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Abstract. In this paper, the electron transfer reactions in microwave irradiation field are considered. A
theory is developed for these reactions in reactors filled by a mix of reagents and a polar frequency-
dispersive and lossy solvent. This mix is described by a system of non-linear differential equations for non-
stationary microwave field, heat, liquid dynamics, and chemical molecular kinetics that can be solved in
full only numerically. In this paper, a particular solution of this system for the normalized chemical reaction

rate coefficient k = K/Awith A as the pre-exponent factor is considered for the isothermic reactions for
a given temperature T and frequency-temperature dependent complex dielectric permittivity E(a)T) of

solvent. It is found that for small normalized free reaction energy G,/k; T <1, the chemical reactions

are supported in a wide frequency band with an increased rate coefficient close to the unit. At higher values
of this energy, these reactions are initiate only by heating with a small increase in the frequency bandwidth
of reactions. The restrictions of the given theory are considered, and further experimental and semi-classical

and guantum-mechanical studies are found important for practical application of these findings.

Keywords: electron transfer chemical reactions, classical molecular theory, microwaves

1. Introduction

Electron-transfer reactions are with the transfer of an electron from one molecule to another
through the intermolecular space or along the covalent bridges transforming them into the ion
couplings of donor and acceptor molecules. There are several types of these reactions initiated by
thermal interactions, infra-red (IR), optical and ultra-violet (UV) irradiation, phonon excitation,
and high-frequency oscillation of molecules. The reactions may be initiated in solids, liquids, and
gaseous matter. In heterogeneous cases, they occur at the boundary of a solid and liquid. An
interesting area of research is the electron-transfer reactions near the nano solid particles, third

molecules, catalysts, and in living matter. In many cases and under some conditions, these
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reactions are influenced by polar solvers transferring thermal energy to the reactants and

influencing the electron’s paths in the phase space of chemical reactions [1],[2],[3],[4].

The first theory for electron transfer reactions was given by R.A. Marcus [1],[2],[3], who
obtained an Arrhenius-type formula for the rate K of chemical reactions of this type compared
well with experimental data under the assumptions that the interacting molecules are in polar liquid

which molecules are essentially smaller than molecules of reagents:

K =A(T )exp {—%} 1)

where A(T) is the pre-exponential factor depending on the type of electron-transfer reactions,
molecular stereochemical factor [1],[5],[6]. Other termsin (1): AG, is the standard free energy of
reactions, kg is the Boltzmann constant, and

A=20+ 4, (2)

is the energy reorganization term consisting of solvation (4,) and reactant vibrational (4, )
components.

The solvation term according to Marcus in Sl system of units is

AeY(1 1 1
wlim ) (g ?

where Ae is the transferred charge measured in C, a , are the radii of the reagent molecules

represented by spheres, R is the distance between the interacting molecules, &, is the vacuum
absolute permittivity, and

& 1 1
=5 (ﬁ F] “

is the Pekar’s factor [7] with g;” and gir) as the relative permittivities of solver at UV and low

frequencies, correspondingly. The first term in the Pekar’s formula is associated with the fast
electron cloud polarization, and the second one is with the slow rotational motion of dipoles.

The vibrational term A, depends on the geometry of interacting molecules, and it should

be considered if these modes are involved in the electron transfer reactions [5]. There are many
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other modifications of this Marcus formula known considering different effects, including the

guantum ones [5].

As seen from formulas (1)-(3), the rate of chemical reactions depends on the environment
and can be regulated somehow by choosing the polar solvent properly. Another found properties
of electron transfer reactions are their dependence on the frequency of applied heating microwave
irradiation. According to the opinions of many authors, this dependence is beyond of thermal
effects of microwaves [8],[9],[10],[11].

In this paper, based on the theory of Marcus, a hypothesis is proposed on the possible nature
of the non-thermal microwave effect in electron transfer reactions, and the results of some

simulations are given confirming the mentioned idea.

2. Frequency dependence of electron transfer reaction in the microwave field
Consider the applications of microwaves to a mix of reagents in a polar solvent and study the
influence of irradiation on the chemical rate coefficient (1). An analysis of Marcus’ formulas and
experimental results around these reactions, particularly show that the environmental influence is

registered if the solvation term A, is comparable or larger than the vibrational one A,. Suppose
that energy of microwave quanta is below the thermal one of molecules (ha) <kgT )with h as the

normalized Planck’s constant and w is the cycling frequency of microwaves. Besides, this energy
is not enough to transfer electrons directly on higher levels of energy diagram of molecules and
this energy to molecules are transferred by friction between rotating molecules. The polar
solvation liquid is described classically, and the complex dielectric permittivity can be used for its

description.

