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Abstract The applicability of the Encounter Theory (ET) (the prototype of the
Collision Theory) concepts for widely occurring diffusion assisted irreversible bulk
reaction A+ B — C (for example, radical reaction) in dilute solutions taking account
of initial microscopic correlations and force interactions between reactants has been
treated theoretically with modern many-particle method for the derivation of non-
Markovian binary kinetic equations. The method shows that taking into consideration
initial correlations and force interactions leads to the redefinition of the Markovian
rate constant only in the expressions derived earlier. Thus, just as in the reaction
A+ A — C and the reaction A+ B — C neglecting force and initial correlations, the
Modified Encounter Theory (MET), when reduced to equations of a Regular Form,
both extends the time applicability range of ET homogeneous rate equation, and yields
the inhomogeneous equation of the Generalized Encounter Theory (GET). It reveals
macroscopic correlations induced by the encounters in the reservoir of free walks
in full agreement with physical considerations. Time accumulation of macroscopic
correlations obeys the same time law as in the previously considered case neglecting
force interactions. Just the rate of the process will change, according to traditional
redefinition of the steady-state constant of the reaction.
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1 Introduction

Development of diffusion controlled reactions is related to the Smoluchowski works on
coagulation theory in colloid chemistry [1]. Extension of these works to the theory of
chemical reactions in liquid solutions has led to the so-called Smoluchowski approach.
In the frame of this approach the kinetic equations have the form of differential ones
(rate equations) similar to formal chemical kinetics equations with the only differ-
ence that the reaction rate constant is time dependent. Later on, traditional approaches
to the derivation of kinetic equations in the theories of reactions in solutions [2-9]
based on the concepts of independent reactant pairs (“free pairs” [10,11]) confirmed
the results of the Smoluchowski approach. The exact many-particle (with respect to
reactants) substantiation of these theories was performed for the simplest irreversible
reaction using the so-called “target model” [8,9], and at small concentrations—by Wa-
ite using superposition decoupling in hierarchies for Reduced Distribution Functions
[10-13]. However, these approaches turned out to be inapplicable in the investiga-
tion of dynamic processes (determined by the Hamiltonians) and reversible chemical
reactions.

Therefore the Encounter Theory (ET) [14—16] was proposed. It is the prototype of
the Collision Theory (CT) in gases [17-19] adapted for the consideration of physi-
cochemical processes in dilute liquid solutions (solutions with small value of density
parameter). The Encounter Theory based on somewhat different, more general phys-
ical concepts, is more universal from the standpoint of the description of reacting
systems evolution than the Smoluchowski approach. In particular, ET takes account
of non-contact nature of the reaction, it can be applied to reversible and multi-stage
reactions, makes it possible to allow for the Hamiltonian, internal structure, nonsphe-
ricity of reactants, etc. In the specific case of the Smoluchowski problem statement,
ET reproduces its result. The advantage of ET is that the concepts it is based on allows
one to obtain clear physical interpretation of the results.

The applicability of the Collision Theory concepts to reactions in liquid solutions
is based on the fact that in traditional consideration of a solvent dilute solutions resem-
ble a “gas” of reactants dissolved in a homogeneous chemically inert solvent (not in
solution) treated as a continual medium (from the standpoint of molecular dynamics
this corresponds to the limiting case of “over damped” Langevin dynamics, or to the
Langevin dynamics without inertia, i.e., corresponds to the Brownian dynamics meth-
ods). Note that along with such a treatment of a solvent, there exist the approaches
allowing for its molecular structure [20-22]. However, unlike the Collision Theory, ET
allows for the interaction with the medium affecting both the course of the elementary
event, and the character of reactants mobility (the kinematics of “collision”) that is
transformed to random walks [23].

In the framework of ET the reactants are for the most part in the process of “free”
random walks (in the reservoir of free random walks), and the reaction takes place upon
their pair (binary) encounters the duration of which is much less than the mean time
between them. Under such conditions, pair encounters were considered to be inde-
pendent and three and more particles encounters are neglected (just as for collisions
in gases). It means that the effects of the encounters occurring at different moments
of time are uncorrelated, and, therefore, additive. These concepts, as in gases, lead to
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differential kinetic equations (rate equations) differing from formal chemical kinetics
equations based on the kinetic law of mass action only in the time dependence of the
rate constant.

However, the conception of independent pair encounters of reactants in solution
needs consistent substantiation that may be performed only on the basis of many-par-
ticle consideration of the reacting systems. Different many-particle techniques were
proposed in the literature [24—26] but we use the method most closely related to the
Encounter Theory notions. Such a method based on the adaptation of non-station-
ary quantum scattering theory techniques and non-equilibrium statistical mechanics
methods to chemically reacting systems now has become possible [27-34].

This method consists of several steps beginning from the many-particle statement of
the problem to the final derivation of binary kinetic equations. The detailed microscopic
many-particle description of the reacting system and passing to the thermodynamic
limit make it possible to write hierarchies for Reduced Distribution Functions. Fur-
ther derivation of the equations relies on the idea to treat the evolution of the reacting
system as the evolution of space-time correlations in spatial location of reactants. The
obtained hierarchies of equations for correlation patterns require closing on some level.
The simplest method of such a closure is taking into consideration just two-particle
correlations between reactants neglecting all three-particle ones. This approximation
corresponds to the development of the so-called Integral Encounter Theory (IET)
[35,36] and leads to integro-differential kinetic equations. The kernel of this equation
calculated using the reacting pair parameters is the basic kinetic coefficient of the
theory that completely describes the encounter. However, the kinetic equations them-
selves can be employed in a narrow time interval [36-38]. To expand their applicability
in the range of binary description, it is necessary to allow for correlation patterns of
higher order than two-particle ones. Closing of a hierarchy of equations on the level
of three-particle correlation patterns is implemented by extracting binary channels in
the evolution of three-particle correlation patterns; this corresponds to the next step
in the many-particle derivation and the development of the Effective Pair Approxima-
tion (EPA) [28,39]. On the basis of this approximation, discarding the terms beyond
the limits of binary approximation, we derive more general integro-differential binary
equations of the Modified Encounter Theory (MET) [39] valid over the entire time
range of binary description. However, the demerit of this theory is the dependence of
the kinetic coefficient (the kernel) on initial concentrations of reactants that contra-
dict the principles of kinetic theory. Within the accuracy of binary approximation the
kinetic equations of irreversible reactions admit further reduction to the form of the
rate equation (Regular form) that allows direct comparison with the Encounter Theory.
The aim of the present contribution is the application of the developed method for the
derivation of the kinetic equation for the reaction A + B — C with allowance for the
force interaction between reactants.

2 Statement of the problem

For the irreversible reaction under discussion A + B — C (in this particular case) the
non-Markovian (with time dependent reaction rate constant) binary kinetic equation
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is of the same form both in ET, and in Waite-Smoluchowski theories

dlAl, _d[B], _ dICl,
== T = —KWIALIBIL, @1

where [A]; , [B]; and [C]; are concentrations of reactants. K (¢) is the non-Markov-
ian rate constant attaining its steady-state value (the Markovian rate constant or the
steady-state constant)

k= lim K(0). 2.2)

In this Markovian version of the theory Eq. (2.1) is transformed into the equation of for-
mal chemical kinetics corresponding to the kinetic law of mass action (corresponding
concentrations are marked by the upper index m)

dlAl"  d[B]"  d[C]"
dte —  dt dt

= —k[A]/[B]}, (2.3)

to give the familiar kinetics of the bimolecular reaction at hand

[A]" = An - [Alpexp (—kAnt) . (B =
[Blo — [Aloexp (—kAn 1)

An - [Blo
[Blo — [Aloexp (—kAnt)’

2.4)

where An = [B]; —[Al; = [B]' —[A]" = [Blo—[Alo,and [A]p and [ B]y are the ini-
tial concentrations of reactants. For definiteness, hereinafter we take that [B]y > [A]o
(An > 0).

In the framework of ET Egs. (2.1) and (2.3) have a clear physical meaning. The
product of concentrations in the right-hand sides of the equations corresponds to the
approach of uncorrelated particles which are in the process of free random walk in
the bulk, while the kinetic coefficients (rate constants) specify the efficiency of the
encounter of reactants brought close together. Note that the independence of pair
encounters also means the independence of “reservoirs” of free random walks and the
encounters.

In the paper in Ref. [40] we used the described above many-particle method for
the derivation of kinetic equations to analyze the notions of the independence of pair
encounters for the reaction A + B — C. But this investigation was made without
regard to force interaction between reagents (reactants were assumed to be point par-
ticles). This allowed us to concentrate on the study of correlations determined by the
reaction. It has been established that the final kinetic equation written in the Regular
form (as the rate equation) involves an extra term J (¢) determined by accumulation
of macroscopic correlations in a free walk “reservoir”

dlAl, _dBl, _ d[Cl,
== = —KWOIAKIBY + T (1), 2.5)

The appearance of extra inhomogeneous term in the kinetic equation is traditionally
associated with the presence of initial correlations in the system that vanish with time,
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in accordance with the general principles of non-equilibrium statistical mechanics
[11,41-43]. However, the time dependence of the obtained term J(¢) in Eq. (2.5) is
different: at the initial moment of J (¢t = 0) = 0. With time, J (¢) reaches its maximum
value, and than decreases to zero. To interpret the obtained source in the concepts of
the Encounter Theory, the kinetic equation (2.5) can be conveniently rewritten as

d[A]t _ d[B]t _ _d[C]t _ macro
- 4 a4 s KO{[AL[B]: + 11 (0} (2.6)

The presence of the correlator I7"4“"°(t) means that chemical correlations arising on
the encounters of reactants are transferred to the “reservoir” of free random walks,
and in the general case pair encounters of reactants in solution are dependent. Accu-
mulation of the above correlations occurs at the times of the order of time between
the encounters, and this corresponds to macroscopic time scales of chemical reaction
course. That is why such correlations should be treated as macroscopic. The above
mentioned phenomenon (absent in gas reactions) is determined by the fact that, unlike
collisions in gases, the encounter of reactants in solution consists of re-contacts (cage
effect) between which the reactants can move apart for macroscopic distances and
interact with reactants in the bulk. Taking account of such dependence pair encounters
leads to the Generalized Encounter Theory (GET) [40,44].

Inclusion in the consideration the force interactions between reactants (and reaction
products) makes it necessary to consider the appearance of additional force correla-
tions on the encounters of particles in solution. Manifestation of such interactions in
the framework of ET (dealing solely with independent pair encounters of reactants)
is evident, and corresponds to the familiar recipe for its inclusion in the description
of the motion of reactants in the encountering reacting pair [1,11] which leads to the
change in the rate constant K (¢) in Egs. (2.1)—(2.6). However, as for inhomogeneous
sources in GET kinetic equations (2.5)—(2.6), they are intimately connected with the
presence of three-particle correlations in the reaction system under discussion, thus
investigation of the force interaction influence of reactants (both between each other
and with the products in the bulk) is a separate problem the solution of which is the
subject of the present contribution. It is essential that in calculating inhomogeneous
sources one should take into account only the effects that provide corrections to the
kinetics, of the order of contributions from binary encounters of reactants in solution
allowed for in ET.

Consistent consideration of the force interaction requires allowing for initial cor-
relations of the Boltzmann type [45]. However, here we shall consider the presence
of arbitrary initial correlations, since no radical change in the many-particle approach
is needed for this purpose [44]. Note that taking into account the force interaction
(and arbitrary initial correlations) in the context of the Encounter Theory based on
the conception of independent pair encounters is evident. To this end, it should be
allowed for just in the reacting pair of the encountering particles A and B. The influ-
ence of the interaction of the reacting pair A B with other particles (including products
C) is insignificant, since taking it into consideration is beyond the limits of making
allowance for two-particles only. Of course, as the density parameter increases (in this
case ET is inapplicable) such a consideration becomes essential, and this is confirmed
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by numerical calculations available in the literature [20,46—48]. However, even at
small density parameters, ignoring the above force interactions in the more general
GET theory that considers the dependence of pair encounters of reactants in solution
determined by the contribution of three-particle correlations into the kinetics is not
so apparent. In this case the interaction of reactants with the product can affect the
accumulation of macroscopic correlations. Investigation of the role of this effects is
the main subject of the present contribution.

