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Abstract: Technologies that cause the least harm to nature from global warming standpoint are becoming 

called-for. In this regard, photo-catalysis which uses the solar energy for chemical transformations of 

substances is of great interest for studying possible mechanisms of such processes. At the same time, the use 

of photo-catalysis significantly expands capabilities of the synthesis of new organic and inorganic materials. 

Charge phototransfer is always at the heart of photochemical transformations. Such processes can be 

considered from the point of view of quantum mechanics, and the probability of various mechanisms of the 

passing processes can be calculated using the apparatus of Green's functions. Analytical expressions for 

kinetic parameters of the charge transfer process between polyatomic particles in non-regular condensed 

medium and expressions for the extinction coefficient for appropriate processes of charge photo-transfer are 

obtained. Based on the analysis of obtained analytical expressions of dark and optical charge transfer 

processes, correlations between kinetic parameters of these processes are obtained. A methodology for 

determining kinetic parameters of the charge photo-transfer process on the basis of the shape of light 

absorption curve by means of the system functioning as the frequency of absorbed photons in various 

systems is presented. In this respect the general methodology has been applied to various specific processes. 

A methodology for determining the kinetic parameters of the charge phototransfer process from the shape of 

the light absorption curve by the system as a function of the frequency of absorbed photons in various 

systems is presented. The general methodology presented has been applied to various specific processes.   
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The problem of photo-catalysis becomes 

more and more urgent as negative tendencies of 

global warming tend to grow. Technologies that 

cause the least harm to nature from global 

warming point of view are becoming called-for. 

First of all, such technologies that use the 

energy of the sun and the minimum of fossil 

fuels. In this regard, photocatalysis [1 – 24], 

which uses the energy of the sun for chemical 

transformations of substances, is of great 

interest for studying the possible mechanisms of 

such processes.  

       At the same time, the use of photo-

catalysis significantly expands capabilities of 

synthesis of organic and inorganic materials. 

Capabilities of using photo-catalysis [10] for the 

synthesis of new materials is often facilitated by 

performing spectral studies into individual 

reagents used for photosynthesis [11], as well as  

individual stages of the process proper. 

       The methods of spectral studies of 

individual substances [18], both in vacuum and 

condensed medium, are widely used to identify 

certain substances and control the quality of 

compounds obtained. At the same time, when 

using optical methods, a question arises about 

an unambiguous interpretation of separate bands 

in the optical spectrum. More questions arise 

when interpreting the optical spectra of systems 

with charge photo-transfer [19]. 

       So, the use of optical methods to study 

complex condensed systems used for photo-

catalysis requires an insight into individual 

components (reagents) and separate stages of 

the charge transfer process. 

     Electron transfer always lies at the heart 

of photochemical transformations. This can be a 

photo-transfer of an electron of the reagent to an 
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excited state followed by the transition of an 

electron to another particle and, hence, the 

implementation of a chemical reaction. This can 

be a direct photo-transfer of an electron to the 

final state (from one reagent to another reagent) 

and thus the implementation of a photochemical 

reaction. But more complex processes can also 

occur, in which molecules of the medium in 

which the reaction takes place take an active 

part. 

      These processes can be considered from  

quantum mechanics point of view and the 

probability of various mechanisms of the 

passing processes can be calculated if we apply 

the apparatus of Green's functions for finite 

(nonzero in the Kelvin scale) temperatures [25]. 

When using optical methods to study complex 

charge transfer systems, it is convenient to use 

Lambert Beer's law, according to which the 

optical density D is determined by the relation: 

                                                                   (1) 

where I0 is intensity of light on the input of 

measurement cell with thickness d; I is intensity 

of light on the output of the cell. Proportionality 

coefficient κ may be substituted for extinction 

coefficients of particles adsorption εa and 

extinction coefficient of the direct outer-sphere 

transition of the system with photon adsorption 

εab: 

                                       (2) 

where Сa is concentration of a-type particles.  

