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vl QUANTUM-MECHANICAL THEORY. ROLE OF THE INTERDEPENDENT
CHARACTER OF THE MOTION OF INDIVIDUAL ATOMS IN REACTIONS ‘
IN WHICH POLYATOMIC SYSTEMS PARTICIPATE v

M. A. Vorotyntsev, R. R. Dogonadze, UDC 541.13
.and A. M. Kuznetsov

Chemical reactions between polyatomic reagents are examined. The problem of the partici-
pation in the formation of the transition configuration of atoms whose equilibrium positions
do not change as a result of the reaction is investigated.” The conditions under which the
motion of these atoms in the process of transition can be disregarded are elucidated. The L
transition configurations of some homogeneous addition reactions and electrode reactions
with transfer of solid particles in a linear complex model are calculated.

In theoretical examinations of electrochemical reactions that include a step involving adsorption of
atoms on the electrode, one usually does not take into account the fact that the atoms of the electrode effect
the vibrational motion, and it is supposed that they are fixed in the crystal lattice points [1]. The validity
of this sort of approximation is not obvious, since the adsorbed particles, which are essentially impurities
in the solid, participate in collective vibrations of the lattice atoms and, as is well known, may significantly

reorganize the vibrational spectrum.

A situation of this type, in which the transition occurs in a system made up of a large number of par-
ticles, the motions of which are interdependent, is generally extremely widespread in chemical reactions.
All homogeneous reactions involving transfer of heavy particles and in which polyatomic molecules partici-
pate, including polymerization, electrochemical reactions accompained by adsorption of particles on the
electrode, reactions involving the dissolving and deposition of ‘metals, etc., are processes of this type. The
interdependent character of the motions of individual atoms leads to the necessity for the construction of
potential energy surfaces as functions of the coordinates of a large number of particles, and this makes the
calculation extremely complicated. However, in a number of cases one can attempt to simplify the picture.
by excluding from consideration those atoms whose equilibrium positions do not undergo changes as a result
of the reaction. In the present paper, the problem of when this sort of approach is justified and in what -
cases the motion of the atoms whose equilibrium positions do not change as a result of the reaction should
nevertheless be taken into account is investigated for several model examples. In particular, the addition
of an atom to a long chain of atoms, which can be considered as the first step in modeling metal deposition
and dissolving reactions (for the reverse process) and polymerization reactions, is discussed. . The results
obtained for this model make it possible to draw several conclusions relative to the occurrence also of ..

other reactions in complex polyatomic systems.

1. Model with Two Degrees of Freedom ‘ T ,
on of atom (or ion) C to molecule (charged or uncharged)

As a first example, let us consider the additl
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AB+C==ABC. BN

1t is assumed that reaction (1) proceeds in a polar solvent and that as 3 result of
the reaction there is pronounced redistribution of the chaxjge in the reactantg and
considerable reorganization of the polarization of the medium around the regg.

: tants. We will subsequently describe the solvent within the framework of the
Fig. 1 model developed in 2], according to which the potential energy of the medium §n
the initial and final states can be written in the form
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where w,, are the fret;uencies at which dielectric absorgtion occurs in the solvent, q,, are the normal coop-
dinates of the dynamic polarization of the solvent, and q fare the equilibrium values of the normal coordi-

w0
nates.

If the mass of atom A considerably exceeds the masses of atoms B and C (mA>»mB, mg), i.e., parti-
cle A can be assumed to be at rest during the reaction, and if we restrict ourselves to the model of a linear -
"complex (all three particles A, B, and C lie on a single straight line during the reaction), in this case, in
addition to the degree of freedom of the solvent, only two degrees of freedom of the reactants that describe
the relative position of particles A and B and C will participate in the reaction (Fig. 1). Using the harmonic
approximation for the description of the intramolecular vibrations, we write the potential energies of mole-
cule AB and of molecule ABC formed in the final state in the form : :