According to contemporary knowledge, the permittivity dispersion at low frequencies is
with the relaxation processes in dielectrics when the energy of the alternating electric field is spent
on heating of liquids or solids through the friction mechanism. For linear lossy dielectrics in the

microwave field, instead of static permittivity &, the complex one is used [12]. A general formula

for the complex permittivity & of a liquid polar dielectric [12],[13] is:
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o0 1

1+ jor, 1+jor,  1l+jor, 1+ jor,

=&, [5(') + &) g - el +ot a3 -4 + 2t _g'(\‘r)j (5)
where z; is the i—th relaxation time, j=+-1,and gi(r) is a relative permittivity at a frequency
well above 27/7, . In general, the frequency dependence of these parameters is not monotonic and

can show extremums. Usually, the parameters in this formula are obtained from measurements and

using fittings techniques [13], and, in some cases, only the first two terms can be enough to model
even non-Debye quuids(N >1) for low-frequency calculations with the acceptable accuracy. In

general, the parameters of (5) are the temperature-dependent, and they can be estimated from

molecular theories of dielectrics or measurements.

The imaginary part of (5) defines the temperature of polar liquids and reagents, and it
increases liquid temperature T and the pre-exponential factor A but not the free energy of a
reaction AG, in (1) . To evaluate the influence of the dispersion of polar liquids, come back to

[7] on an electronic theory of crystals where it is shown that in the case of a harmonic

electromagnetic (EM) wave the Pekar’s coefficient is frequency-dependent:

E 1 1
M(o)=—22 | — =\,
(C()) 327[2 [Sg) 8’(60)] (6)

where &'(w)=Re(&(w)/s,) -

Thus, this Pekar’s coefficient can be used to evaluate the frequency-dependent electron-

transfer reaction using (1) obtained for the static case, and this dependency can be exponentially

strong enough if A4, > 4, . Additionally, let’s notice that the time-dependent thermally-driven

electron transfer reactions in dispersive and lossy solvents have been theorized earlier in
[14],[15],[16], but the microwave-assisted reactions have been left out of attention yet according
to the best knowledge of the Author.
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3. Simulation algorithm for the electron transfer reaction rate in microwave reactors

The microwave-assisted chemistry is performed in a vessel inserted onto microwaves ovens
[17],[18],[19], or these vessels can be the ovens themselves [20],[21],[22]. Then, the shape of these
vessels influences the EM field and temperature distribution, liquids dynamics, and the point-
defined chemical reaction rate. In general, it represents a complicated system of coupled
differential linear and non-linear equations solved using powerful computers or supercomputers.
Simplification of these systems using the analytical or semi-analytical means similar (1) can be
essentially helpful. Consider the formulation of the mentioned system of equations to calculate the

rate coefficient (1).

For simplicity suppose that concentration of reagents and the final product is not strong
and does not influence the complex permittivity £ of liquids during a chemical reaction.
Application of microwaves leads to heating of this liquid with its linear response towards the EM

irradiation.

The set of the time-dependent Maxwell equations for this case is

o) (r)E(rY)

VxH(rt)=¢, p +o(rt)E(r,t),
n OH(r,t)
VxE(r,t)z—yO,u()T, )

v.(g<f>(r,t)E(r,t))=pegr’t),
V-H(r,t)=0

where E and H are the electric and magnetic field intensities, respectively; ¢, and g, are,

correspondingly, the vacuum absolute permittivity and permeability with S(r) and ,u(r) = const
are their relative counterparts; o is the electric conductivity of the medium, p, is the electric

. L . . . 0 0 0 .
charge density, t is time, r is the coordinate radius-vector, and V =X, 6—+y0 —+Z, p™ s a
X z

oy

vector-differential operator.
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In problems associated with the heating of lossy dielectric materials or with the MW-

assisted chemistry, the material parameters (8(r) ) change their values in time slowly in comparison

with the period of applied MW field of the cyclic frequency @. Then, (7) can be used in their

complex notation form (8) with j as the imaginary unit and where the slowly varying in time 7

field vectors and dielectric parameters are used as independent on fast time t :

VxH(r,7)= ja)goé(r) (r,7)E(r,7),
VxE(r,7)= —ja),uo,u(r)H (r,7),
V() (r.o)E(r 7)) = pe(1i7), ©

&o

V~H(r,r):O.