In case of photo-transfer of an electron 

on a particle to an excited state, the extinction 

coefficient of the process will be proportional to 

the concentration of particles C 

                                                                                     (3) 

Let us write the perturbation leading to the  photo-transfer in the form: 

                                        V =                      (4)  

Where the polarization operator of the 

particles-reagents is, there is the operator 

of the photon electric field strength which can 

be written in the representation of secondary 

quantization in the form: 

                                      (5)     

Where V0  is main volume of periodicity,  is 

unit vector of photon polarization with wave 

vector and polarization σ (σ=1, 2),  and 

 are photon creation and annihilation 

operators,  is frequency of photons, i is 

complex unit.  

      Separating electronic and nuclear states 

for reagents and molecules in the adiabatic 

approximation, the transfer probability in the 

first order of the perturbation theory can be 

written in the form: 

    (6) 

Where integration contour Cθ over θ runs 

parallel to the imaginary axis, angle brackets 

denote quantum statistical averaging over the 

initial state of the system Hamiltonian . The 

Heisenberg operators are determined using the 

Hamiltonian of the free electromagnetic field 

with the renormalized photon propagation 

velocity:  

 

                                   (7)          

 

It is not difficult to calculate a correlator of operators of the intensity  in formula (6):  
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(8) 

 

The first term in the equation in curly 

brackets describes processes with light 

emission, and the second term - with light 

absorption. Reactions with light radiation are 

important for strongly exothermic processes, in 

particular, for processes involving electron-

excited particles.  

For definiteness, we will consider only 

processes with light absorption to comply with 

photo-catalysis processes.  

       Let’s assume that the source produces 

photons with polarization σ and wave vector 

within interval from  to + Δ . In this case: 

(9)                                                                                   

Where the frequency interval Δωk and space 

angle of the direction of the wave vector ΔΩk is 

determined by the vector , the flux density I 

coincides with a number of photons, which 

passing per unit time through a unit area 

perpendicular to the vector . For simplicity, we 

will omit the indices k and σ in the future. The 

expression for the extinction coefficient of the 

catalytic reaction can be found from formulas 

(6) and (9): 

 

                                                                                                (10) 

It is obvious that matrix elements of the 

polarization vector in the obtained expression 

are nonzero only for the points and  which 

near to reacting particles. Since the region 

where the transfer occurs is determined by 

atomic scales, . As a result, for 

the extinction coefficient we have: 

                                     (11)     

Where , is the dipole moment of the transfer.  

A further simplification of formula (11) can be 

carried out for the case when no exchange 

(transfer) of heavy fragments between reagents 

occurs during the reaction. For such reactions 

the set of coordinates of the centers of 

gravity and angles φi, which determine the 

spatial orientation of the reacting particles, is 

identical in the beginning and the end of the 

process. Using the classical approximation for 

the translational-rotational motion of particles, 

from formula (11) we obtain: 

(12)                                                                                    

Where  are radius-vectors of the gravity 

centers, respectively, for example, for the first 

particle; analogously, angles . Depending on 

the symmetry of reagents, Ω0 is equal to either 

8π
2
, 4π, or 1, Hamiltonians Hit and Hft  differ 

from Hamiltonians Hi and Hf only by kinetic 

energy of translational-rotational motion, a 

correlation function Φi  has the form: 
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                                   (13)       

Where Fi   is the free energy of the system with 

Hamiltonian Hit,, 

We accept the Condon approximation and 

assume that the photons are unpolarized, then: 

     (14)                                                                                               

Here, the factor 1/3 arises when integrating over 

the angles that determine the orientation of the 

first particle. 

We also accept the one-electron approximation 

assuming that the state of one electron only 

changes during photo-transfer: 

                       (15)            

Where Sfi  denotes the overlap integral of the 

electronic wave functions of the initial and final 

states. Since is a slow function of , in the 

first term, in the formula (15) can be taken 

out of the integral sign at the point x*, where Sfi   

has maximum:  

=                                                                   (16)        

Since d * weakly depends on ρ, φ, from formula (14) we obtain: 

 (17)                                                                                                   

Under similar assumptions, the rate constant of 

the thermal reaction can be reduced to the form  

as follows: 

     (18) 

Where V* is connected with perturbation which  leads to the reaction: 

                                                   (19) 

Comparing formulas (17) and (18), we obtain a 

correlation between the kinetic parameters of 

the charge photo-transfer process and the 

corresponding thermal process: 

                                              (20) 

Although the (20) correlation was 

obtained in one-electron approximation, it can 

be expected that it will be valid in many-

electron approximation for matrixes and . 

