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On the temperature dependence of the probability
of structural interisomer transitions of molecules
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The properties of the intersection surface of the potential energy surfaces of structural
isomers and kinetic characteristics of the reaction, including the physical meaning of the
Arrhenius law parameters, are analyzed in detail. A number of corollaries important for deter-
mining the probability of the interisomer transition and the influence of the temperature factor
on the probability and the pattern of this structural transformation were formulated. The
theoretical model used describes the experimental regularities (Arrhenius law) and allows one
to calculate the relevant parameters. The reason for manifestation of this regularity is the
superposition of two factors, namely, the exponential dependence of the transition probability
on the reciprocal temperature and the linear temperature dependence of the level of energy for

which this probability is the highest.
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Structural isomer—isomer interconversions of com-
plex molecules not accompanied by a change in their
elemental composition induced by light (photochemical
transformations) or by thermal excitation (thermal transi-
tions) represent frequently encountered and important
types of unimolecular reactions. In particular, they seem
to play a crucial role in the transmission of signals and
energy and in conversion and recording of the informa-
tion in molecular systems.! Therefore, theoretical predic-
tion of the probabilities and temporal characteristics of
such structural transformations is a topical problem.

These items are widely discussed in the literature.2—25
The unimolecular structural transformations are intensely
studied by modern optical spectroscopy techniques with a
high (pico- and femtosecond) temporal resolution.11—17
Theoretical analysis carried out by quantum chemistry
and molecular dynamics usually includes the study of the
potential surfaces of molecular objects.18—24 The tem-
perature dependences of photoinduced and thermally
induced intramolecular chemical processes are also
studied. 1125

For molecular structures containing only 20 to 30 at-
oms, the number of isomers can reach tens of thousands,
with interconversion of any isomer pair being theoreti-
cally possible. When the geometries of two isomers are
appreciably different, direct transition between them can
be forbidden (unlikely), but it can occur in several steps
via a chain of isomer—isomer transformations, which can
be very long and branched. This situation is typical in the
solution of problems concerning intramolecular transport

of energy and signals by the vibronic mechanism.! It is
quite evident that the traditional technique that implies
the search for saddle points and routes for chemical trans-
formations by calculating the characteristics of potential
energy surfaces (PS) is practically inapplicable in this case.
It appears promising to use the previously proposed ap-
proach,26 which includes the solution of the spectral prob-
lem on energy levels of isomeric structures and the
probabilities of optical or nonradiative transitions be-
tween them.

For nonradiative transformations, which we consider
here, the transition between resonant (E,,() = E,, ) elec-
tronic-vibrational states of isomers 1 and 2 for a rather
general external perturbation (for 7 > 0), occurs as beating
of the mixed state

(P = 2a2(1)[w,2c0s2(0.5A00) + y,2sin2(0.5000)] (1)

with the frequency Aw = 2E,,S. 128, (12 /h, determined
by the magnitude of the corresponding off-diagonal ele-
ment of the energy matrix, which characterizes the inter-
action of these isomeric states (environment, external
field, efc.). The value E., = 0.5(E.,(V + E. () is the
average energy of the electronic-vibrational levels of the
isomers and S,,(!-?) is the overlap integral of the vibronic
functions of the isomers. The transition time is deter-
mined by the beating period ¢, = 7/2 = n/A® and
the transition probability, by the value w, = (1/t,) =
(2/nh)E,,S.(1-2S,(:2) Tn expression (1), it is assumed that
at the initial point in time (¢ = 0), the molecular system
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Table 1. Calculated relative energies (AE) in the equilibrium
states of structural isomers of the C,yH3O, and C,yH,4 mol-
ecules

Isomer AE/cm™!
CypH 150,
H,C=CH—(CH,),—COOH 0
Me—HC=CH—(CH,)¢—COOH —1200
Me—CH,—HC=CH—(CH);—COOH -970
Me—(CH,),— HC=CH—(CH,),—COOH 1050
Me—(CH,);—HC=CH—(CH,);—COOH 970
Me—(CH,),— HC=CH—(CH,),—COOH 650
Me—(CH,)s—HC=CH—CH,—COOH 800
Me—(CH,)¢—HC=CH—COOH —650
CyoHag
Me—HC=CH—(CH,);—C¢H,—HC=CH—Ph 0

Me—CH,—HC=CH—(CH,),—C4H,—HC=CH—Ph  —80
Me—(CH,),—HC=CH—CH,—C4H,—HC=CH—Ph —160
Me—(CH,);—HC=CH—C4H¢—HC=CH—Ph 0
Me—(CH,),—HC=C¢Hs—HC=CH—Ph ~1770
Me—(CH,)s—C4H,—HC=CH—Ph —8700

exists in the state corresponding to isomer 1. The overlap
integral S,,(1?) is the key point in determining the prob-
ability of the interisomer transition because, depending
on the difference between the isomer geometry, it can
change by many orders of magnitude, while the E,, value
is mainly determined by the electronic energy and changes
rather insignificantly from one isomer to another (see, for
example, Table 1).