In the third section we give the many-particle description of the considered reacting
system A + B — C. Section 4 presents the Integral Encounter Theory (IET) that is
the first step in the derivation of kinetic equations. In the fifth section the Effective
Pair Approximation (EPA) equations are derived, and the matrix kinetic equation nec-
essary for the development of the binary theory is formed. The non-Markovian binary
Modified Encounter Theory (MET) and the reduction of non-Markovian MET equa-
tions to their Regular Form (RF) corresponding to the Generalized Encounter Theory
(GET) are constructed in Sect. 6. Section 7 deals with the time behaviour of the corre-
lations between reactant encounters and reaction kinetics. The results are summarized
in Conclusion. The intermediate calculations are given in Appendices.

3 Many-particle description of the reacting system
3.1 Many-particle model

For many-particle description of the reacting system, first it is necessary to determine
its microscopic parameters. As in [40,44], free motion of non-interacting (point) reac-
tants in continual medium is described by the Markovian process of random walks
defined by the motion operator (in the general case by the integral operator) Ly, where
o denotes the reactants. The force interaction between two reactants is determined by
the corresponding potential energy of the pair interaction of reactants, and is specified
by the operators of the force interaction iixﬂ between « and S reactants that satisfy
the condition of the preservation of the number of particles

/daia =0; /dadﬁi;ﬁ =0. (3.1)

Here o and B denote space coordinates ry and rg of o and § reactants.
For example, for continual diffusion of reactants these operators are of the form

D
Vo (VaUsp) + 2=V (Vs Uap) 3.2)

. D
Loy =DyAy: L =
kgT

B = T

where D, is the diffusion coefficient of the reactant under consideration, A, is the
Laplacian, V, is the nabla-operator of « reactant, kp is the Boltzmann constant, T is
the absolute temperature.

The elementary rate of the reaction is described by three-center rate R(Ck|A;, Bj)
depending on the coordinates of the initial reactants A;, B; and the final product C.
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Since the solution is assumed to be spatially homogeneous, the elementary rate has a
shift symmetry, i.e., for arbitrary vector r the equality holds

R(CrlAi, Bj) = R(Cy +r|A; +r, Bj +r). 3.3)

Along with the rate R(Cy|A;, B;), we introduce the elementary event rate
w(A; — Bj) = /deR(CklAi, Bj), (3.4)

that defines the complete vanishing rate of the initial reactants A and B no matter
where the product C is formed.

In further mathematical description (as in Refs. [40,44]), we shall use the extended
time interval —oo < ¢t < oo. Att < 0 the values of all functions are taken equal
to zero, and at ¢t > O these values coincide with corresponding physical quantities.
Thus the functions at extended time interval are obtained by multiplication of original
functions (defined on the ordinary time interval 0 < ¢ < o0) by the stepwise Heav-
iside function 6(¢). So differential equations for such functions do not require that
the initial conditions be stated. They are taken into account by introducing §-func-
tional source in the right-hand side of appropriate differential equation. This makes
it possible to consider space and time variables on equal terms which is necessary
for the introduction of integral operators acting on space-time variables that simplify
essentially the intermediate calculations. For simplicity, we denote the time derivative
on the extended time interval as 9. If the kernel of some integral operator is time
invariant, then time dependence is introduced by multiplication of this value by the
8(t) function.

Thus the elementary event of chemical conversion may be described by the integral
operator R*IJ) defined by the kernel

R™ED(Cy, t|A;, By, t0) = R(Ci|A;i, Bj)S(t — 10). (3.5)

The integral operator V@D describing chemical interaction of reactants is defined by
the kernel

VD (Ai, B t|Aoi. Boj. 10) = —w(Ai = B))S(Ai — Ao)S(Bj — Boj)d(t — 10).
(3.6)

The introduced quantities enable one to perform a many-particle description of the
reacting system A + B — C. For this purpose, let the total number of A and C reac-
tants be equal to N, and the difference in the number of A and B reactants be M. In
the course of the reaction the numbers M and N remain time constant. At the instant
of time ¢ the reacting system is described by a set of distribution functions depending
on the number L of A reactants

{¢(O)(BM, N, oy WAL, ML CN=L ). @M (AN pMAN, r)} .
3.7)
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Each function @D (AL, BM+L CN=L 1) s the density of the probability that by the
moment of time ¢ L identical A particles, M + L identical B particles, and N — L
identical C particles will be found at the points AL = (A, Ay, ..., AL}, BMTL =
{B1, B2, ..., By}, and CN-L =({Cy,Cy,...,Cn_r} of the macroscopic volume
V, respectively (vectors with such components form the so-called Fock space [49]).

Each distribution function is normalized to the probability p*)(¢) to find the system
in the state (L)

B (AL, BMFL V=L 1y = pD(r).  (3.8)

dAL dBM+L ch—L
/ LU (M+L) (N —L)

The set of this probabilities is normalized to unity
N
> o =1 3.9)
L=0

The distribution function @ &) obeys the Liouville equation which is the balance equa-
tion in the Fock space. This equation is a basis for consistent many-particle description.
Further it will serve to derive equations for Reduced Distribution Functions and Corre-
lation Patterns. So the Liouville equation on the extended time interval —oo < t < 00
takes the form

L M+L N—L LN-L L.M+L M+L,N-L
r r 7 7 7 T/
i=1 j=1 k=1 ik=1 ij=1 k=1
1L | ML | N=L
2 rr 7 (L) gL pM+L ~N-L
) Z LAiAi’ ) Z LBjB,‘/ ) Z Lckck’)d) (A% B € )
ii'=1 joi'=1 k=1
i’ J# L
L.M+L

= 5@ (AL, ML Ny 4 ST PN oW 4k pMHL VL
i,j=1
i#j
N-L
+ Z Ié(le+1.M+L+1)¢,(L+I)(AL+1’ pMFLA+T CN—L/Ck’ ", (3.10)

k=1

where CV~L/C; denotes the set of coordinates C¥ ~ except the coordinate Cy. The
left-hand side of this equation describes random motion of reactants in the medium
with allowance for their force interaction. The first term in the right-hand side propor-
tional to §(¢) takes into consideration the initial condition. The second term after the
equality sign describes the escape from the state (L) due to the reaction, and the third
term—coming from the state (L + 1).

3.2 Reduced Distribution Functions and correlation patterns

Reduced Distribution Functions (RDF) are defined by the relation [42,43]
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?’p,q,r(Aps B1,C", 1)

dApi1...dALdByiy...dByyrdCryy...dCy_p

=T —lim Z/ & L)AL pM+L_oN=L 4y
= (L=p!M+L-N—L—r)

(3.11)

where T — lim denotes the thermodynamic limit. For instance, local concentrations
of reactants coincide with RDF of the first order

na(A,t) = @1,0,0(A, 1), ng(B,t) =¢o,1,0(B,1), nc(C,1) =¢0,0,1(C, ).
(3.12)

The mean concentration of A reactants in solution is expressed in terms of local con-
centration in the familiar fashion

) dA
[A]tzvlggo/ TnA(A,t). (3.13)

Here the symbol v under the integral means that integration is performed over the
volume v.

With definition (3.11) and properties (3.1), Eq. (3.10) gives the infinite hierarchies
(since in the thermodynamic limit the system contains the infinite number of reactants)
wherein the RDF evolution of the lower order is related to RDF evolution of the higher
order. Thus integration procedure (3.11) of Eq. (3.10), in view of property (3.1), yields

p q r por q.r
CEDNTED WIS W2 Z Ly, = 20 Ly
i=1 j=1 k=1 ik=1 i,j=1 jk=1

1 <& 1 1 <
- Eya, - 5 > Ly p, - 5 > L/Ckck,)(pp,q,r(Al’,B‘I,Cr,t)
ii'=1 jj'=1 k=1
i’ i kA

=

/

p r
., .
dBg+ Z AiBg+1 Z BjBg+1 + Z:LBqu]Ck wl’-q*—l«r(AP’ B, c", 1)
k=1

i=1 j=1
/dCr+1

=8¢y, (A, B4, C") + Z V@D, (AP, BI,C", 1)
i,j=1
i#]

P
+Z/qu+lV(”“l)(ﬂp,qﬂ,r(A‘”, BI T p)

+1
Cr+] + ZLB/CrH + ZLCACH—] (pp,q_r+1(Ap, BY.C"n)

I Mv
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q .
+Z/ dAp VD00, (AP B CT 1)
j=1

,
+ D RUPTLD g g (APTL BT €T/ ). (3.14)
k=1

Here (pg,q’r(A”, B,C") = ¢, 4.,(AP,B,C",t = 0).
As an example consider the equation for the lower order RDF

@ — La)e100(A1, 1) = 5(t)¢?,0’0(A1)+/ dB; (V(I'I)WL]:/A]B]) @1.1.0(A1, By, 1)

+ / dCy Ly, ¢, ¢101(A1. C1.O+ / dAy Ly 4,02.00(A1, Az, 1). (3.15)

Accumulation of C product and the decay of B reactant are obviously related to A
reactant decay by balance relation of the number of particles. Thus further we shall
confine the discussion to the kinetics of A reactant.

The next step is to invoke Prigogine’s idea to treat the evolution of RDFs infi-
nite hierarchy as correlation dynamics [50]. Correlation Patterns (CP) are introduced
as the terms of the well-known group expansion of Reduced Distribution Functions
[28,42,43,50,51]. For example, for some lower order RDFs this expansion is

©1,0,0(A1, 1) = 71,0,0(A1, 1),
©0,1,0(B1, 1) = 10,1,0(B1, 1),
©0,0,1(C1, 1) = 70,0,1(C1, 1),
©2,0,0(A1, A2, 1) = 72,0,0(A1\A2, 1) + 72,0,0(A1, A2, 1). (3.16)

Each CP involving the division of reactants coordinates into several groups by back

slash “\” is uncorrelated with respect to these groups, and may be factorized. For
example,

72,0,0(A1\A2, 1) = 11,0,0(A1, 1)71,0,0(A2, 1),
m1,1,1(A1, BI\C1, 1) = m1,1,0(A1, By, 1)70,0,1(Cy, 1). (3.17)

So in view of Egs. (3.12), (3.15) gives the relation between local concentration and
two-particle CPs

(3 — Lana(Ar, 1) =80)nY(Ar)
+/d31 (V“v” + i’AIBl) [71,1.0(A1, B1, 1) +na(A1, Hng(By,1)]

+/dC1 Ly ¢, [1101(A1 C1.0) + na(ArL Dne(CrL1)]

+ / dAs £y 4, [2.0.0(AT, Ass 1) + na(Ar Dna(As, D). (3.18)
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Note that the presence of the force interaction between reactants result in additional
terms in Eq. (3.18) absent in paper [40]. In particular, the interaction of initial reactants
with the reaction product is observed.

As is seen, to close Eq. (3.18) and thus to derive the desired kinetic equation, we
need to know two-particle correlation patterns 71, 1,.0(A1, Bi, ), w1,0,1(A1, Cy, 1), and
72.0,0(A1, Az, t). Equations for them are derived in the same manner, and are given
in “Appendix A”. These equations may be solved using some approximations that
make it possible to break an infinite hierarchy of equations for correlation patterns on
a definite level.

4 The Integral Encounter Theory
4.1 General description

The simplest way to close CPs hierarchy which gives the Integral Encounter Theory
(IET) kinetic equation is to neglect the contributions of any three-particle CPs into the
evolution of two-particle CPs [28,29,40,44]. Note that in this case equations for CPs
7'[1,1,()(141 , Bi,1), 7T1’0,1(A1 ,C1,1), and 7'[2’0’0(141, Ao, t) (see EqS. (A.1), (A.2), and
(A.3) in “Appendix A” neglecting all three-particle CPs) are closed, and the reaction
is determined just by the evolution of 71 1 0(Ay, B1, 1)

(8; —La, —Lg, - (lA‘/AlB] + ‘7(1’1))) m1,1,0(A1, Bi, 1)

0 7 7 (1.1) @1
=500y o(A1 BD) + (Ll 5, + VD) na (A, Dnp(Br, ).

