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Abstract: The charge transfer processes in nonpolar media are considered in the work. The nonpolar
medium is regarded as a field of random forces or impulses, and this field acts on the reacting particles. The
interaction of reagents with the medium is described through the function of fluctuation of the impulse of a
particle of the medium with the speed of the reagent particle. When calculating the kinetic parameters of
such a system, the quantum theory of charge transfer processes was used using Green's functions of the
impulse density operators of the condensed medium. Analytical expressions for the kinetic parameters of the
process are obtained.
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Introduction

Kinetics of the elementary act of charge
transfer processes in nonpolar media

Charge transfer processes in nonpolar
media are of great interest of entire fields of
knowledge in chemistry, electrochemistry, and
photochemistry [1-11]. At the same time,
theoretical models for charge transfer processes
in polar condensed media have been developed
to a much greater extent, see, for example,
works [12 - 18].
The transition from polar to non-polar systems
by formal extrapolation of the results to low

values of dielectric constant at zero frequencies,
to low energies of reorganization of the
medium, etc. can hardly be considered
acceptable. Charge transfer processes in
nonpolar media require a completely different
approach [19, 20]. One of the approaches of
taking into account the non-polar medium in the
kinetics of the elementary act of charge transfer
processes will be presented in this work.

We will use the multichannel collision theory.
We write the complete Hamiltonian of the
system in the form:

H=Hi+Vi=Hf+Vf (1)

Where V; and V, are the interactions between
reacting particles in the initial and final states,
H; and Hy are the channel Hamiltonians of the

Hi,f =

initial and final channels.
We write the channel
system in the form:

Hamiltonians of the

™+ HEP, + HY )

int
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Here Hi,"} is Hamiltonian of medium, Hl."’f is the

Hamiltonian of reacting particles, H.’ - is the
Hamiltonian of the interaction of particles with

the medium, for which we use the following
representation:

Hiye = — [ B@B() dF (3)

Where B(7) - is the fluctuation of impulse at the
point #, U(7¥) is the speed of the reacting
particles.

Interaction in form (3) means that we
consider a non-polar medium in the form of a
field of random forces or impulses, and this
field dynamically affects the reacting particles.
Integration is carried out over the entire space

over the dimensionless variable 7. If we move
from 7 to integration over Cartesian variables,

then in formula (3) P should be understood as
the impulse density.
The probability of an elementary act of charge
transfer between particles with the transition of
the system from electronic state i to electronic
state f has the form:

W= 2771 Znnleﬁ(Fi_Ein)|<¢i|Vi|wf)|2 8(Ein — Efny) (4)

Where 1; and 1 are the wave functions of the
initial and final states of the system, E;, and
Ef,, are the corresponding energy levels, n and
n’ are all quantum numbers of the system,

except electronic ones, F; is the free energy of
the initial state.

Using the integral representation for the & -
function, we reduce formula (4) to the form:

Wi = ﬁieﬁpi [ doSple PU-OHiy,e=FbHy,] (5)

Where the spur (trace) is assumed to be in all
coordinates of the system, except electronic
ones.

Substituting expressions for channel
Hamiltonians (2) into formula (5), we have:

{co —_ _ m_ P i _ m, P, f
W, = geﬁFi f—lioo d6Sp [e B(1-0)[HI+H] +Hmt]Vie BO[HI+HP +Hint]vi] (6)

We will carry out further calculations in the
approximation in which the spur can be divided
into two spurs using formula (6) - according to
the coordinates of the medium, and according to
the coordinates of the reacting particles. This is

movement of the reactants is of a classical
nature or, in the case of a quantum nature, the
changes in the velocities of the reacting particles
during the charge transfer process are small,
then the commutator can be neglected and for

possible if  [H} + H., Hyh] = 0. I the the probability of an elementary act we obtain:
m [CO _ _ L _ F
Wir= ePFi f_‘iw Sp [e B(1 9)[Hm+Hmt]e ﬁB[Hm+Hint]fp (H)de] -
_ p
fp(B) = eBFipSp [e_ﬁ(l_e)HipVie ﬁ@Hf] (8)

Where F/™ is the free energy of the subsystem
H + H},,, F} is the free energy of the reactants
in the initial state. When calculating states for
non-polar media, the corresponding gas-phase

(vacuum) values should be taken as the
frequencies of intramolecular vibrations and the
equilibrium lengths of the corresponding
chemical bonds.
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We write V¢ the electronic resonant integral of
the transition of the system from state “i” to

Vif =

where Qs are the coordinates of intramolecular
vibrations of the reagents.