The first stage of simulation of interisomer transitions
within the framework of this approach is the formation of
adiabatic and harmonic models of the molecules corre-
sponding to minima on the PS for each isomer; this can
be easily done by known methods?’ using the correspond-
ing databases.28—30

The second stage is to determine the conversion pa-
rameters for the normal coordinates of isomers

XO=jxM +g )

namely the mixing matrix of the normal coordinates J and
the shift vector (column matrix) for the PS minimum
along the coordinate axes g, where X, X@ are the col-
umn matrices of normal coordinates normalized to the
amplitudes of zero-point vibrations (XM = Q,(V-10M),
X@ = 0,2-10@; 9,M, 0@ are the diagonal matrices
for the zero-point vibration amplitudes). This problem
can be easily solved by known methods.3! The elements
of the shift column vector g provide an immediate, rather
rough estimate (according to the yes/no principle) of the
probability of the transition between isomers 1 and 2. The
known elements of shift vector g for a pair of isomers
falling in the range of 5 <|g/ < 15 can be used as a criterion
for selecting the possible isomer—isomer transitions

among the set of isomers of a molecular system with a
specified elemental composition.

It can be demonstrated that transition to appropriately
arranged reduced intrinsic coordinates, Y) and Y,
which can be easily calculated, can totally eliminate the
problem of calculating the electronic component of
the total electronic-vibrational overlap integral S,(!-?)
(5,12 = 1), and the problem of determination of the
transition probability w,, can thus be reduced to the cal-
culation of the Herzberg—Teller type vibrational overlap
integrals S,(-2 with the weight coefficient of the form
Y DY, which does not change the order of magnitude
of the integrals with respect to the Franck—Condon inte-
grals ((v@v(Dy) but changes only the corresponding quan-
tum numbers v,{1) and v;® by unity. Thus, the ratio be-
tween the electronic and vibrational components of the
general problem has actually changed with respect to that
inherent in the approaches used previously and the main
emphasis has been transferred from the electronic to vi-
brational part, which appears more physically sensible.

The overlap integrals S,(!2) can be easily calculated;3!
their change upon an increase in the quantum numbers
v, v (an increase in the energy level) follows a fairly
characteristic pattern, namely, a nearly exponential build-
up to the maximum value followed by relatively slight
oscillations, which do not change the order of magnitude.
The maximum is attained near the critical point of the PS
of isomers, with the region of S,(1:2 values significant in
the order of magnitude being rather broad, namely, Av ~5
(Fig. 1). By the critical point of the PS, we mean the point
with the minimum energy on the multidimensional inter-
section surface of the PS of isomers. On the one hand,
this describes the critical point as the most probable point
for the isomer—isomer transition (which is correlated with
its traditional interpretation as a passage through the saddle
point of the PS), and, on the other hand, this shows the
possibility of transitions with a rather high probability and
at substantially lower excitation energies of the molecule.

6 8 10 12 g

Fig. 1. Quantum numbers (v) of the vibrational levels of vibronic
states corresponding to the critical point of the PS of isomers (/)
and the maximum (2) and an order of magnitude lower (3)
values of the overlap integral S,(1-?) ys. the shift value g.
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A significant role is played by the thermal distribution of
molecules over the vibronic energy levels (see below).
The harmonic approximation for the isomer models
proves to be quite satisfactory because the energy levels
are relatively low (the vibrational quantum numbers
v < 5, see below) and the corresponding anharmonic
contributions are small, on the whole, they are less
than 10%.32

The importance of the PS critical point for the analy-
sis of the interisomer transition stems from several fac-
tors. First, this point determines the most probable route
for the structural transformation of isomers, as it lies (in
the reduced coordinates) on the straight line connecting
the minima on the PS of isomers and corresponding to
the shortest distance between them, i.e., this implies the
minimum geometry change upon the isomer—isomer tran-
sition. Second, it gives the upper limit for the transition
energy. Although this energy value may be markedly
overestimated when the harmonic approximation is used,
it can be easily corrected if required by applying appropri-
ate anharmonic corrections.3? Third, the position of this
point shows what particular vibrations have to be excited
for the transition to occur and, furthermore, indicates the
type of these vibrations (overtone, combination vibra-
tions), which enables an immediate rough estimate of the
probability w,,.

This study gives a detailed analysis of the properties of
the intersection surface of the PS of isomers and the cor-
ollaries that are important for determining the probability
of an interisomer transition and the effect of the tem-
perature factor on the probability and the pattern of
such structural transformation of a molecule. The ki-
netic parameters of the reaction including the physi-
cal meaning of the constants of the Arrhenius law are
analyzed.

