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and Kama Huangd

Microwave-assisted chemical reactions have been widely used, but the mechanism is still unclear, which

limits further applications. For example, when chemical reactions are exposed to electromagnetic waves,

some electromagnetic energies dissipate and these processes are poorly understood. In this paper, we

investigate the power loss density in unimolecular reactions under exposure of electromagnetic waves.

By using the equivalent circuit approach, the energy problem can be transformed into the energy stored

or dissipated in equivalent circuit elements. The power loss density of electromagnetic waves in

unimolecular reactions can be clearly obtained from an equivalent time-varying resistance, which is

related to the amount of substances in reactions. Specifically, when the applied electromagnetic wave is

monochromatic and the reaction rate is slow, the derived expression of the power loss density can be

reduced to the classical formula in the frequency domain.
1. Introduction

Since Gedye et al.1 found that the use of microwaves can
accelerate organic synthesis in 1980s, extensive successful
reactions with rapidly enhanced reaction rates have been
discovered, including solvent-free reactions,2 cycloaddition
reactions,3 the synthesis of radioisotopes and polymers.4

Furthermore, the use of microwaves in chemical industries can
benet from the reduction of energy consumption and the
improvement of physical properties of products.5–8 Neverthe-
less, the further applications of microwaves in chemical reac-
tions are limited by the fact that the mechanisms are still
unclear. For example, when chemical reactions are exposed to
electromagnetic waves, some electromagnetic energies may
dissipate. Nonetheless, as far as we know, the dissipation
process is poorly understood. So, the underlying understanding
of power dissipation of electromagnetic waves in chemical
reactions is essential to clarify the interactions between
microwaves and chemical reactions.

Generally speaking, the power loss density of electromag-
netic waves in media can be calculated by a classic formula in
the frequency domain, which depends on complex dielectric
constants.9 However, many chemical reactions are non-
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equilibrium processes. Namely, the concentrations of reac-
tants and products are varying with time until the reactions
reach equilibrium. During this process, the dielectric properties
of these reactions are time-varying rather than constant.10,11

With consideration of the time-varying characteristics, the
classic formula in the frequency domain is possibly inappro-
priate to describe the power loss density in chemical reactions.
Hence, there remains a need for an in-depth investigation that
can clearly show the dissipation process of electromagnetic
waves in chemical reactions.

Recently, two approaches have been presented to deal with
the power loss density in general dispersive media, including
the electrodynamic (ED) approach and the equivalent circuit
(EC) approach.12–16 In the ED approach, with the aid of electro-
dynamic equations of constitutive relations, the energy density
can be obtained from the energy conservative law. However, it
bears the limitation that the derivations of the ED approach
can't provide a unique answer.13 This is caused by the fact that
there is no unique way to determine whether a term with the
dimension of power should be included in the time derivative of
the energy density or in the transient power loss density.
Furthermore, the polarization involved with chemical reactions
increases this complexity. Fortunately, this difficulty can be
avoided in the EC approach. In the EC approach, the energy
problem can be transformed into the energy stored or dissi-
pated in equivalent circuit elements. In the conventional EC
approach, the treatment of a circuit analogy is only in the form
of mathematics lacking strict analyses, which is usually used in
time-harmonic elds.14,15 We have proposed strict theoretical
analyses and extended the EC approach to tackle with the time-
domain energy density lately.16
This journal is © The Royal Society of Chemistry 2017
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Hence, in this paper, we investigate power dissipation of
electromagnetic waves in a unimolecular reaction employing
the EC approach, due to the conceptual simplicity.17 Besides,
unimolecular reactions widely exist, such as unimolecular
elimination reactions, decompositions of 1,3,5,7-tetranitro-
1,3,5,7-tetraazacyclooctane and unimolecular reactions of
organic ions.18–20 This paper is organized as follows. First, the
polarization process of unimolecular reactions is studied
briey. Second, the formula of the power loss density of elec-
tromagnetic waves in unimolecular reactions is derived from
the EC approach. Finally, the difference between the derived
formula and the classic formula in the frequency domain is
discussed by a numerical model.
2. Polarization of unimolecular
reactions under exposure of
electromagnetic waves

