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Preface

Microwave heating is the process whereby the electromagnetic field of the micro-
wave range (300–3000 MHz) interacts with diverse dielectric materials and medi-
ums that take up electromagnetic energy. In practice, the most popular frequencies
for microwave heating are 915 and 2450 MHz. The process of absorption and 
transformation of electromagnetic energy inside a volume of various objects results
in self-heating (or in a manifestation of the so-called thermal effect). The energy
efficiency of the given process depends on both the dielectric properties of the
materials (specific conductivity, loss factor, water content, etc.) and the parameters
of the electromagnetic field (as a rule, they are the amplitude, the frequency, and 
the operation modes—continuous or pulse). It should be noted that in the case of
microwave heating, the impact of electromagnetic energy on objects takes place
at the molecular level. This is its main feature compared to conventional heating 
techniques. This property of microwave heating has advantages associated with
uniformity, efficiency, higher speed, and ecological compatibility.

More than 80 years of experience in the practical application of electromagnetic
energy in various fields of human activity (including industry, agriculture, science, 
medicine, etc.) suggests that microwave heating is an effective application of the
energy of the electromagnetic field. Essentially, new microwave technology was
created to solve numerous problems in diverse applied fields. The modern technol-
ogy of microwave heating is constantly evolving. Primarily, this is associated with
further enhancing the efficiency of microwave heating and applying the thermal 
effect to the solution of problems in microwave chemistry (so-called green chem-
istry), producing new materials possessing new properties, plasma physics, and 
more. It is important to pay attention to the questions related to the nonthermal 
microwave effect, taking into account that the mechanism of the given effect has
not yet been sufficiently studied and understood. Based on the available informa-
tion, the nonthermal effect of microwave irradiation (usually, in the range of 40–60 
GHz) can be defined as information impact. This process occurs on a cellular level 
with a subsequent impact on the macro parameters of all considered systems as a
whole. As a rule, such an impact regime of microwave irradiation is used in medi-
cine for treating some human diseases as well as in biology and virology for chang-
ing the conditions of existing microorganisms (viruses, bacteria, etc.).

This book presents the latest investigations related to the application of microwave
energy in various fields. It is divided into two sections on thermal and non-thermal 
effects of microwave radiation on materials and mediums. The book includes eight
chapters written by various authors presenting academic and industrial interests. 
Chapters 1 and 2 focus on the advantages of using microwave energy for the extrac-
tion (recovery) of bioactive compounds from plant materials. Chapter 3 reviews
recent developments in the microwave-assisted synthesis of functional dyes for
subsequent use in hi-tech applications, such as optoelectronics, photochromic
materials, liquid crystal displays, newer emissive displays, biomedicine, electronic
materials (organic semiconductors), and imaging technologies. Chapter 4 discusses
the effective use of microwave heating for high-quality nanomaterial synthesis
in solutions where doping is necessary to tune the electronic and optoelectronic

XII
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properties of nanomaterials used in various applications. Chapter 5 examines the 
influence of microwaves on the chemical reactions that take place during sol-gel 
synthesis as well as on the properties of the resulting samples. Chapters 6 and 7 
study the influence of microwaves on gaseous mediums and hard materials (rocks). 
Chapter 6 focuses on the experimental and theoretical results of exciting a low-
temperature plasma with the help of a gaseous medium by both the regular field 
(in a regime with dynamic chaos) and random electromagnetic fields. The chapter 
also reviews and analyzes the stochastic heating mechanisms of plasma-derived for 
greater efficiency. Chapter 7 generalizes a practical experience of the application 
of microwaves for rock-breaking operations. It presents a mechanism of the rock-
breaking operation concerning the heating characteristics of the rocks and their 
mechanical properties. Chapter 8 focuses on the influence of microwaves on the 
chemical reactions occurring in situ at a molecular level using microwave irradia-
tion nuclear magnetic resonance spectroscopy and molecular dynamics simulation. 
It shows that the chemical reaction rate can be sped up due to the ordered state of 
the polar molecules that were induced by a nonthermal effect. 

I would like to thank all the authors for their excellent contributions. I would also 
like to take this opportunity to thank Author Service Manager Ms. Sara Debeuc at 
IntechOpen for her efforts and help.

Gennadiy I. Churyumov
Professor, 
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Chapter 1

Microwave-Assisted Extraction of
Bioactive Compounds (Review)
Abdurahman Hamid Nour, Alara Ruth Oluwaseun,
Azhari Hamid Nour, Manal Suliman Omer and
Noormazlinah Ahmed

Abstract

In recent times, bioactive compounds from plant samples are extracted using a
microwave extractor. This is because traditional methods of extraction are need of
higher volume of solvents, degrade thermal-sensitive bioactive compounds, and
consume much time of extraction. Hence, this chapter unveils the importance of the
microwave-assisted extraction (MAE) technique in the recovery of bioactive com-
pounds from plants. The involving extraction steps need to recover higher yields,
faster, consumption of lesser extracting solvents, and ensure stable heat-sensitive
bioactive compounds. The factors affecting MAE in the recovery of bioactive com-
pounds from plant materials are as well discussed. Additionally, some of the previ-
ously reported bioactive compounds from plant samples using MAE are highlighted.

Keywords: extraction, microwave heating, microwave-assisted extraction,
bioactive compounds, solvents, plants

1. Introduction

Extraction involves separating dissolvable substances from non-dissolvable res-
idues using solvent(s); it can be in form of liquid or solid [1]. There are two
categories of extraction which are traditional and modern; the former includes
Soxhlet, soaking, maceration, ultra-sonication, turbo-fast blending, and solvent
permeation; the latter includes ultrasonic-assisted, subcritical, supercritical CO2,
enzyme-assisted, pressure-assisted, and microwave-assisted methods [2–6]. The
traditional methods are mainly associated with an extended time of extraction,
destruction of heat-sensitive bioactive compounds, and enormous consumption of
solvents [3, 7]. It is then important to explore modern methods of extraction to
overcome the setbacks associated with the traditional methods. Out of all the mod-
ern methods of extraction, microwave-assisted extraction (MAE) has received the
greatest attention due to its reduced consumption of solvent, shorter operation
time, reproducibility, improved recovery yield, good selectivity, and reduced sam-
ple manipulation [8, 9]. Gedye et al. and Giguere et al. were groups that first
described the usage of microwave energy in 1986, it was employed in organic
synthesis; microwave energy was also employed in the extraction of biological
samples for analyzing organic compounds [10–12].

MAE method is being used in different kinds of samples which include geolog-
ical, environmental, and biological matrices. In recent times, MAE is generally used
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in obtaining bioactive compounds from plant samples, this has greatly improved the
total interest in development and research areas. This method allows for faster
recovery of solutes from plant samples with appreciable extraction efficiency as
compared to traditional techniques. MAE is one of the modern methods, and
employed shortened time of extraction, minimal solvent consumptions, and secure
thermolabile compounds. It is a green technology that is effective for extracting
bioactive compounds from plant samples [13]. Based on the importance of MAE,
this method has provided two sub-classes which are microwave solvent-free
extraction (MSFE) and microwave-assisted solvent extraction (MASE).

Microwave irradiation employs a specific frequency of electromagnetic field in a
way closely to photochemical-activated reaction; the frequency falls between
300 MHz and 300 GHz [14]. Nevertheless, few frequencies are allowed for medical,
scientific and industrial usages; this falls within 0.915 and 2.45 GHz worldwide.
Dielectric heating from MAE is appropriate for heat-sensitive bioactive compounds
[15]. It had been provided that the used water for extracting phenolic compounds is
not effective compared to traditional techniques due to reduced dissipation factor
and higher dielectric constant associated with water relative to other solvents;
hence, using solvents that possess higher dissipation and dielectric factors is advis-
able in MAE. Furthermore, extractability is proportional to the solvent used in
extracting bioactive compounds from plants and kind of plant sample [16]. Table 1
presents the dielectric losses, dielectric constants, and loss tangents for different
solvents used in MAE. Rapid heating is generated in MAE when ionic species or
polar molecules are used, this heating generates collisions with molecules from
surrounding which do not require higher pressure. In most cases, the extraction
time and microwave power fall within 30 s to 10 min and 25 to 750 W, respectively
[17]. Several studies had reported the use of MAE for recovering phenolics from
plant samples including bitter leaf, purple fleabane, roselle, tea leaf, vanilla, radix,
flax seeds, scent leaf, siam weed, and among others [6, 8, 9, 18–22].

Thus, the chapter presents the working principle, factors influencing this
method, and previously reported bioactive compounds extracted through MAE.

2. Operating principle and working mechanism of MAE

2.1 Operating principle of MAE

The fundamental of MAE technique is different compared to traditional tech-
niques, this is because MAE happens based on electromagnetic waves that causes

Solvent Dielectric loss Dielectric constant Loss tangent

Chloroform 0.437 4.8 0.091

Dimethyl sulfoxide 37.125 45.0 0.825

Dimethylformamide 6.079 37.7 0.161

Ethanol 22.866 24.3 0.941

Ethylene glycol 49.950 37.0 1.350

Hexane 0.038 1.9 0.020

Toluene 0.096 2.4 0.040

Water 12.3 80.4 9.889

Table 1.
Solvents with their corresponding dielectric losses, dielectric constants, and loss tangents.
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the cell structure to change. Microwave-assisted extraction works with a principle
by which polarizable materials and dipoles of polar solvent interact with microwave
radiation whereby the forces between magnetic and electric components change
direction rapidly. The molecules of polar solvent get heated when they orient in the
changing field direction. In the case of non-polar solvents that do not have polariz-
able groups, the heating is poor. This thermal effect at the molecular level is rapid
but limited to the depth near the surface and a small portion of the samples. The
remaining part of the samples is heated up by conduction. Therefore, this is the
major drawback of the MAE because large samples or agglomerates of small samples
cannot be heated uniformly. There is a possibility of using high power sources in
order to enhance the depth of penetration but microwave radiation involves an
exponential decay once inside a microwave-absorbing solid [23].

2.2 Working mechanism of MAE

The mechanism at which microwave-assisted extraction works is different from
other types of extraction methods because the extraction occurs as a result of
changes in the cell structure caused by electromagnetic waves [3]. As provided in
Figure 1, this process of extraction involves a synergistic combination of mass and
heat transfers working in the same direction whereas the mass transfer in conven-
tional methods occurs from inside to outside of the substrates and heat transfer
occurs from the outside to inside of the substrate [13]. The series of phenomeno-
logical steps that occur during the microwave-assisted extraction (MAE) are as
follows:

a. The irradiation heat from a microwave is transferred to the solid through the
microwave-transparent solvent without absorption;

b. The intense heating of the (a) above results in residual microwave-absorbing
in the solid being heated up;

c. The heated moisture evaporates and creates a high vapor pressure;

d. The high vapor pressure breaks the cell of the substrate; and

e. Cell wall breakage enhances the releases of the extract from the samples [13].

Figure 1.
Heat and mass transfer mechanisms in conventional and microwave extraction [13].
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microwave-transparent solvent without absorption;

b. The intense heating of the (a) above results in residual microwave-absorbing
in the solid being heated up;

c. The heated moisture evaporates and creates a high vapor pressure;

d. The high vapor pressure breaks the cell of the substrate; and

e. Cell wall breakage enhances the releases of the extract from the samples [13].

Figure 1.
Heat and mass transfer mechanisms in conventional and microwave extraction [13].
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Additionally, the extracting solvent is absorbed into the plant sample through
diffusion, causing the dissolution of solutes into the solvent until saturation. This
solution diffuses to the plant surface through effective diffusion and then transfer
to the bulk solution (Figure 2). Several forces that include physicochemical rela-
tions and interactions can be seen during the process (chemical interactions, driving
forces, interstitial diffusion, and dispersion forces), and the strength and persis-
tence of properties can be related to the characteristics of the extraction solvent
(polarity, solubility in water, purity, solubilization, and among others) [4].

3. Essential factors influencing MAE and mechanism of action

Several studies had been done on optimizing MAE factors to achieve optimal
yields from the considered plant samples. The operative parameters influencing
MAE include solvent-to-feed ratio, solvent composition, characteristic of the plant
sample and its water content, microwave power, irradiation time, stirring effect,
microwave energy density, and extraction temperature. These operative parameters
determine the efficiency of MAE. Hence, understanding the influences and inter-
actions of these parameters on the extraction process is paramount.

3.1 Solvent-to-feed ratio

The selection of solvent is the most significant factor that affects microwave-
assisted extraction. Adequate solvent selection will produce an efficient extraction
process. The solubility of the compound of interest, mass transfer kinetics of the
process, and solvent penetration that occurs from the interaction between the
dielectric effect and sample matrix are inevitable parameters [24, 25]. Chan et al.
reported that the selection of extraction solvent depends on the capacity of that
solvent to absorb microwave energy [26]. If the solvent has a high dielectric con-
stant and dielectric loss, the solvent capacity to absorb microwave energy will be
high [25]. Tatke and Jaiswal reported that solvents such as methanol, ethanol, and
water are excellent microwave-absorbing solvents which possess sufficient polarity
to be heated up through microwave power [27]. Studies had shown that the addition
of a small quantity of water to polar solvent resulted in higher diffusion of water
into the cells of the matrix, leading to effective heating and thus facilitating the
transport of compounds into the solvent at higher mass transfer rates [24, 26, 28].

Figure 2.
Pictorial diagram of yield against time in the extraction [14].
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Veggi et al. had reported that the extraction solution must not exceed 30–34%
(w/v) [29]. In the past studies, the solvent-to-feed ratio between 10:1 (mL/g) and
20:1 (mL/g) had been reported to give optimal yields [29, 30]. The volume of
extracting solvent is another important factor, a large volume of solvent requires
more energy and time to condense extraction solution in the purification process.
MAE may give lower recoveries because of non-uniform distribution and exposure
to microwave [29].

3.2 Irradiation time

The irradiation time is another important factor that affects microwave-assisted
extraction. One of the importance of MAE over conventional methods is that the
extraction time is very short. The usual time ranges from a few minutes to half
an hour depending on the plant matrix so as to avoid possible oxidation and
thermal degradation [13, 25, 27]. The irradiation time is affected by the dielectric
property of solvent used. Solvents such as ethanol, water, and methanol may heat
up rapidly on longer exposure which can result in degradation of thermolabile
compounds in the extracts [4, 26]. Increased time of irradiation can improve the
recovery yield; nevertheless, the increased yield can decline at prolonged irradiation
time [21].

Sometimes, if the extraction will take a longer time, the plant materials are
extracted through multiple stages by utilizing consecutive extraction cycle. Here, a
new solvent is introduced to the residues, the procedure is then repeated to ensure
exhaustion of the plant sample. The use of this process helps higher recovery yield
with no excessive heating [26, 31]. The nature of plant sample and solute deter-
mines the number of extraction cycles. A study presented that 3 cycles of 7 min
were adequate in extracting triterpene saponins from yellow horn through MAE
[32]. The optimization MAE to obtain triterpenoids saponins from Ganoderma
atrum yielded 5 min for each cycle [33].

3.3 Effect of stirring

Mass transfer processes in the solvent phase are usually enhanced by stirring.
The equilibrium between the vapor and aqueous phases is achieved more rapidly.
The use of a stirrer in MAE accelerates the extraction process by increasing the
dissolution and desorption of bioactive compounds in the sample matrix [13, 27].
Thorough stirring can reduce the drawbacks possess when using a low solvent-to-
solid ratio and minimized the mass transfer barrier [13].

3.4 Microwave power and temperature

Microwave power and temperature are important factors that affect the extrac-
tion yield when using MAE. The higher microwave power can lead to an increase in
the temperature of the system resulting in the increase of the extraction yield until
it becomes insignificant or declines [13, 25, 34]. An increase in temperature can
result in solvent power increase because of a drop in surface tension and viscosity,
enhancing the solvent to solubilize solutes, improving matrix wetting and penetra-
tion [13]. However, Spigno and De Faveri reported that the efficiency of MAE
increases with the increase in temperature until an optimum temperature is reached
[25]. Microwave power is also related to the quantity of sample and the extraction
time required. However, the power provides localized heating in the plant matrix
acts as a driving force for MAE to destroy the plant matrix so that the solute can
diffuse and dissolve in the solvent. Therefore, increasing the microwave power will
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Veggi et al. had reported that the extraction solution must not exceed 30–34%
(w/v) [29]. In the past studies, the solvent-to-feed ratio between 10:1 (mL/g) and
20:1 (mL/g) had been reported to give optimal yields [29, 30]. The volume of
extracting solvent is another important factor, a large volume of solvent requires
more energy and time to condense extraction solution in the purification process.
MAE may give lower recoveries because of non-uniform distribution and exposure
to microwave [29].

3.2 Irradiation time

The irradiation time is another important factor that affects microwave-assisted
extraction. One of the importance of MAE over conventional methods is that the
extraction time is very short. The usual time ranges from a few minutes to half
an hour depending on the plant matrix so as to avoid possible oxidation and
thermal degradation [13, 25, 27]. The irradiation time is affected by the dielectric
property of solvent used. Solvents such as ethanol, water, and methanol may heat
up rapidly on longer exposure which can result in degradation of thermolabile
compounds in the extracts [4, 26]. Increased time of irradiation can improve the
recovery yield; nevertheless, the increased yield can decline at prolonged irradiation
time [21].

Sometimes, if the extraction will take a longer time, the plant materials are
extracted through multiple stages by utilizing consecutive extraction cycle. Here, a
new solvent is introduced to the residues, the procedure is then repeated to ensure
exhaustion of the plant sample. The use of this process helps higher recovery yield
with no excessive heating [26, 31]. The nature of plant sample and solute deter-
mines the number of extraction cycles. A study presented that 3 cycles of 7 min
were adequate in extracting triterpene saponins from yellow horn through MAE
[32]. The optimization MAE to obtain triterpenoids saponins from Ganoderma
atrum yielded 5 min for each cycle [33].

3.3 Effect of stirring

Mass transfer processes in the solvent phase are usually enhanced by stirring.
The equilibrium between the vapor and aqueous phases is achieved more rapidly.
The use of a stirrer in MAE accelerates the extraction process by increasing the
dissolution and desorption of bioactive compounds in the sample matrix [13, 27].
Thorough stirring can reduce the drawbacks possess when using a low solvent-to-
solid ratio and minimized the mass transfer barrier [13].

3.4 Microwave power and temperature

Microwave power and temperature are important factors that affect the extrac-
tion yield when using MAE. The higher microwave power can lead to an increase in
the temperature of the system resulting in the increase of the extraction yield until
it becomes insignificant or declines [13, 25, 34]. An increase in temperature can
result in solvent power increase because of a drop in surface tension and viscosity,
enhancing the solvent to solubilize solutes, improving matrix wetting and penetra-
tion [13]. However, Spigno and De Faveri reported that the efficiency of MAE
increases with the increase in temperature until an optimum temperature is reached
[25]. Microwave power is also related to the quantity of sample and the extraction
time required. However, the power provides localized heating in the plant matrix
acts as a driving force for MAE to destroy the plant matrix so that the solute can
diffuse and dissolve in the solvent. Therefore, increasing the microwave power will
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generally improve the extraction yield and result in a shorter extraction time
[13, 29, 35]. On the other hand, if microwave power is too high, it can result in poor
extraction yield leading to the degradation of thermally sensitive compounds in the
plant matrix [29]. It is then important to select the appropriate microwave power to
reduce the extraction time required to reach the set temperature and avoid a
“bumping” phenomenon [13].

3.5 Characteristic of plant sample and its water content

The characteristic of the plant sample and its water content can influence MAE.
The extraction efficiency improves as the contact surface area of the plant sample
increases. Moreover, finer samples give room for deeper penetration of microwave
irradiation [36]. Nevertheless, too much finest of the plant sample may generate
some technical difficulties; hence, filtration or centrifugation is employed in the
preparation of the plant samples [27, 37]. During the sample preparation, the
grinded sample is homogenized to improve contact between the solvent and the
plant matrix. The plant particle sizes mostly fall within 2 and 100 mm [31]. Some-
times, the plant matrix is soaked before extraction to improve the yield; this is
known as pre-leaching [37].