The critical point of the PS of isomers

For the harmonic model of molecules, the PS of iso-
mers in the normalized normal X (D, X @ coordinates are
represented as

ED (X (D) = XWax M) + Eo(l)’ 3)
ED(X @) = XOq2x @ + E0(2), 4)

using the matrix form of notation (the energies and fre-
quencies are expressed in cm~! and the coordinates are
in A). The diagonal matrices a'l), a(® contain the ele-
ments a;() = 0.5vD, ;(? = 0.5v/®, where v/, v/ are
the vibration frequencies of isomers; and the E,(V), Ey?
values are the energies in the PS minima. Taking into
account the conversion of coordinates (2) and the fact
that £ = E@ at the points of intersection of isomer PS,
we obtain the equation for coordinates (for example, of

isomer 1, X(D) located on the intersection surface of the
PS of isomers

o(X D) = XD(g® — Ja@NnXD —2(gaOHXD +C=0. (5)

The C constant is given by C = AE, — g§a¥g, and AE,, =
E,) — E,®.

This second-order multidimensional equation always
has a solution, except for the single case where the PS of
isomers are "embedded" and have no intersection points.
This case is of no interest, because we consider transitions
between stable isomers of the molecule where the PS of a
molecular system with a specified elemental composition
contains two well-defined minima corresponding to two
isomers and, hence, the PS of isomers are not "embed-
ded" into each other. This entails certain constraints on
the AE| value, which allow one to screen, already at this
stage of modeling, the set of interisomer transitions pos-
sible for this molecular system and reject those of them
that do not correspond to the problem in question.

Equation (5) in combination with expression (3) de-
scribes the intersection surface of the PS of isomers. The
E;,, X,V (X;,) point corresponding to an energy mini-
mum on this surface is found, in the general case, from
the set of equations of the conditional extremum problem
dEMW /XM — 29¢/0X1) = 0, where A are Lagrangian
coefficients. This problem can be easily solved, for ex-
ample, by nonlinear optimization methods. In addition,
the problem can also be solved in an analytical form by
switching to new, reduced coordinates Y ()(Y®), in which
the PS of isomers are paraboloids of revolution. To ana-
lyze the general regularities, it is more convenient to rep-
resent the intersection surface of the isomer PS in the
normalized coordinates X (D (X @), because characteris-
tics of molecular models in these coordinates are impor-
tant for estimating and calculating the overlap integrals
S,(1:2 and, correspondingly, the transition probabilities w,.

Analysis of the overlap integrals .5,(:2 (with allow-
ance for their factorization property over normal coordi-
nates with the required precision of estimates) shows that
an interisomer transition is possible and most probable
when one shift vector element g; (5 < |g] < 15) can be
distinguished, while the other elements are substantially
smaller. The presence of two elements g; and g; that satisfy
this condition markedly decreases the transition probabil-
ity, although does not rule out completely the possibility
of this transition. A larger number of elements of the
vector g falling within this range makes the interisomer
transition unlikely. This constitutes a criterion for rough
rejection of isomer transitions according to the yes/no
principle and shows that a more detailed quantitative
analysis can be limited to transitions that are "one- or
two-dimensional” regarding the transformation of normal
coordinates. Note that this rejection of transitions and
estimation of the "dimensionality" of the interisomer tran-



Interisomer molecular transitions

Russ.Chem.Bull., Int.Ed., Vol. 52, No. 4, April, 2003 805

sition should be carried out based on the values of both
the g vector, which specifies the shift of the minima of the
isomer PS in the coordinates of isomer 2 (X?), and the
J~1g vector, which specifies the shift in the coordinates of
isomer 1 (X™). Thus, it is possible to take into account
the normal coordinate mixing effect, which can be rather
significant and, in particular, can give rise to cases where
a one-dimensional transition in the coordinates X (? would
be multidimensional in the coordinates X (V. A two-di-
mensional case can be reduced to one-dimensional in the
reduced normal coordinates with an appropriately cor-
rected shift whose magnitude will not knowingly exceed
I.Smax{g,-,gj}. Hence, we restrict ourselves to considering
a simple one-dimensional model.

For clarity, consideration will be limited to identical
vibration frequencies of the isomers (v() = v® =v). In
the absence of shifting of isomer PS along the energy
scale (AE, = 0), we have

X, (0 =—0.5g, 6)
E;y = aXy,(2 = 0.25ag? = 0.125vg>. )

Expression (7) gives the upper limit of the excitation en-
ergy of isomer 1 corresponding to the highest probability
of its transition into isomer 2. The vibrational quantum
number v of the corresponding level can be estimated
from the relation

Umax = 18%/8 — 0.5], (®)

where the brackets indicate that the integer part of the
value is taken. The fast, quadratic increase in v, follow-
ing an increase in g accounts for the upper limit of the
range of possible values 5 < |gj < 15 that enable the isomer
transition over a practicable time.