It is well-known that when chemical reactions are exposed to
electromagnetic waves, the polarization depends on not only
the current number of dipoles but also on chemical reaction
rates. Indeed, the investigation of interactions between elec-
tromagnetic waves and chemical reactions can date back to
1960s.21–24 In 1967, Schwarz proved that the chemical reaction
rate can affect the polarization, which can be described by
modied Smoluchowski–Debye equations.22 Furthermore, he
also studied the polarization of chemical reactions in equilib-
rium processes. Recently, our group have extended Schwarz's
work into chemical reactions in non-equilibrium processes with
Legendre polynomials.25,26

Here, we take a unimolecular reaction as an example to
derive the polarization under exposure of electromagnetic
waves briey, due to the conceptual simplicity and wide exis-
tence.17–20 For example, an isomerization reaction in practical
applications can also be expressed by a unimolecular reaction.
Usually, a unimolecular reaction can be shown as

X ���!k1 Y ; (1)

where X is the reactant, Y is the product and k1 is the forward
reaction rate. For simplicity but without loss of generality, it is
assumed that the reactant X and the product Y have the same
rotational diffusion coefficient Dr. Besides, X has the permanent
dipole moment u while Y has none.

Under exposure of electromagnetic waves, concentration
distributions of the reactant X and the product Y can be
described by modied Smoluchowski–Debye equations.17,18 In
the case where the amplitude of the exposed electric eld is less
than about 107 V m�1, the distribution concentration functions
of the reactants and products can be dominated by the leading
order and the rst order Legendre polynomials.27 Employing
some simple mathematical operations, we can obtain the
polarization

P ¼ NA

u2

3kBT
2Dre

�ð2Drþk1Þt � ðCXðtÞEÞ; (2)
This journal is © The Royal Society of Chemistry 2017
where NA is the Avogadro's number, kB is the Boltzmann's
constant, T is the temperature, CX(t) is the concentration at time
t, and E is the applied electric eld. Accordingly, eqn (2) is
identical to the following differential equation

dP

dt
þ ð2Dr þ k1ÞP ¼ cCXðtÞE; (3)

where c represents NA2Dru
2/3kBT. Specically, if k1 ¼ 0, CX(t) is

a constant. In this case, the polarization can be expressed as
a general Debye model.

In particular, the frequencies of the applied electromagnetic
wave in many practical industrial applications are 915 MHz or
2.45 GHz, which are much larger than most reaction rates. In
this case, eqn (2) can be simplied to

P ¼ NACXðtÞ u2

3kBT
2Dre

�ð2Drþk1Þt � E: (4)

Thus, the complex permittivity of this reaction can be
expressed as

3 ¼ 30 þ 1

1þ s=sch

cCXðtÞ
1þ jus0

; (5)

where s ¼ 1/2Dr, sch ¼ 1/k1, 1/s0 ¼ 1/s + 1/sch, 30 is the permit-
tivity of the free space, and u is the angular frequency of the
applied electromagnetic wave.
3. Power dissipation of
electromagnetic waves in unimolecular
reactions

As mentioned above, the amount of reactants and products is
varying with time until the reactions reach equilibrium. In this
case, it is possibly inaccurate to use the classical formula in the
frequency domain describing the power dissipation of electro-
magnetic waves. Luckily, this problem can be resolved by the EC
approach.14–16 Being treated as an equivalent circuit by making
analogies with V 4 E and q 4 D, the energy problem can be
obtained from some basic electric elements, such as resistors,
capacitors and inductors.

We choose a sample containing many X and Y molecules,
whose size is much smaller than a wavelength of the applied
electromagnetic wave. It indicates that the electromagnetic eld
inside the sample is uniform on themacro level. Without loss of
generality, a one-dimensional model can be presented. The
relationship between the electric eld and the displacement can
be modeled by a parallel-plate capacitor, which is shown in
Fig. 1.