i
Uip= '3 g:‘ (Rz“Rn‘) +I;
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where g,f » €31, and ng are the force constaﬁts and Rmi, R,of » and Rzof are the equilibrium values of the
lengths of the chemical bonds of BC and AB in the initial (i) and final (f) states, and Ij and If are the mini-
 mum values of the potential energy of the entire system. : R : .
.. Todescribe Uypc we adopted a model in which the interaction of each atom only with its nearest
. neighbors is taken into account [3]. Thus the potential energies of the entire system in the initial and final
~ states have the form Ce e IR R o TR
| | | U=UMUatUie U=UstUme, . . 0w
where Upp /C describes the potential energy of particle C and the energy of its interaction with molecule’
AB. Depending on the character of the process, term UAp/c may have different forms. o L o
Case inWhich Particle C is Free. Let us first consider the case in which particle C is not chemi-"

cally bonded to any particles whatsoever in the solvent. In our adopted model of interaction between near- - -
- est peighbors, UAB/C depends only on the distance between particles B and C: R

angum‘(R"). ” | . s :(5)'

It should be noted that because of the presence of interaction between particles B and C, their motfons
are not independent. 1t is well known that normal coordinates that are expressed in the form of several - ‘
linear combinations of the coordinates of the individual atoms can be introduced into the harmonic approx-
mation for the description of the vibrations in molecule ABC. This makes it possible to find the frequer-
cies of the normal vibrations (w;f and w, /) and the wave functions. However, the introduction of normal = °
coordinates is impossible for the initial state for an arbitrary form of potential Upp/c(Ry), which describes
the repulsion between atoms B and C at short distances, and finding the initial wave function proves tobe .-
~extremely difficult., =~ 0 e e e T v T L
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a) An accurate calculation for a sufficiently arbitrary form of po-
tential UAB/C(Ry) can be made when the frequencies of the normal vibra-
tions (wyf and w,f) in molecule ABC, the frequency (w') of the vibrations
of isolated molecule AB, and potential Usp /c(Ry) satisfy the classical
conditions ,

ko', ho/, o/ <kT,
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As shown in [4], transition of the system from the initial state to the final state is realized in this v
case through the saddle point on the intersection of the initial and final potential energy surfaces. Simple
calculation for the values of the normal coordinates of the solvent and the distances between the atoms in .-
the reactants and the transition configuration gives :

g =(1—@) gu'+agu’;
R:r=[(1-a) g:'Re’+ag’ R’ )/ [ (1—a) g+ agl’]. : - (Ta)

The R;* value is determined from the equation »
(1—@)oVsc(R)/OR4ag! R—RM)=0, @
where a is the transport coefficient. - - o SRS

It follows from (7a) that if, as a result of the reaction. force constant gz and the equilibrium value
R, ofthe A—B bond length remain unchanged gl=g/, Rﬂ, = wa ); Ry* = Ry in the transition configura- .
tion, i.e., chemical bond A~B doesnot stretch during activation, and, in addition to the change in the normal
coordinates of the solvent, there is approach of particle C to atom B, which is in its equilibrium posiﬁon. :
Thus, in this case the motion of particle B during the reaction can be disregarded.T i Lo

It follows from (7b) that the larger the g{f value (i.e., the higher the frequency of the vibrations in

molecule ABC) and the smaller the 9UAB /c/ 3Ry value (1.e., the weaker the repulsion of particle c away . L

from atom B), the closer the Ry* and Ryy/ values.

b) Extrapolating this result in the case in which the force constants gzi =g,f and g,f are so large that
the corresponding vibrational frequencws satisfy the quantum conditions [4]

heh Bol, ReSBRT, I )

but potential UoB /c(Ri), as before, satisfies classical conditions (6), one can assert that in this case in the .
normal region (o~ %) bond A—Bremains unstretched (R,* = Ry in the transition configuration under the
condition Ryyl = Rzof while particle C approaches atom B up to a distance that is practically equal to the = .
equilibrium value of the length of chemical bond B—C in molecule ABC (Ry*=~ Rio/). In particular, this -
conclusion is confirmed by analytical calculation for potentials Uan /C that have parabolic shapes. - )

In all of the cases considered above, the general expression for the activation energy has the form