Thus, determination of the shift vector g (which can
be easily performed once the models of isomers 1 and 2
have been specified) provides a rough estimate of the
possibility of this transition and allows one to elucidate
the geometric transformation pathway (X;,"’) and to find
the upper limit of the excitation energies (E;p) that corre-
sponds to the highest transition probability and the corre-
sponding quantum numbers (v,,,,) of the overtone vibra-
tional state. In turn, these quantum numbers can be used
to estimate the probability of excitation of isomer 1 to the
states needed for the interisomer transition.

In the presence of shifting of the isomer PS along the
energy scale (AE, # 0; Fig. 2), relations (6)—(8) are trans-
formed to the form

XD = 0.5 + AEy/(gv) =
—0.5g[1 — 2AE0/(g2v)] =—-0.5¢", )

By, = 0.125vg2[1 — 2AE,/(g2V)]? = 0.125vg 2, (10)

Upax = 1872/8 = 0.5]. (11)

—AEO

Fig. 2. Influence of the shift (AE;) of the isomer PS along the
energy scale.

Thus, the form of relations (6)—(8) obtained for AE, = 0
and the estimates that follow from these relations do not
change; one should only pass to the "effective” values of
the shift vector

g =gl = 28Ey/(g™)]. (12)

At the critical point of the PS, the overlap integral
8,12 changes insignificantly because it slightly depends
on g. Therefore, the transition probability for the reso-
nance (optical) excitation of an initial state close to E,
changes insignificantly. It should be noted, however, that
the excitation conditions are improved when AE;, > 0
because the energy £, decreases by a value of about AE/2
and, correspondingly, v,,,, also decreases. This can be
easily seen in Fig. 2, which shows that the shift of the PS
along the energy scale is equivalent, in terms of the posi-
tion of the point E;,, X;,(!) and the S,(!-? value at this
point, to the transition to the "effective” PS (dashed line)
with the shift vector g changed in conformity with expres-
sion (12).

The effect of AE, on w,, is most appreciable for the
thermal population of the initial states of isomer 1 (see
below), because not only does the energy E;, decrease
(when AE;, > 0) but also the PS for lower states (£ < Ej,)
come much closer to one another (see Fig. 2), thus in-
creasing the overlap integrals S, (!-2).

Characteristic features of the probabilities of the photo-
chemical and thermal isomerization

The thermal distribution of molecules over the elec-
tronic-vibrational energy levels changes qualitatively the
dependence of the transition probability, or, more pre-
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cisely, the reaction rate constant k.., on the quantum
numbers v (or the energy E,) of the "reactive" level with
respect to resonance excitation. In this case, k., in-
cludes also the Boltzmann factor and acquires the form

kreact = |Sv(1’2)|eXp(7Ev/kBT)Eev//"v (13)

where E,, is the electronic-vibrational energy of the iso-
mer, which is approximately equal to the energy in the PS
minimum, E, is the energy of the vibrational ("reactive")
sublevel, T'is temperature, and kg and 4 are the Boltzmann
and Planck constants, respectively. The dependences of
|k eacd ON v With allowance for the temperature for differ-
ent shift vectors g are shown in Fig. 3 (g= 8 and 11), the
variation of |S,(1-2)| as a function of v is also shown for
comparison (curve 5).

kreact or |Sv(1’2)|
1.0

0.8

0.6

0.4

0.2

kreact or |Sv(1’2)|

1.0

0.8

0.6

0.2

0 4
Fig. 3. Relative rate constants for the interisomer reaction (k¢,c()
vs. quantum numbers v of the "reactive" level for g = 8 (@) and
11 (b) at different temperatures: 300 (1), 400 (2), 500 (3), and
800 K (4); v = 1000 cm~!, E,, = 103 eV. Curve 5 shows the
dependence of the relative overlap integrals |S, (2] on v.

It can be seen that, unlike the nearly exponential in-
crease of the integrals |S,(1-?)| to the maximum followed by
relatively small in magnitude oscillatory variation (see
Fig. 3, curves 5), the dependence of |k, On v with
allowance for the thermal population has a clear-cut bell-
shaped appearance, i.e., out of the whole set of vibronic
levels, a rather narrow group is cut (Av is small; see Table 2)
for which the probability of interisomer transition is the
highest under the given conditions. Outside this group of
levels, the transition probability rapidly decreases by an
order of magnitude or more. The quantum numbers of the
levels (vy,,,) characterized by the highest k., values are
appreciably smaller (by an order of magnitude at moder-
ately elevated temperatures; 7'< 500 K) than those for the
resonance excitation case and, generally, they are rela-
tively small (for example, for 7' < 500 K, v, < 5; see
Table 2). Therefore, it is obvious that thermally induced
interisomer transitions follow a clear-cut underbarrier
(tunneling) pattern and occur through lower excited vi-
brational sublevels of electronic states. This is a distinc-
tive feature of thermal reactions (compared to those initi-
ated by a resonance optical excitation). In the latter case,
however, one should bear in mind the fact that for com-
plex molecules, the highest excitation probability is at-