The EM equs. (7) and (8) should be supplemented with the heat-transfer and fluid-flow
relationships. The heat-transfer equation, which incorporates the convective and conductive heat
transfer terms and reflects the conservation of energy, is

pCP(Z—T—i—V'VTj:V'(KVT)—F Py 9)
T

where p is the mass density of the heated liquid, Cp is its heat capacity, V is the flow velocity
vector, x 1s the thermal conductivity of the material, and p; is the absorbed in dielectric power
density, which quadratically depends on the electric field E.

The fluid-flow relationships consist of the continuity equation, which expresses the

conservation of mass:

a—’0+V'(pv)

> 0, (10)

and the Navier-Stokes equations with the external gravitational force:

p(?+v-ij:—VP+V-T+pg (11)
T
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where P is the pressure, g is the Earth gravitational acceleration, and V- T is the divergence of
the stress deviator tensor, which is equal to Vv for incompressible flow with constant viscosity

2 2 2
n where V2 Ea—2+8—2+a—2.
oX® oy° oz
The solution of these equations (7)-(11) with properly formulated boundary and initial
conditions allows to calculate the temperature and frequency-dependent rate coefficient of

electron transfer reactions:

(AT, @)+ AG, )’

K= AT w)ep == A(T.0)T
B ’

(12)

It allows us to calculate once more the complex permittivity of liquid mix varying with

temperature.

It is seen the complexity of this multi-physical problem (8)-(12), in spite of employing the
analytical expression (12) for the rate coefficient K. Usually, these equations are solved, taking
an iteration algorithm with multiple steps in the solutions of them [20]. Another technique is the
use of “analytical shapes” of vessels allowing rather simple expressions for EM and other fields
[20],[21]. An essential simplification of calculations is available for the micro-sized vessels
providing homogeneous distributions of temperature fields inside reactors, etc. Otherwise, only

numerical tools are advised to simulation.

4. Estimation of frequency and temperature dependence of the electron transfer rate

coefficient

In general, the analytical treatments, in spite their limitations in accuracy and applicability (see,
for instance [1],[2],[3] with analysis for (1)), allow obtaining the estimations in a very simple form

before full treatments. An example of these estimations is shown below.

The argument of exponent in (12) is evaluated supposing the isothermal condition for the
electron transfer reactions and the solved equations (8)-(11) regarding temperature T. For

convenience, let’s transform this argument in the following way:
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(A+aG) _1[ 2% A(8G,), kT (AG,) )
AK AT A 4k,T 2\ kT 4 \ kT ) |
An analysis of (13) shows that to reach a minimum of it and provide the maximal

normalized rate coefficient k = K/A , it is necessary to decrease strongly AG,/k, T :

(A+AG) 4
Ak AT 4k T

(14)

In this case, the normalized rate coefficient k can have a non-thermal influence of

microwave irradiation. Otherwise, k decreases with frequency because g’(a)) — gir) .

To illustrate this effect, let’s model reactions in polar alcohols methanol and ethanol.

Although they are not the Debye liquids, here, these solvers are modeled using only two first terms

in (5). Then formulas for real g'(a)) and imaginary g”(a)) parts of complex relative permittivities

are:

(15)

(16)

The imaginary part E(a)) defines the temperature assisted by microwave irradiation by molecular
interaction mechanism.

Initially, consider this reaction in the isothermic conditions at T =298 K for which the

measurement data for all parameters in (15) and (16) are found in [23]. Fig. 1 shows the methanol

and ethanol relative permittivities &'(w)= L Re(&) with 7=46.8 ps, £V =326, and &) =5.3
€

for methanol, and 7=145.1ps, gﬁr) (0)=23.7, and efor) =3.9 for ethanol. All curves in Fig. 1 are

obtained ignoring any possible molecular resonances in these liquids.
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29 Fig. 1. Frequency dependence of real part of the complex relative permittivity of solvers g’(co) .
31 Methanol - dash red curve; Ethanol — solid blue curve.

35 In Fig. 2, the dependencies of the normalized chemical rate coefficients are shown versus

frequency given for methanol and ethanol for small AG,/k, T =0.0005. It is seen the very large

value of the rate coefficient in a wide frequency band with the maximums at certain frequencies.
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Fig. 2. Normalized Marcus rate coefficient K/A versus frequency for methanol (solid blue
curve) and ethanol (dash red curve). AG,/k, T =0.005, a, =a,=5-10"" m, R=15-10" m,
Ae=e=-1.602-10" C,and T =298 K .