_ﬁ Zs Eyg
FP(0) = ePF +BOUIr)e

22
1-0)wk +9 a)s

01— G)w;wf

state “f” in the form:

Vi(])c + Zs bs Qs (9)

After calculating the function f?(8) we obtain:

2] ,ZErSa){ w£

VB + B0+ ) o

(10)

Here J; and J; are the minimum energies of

frequencies of oscillations of the s-th degree of

impurity in the initial and final states, freedom of reagents in the initial and final
respectively; FEZ s the free energy of the states, respectively.
reactants in the initial state, E, is the Calculation of a spur using the coordinates of
reorganization energy of the s-th degree of the medium can only be carried out
freedom of the regents, o are @approximately. Let's rewrite it in the form:
' S 1 S
fm(e) — <eﬁ9(Hm+Hiint) ﬁg(Hm+H:nt+H£t))l (11)
where,
HIL = — [BA[# @) - ' (D)]d7 = [dF P(PAY (7) (12)
If we introduce the S-matrix for the interaction Hlfnlt, then
fm(0) = ($(B6)) (13)

where

S(BO) = T,exp [— foﬁ Hl’;lt(‘r)dr]

(14)

Let us expand the exponentlal in the S-matrix into a series:

(S(BO)); = (T, Z = @ ﬁedn [ Bedrz | an Bedrk oy (i)

X P Z(Tsz)

P, (rka)AVal (7”1T1)A17a2 (7”2'[2) Avg, (rka)>l

(15)

We will accept the approximation of decoupling
qguantum statistical averages of fluctuation
operators of impulse density into pair averages
according to rules similar to those of Wick’s
theorem [19]. The possibility of carrying out

(S(BO)): =

Where Gpypg is the temperature Green function
of the fluctuation operators of the impulse

_%f d? d;’) foﬁe dTl foﬁe dTZGPaPB (F:;;, T— T,) Ava(?) AU'B (;;)

this type of decoupling is described in some
detail in [20]. In addition, for fP(8) we will
restrict ourselves to the classical approximation.
As a result we get:

(16)

density of the medium:
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Gy (T7, 1= 1) = — (LRGP (77 )

INVIGENIGEYAG)

(17)

(18)

In the Green function Gp_p zWe move on to the Fourier representation by t-t":

G D —_1200 G i —iwp(T—11)
Popp (17T =T ) = =5 Xm0 Gppy (T, wn ) €

In order to be able to calculate the sum over n
and obtain the value of the Green function
Gp,p, NOL only at discrete points w,,, but also on

the entire complex frequency w plane, it is
necessary to move on to the time retarded Green

(19)

function at finite temperatures Gﬁapﬁ. To do

this, we use the correlation relations between
the Green functions Gpp and G5p:

Gpp(wp) = GFp(iwy,), wp >0 (20)
G;P(wn) = GPP(_(‘)n)
and dispersion relations for the Green function G5»:
1 poo I]mGR (wr)
Gp(wn) = == [, do' =S (21)

As a result we get:
fm(6) =
exp {,6’9 [ didr’ GRpapB(F,’F),w = 0)Av, (MAvp(F) +
1 po > 37 — 7 - 5\ Sh(Bw(1-0)/2-sh(Bw6/2)
;f_oo drdr’],, GRPapB(r,r ,w)Ava(r)Avﬁ(r)s (B sh()ﬁw/SZ) = } (22)

The Green function of fluctuations of the
impulse density of a medium is closely related
to all kinds of functions of velocities, forces,
and impulses in condensed media. Such
correlations make it possible to study the
influence of the medium on a specific molecule;