Mostly, the recovery of bioactive compounds from the plant matrix tends to
increase through its moisture that acts as a solvent. This moisture is heated up,
evaporated, causes pressure within the cell, and dispenses the solutes through
rupturing of the cell wall; thus, increase the yield of bioactive compounds [38]. An
increase in the polarity of solvent causes the addition of water to have a positive
influence on microwave-absorbing capability; thus, encourages the heating proce-
dure [26]. Extra water generates hydrolyzation and reduces the oxidation of
bioactive compounds.

3.6 Microwave energy density

There are three heating operational modes employed in the performance evalu-
ation of microwave-assisted extraction [28]. These include the constant-power
heating mode, intermittent heating mode, and the constant temperature heating
mode. Terigar et al. reported that the constant power heating mode presents the
standard practice in the extraction of thermally sensitive active constituents of the
plant matrix [35]. It is worthy to note that the microwave power alone does not
provide an adequate explanation as to how energy is being absorbed in the extrac-
tion of the biological medium. Li et al. therefore studied the interrelationship
between the microwave energy density and the extraction yield, it was concluded
that for a unit of extracting solvent, microwave energy density is the most
important factor affecting the extraction efficiency in a microwave-assisted
extraction [39].

Gao et al. reported an accelerated effect on the ionic conduction and dipole
rotation which in turn leads to an increase in the extraction yield [40]. This is due to
the release of more microwave energy to the biological medium as the microwave
power increases. Polar solvents rates of absorption improve with increasing power
and ultimately resulting in higher heating and extraction rate [41]. Li et al. in [39]
described the energy density of microwave heating as the power per unit quantity
of sample under extraction as shown in Eq. (1).

Energy density W=mLð Þ ¼ Microwave power Wð Þ
Volume of  extracting solvent mLð Þ (1)

8

Microwave Heating - Electromagnetic Fields Causing Thermal and Non-Thermal Effects

N
um

be
r

P
la
nt

sa
m
pl
e

R
es
ul
ts

ob
ta
in
ed

B
io
ac
ti
ve

co
m
po

un
ds

R
em

ar
ks

R
ef
er
en

ce

1.
A
rt
em

isi
a
an

nu
a
L.

M
A
E
:

M
ic
ro
w
av

e
po

w
er

=
65
0
W

;S
ol
ve

nt
/f
ee
d

ra
ti
o
=
15
;T

em
pe

ra
tu
re

=
am

bi
en

t;
E
xt
ra
ct
io
n
ti
m
e
=
12

m
in

SF
E
:

Pr
es
su
re

=
30

M
Pa

;s
ol
ve

nt
=
C
O
2;
So

lv
en

t/
fe
ed

ra
ti
o
=
6;

T
em

pe
ra
tu
re

=
35

°C
;E

xt
ra
ct
io
n

ti
m
e
=
2.
5
h

So
xh

le
t:

So
lv
en

t
oi
l;
S/
F
=
11
.6
7;

T
=
35

C
;t

=
6
h

A
rt
em

is
in
in

(9
2.
1%

db
)

A
rt
em

is
in
in

(3
3.
2%

db
)

A
rt
em

is
in
in

(6
0.
4%

db
a)

H
ig
h
yi
el
ds

an
d
se
le
ct
iv
it
y
co
m
pa

re
d
to

ot
he

r
ex
tr
ac
ti
on

m
et
ho

ds
.

[4
3]

2.
Sw

ee
t
gr
as
s
le
av

es
M
A
E
:

M
ic
ro
w
av

e
po

w
er

=
20

0
W

;s
ol
ve

nt
us
ed

=
ac
et
on

e;
So

lv
en

t/
fe
ed

ra
ti
o
=
10

;
T
em

pe
ra
tu
re

=
80

°C
;E

xt
ra
ct
io
n

ti
m
e
=
15

m
in
;o

ne
-s
te
p
ex
tr
ac
ti
on

SF
E
:

T
w
o-
st
ep

:
1.
Pr
es
su
re

=
35

M
Pa

;T
em

pe
ra
tu
re

=
40

°C
2.

Pr
es
su
re

=
25
M
pa

;T
em

pe
ra
tu
re

=
40

°C
;

So
lv
en

t
=
20

%
of

et
ha

no
l;
E
xt
ra
ct
io
n

ti
m
e
=
2
h;

Fl
ow

ra
te

=
0.
5
L/
m
in

So
xh

le
t:

So
lv
en

t/
fe
ed

ra
ti
o
=
50

;S
ol
ve

nt
=
ac
et
on

e;
E
xt
ra
ct
io
n
ti
m
e
=
6
h

5,
8-
D
ih
yd

ro
xy

co
um

ar
in

(0
.4
2%

db
)

5-
H
yd

ro
xy

-8
-O

-β
-D

-
gl
uc

op
yr
an

os
yl
-

be
nz

op
yr
an

on
e
(0

.1
1%

db
)

5,
8-
D
ih
yd

ro
xy

co
um

ar
in

(0
.4
9%

db
)

5-
H
yd

ro
xy

-8
-O

-β
-D

-
gl
uc

op
yr
an

os
yl
-

be
nz

op
yr
an

on
e
(0

.0
6%

db
)

5,
8-
D
ih
yd

ro
xy

co
um

ar
in

(0
.4
6%

db
)

5-
H
yd

ro
xy

-8
-O

-β
-D

-
gl
uc

op
yr
an

os
yl
-

be
nz

op
yr
an

on
e
(0

.0
8%

db
)

H
ig
h
yi
el
ds

an
d
se
le
ct
iv
it
y
co
m
pa

re
d
to

ot
he

r
ex
tr
ac
ti
on

m
et
ho

ds
.

[4
4]

3
Li
co
ri
ce

ro
ot
s

M
A
E
:

M
ic
ro
w
av

e
po

w
er

=
70

0
W

;S
ol
ve

nt
=
et
ha

no
l;

So
lv
en

t/
fe
ed

ra
ti
o
=
10

;T
em

pe
ra
tu
re

=
85
–
90

°
C
;E

xt
ra
ct
io
n
ti
m
e
=
4
m
in

U
lt
ra
so
ni
c:

So
lv
en

t
=
et
ha

no
l;
So

lv
en

t/
fe
ed

ra
ti
o
=
10

;
E
xt
ra
ct
io
n
ti
m
e
=
20

.5
h

So
xh

le
t:

G
ly
cy
rr
hi
zi
c
ac
id
–
G
A
(2
.2
6%

)

G
ly
cy
rr
hi
zi
c
ac
id
–
G
A
(2
.2
6%

)

G
ly
cy
rr
hi
zi
c
ac
id
–
G
A
(2
.5
%
)

It
re
co
ve

re
d
a
hi
gh

er
yi
el
d
in

re
du

ce
d
ti
m
e.

[4
5]

9

Microwave-Assisted Extraction of Bioactive Compounds (Review)
DOI: http://dx.doi.org/10.5772/intechopen.96092



generally improve the extraction yield and result in a shorter extraction time
[13, 29, 35]. On the other hand, if microwave power is too high, it can result in poor
extraction yield leading to the degradation of thermally sensitive compounds in the
plant matrix [29]. It is then important to select the appropriate microwave power to
reduce the extraction time required to reach the set temperature and avoid a
“bumping” phenomenon [13].

3.5 Characteristic of plant sample and its water content

The characteristic of the plant sample and its water content can influence MAE.
The extraction efficiency improves as the contact surface area of the plant sample
increases. Moreover, finer samples give room for deeper penetration of microwave
irradiation [36]. Nevertheless, too much finest of the plant sample may generate
some technical difficulties; hence, filtration or centrifugation is employed in the
preparation of the plant samples [27, 37]. During the sample preparation, the
grinded sample is homogenized to improve contact between the solvent and the
plant matrix. The plant particle sizes mostly fall within 2 and 100 mm [31]. Some-
times, the plant matrix is soaked before extraction to improve the yield; this is
known as pre-leaching [37].

Mostly, the recovery of bioactive compounds from the plant matrix tends to
increase through its moisture that acts as a solvent. This moisture is heated up,
evaporated, causes pressure within the cell, and dispenses the solutes through
rupturing of the cell wall; thus, increase the yield of bioactive compounds [38]. An
increase in the polarity of solvent causes the addition of water to have a positive
influence on microwave-absorbing capability; thus, encourages the heating proce-
dure [26]. Extra water generates hydrolyzation and reduces the oxidation of
bioactive compounds.

3.6 Microwave energy density

There are three heating operational modes employed in the performance evalu-
ation of microwave-assisted extraction [28]. These include the constant-power
heating mode, intermittent heating mode, and the constant temperature heating
mode. Terigar et al. reported that the constant power heating mode presents the
standard practice in the extraction of thermally sensitive active constituents of the
plant matrix [35]. It is worthy to note that the microwave power alone does not
provide an adequate explanation as to how energy is being absorbed in the extrac-
tion of the biological medium. Li et al. therefore studied the interrelationship
between the microwave energy density and the extraction yield, it was concluded
that for a unit of extracting solvent, microwave energy density is the most
important factor affecting the extraction efficiency in a microwave-assisted
extraction [39].

Gao et al. reported an accelerated effect on the ionic conduction and dipole
rotation which in turn leads to an increase in the extraction yield [40]. This is due to
the release of more microwave energy to the biological medium as the microwave
power increases. Polar solvents rates of absorption improve with increasing power
and ultimately resulting in higher heating and extraction rate [41]. Li et al. in [39]
described the energy density of microwave heating as the power per unit quantity
of sample under extraction as shown in Eq. (1).

Energy density W=mLð Þ ¼ Microwave power Wð Þ
Volume of  extracting solvent mLð Þ (1)
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3.7 Influence of stirring

The influence of stirring can be linked to the mass transfer procedure in a
solvent that causes convention. Hence, stability between vapor and aqueous phases
can be obtained quickly. The process tends to accelerate through agitation, this
enhances the dissolution and desorption of bioactive components in the plant sam-
ple [42]. Using a low solvent-to-feed ratio can be reduced as well as a reduction in
the mass transfer barrier from solutes in a localized area emanating from inadequate
solvent [26].

4. Previously extracted bioactive compounds from plants using MAE
technique

MAE has been employed in several ways to extract bioactive compounds from
different plant samples; the isolates from these plant samples are being used in
nutraceutical and pharmaceutical applications. Microwave irradiation is mostly
used to resolve some of the drawbacks associated with traditional methods. Table 2
presents some of the previous studies that employed MAE to extractive bioactive
compounds from plant samples. In the presented results obtained from previous
studies as presented in Table 2, it can be seen the use of microwave-assisted
extraction technique recover improved quantities of global yields, different pheno-
lic compounds, and bioactive compounds. These indicated the efficacy of MAE over
other methods of extractions.

5. Conclusions

This chapter outlines the studies and many advances in development in the MAE
of a number of plant compounds. The factors that influence the performance of
MAE technique have been extensively discussed as well as some of the bioactive
compounds previously reported from plant samples using the MAE. The previously
reported results showed that MAE can recover higher yields of bioactive com-
pounds relative to other extraction methods. Thus, MAE is a promising method in
achieving substantial bioactive compounds from plant materials due to its impor-
tance over other techniques.
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Chapter 2

Microwave-Assisted Solid 
Extraction from Natural Matrices
Valeria Cavalloro, Emanuela Martino, Pasquale Linciano  
and Simona Collina

Abstract

The extraction of secondary metabolites from plants, and natural sources in 
general, is a cornerstone in medicinal chemistry and required the development of 
sustainable extraction techniques. Microwave-Assisted Solid Extraction (MASE) is 
a promising extractive methodology being more effective than traditional extrac-
tion techniques. It offers higher and faster extraction performance ability with 
less solvent consumption and protection toward thermolabile constituents. For 
these reasons, MASE resulted in a suitable extractive methodology in all aspects, 
including economical and practical, compared to traditional extraction techniques, 
especially over Soxhlet or solid–liquid extraction. In this chapter, a brief theoretical 
background about the use of microwave energy for extraction has been presented for 
better understanding. Then, the potential of MASE for the extraction of secondary 
metabolites from natural resources, for evaluating the plant productivity and for 
evaluating the quality of the natural matrices will be reviewed. The discussion is sup-
ported by reporting recent applicative examples of MASE applied to the extraction 
of the most representative chemical classes of secondary metabolites, with a special 
focus on some drugs or compounds of pharmaceutical and nutraceutical interest.

Keywords: MASE, plant material, natural matrices, secondary metabolite,  
bioactive compounds, plant productivity

1. Introduction

Nature Aided Drug Discovery (NADD) represents the most ancient approach 
in finding new active compounds for fighting human diseases, and still today it 
plays a crucial role in drug discovery [1]. New chemical entities (NCE) from natural 
derivation represent a relevant slice among the drugs approved by Food and Drug 
Administration (FDA) and the European Medicines Agencies (EMA) for com-
mercialization and administration on humans [2]. More than half the total anti-
infective drugs approved in the last forty years resulted from a NADD approach and 
a similar trend can be observed for anticancer drugs, where 41% of them derived 
from natural sources and only 16% are classifiable as totally synthetic small mole-
cules [2]. Moreover, the Global Herbal Medicine Market Size is expected to increase 
to USD 129 billion by 2023, according to Market Research Future [3].

The success of NADD finds its main reason in the wider and heterogeneous 
chemical space covered by natural products whether compared with synthetic 
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unique and absent in synthetic NCE, due to the lack of commercially available syn-
thons or cumbersome and prohibitive synthetic procedures [4]. Thus, the screening 
of libraries of compounds derived from natural sources still remains a worthy 
procedure for the identification of new and unexplored NCE. Besides, marine 
sources or lichens are still almost uninvestigated and might therefore represent an 
inestimable treasure of new potential drugs [5–7].

The natural compounds of interest in NADD are secondary metabolites that 
are not directly involved in the essential functions of the cell cycle and duplication 
processes and are characterized by high structural variability. From a structural 
standpoint, they are classified into alkaloids, terpenoids, saponins, lignans, flavo-
noids, and tannins [8]. Secondary metabolites are produced in different amounts for 
vexillary functions or defensive responses to biotic or abiotic stress being involved in 
the system of plant defense [9]. For this reason, specific secondary metabolites may be 
considered as markers of the plant health and may be used to evaluate the quality of 
the selected natural matrix and the effects that the environmental factors have on it. 
The evaluation of their content in natural sources, as well as their recovery, require the 
exploitation of ad hoc extractive procedures since secondary metabolites are mainly 
present in the intracellular domain. Thus, appropriate extraction procedures involve 
the rupture of the cell wall and cellular membranes, thus favoring the passage of the 
secondary metabolites into the extraction solvent, from which they can be recovered.

Over the years different protocols and techniques have been developed for the 
extraction of metabolites from natural matrices, named Solid–Liquid Extraction 
(SLEs). SLEs are classified in conventional (or traditional) and non-conventional (or 
innovative) methodologies [10]. In conventional methodologies, SLE is performed 
by heating the natural source with conventional heating sources (i.e., flame, heat-
ing plate, or mantle) in the presence or not of solvent and with or without stirring. 
Examples of conventional methodologies are maceration (digestion, infusion, and 
decoction), percolation, and Soxhlet or steam distillation. Solvents, or generally 
mixtures of solvents, with wide grades of polarity such as methanol, ethanol, acetone, 
ethyl acetate, trichloromethane, hexane, etc. are employed. Nevertheless, conventional 
extraction methods usually require a large volume of solvents, long extraction time, 
and high temperature. Such harsh extraction conditions may lead to thermal or chemi-
cal degradation of the metabolites, thus resulting in a low yield of the final extract. 
Moreover, the upscaling at an industrial level would be impracticable, owing to energy 
consumption, technological inaccessibility, and environmental considerations [11]. 
Conversely, non-conventional methodologies exploit innovative chemical–physical 
principles and cutting-edge technologies to facilitate the extractive procedures and the 
recovery of the product of interest from the natural source. Varied energy sources and 
extractive principles may be exploited and, therefore, specific equipments are needed. 
Microwave-assisted Solid Extraction (MASE), ultrasound-assisted extraction (UAE), 
pressurized solvent extraction (PLE), and supercritical fluid extraction (SFE) are the 
most frequently non-conventional methodologies extensively used for NADD [11].

In this chapter, the potential of microwave-assisted irradiation for the extrac-
tion of secondary metabolites from plants, and natural resources in general, will 
be discussed, with a special focus on recent applicative examples of the most 
 representative chemical classes.

2. Microwave-Assisted Solid Extraction (MASE)

The physical principles underlying MASE are completely different from those 
of conventional extraction because microwave irradiation can cause a more effec-
tive disruption of the cellular structures (cell walls and cellular membranes) thus 
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favoring the release of the cellular content and speeding up the extraction process. 
The interaction of microwave irradiation with the solvents, intracellular water, and 
ions causes an increase of the dipolar rotation and ionic conductivity of molecules 
with dipolar moments and ions, which results in a rise of the temperature inside 
the cell. The vaporization of the intracellular water causes the dehydration of the 
cellular wall and the reduction of its resistance. This, combined with the abrupt 
increment of the intracellular pressure, leads to the cell wall and membranes 
disruption, thus facilitating the passage of the secondary metabolites into the 
extractive solvent [12, 13].

This is the result of a synergistic combination of heat and mass gradient work-
ing in the same direction from the inside to the outside of the cell, as confirmed by 
Scanning Electron Microscopy (SEM) analysis (Figure 1) [14].

Monomodal and multimodal microwave systems also referred to as single- or 
multi-mode systems specifically designed for MASE are nowadays available. A 
single-mode system permits to focus the microwave radiation on a restricted zone 
where the sample is subjected to a much stronger electric field. Conversely, in a 
multimode system, the microwave radiation is randomly dispersed within the 
microwave cavity, where the sample is irradiated [15]. Both mono- and multi-modal 
microwave devices comprise a magnetron, which generates microwave radiation, a 
waveguide, which is used to propagate the microwave from the source to the micro-
wave cavity, the applicator, where the sample is placed and a circulator that allows 
the microwave to move only in the forward direction. The main difference between 
the two systems relies on the applicator that in the case of a multimodal system is a 
closed cavity where the microwaves are randomly dispersed, whereas in the mono-
modal oven the extraction vessel is directly located in-line with the waveguide [15]. 
Both systems are effective in extracting metabolites from natural sources, and their 
use is usually related to the amount of natural matrix. Accordingly, the monomodal 
system is preferred when the amount of natural source to be treated is relatively low 
(milligram to gram scale), and vice versa. Microwave extraction may be performed 
using open or closed extraction vessel systems. The open vessel apparatus origi-
nated from a modification of domestic MW ovens. The extraction is conducted at 
ambient pressure and the vessel is directly connected to a condenser to avoid loss 
of solvent or volatile components. An evolution of the open vessel apparatus is 
the Focused Microwave-Assisted Soxhlet (FMASE) which combines the classical 
Soxhlet extraction (SE) technique with MW irradiation. In the closed vessel system 
the entire extraction vessel is located within the oven, thus allowing better control 
of the pressure and temperature  during the extraction [16].

The closed-vessel system presents several advantages: i) a higher temperature 
than open vessel systems can be reached because of the increased pressure inside the 
vessel raises the boiling point of the solvents used, thus decreasing the time needed 
for the extraction; ii) the loss of volatile substances is completely avoided because 
they are confined within the vessel; iii) a low amount of solvent is required because 
no evaporation occurs and there is little or no risk of airborne contamination thus 

Figure 1. 
Microwave heating effect on cells.
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unique and absent in synthetic NCE, due to the lack of commercially available syn-
thons or cumbersome and prohibitive synthetic procedures [4]. Thus, the screening 
of libraries of compounds derived from natural sources still remains a worthy 
procedure for the identification of new and unexplored NCE. Besides, marine 
sources or lichens are still almost uninvestigated and might therefore represent an 
inestimable treasure of new potential drugs [5–7].

The natural compounds of interest in NADD are secondary metabolites that 
are not directly involved in the essential functions of the cell cycle and duplication 
processes and are characterized by high structural variability. From a structural 
standpoint, they are classified into alkaloids, terpenoids, saponins, lignans, flavo-
noids, and tannins [8]. Secondary metabolites are produced in different amounts for 
vexillary functions or defensive responses to biotic or abiotic stress being involved in 
the system of plant defense [9]. For this reason, specific secondary metabolites may be 
considered as markers of the plant health and may be used to evaluate the quality of 
the selected natural matrix and the effects that the environmental factors have on it. 
The evaluation of their content in natural sources, as well as their recovery, require the 
exploitation of ad hoc extractive procedures since secondary metabolites are mainly 
present in the intracellular domain. Thus, appropriate extraction procedures involve 
the rupture of the cell wall and cellular membranes, thus favoring the passage of the 
secondary metabolites into the extraction solvent, from which they can be recovered.