This requires that the function be a slow 

function of , φ coordinates. 

All further analysis for extinction 

coefficient and calculations for specific models 

can be carried out in the same way as for 

thermal processes. So, we merely present results  

for a number of cases. 

If there is no entanglement of normal 

coordinates of intramolecular vibrations of the 

reacting particles in the initial and final states 

and if the interaction of intramolecular 

vibrations of reacting particles with the medium 

polarization can be neglected, and the harmonic 

approximation can be used for intramolecular 

vibrations, then we obtain the following 

expression for the extinction coefficient: 

(21)                                                                                                      



                                            PHOTO-CATALYSIS PROCESSES IN                                            11 

 

                                                                                        CHEMICAL PROBLEMS 2021 no. 1 (19)  

 

Where the function   and  looks like:  

d )  

sh   / ( ) 

 

                                                                                                                                                 (22)                                     

where  is the change in the electric 

field strength of the reactants during the charge 

transfer process, ) is retarded 

Green's function of polarization operators of  

medium [10]. 

If, moreover, the frequencies of 

intramolecular vibrations of reacting particles 

do not change during the reaction, then 

                                                (23)     

Here  is the reorganization energy of the n-th degree of freedom [10]. 

To obtain final results for the adduced 

models, it is necessary to move in two 

directions: when calculating , one 

should use statistical-mechanical models and for 

calculating  – quantum-mechanical methods.  

Below is the calculation of kinetic 

parameters of the charge phototransfer 

processes from the shape of the light absorption 

curve by the system. 

First of all, consider the sum rules that 

allow us to determine the transition dipole 

moment. For this, both parts of correlation (10) 

should be divided into ωk and integrated over ωk   

when adjusted for integral representation of the 

σ function. As a result we get: 

                                 (24) 

In the long-wave approximation, correspondingly: 

                               (25)          

If the translational and rotational coordinates do 

not change during the reaction and motion along  

them can be considered as classical, then: 

                                         (26) 

For bimolecular reactions, if the transfer occurs 

upon contact of reagents, the sum rules take the  

form: 

                                                                (27)         
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If the characteristic distance at which the 

transition dipole moment changes is Δ, 
, and the initial distribution function 

can be considered equal to unity, then 

                                                               (28)                     

Finally, if the radii of particles are the same and equal to , then 

                                                                   (29)                    

Proceeding from these sum rules, it is possible 

to determine the transition dipole moment only 

if the entire experimental curve of the 

dependence of the extinction coefficient on 

frequency is known. For example, from (29): 

                                                                (30)                  

To determine the mechanism of the charge 

photo-transfer process in non-regular condensed 

system and calculate reaction parameters, first 

of all, it is necessary to determine the strength 

of the bond between the reagent and the 

medium. The parameter λ can be used for 

estimation: 

                                                                                   (31)                

If  λ<<1, bond force is weak, if  λ>>1, bond 

force is strong.  

1. With a weak bond with the medium, the 

absorption curve will have a Lorentzian 

shape: 

                                                      (32)     

Where hν is the photon energy, is the 

position of the maximum of the absorption 

peak, is the absorption at the 

point , Γ is half-width of absorption 

peak (at , the absorption 

decreases in two times).  

Calculations are more convenient to be made if 

formula (32) is rewritten as follows: 

                                  (33)                

In considering this relation as a quadratic 

polynomial (function / of ), it is not  

difficult to calculate coefficients on computer:  

                            ;  ;              (34)                

Thus, for the reaction parameters we get: 

= - ;                                           (35)       

By the found value of and relation (21) 

 can be estimated if for calculation of 

will be used the relation (27) or 

(28). 