The difference between the above equation and similar equation from paper [40] is
that it involves the terms responsible for initial correlations and the force interaction
between reactants, as it was in the case of the reaction A + A — C [44]. Note that
chemical and force interactions appear in Eq. (4.1) in an additive way, thus force and
chemical interactions can be considered on equal terms. The solution of Eq. (4.1) has
the form

71,.0(AL B 0Ga g, [(VOED 4 L)y g, ) natar, omng(Brn + 50, o(Ar B,
4.2)

and is of the same form for 71 ,9,1(A1, C1,¢) and 72,0,0(A1, A2, t) appearing in Eq.
(3.18)

710.1(A1, C1, 1) = G ¢ [8@a o (A1, C1) + LYy ¢ na(Ar, Dne(CrD |,

. . “4.3)
m2.0,0(A1, A2, 1) = GY o [8@079 (A1, A2) + Ly 4 na(Ar, Dna(Az, )|,

where the propagator kernels of AB, AC, and AA pairs satisfy the equations

A

(8, — L —Lp — (A/AIBI + ‘7(1‘1))) Ga,B, (A1, By, 1|Ao1, Boi, fo)
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= 8(A1 — Ao1)d(B1 — Bo1)d(t — 19),
(3z —La —Le, — i/A,Cl) GY, ¢, (A1, C1, t|Aot, Cor. to)
=68(A1 — Ao)d(Cy — Co1)é(r — 1o),
(8; —La, —La, — A/AZAZ) G, 4, (A1, Az, t|Ao1, Az, 10)
=68(A1 — Ao1)d(Az — Ag2)d(t — 1o). (4.4)

The upper index “0” denotes the propagator of the pair in which chemical interaction
is absent.

To develop the theory by analogy with papers [40,44], we introduce two-particle
T -operators TA Bj TA ;> and TA A; of the pairs AB, AC, and AA, respectively, that
are defined by the equalities

fA-B- _ (‘}(i,j) + i/ ‘ ) + (‘}(i,j) +[A'/A,-Bj) GA,'B,- (‘}(i,j) + [A,;‘iBj) )

TA G = LA c T LA CkGA CkL;l,-Ck*
TA,‘AJ' = LA,'AJ' + LA,'AJ'GA,'AJ'L%[AJ" (45)

and similar to that in quantum scattering theory [52]. We call the T -operator T ‘s of
the pair AB expressed in terms of the sum of force and reaction interactions the ulti-
mate T'-operator. Other T -operators defined solely in terms of force interactions will
be called force T -operators, they are marked off by the upper index “0”. T-operators
are important characteristics of the pairs of reactants and completely describe their
evolution.

For T -operators the useful relations are known [53,54]

) L P . A "0
(V + LA,»B,«) Gaip; = TaiB;Gap; LA CkGA = TA CkGA Cp»

S A0 A0 A00

LA,'AI‘GA,'A_,' - TA,’AI‘GA,'A_/" (46)

where é(jg B, é?\?ck’ and é(jg A; are the propagators of the pairs AB, AC, and AA,
respectively, in the absence of any interactions between reactants in the pairs (see Eq.
(4.4) at i;ﬁ = V@) = 0). Thus the given propagators define the motion of point
non-interacting reactants.

Substituting solutions (4.2) and (4.3) in Eq. (3.18) yields the desired kinetic equa-
tion of IET

(at - IiAl) na(Ay, 1) = 8(t)n’, +/dBl Ta,yna(Ar, Onp(B. 1)
+/d31 T8GR 5, 87} | o(AL, BY)

+/dC1 TR c,na(A1, Dnc(Cr, 1)
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+/dC1 79 ¢, G811 (AL, C1)

+ / dAL T 4 na(AL, Ona(As, 1) + / dAr T, 6% (000 0(A1, A2).
4.7)

The above hierarchy closure (the averaged f-matrix approximation) is widely
employed to describe various bimolecular processes in the condensed phase. It is
the analog of the non-equilibrium statistical mechanics approach to the derivation of
binary equations which is based on the simplification of the mass operator of kinetic
integro-differential equations by way of expansion into a series in concentrations of
reactants and retention of the first non-vanishing term. This ensures taking into account
just a part of the effect of binary encounters of reactants in solution. That is why IET
is the simplest non-Markovian binary theory which, however, may only be applied in
a narrow time interval (as compared to the binary description).

In full agreement with the general kinetic theory principles [42,43], the obtained
binary kinetic equation (4.7) is an inhomogeneous integro-differential equation. The
terms in the right-hand side of the equation the integrands of which are proportional
to the product of concentrations define the contributions into local concentration evo-
lution from binary encounters of the corresponding reactants in solution. These terms
are commonly called collision integrals. Note that in the context of IET consideration
of the force interaction of reactants results in that the collision integral of the reaction
pair (the second term in (4.7)) involves ultimate 7'-operator (4.5) instead of reaction
T -operator [40]. Besides, In contrast to paper Ref. [40], taking account of the force
interaction leads to the appearance of additional terms (the fourth and the sixth terms)
determined by the encounters of chemically non-reacting reactants.

Inhomogeneous sources consisting of the third, the fifth, and the seventh terms
describe the contributions into local concentration evolution made by initial correla-
tions appearing in the system. Thus, unlike IET equation given in [40] (neglect of force
interaction and initial correlations), Eq. (4.7) involves additional terms determined by
the force interaction and initial correlations. So in the general case of inhomogeneous
reacting systems the force interaction (including that between A reactant and the reac-
tion product C) affects the reaction kinetics even in the framework of IET.

4.2 Spatially homogeneous systems

However, for spatially homogeneous systems the obtained kinetic equation (4.7) is
simplified. All spatial functions depend solely on the relative position of reactants,
and local concentrations of reactants (3.12) coincide with the mean concentration
defined by relation (3.13) (n4 (A, r) = [A];). So note that for spatially homogeneous
systems one can change to relative coordinates r in any pair of reactants. For instance,
for the pair A B with the coordinates of reactants A and B the relative position vector
isr = A — Bj. This is done by the introduction of the projection operator 11 into the
space of relative coordinates using the identity
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/dA]dB]...=/dr/dA1dBl5(r—(A1—Bl))...=/dl‘ﬁ.... 4.8)

The use of relative coordinates will be convenient in the next sections. At this stage
we shall still employ the laboratory system of coordinates.

Since the T-operator is the renormalized interaction operator (see Eq. (4.5)), the
terms in the right-hand side of kinetic equation (4.7), involving the force T'-operators
are equal to zero due to properties (3.1). So for spatial homogeneous systems IET
kinetic equation reduces to

B[AL = 5()[Alo + / 4By Ta, 5, [AL B,
+ / dBy Ty, 5, GL y 8@)70 (A1 — By, 4.9)

In kinetic equation (4.9) both the collision integral and the inhomogeneous source

depend only on the evolution of the reaction pair AB. Thus for spatially homoge-

neous reacting systems in IET the evolution of concentration of reactants does not

depend on the encounters of A with C and A with A (though in the general case such

encounters can affect essentially the trajectories of reactants in solution due to the

force interaction), and on the initial correlations that may take place between them.
To describe initial correlations, the following representation may be used [30]

7 1 o(A1 — B1) = [Alo[Blo(p” (A1 — By) — 1), (4.10)

where p? (A| — By) is the initial distribution in the reaction pair

pT (A1 — B)) = ¢(A| — By)exp (— (4.11)

U(A, —B1))
kT '

Here the function ¢ (A; — Bjy) describes initial distribution of point reactants, while
the factor exp (—U (A1 — B1)/(kT)) is responsible for their force interaction. In the
present contribution we shall take that the scale of initial correlations 77?,1,0(‘4 1— By)
and that of the pair energy of force interaction U (A| — Bj) are microscopic quantities.

Separating out the explicit time dependence in kinetic equation (4.9), we have the
kinetic equation in familiar form

t

AL =30l ~ [ dio Zge — AL Bl + JE @, @12)
-0
where the kernel of this equation (the memory function) is defined through the com-

plete evolution of reaction pair including the force interaction. It is defined as the
averaged T -operator

X5t —1) = _/dBl Ta B, (A1, By, t — 19l Ao1, Bot, 0)dAg1dBor.  (4.13)

@ Springer



J Math Chem (2012) 50:1649-1692 1663

As the T-operator is the time difference function, the memory function also exhibits
this property.
The inhomogeneous source is of the form

JIET (1) = /d31 Ta,8,GY 5,87 | o(A1 — By). 4.14)

According to paper [44], the derived kinetic equation (4.12) may be reduced to a
homogeneous equation consistent with the Encounter Theory concepts. Using expres-
sion (4.10) for initial correlations, rewrite the inhomogeneous term as

JEET (1) = [Alo[Blo (Ko(t) — K (1)) . (4.15)

init
The value K (?) is defined by the relation

t

Ko(t) = /dr Z6(r)
-0
t

= —/df/dBldAmdBm Ta,B, (A1, By, T|Ao1, Bo1, 0)
“o

= —/d81 Ta,5,G% 5, 8()1(A1 — By) (4.16)

The last equality in Eq. (4.16) is obtained in view of the fact that the unit function
1(A; — By) is a static contour for the propagator G%Ol B, (the equilibrium distribution
for the system the evolution of which is described by this propagator), i.e.,

GP 5 8()1(A] — B) = 0()1(A] — By). 4.17)

Just as the value Ko(¢) (4.16), the value K (¢) is defined by the relation
K(1) = —/dBl T8, G 5,81 p" (A — By). (4.18)

The introduced quantity differs from K¢ (#) only in the function of initial spatial distri-
bution of reactants in the pair A B. The difference of this function p” (A| — B}) in K (¢)
from unity 1(A; — Bj) specifies the initial correlations in the pair AB. So it is easily
seen that in the absence of initial correlations K (r) = K(#), and inhomogeneous term
(4.15) goes to zero.

Just as the identity in Eq. (4.16), the quantity K () may be represented as a time
integral of the function X'°(¢) defined by the equality

() = 9, K (1). (4.19)
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With t — oo both functions Ko(¢) and K (¢) reach the same limit, thus, in full
agreement with the familiar statement concerning the decrease of initial correlations
on the encounters of reactants in solution, the inhomogeneous term goes to zero. This
limit corresponding, as shown below, to the Markovian rate constant (2.2) is defined
taking into account the force interaction in reacting pair as

k = —/a’BldAmdBmT/‘ilBl (A1, Bi|Ao1, Bor), (4.20)

where T;;IBI (A1, B1]Ao1, Bor) is the kernel of stationary T -perator

o0
Tlel = /dt fAlBl (n = SIE}B f,af,g, ($). (4.21)
-0

Hereinafter the upper index L denotes the Laplace transform of the quantity depending
on the Laplace variable s. The given limit for the quantity K (¢) is obtained using the
mixing principle [53]

lim G5, ()9 (A1 — B) = 0(1)1(A1 — By, (4.22)

where 7 (A — By) is an arbitrary spatial distribution function in the thermodynamic
limit.

To get the desired values of the memory function and inhomogeneous term of in-
tegro-differential kinetic equations, we used, according to Egs. (4.16) and (4.18), the
ultimate 7 -operator (defined in Eq. (4.5)) involving both chemical and force interaction
on equal terms. This shows that chemical reaction kinetics is affected by accumulation
of chemical and force correlations of the system of interacting reactants in formally
the same fashion. The ultimate 7' -operator formalism may be identically transformed
into the reaction T -operator one more usual for the reader. The method is similar to
that described in detail in paper [44]. As in [44], initial correlations in pairs may be
treated as incomplete pair encounters of reactants, and taken into consideration in the
redefinition of the memory function X'¢(7) of the homogeneous integro-differential
equation

t
0 [Alr = 8(D)[Alo —/dto 2t — 10)[ Al [Bls,.- (4.23)
-0

As in [40] and [44], using the point encounter approximation [27,36]

25 =X =ké(t) , k= /dt DHOES /dt X(1). (4.24)
-0 -0
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we easily show that in IET narrow time interval the non-Markovian kinetic equations
(4.12) and (4.23) reduce to the Markovian kinetic equation (2.3) corresponding to the
kinetic law of mass action of formal chemical kinetics. Thus the limiting value k of the
quantities Ko(¢) and K (¢) introduced by expression (4.20) is the Markovian (steady-
state) rate constant, and the quantities themselves are non-Markovian rate constants
in appropriate differential binary kinetic equations of the Encounter Theory

&[Al, = 8(H[Alo — Ko(O)[AL[Bl, + JLET (1),

init

0 [Al; = 8()[Alo — K(O[AL[B]:, (4.25)

where the inhomogeneous term is the same (see Eq. (4.15)) as in the corresponding
integro-differential IET equation. So in IET making allowance for the force interac-
tion between reactants (as well as for the initial correlations including those asso-
ciated solely with the presence of the force interaction between A and B reactants
(p(A1 — By) = 1)) reduces just to traditional redefinition of rate constants K () or
Ko(t) (at pT (A — B) = 1). It is of interest that the presence of the force interaction
between the initial reactants and the reaction product C does not show itself at all in
IET kinetics of homogeneous systems.