Over the years different protocols and techniques have been developed for the 
extraction of metabolites from natural matrices, named Solid–Liquid Extraction 
(SLEs). SLEs are classified in conventional (or traditional) and non-conventional (or 
innovative) methodologies [10]. In conventional methodologies, SLE is performed 
by heating the natural source with conventional heating sources (i.e., flame, heat-
ing plate, or mantle) in the presence or not of solvent and with or without stirring. 
Examples of conventional methodologies are maceration (digestion, infusion, and 
decoction), percolation, and Soxhlet or steam distillation. Solvents, or generally 
mixtures of solvents, with wide grades of polarity such as methanol, ethanol, acetone, 
ethyl acetate, trichloromethane, hexane, etc. are employed. Nevertheless, conventional 
extraction methods usually require a large volume of solvents, long extraction time, 
and high temperature. Such harsh extraction conditions may lead to thermal or chemi-
cal degradation of the metabolites, thus resulting in a low yield of the final extract. 
Moreover, the upscaling at an industrial level would be impracticable, owing to energy 
consumption, technological inaccessibility, and environmental considerations [11]. 
Conversely, non-conventional methodologies exploit innovative chemical–physical 
principles and cutting-edge technologies to facilitate the extractive procedures and the 
recovery of the product of interest from the natural source. Varied energy sources and 
extractive principles may be exploited and, therefore, specific equipments are needed. 
Microwave-assisted Solid Extraction (MASE), ultrasound-assisted extraction (UAE), 
pressurized solvent extraction (PLE), and supercritical fluid extraction (SFE) are the 
most frequently non-conventional methodologies extensively used for NADD [11].

In this chapter, the potential of microwave-assisted irradiation for the extrac-
tion of secondary metabolites from plants, and natural resources in general, will 
be discussed, with a special focus on recent applicative examples of the most 
 representative chemical classes.

2. Microwave-Assisted Solid Extraction (MASE)

The physical principles underlying MASE are completely different from those 
of conventional extraction because microwave irradiation can cause a more effec-
tive disruption of the cellular structures (cell walls and cellular membranes) thus 

37

Microwave-Assisted Solid Extraction from Natural Matrices
DOI: http://dx.doi.org/10.5772/intechopen.95440

favoring the release of the cellular content and speeding up the extraction process. 
The interaction of microwave irradiation with the solvents, intracellular water, and 
ions causes an increase of the dipolar rotation and ionic conductivity of molecules 
with dipolar moments and ions, which results in a rise of the temperature inside 
the cell. The vaporization of the intracellular water causes the dehydration of the 
cellular wall and the reduction of its resistance. This, combined with the abrupt 
increment of the intracellular pressure, leads to the cell wall and membranes 
disruption, thus facilitating the passage of the secondary metabolites into the 
extractive solvent [12, 13].

This is the result of a synergistic combination of heat and mass gradient work-
ing in the same direction from the inside to the outside of the cell, as confirmed by 
Scanning Electron Microscopy (SEM) analysis (Figure 1) [14].

Monomodal and multimodal microwave systems also referred to as single- or 
multi-mode systems specifically designed for MASE are nowadays available. A 
single-mode system permits to focus the microwave radiation on a restricted zone 
where the sample is subjected to a much stronger electric field. Conversely, in a 
multimode system, the microwave radiation is randomly dispersed within the 
microwave cavity, where the sample is irradiated [15]. Both mono- and multi-modal 
microwave devices comprise a magnetron, which generates microwave radiation, a 
waveguide, which is used to propagate the microwave from the source to the micro-
wave cavity, the applicator, where the sample is placed and a circulator that allows 
the microwave to move only in the forward direction. The main difference between 
the two systems relies on the applicator that in the case of a multimodal system is a 
closed cavity where the microwaves are randomly dispersed, whereas in the mono-
modal oven the extraction vessel is directly located in-line with the waveguide [15]. 
Both systems are effective in extracting metabolites from natural sources, and their 
use is usually related to the amount of natural matrix. Accordingly, the monomodal 
system is preferred when the amount of natural source to be treated is relatively low 
(milligram to gram scale), and vice versa. Microwave extraction may be performed 
using open or closed extraction vessel systems. The open vessel apparatus origi-
nated from a modification of domestic MW ovens. The extraction is conducted at 
ambient pressure and the vessel is directly connected to a condenser to avoid loss 
of solvent or volatile components. An evolution of the open vessel apparatus is 
the Focused Microwave-Assisted Soxhlet (FMASE) which combines the classical 
Soxhlet extraction (SE) technique with MW irradiation. In the closed vessel system 
the entire extraction vessel is located within the oven, thus allowing better control 
of the pressure and temperature  during the extraction [16].

The closed-vessel system presents several advantages: i) a higher temperature 
than open vessel systems can be reached because of the increased pressure inside the 
vessel raises the boiling point of the solvents used, thus decreasing the time needed 
for the extraction; ii) the loss of volatile substances is completely avoided because 
they are confined within the vessel; iii) a low amount of solvent is required because 
no evaporation occurs and there is little or no risk of airborne contamination thus 

Figure 1. 
Microwave heating effect on cells.



Microwave Heating - Electromagnetic Fields Causing Thermal and Non-Thermal Effects

38

preventing the oxidation of air-sensitive metabolites; iv) the fumes are contained 
within the vessel, reducing the hazard of the extractive procedure.

In a closed vessel system high pressure can be reached. The high pressure stimu-
lates various phenomena according to LeChatelier’s principle, such as the transition 
of phase from one form to another, change in reaction dynamics, change in molecu-
lar structure, etc. hence resulting in the enhancement of extraction efficiency. 
Accordingly, working under high pressure causes alterations in the structure of some 
constituents of the cells such as lipids, proteins, enzymes, and outer cell membranes, 
thus damaging the plant wall and internal structure of the cell and reducing the 
mass transfer resistance. In this way, the secondary metabolites are released, leaving 
behind other cellular components. The High-Pressure MASE (HPMAE) is consid-
ered a newly emerging technique. It is a time-efficient, convenient, eco-friendly, 
safe, and energy-efficient extraction method when compared to the traditional or 
conventional methods of extraction [17].

Nevertheless, the use of closed-vessel systems presents some drawbacks: the 
amount of samples that can be processed is limited; the addition of reagents or solvents 
during operation is forbidden and the vessel must be cooled down before it can be 
opened to avoid loss of volatile constituents [16]. For processing a large amount of 
material, an open-vessel system is more appropriate. It allows the possibility to add 
reagents and to refill the solvent during the extraction, and to remove the excess of 
solvent during the extraction procedure. Moreover, the extraction of thermolabile 
metabolites is allowed since it usually reaches low temperatures relative to closed-vessel 
systems. On the other hand, the open-vessel systems ensure less reproducible results 
compared to the closed-vessel systems and the extraction in open-vessel could require 
a longer time to obtain results comparable to those achieved in closed-vessel [16].

The microwave energy may be applied also to extraction in solvent-free condi-
tions (Solvent Free Microwave Extraction-SFME) [12]. In this case, the plant 
material is directly placed into the microwave reactor, without the addition of 
any solvent. The heating of the water contained by the plant material distends the 
natural matrices and causes the rupture of the cells releasing their content. This 
process has been successfully applied for the extraction of the essential oils. After 
MW heating, the volatile components co-evaporate with the in-situ water contained 
in the natural matrix; the vapors condense outside the microwave oven into a collec-
tor where they separate between essential oils and the aqueous phase. The latter is 
brought back into the vessel to refresh the amount of water in the sample, whereas 
the essential oil is collected apart [12].

3. Procedure set-up

The performance of the MASE process is strictly related to the operative 
conditions employed. Several parameters, such as solvent, solvent-drug ratio, 
temperature, time, pressure, microwave power, water content, and characteristic 
of the matrix must be optimized in setting up a MASE procedure. Each of these 
parameters should not be considered alone, but they are all linked together and the 
comprehension of the effects and influences of these factors is pivotal for MASE 
efficiency. A brief discussion about the role of these parameters in the design of a 
MASE protocol is herein reported.

3.1 Solvent

The selection of the solvent plays a crucial role in MASE, as well as in other 
conventional extraction processes, and several solvent parameters (solubility of 
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the analyte, penetration, interaction with the matrix, dielectric constant, and mass 
transfer kinetic process) should be considered to perform the right choice. In primis, 
the solvent should assure the highest solubility of the analyte of interest while exclud-
ing undesired matrix components. However, conversely to the traditional extractive 
procedures, the chosen solvent must be able to absorb the microwave radiation and 
to convert it into heat. This depends on the dielectric constant and the dielectric loss 
of the solvent. Thus, in microwave application, solvents are usually classified in low, 
medium, or high absorbance whether they absorb at 300 W (i.e. carbon chlorides, 
1,4-dioxane, tetrahydrofuran, diethyl ether, ethyl acetate, pyridine, toluene, chloro-
benzene, xylenes, and hexane), 200 W (i.e. water, DMF, NMP, butanol, acetonitrile, 
HMPA, ketones, o-dichlorobenzene, 1,2-dichloroethane, 2-methoxy ethanol, acetic 
acid, and trifluoroacetic acid) or 100 W (i.e. DMSO, ethanol, methanol, propanol, 
nitrobenzene, formic acid, ethylene glycol), respectively. For low absorbing solvents, 
the heating rate can be increased by mixing with solvents with a higher dielectric 
constant or by adding salts to the mixture [18]. Recently, increasing interest in ionic 
liquids as MASE solvents or modifiers has been observed. Ionic liquids are organic salts 
with low melting points, and they are usually liquid at room temperature. They are 
characterized by extremely low vapor pressure, high stability and can solubilize both 
polar and non-polar metabolites. Moreover, they have the advantage to be eco-friendly 
solvents, although their extensive use is limited due to the high commercial costs. 
Another emerging eco-friendly alternative is the use of deep eutectic solvents. They 
possess physical and chemical properties similar to the ionic liquids, but they show 
better biodegradability, toxicity profiles, and solubility properties. Lastly, the content 
of water in the sample should be taken into account since it influences the heating rate 
and facilitates the transport of the analytes into the solvent at higher rates [19].

As stated in the previous paragraph, a Solvent-Free Microwave Extraction 
(SFME) is also possible. This procedure foresees the direct irradiation with MW 
of the plant material, fresh or rehydrated. A crucial role is played by the content of 
water in the sample, because it is the heating of such water to cause the rupture of 
the cells of the plant material, favoring the release of the content. This process is 
mainly applied for the extraction of volatile compounds such as essential oil. The 
oil evaporates by azeotropic distillation with the water contained in the sample. 
After cooling outside of the microwave reactor the oil separates from the water 
and can be collected through a modified Clevenger apparatus. Water is refluxed 
back into the microwave oven to allow the continuous extraction of the oil from 
the sample [12].

3.2 Liquid-Solid (L/S) ratio

Another important parameter to consider in the set-up of a MASE protocol is the 
ratio between the amount of sample and the volume of solvent. The latter should be 
enough to cover the sample during the entire process, especially when the matrix 
swells during the extraction process. Although in conventional extraction higher is 
the volume of solvent, higher is the yield of the extract, in MASE larger volume of 
solvent may result in more energy and time to heat the suspension and in a lower 
yield due to a non-uniform distribution and exposure to microwave. Usually, an L/S 
from 10:1 to 20:1 (mL/mg) is found to be the right ratio in many extractive pro-
cesses reported in the literature [20].

Strictly correlated to the L/S ratio is the stirring rate since it affects the mass 
transfer process in MASE. However, the significance of this parameter is rarely 
explored. By stirring, the mass transfer barrier created by the concentrated com-
pounds in a localized region due to insufficient solvent can also be minimized 
resulting in better extraction yield. In other words, agitation accelerates the 
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the analyte, penetration, interaction with the matrix, dielectric constant, and mass 
transfer kinetic process) should be considered to perform the right choice. In primis, 
the solvent should assure the highest solubility of the analyte of interest while exclud-
ing undesired matrix components. However, conversely to the traditional extractive 
procedures, the chosen solvent must be able to absorb the microwave radiation and 
to convert it into heat. This depends on the dielectric constant and the dielectric loss 
of the solvent. Thus, in microwave application, solvents are usually classified in low, 
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the heating rate can be increased by mixing with solvents with a higher dielectric 
constant or by adding salts to the mixture [18]. Recently, increasing interest in ionic 
liquids as MASE solvents or modifiers has been observed. Ionic liquids are organic salts 
with low melting points, and they are usually liquid at room temperature. They are 
characterized by extremely low vapor pressure, high stability and can solubilize both 
polar and non-polar metabolites. Moreover, they have the advantage to be eco-friendly 
solvents, although their extensive use is limited due to the high commercial costs. 
Another emerging eco-friendly alternative is the use of deep eutectic solvents. They 
possess physical and chemical properties similar to the ionic liquids, but they show 
better biodegradability, toxicity profiles, and solubility properties. Lastly, the content 
of water in the sample should be taken into account since it influences the heating rate 
and facilitates the transport of the analytes into the solvent at higher rates [19].

As stated in the previous paragraph, a Solvent-Free Microwave Extraction 
(SFME) is also possible. This procedure foresees the direct irradiation with MW 
of the plant material, fresh or rehydrated. A crucial role is played by the content of 
water in the sample, because it is the heating of such water to cause the rupture of 
the cells of the plant material, favoring the release of the content. This process is 
mainly applied for the extraction of volatile compounds such as essential oil. The 
oil evaporates by azeotropic distillation with the water contained in the sample. 
After cooling outside of the microwave reactor the oil separates from the water 
and can be collected through a modified Clevenger apparatus. Water is refluxed 
back into the microwave oven to allow the continuous extraction of the oil from 
the sample [12].

3.2 Liquid-Solid (L/S) ratio

Another important parameter to consider in the set-up of a MASE protocol is the 
ratio between the amount of sample and the volume of solvent. The latter should be 
enough to cover the sample during the entire process, especially when the matrix 
swells during the extraction process. Although in conventional extraction higher is 
the volume of solvent, higher is the yield of the extract, in MASE larger volume of 
solvent may result in more energy and time to heat the suspension and in a lower 
yield due to a non-uniform distribution and exposure to microwave. Usually, an L/S 
from 10:1 to 20:1 (mL/mg) is found to be the right ratio in many extractive pro-
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Strictly correlated to the L/S ratio is the stirring rate since it affects the mass 
transfer process in MASE. However, the significance of this parameter is rarely 
explored. By stirring, the mass transfer barrier created by the concentrated com-
pounds in a localized region due to insufficient solvent can also be minimized 
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extraction speed by accelerating the desorption and dissolution of compounds 
bound to the sample matrix [17].

3.3 Time

Extraction times in MASE lasts from a few minutes up to half an hour, and this 
represents an advantage for the extraction of thermal or oxygen labile compounds 
since it avoids the degradation of the compounds of interest [21]. The extraction 
yield is directly proportional to the extraction time, although it has been observed 
that this increment is very small for an extremely long time. Moreover, for longer 
extraction time overheating may occur, especially with high absorbent solvents, 
thus exposing thermolabile compounds to degradation. Whether longer extrac-
tion time is required, consecutive and shorter extraction cycles are preferable. The 
solvent can be collected after each extraction cycle and a fresh solvent could be 
added to the residue to guarantee the exhaustion of the matrix. This discontinuous 
procedure has been applied for the extraction of several secondary metabolites from 
plant material, allowing an enhanced yield and low decomposition of thermolabile 
compounds [22].

3.4 Temperature and microwave power

Temperature and MW power are strictly correlated. Power is the driving force of 
the process since it provides the energy necessary to excite the dipolar moments and 
the ionic conduction of the constituent of the sample, resulting in a proportional 
increase of the temperature and promoting the destruction of the natural matrix. 
Thus, the power of the microwave irradiation has to be carefully dosed in function 
of the amount of the sample, the solvent employed, the extraction time required, 
and the chemical stability of the secondary metabolites of interest [23]. Increasing 
the power results in an improved extraction yield and shorter extraction time. 
However, this result is true until the reaching of an optimal temperature beyond 
which a decrease in yield is observed, mainly due to the thermal stability of the 
target metabolite [24].

Accordingly, the temperature is a key parameter to enhance the efficacy of 
MASE and to avoid at the same time the degradation of the sample. Thus, the choice 
of the extraction temperature is strictly related to the properties of the solvent, the 
chemical stability of the metabolites of interest, and the microwave system used. 
In particular, at high temperatures the viscosity and the surface tension of the 
solvent diminish; moreover, the capability to solubilize the analytes, and to wet and 
penetrate the matrix increase, thus resulting in improved extractive efficacy. Also, 
when operating in a close-vessel, there is the advantage of heating the solvent above 
its boiling point, thus leading to a more performing extraction [25].

To conclude, the development of a proper MASE methodology must consider 
at least four variables: solvent, liquid/solid ratio, temperature, and time. To speed 
up the set-up of the procedure, the Design of Experiment (DoE) approach may 
be applied. This is a systematic statistic-based tool to assess the best experimental 
conditions both in the academic and industrial fields [26]. Thanks to this approach, 
all the variables and their interactions can be evaluated while doing the minimum 
number of runs.

Over the years, microwave-assisted extraction has been successfully applied 
to extract diverse classes of secondary metabolites (i.e. polyphenols, flavonoids, 
coumarins, terpenoids, cannabinoids, and alkaloids) from natural sources, for 
evaluating the plant productivity, for extracting bioactive compounds both for drug 
discovery or for commercial purposes.
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Here below, studies of plant productivity based on MASE methodology and 
specific cases of extraction of natural compounds of pharmaceutical and nutraceu-
tical interest will be discussed, with a special focus on resveratrol, terpenoids, and 
cannabinoids.

4.  MASE procedures successfully applied to secondary metabolites 
extraction

4.1 Evaluation of plant productivity

Numerous applications report about the use of the MW to assist the extraction 
of organic and organometallic compounds from various matrices (soils, sediments, 
water samples, botanicals), with special emphasis on environmental applications [27, 
28]. Extraction of natural matrices is essential to compare their productivity under 
different stress conditions [9], harvesting time [29], and places [30]. MASE offers the 
possibility of performing multiple extractions and therefore, it is suitable for the rapid 
screening of a numerous set of samples to evaluate the productivity of organisms.

An example is a work performed by Martino et al., regarding the MASE of 
Melilotus officinalis, harvested in different environmental situations, to compare the 
amount of coumarin and related compounds, and to find the best condition for its 
cultivation [22]. The Authors developed a rapid, reliable, and reproducible method 
of extraction from M. officinalis inflorescence of coumarin (Figure 2), melilotic acid, 
and o-coumaric acid, considered as productivity markers of the plants. A comparison 
of different extraction techniques evidenced that MASE is the best procedure in 
terms of both yields and extraction time [22]. The optimal extraction conditions 
consisted of two successive irradiations of 5 min each at 50°C, with a cooling step in 
between, and it resulted suitable for application to large sets of samples [22].

Another example is the setup of a fast and reproducible extraction methodol-
ogy of vitexin and its isomer isovitexin from Crataegus monogyna (Figure 2) for 
evaluating the plant productivity and determining the best ecological conditions for 
hawthorn cultivation in northern Italy (Lombardy). These metabolites have a high 
pharmaceutical value due to their anti-hyperalgesic and neuroprotective effects and 
their activity against oxidative stress, cancer, and inflammation [31].