Unfortunately, increasing AG,/k, T leads to an essential fall of the normalized rate

coefficient with the decrease of reaction frequency bandwidth (Fig. 3). At large values of

AG,/kg T the reaction is not supported due to frequency influence out of a very narrow frequency

band close to zero frequency. The influence of microwaves is only due to the heating of the liquid.
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Frequency, GHZ

Fig. 3. Normalized Marcus rate coefficient K/A versus frequency for methanol (solid blue
curve) and ethanol (dash red curve). AG,/k, T =0.1, a =a,=5-10"" m, R=15-10"" m,
Ae=e=-1.602-10" C,and T =298 K .

The influence of temperature is more ambiguous in this case because it leads to an increase
in liquid permittivity in certain ranges of temperature [13]. More complicated behavior can show
mixes of solvents and non-Debye liquids, which can have multiple extremums of real parts of their

permittivities in the frequency and temperature.

Fig. 4 shows the curves given for several values of temperature. Heating causes the
increase of the normalized rate coefficient and extension of the frequency bandwidth, although it

is not so profound as in the case of decrease of AG,/k, T .

11

URL: http://mc.manuscriptcentral.com/tandf/tmph Email: TMPH-peerreview@journals.tandf.co.uk



oNOYTULT D WN =

Molecular Physics

KI/IA
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Fig. 4. Normalized Marcus rate coefficient K/A versus frequency (methanol) for different
temperatures. Curves: 1- 298 K; 2-308 K; 3-318K; 4 - 328K . AG,/k, T =0.1,

a=a,=510"m, R=1510"m, Ae=e=-1.602-10"° C,and T =298 K .

These simple simulations show some new interesting effects in electron transfer reactions
assisted by microwaves, but further research will need the semiclassical or quantum-mechanical
simulations because of the known limitation of classical models providing analytical results.
These limitations, for instance, are considered by Marcus in [1]. Several modifications of Marcus
theory are known including calculation of quantum effects, and they are reviewed in [5]. Original
theories are proposed in [6],[14],[15]. Besides known listed limitations, this original research is
with the restrictions itself. For instance, the full system of equations for the rate coefficient
calculation is solved in a very reduced manner, and it is obtained only for isothermal conditions
with a given temperature. Besides, it is supposed a very low concentration of reagents in polar
solvent approximated by a Debye mode for the sake of simplicity. Otherwise, these reagents and
chemical dynamics can influence the reaction outcome, and microwave irradiation should be

applied controllable in its power and frequency. For this purpose, more serious attention should
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be paid on measurements of liquid permittivities during the microwave-assisted heating and

chemical reactions [20],[24].

5. Conclusions

In this paper, it has been considered a modified Marcus theory for electron transfer chemical
reactions in polar dispersive solvents heated by microwave irradiation. A system of non-linear
equations has been formulated for microwave field, heating and liquid dynamics, and it is solved
in for the isothermal reactions with the calculation of Marcus formula modified using the
frequency- and temperature-dependent Pekar’s factor. It has been shown that in the case of the

smallness of the normalized reaction free energy AG,/k, T <1, the normalized reaction rate
coefficient k(T,a)) =K/A is very high even in ambient condition, and the frequency bandwidth

can reach several tenths of Gigahertz. The growth of AG,/k, T leads to essential decreasing this

coefficient and reaction frequency. These parameters can be increased by temperature growth.
This research has shown on the non-straightforward kinetics of electron transfer reactions in
dispersive polar solvents in microwaves. There is a need in further theoretical and experimental
studies to confirm the significance of found effects for practice, including the semi-classical and

guantum-mechanical simulations in chemical reactors assisted by microwaves.
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Statement of article significance

In this manuscript, the frequency dependence of electron transfer chemical reactions assisted by
microwaves is studied using the molecular theory of Marcus. In the first time, it is discovered non-thermal
effects in increasing of normalized rate coefficient with microwaves at multi-ten Gigahertz range, and it is
established the condition of existence of this effect. The temperature influence on microwave-assisted
reactions of this type is considered. A formal algorithm for full-size simulation of these reactions is given.
These theoretical findings are interesting in microwave-assisted accelerated chemistry.
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