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On the theory of processes in reaction centers of polyatomic molecules
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Based on general principles of quantum theory of chemical transformations for polyatomic
molecules, the notion of the reaction center (RC) was revised. The presence of RCs is a
necessary condition for occurrence of all types of chemical transformations in complex sys-
tems. The physical picture of processes in RCs, conditions for maximum probability of trans-
formations, the local character of a chemical reaction and its relation to the characteristic
vibrations, and the methods of a priori search for RCs based on normal coordinate analysis of
coupled states and on calculations of overlap integrals between vibrational wave functions were
studied. Specific features of manifestation of characteristic vibrations in vibrational and vibronic
spectra were investigated and the possibility of search for RCs using optical spectroscopy was

considered.

Key words: chemical transformations, reaction centers, characteristic vibrations.

Description, interpretation, and prediction of struc-
tural transformations of complex molecules upon thermal
or optical excitation (thermally induced and photochemi-
cal transformations, respectively) belong to the key prob-
lems in chemistry. They have long been a subject of con-
siderable literature. Intensive experimental (by, e.g., high-
resolution femtosecond spectroscopy!=7) and theoretical
(mainly by quantum chemical and molecular dynamics
methods based on the study of the potential energy sur-
faces (PESs) of molecules$—14) research has also been
carried out. The theoretical approach to the determina-
tion of pathways of chemical transformations involving
search for saddle points on the PESs of various molecules
seems to be of limited use. The reasons are as follows. The

approach provides no information on the dynamics and,
hence, temporal parameters of processes under study and
on their probabilistic characteristics. As a consequence,
the concentrations of products cannot be determined.
The activation energy for the process is defined as the
energy of the saddle point, although a tunnelling process
(i.e.,under-barrier transition) is highly probable (and even
typical),'5—18 the notion "transition state" corresponding
to the saddle point is conditional, efc.

At the same time, a general theory of chemical trans-
formation is developed. It is based on a new approach,
which treats molecular transformations as resonant tran-
sitions between levels and states of a molecular structure
and is a natural continuation and development of the
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theory of spectra.!® Here, molecular transformations are
described with allowance for the intra-isomer and iso-
mer-isomer optical transitions and the transitions corre-
sponding to bimolecular reactions. The intra-isomer tran-
sitions occur between states of a given isomer of a mol-
ecule, whereas the isomer-isomer transitions occur be-
tween states of different isomers of a given molecule. The
possibility of developing such a theory was first reported
by B. 1. Stepanov who formulated the general idea of the
approach in a study with a remarkable title "On identity of
methods for description of chemical and spectroscopic
processes".20

The key features of a theory that correctly describes
processes occurring in the nature are reproduction, pre-
diction, and explanation for the majority of experimental
data using a few basic principles. In the framework of the
theory being developed this was done for a number of key
experimental relationships including the following21—34,

1. Periodic changes in the intensities of spectral lines
due to the effect of quantum beats against the background
of the overall temporal evolution observed at very short
durations of excitation pulses.

2. Strong (even on the qualitative level) differences
between the temporal dependences of the intensities of
particular spectral lines.

3. Delayed development of the spectral picture due to
the dynamics of photoisomerization processes.

4. High sensitivity of the accumulation of isomers and
their final concentrations upon photoisomerization to spe-
cific structural features of the molecular system under
study and experimental conditions.

5. The Arrhenius law for thermally induced reactions,
manifestation of an induction period of a chemical reac-
tion, temporal dependence of the rate constant for a
chemical reaction, and an S-like shape of the correspond-
ing plot under particular conditions.

This indicates workability and high predictive power
of this theory.

It is well known that in complex systems significant
changes in the mutual position of atoms in reaction prod-
ucts compared to the initial reagents (physically, this is a
chemical transformation) occur locally. Reactions involv-
ing a rearrangement of the whole molecule are hardly
probable. This observation is substantiated by the vast
majority of data obtained in various chemical experiments.
It led to introduction of the notion "reaction center" (RC)
as one of the basic notions in chemistry.3% Nevertheless,
the theory of chemical transformations provides no sub-
stantiation of this notion and no means for analysis of the
necessary and sufficient conditions for the presence of
RCs and specific features of the processes occurring in
them based on the basic principles of quantum theory
without using empirical information, i.e., from the first
principles. This is one of the key problems in chemistry
and, moreover, this is a subject of the present study.

We will begin analysis of the necessary and sufficient
conditions for the presence of RCs with substantiation of
a local character of chemical transformations using no
data obtained in chemical experiments. Then, we will
consider the properties of RCs based on the results of
model calculations of isomer-isomer transitions in mo-
lecular systems (mainly [1,3]-sigmatropic proton shifts
and related consecutive reactions). In conclusion we will
dwell on the role of characteristic features of vibrations as
a necessary condition for the possibility of a chemical
transformation in a reaction center.