BemUas, R B)—LmU ) +Uume R+ Uan RS )—m ©a)
If the state of particle B does not change asa result of the reaction, i.e., gz = ng and Rzoi B’zfo, term
_ UABCR2*)—Ii reverts to zero, and formula. (9a) takes on the form
’ (9b)

_ E.-=U “(g)— UAn/c(Rl)-

T sz Rzo- the transition configurations and the activation energies will be identical for both gz ng
and gt = ng However, since a change in the force constant of the chemical bond affects the value of the
preexponential factor, its dynamic characteristics must be taken into account in the calculation of the tran-
sition probability, even if the equilibrium length of this chemical bond does not change asa result of the
reaction. N : R R R R =
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O O . O-: . cannot perform an accurate calculation for a potential of arbitrary form,
7 2T However, for a model potential of, for example, parabolic form,
1
990,04 ety = 50
Fig. 3 It can be shown that in this case the motion of atom B must be taken into

c) When potential Upp/C(Ry) satisfies the quantum condition, ope o

account, even if its equilibrium position does not change as a regylt of
the reaction (Rz(,i = Ryo/).

Case in Which Particle C is Bonded. If particle C in the initial state is chemically bonded to another

molecule (or atom) D that has a considerably higher mass, such that it can be considered to be at rest ata
certain fixed distance L from particle A during the reaction, potential UaB/c will depend not only on the
distance Ry between atoms B and C but also on the distance between C and D, i.e., on the degree of stretch-
ing of chemical bond C~p (Fig. 2):

where roi is the equilibrium value of the length of chemical bond C~p. In this case, in the final state, when
bond C—D is broken and molecule ABC has been formed, yet another term Ucp(r—r,/), which describes
the repulsion between atoms C and D in which ryf is the equilibrium distance between atoms C and D in the
final state, will appear in potential energy v in (4).

dom are possible. We will restrict ourselves to an examination of only the completely classical case.

Since

intersection of the initial and final potential energy surfaces (U! and Uf) will correspond to the transition
configuration. Simple calculations with allowance for the fact that the Ris Ry, and r values are interrelated
by the expression : '

lead to the following system of equations that determines this point:

As before, the q; values are determined by Eqgs. (7a). It can be shown by investigation of this system of -

Eqgs. (13) that even if R, ! = Rzof and g,! = g./, R,* is not equal to R,y In this case the expression for the
activation energy has the form : ‘ o

0 In contraist to (9b), term Uy g (R,*)—1I; now does not revert to zero and, in addition, yet another term
ng B/c (L*—ry) appears. This is due to the fact that the approach of particle C to atom B when the position -
atom B is fixed proves to be "disadvantageous,” since too high an energy 1is required for this because of
the attraction of particle C to molecule D. It proves to be "more favorable” to the system if a certain shift

of atom B toward particle C occurs during activation and the stretching of chemical bond C—D is not too

great.

Urore=U S (R)+U S (r=r), )

Different cases that correspond to the classical or quantum behavior of the different degrees of free-

in this case the transition is realized through the saddle point, the point of minimum energy at the

r+R+Ry=L, (12)

(1)
(1-a) & (R:—Ru) tag! (Ri-Ra') — (1—a)m3¢—aw (Ri—R.") =0,

) aU {2) - ! '
(l—a)gz‘(Rz— 20:)_(1-(1}.% +agz’(Rz“Rzol)“aalci;Ll)-=0. . (13)
- r

E.=U.‘(§.‘)+[Un(R,‘)—-I,]+UA§'/’<:(R.")+Uu‘,j§;(r’—r.‘)l' . o (14)

2, Model with Mahy Degrees of Freedom, Linear Chain of Atoms

As a second example, let us examine 'Ehe.'éddition of an fon to a lnear chain of atoms in a polar ‘s‘°l.'-’
vent (Fig. 3). Both homogeneous reactions and heterogeneous processes — polymerization, depositionor -
dissolving (for the reverse reaction) of metals, and adsorption — can be modeled to a rough approximation - o
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by this process. Since the result for a sufficiently long chain should not depend on the conditions at its op-
posite end, for simplicity we will assume that this end of the chain is fixed, i.e., shift xN+1 of the atom of
the chain with number N+ 1 is zero at all times. v L