We assume that the width between the parallel plates is d,
the length of the plate is A, and the electric eld in the parallel-
plate capacitor is E. Thus, the voltage between the two plates is

V ¼ Ed. (6)

On the basis of the Gauss's law, the time-varying charge q can
be easily obtained
RSC Adv., 2017, 7, 26546–26550 | 26547
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Fig. 1 The model of the parallel-plate capacitor for a unimolecular
reaction.
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q ¼ AD, (7)

where D is the displacement. In this case, the total current
owing into the positive terminal of the parallel-plate capacitor
is dened as

I ¼ dq

dt
¼ A

dD

dt
: (8)

We note that the constitution relationship can be repre-
sented as

D ¼ 30E + P. (9)

Combining eqn (6)–(9) and the scalar form of eqn (3), we
obtain

I ¼ 30A

d

dV

dt
þ Ir1; (10)

with

d

cACXðtÞIr1 þ
dð2Dr þ k1Þ
cACXðtÞ

ð
Ir1dt ¼ V : (11)

It is easy to see that eqn (10) represents the capacitor C0 in
parallel with a rst-order circuit whose current is Ir1, as shown
in Fig. 2. Eqn (11) represents the transient response of a rst-
order circuit to the source voltage of V. In Fig. 2, the capaci-
tances of C0 and C1 are 30A/d and cACX(t)/d(2Dr + k1), respec-
tively, and the resistance of R1 is d/cACX(t). Obviously, both C1

and R1 are time-varying elements.
Fig. 2 The equivalent circuit of the sample containing a unimolecular
reaction.
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Usually, the total power dissipated and stored in a circuit
element can be expressed as28

Pcircuit ¼ VI. (12)

Thus, we can easily obtain the power in the equivalent circuit

Pcircuit ¼ Ad

"
d

dt

�
30jEj2

�
þ 2Dr þ k1

cCXðtÞ
d

dt

�
1

2
jPj2

�
þ 1

cCXðtÞ
����dPvt

����2
#
:

(13)

In circuit theory, the electric energy can be stored in capac-
itors or inductors and dissipated in resistors. Hence, the total
power stored in the equivalent circuit can be regarded as the
sum of the power stored in C0 and C1, namely

Pstore ¼ Ad

"
d

dt

�
30jEj2

�
þ 2Dr þ k1

cCXðtÞ
d

dt

�
1

2
jPj2

�#
: (14)

The power dissipated in the equivalent circuit is the power in
R1 as

Ploss ¼ Ad
1

cCXðtÞ
����dPvt

����2: (15)

Thus, we obtain the power loss density in this unimolecular
reaction

Ploss ¼ 1

cCXðtÞ
����dPvt

����2: (16)

Obviously, the power loss density of electromagnetic waves
in a unimolecular reaction is related to a time-varying resistor. It
shows that the amount of reaction substances affects power
dissipation during the reaction process. Furthermore, if k1 ¼
0 namely CX(t) is a constant, eqn (16) can be reduced to a general
Debye model, which is consistent with the results in ref. 16. It
should be highlighted that eqn (16) is a scalar form, whose
vector form can be written as

Ploss ¼ 1

cCXðtÞ
����dPvt

����2: (17)

4. Results and discussions

For general media, the power loss density of electromagnetic
waves can be usually calculated by the classic formula in the
frequency domain, namely9

Ploss ¼ 1

2
u300jEðuÞj2; (18)

where 300 is the imaginary part of the complex permittivity of
media. In Section 2, when the reaction rate is much less than
the frequency of the applied wave, we found that the permit-
tivity of the unimolecular reaction can be demonstrated by eqn
(5). Hence, using eqn (5) and (18), the power loss density of this
reaction can be obtained.
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 The power loss density calculated by eqn (17) and (18) with
different reaction rates: (a) k1 ¼ 1.0 � 107 s�1; (b) k1 ¼ 1.0 � 108 s�1; (c)
k1 ¼ 1.0 � 109 s�1 and (d) k1 ¼ 1.0 � 1010 s�1.
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In the following part, we'll use a numerical model to discuss
the relationship between the derived formula (17) and eqn (18)
in detail. Without loss of generality, the applied electromag-
netic wave is set as

E(t) ¼ sin(2pft), (19)

where f is 915 MHz. Assuming that s ¼ 1.0 � 10�10 s, c ¼ 1, and
the initial concentration of X is 1 mol L�1, the power loss
density is calculated by both eqn (17) and (18) with the reaction
rate k1 of 1.0 � 107 s�1, 1.0 � 108 s�1, 1.0 � 109 s�1 and 1.0 �
1010 s�1, respectively, as shown in Fig. 3.