Local character of chemical transformations

Consider three most characteristic types of chemical
reactions, namely, isomerization (A — A¥*), addition
(A + B — C), and decomposition (A — B + C). Here the
asterisk denotes an isomer. More complex reactions of
the type A+ B — C + D should involve the formation of
intermediate (probably, short-lived) structures F and F*,
thatis, A+ B— F - F* - C + D (or a series of consecu-
tive reactions A+ B > F > F* > ... 5 F* > C+ D if
structural deformation corresponding to the transforma-
tion F — F* is too large). According to calculations,34 this
chain-type transformation can result in very low fractions
of intermediate structures (an example is provided by the
double bond migration along the paraffin chain). For in-
stance, a consecutive isomerization of phenylheptadiene
(Scheme 1) at particular ratios of transition probabilities
between different levels is characterized by the formation
of isomer 4 as the major product (~70%) and by low
fractions of the initial (1) and intermediate (2, 3) iso-
mers (~10%, Fig. 1).

It should be noted that the initial stage of the decom-
position reaction can be treated as an analog of struc-
tural isomerization. Indeed, here the action of external
factors on a rather stable initial molecule A led to for-
mation of loosely bound fragments that will give rise to
two different structures, B and C, in the next stages of
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Fig. 1. Final ground-state fractions (#) of phenylheptadiene iso-
mers 1 (/), 2 (2), 3 (3), and 4 (4) (see Scheme 1) plotted
vs. probabilities (WRL) of intra-isomer optical transitions be-
tween the coupled levels.
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decomposition. This was named "pre-decomposition”
isomerization.!® Therefore, now we will consider struc-
tural isomerization. This simplifies our treatment, makes
it clearer, but does not restrict the general character of
conclusions.

If changes in spatially localized molecular systems con-
taining the same atoms manifest themselves as isomer-
isomer structural transformations, they can be interpreted
as transitions between energy levels and states of the same
system. It is this approach, namely, treatment of molecu-
lar transformations as transitions between levels and states
of a molecular structure is basic to the theory being devel-
oped.!® The transition probabilities are given by corre-
sponding off-diagonal elements of the energy matrix,
which are proportional to the overlap integrals .S of the
eigenfunctions of the coupled states. Indeed, the prob-
ability (w) of a nonradiative transition between coupled
states of isomers (different structural forms of a molecular
system) is proportional to the frequency (o) of quantum
beats between these states o = 24~ E,,S, where E,, is the
total energy of a given vibronic state.2? The wave func-
tions corresponding to particular isomers are localized in
particular domains of the multidimensional coordinate
space. Clearly, if the centers of these domains are sepa-
rated by rather long distances, the integrals and the matrix
elements mentioned above are small and, therefore, the
transition probabilities are also low.

This suggests the existence of "spatial" forbiddenness
on the course of both simple isomerization reactions and
other types of reactions. Indeed, let us introduce a gener-
alized geometric characteristic of a structural deforma-

tion of a molecule upon a chemical transformation (in
particular, isomerization) and find how the probability of
this transformation is related to the deformation. Note
that any structural (geometric) state of a molecular sys-
tem corresponds to a point in the space of certain general-
ized coordinates and any molecular transformation can
mathematically be described as a transition between two
points in this space provided conservation of the overall
atomic composition. Without restriction of generality
the distances between pairs of atoms (assuming that
all atoms are enumerated and the atomic numbering
scheme remains unchanged in the course of reaction),
the angles between portions of the straight lines connect-
ing pairs of atoms chosen in such a way that they share
an atom (vertex of the angle), the corresponding dihedral
angles, efc. can be used as the generalized coordinates
provided that the overall atomic composition remains un-
changed. For the starting reagent, this system of coordi-
nates coincides with the system of natural coordinates.
Differences between the spatial structures of isomers will
be characterized in the system of normal coordinates for
one of them by introducing the (dimensionless) shear

vector normalized to the zero-point vibrational ampli-
tudes19-36—38

b=0y"Lyg. (1)