Within this context, Martino et al. set up a MASE procedure that can be applied 
for quantitative extraction of both metabolites from C. monogyna in just 3 minutes 
[50% aqueous methanol (v/v), 120°C, 120 W], bringing advantages both in terms of 
time (3 min vs 6 hours) and solvent consumption (0.05 vs 0.10 g/mL) over standard 
extraction methods [30]. The developed MASE protocol combined with isocratic 

Figure 2. 
Secondary metabolites extracted via MASE approach and considered as markers of the plant productivity.
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be applied. This is a systematic statistic-based tool to assess the best experimental 
conditions both in the academic and industrial fields [26]. Thanks to this approach, 
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to extract diverse classes of secondary metabolites (i.e. polyphenols, flavonoids, 
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amount of coumarin and related compounds, and to find the best condition for its 
cultivation [22]. The Authors developed a rapid, reliable, and reproducible method 
of extraction from M. officinalis inflorescence of coumarin (Figure 2), melilotic acid, 
and o-coumaric acid, considered as productivity markers of the plants. A comparison 
of different extraction techniques evidenced that MASE is the best procedure in 
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consisted of two successive irradiations of 5 min each at 50°C, with a cooling step in 
between, and it resulted suitable for application to large sets of samples [22].

Another example is the setup of a fast and reproducible extraction methodol-
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hawthorn cultivation in northern Italy (Lombardy). These metabolites have a high 
pharmaceutical value due to their anti-hyperalgesic and neuroprotective effects and 
their activity against oxidative stress, cancer, and inflammation [31].

Within this context, Martino et al. set up a MASE procedure that can be applied 
for quantitative extraction of both metabolites from C. monogyna in just 3 minutes 
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Figure 2. 
Secondary metabolites extracted via MASE approach and considered as markers of the plant productivity.
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HPLC analysis is suitable for the rapid screening of plant materials collected in dif-
ferent environmental conditions, and to determine the best ecological conditions for 
its cultivation. To extract vitexin and isovitexin from Crotalaria sessiliflora, Tang et al. 
exploited a microwave-assisted cloud-point extraction (MACPE). MACPE combines 
cloud-point extraction (CPE) with MAE. This has emerged as a technique to extract 
and separate bioactive compounds from medicinal plants [32]. Of note, using MACPE, 
hydrophobic compounds present in the aqueous phase can be favorably extracted into 
the hydrophobic core of micelles [33]. Applying MACPE, vitexin and isovitexin have 
been obtained in high yields and short times [34].

MASE can also be applied to study the effect of micronutrients or pollutants on 
secondary metabolites production. Amri et al. investigated the impact of soil copper 
(II) concentrations on nutrient uptake and the antioxidant system of Marrubium 
vulgare. Owing to waste deposition and agricultural practices, copper (II) tends to 
accumulate in high and toxic concentrations, leading to an alteration of the vital 
physiological or biochemical functions of the plants. As it is the case of M. vulgare, 
these effects may have a great impact on human health, since such a plant is used 
worldwide for its medicinal properties. To perform the study, the Authors selected 
marrubiin (Figure 2) as a reference compound, since it is the main secondary 
metabolite produced by M. vulgare leaves. A MASE protocol was developed for the 
easy extraction of marrubiin. This procedure allowed to evaluate the quality of a 
wide range of samples of white horehound. To optimize the process, the Authors 
used the statistical DoE approach. DoE findings indicated that the highest extrac-
tion efficiency of marrubiin with high repeatability was obtained using 100% 
ethanol at 120°C for 15 min, with significant benefits in terms of extraction times 
and environmental impact, given that ethanol is completely biodegradable. The 
MASE methodology may be applied for the characterization of M. vulgare herbal 
drug samples, thus evaluating their exposure to abiotic stress, revealing their phyto-
chemical status, and facilitating the identification of raw materials obtained from a 
plant grown under stress conditions.

To sum up, MASE procedures is a versatile technique suitable for the evaluation 
of the plant productivity, and to assess the quality of vegetal matrices, since it is 
fast, reproducible, suitable for extraction of a large number of samples and requires 
a low amount of natural matrix.

4.2  Extraction of secondary metabolites for drug discovery or commercial 
purposes

4.2.1 Alkaloids

Alkaloids are a well-known class of secondary metabolites characterized by 
basic nitrogen. Over the years, many active alkaloids have been extracted via 
MW irradiation, e.g. ephedrine alkaloids, cocaine, and ergot alkaloids [35–37]. 
Unfortunately, results obtained for many of them have been comparable or worst 
if compared with the traditional method [38]. Nevertheless, microwaves have also 
spurred the discovery of new active alkaloids at the early stage of drug discovery. 
MASE protocols can be exploited to extract different alkaloids (examples are 
reported in Figure 3) from different botanicals like tuberous roots, leaves, and 
seeds [37, 39, 40].

As an example of MASE applied to the extraction of alkaloids, Pan et al. 
obtained a good recovery of caffeine and polyphenols from the leaves of green tea 
(Thea sinensis L.). MASE provided high extraction and selectivity, required a short 
time, and less labour-intensive, thus resulting in an efficient method in comparison 
with the conventional extraction procedures [41].
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Xiong et al. developed an efficient MASE protocol, within a drug discovery 
process, for the isolation of bioactive alkaloids (e.g. liensinine, isoliensinine, 
neferine, dauricine, nuciferine, Figure 3) from Lotus plumule. The optimal extrac-
tion conditions required a 65% aqueous methanol as a solvent and irradiation at 
200 W for 260 seconds [42]. Another interesting example, reported by Zhou et al., 
is the microwave-assisted aqueous two-phase extraction, useful for rapid and 
simultaneous extraction and separation of alkaloids. This technique was applied to 
Radix Sophorae tonkinensis. The optimum conditions were summarized as follows: 
ethanol/Na2HPO4 as the extraction solvent, 100 mesh as particle size, 1:75 of S/L 
ratio, irradiating at 90°C for 5 min [43]. Matrine, sophocarpine, oxymatrine, oxyso-
phocarpine, 5α-hydroxysophocarpine, sophoranol, cytisine, N-methylcytisine, and 
sophoridine were efficiently extracted.

Recently, Belwal et al. reported an optimized MASE protocol, defined by mul-
ticomponent analysis, for the extraction of berberine (Figure 3) and polyphenols 
from diverse species of Berberis. The medical properties of berberine (anti-diabetic, 
hepato-protectant, anti-arthritic, antioxidants, anti-microbial, neuro-protective, 
and hypo-lipidemic activity) are widely recognized, and it is used in pharmaceuti-
cals and nutraceuticals preparation. In this study, multi-component analysis (MCA) 
has been used to extract berberine and polyphenols from B. jaeschkeana roots under 
microwave-assisted extraction (MAE) conditions. All the variables, above described, 
were considered under 42 experiments and the results of the model showed signifi-
cant model fitness. Under optimized MAE condition, (i.e. 100% methanol, pH 2.0, 
598 W, 2 min of irradiation time), the berberine and palmatine (Figure 3) contents 
were recorded in 4.6% and 2.0%, respectively. Under the optimized condition, the 
yield of alkaloids was found closer to the models’ predicted value [34].

Regarding the alkaloids employed as drugs, or of interest for the toxicological 
use and/or abuse, few extractive procedures by MASE are reported in the litera-
ture. As an example, Brachet et al. extracted cocaine and benzoylecgonine from 

Figure 3. 
Examples of alkaloids extracted via the MASE approaches.
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(II) concentrations on nutrient uptake and the antioxidant system of Marrubium 
vulgare. Owing to waste deposition and agricultural practices, copper (II) tends to 
accumulate in high and toxic concentrations, leading to an alteration of the vital 
physiological or biochemical functions of the plants. As it is the case of M. vulgare, 
these effects may have a great impact on human health, since such a plant is used 
worldwide for its medicinal properties. To perform the study, the Authors selected 
marrubiin (Figure 2) as a reference compound, since it is the main secondary 
metabolite produced by M. vulgare leaves. A MASE protocol was developed for the 
easy extraction of marrubiin. This procedure allowed to evaluate the quality of a 
wide range of samples of white horehound. To optimize the process, the Authors 
used the statistical DoE approach. DoE findings indicated that the highest extrac-
tion efficiency of marrubiin with high repeatability was obtained using 100% 
ethanol at 120°C for 15 min, with significant benefits in terms of extraction times 
and environmental impact, given that ethanol is completely biodegradable. The 
MASE methodology may be applied for the characterization of M. vulgare herbal 
drug samples, thus evaluating their exposure to abiotic stress, revealing their phyto-
chemical status, and facilitating the identification of raw materials obtained from a 
plant grown under stress conditions.

To sum up, MASE procedures is a versatile technique suitable for the evaluation 
of the plant productivity, and to assess the quality of vegetal matrices, since it is 
fast, reproducible, suitable for extraction of a large number of samples and requires 
a low amount of natural matrix.

4.2  Extraction of secondary metabolites for drug discovery or commercial 
purposes

4.2.1 Alkaloids

Alkaloids are a well-known class of secondary metabolites characterized by 
basic nitrogen. Over the years, many active alkaloids have been extracted via 
MW irradiation, e.g. ephedrine alkaloids, cocaine, and ergot alkaloids [35–37]. 
Unfortunately, results obtained for many of them have been comparable or worst 
if compared with the traditional method [38]. Nevertheless, microwaves have also 
spurred the discovery of new active alkaloids at the early stage of drug discovery. 
MASE protocols can be exploited to extract different alkaloids (examples are 
reported in Figure 3) from different botanicals like tuberous roots, leaves, and 
seeds [37, 39, 40].
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the leaves of Erythroxylum coca by MASE. Different solvents, particle size, time, 
and power were evaluated. Since MeOH is a high absorbing microwave solvent, 
and cocaine is highly soluble in it, it was found to be the best extraction solvent 
[36]. Interestingly, MASE found application in the forensic field as a rapid and 
cleanup-free method for the extraction and quantification of drugs of abuse and 
the respective metabolites from human fluids and tissues. Fernandez et al. reported 
the simultaneous extraction of cocaine, benzoylecgonine, cocaethylene, morphine, 
6-monoacethylmorphine, and codeine from human urine [44], hair [45], and vitre-
ous humor samples [46]. The MASE procedure reduces the extraction time, avoids 
the cleanup steps, and allows a quantitative recovery of the drugs.

4.2.2 Stilbene-based polyphenolic compounds

Stilbene-based polyphenolic compounds, i.e. resveratrol, pterostilbene, and 
piceatannol, are of particular interest from a medicinal chemistry standpoint, hav-
ing multiple pharmacological activities (Figure 4).

In particular, trans-resveratrol (3, 5, 4′-trihydroxystilbene) became popular as 
a result of an attempt to explain the “French paradox” [47]. Resveratrol and other 
polyphenolic-stilbene derivatives showed a wide range of beneficial physiologi-
cal properties. They possess antibacterial, anti-inflammatory, hypolipidemic, 
cardiovascular-hepatoprotective, and anticancer activities [48–50]. In particular, 
the hypolipidemic and cardiovascular protective activity derived from the agonistic 
activity against PPARα and PPARγ receptors [51, 52] For all this benefit, resveratrol 
has attracted the attention of the scientific community and pharmaceutical and 
nutraceutical industries. Indeed, several drugs and dietary supplements containing 
resveratrol are commercially available.

Even though resveratrol is produced naturally in plants, the extraction of 
resveratrol in commercial quantities is a problem, because of its low concentration, 
multiple steps of isolation and purification, unfriendly environmental issues, and 
seasonal occurrence [53]. Moreover, the preparation of resveratrol by synthesis is 
difficult owing to the formation of many unwanted side products [54, 55]. Only 
recently, the production of resveratrol in heterologous engineered microorganisms 

Figure 4. 
Chemical structure of polyphenolic-stilbene based secondary metabolites.
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has been proposed [56]. Thus, resveratrol is still being extracted from wild 
Polygonum cuspidatum’s root (Japanese knotweed), grape skins and seed, and the 
domestic giant knotweed of China, which is the world’s largest producer [53, 56–58]. 
Garcia-Ayuso et al., in late 1998, found that by applying the MW irradiation to SE, 
the last of the extraction was drastically reduced from 8 hours to 60 minutes with 
comparable results to SE in yield. MASE was further optimized by testing solvents 
and times on bark extraction and compared to SE on the same tree sample. The 
results suggested that microwave extraction may be more efficient than SE.

The extraction of resveratrol by MASE from different plant materials (i.e. 
Arachis repens and grape seeds) has also been investigated. To exhaustively extract 
resveratrol from A. repens, commonly known as peanut grass, three different 
methodologies (conventional maceration, ultrasound-assisted extractions, and 
MASE) have been compared. Although sonication resulted more effectively in the 
extraction of resveratrol compared to MASE and maceration, MASE showed to be 
an excellent choice since it extracted high yields in a reduced time [59].

In another study, Dang et al. combined the aqueous two-phase extraction 
technique (ATPE) with MASE for the extraction of the total polyphenol content, 
including resveratrol, from grape seeds [60]. Microwave-assisted ATPE (MAATPE) 
required lower solvent concentration and less time compared with other methods 
such as refluxing solvent or SE. A higher level of resveratrol was obtained with 
MAATPE, in contrast to ATPE. The Authors also compared the effectiveness 
of three solvents (water, water: ethanol (1:1) and ethanol) and three extraction 
methods, including MASE and ultrasound-assisted extraction (UAE) and the 
conventional SE. MASE provided a better extraction with water and ethanol (1:1) 
obtaining extracts very rich in polyphenolic substances, including stilbenes.

Lastly, MASE has successfully applied also for the extraction of other polyphe-
nolic-stilbene based compounds such as pterostilbene, mainly found in blueberries 
and in Pterocarpus marsupium heartwood, and ε-viniferin, found in Vitis coignetiae, 
a wild grapevine (Figure 4). Kim et al. reported the MASE of pterostilbene, and 
other derivatives, from Vitis coignetiae, using 80% ethanol at 90 W for 15 min, 
resulting in a stilbenoids overall yield of 0.13%, with pterostilbene the most 
representative compound in the extract [61]. An optimized protocol (70–150 W 
for 8–18 min, using 30–50% ethanol) was further developed for the extraction of 
viniferin from the same drug [48]. Recently, Pinero et al. disclosed a new process 
for recovering stilbenes from woody vine by-products such as grape stem and cane 
samples. MASE was carried out under different extraction conditions. The best 
results were achieved from grape stems, using 80% ethanol in water as an extrac-
tion solvent, a temperature of 125°C, an irradiation power of 750 W for 5 min [49].

4.2.3 Terpenoids

4.2.3.1 Artemisinin and paclitaxel

Terpenes and isoprenoids, in general, gained much attention for their physiologi-
cal functions (i.e., hormones, aliphatic membrane anchors, maintaining membrane 
structure), ecological roles (i.e., defense compounds, insect/animal attractants), and 
extensive pharmaceutical applications such as flavors, fragrances, and medicines.

In particular, artemisinin and paclitaxel represented two milestones in the fight 
against malaria and cancer, respectively. Artemisinin (Figure 5) is a sesquiterpene 
lactone isolated from Artemisia annua and it is a first-class drug for the treatment of 
drug-resistant malaria. The conventional artemisinin extraction procedure requires 
room temperature, heat-reflux, or SE. Hao et al., in 2002 reported a first attempt to 
extract artemisinin from Artemisia annua by MASE. Several solvents were explored, 
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the leaves of Erythroxylum coca by MASE. Different solvents, particle size, time, 
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and cocaine is highly soluble in it, it was found to be the best extraction solvent 
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Even though resveratrol is produced naturally in plants, the extraction of 
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45

Microwave-Assisted Solid Extraction from Natural Matrices
DOI: http://dx.doi.org/10.5772/intechopen.95440

has been proposed [56]. Thus, resveratrol is still being extracted from wild 
Polygonum cuspidatum’s root (Japanese knotweed), grape skins and seed, and the 
domestic giant knotweed of China, which is the world’s largest producer [53, 56–58]. 
Garcia-Ayuso et al., in late 1998, found that by applying the MW irradiation to SE, 
the last of the extraction was drastically reduced from 8 hours to 60 minutes with 
comparable results to SE in yield. MASE was further optimized by testing solvents 
and times on bark extraction and compared to SE on the same tree sample. The 
results suggested that microwave extraction may be more efficient than SE.
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methodologies (conventional maceration, ultrasound-assisted extractions, and 
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of three solvents (water, water: ethanol (1:1) and ethanol) and three extraction 
methods, including MASE and ultrasound-assisted extraction (UAE) and the 
conventional SE. MASE provided a better extraction with water and ethanol (1:1) 
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nolic-stilbene based compounds such as pterostilbene, mainly found in blueberries 
and in Pterocarpus marsupium heartwood, and ε-viniferin, found in Vitis coignetiae, 
a wild grapevine (Figure 4). Kim et al. reported the MASE of pterostilbene, and 
other derivatives, from Vitis coignetiae, using 80% ethanol at 90 W for 15 min, 
resulting in a stilbenoids overall yield of 0.13%, with pterostilbene the most 
representative compound in the extract [61]. An optimized protocol (70–150 W 
for 8–18 min, using 30–50% ethanol) was further developed for the extraction of 
viniferin from the same drug [48]. Recently, Pinero et al. disclosed a new process 
for recovering stilbenes from woody vine by-products such as grape stem and cane 
samples. MASE was carried out under different extraction conditions. The best 
results were achieved from grape stems, using 80% ethanol in water as an extrac-
tion solvent, a temperature of 125°C, an irradiation power of 750 W for 5 min [49].

4.2.3 Terpenoids

4.2.3.1 Artemisinin and paclitaxel

Terpenes and isoprenoids, in general, gained much attention for their physiologi-
cal functions (i.e., hormones, aliphatic membrane anchors, maintaining membrane 
structure), ecological roles (i.e., defense compounds, insect/animal attractants), and 
extensive pharmaceutical applications such as flavors, fragrances, and medicines.

In particular, artemisinin and paclitaxel represented two milestones in the fight 
against malaria and cancer, respectively. Artemisinin (Figure 5) is a sesquiterpene 
lactone isolated from Artemisia annua and it is a first-class drug for the treatment of 
drug-resistant malaria. The conventional artemisinin extraction procedure requires 
room temperature, heat-reflux, or SE. Hao et al., in 2002 reported a first attempt to 
extract artemisinin from Artemisia annua by MASE. Several solvents were explored, 
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such as ethanol, trichloromethane, cyclohexane, n-hexane, petroleum ether, and 
two in-house oils. Compared with SE, supercritical CO2 extraction, and normal 
stirring extraction, MASE of artemisinin from Artemisia annua considerably 
reduced the processing time to 12 minutes and resulted in a 92.1% extraction rate 
(compared to several hours and 60% extraction yield obtained with Soxhlet) [50]. 
Later, Liu et al. applied the MASE for the isolation and quantification of artemisinin 
in comparison with the traditional protocols. MASE confirmed shorter extraction 
time necessity, reduced solvent consumption, and higher recovery of artemis-
inin than conventional procedures. The best extraction solvent was petroleum 
ether–acetone (4:1 v/v), because of the high solubility of artemisinin and adequate 
microwave energy absorption, at 50°C. The highest yield of artemisinin achieved 
was 0.55% in 30 minutes among all the extractive methods used [62].

Recently, Misra et al. developed a rapid and reliable MASE and HPTLC protocol 
for the analysis of artemisinin. The optimized MASE conditions required 100 mg of 
dried and grinded drug with a size of 14 mesh dispersed into 10 mL of toluene. The 
irradiation of the sample at 160 W for 120 seconds led to the extraction of 0.816% 
of the content of artemisinin.

Paclitaxel (Figure 5) is a member of the taxane class, and it is one of the most 
important anticancer drugs approved for human use against ovarian, breast, and 
pulmonary cancer. 

Although the total synthesis of paclitaxel has been reported, its application for the 
commercial production of this drug is impracticable. Thus, paclitaxel is still produced 
by extraction from taxol biomass. The most commonly used methods for the extrac-
tion of paclitaxel require the use of methanol at ambient temperature, although other 
protocols requiring refluxing methanol, 1:1 methanol-chloroform at ambient tempera-
ture, and percolation using ethanol or 95% ethanol-water at ambient temperature have 
been reported. However, these methods require a long time (12–24 h) for a complete 
extraction. Incorvia-Mattina et al. reported for the first time in 1997 the use of MASE 
to optimize the efficiency of the extraction of paclitaxel. The effects of the biomass, 
solvent ratio and water content on taxane recovery were also determined. Under 
appropriate MASE conditions an extract equivalent to the one obtained by conven-
tional extraction methods was produced [63].