Table 2. Reaction rate constants at the maxima of the k,.(v,T)
dependences, quantum numbers of the levels corresponding to
the positions of these maxima (v,,,,), and the range of quantum
numbers for which &, 2 0.5k, (Av) for different shifts (g)
and temperatures (7')

g T/K AU Umax kreactmax/571
5 300 1 0 8.5-1013
400 1 0 1.5-10™
500 1 0 22104
800 3 1 7.2-10'4
8 300 1 0 4.9.10°
400 2 0 9.0-10°
500 3 1 2.3-1010
800 4 4 4.1-101
11 300 1 0 3.2-10°
400 3 1 9.5-103
500 4 3 4.7-10*
800 6 7 1.2-107
13 300 1 0 2.2-1072
400 3 2 9.2-1072
500 5 4 9.0-10"!
800 7 10 1.8-103
15 300 2 0 1.6-10-8
400 4 2 1.4-1077
500 6 5 2.9-107°
800 8 13 6.9-1072
20 300 3 1 2.7-107%7
400 5 5 1.1-107%
500 7 10 2.3.10-23
800 10 24 1.3-10°1
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tained when the quantum numbers of the combination
states change slightly (Av = 0—2).3! Therefore, higher
excited vibrational states are low populated, and the prop-
erties of thermal distribution would be largely transferred
to the pattern of population of optically excited states by
molecules, and, hence, to k., (except for special excita-
tion techniques, high power of laser radiation, 7~0 K and
so on). This leads to the conclusion that the harmonic
approximation is quite suitable for the modeling of
interisomer transitions of complex molecules (the an-
harmonic corrections for the vibrational state energies
never exceed3? ~10%).

Only in the case where structural interisomer transi-
tions characterized by shift vectors g close to the upper
limit of the range of isomer—isomer transitions (Jg ~15)
are accompanied by substantial geometry transformations
and the temperature is very high (7 > 500 K), we have
Umax > 9, and anharmonic effects can be significant. They
can be easily taken into account, if necessary, by intro-
ducing the corresponding anharmonic corrections (scal-
ing factors), which are estimated by known methods.32

The k., values at the maxima of k., (v,T) curves
(see Fig. 3) are listed in Table 2. They change slightly
with temperature for small shift parameters g (g ~5,
Kyeaer ~1013—101% 51 for 7= 300—800 K). However, the
whole range of possible variations of k., as a function of
temperature and the magnitude of structural deforma-
tions following an interisomer transition is rather broad,
~1014—10-8 s~! for 7= 300—800 K and 5 < |g| < 15. The
Kkreact values still remain rather high even for substantial
structural transformations of the molecule; for example,
for g ~13 (proton transfer in the allene—methylacetylene
interisomer transition), k.. ~1072 s~! even at room
temperature, i.e., the transition time is rather short,
about 100 s.

This demonstrates, on the one hand, broad variability
of interisomer structural transitions of molecules as re-
gards their probability and time characteristics and, on
the other hand, the applicability of our approach for fast
evaluation of their values and for predicting the necessary
and optimal conditions for particular isomer—isomer re-
arrangements.

Note that the analysis we performed confirms the ear-
lier conclusion on the key importance of the shift param-
eter g for the quantities characterizing the probability of
isomer—isomer rearrangements of molecules and the
variation range 5 <|gj| < 15 (for T=300Kandg=>5, 8, 11,
15, and 20, ke, = 1014, 1019, 103, 103, and 1027 571,
respectively).

For the shift values commonly observed for interisomer
transitions (g ~10—15), the transition probability increases
very rapidly with an increase in temperature, namely, by
0.5—1 orders of magnitude for A7 = 100 K. This reflects
the typical "explosive" pattern of these reactions. The width
Av of the bell-shaped curve k,.,.(v) increases with an

increase in 7T (for example, forg= 11, Av=1—3 at T =
300—400 K and Av = 4—6 at T = 500—800 K), and the
position of its maximum v, (V. = 0—7) shifts toward
higher v. Therefore, the density of energy levels in the
corresponding range of v also increases. This enhances
the possibility of resonance of the levels of isomers 1 and 2
and makes more probable the transition through several
resonating levels rather than through one level. Thus, the
cumulative probability will grow even more rapidly with
an increase in 7 than in the one-level situation and the
"explosive" nature of this dependence will be even more
pronounced. The more significant is the structural rear-
rangement of the molecule upon the transition (greater
g values), the more pronounced is this feature.

Temperature dependence of the rate constants
of thermal reactions

The time behavior of the populations of the electronic-
vibrational states of isomers 1 and 2 (the numbers of mol-
ecules existing as these isomers) is described by a set of
kinetic equations. We assume that the thermal equilib-
rium of molecules of each isomer (the thermal distribu-
tion over the energy levels) is established appreciably (an
order of magnitude) faster than the transition of a mol-
ecule into an alternative isomeric form. In this case, the
consideration can be restricted to a simple pattern of two
resonating reactive levels, and transitions to states lower
in energy can be taken into account by introducing a
temperature factor for the population of the level of iso-
mer 2 with respect to the level of isomer 1, namely,
exp(—AEy/kgT) = exp(—1.44AE,/T), where the energy is
expressed in cm~! and the temperature is in K. Indeed,
for the populations n,,, n,, of the resonating vibrational
sublevels vV, v@ of isomers 1 and 2, we have

dn,,/dt = —wn,, + wny,,
dn,,/dt = wn,, — wn,,.