In Fig. 3(a), the reaction rate k1 is 1.0 � 107 s�1. In this
case, the reaction keeping non-equilibrium lasts about 100 ns
and the reaction rate is much less than the frequency of the
electromagnetic wave. We can clearly see that the average
value of the power loss density calculated by eqn (17) is in
good agreement with that calculated by eqn (18), when the
electric eld tends to steady aer t ¼ 3.0 ns. The results show
that when the reaction rate is low, the power loss density can
be both calculated by eqn (17) and (18), which can also be
seen in Fig. 3(b). In Fig. 3(b) with the reaction rate k1 of 1.0 �
108 s�1, the time when the reaction keeps non-equilibrium is
about 10 ns and the reaction rate is also much less than the
frequency of the electromagnetic wave. In this case, the
average value of the power loss density calculated by eqn (17)
is also in good agreement with that calculated by eqn (18)
aer t ¼ 3.0 ns.

However, as the reaction rate increases dramatically, there
are some signicant differences between eqn (17) and (18). In
Fig. 3(c), the reaction rate k1 is 1.0 � 109 s�1. In this case, the
time when the reaction keeps non-equilibrium should be
about 1.0 ns and the reaction rate can be comparable to the
frequency of the electromagnetic wave. We can easily see that,
during the reaction process, the power loss density calculated
by eqn (18) is signicantly different from that calculated
by eqn (17) in Fig. 3(c). Specically, at the initial state of
reacting, the power loss density calculated by eqn (17) reaches
3.8 � 109 W m�3, while that calculated by eqn (18) only
approaches 5.0 � 108 W m�3. This difference goes up in
Fig. 3(d) with the reaction rate of 1.0 � 1010 s�1. In Fig. 3(d),
the power loss density calculated by eqn (17) reaches 1.2 �
1011 W m�3 at the beginning of the reaction, while that
calculated by eqn (18) approaches 1.1 � 108 W m�3. It indi-
cates that when the reaction rate is fast, the classical formula
(18) is inaccurate and the power loss density can only be ob-
tained by the proposed formula (17).

In summary, when the reaction rate is low, the power loss
density of electromagnetic waves in unimolecular reactions can
be both calculated by eqn (17) and (18). In this case, eqn (3) can
be reduced to eqn (4). Namely, the constitution relationship of
the reactions can be expressed by the complex permittivity.
However, while the reaction rate is fast, the constitution rela-
tionship of the reactions can't be expressed by the complex
permittivity any more. And, the power loss density in unim-
olecular reactions can be only calculated by the proposed
formula (17).
This journal is © The Royal Society of Chemistry 2017
5. Conclusions

Microwave-assisted chemical reactions have been used in many
applications, but the unclear mechanisms limit further appli-
cations. The underlying understanding of the power loss
density of electromagnetic waves in chemical reactions is crit-
ical, which remains rare. In this paper, using the EC approach,
RSC Adv., 2017, 7, 26546–26550 | 26549
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we investigate the power loss density in unimolecular reactions
under exposure of electromagnetic waves. By transforming the
energy problem into the energy stored or dissipated in equiva-
lent circuit elements, we nd that the power loss density in
unimolecular reactions can be clearly obtained from an equiv-
alent time-varying resistance. The results show the amount of
reaction substances affects power dissipation. Specically, for
the cases with slow reaction rates and monochromatic electro-
magnetic waves, the derived expression of power loss density
can be reduced to the classical formula in the frequency
domain, which is veried by a numerical model.
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