Talebi et al. investigated the use of MASE to extract paclitaxel from the needles 
of Taxus baccata L. The extraction parameters were investigated resulting in 90% 
aq. MeOH as a solvent, a temperature of 95°C, 7 min of extraction time, and a 
closed-vessel system as the best performing extractive conditions [64].

Recently, another study for the extraction of paclitaxel from biomass through 
MASE and based on kinetic and thermodynamic analysis has been carried out. The 
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Chemical structures of artemisinin and paclitaxel.
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majority of paclitaxel was recovered from the biomass (∼99%) within 6 min in a 
single cycle of microwave-assisted extraction at microwave powers of 50–150 W and 
temperatures of 30–45°C [64].

4.2.4 Phytocannabinoids

Cannabis sativa L. has always been considered a controversial plant due to its 
use as both medicine and illicit drug. Nevertheless, Cannabis is a good source of 
nutrients, fibers, and natural compounds thus, its industrial and pharmaceuti-
cal use is undoubtful. Cannabis produces a peculiar class of natural compounds, 
namely phytocannabinoids. The two most important and renowned phytocan-
nabinoids are the cannabidiol derivatives (i.e. CBD, CBDV, CBDB, and CBDP) 
[65, 66] and the tetrahydrocannabinol derivatives (i.e. Δ9-THC, Δ9-THCV, Δ9-
THCB, and Δ9-THCP) [66, 67] reported in Figure 6. Δ9-THC is responsible for the 
recreational use of hemp and therefore its use is banished or tightly regulated by 
national governments.

CBD-like derivatives are non-psychotropic compounds but with other recog-
nized pharmacological properties such as anti-inflammatory, antioxidant, and 
anticonvulsant. As an example, Epidiolex, a CBD-based anticonvulsant drug, has 
been approved in 2018 by Food and Drug Administration for the treatment of 
seizures associated with Lennox–Gastaut syndrome (LGS), Dravet syndrome, or 
tuberous sclerosis complex (TSC) in patients 1 year of age and older.

The discovery of a plethora of pharmacological activities ascribed to CBD and 
other minor phytocannabinoids has increased attention from both scientists and 
industries for medical, nutraceutical, and cosmetic applications of these cannabinoids.

Several synthetic procedures have been developed and optimized for the indus-
trial preparations of phytocannabinoids and in particular of CBD. However, this 
process suffers from several drawbacks such as the cost of the starting materials, 
reagents and solvents, the formation of by-products with consequent cumbersome 
purification procedures, and the difficulty to control the stereochemistry, the 
isomerism of the terpenic double bond, and the easy interconversion of CDB into 
THCs in the synthetic conditions.

Thus, the extraction and purification of phytocannabinoids from C. sativa 
remain the preferred procedure for its cost-effectiveness. Besides, tight monitoring 
of the chemical consistency of the extracts results therefore mandatory in produc-
ing consistent and reliable medical cannabis preparations for human uses. Recently, 
Nahar et al. reviewed all the procedures adopted at the present for the extraction of 
naturally occurring phytocannabinoids [68].

Figure 6. 
Chemical structures of CBD-like and THC-like major phytocannabinoids present in C. sativa.



Microwave Heating - Electromagnetic Fields Causing Thermal and Non-Thermal Effects

46

such as ethanol, trichloromethane, cyclohexane, n-hexane, petroleum ether, and 
two in-house oils. Compared with SE, supercritical CO2 extraction, and normal 
stirring extraction, MASE of artemisinin from Artemisia annua considerably 
reduced the processing time to 12 minutes and resulted in a 92.1% extraction rate 
(compared to several hours and 60% extraction yield obtained with Soxhlet) [50]. 
Later, Liu et al. applied the MASE for the isolation and quantification of artemisinin 
in comparison with the traditional protocols. MASE confirmed shorter extraction 
time necessity, reduced solvent consumption, and higher recovery of artemis-
inin than conventional procedures. The best extraction solvent was petroleum 
ether–acetone (4:1 v/v), because of the high solubility of artemisinin and adequate 
microwave energy absorption, at 50°C. The highest yield of artemisinin achieved 
was 0.55% in 30 minutes among all the extractive methods used [62].

Recently, Misra et al. developed a rapid and reliable MASE and HPTLC protocol 
for the analysis of artemisinin. The optimized MASE conditions required 100 mg of 
dried and grinded drug with a size of 14 mesh dispersed into 10 mL of toluene. The 
irradiation of the sample at 160 W for 120 seconds led to the extraction of 0.816% 
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solvent ratio and water content on taxane recovery were also determined. Under 
appropriate MASE conditions an extract equivalent to the one obtained by conven-
tional extraction methods was produced [63].

Talebi et al. investigated the use of MASE to extract paclitaxel from the needles 
of Taxus baccata L. The extraction parameters were investigated resulting in 90% 
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majority of paclitaxel was recovered from the biomass (∼99%) within 6 min in a 
single cycle of microwave-assisted extraction at microwave powers of 50–150 W and 
temperatures of 30–45°C [64].

4.2.4 Phytocannabinoids

Cannabis sativa L. has always been considered a controversial plant due to its 
use as both medicine and illicit drug. Nevertheless, Cannabis is a good source of 
nutrients, fibers, and natural compounds thus, its industrial and pharmaceuti-
cal use is undoubtful. Cannabis produces a peculiar class of natural compounds, 
namely phytocannabinoids. The two most important and renowned phytocan-
nabinoids are the cannabidiol derivatives (i.e. CBD, CBDV, CBDB, and CBDP) 
[65, 66] and the tetrahydrocannabinol derivatives (i.e. Δ9-THC, Δ9-THCV, Δ9-
THCB, and Δ9-THCP) [66, 67] reported in Figure 6. Δ9-THC is responsible for the 
recreational use of hemp and therefore its use is banished or tightly regulated by 
national governments.

CBD-like derivatives are non-psychotropic compounds but with other recog-
nized pharmacological properties such as anti-inflammatory, antioxidant, and 
anticonvulsant. As an example, Epidiolex, a CBD-based anticonvulsant drug, has 
been approved in 2018 by Food and Drug Administration for the treatment of 
seizures associated with Lennox–Gastaut syndrome (LGS), Dravet syndrome, or 
tuberous sclerosis complex (TSC) in patients 1 year of age and older.

The discovery of a plethora of pharmacological activities ascribed to CBD and 
other minor phytocannabinoids has increased attention from both scientists and 
industries for medical, nutraceutical, and cosmetic applications of these cannabinoids.

Several synthetic procedures have been developed and optimized for the indus-
trial preparations of phytocannabinoids and in particular of CBD. However, this 
process suffers from several drawbacks such as the cost of the starting materials, 
reagents and solvents, the formation of by-products with consequent cumbersome 
purification procedures, and the difficulty to control the stereochemistry, the 
isomerism of the terpenic double bond, and the easy interconversion of CDB into 
THCs in the synthetic conditions.

Thus, the extraction and purification of phytocannabinoids from C. sativa 
remain the preferred procedure for its cost-effectiveness. Besides, tight monitoring 
of the chemical consistency of the extracts results therefore mandatory in produc-
ing consistent and reliable medical cannabis preparations for human uses. Recently, 
Nahar et al. reviewed all the procedures adopted at the present for the extraction of 
naturally occurring phytocannabinoids [68].
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Chemical structures of CBD-like and THC-like major phytocannabinoids present in C. sativa.
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Focusing on MASE, Lewis-Bakekr et al. investigated the potential to directly 
extract and decarboxylate dried Cannabis material with the microwave reactor [69]. 
Dried plant material, suspended in ethanol, was subjected to heating with stirring 
in a microwave reactor at 150° C. Extraction yield for the concentrated resin was 
in the range of 19.6–24.4% and it resulted directly proportional to the heating time 
and dependent on the cultivar employed in the process. Interestingly, a complete 
decarboxylation of the phytocannabinoids was achieved in one step following 
this process and no acid forms of phytocannabinoids such as Δ9-THCA and CBDA 
were detected in the resulting extract. Thus, MASE proves to be a worthy method 
for extraction and decarboxylation of phytocannabinoids due to the possibility 
to apply controlled temperatures and shorter extraction times. Moreover, this 
procedure ensures a more consistent and reproducible Cannabis extract with 
consequent reproducible efficacy of the therapeutic results. Kore et al. investigated 
and optimized the MASE process applied to C. sativa resulting in a patent applica-
tion where they disclosed an improved method for extracting and decarboxylating 
cannabinoids from cannabis plant material, before, during, or after extraction [70]. 
MASE was compared to or used in tandem with other extraction strategies such as 
ultrasound extraction, SE, and supercritical fluid extraction.

The effect of time and temperature was investigated first. Extraction and 
decarboxylation of phytocannabinoid resulted in time and temperature depen-
dence. To obtain 100% decarboxylation, the temperature must be sustained over a 
period without the burning of the cannabis material or the boiling/evaporation of 
the solvent. Because the solvent of choice is ethanol (b.p. 78°C at 1 atm), to reach a 
higher boiling temperature (i.e. 100–170°C) the extraction process must be carried 
out in a sealed vessel and under pressure. 170°C was the highest operative tempera-
ture achieved since higher temperatures (>180°C) resulted in the microwave run 
abortion due to the high pressure reached within the vial.

The extraction of cannabis by MASE at 100°C, 130°C, 150°C, and 170°C for 
10 minutes resulted in a 23–25% yield of extract.

Interestingly, it appeared that the addition of a second step, such as SFE, after 
the MASE did not change the cannabinoid profile in the extract. Thus, MASE alone 
can perform an almost complete extraction of the cannabinoids from the cannabis 
plant material. Besides, the extraction and conversion of THCA and CBDA into 
THC and CBD was better at a temperature above 130°C, than at 100°C.

MASE was compared with the effectiveness of the commonly employed extrac-
tive procedure, namely maceration in ethanol, SE, and SFE. The conventional 
extractive procedures resulted in a low concentration of Δ9-THC, THCA, and CBD, 
whereas the addition of the microwave step resulted in a significant increase in the 
concentration of CBD and THC. As expected, no THCA was detected.

To sum up, a worth general procedure for the extraction and decarboxylation 
of CBD and THC from cannabis plant material can be thus resumed: i) the drug is 
weighed and macerated in a mortar; ii) the grinded drug is charged in a microwave 
vial along with a stir bar; iii) the drug is submerged with ethanol and the vial 
is sealed; iv) the vial is irradiated with MW using the following conditions [a) 
Pre-stirring = 30 sec; b) run time = 10 min; c) temperature = 150°C; d) absorp-
tion = Normal]; v) the suspension is filtered, and the filtrate concentrated; iv) 
residual plant material may be subjected (but not necessarily) to SFE.

Drinic et al. extended these studies over other polyphenols and flavonoids as 
well as phytocannabinoids [71]. In particular, the effects of different extraction 
parameters, namely ethanol concentration, extraction time and solid/liquid ratio on 
extraction yield, total phenol content, total flavonoid content, antioxidant activity, 
reductive capacity, CBD content, and THC content were investigated. For MASE, 
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a domestic microwave oven and a round-bottom flask connected with a condenser 
were used. The solid drug was mixed with the solvent (30, 50, or 70% v/v ethanol) 
in the selected solid/liquid ratio (S/L = 5, 10, or 15). The extraction was performed 
irradiating at a potency of 580 W without agitation and for a total extraction time 
of 10, 20, or 30 min. The results of each extraction were analyzed using response 
surface methodology. The influence of the three process parameters was investi-
gated on total polyphenols yield, total flavonoids yield, antioxidant activity, and 
reductive capacity as well. The optimal conditions for the highest CBD content and 
lowest THC content resulted in 47% ethanol concentration, 10 minutes of extrac-
tion time, and an S/L ratio of 5. The model was successfully validated by preparing 
the Cannabis extract under the calculated conditions.

Alongside the pharmaceutical uses of Cannabis extracts, hemp seeds are widely 
employed to produce hemp oil. However, the content of Δ9-THC in the processed 
hemp seed oils must be under the limits imposed by the jurisdictions of each State. 
Indeed, although the hemp seeds produce negligible amounts of THC, their outer 
surface can be contaminated with the enriched in the phytocannabinoids resin secreted 
by the seeds’ bracts. The presence of Δ9-THC in the final hemp seed products had 
led to intoxication symptoms in the final consumers. Thus, nowadays the content of 
THC in hemp products is tightly regulated. Yang et al. investigated the effectiveness 
of various chemical procedures for the extraction of Δ9-THC from three brands of 
hemp seeds and how the extractive methods could influence their commercialization 
[72]. Four extraction methods were employed, namely, i) microwave extraction, ii) 
sonication, iii) SE and iv) SFE. As already investigated by Kore et al., the extraction 
was performed in ethanol at 150°C with stirring, obtaining a complete conversion of 
CBDA and THCA into the corresponding neutral form. Hemp seeds were macerated in 
a mortar, transferred into a microwave vessel, and suspended in ethanol. The suspen-
sion was irradiated at 150°C with stirring for 20 min in a closed vessel. The yield of the 
resin (27–38%) achieved was comparable to the other three extraction procedures. In 
contrast, SE provided higher yields of Δ9-THC and CBD than the other procedures, 
resulting in a more robust and appropriate extraction methodology for the testing of 
hemp seed products. Since the same solvent was used in all the compared extractions, 
the differences in the number of phytocannabinoids can be attributed to the extraction 
methods themselves. The results suggest that prolonged heating and solvent cycling 
in  extracting  phytocannabinoids from lipid-rich materials such as hemp seeds is 
mandatory.

5. Conclusion

MASE has rapidly risen during the latest decades as a method for the extraction 
of secondary metabolites or compounds of pharmaceutical and nutraceutical inter-
est. The use of microwave can generate peculiar, and otherwise impossible to reach 
extraction mechanisms. As a result, a reduction of the extraction time, improvement 
of the extraction efficiency, high reproducibility, and robustness of the procedure 
can be achieved. An increase of the sample throughput is in addition possible, thus it 
can be considered as the elective technique when a high number of samples have to 
be processed specially during the first stage of the NADD process, and for evaluating 
the quality of the natural matrices [9, 29]. For these reasons, MASE has proven to be 
effective in all aspects, including economical and practical, compared to traditional 
extraction techniques, especially over SE. Conversely, in MASE the development of 
the method must be carefully assessed, and all the variables and factors described 
above must be thoroughly considered to provide some extraction selectivity. Hence, 
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by the seeds’ bracts. The presence of Δ9-THC in the final hemp seed products had 
led to intoxication symptoms in the final consumers. Thus, nowadays the content of 
THC in hemp products is tightly regulated. Yang et al. investigated the effectiveness 
of various chemical procedures for the extraction of Δ9-THC from three brands of 
hemp seeds and how the extractive methods could influence their commercialization 
[72]. Four extraction methods were employed, namely, i) microwave extraction, ii) 
sonication, iii) SE and iv) SFE. As already investigated by Kore et al., the extraction 
was performed in ethanol at 150°C with stirring, obtaining a complete conversion of 
CBDA and THCA into the corresponding neutral form. Hemp seeds were macerated in 
a mortar, transferred into a microwave vessel, and suspended in ethanol. The suspen-
sion was irradiated at 150°C with stirring for 20 min in a closed vessel. The yield of the 
resin (27–38%) achieved was comparable to the other three extraction procedures. In 
contrast, SE provided higher yields of Δ9-THC and CBD than the other procedures, 
resulting in a more robust and appropriate extraction methodology for the testing of 
hemp seed products. Since the same solvent was used in all the compared extractions, 
the differences in the number of phytocannabinoids can be attributed to the extraction 
methods themselves. The results suggest that prolonged heating and solvent cycling 
in  extracting  phytocannabinoids from lipid-rich materials such as hemp seeds is 
mandatory.

5. Conclusion

MASE has rapidly risen during the latest decades as a method for the extraction 
of secondary metabolites or compounds of pharmaceutical and nutraceutical inter-
est. The use of microwave can generate peculiar, and otherwise impossible to reach 
extraction mechanisms. As a result, a reduction of the extraction time, improvement 
of the extraction efficiency, high reproducibility, and robustness of the procedure 
can be achieved. An increase of the sample throughput is in addition possible, thus it 
can be considered as the elective technique when a high number of samples have to 
be processed specially during the first stage of the NADD process, and for evaluating 
the quality of the natural matrices [9, 29]. For these reasons, MASE has proven to be 
effective in all aspects, including economical and practical, compared to traditional 
extraction techniques, especially over SE. Conversely, in MASE the development of 
the method must be carefully assessed, and all the variables and factors described 
above must be thoroughly considered to provide some extraction selectivity. Hence, 
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Abstract

Microwave chemistry involves the application of microwave radiation to  
chemical reactions and has played an important role in organic synthesis. 
Functional dyes are those with hi-tech applications and this chapter attempts to 
provide an overview of the recent developments in microwave-assisted synthesis 
of functional dyes. Emphasis has been paid to the microwave-assisted synthesis 
of dye molecules which are useful in hi-tech applications such as optoelectronics 
(dye-sensitized solar cells), photochromic materials, liquid crystal displays, newer 
emissive displays (organic-light emitting devices), electronic materials (organic 
semiconductors), imaging technologies (electrophotography viz., photocopying 
and laser printing), biomedical applications (fluorescent sensors and anticancer 
treatment such as photodynamic therapy). In this chapter, the advantages of 
microwaves as a source of energy for heating synthesis reactions have been demon-
strated. The use of microwaves to functional dyes is a paradigm shift in dye chem-
istry. Until recently most academic laboratories did not practice this technique in 
the synthesis of such functional dyes but many reports are being appeared in the 
journals of high repute.

Keywords: microwave-assisted organic synthesis, functional dyes, solar cells, 
fluorescent sensors, organic-light emitting diodes, photochromic materials

1. Introduction

Microwaves are the portion of the electromagnetic spectrum with the wave-
lengths from 1 mm to 1 m with corresponding frequencies between 300 MHz and 
300 GHz. The frequencies used for cellular phones, radar, and television satellite 
communications are within this portion of the electromagnetic spectrum [1]. 
Microwaves have been employed in a non-classical heating technique which is 
popularly known as “Bunsen Burner of the 21st century” and has attained enormous 
importance since many materials (solids or liquids) can transform electromagnetic 
energy into heat. The microwave-assisted organic synthesis (MAOS) has made revo-
lutionary changes in the methodology since there is a dramatic enhancement in the 
yield of the reaction, modifications of selectivity, increased purity of products, sim-
plified work-up procedure, and above all reduction in the reaction time. These are 
the primary benefits over conventional methods. The microwave technique has been 
applied efficiently in the organic synthesis, polymer chemistry, material sciences, 
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nanotechnology, biochemical processes, thermal food processing, hydrothermal 
and solvothermal processing, etc. [2]. The energy efficiency is higher in the case of 
microwave heating in comparison with the conventional heating as evidenced by 
one such Suzuki reaction in which there is an 85 fold reduction in energy demand 
when compared to a reaction on an oil bath and a microwave reactor [3].

During a chemical reaction under the conventional heating, the energy is intro-
duced by convection, conduction, and radiation of heat from the surfaces of the 
reactants in the solution, and the energy transfer occurs due to thermal gradients. 
But in the case of the microwave irradiation, the energy is introduced through the 
electromagnetic field interaction into the molecules and the transfer of electro-
magnetic energy to thermal energy is energy conversion instead of heat transfer. 
This variation in the mode of introduction of energy leads to the advantages of 
using microwaves during chemical reactions. The microwaves penetrate easily into 
the bulk and, hence, heat evolves throughout the volume of the reaction mixture. 
As a result, fast and uniform heating of the reaction mixture can be advanced. In 
conventional heating, it is necessary to slow rates of heating to minimize the steep 
thermal gradients and obviate the process-induced stresses. As microwaves can 
transfer energy into all volumes of the reaction mixture, the potential exists to 
reduce the processing time and enhance the overall quality [4].

Although the use of microwaves for organic synthesis is widespread, the docu-
mentation of this technology to the synthesis of the functional dyes is a relatively 
new development. The use of microwave energy for their synthesis has the potential 
to offer similar advantages in reduced reaction times and energy savings for obtain-
ing useful materials such as dyes possessing hi-tech applications.