Taking into account the thermal distribution n;, =
nexp(—1.44E,V/T) and n,, = n,exp(—1.44E,P/T), we
obtain

dn,/dt = —wn| + wexp(—1.44AEy/T )n,, (14)
dn,/dt = wn| — wexp(—1.44AE/T )n,, (15)

where ny, n, are the numbers of molecules in isomer
forms 1 and 2, and the probability of interisomer transi-
tion is determined by the beating frequency (1) and
amounts to w = Aw/2 = E_,S.,\1?)/h. Here, the probabil-
ity values do not take into account the harmonic factor
sin(2wr), which describes the beating process of the reso-
nating states of isomers 1 and 2 and results in a harmonic
"modulation” of the time dependences n,(¢) and n,(f) with
the frequency 2w . In this case, modulation does not play
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Fig. 4. Time variations of the number of molecules (#) in the
isomer forms 1 (1, 1) and 2 (2, 2) at AE, = 0 (I, 2) and
1000 cm~! (17, 2°). The probability of the interisomer transition
w=1010s"1 7=300 K.

any significant role. The form of kinetic equations, the
probabilities of interisomer transitions, and characteristic
features of the isomer—isomer rearrangements of mol-
ecules with allowance for quantum beatings will be con-
sidered in detail elsewhere.

The solution of the set of equations (14) and (15) for
AEy = 0 and AE, = 1000 cm~! (7' = 300 K) is shown in
Fig. 4. It can be easily seen that even at relatively low
(=1000 cm~1!) AE, values, isomer 1 is almost completely
(to 99%) converted into isomer 2, the concentration of
the starting isomer #(#) follows an exponential time de-
pendence, and the reaction time corresponding to a
~2-fold change in the concentration depends not only on
w but also on the parameter AE/T, i.e., on the tempera-
ture for the given pair of isomers.

This correlates with the Arrhenius law

kn = Aexp(—E,/kgT), (16)

where A is the absolute rate of the chemical reaction and
E, is the activation energy, especially in view of the fact
that the above-introduced constant for the isomer—iso-
mer transition with allowance for the thermal distribution
of molecules over the energy levels (13) is equal to

kreact = wyexp(—Ey/kgT), (17)

where w, and E, are the transition probability and the
energy of the reaction level (corresponding to the high-
est w,). Moreover, the variation of Ink,,. = Inw, — E, /kgT
vs. 1/T is nearly linear (Fig. 5), as in the case of the
Arrhenius law (16).

This formal full analogy in appearance, which at first
glance implies the equivalence (or identity) of the 4 and
w, values and the E, and E, values, contains an inherent
contradiction lying in the fact that the parameters of the

ln(kreact/57 1)

11F

10

2.0 2.4 2.6 T7-1.10-3/K-!

Fig. 5. Reaction rate constant (k) vs. temperature; g = 11,
v=1000 cm~1, E,, = 103 eV.

Arrhenius law (16) are constants, whereas the w, and E,
values appearing in relation (17) depend (as shown above,
to a large extent) on the temperature.

Now we consider this item in more detail.

The dependence of v, on T can be described with
high accuracy by a linear function of the form

Umax = Vo T BT (18)

Indeed, for example, for g = 11, the parameters vy = —5
and B = 0.015 K~! provide full coincidence of the v,,,,
values calculated using relation (18) with those listed in
Table 2 over a broad temperature range (7= 300—800 K).
Similar results are also obtained for other values of the
shift parameter g. This means that the energy E, also
depends linearly on T:

EV:£0+B()T, (19)

where g, = hev(vy + 1/2), Bg = hevB, v is the active
vibration frequency, c is the speed of light (in expres-
sion (16) and subsequently, we do not pass to energy
characteristics in cm™!).

The dependence of the overlap integrals S, on v is
nearly exponential (Fig. 6); therefore, taking into account
Eq. (18), we get

w, = aexp(—o/kgT). (20)

Then the expression for the reaction rate constant (17)
acquires the form that exactly coincides with the Arrhenius
law (16):

Kroact = Wyexp(—E,/kgT) = Aexp(—E,/kgT ), (21)

where A = aexp(—By/kg), E, = o + gj, and these values
are constants. Thus, the absolute rate of the reaction A4
present in the Arrhenius law, which shows the reaction
rate at 7 = o (i.e., in the case of uniform distribution of
molecules over energy levels), is determined by the pa-
rameters a and B, the former representing the transition
probability w, at T'= e and the latter corresponding to the
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Fig. 6. Overlap integrals 5,2 vs. quantum numbers v for g = 11.

energy change for the "reactive” level E, following a one-
degree change in the temperature. The activation energy
E,, equal to the change in the reciprocal temperature (in
energy units) that induces a change in the reaction rate by
a factor of e, is determined by two addends, o and g;: the
former shows the change in (kgT)~! (the corresponding
w, value changes e-fold), while the second gives the
"pseudo-level” energy (for which the highest reaction rate
constant is observed when 7= 0).