5 The effective pair approximation
5.1 Equations for two-particle CP in EPA

Extending the time validity range of kinetic equations requires that hierarchies be
closed on a higher level; this leads us to the evolution of effective pairs the exam-
ination of which forms the basis of some currently existing theories of reactions in
solutions such as Self-Consistent Relaxation Time Approximation (SCRTA) [55]. Itis
able to describe both the binary kinetics of some types of reactions, and its fluctuation
tails, though, generally speaking, this theory is not a binary one.

The Effective Pair Approximation (EPA) corresponds to extracting the contribu-
tions of binary channels (two-particle correlations) into the evolution of three-particle
completely correlated patterns (see “Appendix B”). Thus, in contrast to IET, this
approximation does not ignore three-particle correlations completely but decouples
them to extract the evolution of two-particle and one-particle correlations, just as
the well-known superposition decoupling [56]. However, close similarity of channel
extraction and superposition decoupling takes place only for the simplest reaction
A+ B — C + B in spatially homogeneous reacting systems. Any complication of
the system makes the superposition approximation unsuitable [57,58] and essentially
different from EPA. For the reaction under study the above channel extraction gives
the equation for two-particle correlation pattern 1 1 0(A1, B1, t) (see “Appendix B”)

(8 = Lay = Lo, = Layg, = VD) 7r0(Ar Br)

=50y 10(A1 B + (Ll 5, + VD) 0100(A1 090,101 1)
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—

+/dA2:TAzBlG9;l: [nA(A2, )711.0(A1, B1, 1) + np(Bi, 1)m2,0,0(A1, Az, 1)]
+/dA2 TXZZ\G(};I: [na(A1, 0)711,0(A2, Bi, 1) +na(Az, 0)m11,0(A1, Br, 1))
+/de:TA;-2;%I: [nA(A1, )70.2,0(B1, B2, 1) + np(Ba, )m1,1,0(A1, Bi, 1)]
+/de B;;%l- [n8(B1, )m1,1,0(A1, B2, 1) + np(Ba, )71,1,0(A1, B, 1)]
+/dC1_ A;]\GO _ [nA(Al,t)ﬂo,1,1(B1,C1,t)+nc(C1,t)7T1,1,0(A1,Blat)]

/dcl - B]/CIZO - [nB(Bl,t)m,o,l(Al,Cl,t) +nc(Cr, Dy 1,0(ArL Br, 1)),

5.1)

where Gg is the kernel of one-particle free propagator of « reactant that satisfies the
equation

(at - io,) GO (o, ], 10) = (&t — )8 (¢ — 1g). (5.2)

The force T -operators Tg ¢, and Tg] p, are defined by analogy with T'-operators
TXICI and TXIAz (see Eq. (4.5))

70 0
T%Ck Ly, +LB CkGAB CkLB ot 5.3)

! :
Top, = Lpp, + Ly 5, G5 L -

The propagator kernels of the pairs B;Cy and B; B; are defined by the equations

(az —Lg —Lc, - ijg,.ck) G%. ¢, (Bi- Cr. 1|Boi. Co. to) = 8(Bi — Boi)d(Cy — Cor)(t — 1),
(% — Lo, — L, — Ly, 5,) G 5, (Bi. Bj.11Boi. Boj.10) = 8(B; = Boi)d(Bj — Bo)s o).
(5.4)

Equations for other two-particle correlation patterns in EPA necessary for Eq. (5.1)
closure may be derived in a similar way as it is shown in “Appendix B”.

The appearance of integral terms in Eq. (5.1) makes the theory at hand different
from IET, and extends the applicability of kinetic equations to the range of macroscopic
time scales. That is why, unlike Eq. (4.7) of general IET, calculations of additional
terms also containing 7 -operators must be done for rather large times.

Now we pass to spatially homogeneous systems. In this case all spatial functions
depend solely on the relative position of reactants, and local concentrations of reactants
(3.12) coincide with the mean concentration defined by relation (3.13) (n4(A, 1) =
[Al;,np(B,t) = [B];). This allows one to use the binary scaling procedure for
the required calculations on extended space-time scales and simplifies the obtained
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expressions [54,59]. Scaling is made by introducing the scaling parameter y (y > 1)
the increase in the value of which corresponds to the examination of more and more
dilute solutions. Obviously, taking into account the encounters of reactants in higher
order solution becomes less essential, and in the limit of infinitely dilute system only
pair encounters of reactants will take place. Thus in the binary theory y > 1. Consid-
eration of infinitely dilute reacting systems (scaling-systems) corresponds to the fact
that spatial size of the reaction pair is equal to zero on the scales of distances between
reactants. Realization of such an idea for reactants in solution allows one to develop
the point encounter approximation [27,36] that is the analog of impact approximation
[16].

Fist consider the estimation scaling for T -operators. Note that the T -operator is the
quantity well-defined in the scaling-system, and serves to develop the point encounter
approximation. In the binary approximation it is determined by making allowance
solely for the first two terms of the expansion in the scaling parameter y — oo for
T -operator. Such an account for the kernel of ultimate 7' -operator TA,— B, gives [54,59]

TA,‘Bj(Aia Bj, t|Aoi, Boj, to) oo T,LCB/(Aia Bj, t|Aoi, Boj, 10) + O(y ™). (5.5)

Hereinafter the quantities describing the evolution of reactants in scaling-systems are
denoted by tilde “~”. The quantity Tfi B; (Ai, Bj, t|Aoi, Boj, to) is the point approx-
imation of ultimate T -operator, and has the following scaling estimate [54,59]

T} 5, (Ai. By tl Ao, Boj.10) =y~ (T1'p (Ai. Bj. 1| Aoi. Boj. 10)

+y "' (Ai, Bj, t|Aoi, Boj, 10)).  (5.6)

The value Tfi SBj (A;, Bj, t|Agi, Bo;) is the kernel of the point stationary T-operator
defined by equality

TL'y (Ai, By, tlAoi, Boj, t0) = —k8(Ai — B)8(A; — Ao)8(B;j — Boj)3(t — 1o).
(5.7)

The §-shaped spatial variables singularity means that on the scales in question the
encounter of A and B reactants occurs at one point. Such encounters are called
point. §-shaped time dependence implies that in the first approximation such encoun-
ters proceed instantaneously, and are described by stationary (or Markovian) value
of T-operator, and the finite duration of the encounters is allowed for by the term
x(Ai, Bj, t|Aoi, Boj, to) which is the next term of the expansion fA,- B, in the binary
scaling parameter y . This term defines the non-Markovian effects in the binary approx-
imation, and is a non-stationary part of the point 7-operator. However, we omit its
explicit form because it is of no use in further discussion. For force T -operators we
have [54]
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T34, (Ai- Bj.t1Aoi. Bojo10) ~ Tyl% (Ai. B tlAoi, Boj10) ~ O™,
fgick(Ai,Bj,tlAOi,Boj',to) oo TAPC:(A“B/JIAOHBol,,lo) ~ 0()/_13),
T3, (Ai. By tlAoi. Boj. o) ~ Tyly (Ai. Bj. 1 Ao, Boj.10) ~ 0<y*‘3),
BCA(AZ’B]a”AOlvBOjatO) _j Ops (AlaBja”AOlaBO]atO) ~ 0(7/_13)-
(5.8)

i.e., the leading term of the expansion of force T -operators is of the higher order in
scaling parameter. This means that correlations arising in the pair A B directly from the
force interaction of reactants are much weaker than correlations caused by chemical
reaction (decay of reactants), and may be neglected in low concentration approxima-
tion.

Consideration of asymptotic estimates (5.5)—(5.8) in Eq. (5.1) and changing to rel-
ative coordinates in the pairs of reactants (according to Eq. (4.8)) yield the desired
equation for two-particle correlation pattern 771 1,0(r, ¢) in Effective Pair Approxima-
tion. Equations for CPs m 0, o(r, t) and 7 2,0(r, ¢) can be derived in a similar way
discussed earlier to give the following set of equations of EPA

(= Lap = @+ L) + k(AL + [BI)) 711,00, =807 o@) + (0 + L)y AL LBl:
—k([Alsmo2,0(r, 1) + [Blim2,0,0(r, 1))
(= £an — £y +2KIBY) 2,000, 1) = 8173 o (0) + L)y s [A]} = 2k Al 1,0(x, 1)
(3, —Lgp — Ly +2kAl) 102,000, 1) = 878 5 o(0) + L 5 [BI? = 2K[Bly1,1,0(x,1)

(5.9)

The operators L AB> L AA,and L pp define the translational motion in the space of rela-
tive coordinates of the pairs AB, AA, and B B, respectively. The operators 514 B 514 A

and LA',% p are the force interaction operators in appropriate pairs written in relative
coordinates. The operator ¥ is the reaction operator in relative coordinates.

Equation (5.9) are a closed set of EPA equations for two-particle CPs for the reac-
tion under study. To derive EPA kinetic equation, the above equations should be com-
plemented by the first equation of correlation pattern hierarchy (3.15). For spatially
homogeneous systems it has the form

d[Al, = 8(1)[Alo + / dr (0 + L p)mi 10, 1) + / dr (0 + £, p)[AL[B],.
(5.10)

These equations form the basis of the Effective Pair Approximation (EPA). Similar
equations were also proposed in the literature on the basis of euristic approach [55].
The difference from paper [55] is that not only chemical interaction is the source of
correlations but also the force interactions brought about by the encounters of origi-
nally uncorrelated A and B reactants (the second terms in the right-hand side of Eq.
(5.9)). Further evolution of the above interrelated correlation patterns is affected by
several factors: translational migration of reactants (the second and the third terms in
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the left-hand side of Eq. (5.9)), chemical and force interactions in a correlated pair (the
fourth terms in the left-hand side of Eq. (5.9)), the reaction between reactants of the
pair and those in solution (the fifth terms in the left-hand side of Eq. (5.9)), and trans-
formations of correlation patterns of different kinds into each other (the last terms in
the right-hand side of Eq. (5.9)). Generally speaking, such a transformation of CP may
occur both at the immediate approach of reactants (at the times of binary encounters),
and at rather large times when reactants are separated by meso- and macro-distances
but correlation between them is preserved. Thus accumulation of macroscopic cor-
relations of both reacting and non-reacting particles takes place, and this inevitably
affects the evolution of the correlation pattern 1,1 o(r, ¢) defining, according to Eq.
(5.10), chemical conversion rate.

As in paper [40], set (5.9) of EPA equations is conveniently represented in a matrix
form. By definition, we introduce the quantities

71,1,0(r, 1) 7} 1 o) . Lap ALY
w(r. 1) = | moom 0 | 7@ =70 | . L=| 0 Laa 0
70,2,0(T, 1) 70 2.0(T) 0 0 Lpp
Ly 0 0 100
Al A~
L= 024, 0 |.2=0{000]=0m. (5.11)
0 0 Ly 000

Note that the projection operator I may be represented as the product of vectors

100 1
InI={000)={0](00) (5.12)
000 0

The operator IT itself extracts one-dimensional space from the complete three-dimen-
sional one.
In view of the above definitions, Eq. (5.10) takes the form

Al = 8(O[Alo + / dr (100)(d + £)m(r, 1)

1
~|—/dr(100)(f)+ﬁ/) 0 ) [A1,1B], (5.13)
0

Correspondingly, the matrix form of EPA set (5.9) is
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[Al; +[Bl: [Bl: [Al:

d—L—@®+L)+k| 204l 2Bl 0 w(r, 1)
2[B]; 0 2[A]
. [TALIBI,
=5’ +@+L) | A7 ). (5.14)
[B]?