2. Functional dyes

Color plays an important role in the world in which we are living. Color can sway 
thinking, change actions, and cause reactions. If properly used, color can even save 
on energy consumption. The colors are characterized by their ability to absorb light 
in the visible spectrum (from 380 to 750 nm). The dyeing industry is in existence 
since 2000 years BCE wherein dyes were obtained from natural sources viz., plants, 
insects/animals, and mineral [5, 6]. A drastic development occurred after the 
discovery of the dye Mauveine by W.H. Perkin in 1856 while trying to synthesize 
quinine [7]. Dyes are the organic compounds with three essential groups in their 
molecules viz., the chromophore, the auxochrome, and the matrix. The chromo-
phore is an active site of the dye which may be an atom or group whose presence is 
responsible for the color of a dye. The auxochrome is responsible for the intensity of 
the color of the dye with lone pairs of electrons.

It was Yoshida and Kato who used the term “functional dye” for the first time in 
1981 due to the advancements and growth of dye chemistry related to high-tech-
nology (hi-tech) applications that are divergent from the well known traditional 
applications [8]. Hi-tech applications of dyes include the fields viz., optoelectronics 
(i.e. Dye-sensitized solar cells), photochemical materials, liquid crystal displays 
(LCD), and the newer emissive displays i.e. organic light-emitting diodes (O-LED), 
electronic materials (organic semiconductors), imaging technologies (electropho-
tography which includes photocopying and laser printing), thermal printing, and 
especially ink-jet printing, biotechnology (in dye-affinity chromatography for the 
purification of proteins and enzymes), biomedical applications (fluorescent sensors 
and anticancer treatments such as photodynamic therapy). All these fields were 
responsible for the design and synthesis of newer dyes to meet new and demanding 
criteria. Dyes, and related ultraviolet and particularly infrared active molecules, 
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which have been specifically designed for these hi-tech applications, are called 
functional dyes.

Common dyes have been synthesized by applying mainly the conventional 
methods and also by microwave assistance. In the following sections the functional 
dyes used in solar cells, fluorescent sensors, fluorescent dyes to print on fibres, 
photochromic materials, O-LEDs, and dyes with advanced applications which were 
synthesized only under microwave irradiation are discussed.

2.1 Dyes (sensitizers) used in solar cells

2.1.1 Dye-sensitized solar cells (DSSCs)

To prevent harmful impact on the environment by conventional energy sources 
it is necessary to use the alternative energy sources, specially, the solar cells. 
The conversion of sunlight into electricity is a clean, abundant, and renewable 
energy source. The amount of energy available from the sun to the earth is of the 
order of 3 × 1024 joules/year thus making it the best among sustainable energies. 
Photovoltaic devices have been fabricated using inorganic materials of high purity 
and energy-intensive processing techniques. The fabrication using these inorganic 
materials is not economical and often used scarce toxic materials. Therefore, such 
solid-state junction devices have been challenged by the 3rd generation dye-sensi-
tized solar cells (DSSCs) which are based on interpenetrating network structures 
containing metal-free organic dyes as sensitizers [9].

In the conventional systems, the semiconductor does the task of light absorp-
tion as well as charge carrier transport. However, these two functions are 
separated in DSSCs by the metal-free organic dye and TiO2 in presence of an 
electrolyte. Hence, new ways of manufacturing the solar cells that can be scaled 
economically up to large volumes are essential. In this regard, a new generation of 
DSSCs also known as “Grätzel cells” has been fabricated by O’Regan and Grätzel 
[10]. A Grätzel cell consists of nanoporous titanium dioxide applied on transpar-
ent conducting oxide which is further made to absorb the dye from its solution. 
This film loaded with dye/sensitizer is immersed in an electrolyte containing a 
redox couple and placed on a platinum counter electrode. After irradiation, the 
excited electron from the dye (sensitizer) is transferred to the conduction band 
of TiO2 and diffuses through its porous network to the contact. Thus oxidized dye 
is further reduced to the original state by the supply of electrons through a liquid 
electrolyte redox couple within the pores [11].

The organic dye sensitizers consist of three important components viz., electron 
donor (D), π-conjugated spacer (π), and electron acceptor (A). Electron acceptors 
are generally acid ligands which also act as anchoring groups for loading the dye 
on TiO2 surface. The π-conjugated spacer (viz., conjugated double bonds, phenyl 
rings, thiophene, polythiophenes, etc) acts as a bridge to transfer electrons between 
the donor and the acceptor group and it is the key part which can induce a shift of 
both the highest occupied molecular orbital (HOMO) and the lowest unoccupied 
molecular orbital (LUMO) levels so that the photophysical properties may be tuned. 
The organic dyes/sensitizers belong to different classes depending on the donors 
such as triphenylamine, phenothiazine, fluorene, coumarin, carbazoles, etc. which 
have been profusely synthesized, and their power conversion efficiency as sensitiz-
ers have been reported and reviewed exclusively [12]. The structures of the dyes/
sensitizers synthesized under microwave irradiation along with the parameters 
such as short-circuit current (Jsc), open-circuit voltage (Voc), Fill Factor (FF), and 
power conversion efficiency (PCE) of the solar cells fabricated using these dyes are 
discussed.
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reactants in the solution, and the energy transfer occurs due to thermal gradients. 
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new development. The use of microwave energy for their synthesis has the potential 
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ing useful materials such as dyes possessing hi-tech applications.
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thinking, change actions, and cause reactions. If properly used, color can even save 
on energy consumption. The colors are characterized by their ability to absorb light 
in the visible spectrum (from 380 to 750 nm). The dyeing industry is in existence 
since 2000 years BCE wherein dyes were obtained from natural sources viz., plants, 
insects/animals, and mineral [5, 6]. A drastic development occurred after the 
discovery of the dye Mauveine by W.H. Perkin in 1856 while trying to synthesize 
quinine [7]. Dyes are the organic compounds with three essential groups in their 
molecules viz., the chromophore, the auxochrome, and the matrix. The chromo-
phore is an active site of the dye which may be an atom or group whose presence is 
responsible for the color of a dye. The auxochrome is responsible for the intensity of 
the color of the dye with lone pairs of electrons.

It was Yoshida and Kato who used the term “functional dye” for the first time in 
1981 due to the advancements and growth of dye chemistry related to high-tech-
nology (hi-tech) applications that are divergent from the well known traditional 
applications [8]. Hi-tech applications of dyes include the fields viz., optoelectronics 
(i.e. Dye-sensitized solar cells), photochemical materials, liquid crystal displays 
(LCD), and the newer emissive displays i.e. organic light-emitting diodes (O-LED), 
electronic materials (organic semiconductors), imaging technologies (electropho-
tography which includes photocopying and laser printing), thermal printing, and 
especially ink-jet printing, biotechnology (in dye-affinity chromatography for the 
purification of proteins and enzymes), biomedical applications (fluorescent sensors 
and anticancer treatments such as photodynamic therapy). All these fields were 
responsible for the design and synthesis of newer dyes to meet new and demanding 
criteria. Dyes, and related ultraviolet and particularly infrared active molecules, 
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which have been specifically designed for these hi-tech applications, are called 
functional dyes.

Common dyes have been synthesized by applying mainly the conventional 
methods and also by microwave assistance. In the following sections the functional 
dyes used in solar cells, fluorescent sensors, fluorescent dyes to print on fibres, 
photochromic materials, O-LEDs, and dyes with advanced applications which were 
synthesized only under microwave irradiation are discussed.

2.1 Dyes (sensitizers) used in solar cells

2.1.1 Dye-sensitized solar cells (DSSCs)

To prevent harmful impact on the environment by conventional energy sources 
it is necessary to use the alternative energy sources, specially, the solar cells. 
The conversion of sunlight into electricity is a clean, abundant, and renewable 
energy source. The amount of energy available from the sun to the earth is of the 
order of 3 × 1024 joules/year thus making it the best among sustainable energies. 
Photovoltaic devices have been fabricated using inorganic materials of high purity 
and energy-intensive processing techniques. The fabrication using these inorganic 
materials is not economical and often used scarce toxic materials. Therefore, such 
solid-state junction devices have been challenged by the 3rd generation dye-sensi-
tized solar cells (DSSCs) which are based on interpenetrating network structures 
containing metal-free organic dyes as sensitizers [9].

In the conventional systems, the semiconductor does the task of light absorp-
tion as well as charge carrier transport. However, these two functions are 
separated in DSSCs by the metal-free organic dye and TiO2 in presence of an 
electrolyte. Hence, new ways of manufacturing the solar cells that can be scaled 
economically up to large volumes are essential. In this regard, a new generation of 
DSSCs also known as “Grätzel cells” has been fabricated by O’Regan and Grätzel 
[10]. A Grätzel cell consists of nanoporous titanium dioxide applied on transpar-
ent conducting oxide which is further made to absorb the dye from its solution. 
This film loaded with dye/sensitizer is immersed in an electrolyte containing a 
redox couple and placed on a platinum counter electrode. After irradiation, the 
excited electron from the dye (sensitizer) is transferred to the conduction band 
of TiO2 and diffuses through its porous network to the contact. Thus oxidized dye 
is further reduced to the original state by the supply of electrons through a liquid 
electrolyte redox couple within the pores [11].

The organic dye sensitizers consist of three important components viz., electron 
donor (D), π-conjugated spacer (π), and electron acceptor (A). Electron acceptors 
are generally acid ligands which also act as anchoring groups for loading the dye 
on TiO2 surface. The π-conjugated spacer (viz., conjugated double bonds, phenyl 
rings, thiophene, polythiophenes, etc) acts as a bridge to transfer electrons between 
the donor and the acceptor group and it is the key part which can induce a shift of 
both the highest occupied molecular orbital (HOMO) and the lowest unoccupied 
molecular orbital (LUMO) levels so that the photophysical properties may be tuned. 
The organic dyes/sensitizers belong to different classes depending on the donors 
such as triphenylamine, phenothiazine, fluorene, coumarin, carbazoles, etc. which 
have been profusely synthesized, and their power conversion efficiency as sensitiz-
ers have been reported and reviewed exclusively [12]. The structures of the dyes/
sensitizers synthesized under microwave irradiation along with the parameters 
such as short-circuit current (Jsc), open-circuit voltage (Voc), Fill Factor (FF), and 
power conversion efficiency (PCE) of the solar cells fabricated using these dyes are 
discussed.
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2.1.2 Microwave synthesized dyes/sensitizers in DSSCs

Novel donor-π-acceptor (D-π–A) dyes bearing the pyrimidine unit as an electron 
acceptor appended to thiophene and carbazole unit 1a-c were obtained by a combina-
tion of two processes viz., the microwave-assisted Suzuki cross-coupling reaction and 
nucleophilic aromatic substitution of hydrogen (SNH) [13]. Among these dyes, 1b was 
used as a photosensitizer in a fabricated solar cell since this dye showed a maximum 
extinction coefficient. The short-circuit current density (Jsc) was 2.04 mA cm−2, and 
the open-circuit voltage (Voc) observed was 0.525 V. The calculated power conversion 
efficiency (PCE) of the cell (η) was 0.91 at a fill factor (FF) of 0.85. A series of 
dithienosilole-based terpolymers 2a-e as sensitizers have been synthesized. Different 
dithienosilole monomers were used along with nonanoyl group and malononitrile as 
the electron acceptor via microwave-assisted Stille coupling polymerization to obtain 
the polymer sensitizers 2a-e.

The devices obtained using these sensitizers 2a-e exhibited the high open-
circuit voltage (Voc) of 1.00–1.06 V which can be attributed to the low-lying 
HOMO energy levels. Sensitizer 2e showed the best PCE of 2.32% (Voc = 1.06 V, 
Jsc = 5.92 mA/cm2 and FF = 0.39) which is due to the components of the conjugated 
backbones and play a pivotal role in their photovoltaic performance. When the poly-
merisation process was optimized i.e. in polymer 2e with higher molecular weight 
(Mn = 23.3 kDa) an increased PCE of 3.29% (Voc = 1.07 V, Jsc = 7.53 mA/cm2 and 
FF = 0.41) was observed [14]. The above reports showed the outstanding thermal 
stabilities and electrical conductivity of polythiophenes. Hence, a semiconduct-
ing polymer viz., poly[1,5-naphthyridine-(3-hexylthiophene)] 3 was prepared by 
microwave-assisted Suzuki-Miyura cross-coupling reaction using 3-hexylthiophene-
2,5-diboronic ester and 2,6-dibromo-1,5-naphthyridine [15]. This polymer 3 was 
used as a photosensitizer in a fabricated solar cell. The solar cell so prepared was 
illuminated under AM 1.5 G at 100 mW/cm2 which showed a PCE of 0.67% with an 
open-circuit voltage of (Voc) 621 mV, a short-circuit current of 2.0 mA/cm2, and a 
FF of 55%.

Three push-pull Donor-π-Acceptor structured dyes 4, 5 and 6 having imidazo 
[1,2-a]pyridine heterocycles as additional π-conjugated linker was synthesized. 
Triphenylamine (TPA) was introduced as an electron-donor unit and cyanoacetic 
acid through thiophene as linker 4 and 5 or double rhodanine acetic acid 6 were 
employed as anchoring groups in different positions of the heterocyclic core [16]. 
DSSC devices with these dyes 4–6 were assembled and tested using different 
electrolytes and dye baths. The best efficiencies were obtained for dye 4 i.e. Jsc 2.34 
(mA/cm2), Voc 650 mV, FF 0.42, η (%) 0.64 and for 5 Jsc 2.14 (mA/cm2), Voc 
502 mV, FF 0.42, η (%) 0.45.
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the polymer sensitizers 2a-e.
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(Mn = 23.3 kDa) an increased PCE of 3.29% (Voc = 1.07 V, Jsc = 7.53 mA/cm2 and 
FF = 0.41) was observed [14]. The above reports showed the outstanding thermal 
stabilities and electrical conductivity of polythiophenes. Hence, a semiconduct-
ing polymer viz., poly[1,5-naphthyridine-(3-hexylthiophene)] 3 was prepared by 
microwave-assisted Suzuki-Miyura cross-coupling reaction using 3-hexylthiophene-
2,5-diboronic ester and 2,6-dibromo-1,5-naphthyridine [15]. This polymer 3 was 
used as a photosensitizer in a fabricated solar cell. The solar cell so prepared was 
illuminated under AM 1.5 G at 100 mW/cm2 which showed a PCE of 0.67% with an 
open-circuit voltage of (Voc) 621 mV, a short-circuit current of 2.0 mA/cm2, and a 
FF of 55%.

Three push-pull Donor-π-Acceptor structured dyes 4, 5 and 6 having imidazo 
[1,2-a]pyridine heterocycles as additional π-conjugated linker was synthesized. 
Triphenylamine (TPA) was introduced as an electron-donor unit and cyanoacetic 
acid through thiophene as linker 4 and 5 or double rhodanine acetic acid 6 were 
employed as anchoring groups in different positions of the heterocyclic core [16]. 
DSSC devices with these dyes 4–6 were assembled and tested using different 
electrolytes and dye baths. The best efficiencies were obtained for dye 4 i.e. Jsc 2.34 
(mA/cm2), Voc 650 mV, FF 0.42, η (%) 0.64 and for 5 Jsc 2.14 (mA/cm2), Voc 
502 mV, FF 0.42, η (%) 0.45.

Due to inefficient electron injection from HOMO to TiO2 conduction band or 
dye aggregation leading to a potential barrier the dye 6 showed the lowest efficiency 
irrespective of dye bath solvent and electrolytes [17].

In view of the importance of thiophene as the significant moiety in the design of 
polymer-based sensitizers, narrow band gap conjugated polymer 7 was obtained 
from 4,6-bis(4-tetradecylthien-2-yl)thieno[3,4-c]thiadiazole, and thieno[3,2-b]
thiophene using Stille coupling reaction under microwave irradiation. This polymer 
exhibited good solution processability and absorbed the UV/Vis light from 300 nm 
to 1260 nm with an optical band gap of 0.98 eV in solid state. Photovoltaic devices 
using the blend films 8, 9 from 7 and [6,6]-phenyl-C61 butyric acid methyl ester 
(PC61BM) or [6,6]-phenyl-C71 butyric acid methyl ester (PC71BM) having the 
configuration ITO/PEDOT:PSS/blend film/Ca/Al, provided power conversion 
efficiencies (PCEs) of 0.65%, and 1.12% respectively with light response from 300 
nm to 1260 nm under AM 1.5 G with irradiation of 100 mW cm−2 [18].

Triphenylamine based dye sensitizers 10–14 were prepared under microwave 
irradiation by incorporating 2-(1,1-dicyanomethylene) rhodanine which acts 
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irradiation by incorporating 2-(1,1-dicyanomethylene) rhodanine which acts 
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both as electron acceptor as well as anchoring group on titanium dioxide [19]. 
Triphenylamine and vinyl thiophene are the donors and the π spacers. The dye 
containing two 2-(1,1-dicyanomethylene)rhodanine units and no thiophene units 
i.e. dye 11 showed the best photovoltaic performance with a short-circuit photocur-
rent density (Jsc) of 7.76 mA/cm2, an open-circuit photovoltage of 0.62 V, and a fill 
factor of 0.68, corresponding to an overall conversion efficiency of 3.78% under 
AM 1.5 irradiation (100 mW/cm2). The Jsc of the solar cells fabricated using these 
dyes increased in the order of 13 < 11 < 10, 12 < 14.

The general design of organic dye sensitizers is usually in the order D-π-A. 
However, molecular conjugated chromophores combining only electron donor (D) 
and acceptor (A) blocks have also been designed and synthesized as active materials 
for organic solar cells [20]. In view of this, D-A-D dyes 15, 16 and 17 obtained by 
reaction of mono-formyl triarylamines with 2,3-diaminomaleonitrile. Such D-A-D 
dyes are expected to show absorption of two photons hence may be used in dyes and 
solar cells, and focused on their potentialities as a donor material in basic planar 
heterojunction solar cells. These compounds 15, 16, and 17 have been evaluated as 
dyes in solar cells ITO/PEDOT-PSS/dye/C60/Al. The open-circuit voltage (Voc), 
short-circuit current densities (Jsc), fill factor (FF), and power conversion efficiencies 
(PCEs) of cells of 0.28 cm2 active area were determined under AM 1.5 simulation solar 
illumination. Compound 17 did not lead to devices of a quality sufficient for evalua-
tion. Fabricated devices obtained from dyes 15 and 16 respectively gave PCEs of 0.70 
and 0.53%.

2D-π-A dyes 18–20 comprising of dibenzofulvene-thiophene as π-bridge which 
is flanked by diarylamine donor groups and cyanoacrylic acid as anchoring as well 
as acceptor have been synthesized under microwave irradiation [21]. The dye 20 
containing two thiophene rings as spacer shows an IPCE action spectrum with a high 
plateau from 390 nm to 600 nm increased open-circuit photovoltage by 40 mV and 
short-circuit photocurrent by 7.03 mA cm−2. Using Chenodeoxycholic acid (CDCA) 
as the co-adsorbent material, the Jsc of 22 was increased to 14.98 mA cm−2 and a 
strong enhancement in the overall conversion efficiency (7.45%) was realized by 20 
compared to 18 (1.08%) in liquid electrolyte-based DSSCs. This work was further 
extended by the same research group [22] in which methoxy groups were introduced 
on the phenyl rings i.e. dyes 21–22 and also long fatty alkyl chain viz., octyloxy was 
introduced in view of increasing the donor capability and to avoid the aggregation 
and to increase physical insulation between electrolyte system and the TiO2 layer 
i.e.dye 23. These dyes 21–23 exhibit rather similar photophysical properties for the 
lowest-lying optically active excitations and it was observed that the lowest excita-
tion lay in all cases at 2.12–2.50 eV. Compound 21 showed a promising PCE of 5.90. 
The structural molecular variations evidenced positive effects on the photovoltaic 
performances of dyes as proved by PCEs of 7.50% and 7.80% obtained with dyes 22 
and 23 respectively.
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Donor-acceptor dyes 24–28 based on 3-methylquinoxaline-2(1H)one under 
microwave condition involving Knoevenagel reaction were designed with 
electron-donor groups such as triphenylamine (TPA) 24–26 ferrocene 25, N,N-
dimethylaminobenzene 27, and ((E)-4,4′-(ethene-1,2-diyl)bis(N,N-diphenyl-
aniline)) 28. The dyes 26 and 27 showed higher power efficiency (0.31 and 0.40 
respectively) as expected for their higher values of Jsc and Voc. This suggests that 
these structures decrease the recombination processes by preventing the approach 
of tri-iodide ions to the semiconductor surface, thus decreasing the electron trans-
fer from TiO2 conduction band to tri-iodide ions electrolyte. The higher efficiency 
of the dyes 26 and 27 may also be due to the enhanced conjugation of triphenyl-
amine units to anchoring amide groups. This has improved the electron injection 
into semiconductor conduction band which helps in the photovoltaic performance. 
The remaining dyes did not show significant efficiencies [23].