In the nearest-neighbor approximation, the potential energy of the atoms in the initial (UiI") and final

(U fL) states can be written in the form [3]

N+ AL
U(Ln 2‘%’(31‘—1:—1)2; Ufl‘ﬂ 2%‘-(:&’-—:&:-4)’; z‘}l+g=z’ﬁ+|=0, (15)

i3 {3

where gli and ng are the force constants, and x[i and xlf are the shifts of the /th atom from the initial and
final equilibrium positions. Shifts xli and xlf are interrelated by the expression

14 » o
ait Y a4 Y ar, o (16)

At Aml

where “ki and ¢, f are the equilibrium distances between the k-th and (k = 1)-th atoms in the initial and '
final states. The final state differs from the initial state in that atom C adds to the chain and the number
of atoms in it increases by one. Summation in the first summation in (15) therefore is performed from

1 =3, while the summation in the second is performed from I = 2,

The potential energy of the entire system in the initial and final states has the form:
U=UAUMUtl; U=UMHUML, S

where Ug,c is the potential energy of particle C with allowance for its interaction with the last atom of the
chain, As in the case of the model with two degrees of freedom, two fundamental cases can be considered.

1) Case in Which Particle C is Free. Let us consider the case in which potential Uy, jAus't as in -
relation (5), depends only on the distance between particle C and the last atom of the (.:hgin‘,‘ i.e., it depends
only on the difference Ry = x,l-xd: ' ‘ ' g T

H

Uw=Uic(zd=z). U )

a) If all of the frequencies of the normal vibrations of the chain in the initial and final states and po-
tential Uy,c satisfy the classical conditions of the (6) type, it is not difficult to show that one must take into
account the motion of only those atoms (usually found near the end of the chain) whose position (and corre-
sponding force constants) changes as a result of the reaction, while the remaining atoms can be assumed -
to be fixed in their equilibrium positions, since their shifts to the transition configuration prove to be equal
to zero (xi*=0). ' ' Lo B I » S

For those atoms whose position changes, their shifts to the transition copfigura,'tion are determined -
by the system of equations S o S AT OH min

(1-a)gi(zi~zt) +ag! (z/—zl) =0, 1=3.

In particular, if the parameters of the chain (force constants and equilibrium distances between the atoms)
do not change as a result of the reaction, the vibrations of the atoms of the chain during the reaction can
generally be disregarded. In the transition configuration all of the atoms of the chain will be found in their
equilibrium positions (xj * = 0), while atom C will occupy a certain intermediate position (between the initial
and final), and the x;* value in the transition configuration will be dete;-mined by an equation sin;i)ar to (7b):

] .
ULC+ag:z,-=0. - (19)
or

- (1-a)

It is seen from (19) that the larger the force constant (g,) in the chain and the weaker the repulsion of
atom C away from the chain, the lower the x;* value. o : :

b) Extrapolating this result to fhe case in which the force constants are 50 la.rge' that there are both
classical and quantum frequencies in the vibrational spectrum of the chain and the parameters of the chain
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do not change as a result of the reaction, it can be asserted that in this case also the shifts of all of the
atoms of the chain from equilibrium positions X * in the transition configuration are equal to zero, while
atom C is found in a position that practically coincides with its equilibrium position in the chain in the fipy)
state, f.e., x;* =0,

The general expression for the activation energy of the process under consideration has the form

E.-'U.‘(q,.‘) +U4L (I;") +ULC (x:“—z;‘. . (20)

When the chain parameters do not change, this expression is simplified and becomes similar to (9b):

H
i
H
i
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i
H

Ec=UMg") +Usc(—2,"). | | (21)

Thus activation is realized here through the dipoles of the medium and through approach of atom ¢ to the
end of the chain. The vibrations of the chain do not participate in the activation process.