2. At strong bond with the medium, a number 

of models should be considered that will 

describe the most probable processes. 

1) Let us consider a model in which the system 

has only classical degrees of freedom, we’ll 

describe them in a harmonic approximation, 

assuming that there is no frequency change 

during the reaction. If two particles are involved 

in the reaction and the transfer occurs upon 

contact of reactants, then the extinction 

coefficient has the form:  
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    (36) 

Where  is reorganization energy of the system [8], and is equal to: 

                                                                                  (37)                         

The optical density for the considered model is described by the function as follows: 

                                                                       (38)   

Let us rewrite formula (38) in the form (ΔF = 0): 

;                                       (39)      

Where ,    . 

For numerical calculations, the last correlation 

should be rewritten in a form convenient for 

using the least-squares method. In so doing, it is 

necessary to determine such values of 

coefficients A and B so that  

                                                                                   (40)                

should have minimum (here and  – are experimental points).  

After uncomplicated transformations we obtain: 

; 

 

;                                            (41)           

 

;                 

Where S is the number of experimental points. 

     It must be noticed, that at practical use of 

correlations (38) should be used computer 

programs.  

Having determined the reorganization 

energy and the value by this method, 

the distribution function of the reactants and the 

transition dipole moment can be calculated 

using formula (36) and the sum rules (27-29). 

2) As the next model we will consider a 

system in which, in addition to the 

classical subsystem shown in the 

previous model, there is also a quantum 

degree of freedom with a frequency  

that does not change during the reaction. 

The extinction coefficient will have the 

form: 
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            (42) 

Where  is the reorganization energy of the 

quantum degree of freedom (calculated 

similarly to ), and  is determined from the 

equation: 

                                               (43)            

The shape of the absorption curve for this case is as follows: 

                                                                      (44) 

Let us rewrite formula (44) as follows: 

;              ;                                    (45)       

Where the coefficients of polynomial are: 

 ;     ;   ; 

 

,                                                      (46)     

After computer calculations of , 

coefficients and , kinetic parameters of the  

reaction can be determined: 

;      = ;       ;                                       (47)   

The transition dipole moment and the 

distribution function of the reagents can be 

calculated similarly to the previous models. 

3) Finally let’s dwell on a model in which 

during, the reaction the reorganization of 

medium occurs, which is described in the 

classical harmonic approximation without  

 

changing frequencies and two classical degrees 

of freedom are reorganized, the frequencies of 

which change during the reaction. Moreover, we 

will assume, that the frequency of the first 

degree of freedom in the initial state  will be 

equal to the second degree of freedom at the end 

, and vice versa, . 

For this model the extinction coefficient will have the form: 

  (48)                

Where   is the 

reorganization energy of the vibrational 

degree of freedom with changeable 

frequency (evidently, ), the 

value of  is determined from equation:  
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                                                                                                                                         (49)              

The absorption curve has the form (ΔF = 0): 

 

                                                                                                                                         (50)         

To determine reaction parameters and  

we will use the following method. From the 

slope of the experimental curve 

we find the experimental 

values of at different .  

Equation (50) may be represented as:  

 

                         (51)                                                                                                                                                  

This relation is the equation of the straight-line 

as a function of the expression from 

curly brackets. Using the experimental values of 

at different , it is easy to determine and   

from equation (51) using the linear regression 

program. 

Pursuant to the extinction coefficient, it is 

easy to find the product: 

  (52)                                                                                                                                           

Where the functions Ψ ,  and have the form: 

Ψ  ;                 (53)       

;              

Calculating numerically the combination 

and using the sum rules (27) it is easy 

to determine  and  

Analytical expressions for kinetic 

parameters of the charge transfer process 

between polyatomic particles in an irregular 

condensed medium and expressions for the 

extinction coefficient for the corresponding 

processes of charge photo-transfer are obtained 

Based on the analysis of the obtained analytical  

expressions of dark and optical charge transfer 

processes, correlations between the kinetic 

parameters of these processes are obtained. A 

methodology for determining the kinetic 

parameters of the charge photo-transfer process 

from the shape of the light absorption curve by 

the system as a function of the frequency of 

absorbed photons in various systems is 

presented.  The general methodology presented 

has been applied to various specific processes.   
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ФОТОКАТАЛИТИЧЕСКИЕ ПРОЦЕССЫ В НЕРЕГУЛЯРНЫХ СРЕДАХ 