Correlation function

The correlation function Kug(7,77,w) is
the most convenient function for relation with
the Green function GRpp, (77, w). The

GRpopy(Ti17,0) = - [ dw

We write the correlation function K,z (7,77, )

in the factorization approximation, expressing it
through the normalized autocorrelation function

Kag(177,t) = Gopg(7)77) (1)

obtain an expression for the mean square force
acting on the molecule; calculate the diffusion
coefficient for the friction coefficient in a liquid;
study the processes of thermal conductivity and
electrical conductivity (for details on transfer
phenomena in condensed systems, see [20]).

relationship between these functions has a

particularly simple form for the Fourier
components:

Kg 7l wr

'M, 5= 0 (23)

w'—w-ib

of impulses ¥(w) and the correlation function
over spatial coordinates G,z (7, 77):

(24)
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For radially symmetric interaction, the function
Gap(7,77) can be replaced by the function

8apG (|F - 77|) As a function G (|F - 7|) you

G (|? - ;')D ~ exp [/’l(ra — 7)]

can use a number of model functions of the
type:

G(|?—7|)~5(F—F")

(25)

G(|F—77|)~exp [A(r*—;’))]-cos [u(r%—;’))]

Where the parameters A and u can be defined as
fitting ones.

The time dependence of the normalized
autocorrelation  functions of impulses for
various condensed systems has been studied in
some detail in a number of works [20]. The
most commonly used model of the medium is

one in which the motion of atoms is assumed to
be oscillations near some average position,
which in turn experiences Brownian motion. To
describe Brownian motion, the Langevin
equation is used for the motion of a molecule in
a statistically equilibrium medium.

Y(w) = % J, ® () cos wt dt, (26)
The following expression was obtained in work [20]:
_D y2yi? vy Aw? ) [(w?-wd 2 w212
¥(w) = n{(w2+y12)w2+y2y12 T w3 w2+y12} {( w3 ) T w2+y12} (27)

Here D is diffusion coefficient in medium,
y is friction coefficient, ¥’ is characteristic time
of decrease of the autocorrelation function of
the stochastic force, w, is the cutoff frequency
of the spectrum of stochastic forces in the
medium, A is the ratio of the root-mean-square
value of the fluctuation of the force acting on
the oscillator (an atom performing oscillatory
motion) to the root-mean-square value of the
fluctuation of the force acting on the center of

av t INTT (4! D
E+f01"(t—t)V(t)dt = F(t)

This equation is written in matrix form, and here

P = lﬂ(t);rzw?)

Feo) - [d?/dtl )
1

dR/dt

Where # — describes the instantaneous position
of the particle’s center of gravity, R is the
average position of the particle’s center of
oscillation, A(t) is the fluctuation force in the
medium leading to particle oscillations; B(t) is
the fluctuation force in the medium, leading to
Brownian motion; u(t)— takes into account the
effect of friction force retardation, y(t) is

oscillations and determining the Brownian
motion of atoms.

Finally, the wvelocity for the reactant
particles must be determined. The movement of
reactants in a field of random forces can be
considered in the same way as a condensed
nonpolar medium itself is considered.

For reactants, equations for stochastic
motion with damping can be written in the form
[20]:

(28)

_a)g

y(©) + w?

A(t)

B(t) (29)

l; Ft) =

dependence of the friction coefficient on time,
w4 can be expressed through the corresponding

frequency value wy: w,= /%wo, where m is

the mass of the particle, m* is its effective mass
(takes into account the mass of the particle and
several atoms of the medium surrounding the
particle).
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Conclusion

The processes of charge transfer in
nonpolar media were considered. The nonpolar
medium is represented as a field of random
forces or impulses, and this field acts on the
reacting particles. The interaction of reagents
with the environment is represented through the
function of fluctuation of the impulses of the
particles of the medium with the velocities of
the reagent particles.

When calculating the kinetic parameters
of such a system, the quantum theory of charge
transfer processes was used using Green's

functions of the impulse density operators of the
condensed medium. Analytical expressions for
the Kinetic parameters of the process are
obtained.