which is linearly related to the changes in the geometry in
the system of natural coordinates ¢ (changes in the inter-
atomic distances, angles, efc.). Here Q, and Lp are the
matrix of zero-point vibrational amplitudes and the ma-
trix of conjugated momenta, respectively. These matrices
can always be defined unambiguously and calculated for
an isomer chosen using methods of the theory of molecu-
lar vibrations.3® Differences between the geometric pa-
rameters of the molecular structures 1, 2, efc. and a given
structure are quantitatively characterized by the norms
(Iengths) of the vectors b (||by]|, ||b,], efc.). Note that the
vector ¢ and, hence, its norm ||g|| can only be used for
qualitative rather than quantitative comparison because
the elements of this vector correspond to geometric coor-
dinates of different types. The choice of the vector b for
characterization of the differences in the geometric con-
figurations of molecular structures is also due to the fact
that it determines the numerical value of the overlap inte-
gral, especially if the molecular structure is deformed
largely.2933 The S values and, hence, the corresponding
matrix element characterizing the transition probability is
proportional to exp(—b2) and therefore rapidly decreases
as ||b|| increases (e.g., it decreases by two orders of magni-
tude as b2 varies from 1 to 5).40

It is of crucial importance, especially for preliminary
estimation of the probability of the reaction under study,
that the b2 value can be determined with a reasonable
accuracy without solving the vibrational problem for the
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structures being coupled. Indeed, taking into account
expression (1), we get

b = b = L,05L,q = 05 %L, Lpa = 02T 9. (2)

where the diagonal matrix QO*2 is replaced by its

o7 =0,
_ N
07?2 = [ > (0 )u] / N is the average value of the elements

0
i=1

approximate representation where

of the matrix QO*Q, 1 is the unit matrix, N is the dimen-
sionality of the matrix (since the numerical values of the
(Qy~2);; elements differ insignificantly, this approximate
representation a priori does not change the order of mag-
nitude of b?); T-! is the kinetic energy matrix of the
molecule, which is expressed in velocities3? ( T'is expressed
in momenta), being therefore symmetrical and positively
defined. Then, using an orthogonal transformation ¢ = Dgq”
with conservation of the lengths (||g]| = |lg]}), the ma-
trix 7! can be diagonalized, all elements of the diagonal
matrix A = D~T~!D being positive (A; > 0), and one gets

b = §Aq . (3)

It follows that when considering the probabilities of
isomerization of the initial molecular structure to struc-
tures 1, 2, 3, etc., it is sufficient to calculate A for the
initial structure (this can be done with ease and requires
only knowledge of the geometric parameters) and to de-
termine the values b,2, b,2, b42, etc., from relationship (3).
These values will allow one to distinguish one or a few
most possible structural transformations that correspond
to the maximum b, values.

An increase in the structural deformation in the sys-
tem of natural coordinates leads to an increase in the
norm of the vector |lg| and, hence, to an increase in |lg”
gq;/, and b2. In this sense the parameters ¢> and b2 are
equivalent and both of them can be used for characteriza-
tion of the structural deformation in the molecule in the
course of isomerization. Nevertheless, it is more prefer-
able to use the b? parameter because the vector b corre-
sponds to the normal coordinates (i.e., to the same-type
coordinates) and is responsible for the numerical value of
the overlap integral.

The b2 value can be large if the reaction is character-
ized by a great change in the interatomic distance for a
pair of atoms (e.g., of the order of 5 A and more) and if
many coordinates vary simultaneously, although to a lesser
extent (of the order of at most 0.5 A). The latter case is
characteristic of the "skewed" transitions that are much
less probable for complex molecules than typical purely
optical transitions for which the natural coordinates vary
within relatively narrow ranges (of the order of 0.01 A for
the bond lengths and 1° for the bond angles) upon excita-
tion and ||p|| is of the order of unity.36—38

s

Chemical transformations correspond to atomic rear-
rangements accompanied by considerable changes in the
interatomic distances (typically, of the order of 1.5—3 A)
and angles; therefore, they can only be local in character
and involve a small number of atoms. Otherwise, the prob-
abilities of direct chemical transformations of complex
molecules should be negligible.

Indeed, the overlap integrals for the coordinates cor-
responding to large elements of the shear vector (| = 5)
and determining the rearrangement in the isomer were
estimated at |[S| =~ 0.15—0.1.2933 If the changes in the
coordinates upon isomerization are similar to their changes
upon intra-isomer vibronic transitions (0 < |b] < 2), the
overlap integral approaches a unity, although the scatter
is much larger (0.3 <|S| < 1). An important consequence
following from this is qualitatively understandable from
general physical considerations and was already mentioned
above. Assuming that all elements of the shear vector are
larger than 2, which corresponds to a large deformation of
the whole molecule, all one-dimensional components of
the total overlap integral are of the order of 10~! and the
numerical value of this integral will decrease as a power
function, S| ~ 10~V = 10~3Mt (N and N, are respectively
the number of normal coordinates and the number of
atoms in the molecule), with an increase in the dimen-
sionality of the problem in question. As the molecule
becomes larger, its energy also increases (E,, ~ N,,), but
the numerical value of the overlap integral decreases much
faster. Therefore, the probability of an isomer-isomer tran-
sition corresponding to a large deformation of the whole
molecule is negligible even for relatively small molecules.