It can be seen that the parameters a and o are analo-
gous in the physical sense to the parameters 4 and E,,
while g, and B give corrections associated with the tem-
perature variation of the E, level most efficient for the
reaction. It is the characteristic form of the variation of w,
and E, with temperature (19) and (20) that results in the
Arrhenius law for the temperature dependence of the re-
action rate constant (16).

Thus, this theoretical model describes the experimen-
tally observed regularities (Arrhenius law), makes it pos-
sible to calculate the characteristic parameters (4 and E,),
establishes the factors responsible for manifestation of
this feature, namely, the superposition of two factors: an
exponential dependence of the transition probability on
T-!and the linear temperature dependence of the energy
level where this probability is maximum on 7.

The interpretation of kinetic equation parameters (re-
action rate constant, activation energy) is different for
photo processes (resonance excitation, supersonic stream,
nonthermal level distribution) and for thermal chemical
isomer—isomer transformations of molecules.

In the case of photo processes with single-level excita-
tion (dispersion spectroscopy), the Arrhenius law is not
valid. The activation energy is the energy of the level to
which photoexcitation occurs and for which the probabil-
ity of nonradiative interisomer transition is high. It corre-
sponds to the level at the PS critical point or to a close
level (the probability of transition is maximum) and is the
analog of the barrier energy in the transition complex
theory. The key activation parameter of the transition

upon this type of excitation is the energy level at the
critical point of the isomer PS.

In the case of thermal interisomer transitions, the de-
pendence of the transition probability on the energy level
is bell-shaped and has a clearly defined and a rather nar-
row maximum, which lies substantially lower (often by an
order of magnitude) than the critical point of the isomer
PS. The energy of the level corresponding to this maxi-
mum should be regarded as the activation energy. The
thermally induced interisomer transition follows an
"underbarrier" (tunneling) pattern. The process kinetics is
described by the Arrhenius law whose parameters change
only slightly with temperature, due to the effect of two
factors, namely, the nearly exponential increase in the
transition probability and the linear increase in the energy
of the corresponding level with an increase in temperature.

The low energy of the "reactive" level in the thermal
processes shows a high degree of applicability of har-
monic models of isomers for modeling these processes.

Upon a usual nonresonance optical excitation of com-
plex molecules, the thermal distribution of the initial state
over the levels is transferred with a high degree of accu-
racy to photoexcited states. Therefore, the energetic and
kinetic features of such an interisomer transformation of
the molecule are the same as those of thermal processes.

This analysis and the results obtained can be extended
to bimolecular reactions by transforming the vibrational
functions of the electronic-vibrational states taking into
account the translational component for a pair of re-
actants.

This work was financially supported by the Russian
Foundation for Basic Research (Project No. 01-03-
32058).

References

1. L. A. Gribov, Izv. Akad. Nauk, Ser. Khim., 2002, 213 [Russ.
Chem. Bull., Int. Ed., 2002, 51, 222].

2.V. 1. Gol'danskii, L. 1. Trakhtenberg, and V. 1. Flerov,
Tunnel'nye yavleniya v khimicheskoi fizike | Tunneling Phe-
nomena in Chemical Physics], Nauka, Moscow, 1986, 293 pp.
(in Russian).

3. F. Laermer, T. Elsaesser, and W. Kaiser, Chem. Phys. Lett.,
1988, 148, 119.

4. A. 1. Voronin and V. 1. Osherov, Dinamika molekulyarnykh
reaktsii | Dynamics of Molecular Reactions], Nauka, Moscow,
1990, 420 pp. (in Russian).

5.B. J. Schwartz, L. A. Peteanu, and C. B. Harris, J. Phys.
Chem., 1992, 96, 3591.

6. S. Sakai, Chem. Phys. Lett., 2000, 319, 687.

7. W. Full, W. E. Schmid, and S. A. Trushin, Chem. Phys. Lett.,
2001, 342, 91.

8.Y. Haas and S. Zilberg, J. Photochem. Photobiol., A, 2001,
144, 221.

9. K. Stock, T. Bizjak, and S. Lochbrunner, Chem. Phys. Lett.,
2002, 354, 409.



810

Russ.Chem.Bull., Int.Ed., Vol. 52, No. 4, April, 2003

Baranov and Gribov

11.

12.

13.

14

15.

16

17

18.

19.

20.

21.

22

23.

24.

25.

26.

.J. Leitich, U. Ritter-Thomas, and I. Heise, J. Photochem.