Owing to the matrix form, the solution of EPA set in the Green function formalism is
rather compact

_, [1ALIBI,
) =g | 8OO+ B+ L) | [A : (5.15)
[B]}

where g, ry 1s the effective pair propagator the kernel of which obeys the equation

A . [Al: +[B]; [B], [Al,

h—L—-@O+L)+k 2[A];  2[Bl; O gy (T, t|ro, t0)
2[B]; 0 2[Al

=48(r—ro)d(t —1t9)E3 (5.16)

where E3 is a unit matrix of dimensionality 3. Substituting solution (5.15) in Eq.
(5.13) gives EPA kinetic equation

~ [1ALIBY,
3 [Al, :8(t)[A]0+/dr(100)teff [A]i +IEPAG  (5.17)
[B];

Here the T'-operator of the effective pair is introduced
i = £+ G+ LEy G+ L. (5.18)
It can be shown that this operator satisfies the closed equation
i = £ o+ 280 (5.19)
and the relations
500 zeff

~ Al A N ~ ~ ~ A/
@+ L8 =1 8% 0 g0+ L) = 82,0 (5.20)

where g‘jj‘? ¢ 1s the effective pair free propagator with the kernel satisfying Eq. (7.13)

. . . A ~/
in the absence of interaction between reactants (v = 0, £ = 0).
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The source responsible for the presence of initial correlations, in view of relations
(5.20), has the form

init

JEPA () = / dr (10002 3%, 8 (1) (r) (5.21)

Let us introduce the T-operator of the generalized reaction pair £ (by the generalized
reaction pair we mean a combination of pairs AB, AA, and BB)

i=v+L +G+LHew+L). (5.22)

Here we use the generalized reaction pair propagator g with the kernel satisfying the
equation

(a, —L—(+ E’)) g (r, 1]ro, 10) = 8(r — r0)8(7 — 10) E (5.23)

The operators in the left-hand side being diagonal, the propagator g is also of diagonal
form

gap 0 0
g=|( 0 g%, o (5.24)
0 0 g%

where the propagators g4p, 44, and gpp are the propagators of the pairs AB, AA,
and BB (see Egs. (4.4) and (5.4)) in relative coordinates of the pair. The T-operator
of the generalized reaction pair ¢ (5.22) satisfies the familiar closed equation

~ ~ ~/ ~ Al ~0072
t=v+L +@+L)g t, (5.25)

where fgo‘) is the free propagator of the generalized reaction pair which is obviously
matrix in structure (5.24) with matrix elements equal to free propagators of the corre-
sponding pairs. The equation for the kernel of this free propagator follows immediately
from Eq. (5.23) at (3 + £) = 0.

The above quantities serve to form convenient equivalent equations for the effective
pair T -operator [40]

=1 +78%, — " (5.26)

Thus the difference between the deduced relations from the relations derived
neglecting force interactions between reactants and initial correlations [40] is in the
replacement of the reaction operator ¥ by the operator ¥ + £ to take force interactions
into account. The major distinction associated with such a consideration leads to the
appearance of additional terms in Eq. (5.17) proportional to concentration products
of chemically non-reacting particles. Making allowance for initial correlations gives
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rise to the inhomogeneous term. However, all these quantities are expressed in terms
of the corresponding matrix elements of the effective 7'-operator.

6 The Modified Encounter Theory and regular form of binary
kinetic equations

The initial set of EPA equations is rather complicated. To solve it, it should be remem-
bered that CP evolution 7 1 o(r, ¢) is not determined solely by the evolution of inde-
pendent reacting pair A B (as it was in the situations discussed in the previous sections),
i.e., EPA is not a binary theory.

For some reactions the above approximation is able to describe fluctuation tails of
kinetic dependencies occurring beyond the limits of the binary theory validity [55].
So to obtain the desired solution, one should develop the method for the extraction
of binary evolution from the evolution of three-particle correlation patterns in EPA so
as to derive the non-Markovian binary kinetic equations of the Modified Encounter
Theory (MET) and their subsequent transformation into the Generalized Encounter
Theory (GET), just as it was done in paper [40] in the absence of initial correlations
and force interaction between reactants. However, representation of the equations in
the matrix form reduces the problem to finding the binary solution of Eq. (5.26) which,
according to the reasoning given in [40], takes the form

e e R (i S Vi ©.1)

Here ¢ denotes the stationary value of the point 7 -operator (in relative coordinates)
of the generalized reaction pair that has a diagonal form with the matrix elements
@)1 = 185, (see Bq. (5.7)), (17" )an = 105, (@7")33 = 1977 (see Eq. (5.8)). The free
diffusion propagator of the generalized effective pair gg?fD and diffusion propagator

of the generalized reaction pair §00D appearing in Eq. (6.1) are the approximations
of appropriate free propagators on macroscopic space-time scales, and correspond to
principal order in the binary scaling parameter. Mathematically they are much more
simple than free propagators (motion by stochastic jumps), and their kernels obey
equations of diffusion type.

The kernel of the diffusion propagator of the effective pair satisfies the equation

Dag 0 0 [Al" +[BI" [BI" [Al}
d—Ar| O Daa 0 |+k 2[A1"  2[BI" O 62)
0 0 Dgpp 2[B! 0 2[A]7 ’

ng(;fp(r, t|r7 tO) = 8(1’ - I'())S(t - tO)E3.

Here Dag, Daa and Dyp are the relative macrodiffusion coefficients, and the Mar-
kovian concentrations [A]}" and [B]}* are defined in Eq. (2.4). The equation for the
diffusion propagator QOOD is obtained from Eq. (6.2) by passing to the limit k — 0.
The binary nature of the derived expression (6.1) results from the fact that all quan-
tities in their right-hand sides depend only on the quantities defined solely in terms
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of the mean characteristics of independent pairs AB, AA, and B B. Thus the deduced
non-Markovian binary kinetic equation is obtained from EPA kinetic equation (5.17)
using binary approximation (6.1) for the T -operator of the effective pair. Denoting
appropriate matrix elements by lower indices, and abandoning matrix terminology,
we have from Eq. (5.17)

aAL = 8()[Aly + / ar (@D ntALBY + @A + @ Hisis)
it (@), 63)

where
~MET ~MET ~MET N
It ) = / ar (@ s @ s @) alreor’m. 64

Expanding the matrix form fMET, we have from Eq. (6.1)

~MET 2 ~ps (,~00D A ~ApS
(¢ i1 = fap + 115 ((geff)ll - gSOBD) iy,

~MET A ~00Dy 20

( )iz = tAplsg(geff NEPVE (6.5)
~MET Aps  A00Dy 20

(t )13 = f,flsg(geff NEYE

The derived MET kinetic equation (6.3) depends formally both on the concentra-
tion product [A];[B];, and on the products [A],2 and [B]?. Besides, inhomogeneous
source (6.4) depends on the initial correlations not only in the pair A B, but also in the
pairs AA and B B, and this is an essential distinction from IET result. The contribution
of these dependences may be evaluated on two time scales: micro-scale (times of the
order of the encounter time 7, of reactants) and macro-scale (times of the order of
the time between the encounters 7 that is the analog of mean free time in gases). On
microscopic time scales estimation is made by the perturbation theory, on macroscopic
ones—by procedure of binary scaling.

First we estimate the obtained expressions on microscopic time scales where the
effective propagator of the generalized pair coincides with the propagator of the gen-
eralized pair, i.e.,

00 00 ég% 0 0
Bgr = &8 = 0 &%) 0. (6.6)
0 0 gpp

So at the times of the order of the encounter time

AMET N
(t )1 ™~ tAB,
I~T,

~MET

(¢ )12 o 0, 6.7)
AMET

(t )13 ~ 0.

t~T,
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From this it immediately follows that on microscopic times MET kinetic equation (6.3)
coincides with IET kinetic Eq. (4.9), i.e., MET memory function can be introduced

g tle) ~ X5 —10) . 6.8)

Under the assumption of a microscopic character of initial correlations in the pairs
AB, AA, and BB, the inhomogeneous source differs from zero only at small times.
Thus, in view of estimates (6.6), (6.7), and definition (6.4), we conclude that the
following estimate is valid for the source of MET initial correlations

Jinit | (©) > T (D). (6.9)

On macroscopic time scales estimation of expressions (6.5) is made by binary
scaling procedure to give (see “Appendix B”)

WMET iy y il (@90 - 80) il + 007,
EMET) ), ~ o1, (6.10)
Yy —>00

@D ~ 0™,

where by analogy with estimation (5.6) the scaling of the kernel of point T -operator
iV, is determined by the first two terms of the expansion of 748 in the binary scaling
parameter y . However, taking into consideration just the relative motion of reactants in
the pair results in that scaling estimations of 7-operators in relative coordinates of the
pair and in laboratory system of coordinates (5.6) differ by the factor ¥ responsible

for the pair center motion [59]
Pfpetlro. 1) = 78 (eFy (e tlvo, ) + v (o, 10)) . (61D)

Stationary part of T -operator fﬁ; by analogy with expression (5.7) has a §-shaped
singularity in space-time variables

1 (x, 1]x0, 1) = —k8(X)3(ro)d (1 — fo). (6.12)

The quantity x'(r, t|rg, fp) in (6.11) responsible for non-Markovian effects is a non-
stationary part of point 7T -operator in relative coordinates of the pair of reactants,
and does not coincide with the non-Markovian part of point T -operator in laboratory
system of coordinates (5.6).

From Egs. (6.10) and (6.11) it evidently follows that consideration of matrix ele-
ments (fMET)lz and (iMET)lg on macroscopic time scales falls beyond the limits of
the binary description accuracy, and they should be neglected. The subsequent scaling

of inhomogeneous source Jl%f T(t) (6.4) in view of microscopic character of initial
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correlations m (r, t) yields (see “Appendix B”)

JMET (1) ~ 0(y~5). (6.13)
Y—>00

In the binary description MET kinetic equation (6.3) is valid with allowance for the
first two leading terms of the expansion in binary scaling parameter y. Such an expan-
sion gives the terms proportional to ¥ ~* and y = (see “Appendix B”). So taking
into consideration the inhomogeneous source (6.13) responsible for the presence of
initial microscopic correlations on macroscopic scales is beyond the limits of binary
description.

Thus MET kinetic equation (6.3) takes the following form over the entire time range
of binary description

A[A] = 8()[Alo + / dr @) [ALIBY, + JMET (1), (6.14)

where MET source is defined by analogy with the expression for IET source (4.14)

TN @) = / dr @) 1805870 | o). (6.15)

Integrating Eq. (6.14) over spatial coordinates and separating out the explicit time
dependence in the kernel of this kinetic equation, we get

t

& [Al = 8(t)[Alo — / dto ZYET (t160)[ Al [Bly, + JMET (1), (6.16)
-0

where the equation kernel (MET memory function) is the averaged MET T -operator

SVET (t)1) = / dr (¢METY 1 (v, t]ro, to)do. (6.17)

As in paper [44] or in the Integral Encounter Theory considered in Sect. 4, the inhomo-
geneous source determined by initial microscopic correlations in MET kinetic equation
(6.16), in view of estimates (6.8) and (6.9), may be entered into the memory function
taking account of the initial correlations in the pair. This easily gives the homogeneous
integro-differential MET equation

t

Al = 8()[Alo — / dto ZMET (t|10)[ Al [ Blry. (6.18)
-0
where
EMET (¢11g) = — / dr @) 118080 p" (). (6.19)
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So the difference between the deduced kinetic equation and the corresponding equa-
tion from paper [40] is just in the redefinition of the kernel of this integro-differential
equation with allowance for force interaction and initial correlation in the reacting
pair AB. In full agreement with these results [40] and results in Ref. [44], using the
binary solution for T -operator (6.5) and definitions (4.18) and (4.19) we have from
Eq. (6.19)

SMET (1)19) = 2(t]t0) — k*(g20P (0. 110, 19) — g3 (0.1]0. 10)).  (6.20)

In the derivation of Eq. (6.20) we use the fact, that the information of microscopic cor-
relations is lost on macro scales. Thus the substitution of the second term (responsible

for macroscopic correlations) of (fMET)n (6.5) in Eq. (6.19) was performed using
the approximation pT (r) >~ 1(r).
Values ggj?;) (r, t|rg, ty) and g%OBD (r, t|ro, t9) appearing in Eq. (6.20) are by defini-

tions

gopf (. 2lro, 10) = (€0pP)11(x, t]xo, 10) ;
gL (x, t1ro, 10) = (€%P)11(x, 1]ro, 10). (6.21)

So, as follows from Eq. (6.20), to find the memory function of MET Eq. (6.18), it is
sufficient to know the memory function X'¢(z|zy) obtained in the development of IET
(see Sect. 4), the matrix element of the free propagator of the effective pair that satisfies
Eq. (6.2), and free diffusion propagator of the reaction pair AB. The expression for
the latter is available in the literature

6(t —19)
00D

0,10, ty) = = .
saw 0100 = o o

(6.22)

Further, to bring MET kinetic equation (6.18) to the differential form, rewrite its
kernel (6.20) in an identical form

t
IMET (1)10) = Z°(t|tp) exp | —k / dr([A]" 4+ [BI") | + A(t]g).  (6.23)

fo

Here we introduce the function A(#|f9) which is responsible for macroscopic cor-
relations between reactants encounters. This function can be simplified using point
approximation for IET memory function X¢(t|t) [39]

k2 0(t — 19)

Xe(tlty) = k(t — ty) + = _ .
(t|to) ( 0) 4(7TDAB)3/2 t—1to T— 1o

(6.24)

Thus, in view of Egs. (6.20), (6.22), (6.23), and (6.24), the expression for A(t|tg) is
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1
_ 2 00 01 —1o) m m
A(t)tg) = —k (gef_;?(o, 110, o) — @eDa R P (—k/dr([A]I + [B]” ))) .