2) Case inWhich Particle C is Bonded. If particle C is bonded to a certain atom (or molecule) D of
v sufficiently great mass, such that it can be considered to be stationary during the reaction, potential Urc
P will depend both on the distance between atom C and the end of the chain (:»c-‘,i —xii) and on the distance r be-
: tween C and D [compare this with Eq. (11)]: :

Uee=U2 (2,'—2,)+U2 (2); * zi=r—rs" (22)

In addition, term Ugp(r—r,/), which describes the repulsion of particle C (bonded to the chain of atoms)
away from atom D, will appear in the potential energy of the final state.

Calculation shows that in this situation, in contrast to the preceding case, the approach of particle C
to the end of the chain when the position of the atoms of the chain is fixed proves to be unfavorable, since
the potential energy of the system in this case increases markedly because of the attraction of particle C
to atom D. As a result, in the transition configuration, the X, * values prove to be other than zero, and this
indicates motion of the atoms of the chain toward atom C during activation. '

i However, in the case of a sufficiently long chain of atoms, the parameters of which do not change as
o a result of the reaction, the situation proves to be substantially different from that which occurred for the
addition to a small molecule [see (13)-(14)]. Although in this case the distances between the atoms of the
chain approaches the C atom by a certain distance, the magnitude of this distance, i.e., xzi*-x,i*, and the
position of particle C relative to atom D, 1.e., x1*, are determined only by the potentials of repulsion of
atom C away from the end of the chain and away from atom D (U},c and Ucp) and also by the potentials of
the attraction to the D atom and to the atom situated at the end of the chain [U}_Z:)c and 1/2¢g,/ (xzf -x¢). It
should be noted that in contrast to (13), the parameters of the starting chain, i.e., terms of the g22(Ry=Ry)
type [see (13)], do not enter into the equations that determine the xot*—x,d* and x,1* values. This result
is due to the fact that an increase in the distance between the atoms of the chains (x;i*—xl:;) is of the order
of ~1/N, where N is the number of atoms in the chain. Therefore, when there are a sufficiently large num-
ber of atoms (N - ), the eigenenergy of the chain in the transition configuration is zero:

N4t g .. & ‘.1 1 (23)
T S R P UL P
L e 2 s . ‘

- Thus, in this case the behavior of the atom at the end 6f the orig'inal chain is similar to the behavior of the .
s free atom, and the transition configuration is therefore determined only by interactions between this atom )
; and particle C and between particle C and atom D, and the expression for the activation energy has the form

E=U/@)+UR @ e ) v 0D @l). @)

It should be noted that, in contrast to (14), the term UiL(xkif). which in this case would be similar in mean- -
ing to the [Upg(Ry*)—T;] term inrelation (14), does not enter intorelation (24). This is due to the fact that
when the chain of atoms is sufficiently long, an increase in the chain length by a magnitude of the order of

the interatomic distances requires almost no expenditure of energy. This result is valid for both a chain
with a purely classical spectrum of vibrations and for'a chain in which both classical and quantum vibrations
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are present. Since the indicated stretching of the chain is realized through motion along the classical de-
grees of freedom, it is necessary only that the chain be sufficiently long and that it contain the number of
classical vibrations that are necessary for this sort of stretching.

In conclusion, we present the result for the case in which the repulsion between atoms C and D in the
final state [UC D(r-rof )] can be dlsregarded. It then turns out that the C—D bond in the transition configura-
tion is practically undeformed (r"‘--r(,i = x, *~0) and atom C can be considered to be fixed in its initial
equilibrium position. The distance between atom C and the-end of the chain in the transition configuration
(x,1*—x,1*) is determined by an equation similar to (19):

AU (212, . ' |
—.(%(Tz#-*-agz(zz —z|’)=0 I: zo’ ) 7 (25)

and the term U%)C (xii*) is absent in Eq. (24) for the activation energy.

(1-a)

The general conclusion flowing out of the examination above consists in the fact that in the general .
case even those atoms whose equilibrium positions are not changed as a result of the reaction participate
in the formation of the transition configuration in reactions involving the participation of polyatomic sys-
tems. However, the motion of these atoms during the reaction can be disregarded for some types of proc-
esses, particularly the deposition and dissolving of metals, adsorption of atoms on the electrode. and some
homogeneous addition reactions. D,
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