A new series of oxindole sensitizers (29–33) were designed and synthesized 
under microwave irradiation [24]. These exhibited respectable photoelectric 
conversion efficiencies due to excellent electron-donating triphenylamine (TPA) 
donor and the thiophene in the spacer and are differentiated by various halogen-
substituted oxindole acceptors. The cell performance was analyzed by fabricating 
solar cells. The parent dye 29 exhibited Jsc = 10.03 mAcm−2, Voc = 680 mV, and 
FF = 0.699, corresponding to an overall η = 4.76%. The incorporation of halogen 
substitutions on the parent dye enhanced the PCEs. Solar cell containing fluoro 
substituent i.e. dye 30 achieved Jsc = 11.32 mA cm−2, Voc = 690 mV, and FF = 0.695, 
corresponding to an overall η = 5.43%, which was approximately 14% higher than 
that of the non-substituted oxindole sensitizer 29. The efficiency was increased due 
to increased Jsc which may be attributed to the electronic coupling of fluoro sub-
stituent in the compound 29 with the anchoring group COOH [25].

The substitution of fluoro substituent with other halo substituents showed 
further enhancement in the DSSC performance. Among all the halogen sub-
stituted sensitizers, the bromo substituted sensitizer 31 exhibited the highest 
photovoltaic parameters (Jsc = 12.46 mA cm−2, Voc = 720 mV, and FF = 0.708) with 
an overall conversion efficiency (η) of 6.35%. The improved photocurrent of the 
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amine units to anchoring amide groups. This has improved the electron injection 
into semiconductor conduction band which helps in the photovoltaic performance. 
The remaining dyes did not show significant efficiencies [23].

A new series of oxindole sensitizers (29–33) were designed and synthesized 
under microwave irradiation [24]. These exhibited respectable photoelectric 
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FF = 0.699, corresponding to an overall η = 4.76%. The incorporation of halogen 
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sensitizer 31 suggested that compared to fluoro substitution, the bromo substituted 
dye exhibited better cell performance. Interestingly, the altered position of the 
substituent with respect to the anchoring group exhibited a negative effect on the 
solar cell performance. The dye 33 anchored DSSC showed lower current density 
(Jsc = 9.66 mA cm−2, Voc = 630 mV, and FF = 0.690), that is corresponding to an 
overall η = 4.21% which is due to the absence of electronic coupling of substitution 
with the anchoring group.

Computationally designed thiazolo [5,4-d]thiazole-based D-π-A organic dyes 
34–38 have been synthesized [26]. These have been further derivatized with 
bispentylpropylenedioxythiophene (ProDOT) moieties in the π-spacer and triaryl-
amine and phenothiazine 34–37 and 38 respectively as donors. Bulky and electron-
rich ProDOT groups enhanced the physical–chemical properties, including visible 
light absorption instead of the presence of the electron-poor thiazolothiazole. 
Small-scale (0.25 cm2) devices using these dyes 34–38 showed the PCEs up to 7.71%, 
surpassing those obtained with two different reference dyes. Transparent larger 
area cells (3.6 cm2) also showed good η values up to 6.35%, not requiring the use of a 
co-adsorbent, and retained their initial efficiency over a period of 1000 h storage at 
85°C. Following the promising results obtained with small-scale DSSCs (0.25 cm2), 
the authors fabricated larger area (3.60 cm2) strip cells to analyze the effect of 
increased active surface area on the efficiency and stability. Small-scale solar cells 
built with 34–38, both transparent and opaque, gave good power conversion effi-
ciencies (η up to 7.71%), which in the case of dyes 36 and 38 were clearly superior 
to those obtained with standard Ru-dye Z907. Larger-scale strip cells featuring thin 
films of transparent TiO2 (3–5 mm) and a high stability electrolyte, gave efficiencies 
in line with those obtained with the smaller devices, with dye 36 being once again 
the best sensitizer (η up to 6.35%).

Two isoindigo-based conjugated polymers 39–40 composed of isoindigo with 
2-decyltetradecane (DT) and bithiophene with/without fluorination were prepared 
under microwave irradiation [27].

Fabrication of the solar cells was produced using o-xylene and diphenyl ether 
(DPE) as solvent and additive. To measure the photovoltaic performance of poly-
mers the solar cells were fabricated using polymer sensitizers 39 and 40 with an 
inverted configuration (ITO/ZnO/polymer: PC71BM/MoO3/Ag). The optimum 
blend ratio of polymer to PC71BM was 1:1.5 (w/w) for the two polymers. The 
polymer sensitizer 39 based cell showed a lower PCE of 4.92% with a VOC of 0.89 V, 
a JSC of 9.21 mA/cm2, and a FF of 0.60. Whereas the sensitizer 40 exhibited a PCE 
of 8.80% with a VOC of 1.06 V, a short-circuit current density (JSC) of 12.58 mA/
cm2, and a FF of 0.66.

Novel dye sensitizers 41 and 42 with the sequence A-π-D-π-A which contains 
benzo[1,2-b:4,5-b’]bisthiophene as a core moiety with different terminal acceptor 
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were designed and synthesized. The effects of either methyl dicyanovinyl end 
group 41 or n-butyl cyanoester end group 42 on solubility, thermal properties, opti-
cal properties, charge transport, morphology, and photovoltaic performance were 
investigated [28]. Devices for these dye sensitizers 41 and 42 were fabricated at the 
optimal donor/acceptor weight ratio of 1:1 as-cast without annealing. Sensitizer 41 
exhibited a short-circuit current (Jsc) of 5.09 mA/cm2, a VOC of 1.09 V, a fill factor 
(FF) of 28.08%, and a PCE of 1.56% whereas, sensitizer 42 showed a Voc of 1.03 V 
and achieved a much better PCE performance of 6.17%, due to much higher FF of 
59.08% and much higher short-circuit current (Jsc) of 10.11 mA/cm2. The external 
quantum efficiency (EQE) of these dyes have a similar broad photo response wave-
length range of 300–700 nm while in the whole range, the EQE values of dye 42 
are much higher than dye 41. The EQE peak of 42 is about 48% at around 676 nm, 
while the EQE value of 41 is below 15% at all wavelength, which leads to the poor 
performance of the device. Jsc values calculated from the EQE spectra are 3.36 mA/
cm2 for dye 41 and 9.89 mA/cm2 for 42 respectively.

2.2 Fluorescent dyes

Fluorescence is a photophysical process which involves the emission of light 
by the substance as a consequence of the absorption of electromagnetic radiation. 
In most of the cases, the emitted light radiation has a longer wavelength (λem) 
than the absorbed light radiation (λabs). Likewise, fluorescent dyes, also known as 
‘fluorophores’ or ‘reactive dyes’ remit light radiation upon absorption. Earlier, fluo-
rescent dyes were extensively used in the textile industries to color fibers, cotton, 
yarns, and silk. Eventually, the use of fluorescent dyes has become a key technique 
for the detection and elucidation of biological structures by fluorescence emis-
sion technology. Because of their high photostability, and intense brightness, 
fluorescent dyes have been significantly used in fluorescent labeling (staining) 
of biomolecules. Fluorescent quenching studies have helped to detect DNA and 
proteins in biological systems. Techniques such as immunofluorescence, fluores-
cence microscopy, and flow cytometry rely upon fluorescent dyes. Currently, the 
requirement of fluorescent dyes insisted greatly because of their ample applica-
tions which could be substantiated through microwave-assisted synthesis. The 
advantages of microwave applications for the synthesis of fluorescent dyes have 
been intensively discussed [29].

2.2.1 Cyanine dyes

Cyanine dyes are found to be important functional dyes due to their typical 
optical properties, and act as sensitizers in solar cells, photography, and laser 
discs [30]. A significant property of cyanine dyes is the affinity for biological 
structures, specifically for DNA, and possesses wide color change, high photo-
stability and increased fluorescent intensity when bound to biological struc-
tures [31]. Due to high fluorescence quantum yields and high molar extinction 
coefficients, they have been extensively used in cell imaging and gel staining 
techniques. Typically, cyanine dyes are obtained by heating a mixture of substi-
tuted quaternary salts with bisaldehyde or bis-imine. Accordingly, a series of 
cyanine dyes 43a-g were synthesized by the condensation of quaternary salts of 
quinoline derivatives with 1H-indole-3-carbaldehydes in the presence of piperi-
dine under solvent-free microwave irradiation at 126–329 W in 89–98% yields 
in only 2–5 min. The fluorescence spectra of the dyes showed absorption 
maxima (λabs) at 453–471 nm. However, in the presence of DNA, a 
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bathochromic shift (red shift) at 483–499 nm was observed. Further, the living 
cell imaging experiments of the dyes 43b, 43e, and 44 have shown preferable 
staining of the head of the human sperm containing the nuclear DNA. Also, the 
motility of the sperm didn’t slow down which indicated low cell cytotoxicity. 
Hence, these dyes could be used as potential fluorescent probes for labeling 
DNA to measure human sperm viability [31]. Likewise, the condensation of 
benzothiazole with quarternary salts of quinoline which upon coupling with the 
tertiary diamine linkers gave tetracationic analogous (bis-intercalators) of 
monomethine cyanine dyes 45. The steady-state fluorescence spectral studies of 
45 revealed greater labeling affinity toward DNA and proved for singlet oxygen 
sensitization property, and found to be a potential candidate for photodynamic 
therapy [32].

2.2.2 Naphthalimide dyes

1,8-Naphthalimide dyes are proved to be important fluorescent compounds due 
to their greater photostability and high fluorescent quantum yield. The basic 
spectral properties of these dyes depend on the polarization of naphthalimide 
molecule as a result of electron donor-acceptor interaction occurring between the 
substituents at the C-4 position and the carbonyl groups of the imide ring. 
Generally, 1,8-naphthalimide dyes are prepared via the substitution reaction of 
naphthalimides with various nucleophiles. The aromatic nucleophilic substitution 
reaction of 4-bromo-N-alkylnaphthalimides with amines, alkoxides, and thiols in 
the presence of KF/Al2O3 under solvent-free microwave irradiation yielded cor-
responding fluorescent dyes 46–48 which exhibited increased fluorescent intensity 
in the polar solvents [33]. Similarly, the derivatives 49 and 50 were obtained by the 
substitution reaction of 1,8-naphthalimides with primary amines. These dyes were 
further evaluated for the free radical scavenging properties against 2,2-diphenyl-
1-picrylhydrazyl (DPPH). The results showed IC50 values at lower concentrations 
than the common synthetic antioxidant 2,6-ditertiarybutyl-4-methylphenol 
(BHT) [34].

2.2.3 Coumarin dyes

Coumarin dyes have been found commercial significance due to their intense 
fluorescence and are widely employed as fluorescent brighteners [35]. A one-pot 
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microwave promoted synthesis of benzimidazol/benzoxazol functionalized  
coumarin dyes (51a-e) was developed which involved the reaction of 4- diethylam
ino-2-hydroxybenzaldehyde, diethylmalonate, and o-phenylenediamine/ 
o-hydroxyaniline in n-pentanol within 3 min. The synthesized dyes showed 
higher fluorescence emission intensity and the dyes 51a-c were further investi-
gated for the effects of ink media on the fluorescence properties. Dye 51b has 
exhibited an intense green fluorescence at 531 nm for mixed very long alkyl resin 
and maleic varnish in 60:40 ratios at 1% (w/w) concentration, and the fluores-
cence emission intensity of the dye reduced by 11% after 30 h of exposure to light. 
As a result, the dye 51b could potentially be used in security offset ink [36]. 
Similarly, one-pot three-component microwave-assisted reaction of 7-diethyl-
amino-coumarin ethylidene malononitrile, aromatic aldehydes and malononitrile 
to get highly fluorescent 3,5-disubstituted-2,6-dicyanoaniline coumarin dyes 
52a-d at 80°C in good yields in 2 min are prepared. The optical and thermal 
screening studies of 52a-d exhibited excellent photophysical and thermal stability 
properties [37]. A group of 8-aza-7-hydroxy-4-methylcoumarin dye 53 was 
synthesized by reacting 2,6-dihydroxypyridine hydrochloride with ethylacetoac-
etate in the presence of magnesium bromide as a Lewis acid catalyst. This fluoro-
phore is adequately soluble in water and has a high fluorescent quantum yield and 
showed increased fluorescence in protic solvents at neutral pH, which could be 
useful in biosensors that are required for finding biologically active compounds 
[38]. Furthermore, a microwave-assisted Knoevenagel condensation of salicylal-
dehyde and cyano-N′-methyleneacetohydrazide in the presence of piperidine 
catalyst gave 3- carbohydrazide coumarin fluorescent dye (54) which could be 
used to print polyester and polyamide fabrics [35].

2.2.4 Benzimidazole dyes

Benzimidazole dyes are known to exhibit photophysical, photovoltaic, and 
optical properties [39]. An approach has been made to synthesize benzimidazo-
quinolines 55a-c, substituted with piperidine, pyrrolidine, and piperazine 
moieties by uncatalyzed amination protocol under microwave heating in 
relatively high yields (56–90%), which by conventional heating after several 
days gave 55a-c only in low yields (<10%). The emission spectra of 55a-c 
showed an increase in the fluorescence intensity when interacted with the 
calf thymus DNA (ct-DNA) [40]. The microwave promoted synthesis of bis-
benzimidazolyl derivatives upon N-alkylation gave water-soluble fluorescent 
dyes 56a-b. These dyes proved to be highly selective fluorescent probe toward 
Zn2+ in aqueous solution and the mixture of dye-Zn2+ could detect picric acid 
by fluorescence quenching [41]. Under solvent-free microwave irradiation, a 
series of 2- substituted styryl benzimidazole dyes 57a-g and 58a-f were prepared 
by the condensation of 2-alkyl benzimidazoles with aromatic aldehydes in the 
presence of acetic anhydride [42].
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bathochromic shift (red shift) at 483–499 nm was observed. Further, the living 
cell imaging experiments of the dyes 43b, 43e, and 44 have shown preferable 
staining of the head of the human sperm containing the nuclear DNA. Also, the 
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2.2.5 Imidazole dyes

The imidazole moiety is immensely employed in DSSC’s [43]. Interestingly these 
dyes 59a-d, 60, and 61 are prepared by one-pot condensation of α-diketone (ben-
zil), aryl aldehydes, and ammonium acetate in the presence of glacial acetic acid 
under microwave irradiation. Furthermore, the dyes 59a-d have been proved to be 
potential antimicrobial agents against E. coli, B. subtilis, S. aureus, and L. monocyto-
genes [44]. The dye 60 exhibited a strong two-photon upconverted blue fluorescent 
emission peak around 443–476 nm [45].

2.2.6 Thiophene dyes

Thiophene oligomers and polymers have put forward extensive applications in 
organic electronics, owing to their remarkable performance as organic semicon-
ductors [46]. A series of thiophene oligomer based fluorophores appended with 
4-sulfo-2,3,5,6-tetraflurophenyl ester 62a, N-hydroxysuccinimidyl ester 62b, and 
phthalimide 63a-b are prepared efficiently in shorter reaction times by sequential 
Pd(II) catalyzed Suzuki cross coupling reaction by taking advantage of microwave 
irradiation. The dyes 62a-b were evaluated for their labeling toward monoclonal 
antibodies Anti-CD38. The dye 62a showed a larger bathochromic shift compared 
to 62b and exhibited greater affinity toward the monoclonal antibody [47]. The 
cyclic voltammetry, UV–visible spectroscopy, and X-ray crystallographic studies 
of the dyes 63a and 63b revealed π-π stacking packing mode which led to 
increased charge carrier mobility envisaging as an ambipolar semiconductor with 
applications in both Organic Thin-Film transistors (OTFT) and Organic-light 
Emitting Transistors (OLET) [46, 48]. A one-pot three-component synthetic 
route was used to prepare thiophene-coumarin based dyes 64a-j in 92–96% yields 
from hours to min by the use of microwave irradiation technique from 3-acetyl 
coumarin, malononitrile, and elemental sulphur (S8). The spectroscopic data of 
the dyes 64a-j showed a bathochromic shift in various solvents. The dye 64g was 
further investigated for its pH sensitivity via deprotonation and reverse proton-
ation in two solvent systems (DMSO and DMSO/H2O binary mixture) using 
absorption and fluorescence techniques. The -OH group of 64g is susceptible to 
deprotonation under alkaline medium (TBAOH, tetrabutylammonium hydroxide) 
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and reverse protonation by the addition of trifluoroacetic acid (TFA). A distinct 
fluorescence color change from light blue to green was observed with the incre-
mental addition of TBAOH to the solution of 64g and reverse phenomena was 
observed with the incremental addition of TFA [49].

2.2.7 Inorganic dyes

Inorganic dyes are procured when the organic dyes are combined with appropri-
ate metals. Typically monoazodyes containing additional groups such as amino, 
hydroxyl, and carboxyl groups which are capable of forming coordination complexes 
with metal ions are used. This organo-metallic combination could lead to enhanced 
optical properties. The synthesis of organo soluble 4-t-butylphthalocyanine (TBPc) 
and organo soluble sodium salt of sulfonated phthalocyanine (Pc-SO3Na) metal 
complexes of Cu2+, Mg2+, and Zn2+ (65a-b) has been reported. Further, lutetium 
complex [Lu(TBPor)(TBPc)] 66 ligated with 4-t-butylporphyrin (TBpor) and 
4-t-butylphthalocyanine (TBPc) rings were obtained via the reaction of lutetium 
acetate (LuOAc) with corresponding ligands under microwave irradiation. The 
prepared complexes were blended with N,N′-bis-(1,5-dimethylhexyl)-3,4:9,10-
perylene-bis-(dicarboximide) [PDHEP] and SnO2 glass to fabricate photoelectric 
cells. The SnO2 glass/Mg-Pc(SO3Na)4/PDHEP/Al photoelectric cell exhibited a 
short-circuit photocurrent of 116 μA/cm2, whereas SnO2 glass/Lu(TBpor)(TBpc)/
PDHEP/TiO2/Al photoelectric cell showed increased short-circuit photocurrent of 
691.3 l μA/cm2 under the illumination of white light at 1.201 mW/cm2 [50]. The 
metal-free phthalocyanine and metallophthalocyanine complexes (67 and 68a-c) of 
Cu+, Cu2+, Co2+, Ni2+, Fe2+, Zn2+, Pd2+, Pt4+, and Ru3+ was prepared by the reaction of 
corresponding azo dyes with metal salts using microwave heating, which were 
obtained in poor yields by conventional heating [51].

2.3 Photochromatic dyes

Some materials at their molecular level exhibit a property of changing their 
absorption spectra on exposure to light radiation. This is usually a reversible change 
and is accompanied with alteration in the physical or chemical property. This kind 
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fluorescence color change from light blue to green was observed with the incre-
mental addition of TBAOH to the solution of 64g and reverse phenomena was 
observed with the incremental addition of TFA [49].