Further calculations require detailing the
potentials of intermolecular interactions; the
nature of fluctuations of random forces and
impulses in the medium; the selection of
parameter values from experiments and
boundary conditions for solving the given
equations.

References

1. Neyts K., Karvar M., Drobchak O., Brans
T., Strubbe F., Beunis F. Simulation of
charge transport and steady state in non-polar
media between planar electrodes with
insulating layers // Colloids and Surfaces A:
Physicochemical and Engineering Aspects,
2014, V.5, p. 101-1009.
https://doi.org/10.1016/j.colsurfa.2012.10.02
2.

2. Basilevsky M.V., Bormotova E.A. Charge
transfer kinetics in non-polar media including
a local molecular mode: the temperature
dependence in wide ranges // J. Math.
Chem. 2017, V. 55, p. 941-960.
https://doi.org/10.1007/s10910-016-0710-z

3. Strubbe F., Neyts K. Charge transport by
inverse micelles in non-polar media //
Journal of Physics: Condensed Matter,
2017, V. 29(45), 453003. DOI 10.1088/1361-
648X/aa8bf6.

4. O. Brede R.M., Naumann W. Kinetics of
excitation and charge transfer reactions in
non-polar media // Chemical Physics, 1987,
V. 115(2), p. 279-296.
https://doi.org/10.1016/0301-0104(87)80042-
3.

5. Dereka B., Svechkarev D., Rosspeintner
A., Aster A., Lunzer M., Liska R., Mohs
A.M., Vauthey E. Solvent tuning of
photochemistry upon excited-state symmetry
breaking // Nature Communications. 2020,
V. 11. Article number: 1925.

6. Roberts G.S., Wood T.A., Frith
W.J., Bartlett P. Direct measurement of the

effective charge in nonpolar suspensions by
optical tracking of single particles // J. Chem.
Phys., 2007, V. 126, p. 1- 109
PMID: 17523818, DOI: 10.1063/1.2734968

7. Beunis F., Strubbe F., Neyts K., Petrov D.,
Millikan B. The dynamics of charging events
on individual colloidal particles // Phys. Rev.
Lett. 2012, V. 108, 016101. DOIL:
10.1103/PhysRevLett.108.016101.

8. Strubbe F., Beunis F., Neyts K. Detection of
elementary charges on colloidal particles //
Phys. Rev. Lett., 2008, V. 100, 218301. DOI:
10.1103/PhysRevLett.100.218301.

9. Sada K. Functional polymers in nonpolar

solvents induced by dissociation of
macromolecular complexes // Polymer
Journal, 2018, V. 50, p.285-299.

https://doi.org/10.1038/s41428-017-0016-4

10. Noél A., Mirbel D., Cloutet E., Fleury G.
Tridodecylamine, an efficient charge
control agent in non-polar media for
electrophoretic inks application // Applied
Surface  Science 2018, 428, ID:
104200305.D0I:10.1016/j.apsusc.2017.09.
171,

11. Dukhin A., Parlia S. lons, ion pairs and
inverse micelles in non-polar media //
Current Opinion in Colloid and Interface
Science, 2013, V. 18(2), p. 93-115.
https://doi.org/10.1016/j.cocis.2013.02.004.

12. Marsagishvili T.A., Machavariani M.N.
Free energies of polyatomic
polarizable dipoleactive particles in polar

CHEMICAL PROBLEMS 2024 no. 3 (22)