Thus, the local character of structural transformations
involving a relatively small molecular fragment is the key
factor responsible for the probability of a given isomer-
isomer transition.

Clearly, very large structural transformations of mol-
ecules can only occur as a result of a sequence of inde-
pendent steps, each of them corresponding to a local
deformation. This also provides an explanation for the
impossibility of direct transformation A+ B — C+ D
(see above).

Properties of reaction centers

Consider the properties of RCs taking model calcula-
tions of isomerization of rather simple molecular systems
as examples. The matrices of transformation of the nor-
mal coordinates upon isomerization, the corresponding
overlap integrals between the vibrational wave functions,
and the frequencies of quantum beats corresponding to
the isomer-isomer transitions were calculated.!?:29:33 The
last-mentioned parameters appear in the kinetic equa-
tions that describe the population dynamics of the energy
levels of the isomers and characterize the duration of the
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Fig. 2. Final ground-state fractions (#) of phenylheptadiene iso-
mers 1 (/) and 2 (2) (see Scheme 1) plotted vs. frequency of
quantum beats of the coupled levels (o).

transition between the coupled (resonant) states of the
isomers of the molecular system3! and, hence, indirectly
(similarly to the b values) characterize the probability of
the isomer-isomer transition. For instance, the fraction
of the final isomer increases while that of the initial iso-
mer decreases as the frequency of quantum beats in-
creases (Fig. 2).

Now we will consider the characteristics of isomeriza-
tion of particular molecules in which the elongating chain
segment with ordinary bonds is linked to the same frag-
ment in which structural rearrangement occurs in the
course of isomerization. These are the but-1-ene == but-
2-ene, hex-1-ene == hex-2-ene, oct-1-ene == oct-2-ene,
and dec-1-ene == dec-2-ene isomerizations (Scheme 2).

Scheme 2
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Table 1. The norms of the shear vectors (||b])), relative absolute
values of overlap integrals of the wave functions for coupled
levels (|S]), and quantum beat frequencies (w) for isomer transi-
tions of alkenes

Isomer llll N ®
transition .
rel. units

(1) 20 1 1
(2) 20 1-1072 1-1072
(3) 20 1-1073 1-1073
4) 20 1-1073 1-10-3
35) 22 1-104 1104
(6) 18 1-10-2 11072

Here, we deal with similar-type structural deforma-
tions in the course of isomerization. The deformation is
spatially localized and therefore has a constant magnitude
characterized by the norm of the vector b (||b|| = 20;
Table 1); however, the numerical values of the elements
of the corresponding vectors b vary (Fig. 3). The number
of the large elements of the vector b (b; 2 5) is 7, 5, 4,
and 4 for the butene, hexene, octene, and decene mol-
ecule, respectively. Small (compared to the total number
of the elements of the vector b) variations of the number
of the large elements for this group of molecules are re-
lated to small changes in the eigenvectors of vibrations.
This in turn causes changes in the numerical values of the
overlap integrals between the vibrational wave functions
for the coupled levels and, as a consequence, similar (in
order of magnitude) changes in the frequencies of quan-
tum beats (see Table 1). Noteworthy is that the largest
changes in || and o (i.e., by an order of magnitude) occur
only for small molecules. It is of crucial importance that
these changes for the molecules in question are rapidly
"saturated" and further elongation of the molecular chain

5 10 15 ()1

Fig. 3. Structures of b vectors for isomer transitions (1)—(4) (see
Scheme 2) (I—4, respectively ); N, is the number of elements of
vector b equal to [|b]] ([x] is the integer part of x); the number of
zero elements of the vector b is 13, 24, 40, and 49, respectively.
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has a little effect on the key characteristics of isomer-
ization.

Thus, the local properties of the RCs vary insignifi-
cantly. This means that the RCs are to a great extent
independent of the molecular environment.

Noteworthy is that the probability of the transition
but-1-ene == but-3-ene (see Scheme 2, Eq. (5)) involv-
ing migration of the C=C bond through one bond is
much lower than the probability of the transition but-1-
ene == but-2-ene. Namely, the corresponding |S| and
o values decrease by four orders of magnitude (see
Table 1). We can state that the principle of short-range
action, which is basic to physics, also holds for chemical
transformations. Long-range transmission of a signal in
the form of structural deformation is only possible if it
involves intermediates, i.e., occurs by the chain mecha-
nism via intermediate isomeric forms.