Т.А. Марсагишвили, Г.Д. Татишвили, М.Н. Мачавариани 

Институт неорганической химии и электрохимии им. Р. Агладзе  

Тбилисского государственного университета им. И. Джавахишвили 

0179, Тбилиси, пр. И. Чавчавадзе, 1, e-mail:tati@iice.ge 

Все более востребованными становятся технологии, наносящие наименьший вред природе с точки 

зрения глобального потепления. В связи с этим фотокатализ, использующий энергию солнца для 

химических превращений веществ, представляет большой интерес для изучения возможных 

механизмов таких процессов. В то же время использование фотокатализа значительно расширяет 

возможности синтеза новых органических и неорганических материалов. Фотоперенос заряда 

всегда лежит в основе фотохимических превращений. Такие процессы можно рассматривать с 

точки зрения квантовой механики, а вероятность различных механизмов протекающих процессов 

можно рассчитывать с помощью аппарата функций Грина.  Получены аналитические выражения 

для кинетических параметров процесса переноса заряда между многоатомными частицами в 

нерегулярной конденсированной среде и выражения для коэффициента экстинкции для 

соответствующих процессов фотопереноса заряда. На основе анализа полученных аналитических 

выражений процессов темнового и оптического переноса заряда получены корреляции между 

кинетическими параметрами этих процессов. Представлена методика определения кинетических 

параметров процесса фотопереноса заряда по форме кривой поглощения света системой в 

зависимости от частоты поглощенных фотонов в различных системах. Представленная общая 

методология применялась к различным конкретным процессам. 

Ключевые слова: фотокатализ, фотоперенос, оптический спектр, коэффициент экстинкции, 

энергия реорганизации. 
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Qlobal istiləşmə baxımından təbiətə daha az zərər verən texnologiyalara tələbat getdikcə daha da artır. Bu 

baxımdan, günəş enerjisinin kimyəvi enerjiyə çevrilməsi üçün istifadə edilən fotokataliz bu cür proseslərin 

mümkün mexanizmlərini öyrənmək üçün böyük maraq doğurur. Eyni zamanda, fotokatalizdən istifadə yeni 

üzvi və qeyri-üzvi maddələrin sintez imkanlarını genişləndirir. Fotokimyəvi çevrilmələrin əsasını həmişə 

yüklərin fotodaşınması təşkil edir. Bu cür proseslərə kvant mexanikası nöqteyi-nəzərindən baxmaq və baş 

verən proseslərin müxtəlif mexanizmlərinin ehtimalını Qrin funksiyaları aparatından istifadə etməklə 

hesablamaq olar. Qeyri-müntəzəm kondensə olunmuş mühitdəki çox atomlu hissəciklər arasında yük daşıma 

prosesinin kinetik parametrləri və yükün fotodaşınma proseslərində müvafiq ekstinsiya əmsalı üçün analitik 

ifadələr alınmışdır. Qaranlıqda və optik yükdaşınma prosesləri üçün alınan analitik ifadələrin təhlili 

əsasında bu proseslərin kinetik parametrləri arasında korrelyasiya əldə edilmişdir. Müxtəlif sistemlərdə 

udulmuş fotonların tezliyindən asılı olaraq bir sistem tərəfindən işıq udma əyrisinin formasına əsasən yük 

fotodaşınması prosesinin kinetik parametrlərini təyin etmək üçün bir metod təqdim olunmuşdur. Təqdim 

olunan ümumi metodologiya müxtəlif konkret proseslərə tətbiq edilmişdir. 

Açar sözlər: fotokataliz, fotodaşınma, optik spektr, ekstinsiya əmsalı, yenidən təşkil enerjisi. 