V
https://doi.org/10.1016/j.colsurfa.2012.10.022
https://doi.org/10.1016/j.colsurfa.2012.10.022
https://link.springer.com/article/10.1007/s10910-016-0710-z#auth-Mikhail_V_-Basilevsky-Aff1
https://link.springer.com/article/10.1007/s10910-016-0710-z#auth-Ekaterina_A_-Bormotova-Aff1
https://iopscience.iop.org/journal/0953-8984
https://iopscience.iop.org/volume/0953-8984/29
V.%20115(2
https://doi.org/10.1016/0301-0104(87)80042-3
https://doi.org/10.1016/0301-0104(87)80042-3
https://www.nature.com/articles/s41467-020-15681-3#auth-Bogdan-Dereka-Aff1-Aff2
https://www.nature.com/articles/s41467-020-15681-3#auth-Denis-Svechkarev-Aff3
https://www.nature.com/articles/s41467-020-15681-3#auth-Arnulf-Rosspeintner-Aff1
https://www.nature.com/articles/s41467-020-15681-3#auth-Alexander-Aster-Aff1
https://www.nature.com/articles/s41467-020-15681-3#auth-Markus-Lunzer-Aff4
https://www.nature.com/articles/s41467-020-15681-3#auth-Robert-Liska-Aff4
https://www.nature.com/articles/s41467-020-15681-3#auth-Aaron_M_-Mohs-Aff3-Aff5
https://www.nature.com/articles/s41467-020-15681-3#auth-Eric-Vauthey-Aff1
https://www.nature.com/ncomms
https://arxiv.org/search/cond-mat?searchtype=author&query=Roberts,+G+S
https://arxiv.org/search/cond-mat?searchtype=author&query=Wood,+T+A
https://arxiv.org/search/cond-mat?searchtype=author&query=Frith,+W+J
https://arxiv.org/search/cond-mat?searchtype=author&query=Bartlett,+P
https://doi.org/10.1063/1.2734968
https://pubmed.ncbi.nlm.nih.gov/?term=Beunis+F&cauthor_id=22304271
https://pubmed.ncbi.nlm.nih.gov/?term=Strubbe+F&cauthor_id=22304271
https://pubmed.ncbi.nlm.nih.gov/?term=Neyts+K&cauthor_id=22304271
https://pubmed.ncbi.nlm.nih.gov/?term=Petrov+D&cauthor_id=22304271
https://www.nature.com/articles/s41428-017-0016-4#auth-Kazuki-Sada-Aff1
https://www.nature.com/pj
https://www.nature.com/pj
https://www.researchgate.net/profile/Amelie-Noel?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIn19
https://www.researchgate.net/scientific-contributions/Deborah-Mirbel-2116992858?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIn19
http://dx.doi.org/10.1016/j.apsusc.2017.09.171
http://dx.doi.org/10.1016/j.apsusc.2017.09.171
V.%2018(2
https://doi.org/10.1016/j.cocis.2013.02.004

330 THEORETICAL MODELS OF CHARGE

media // Physica status solidi (b), 1989, processes in non-regular media // Chemical
V.154 (1), p. 97-104. Problems, 2021, V. 19(1), p. 7 — 17.

13. Marsagisgvili T., Machavariani M., Kirillov  17. Marsagishvili ~ T.,  Samkharadze Z.,
S. Some aspects of physical and chemical Gachechiladze M.,  Ananiashvili N,
adsorption on surface of amorphous solid. Matchavariani M. Electrochemical
In: Combined and Hybrid Adsorbents. Composite Coatings of Copper Containing
Fundamentals and Applications. Ed. Jose Carbon Materials. Conference Book-
Miguel Loureiro and Mykola T. Kartel. Advanced Polymer Structures Chemistry
Springer. NATO Security though Science for Engineering Applications, Part 3. 2023,
Series. 2006, p. 349 -356. p. 221-229. Hard ISBN: 9781774913017.

14. Marsagishvili T.A. Heterogeneous process 18. Marsagishvili  T., Machavariani M.
of charge transfer and phototransfer Theoretical  aspects of  vibrational
with participation of dipole particles // spectroscopy of condensed systems with
Journal of Electroanal. Chem., 1998, V. impurity particles // Chemical Problems.
450, p. 47-53. 2023, V. 21(3), p. 211-220.