Photobiol., A, 2002, 147, 157; 177.

L. R. Khundkar, R. A. Markus, and A. H. Zewail, J. Phys.

Chem., 1983, 87, 2473.

E. D. Potter, J. L. Herek, S. Pedersen, Q. Liu, and A. H.

Zewail, Nature, 1992, 355, 66.

J. S. Baskin, L. Banares, S. Pedersen, and A. H. Zewail,

J. Phys. Chem., 1996, 100, 11920.

. Femtochemistry: Ultrafast Chemical and Physical Processes in

Molecular Systems, Ed. M. Chergui, World Scientific,
Singapore, 1996.

A. H. Zewail, Adv. Chem. Phys., 1997, 101, 892.

. D. Zhong, E. W.-G. Diau, T. M. Bernhargt, S. De Feyter,
J. D. Roberts, and A. H. Zewail, Chem. Phys. Lett., 1998,
298, 129.

. A. N. Petrukhin, S. A. Antipin, F. E. Gostev, V. S. Marevtsev,

A. A. Titov, D. G. Tovbin, V. A. Barachevskii, Yu. P.
Strokach, and O. M. Sarkisov, Khim. Fiz., 2000, 19, 90 [Chem.

Phys., 2000, 19 (Engl. Transl.)].

The Reaction Path in Chemistry: Current Approaches and Per-

spectives, Ed. D. Heidrich, Kluwer, Dordrecht, 1995.

M. E. Tuckerman, P. J. Ungar, T. von Rosenvinge, and

M. 1. Klein, J. Phys. Chem., 1996, 100, 12788.

D. Reichardt, V. Bonacic-Koutecky, P. Fantucci, and

J. Jellinek, Chem. Phys. Lett., 1997, 279, 129.

G. Liand W. L. Hase, J. Am. Chem. Soc., 1999, 121, 7124.

. T. Horii, Y. Abe, and R. Nakao, J. Photochem. Photobiol., A,
2001, 144, 119.

Sh. Li, X. Yu, Zh. Xu, Z. Li, and Ch. Sun, J. Mol. Struct.
(THEOCHEM), 2001, 540, 221.

R. M. Aminova and E. Ermakova, Chem. Phys. Lett., 2002,
359, 184.

P. Klan, J. Literdk, and S. Relich, J. Photochem. Photo-
biol., A, 2001, 143, 49.

L. A. Gribov, Of teorii spektrov k teorii khimicheskikh

prevrashchenii | From the Theory of Spectra to the Theory of

Chemical Transformations), Editorial URSS, Moscow, 2001,
365 pp. (in Russian).

27.

28.

29.

30.

31

32.

L. A. Gribov and V. A. Dement’ev, Metody i algoritmy
vychislenii v teorii kolebatel nykh spektrov molekul [Calcula-
tion Methods and Algorithms in the Theory of the Vibrational
Spectra of Molecules], Nauka, Moscow, 1981, 356 pp. (in
Russuan).

L. A. Gribov, V. A. Dement’ev, and A. T. Todorovskii,
Interpretirovannye kolebatel nye spektry alkanov, alkenov i
proizvodnykh benzola | Interpreted Vibrational Spectra of Al-
kanes, Alkenes, and Benzene Derivatives], Nauka, Moscow,
1986, 495 pp. (in Russian).

L. A. Gribov, V. A. Dement’ev, O. V. Novoselova, Inter-
pretirovannye kolebatel ‘nye spektry uglevodorodov s
izolirovannymi i sopryazhennymi kratnymi svyazyami |Inter-
preted Vibrational Spectra of Hydrocarbons with Isolated and
Conjugated Multiple Bonds], Nauka, Moscow, 1987, 471 pp.
(in Russian).

M. E. Elyashberg, Yu. Z. Karasev, V. A. Dement ev,
and L. A. Gribov, Interpretirovannye kolebatel nye spektry
uglevodorodov — proizvodnykh tsiklogeksana i tsiklopentana
[Interpreted Vibrational Spectra of Hydrocarbons, Cyclohex-
ane and Cyclopentane Derivatives], Nauka, Moscow, 1988,
376 pp. (in Russian).

L. A. Gribov, V. I. Baranov, and D. Yu. Zelentsov,
Elektronno-kolebatel nye spektry mnogoatomnykh molekul.
Teoriya i metody rascheta | Electronic-Vibrational Spectra of
Polyatomic Molecules. Theory and Calculation Methods],
Nauka, Moscow, 1997, 475 pp. (in Russian).

L. A. Gribov and A. 1. Pavlyuchko, Variatsionnye metody
resheniya angarmonicheskikh zadach v teorii kolebatel ‘nykh
spektrov molekul |Variational Methods of the Solution of
Anharmonic Problems in the Theory of Vibrational Spectra of
Molecules], Nauka, Moscow, 1998, 333 pp. (in Russian).

Received July 1, 2002;
in revised form October 28, 2002