(6.25)

It formally coincides with the form of similar function A(#|tp) derived in paper Ref.
[40], where the force interaction between reactants was ignored. Making allowance
for the force interaction led just to redefinition of the Markovian rate constant k in
accordance with Eq. (4.20). Such a modification of the obtained expression reducing
only to redefinition of macroscopic parameters of the pair and preserving diffusion
motion of reactants in the point approximation confirms a macroscopic nature of the
function A(t|ty).
Using the time shift rule [40,44]

1 t

[Al; = exp [ —k / dt[BY" |[Al, ; [Bl, = exp [ —k / dt[AT" |[Bl, (6.26)

4] Ty

we obtain a Regular Form of non-Markovian binary equations of the Generalized
Encounter Theory (GET) from Eq. (6.18) in view of Eq. (6.23)

0 [Aly = 8(D[Alo — KO[AL[B] + J (1), (6.27)

where the inhomogeneous source is of the form

t

J(@) = —/dto A(tlto)[A];'g[B];’;. (6.28)
=0

GET kinetic equation (6.27) and kinetic coefficients (K (f) and J (f)) appearing in it
formally coincide with coefficients obtained neglecting the force interaction between
reactants [40]. Modification of these equations reduces just to redefinition of rate
constant with allowance for the force interaction in the reacting pair.

Written on ordinary time interval 0 < ¢ < oo (not on the extended one) in the form

d[Al;
dt

= —KO{[AL[B]; + ™" (1)}, (6.29)

with initial conditions [A],—9 = [A]p and [B];=o = [Blo- Equation (6.29) shows the
presence of macroscopic correlations of A and B reactants which are in the process
of free random walks between the encounters, just as in the reaction A + B — C
ignoring force interactions and initial correlations between reactants [40], or in the
reaction A + A — C of identical reactants [44]. Such correlations are described by
the correlation pattern

@ Springer



1678 J Math Chem (2012) 50:1649-1692

mmeere ) = —%. (6.30)

Note that when transforming the source in Eq. (6.27) into the correlation pattern in Eq.
(6.29), we put K (t) >~ k as in [40,44] which is possible in the limits of the required
accuracy of the binary description.

Thus it is shown that in the general case taking consistent account of force interac-
tion and initial microscopic correlations leads just to redefinition of the non-Markov-
ian constant K (¢) (defined only by the evolution of the reacting pair A B) that serves
to express all quantities appearing in the derived kinetic equations. So in the case
described above the reaction kinetics investigation pursued in terms of rate constants
is identical to that made in paper [40]. To make presentation more complete, let us
calculate the time behaviour of correlations between the encounters of reactants and
the reaction kinetics. We give brief survey of calculations from paper Ref. [40].

7 Time behaviour of the correlations between reactant encounters,
and reaction Kinetics

As follows from Egs. (6.30), (6.28), and (6.25), to calculate the correlator between
the encounters of reactants, it is necessary to calculate free diffusion propagator of the
effective pair. Solving Eq. (6.2) it corresponds to, in the general case, will present dif-
ficulties. However, we restrict ourselves to the case of the equality of macrodiffusion
coefficients of the relative motion of reactants in all pairs, Dag = Dsa = Dgp = D.
Note that, generally speaking, we do not assume that the relative motion in the pairs
on microscopic level is of the diffusion character. Under the assumptions made, the
diffusion motion operator has the form

Lp = DE3A,, (7.1)

i.e., itis proportional to the unit matrix E3. So it commutes with reactant concentration
matrix in Eq. (6.2), and the free diffusion propagator kernel of the effective pair is

goff (x, 1lro, 10) = g4 (x, t]xo, 10) H (1]10), (7.2)

where gL (r, tIro, 10) = gL (x, tIro, 10) = g5 (r, t|ro, f9) is the diffusion approx-
imation of the propagator kernel of the relative free motion in any of the pairs (6.22).
The matrix H (t|tg) appearing in Eq. (7.2) is the solution of the equation

[AL" + [BI" [BI" [A}'
O +k 2[A]" 2Bl O H(t|tg) = 8(t — to)E3.  (7.3)
2[B]" 0 2[AI"

Its solution is obtained in Ref. [40] by projection operator method. This solution and
definitions in Eq. (6.21) give the expression for the effective pair diffusion propagator
kernel
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2P (x, t]ro, 10) = ¢ (x, 110, 10) (H)11 (¢ o), (7.4)

where the matrix element (H ) (t|tp) is [40]

t t
|1 2 JdTAARHBE  (Ap . k)2 ! —k [ dT ([AT"+[B]™)\ 2
(H)11(t|10)=§+§€ 0 —T(/dhe g ) ,

]

(7.5)

where An = [B]; — [A]; = [Blo — [A]o. Thus, substituting expression (7.5) in Eq.
(6.25) in view of Egs. (6.22), (6.28) and (6.30) we have

' L dto 7kjt’dr (A7 +[BI)
[TMACTO (1) = _8(7[1_))3/2 / 107 {(H)“(Hto) —e 0 }[A]Z;[B]Z;.
-0
(7.6)

As is shown in Ref. [40], the correlator value is negative (J (¢) is positive) at all
times at r > 0. This means that taking account of binary encounter correlations in the
reaction system under study results in the decrease in the reaction rate. Since A and
B species of reactants participate in the reaction on equal terms, the greatest effect
of such correlations is to be observed in the case where the initial concentrations of
reactants coincide (An = 0). Then Eq. (2.4) for the Markovian kinetics are simplified

[Alo

[Al = [B]]' =

So the integral in Eq. (7.6) is explicitly calculated, and the analytical expression may
be obtained for the correlator

J[]macro ) =—

e[A2 k[Alot 3/2
0T ) k(A
1242(1 + k[Alot)* 1+k[A]0f)( A (7.8)

+3(k[Alot)*/? — 4(k[Alot)>/? — 9«/k[A]ot]

|:9arctanh (

where a small parameter is introduced

_K2JTATy

£ = Grpyi2 (7.9)

Its value is of the order of a square root of the density parameter.

It follows from the Markovian kinetics (7.7) that its characteristic decay time is
T = (k[Alo)~L. This time can be identified with the mean time between sequential
encounters of reactants (it is the analog of a free pass time in the gas phase reactions).
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Fig. 1 Time behavior of the dimensionless function P™“"°(¢/7r)

The times of the order of 7y have a macroscopic scale. The function P"*"°(t) =
J(t) * 123/2/(ek[A]}) = —IT™7°(t) % 124/2/(¢[A]3) depends on dimensionless
argument ¢ /7. Its behavior is shown in Fig. 1. As is seen, accumulation of macro-
scopic correlations in the reservoir of free walks of reactants due to their encounters
occurs at characteristic mesotimes: 0.87y, while their subsequent decay because of
the encounters takes place at characteristic macrotimes: several times 7.

Now compare the kinetics obtained in the Encounter Theory (ET) and that derived
in the Generalized Encounter Theory (GET) for the case of equal initial concentrations
of reactants (An = 0).

To solve the kinetic equation (2.1), we must know the non-Markovian rate constant
K (t) which, generally speaking, depends on the form of initial microscopic correla-
tions, the structure of reactants, and their mobility. Their specific features are most
pronounced at the intermediate stage observed at the times of the order of the encoun-
ter time. At these times the Encounter Theory and the Generalized Encounter Theory
describe the reaction in one and the same way. So consideration of the kinetics at
these times is of no interest to us. We exclude the intermediate stage from the consid-
eration using the point encounter approximation for the non-Markovian rate constant
according to Eqgs. (4.19) and (6.24)

o1

(7.10)

The kinetic equation (2.1) may be solved by the perturbation theory method taking
into account that the non-Markovian (the second) term in Eq. (7.10) is small as com-
pared to the Markovian (the first) one. As a result, the non-Markovian kinetics in ET
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is represented as a sum of two terms: Markovian and non-Markovian

(AT — Ao . [Alov2ik[ATy
©T I+tk[Aly (I+tk[Alo)?

(7.11)

The first (Markovian) term coincides with kinetics (7.7), and is the leading term in the
scaling parameter. The second term describes the non-Markovian effect in the point
encounter approximation. The obtained kinetics depends on a single dimensionless
time parameter ¢/7y, i.e., the encounter time is taken equal to zero.

Calculation of the kinetics in GET with due account of the encounter correlations
is made on the basis of Eq. (6.27) by analogy with ET kinetics calculation. As a result,
the non-Markovian kinetics of GET is

[A]GET _ [A]O
! 1 4 tk[A]o

_8[A]ov2tk[A]o n 1
(1 +tk[Alo)? (1 + tk[A]o)?

t

/ dto J (10) (1 + 10k[Alp)>.
0

(7.12)

The first two terms coincide with the Encounter Theory kinetics (7.11). The third
term is non-Markovian, and is determined by taking into consideration the encounter
correlation source. Its time dependence is quite similar to the behavior of the non-
Markovian part of kinetics (7.11): it increases from zero with time, and decreases at
large times with the characteristic time 7.

Figure 2 shows the time behavior of the non-Markovian part of ET and GET kinetics
in relative units (the relative deviation of the non-Markovian theory from the Markov-
ian one) at the parameter ¢ = 0.1 depending on dimensionless time T = t/7y

[AlFT —[AT)

[AICET —[A]m
A =
(A" GET(T)

Apr(T) = AT (7.13)
t

It is noteworthy that the non-Markovian part of the GET kinetics changes sign. As for
ET Kkinetics, it does not exhibit this property.

Figure 3 shows the deviation of the ratio between ET and GET kinetics non-Mar-
kovian parts from unity

[AI7ET — [AT)

1) =1-—.
ET(T) (AFFT — (A"

(7.14)

Inaccuracy of the Encounter Theory in calculations of the non-Markovian part of the
kinetics increases almost linearly. Thus in the reaction in question the Encounter The-
ory cannot even qualitatively provide adequate description of complete non-Markovian
kinetics.
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Fig. 2 Time behavior of relative deviation of the non-Markovian kinetics from the Markovian one at the
parameter ¢ = 0.1 depending on dimensionless time T = t/t¢: Agg7 (t/7f) (curve 1) and App(t/7f)
(curve 2)

10

Spr(tlT)

0 20 40 60 80 100

Fig. 3 Time behavior of the deviation of the ratio between ET and GET non-Markovian parts from unity
Sg1(t/Ty) at the parameter ¢ = 0.1

8 Summary

The many-particle method for the derivation of non-Markovian binary kinetic equa-
tions available in the literature can be used to theoretically treat the applicability of
the Encounter Theory conceptions in describing physicochemical processes in liquid
dilute solutions. Such a consideration has been made by the authors in the previous
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papers [40,44] for widely occurring diffusion assisted irreversible bulk reactions A +
A — Cand A+ B — C (for example, radical reaction). It has been shown that in the
general case pair encounters of reactants are dependent. This results in the inhomoge-
neous source responsible for the accumulation of macroscopic correlations between
pair encounters, in non-Markovian binary kinetic equation written as a rate equation.
However, in the examination of the reaction A + B — C the force interaction of
reactants and initial correlations between them were neglected. That is why the goal
of the present contribution was to take consistent account of the force interaction and
initial correlations in this reaction and to study their influence on accumulation of
macroscopic correlations found earlier.

In the context of the Encounter Theory based on the conception of independent pair
encounters the force interaction is considered by including it solely in the reacting pair.
The effects related to the force interaction of reactants of this pair with other particles
are not important, because they are determined by three-particle interaction not taken
into account in the theory. From this standpoint, the given effect could influence the
reaction rate in the framework of the many-particle approach (MET and GET) that
allowed for three-particle correlations. As is shown, the effect in question is actually
taken into account by our theory (in Effective Pair Approximation). However, binary
scaling has shown that it is beyond the limits of binary description accuracy, and thus
is insignificant at small density parameter. Such an effect is to manifest itself with
increasing concentration, as is shown by numerical calculations [20,46—48]. Making
allowance for initial correlations in full agreement with general kinetic theory gave
rise to the inhomogeneous source in the kinetic equation vanishing with time.