Yet another important example is as follows. It was
reported!? that transformation of linear hydrocarbon iso-
mers to T-shaped ones is possible due to the fact that
appropriate atoms approach one another in the course of
internal rotation in molecules, which results in the ap-
pearance of the RCs. This conclusion is confirmed by the
calculations of the |S] and o values for the transformation
of the "linear" and "bent" isomers of but-1-ene to but-3-
ene (see Scheme 2, Egs (5) and (6)). If in the former case
the migration of the double bond through one ordinary
bond is almost forbidden, in the latter case the distances
to be travelled by the corresponding hydrogen atoms are
much shorter. As a consequence, the ||| value decreases
and the |§] value and, hence, o increases by two orders of
magnitude (see Table 1).

Purity of vibrations of the reaction center

Now we will consider yet another significant factor.
Since vibrations represent the most important form of the
relative motion of atoms in molecules, any chemical trans-
formation can occur only involving vibrations, namely,
highly excited ones. Changes in the relative atomic posi-
tions in molecules manifest themselves in the changes in
the natural coordinates g that are related to the normal
coordinates Q as follows: ¢ = L Q. If only one normal
vibration (e.g., kth vibration; Qj =0 atj # k) is excited, the
changes in the natural coordinates are determined by the
elements of the kth column of the eigenvector matrix /,(%)
(g% = 1,{0Q,). It is also well known® that the higher the
degree of coupling of the normal vibration the larger the
number of non-zero elements in the column /,(9 and the
smaller their values. Therefore, it is clear that typical "spec-
troscopic”" and "chemical" energies can be used to excite
the desired large-amplitude vibrations only provided that
these vibrations are local in character or they can be con-
sidered pure in the region where the chemical transfor-

mation occurs. Note that only a few vibrations meet these
conditions.

These conclusions are substantiated by the results of
qualitative (visual) analysis of calculated atomic vibra-
tions in coupled isomers for numerous well-known reac-
tions.19:21-26 Tp all cases, two or three characteristic vi-
brations corresponding to structural transformations in
the course of isomerization were clearly seen. This can
also be seen from the estimated magnitudes of the ele-
ments of the shear vectors for alkene molecules (see text
above and Fig. 3). Yet another example is provided by the
allene—metylacetylene transition. This is the case of a
small molecule (N, = 7, N = 15), but two vibrations
responsible for the corresponding atomic rearrangement
involving transfer of a proton can be distinguished. These
are the C—H stretching vibration and the C—C—C bend-
ing vibration (the corresponding frequencies v; are about
3000 and 300 cm™!). The responsibility of these vibrations
for the isomerization manifests itself in the elements of
the shear vector, namely, |b] = 13. The magnitude of the
norm of the vector b is mainly determined by these ele-
ments. The elements of the vector b for other vibrations
are much smaller.

Thus, analysis and model calculations showed that the
crucial role in determining the possibility (i.e., relatively
high probability) of a certain structural transformation of
a molecule is played by not only the local character of the
structural transformation, but also the corresponding char-
acteristic vibrations. These are the key requirements.

It is very important that specific features of atomic
motions in the course of characteristic vibrations are
clearly seen in the vibrational and vibronic spectra as
absorption bands that retain their positions on the wave
number scale (often, they also retain their intensities).
This can be treated as the appearance of spectral indica-
tions of the RCs.

Summing up, a chemical transformation in a complex
molecule is only possible if the atomic rearrangement
occurs in a small spatial region, causes no significant
changes in the geometric characteristics of the whole
structure, and can occur in the case of a pure character-
istic vibration or a combination of a small number of
such vibrations. This can be determined with ease by
monitoring animated pictures of atomic displacements
from the equilibrium positions in the course of vibra-
tions.19:21=26 Quantitatively, the characteristic vibrations
are indicated by the readily calculated shear vectors b that
describe structural deformations of the molecule upon
chemical transformations in the system of normal coordi-
nates.

Thus, we proposed a method of search for RCs in
polyatomic molecules. Since displacement of a hydrogen
atom requires the lowest energy and its migration is also
accompanied by transfer of valence, reactions involving
hydrogen atoms are typical of hydrocarbons and the rule
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of conservation of the total valence holds for the synthesis
or decomposition reactions by default.

Summing up, we revealed a number of specific fea-
tures of the appearance of the RCs and of the processes
occurring in them. The problem was treated ab ovo using
no data obtained in chemical experiments, i.e., only based
on the basic principles of quantum theory. The results
obtained in this work correlate with the available experi-
mental data and provide a correct explanation for them.
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