with time? The answer is obvious. the
rate of processislostinthiscase. Fortunately, thisisthe
only loss (which is sometimes not the most serious|oss,
because the rate itself gives no information on the pro-
cess mechanism). The rigorous theory of isotope kinet-
ics [1-5] revedls crucial characteristics of an atomic
and molecular process mechanism, which are inacces-
sible to other methods; they are often more important
than the rate. A case in point is the rearrangements of
atoms and atomic groups; these rearrangements can be
characterized quantitatively [1, 5], and they are the
essence of a chemical process. Thus, isotope kinetics
methods make it possible not only to determine the
intensity of aprocess but also to characterizeitsinternal
structure. Thus, by analogy, the velocity of atrain can
be judged by observing it from the outside or by look-
ing into the window of the wagon. Of course, timeisa
necessary criterion in this case. However, all “the inte-

1 Dedicated to the memory of G.K. Boreskov.

rior life” of passengers, in particular, their migrations
(singly or in groups) among cars or compartments, is
independent of the velocity of the train (except, of
course, for accidents).

The interpretation of isotope data for situations in
which no defined values of the rate of a process are
available and the time dependence of the isotope com-
position cannot be described by analytic functions (rate
equations) is considered below. The proposed approach
was tested using the nonisothermal isotope exchange of
dioxygen with some oxides as an example.

TYPES OF EXCHANGE MECHANISMS:
VARIANTS OF MOLECULAR FRAGMENTATION
AND ISOTOPE-KINETIC EQUATIONS

With the infinite manifold of conceivable reaction
mechanisms in a particular chemical system, thereisa
limited and strictly determined set of atomic rearrange-
ments (types of mechanisms) generated by a finite set
of possible variants of molecular fragmentation [1, 5].
With any mechanism, the occurrence of aforward reac-
tion resulted in the cleavage of the molecules of acom-
ponent into fragments, which became the constituents
of the resulting species, whereas the molecules of the
initial component were formed from the same frag-
ments in reverse reactions. In this case, the fragments
can be constituents of both another component and
intermedi ate speci es, the amount of which isimmeasur-
ably small compared with the amount of components.

The number of fragmentation variants depends on
the atomicity of molecules and on the number of com-
ponents. For a two-component system consisting of
diatomic molecules A, in contact with another compo-
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Types of exchange mechanisms and variants of the fragmentation of diatomic moleculesin the A,—A) system
) . ) . Mechanistic parameters
| Variant of fragmentation | sotope exchange reaction . .

() ax(j)

1 A, +2Z == 27ZA Xy +Y,=—=2XY 0 0
2 A, +Z+()==ZA+(A) X, + (Y) == XY +(X) 0.5 0
3 A, +2( ) == 2(A) X, +2(Y) == Y, + 2(X) 1 1

nent (partner) containing the same atoms (A), three and

(and only three) variants of fragmentation are possible,

which are responsible for three possible types of pro- a, = Ks. (3b)

cess mechanisms depending on the entry of atomsinto
the composition of the partner (A) or intermediate spe-
cies ZA (table) [6-8]. Here, the symbols (A) and ZA
denote a generalized partner (the macroscopic amount
of atoms A in the partner is commensurable or greater
than that in the diatomic gas) and ageneralized interme-
diate compound (the macroscopic amount of atomsA in
which is immeasurably small as compared with the
diatomic gas).

Note that the variants of fragmentation are repre-
sented in the table as conditional “reactions,” which
cannot be assigned amechanistic meaning. That is, (A)
and ZA are not necessarily monatomic species with
respect to A (or structural elements of components);
they may also contain other atoms (not only A). Corre-
spondingly, () and Z symbolize the above formations
without an A atom (i.e., the acceptors of these atoms; in
particular, these can be vacant sites).

If A atoms are represented by two isotopes (X and,
for example, 130 and '°0), three variants of fragmenta-
tion of A, moleculesresult in threeindependent isotope
exchange reactions (third column in the table) in the
X,—(Y) two-component system with reversible pro-
cesses[6-9].

The distribution of the isotope molecules XY, _;
(i=0, 1, 2), which is characterized by the mole frac-
tions X, is determined by two independent variables of the
compoasition (isotope variables) becausex, + X, + %, = 1. It
is most convenient to use the quantities a and z as the
isotope variables [6-9], which are determined from the
mole fractions of isotope molecules by the relations

o = 0.5%, + X, (the fraction of isotope X in A,) and

z=X,— a? (the deviation from a binomial distribu-
tion).

The redistribution of isotopes in this system is
described by the strict isotope-kinetic equations [6-9]

(N/R)(da/dt) = —a,a (1)
and
(N/R)(dz/dt) = —z+ a,a?, 2)
where

a; = 0.5k, + K3 (3a)

Here, Nisthe number of A, molecules; tistime; Risthe
overall rate of exchange (molecules per unit time); a,
and a, are mechanistic parameters; and k; = R/Risthe
contribution of exchange of the jth type; in this case,
R=ZRand Zk;=1(=1,2,3).

For ssimplicity, we have restricted ourselves here to
the case when the amount of A atoms in the diatomic
gas A, is much lower than that of exchangeable atoms
in the partner (A), and the partner does not contain iso-
tope X. Thisrestriction can be easily removed (the gen-
eral form of isotope-kinetic equations was given else-
where [6-9]).

Note that isotope-kinetic equations in the form pre-
sented (in terms of R, &, and &,) are given for the first
time (usually, the rates of varioustypes of exchange R,,
R,, and R; were used as constants [6-9]). This form of
the equations is most convenient for the subsequent
analysis.