15. Marsagishvili T, Tatishvili G., DOI:10.32737/2221-8688-2023-3-211-220.
Ananiashvili  N.,  Gachechiladze M., 19. Abrikosov AA, Gorkov L.P.,
Metreveli J., Tskhakaia E., Matchavariani Dzyaloshinski 1.E. Methods of quantum
M. Study of Temperature Dependence of field theory in statistical physics // Dover
Some  Physical  Characteristics  of Publications, inc., New York, 1963, 352 p.
Thermostable Nickel Coatings on 20. Temperley H.N.V., Rowlinson J.S.,
Aluminum Alloys // Chemical Problems, Rushbrooke G.S. Physics of simple liquids.
2016, Ne4, p.362-365 North-Holland publishing company,

16. Marsagishvili  T.A., Tatishvili G.D., Amsterdam, 1968, 308 p.

Matchavariani M.N. Photo-catalysis

QEYRI-POLYAR MUHITDO YUKLORIN DASINMASI PROSESININ NOZORi
MODELLORI

T.Marsaqisvili, M.Macavariani

Ivane Cavaxisvili adina Thilisi Déviat Universiteti, R. Agladze adina Qeyri-iizvi Kimya va Elektrokimya
fnstitutu,
Mindeli kiic., 11, 0186, Thilisi, Giirciistan,
e-pogt: tamaz.marsagishvili@gmail.com

Xiilasa: Isdo geyri-polyar miihitlords yiiklorin dasmmasi proseslori arasdirilmisdir. Qeyri-polyar
miihit kimi tesadiifi qlivvalor va ya impulslar sahasi hesab olunur va bu sahs qarsiligli tasirds olan
hissacikloro tosir gostorir. Reagentlorin miihitlo qarsiligli tesiri mihitdo olan hissaciklarin
impulsunun reagentin hissaciklorinin siiratindon asililiq funksiyasi1 vasitasilo tosvir edilir. Belo
sistemlarin kinetik parametrlorinin hesablanmasi zamani kondenso olunmus miihitin impuls sixlig
operatorlarinin Qrin funksiyalarindan vo yiik daginmasi proseslarinin kvant nazariyyssindoan istifado
edilmisdir. Prosesin kinetik parametrlori ti¢iin analitik ifadalor alinmigdir.

Acar sozlori: Qrin funksiyalari, qeyri-polyar miihit, goxkanalli toqqusma nazariyyssi, yik
dasinmasi, kvant nazariyyasi.
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TEOPETHUYECKHUE MO/JIEJIM IPOLIECCOB NEPEHOCA 3APSIJIA B HEIOJISIPHBIX
CPEJAX

T.Mapcarumsuiau, M.MayaBapuanu

Tounucckuii 2ocyoapcmeenwiil yHugepcumem umenu Meane /icasaxuweuny, Hucmumym HeopeaHuyeckoll
Xumuu u snekmpoxumuu um. P. Aenaose,
ya. 11, 0186, Tounucu, I py3us,
e-nouma: tamaz.marsagishvili@gmail.com

Pe3ome: B paboTe paccMOTpeHbI MPOLIECCH MIEpPEeHOCca 3apsiaa B HEMOIAPHBIX cpeaax. Hemonspuas
cpela paccMaTpUBaeTCsl Kak I0JIe CIy4YailHBIX CHJI WIM HMIIYJIbCOB, U 3TO IOJIE JEUCTBYET Ha
pearupyoomme 4acTHIbl. B3aumoaeiicTBue peareHTOB CO CpEloil ONMUCHIBAETCA uepe3 (PYHKIHUIO
W3MEHEHUS WMITYJIbCa YacCTUIBl Cpelbl CO CKOPOCThIO YacTUIbl peareHta. llpu pacuere
KMHETUYECKUX IIapaMeTpOB TaKOW CHCTEMbl HCIOJIb30Balach KBAHTOBAas TEOpHUsS IPOLIECCOB
MepeHoca 3apsja ¢ Hchosib3oBaHueM (QyHkuuid ['puHa omepaTopoB IJIOTHOCTH HMITYJIbCa
KOHJCHCUPOBaHHOM cpenbl. IlomyuyeHsl aHanUTHYECKUE BBIPAKEHUS JUISI KHUHETHYECKHX
napaMmeTpoB IMpoiiecca.

Kurouesrblie ciioBa: pynkuuu I'puna, HemossipHas cpeia, MHOIOKAHAJIbHAs TEOpUsl CTOJIKHOBEHUH,
MEePEeHOC 3apsiia, KBAHTOBAs TEOPHSL.
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