Such a consideration is demonstrated that in the presence of the forth interactions
in the reaction system considered it is necessary just to refine usual kinetic charac-
teristics (kinetic equations kernels, reaction rate constants) and the parameters in the
inhomogeneous source of macroscopic correlations between successive encounters,
with general kinetics of accumulation of macroscopic correlations being preserved,
and therefore the reaction kinetics, considered in [40].

Appendix A: Missing equations for two- and three-particle cps

Equations for the main two-particle patterns 7y 1,0(A1, B1, t), m2,0,0(A1, A2, ), and
71.0.1(A1, C1, t) in Eq. (3.18) are as follows

(3, — Ly —Lp — 1:;1151 - ‘7“‘1)) 71,1,0(A1, B, 1)
=50 o(A1 B + (£, 5, + VD) na(Ar, Dnp(Br, 1)
+ [dA, (1:;4281 + ‘7(2’1)> [ﬂ2.1.0(A1, Az, B1,t) +na(Az, t)my1,0(A1, Br, 1) +ng(By, 1)m2,0,0(A1, Azyt)]
+fdAzl:/A]A2 [m2.1,0(A1, A2, Bi. ) +na(Ar, Om11,0(A2, Bi, 1) + na(Az, )i 1,0(Ar, Br, 1))
+ [ By (L, gy + V1) [m1.2.0(A1, Br, Boyt) + na(Ar, D02,0(Br, Ba, 1) +np(Ba, D1 10(Av Br, )]
+ dezI;’BIBZ [71.2.0(A1. B, B2, 1) + np(By, )m1,1,0(A1 Ba. 1) + np (B, )71,1,0(A1, Bi, 1)]
+de1€’A1CI [m11.1(AL Br, Crot) +na(Ar, Dm0,1,1(B1, 1. 1) 4+ ne(Cr, Dm1,0(Ar, B, )]
+de1L/BIC] [m11.1(AL, Br, C1t) +np(By, D71,0,1(A1, C1, 1) + nc(Cr, Oy 10(Ar Br, 1],
(A.1)
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and

(Bt —La, =Ly, — i/Aqu) 72,0,0(A1, A2, 1)
=807 (A1, A) + Ly 4 na(Ar, Hna(Az, 1)
+ [dB (i/A.B, + \7“‘”) [m2.1.0(A1, A2, Bi, 1) + np(B1, Dm2,0,0(A1, A2, 1) + na(Ar, m11,0(Az, B, 1)]
+ [dB (i/AzB] + \7<2'1)) [m2.1.0(A1, A2, Bi, 1) + np(B1, )m2,0,0(A1, A2, 1) +na(Az, )11,0(AL, Bi, 1))
+fdA3i;hA3 [73.00(A1, Az, A3, 1) + na(Ar, D72,00(A2, A3, 1) + na(A3, D72,0,0(A1, Az, 1)]
-i-fdz‘\31:/AzA3 [73.00(A1, A2, A3, 1) + na(Az, )72,0,0(A1, A3, 1) + na(A3, D72,0,0(A1, Az, 1)]
+[dCiLy ¢ [m2.0.1(A1. A2, Cr. 1)+ na(Ar, D)1 01 (A2, C1. 1) + 1 (Cr. Dm2,00(A1L Az, 1)]
[ ]

+de1i’Azcl 72,0,1(A1, A2, C1, 1) + na(Az, )71,0,1(A2, C1, 1) + nc(Cr, t)m2,00(A1, A2, 1) |, (A.2)

and

(3t T T i/Alcu) 7101(A1, Cr, 1)
=5(Z)HP0 |(Alscl)+Z,A]Q"A(A1J)"C(Cl,t)
+ [ dBy (L5, + VD) [m10,1(AL Bi, €0+ na(Ar 070,11 (Br, C1) +np (Br, 10,1 (A1, C)]
+de'LB1C1 [m111 (AL Br, C1. 1) + ng(By. 0)m1,0,1 (A1, C1. 1) + nc(Cr, D711,0(ArL B, 1)]
+fdAzLA2C [m2.0.1(A1, A2, C1. 1) + na(Az, 10,1 (AL, C1, 1) + nc(Cr, Dm,0,0(A1, Az, 1)]
+fdA2L L [m2.0.1(A1L A, Cr 1) + na (AL D101 (A2, Cr 1) + na(Az, Dm0, (ALL CrL 1)
-+—de2LAAICz [71.02(A1, C1, Co, 1) +na(Ar, 70,0,2(C1, Co, 1) +nc(Ca, )71,0,1(A1, C1, 1)]
+dezi’ClC2 [m1.02(A1, C1, Cou 1) + ne(Cr, Dm1L0,1 (A1, Cau 1) + ne(Ca, D71 0,1 (AL CrL 1)
+ ROV [73,1,0(A1, Az, B, 1) + na(Az, D1 1,0(AL B, 1) +np(Br, 0)m2,0,0(A1, A2, 1)]. (A.3)

The equations for the patterns 7o 2,0(B1, B2, t) and 7 1,1(B1, Cq, t) that are in Eq.
(A.1) may be derived from Egs. (A.2) and (A.3) by symmetric substitution of A for
B, and, vice versa,

(31 —Lp —Lp, - 1:/3132) 70,2,0(B1, Bz, 1)

=817, 0(B1. Ba) + Ly np(Br. inp (B, 1)
+ [dA; ( B T va 1)) [71.2.0(A1, B1, By, 1) + np(Bi, )mo.2,0(B1. B2, 1) + np(B1, )m11,0(A1, B2, 1))
+ [dA; ( Wt v 2)) [71.2.0(A1, Bi, Ba, 1) + np(By, 1)70,2,0(B1, B2, 1) + np(Ba, )m1,1,0(Ar, Bi, 1)]
+fa'33LB,B3 [70.3.0(B1. B2, B3, 1) 4+ np(Bi, 1)m0,2,0(B2, B3, 1) + np(B3, )m02,0(Bi, B2, 1)]
+ [dB3Ly, 5. [703.0(B1, Ba, B3, 1) + ng(Ba, )w02.0(B1, B3, 1) +np(B3, )mo2,0(Bi, Ba, 1)]
+ fdcll:/Blcl [70.2,1(B1. B2, C1, 1) + ng(B1, )mo,1,1(Ba, C1, 1) + nc (Cr, 70.2,0(Bi. Bz, 1)]

[ ]

+de112’32C1 70,2.1(B1, B2, Cy. 1) + np(Bz, )70,1.1(B1, C1, 1) + nc(Cr. Hmo2.0(B1. B2, )| (A.4)

(31 —Lp —Lg —i};lcl)ﬂo,l,l(Bl,Cl,l)

=8(0)mg, (B1, C1) + Llg o, n5(B1, nc(C1, 1)

+ [dA; ( B T v 1)) [m11.1(AL Br, C1t) +np(Br, Dm1,0,1(A1, Ci. 1) + na(Ar, mo,1,1(Br, C1,1)]
+ftl'AlLA]C1 [m1.1.1(A1, Bi, C1, 1) + na(A1, D70,1,1(B1, C1, 1) + ne(Cr, )1 1,0(A1L B, 1]

+ [dByLy ¢ [m02.1(B1. By, C1.1) + np(Ba, t)mo1,1(By, C1, 1) +nc(Cy, 0)702,0(B1. By, 1)]
+dezLBI B [”042,1(31,BZvCl,t)+nB(BIJ)7TO,I,l(BZ,C],f)+nB(BZ,t)T[O,l.l(BIvCl,t)]

+ fdchBlC, [m0,1.2(B1. C1., Ca, 1) + np(By, )70,02(C1, Ca, 1) + nc(Ca, )70,1,1(B1, C1, 1)]
+de2LC1C2 [0.1.2(B1. C1. C2. 1) + nc(Cr, )m0,1,1(Br, Ca. 1) + ne(Ca, )mo,1,1(B1, C1. 1)]

+ R [y 5,0(Ay, By, Ba,t) +np(Ba, )71,1,0(A1, Bi, 1) +na(A1, mo2,0(B1, Ba, 1)]. (A.5)
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Equation for 779,0,2(C1, C2, ) is as follows

(3r —Ley—Le, - i'c,cz)ﬂo,o,z(cl, Ca,1)
:3(07730_2(6’1,6’2)+i’C,C2nC(Clyl)nc(C2,f)
+deli’B]CI [70.12(B1. C1, Ca2, 1) + np(B1, 1)m0,0.2(C1, Ca, 1) + nc(Cr, )70,1,1(B1, C2, 1)]
+delI:/B]C2 [WO.I.Z(BL C1, Cy, t) +ng(By, )mo,0,2(C1, Ca, 1) +nc(Ca, )mo,1,1(B1, C1, f)]
+ [dCsLi, e, [70.03(C1, Ca, C3,1) +nc(C3,1)70,02(C1, Ca, 1) + e (Ca, H70,02(Cr, C3, 1)
+de3ﬂClC3 [0.0.3(C1. C2, C3, 1) + nc(C3, )m0,0,2(C1, Ca, 1) + ne(Cr, )0,0.2(C2, C3, 1)]
+fdAll::41Cl [ﬂ1,0,2(A1, C1,Co, 1) +na(A1, 1)m0,02(C1, Co, 1) +nc(Cr, )my0,1(Ar, Ca, t)]
+fdA1i’A1C2 [71.02(A1, C1, Cau 1) + na(Ar, 1)70,0,2(C1, Ca, 1) + nc(Ca, D)7y 0,1 (A1, C1, 1]
+RUILD [y 1 (A1, By, C1, 1) +na(Ay, Dm0 (Br, C1, 1) + np (B, w01 (A1, C1,1)]
+HRCILD [ 1 1 (A1, By, Co, 1) +na(Ar, 070,11 (Br, Co, 1) + np(Br, Om10,1(A1L Co, )] (AL6)

Equations for three-particle CPs are presented using the notation iaﬁy =Ly+L g+
Ly + i‘:xﬂ + i&y + i%y, where «, B, and y denote the reactant

(0 — Lame, = VOV 7004 B €L

=387} (A1 Br, C1)+ (i/AlBl +Ly ¢, +‘7(1’1)) na(Ar, Hmo,1,1(By, Ci, 1)
+ ( i + Lo, + V0 1)) np(By, )m1,0,1(A1, C1, 1)
+ (Lo, + Ly, ) ne (€1 01 10AL B, A7)

(3z — I:AlAzBl — b _ ‘7(2’1)) 72,1,0(A1, A2, By, 1)
= S(I)ﬂgyl,o(z‘\l, Az, B1)+ (I:’AIB1 +I:’AIA2+‘A/(1’1)) na(Ay, )my1,0(A2, By, 1)
+ (Lo, + Lagp, + VD + ‘7(2’1)) ng(Bi, )m2,0,0(A1, A2, 1)
+ (Lo + Laa, + ‘7(2’1)) na(Az, 0wy 1,0(A1, B, 1), (A.8)

(ar — Laypp, — VD - \7(1@) m1.2.0(A1, Bi, By, 1)

=8(1)m, (A1, Bi, B2)

+ (LA131 + L/Algz + VD 4 ‘7(1’2)) na(Ay, t)mo2,0(B, B2, 1)
(i, + Ly + VD) na(Br 11 0(A L Ba, 1)

+( i L,V 2)) ng(By, 1)mi,1,0(A1, By, 1), (A.9)

(3t - LA]CICZ) m1,02(A1, Cp, Ca, 1)
=600, (A1, 1 ) + (e, + L) ma(A1, D70,02(Cr, Co)
+ (L, ¢, + L, e, ) ne(Crmio.1 (AL, Ca, 1)
+ (L) ¢, + L, e, ) ne(Ca 1 0,1(ArL CrL 1), (A.10)
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(& = Laymsc:) w201 (A1, 42, €1
=38(1)m3 (A1, A2, C1) + (I:/Alcl + I:Q,IAZ) na(Ay, )m0,1(A2, Cr, 1)
+ (L, e, + i/Azcl) nc(Cr, )72,0,0(A1, Az, 1)
+ i;‘zcl +I:’AIA2) na(Az, t)my0,1(A1, Cy, 1), (A.11)