The principal feature of isotope-kinetic equationsis
that the mechanistic parameters (a, and a,) are among
the kinetic congtants (along with the rate of exchange R).
These mechanistic parameters take strictly defined
numerical valuesfor each type of mechanism (table); in
the general case, they are linear combinations of these
values with coefficients equal to the contributions of
exchange types (k;). Equations (3a) and (3b) are noth-
ing other than the scalar products of the vectors of
mechanistic parameters of “pure”’ types (last two col-
umns in the table) by the vector of type contributions
(K4, Ky, @nd K3):

A1) = ZKjayp(])- (3¢)

Equations (1) and (2) are widely used (since they
werefirst derivedin[9]) in theisotope studies of atomic
and molecular activation mechanisms of diatomic (with
respect to the exchanged element) molecules: O,, H,,
N,, CO,, etc. Evidently, the condition for the applica-
bility of these equationsisthe acquisition of dataon the
time dependence of theisotope variablesa and zat con-
stant values of w and N. This condition isfulfilled when
isothermal experiments are performed in a closed
chemically equilibrium (or steady-state) system.
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Fig. 1. Changes in the mole fractions (x;) of isotope dioxy-
gen molecules (52 Pa) in the O,-YBa,Cu30, system asthe
temperature isincreased (10 K/min).

ISOTOPE-MECHANISTIC EQUATION AND ITS
TESTING IN THE DYNAMIC THERMAL
EXCHANGE OF DIOXYGEN WITH OXIDES

The condition for the applicability of isotope-
kinetic equations cannot always be fulfilled; it is often
specialy violated by the design of experiments. In par-
ticular, thisistrue of commonly used temperature-pro-
gramming techniques in kinetic studies (for example,
see [10]). In these cases, there is no specific rate of
exchange value, and the assignment of isotope vari-
ables to certain points in time cannot be used for the
processing of experimental data.

However, the “loss” of time and rate does not
exclude the possibility of determining the type of
exchange. If the type of exchange remains unchanged
in the course of a process, the mechanistic parameters
a, and a, remain constant. The division of the latter
equation by the former and the subsequent integration
resulted in the following relationship between the iso-
tope variables of the composition, which does not con-
tain time and the quantities R and N:

In[(v +b)/(v°+Db)] = -aln(a/a’), )
where
a=(2a,—-1)/a, (5a)
and
b = a,/(2a;-1). (5b)

Here, the new isotope variable v = z/a? (a® and v° are
theinitial values of the variables) isintroduced for con-
venience.

It is reasonable to call this relationship an isotope-
mechanistic equation.

A specia version of this equation was derived and
used previoudly [8].
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Fig. 2. The experimenta dependence of the isotope vari-
ables on the coordinates of isotope-mechanistic Eq. (4).

If the type of the mechanism remains unchanged,
Eq. (4) provides an opportunity to determine the mech-
anistic parameters and to calculate the contributions of
exchange types from the experimental dependence of
one isotope variable on another.

If experimental data cannot be described by Eq. (4),
it can be convincingly concluded that the type of the
mechanism is changed in the course of the process.

The proposed technique was gpplied to the interpreta-
tion of experimental datain the studies of isotope exchange
of dioxygen with YBa,Cu;0, and P/Ce-Zr-O oxides by
the dynamic thermal method (the experimental setup
and procedure were described elsewhere [10]).

Figure 1 demonstrates the results of one of the
experiments. changes in the isotopic composition of
dioxygen (pressure of 52 Pa) in the O,—YBa,Cu;0, sys-
tem as the temperature isincreased (10 K/min). As can
beseeninFig. 2, these dataare excellently described by
isotope-mechanistic Eq. (4). Analogous results were
also obtained in other experiments.

The results obtained suggest that the type of the
exchange mechanism in the test system remained
unchanged as the temperature was changed.

For the experiment illustrated in Figs. 1 and 2, we
determined the contributions of exchange typesk, =0,
K, = 0.2, and k; = 0.8 from the found values of param-
eters a and b with the use of Egs. (3) and (5).

The relation between exchange types and possible pro-
cess mechanisms (the nature of steps and theratio between
their rates) was considered in detail elsewhere [6-8].

The results obtained are consistent with the most
widespread two-step mechanism of dioxygen exchange
with oxides[6, 7]:

(1) O2 + Zads+ ()s,‘47> Zoads+ (O)sa
(2) ZOys + ()s ==Lyt (O)s-
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The weakly bound adsorbed oxygen species ZO,,,
and the strongly bound oxygen (O), of the surface oxide
layer participate in this mechanism.

If this mechanism takes place, the exchange of the
first typeisabsent, whereas the contributions of the sec-
ond and third types of exchange depend on the ratio
between the rates of steps:

Ky = p/(P1+pP2) and Kz = py/(py+p,).

Here, p; (i = 1, 2) isthe single-direction rate of the ith
step at equilibrium (i.e., the rate of the forward or
reverse reaction under conditions when they are equal
to each other).

Thus, in the experiment analyzed, p,/p, = K+/K, = 4.

In conclusion, note that nonisothermal and isother-
mal experiments should be combined to make better
judgments about the mechanism of exchange. The pro-
posed approach has still not been applied to the latter.
However, there is no question that it will also be very
helpful in that case, particularly, when the exchange-
able oxygen atoms of an oxide are nonequivalent (as a
consequence of surface heterogeneity or self-diffusion
to the bulk).
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