(3z - I:Blclcz) 70,1,2(B1, C1, C2, 1)
=507, 2(B1. C1. C) + (L 0+ Ly ) np(B1, Dm0.02(Cy, Ca 1)
+ (L, ¢, + Le,c,) ne(Cr.nmo11(Br, Co, 1)
+ (L, + L, ) ne(Ca0)mo 1.1 (By, Cr. 1), (A.12)

(Bl - iglgzcl) 70.2,1(B1, B2, C1, 1)
= S(t)ng’zil(Bl, By, Cy) + (iﬁelcl + Ilele) np(B1, )70,1,1(B2, €1, 1)
+ (L/Blcl + L/BZC1 nc(Cy, t)mo2,0(B1, Ba, t)
+ (L/BZCI + L', p, ) nB(B2, )mo,1,1(B1, C1, 1), (A.13)

(3z - 1:A1A2A3) 73,0,0(A1, A2, A3z, 1)
= 500 o(A1, A2, A3) + (£ 4, + Ly 0, ) 1 (A1 DT200(42, 43,1)
+ 1:/AIA2+£/A2A3 na(Az, )72,0,0(A1, A3, 1)
 (Lay g + Liayay ) na (A3, 0D712,00(A1 A2, 1), (A14)

( — Lpi5:,) 70.5.0(B1. B2, B, 1)
= 60703 (B1, B2, B + (L g, + Ly, ) na(Br. D702,0(Ba. B 1)
+ 1:/3, B T £/3233) ng(Ba, )mo2,0(B1, B3, 1)
+ (L 5, + i’BzB3) np(B3, 1)mo2,0(B1, By, 1), (A.15)

(81 — I:c,c2c3) 70,0,3(C1, C2, C3, 1)
= 5(0)780,5(C1, €2, C) + (L0, + i ) ne (€1, 0D002(Ca. C3,1)
+ Z’/Cl(:z + i'/CzC3 nc(Ca, )mo,0,2(C1, C3, 1)
+ (L, e, + Ly, ) ne(Ca. 0)m0,0.2(Cr. Co, 1), (A.16)
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Appendix B: Equations for CPs in IET approximation and epa

Derivation of closed equations for correlation patterns evolution calls for the use of
correlation termination procedure. The simplest technique is including only pair corre-
lations into consideration neglecting all three-particle patterns. Such a hierarchy termi-
nation is typical of many-particle collision theory in gases, and corresponds to making
allowance solely for pair diagrams in the derivation of the collision theory mass opera-
tor. In this approximation Eq. (A.1) for the two-particle CP 1 1 0(A1, B, t) is simpli-
fied to IET Eq. (4.1). Equations for other main two-particle patterns 72 0.0(A1, Az, t)
and m1,0,1(A1, C1,t) in IET approximation are easily derived from Eqgs. (A.2) and
(A.3) neglecting all three-particle patterns. They are as follows

(Bt — iAl — iAz — 1:/A1A2) 72,0,0(A1, A2, 1)

= 8()m3 ,0(A1. A2) + Ly 4,na(Ar, Ona(As, 1), (B.1)
and

(3z — I:Al - icl - I:/Alcl) m1,0,1(A1, Cp, 1)
=8(0)) o1 (A1, C1) + Ly c,na(Ar, Dnc(CrL 1). (B.2)

Another method of hierarchy closure that enables one to include into consideration
all binary terms when dealing with small concentrations of reactants employs termi-
nation of correlations on the level of three-particle ones. In solving the corresponding
Egs. (A.1), (A.2), and (A.3) the method of extracting pair channels in the analysis
of the evolution of three spatially correlated particles is used [28] which is similar to
the Faddeev method applied in quantum three-body theory [60]. The essence of the
method is that in studying the evolution of three particles account is taken solely of
the situation where only two reactants interact with one another (force interaction or
reaction one), while the third reactant moves freely.

Thus in the approximation (of pair channel account), it is necessary to determine the
contributions from three-particle completely correlated patterns w2 1,0(A1, A2, Bi, 1),
71.2.0(A1, By, Ba, t), and 7y 1,1 (A1, By, C1, t) to the collision integral in the calcu-
lation of my,1,0(A1, By, t) evolution in Eq. (A.1). For example, consider the pattern
72.1,0(A1, A2, By) and the value (‘7(2'1) + 1:%231)”2,1,0%1’ As, By, t) appearing in
Eq. (A.1). First of all use the solution of Eq. (A.8) that can be obtained in a common
way by Green function formalism neglecting the influence of initial three-particle
correlations ”21,0(’41’ Ao, By) [28]

— O 77 27 o (1,1
72,1001 A2, Bt = Gy agsy [ (B, + Eyyay + VD) naCAr, 01 0(A2, Br 0
+ (L +Layp + v 4 VQ‘”) ng(By,)m3,0,0(A1, Az, 1)
(B, + Ly + 70D maln nm 1 0(Ar B (B.3)
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Here G A1 A, B, 1s the three-particle propagator the kernel of which satisfies the equation

(3z - iA.AzBl — b _ ‘7(2’1)) G a .8, (A1, Az, By, t|Ao1, A2, Bot, 1)
=68(A1 — Ao1)d(Az — Ap2)8(B1 — Bo1)d(t — ). (B.4)

Accordingly to the mentioned idea of binary channel extracting we should consider
the situation when two particles interact, and the third one just moves freely. If we
consider the pattern 72 1,0(A1, A2, B1) and the interaction of particles A, and B
(which is described by the operators V@D and I:’Az p,)» only the terms describing the
interaction of just this pair of particles should be retained in the right-hand of Eq.
(B.3). Moreover, the propagator of three particles G A1A,B; 1 also simplified. Its ker-
nel can be represented as the product of the propagator kernel of the interacting pair
G A, B, and the free propagator of the third particle é?‘h . Such approximation allows us

to calculate the value (‘7(2’1) + I:/AzBl) m2.1,0(A1, A2, By, t) appearing in Eq. (A.1).
Multiplying the Eq. (B.3) on the left by (‘7(2’1) + 1:14231) we have

(\7(2’1) + L/AzB]) 72,1,0(A1, A2, By, 1)
= (V(Zﬁl) * L%zBl) [Gazsy G?‘\l] (V(Z’l) * L;sz])
(na(Az, m11,0(A1, Br,t) +np(Br, )m,0,0(A1, A2, 1)) (B.5)

The kernel of the propagator G A, B, of the pair A B and that of the free motion propaga-
tor é%] of the particle A are defined by relations (4.4) and (5.2), respectively. Similar

procedure for the quantity I:;‘l A27T2,1,0(A1, Ay, By, t) gives the representation for the
three-particle pattern 73 1,0(Ay, A2, By, t)

L/AlAzﬂZ,l,O(Al, Ao, B, 1)

—

= L 4, 1G4, 4,GY 1LY 4, (na(AL D7110(A2, Bi, 1) +na(Az, D)1 1,0(A1, By, 1)) .
(B.6)

The propagators G%I 4, and é%] are defined by relations (4.4) and (5.2) respectively.

Representation for other three-particle evolutions in binary channel approximation

appearing in Eq. (A.1) are derived by analogy. As a result, we have from Eq. (A.1) the
equation for the two-particle pattern 71,1,0(A1, By, t) (5.1).

Appendix C: Scaling

Transformation of any function @ (r4, r8 1) defining the pair in the initial system into
the function @ (r4, r®, r), describing the same pair but in the scaling-system has the
form

®(ra,rp,1) = D(yra, yra, y21). (C.1)
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This makes it possible to easily scale any expression, and analyze its different contri-
butions on macroscopic space-time scales in powers of the scaling parameter y .

Before scaling the required matrix elements of the effective pair T -operator (6.5),
note that scaling parameter estimates y for T-operators (5.5), (5.6), and (5.8) are given
in the laboratory system of coordinates. Estimates for T'-operators in relative coordi-
nates differ from them by the factor y* taking account of the pair center motion. In
particular, scaling of the kernels of force T -operators necessary for further calculation
is as follows

~ ~0ps _
t/?A(r’ t|r03 tO) ~ tAﬁ (r’ t|r07 IO) ~ O(V 10)7

y—>00 o y—00 (C 2)
z0 zUps —10 '
tpp(r, t|rg, I ~ t I, t|rg, I ~ 0 .
BB( Iro, 7o) y BB ( Iro O)y (V )

First let us scale the matrix element (fMET)lz defined in (6.5). Expressing the
action of integral operators explicitly in terms of their kernels, and making the scaling
procedure by rule (C.1), we have

—~

MET ~ApSs . ~00D ~0ps
Jia(x, 1lvo, 10) = ker [ 115 @2 P12iy | v, tlro, r0)

(f
0
E/tﬁ.(yr, y2tley, 1) dry dry (g(e)%?)lz(rl,t1|l‘2,t2)dr2dlz tAﬁs(l'z,tzlyl'o,Vzlo).

(C.3)

Here notation ker means the kernel of integral operator in square brackets. Performing
the substitution r; — yr;, t; — yzt,-, where i = 1, 2, and using the property dr; —
y3dr; we get

~MET Zps 2 20ps
@) 12w tlr0, 10) = y Vker [I75@0D I | @ tr0 ). (C4)

The free propagator kernel of the effective pair on macroscopic space-time scales has
the following estimate in the parameter y [36,59]

goff rtiro. 1)~y glp (r.tlo. o). (C.5)

— 00

The action of point operators 7 /(’; and ff?z‘g from the left and from the right on the
propagator ég?? , respectively, means that the motion of reactants described by this
propagator takes place in a restricted area: initial and final points of reactant motion
are at zero. Thus direct substitution of estimate (C.5) in expression (C.4) is not quite
correct, and leads to nonintegrable singularity. For the calculation to be correct, it is
sufficient to make initial and final points differ by a small value. The corresponding

scaling parameter estimate is of the form

v 80pf (0.0 +0,50)
y? a

g7 0.110+0,10) ~ y 28077 (011040, 10). (C.6)
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So in view of relations (6.11), (C.2), and (C.6), from (C.4) we obtain the required
estimate of the matrix element (2MET)]2 in (6.10). Estimation for the matrix ele-
ment (iMET)lg is made by analogy. Note that the second term of the matrix element

~MET, . - ~MET . - . o
(t )11 is structurally similar to (¢ )12. That is why it is scaled in a similar
way. However, the action of point T -operators on the difference between propagators

((gg%))ll — %P ) is well-defined, thus the following estimation is valid

@9PI10.110.10) = FPO.110.10) ~ ¥~ ((gS?»_?)l 10,210, 19) — g3 (0, 110, to)) ‘
(C.7)

This gives the required estimate of the matrix element (iMET)U in Eq. (6.10).

To get the scaling estimate for the source Jl%f T (1) (6.4) we take into account that

the initial correlations are of microscale. This means that initial correlations can be
considered only in a limited area and on macroscopic scale are reduced to a point.
Therefore they have & (r)-shaped character. To scale 5-shaped functions we use the

property

8(x)
B(Cx) =~ (C.8)

where C is constant, x is variable. Generalizing the expression for initial correlations
in pair AB (4.10) to other pairs AA and BB, taking into account Eq. (C.8) and the

property
[Alo ~ ¥ *[Alo ; [Blo~ y*[Blo, (C9)
we have the following estimate in the parameter y for the initial correlations

7o (r) e y 7 78(r). (C.10)

Using the recipe described in obtaining the expression (C.4), we can easily obtain the

following estimate for the source Jl%f T(t) (6.4)

TUET @~ v [ (@ @ G ) e )
y—>00 S
(C.1D
Using the property (C.8), Egs. (6.10), (C.6) and (C.10) in expression (C.11), we get
the desired scaling estimate of the source (6.13).

Let us scale the kinetic equation MET (6.14). Using Egs. (C.8), (C.9) we get for
the first term in Eq. (6.14)

5(O[Al) ~ y~*8(1)[Alo (C.12)
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For the scaling of the second term in Eq. (6.14) take into account expressions (C.9),
(6.10), (6.11) and (6.12). As a result, taking into account the first two terms in the
parameter y we get

A[AL ~ y*5(D[Alo — y *k[ALIB] + O(y ). (C.13)

Leading order in the parameter y corresponds to the law of mass action (2.3) (i.e., a
Markovian description). Accounting next order is essential in the construction of non-
Markovian theory. Its form is not explicitly specified here, because it is considered in
detail Sect. 5.
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