2.2.7 Inorganic dyes

Inorganic dyes are procured when the organic dyes are combined with appropri-
ate metals. Typically monoazodyes containing additional groups such as amino, 
hydroxyl, and carboxyl groups which are capable of forming coordination complexes 
with metal ions are used. This organo-metallic combination could lead to enhanced 
optical properties. The synthesis of organo soluble 4-t-butylphthalocyanine (TBPc) 
and organo soluble sodium salt of sulfonated phthalocyanine (Pc-SO3Na) metal 
complexes of Cu2+, Mg2+, and Zn2+ (65a-b) has been reported. Further, lutetium 
complex [Lu(TBPor)(TBPc)] 66 ligated with 4-t-butylporphyrin (TBpor) and 
4-t-butylphthalocyanine (TBPc) rings were obtained via the reaction of lutetium 
acetate (LuOAc) with corresponding ligands under microwave irradiation. The 
prepared complexes were blended with N,N′-bis-(1,5-dimethylhexyl)-3,4:9,10-
perylene-bis-(dicarboximide) [PDHEP] and SnO2 glass to fabricate photoelectric 
cells. The SnO2 glass/Mg-Pc(SO3Na)4/PDHEP/Al photoelectric cell exhibited a 
short-circuit photocurrent of 116 μA/cm2, whereas SnO2 glass/Lu(TBpor)(TBpc)/
PDHEP/TiO2/Al photoelectric cell showed increased short-circuit photocurrent of 
691.3 l μA/cm2 under the illumination of white light at 1.201 mW/cm2 [50]. The 
metal-free phthalocyanine and metallophthalocyanine complexes (67 and 68a-c) of 
Cu+, Cu2+, Co2+, Ni2+, Fe2+, Zn2+, Pd2+, Pt4+, and Ru3+ was prepared by the reaction of 
corresponding azo dyes with metal salts using microwave heating, which were 
obtained in poor yields by conventional heating [51].

2.3 Photochromatic dyes

Some materials at their molecular level exhibit a property of changing their 
absorption spectra on exposure to light radiation. This is usually a reversible change 
and is accompanied with alteration in the physical or chemical property. This kind 
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of photo transformation is referred to as photochromism. The reverse change may 
be induced thermally (photochromism type T) or photochemically (phtochromism 
type P). The discovery of photochromic materials can be retraced to the middle 
of 19th century when Hirshberg and his team (1950) have contributed signifi-
cantly towards the synthesis and mechanistic studies of photochromic materials. 
Hirshberg coined the term “Photochromism” from Greek words ‘photos’ meaning 
light and ‘chroma’ means color. Varieties of materials like minerals, nanoparticles, 
inorganic–organic compounds, organic dyes, polymers, and biomolecules have 
been explored to exhibit photochromic property. They have been in use in modern 
applications like erasable optical memory media, photo-optical switch components, 
sunscreen applications, contact lenses, security glasses, and thin films. Some of the 
organic photochomic compounds undergo reversible light-driven reaction hence 
these compounds are often incorporated into polymers, liquid crystals, and other 
such matrices. Although the decade 1950–1960 has remarked synthesis of photo-
chromic materials with the advancement in newer supportive technologies such as 
spectroscopy the field has not gained acceleration. This is due to the sensibility of 
organic materials towards the light which makes them undergo degradation (they 
were not fatigue resistant). After the report of the synthesis of fatigue resistant 
spironapthoxazines many-fold increase in the applications of photochromic materi-
als has been reported. Spiropyrans, spriooxazines, chromenes, fulgides, fulgimides, 
diarylethenes, spirodihydro indazolines, azocompounds, polyarenes, quinones, 
anils are the photochromic dyes in the industrial and general application field [52]. 
In the recent past attempts have been made to apply microwave-assisted synthetic 
methods to the total synthesis or in one or two intermediate steps.

Spirooxazines are the important photochromic dyes being popularly seen in 
very common to high tech applications. Due to their brilliant light fatigue resistance 
nature, they are the dyes of bright prospects. The reports of the synthesis of spiro-
oxazines by conventional methods are many. Successful efforts have also been made 
to obtain them by environment-friendly microwave-assisted synthetic methods. 
Spirooxazine 69a has been prepared under microwave conditions, starting from 
1-nitroso-2-naphthol in presence of triethylamine as a catalyst in a CEM focused 
microwave reactor provided with temperature control [53]. Electric power 25–35 W, 
temperature 80–180°C were found to be the optimized conditions to get yields 
comparable to the traditional thermal method. Indolinespironaphthooxazine 69b-d 
have been prepared from 1-nitroso-2,7 dihydroxy naphthalene by a microwave 
irradiation technique [54]. The reaction was carried out in microwave synthesizer 
(MAS-I). Microwave irradiation was done at 600 W. The products were obtained in 
very good yield within a few minutes of reaction time.

Fulgides 70a-b and their derivatives fulgimides 71a-b are an important class of 
photochromatic materials used mainly in optical memory devices and optical 
switches. Fulgides are intense colored compounds which are good in resisting the 
photodegredation in comparison to fulgimides. However, fulgimides have better 
resistance to acid or base hydrolysis further that their N-substituent can be used as a 
link to prepare photochromic films. Both these classes of compounds have been 
thoroughly researched. A successful attempt to synthesize fulgimides using domes-
tic microwave ovens has been made [55]. As compared to classical thermal method 
microwave-assisted synthesis has led to 3 fold times reduction in duration of synthe-
sis, an increase in the yield up to 2 times, and minimization of the use of organic 
solvents. The efficient synthesis of N-functionalized fulgimides 72 was achieved 
under microwave irradiation [56]. Fulgides were converted to fulgimides in two 
steps in the presence of DMAP and DCC by microwave irradiation in presence of 
pyridine and xylene as the solvent. They have attained from 50 to 84% increase in 
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yield by benign microwave method in very short reaction time. Oxazole and indole 
based heterocyclic fulgides 73, 74 were synthesized by microwave method using clay 
as a catalyst from fulgenic acids [57]. Their synthesis involved stirring of the blended 
mixture of fulgenic acid and montmorillonite KSF along with isopropyl acetate in a 
flask. The yield was improved to 72–84% by MWAS as compared to the conventional 
Stobbe condensation method. One-pot three-component microwave-assisted 
synthesis of novel azo-imidazoles 75a-h is reported which exhibited photochromatic 
property with UV–Visible light [58]. Azo dye, ammoniumacetate, and benzil were 
reacted under microwave irradiation using acetic acid as solvent.

At optimal power 230 W microwave irradiation for 2 min duration 87% yield of 
the dye 75a-h was obtained. It did not involve any thermal degradation by-products 
and economical use of organic solvents makes this protocol a green synthetic 
method. The microwave synthetic method was applied to successfully prepare 
photochromic spiropyran 76 [59]. Spiropyrans are spiro-fused indolochromenes. 
Due to their photochromic isomerization property, they are used in optical switches 
and sensors. The synthesis involves one-pot two-step reaction. Initially, water-
mediated reaction was carried out between 1, 2, 3-trimethylindole, and benzyl 
bromide under microwave environment. Microwave irradiation was done at De 
Rosa and Soriente’s conditions (i.e. 200 MW power and 150°C temperature for 
8 minutes). Then, the resulting reaction mixture after a simple workup procedure 
was treated with 5-nitrosalicylaldehyde under microwave irradiation using ethanol 
as the solvent. They have obtained product 76 in excellent yield after the flash 
chromatographic workup procedure. It is an environmentally benign synthetic 
method using a minimum amount of solvent.

2.4 Organic-light emitting diodes (O-LEDs)

The light-emitting diode (LED) is a light-emitting semiconducting material when 
current flows through it. The current flow induced light emission was first observed 
by Captain Henry Joseph Round in 1907. Light emission takes place when electrons 
undergo a transition from the conduction band to the empty valence band. The 
band gap in semiconducting material decides the color of emitted light. O-LED are 
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Hirshberg coined the term “Photochromism” from Greek words ‘photos’ meaning 
light and ‘chroma’ means color. Varieties of materials like minerals, nanoparticles, 
inorganic–organic compounds, organic dyes, polymers, and biomolecules have 
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oxazines by conventional methods are many. Successful efforts have also been made 
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Spirooxazine 69a has been prepared under microwave conditions, starting from 
1-nitroso-2-naphthol in presence of triethylamine as a catalyst in a CEM focused 
microwave reactor provided with temperature control [53]. Electric power 25–35 W, 
temperature 80–180°C were found to be the optimized conditions to get yields 
comparable to the traditional thermal method. Indolinespironaphthooxazine 69b-d 
have been prepared from 1-nitroso-2,7 dihydroxy naphthalene by a microwave 
irradiation technique [54]. The reaction was carried out in microwave synthesizer 
(MAS-I). Microwave irradiation was done at 600 W. The products were obtained in 
very good yield within a few minutes of reaction time.

Fulgides 70a-b and their derivatives fulgimides 71a-b are an important class of 
photochromatic materials used mainly in optical memory devices and optical 
switches. Fulgides are intense colored compounds which are good in resisting the 
photodegredation in comparison to fulgimides. However, fulgimides have better 
resistance to acid or base hydrolysis further that their N-substituent can be used as a 
link to prepare photochromic films. Both these classes of compounds have been 
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tic microwave ovens has been made [55]. As compared to classical thermal method 
microwave-assisted synthesis has led to 3 fold times reduction in duration of synthe-
sis, an increase in the yield up to 2 times, and minimization of the use of organic 
solvents. The efficient synthesis of N-functionalized fulgimides 72 was achieved 
under microwave irradiation [56]. Fulgides were converted to fulgimides in two 
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yield by benign microwave method in very short reaction time. Oxazole and indole 
based heterocyclic fulgides 73, 74 were synthesized by microwave method using clay 
as a catalyst from fulgenic acids [57]. Their synthesis involved stirring of the blended 
mixture of fulgenic acid and montmorillonite KSF along with isopropyl acetate in a 
flask. The yield was improved to 72–84% by MWAS as compared to the conventional 
Stobbe condensation method. One-pot three-component microwave-assisted 
synthesis of novel azo-imidazoles 75a-h is reported which exhibited photochromatic 
property with UV–Visible light [58]. Azo dye, ammoniumacetate, and benzil were 
reacted under microwave irradiation using acetic acid as solvent.

At optimal power 230 W microwave irradiation for 2 min duration 87% yield of 
the dye 75a-h was obtained. It did not involve any thermal degradation by-products 
and economical use of organic solvents makes this protocol a green synthetic 
method. The microwave synthetic method was applied to successfully prepare 
photochromic spiropyran 76 [59]. Spiropyrans are spiro-fused indolochromenes. 
Due to their photochromic isomerization property, they are used in optical switches 
and sensors. The synthesis involves one-pot two-step reaction. Initially, water-
mediated reaction was carried out between 1, 2, 3-trimethylindole, and benzyl 
bromide under microwave environment. Microwave irradiation was done at De 
Rosa and Soriente’s conditions (i.e. 200 MW power and 150°C temperature for 
8 minutes). Then, the resulting reaction mixture after a simple workup procedure 
was treated with 5-nitrosalicylaldehyde under microwave irradiation using ethanol 
as the solvent. They have obtained product 76 in excellent yield after the flash 
chromatographic workup procedure. It is an environmentally benign synthetic 
method using a minimum amount of solvent.

2.4 Organic-light emitting diodes (O-LEDs)

The light-emitting diode (LED) is a light-emitting semiconducting material when 
current flows through it. The current flow induced light emission was first observed 
by Captain Henry Joseph Round in 1907. Light emission takes place when electrons 
undergo a transition from the conduction band to the empty valence band. The 
band gap in semiconducting material decides the color of emitted light. O-LED are 
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the LEDs in which the light-emissive electroluminescent film is made up of organic 
molecules. In the case of O-LEDs the highest occupied molecular orbital (HOMO) 
is the conduction band, and the lowest unoccupied molecular orbital (LUMO) is the 
empty valence band of organic substance. O-LEDs are preferred over LEDs due to the 
facts that an O-LED is thinner and have a better display property; it has brighter, fast 
responsive, and long-range contrast display. Moreover, O-LEDs have wider viewing 
angles with low driving voltage property. O-LEDs can be conveniently fabricated on a 
glass surface at low temperatures. Organic semiconducting materials are in the crys-
talline or polymeric phase. Organometallic compounds, polymers, and even simple 
organic molecules like aryl amines are used in O-LEDs. The research in the field of 
O-LEDs is in rapid progress as these displays are already in use in modern electronic 
and optoelectronic appliances like heads-up displays, billboard-type displays, 
automotive dashboards, home and office lighting, and flexible displays. The synthetic 
invention of these organic moieties is a progressive field, and the microwave-assisted 
synthetic methods of O-LEDs have also started sprouting in recent years [60, 61].

The amalgamation of organic moieties and inorganic matrices results in the 
synergetic effects by augmenting of the properties like flexibility and shape ability 
with stability [62]. Poly (2-hydroxyethyl methacrylate) (PHEMA) silica-hybrids 
have been prepared by microwave irradiation [63]. Organoboron dye diketonate BF2 
complex 77, borondipyrromethene (BODIPY) 78, and (1,3-boron di(iso)indometh-
ene dye 79 can be integrated into these PHEMA silica hybrids.

N,N-Diphenylamine (DPA) were transformed to form precursors for O-LEDs 
using solid state microwave-assisted organic synthetic method [64]. This reaction 
was carried out in the MAS II SINEO microwave reactor in presence of Iodine and 
alumina. The temperature range of 125–133°C was optimized and the reaction was 
completed in 15 minutes at 500–600 W power of the reactor. After typical work up 
procedure they ended up with two fractional mixtures of compounds 80 to 85 with 
fluorescence property were obtained.
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Polyfluorene is regarded as an important source for the development of O-LEDs. It 
emits blue light and the color of the light can be tuned by means of doping, structural 
engineering, preparing materials with tuned properties [65]. Microwave-assisted 
synthesis of π conjugated polymers were reported and this method was proved to 
be an advantageous method over multi-step expensive conventional method. They 
have effectively used microwave conditions in oxidative polymerization of 2,5-diphe-
nyl-1,3,4-oxadiazole and 9,9-dihexyl-fluorene monomers to get poly (dihexyl 
fluorene-co diphenyl oxadiazole) (POF) 86 in the presence of FeCl3 catalyst.

3. Conclusions

Since from the centuries, dyes have played a very important role in human life. 
The functional dyes have changed the technologies drastically and have gained 
immense importance now a day. A specific property of the dye depends on the 
various factors such as the donor, electron acceptor/π-conjugation, linker, etc. 
present at appropriate positions. More effort has been established into search-
ing for better dyes with expected properties. Microwave-assisted synthesis has 
changed the methodology of organic synthesis and hence is also efficiently applied 
in the synthesis of functional dyes. Therefore, a number of dyes synthesized under 
microwaves along with their applications were discussed. There is a possibility 
for further development in organic synthetic methodology under microwaves to 
obtain dyes having wider applications in organic photovoltaics, fluorescence sen-
sors, photochromic materials, OLEDs, etc.
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Incorporation of dopants efficiently in semiconductors at the nanoscale is an 
open challenge and is also essential to tune the conductivity. Typically, heating is 
a necessary step during nanomaterials’ solution growth either as pristine or doped 
products. Usually, conventional heating induces the diffusion of dopant atoms 
into host nanocrystals towards the surface at the time of doped sample growth. 
However, the dielectric heating by microwave irradiation minimizes this dopant 
diffusion problem and accelerates precursors’ reaction, which certainly improves 
the doping yield and reduces processing costs. The microwave radiation provides 
rapid and homogeneous volumetric heating due to its high penetration depth, 
which is crucial for the uniform distribution of dopants inside nanometer-scale 
semiconducting materials. This chapter discusses the effective uses of microwave 
heating for high-quality nanomaterials synthesis in a solution where doping is nec-
essary to tune the electronic and optoelectronic properties for various applications.
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1. Introduction

The discovery of microwave cooking by Percy Spencer marked the dawn of a 
new era in microwave heating technology, which has gained huge attention in the 
scientific areas, especially in synthetic chemistry [1]. Numerous factors enabled 
the microwave technique to become a breakthrough technology in the complex 
synthesis process [2]. The significance of microwave heating for the synthesis of 
high-quality semiconducting nanomaterials, pristine or doped ones, is a subject that 
needs to be profoundly studied and explored due to its capability to revolutionize 
the semiconductor industry. The synthesis of high-quality nanocrystals primarily 
relies on controlled reactions of molecular precursors in a liquid medium at an 
adequate temperature in the presence of stabilizing agents [3, 4]. Most of the syn-
thetic methods such as wet chemical process [5], emulsion methods, anti-solvent 
precipitation methods [6], have studied only the impact of the chemical process and 
parameters, on the properties of as-synthesized nanocrystals. Of late, the effect of 
additional external stimulations like microwave irradiation [7, 8], ultraviolet/visible 
light irradiation, ultrasound, etc. is also studied [5]. Microwave heating increases 
the rate of reaction, thereby considerably decreasing the reaction time without 
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altering the kinetics and chemical reaction [9–11]. The rate accelerations caused by 
“specific microwave effect” as well as “non-thermal effects” have to be considered 
in the microwave heating mechanism. Baghbanzadeh et al. propose that microwave 
dielectric heating can be termed as “specific microwave effects” by which one can 
achieve rate accelerations that cannot be attained by the conventional methods [12]. 
In the case of “non-thermal microwave effects”, the heating mechanism arises as a 
result of the direct interaction of microwaves with specific molecules or materials  
in the reaction medium [2, 12]. Jacob et al. report that the enhancement rate of 
reaction with microwave heating compared to conventional heating is mainly 
due to the thermal effects which arise due to three significant factors. Firstly, the 
localized heating effect is a consequence of superheating phenomena due to the 
abundant ions present in the medium. Secondly, the molecular agitation due to lag 
of dipole, in following the fast-moving EM wave. Thirdly, increase of diffusion rate 
of reactants [13].

Earlier, the synthesis of high-quality semiconducting quantum dots was very 
tough and the process of doping at this length scale makes it even more challeng-
ing. Erwin et al. reported that the difficulty in doping at nanoscale regime is due 
to the difference in mechanisms involved in doping at bulk and at the nanoscale, 
while other reports in literature claim the process of ‘self-purification’ as the 
leading cause for de-doping during the growth process [14]. The major daunt-
ing challenges arise mostly due to the lack of a comprehensive understanding 
of all the fundamental mechanisms associated with dopants incorporation and 
the absence of reliable synthetic procedures where the temperature-dependent 
dopant impurity atoms diffusion will be minimal [15]. Another challenge involved 
in doping at the nanoscale is the inherent statistical inhomogeneity of dopants 
among the nanocrystals. The doped nanomaterials always tend to exhibit a broad 
range of dopant populations per nanocrystal, which results in effective inhomo-
geneity in concentration of dopants among nanocrystals. Providing a uniform and 
instantaneous heating during the reaction process can minimize this problem to a 
great extent [16]. In this context, microwave heating became the suitable thermal 
energy source for doping the semiconducting nanocrystals, as it provides rapid 
and instantaneous heating. Short reaction time, faster reaction rate, uniform 
volumetric heating, cost-effective and eco-friendly method are the other remark-
able features which make microwave heating a prime superior choice over other 
conventional methods of heating like a hot plate, oil bath, etc. [8]. Moreover, 
heating by means of conventional methods always results in ‘a self-purification’ 
mechanism where the dopants are diffused towards the surface of nanocrystals at 
the time of growth [14]. By adopting microwave-assisted techniques the aforemen-
tioned problems encountered while doping at the nanoscale can be eliminated to a 
great extent and the synthesized products are found to excel both in quality as well 
as quantity [17].

2. Physics behind the microwave heating

Microwave is an electromagnetic wave having low energy with a wavelength and 
a frequency in the range of 1 m to 1 mm and 300 MHz to 300 GHz, respectively as 
shown in Figure 1. Mainly, the laboratory and household microwave oven operate at 
a frequency of 2.45 GHz, which corresponds to a wavelength of 11.2 cm. It can travel 
at the speed of light (~30 cm/nanosecond) like any other electromagnetic wave 
and consists of electric and magnetic fields oscillating in a direction perpendicular 
to each other. One can also define it as a Multiphysics phenomenon in which the 
heating arises due to interaction between matter and electromagnetic radiation. 

83

Doping of Semiconductors at Nanoscale with Microwave Heating (Overview)
DOI: http://dx.doi.org/10.5772/intechopen.95558

In contrast to other conventional methods of heating, here the medium itself gets 
self-heated as a result of the alignment of molecular dipoles present in it with 
respect to the field associated. The electric and magnetic components in microwave 
interact with matter in different manners as discussed below [1].

2.1 Influence of electric field component

The polar molecules are sensitive to an electric field, and thus as a result of force 
exerted by the field on the charged particles, they start to migrate or rotate in order 
to align along the field (Figure 2). Since the electric and magnetic components 
reverse direction rapidly with a frequency of 2.45 GHz, the electric dipoles have no 
time to orientate to the direction of electric filed. As a result, there occurs the angle 
between the orientation of the dipoles in space and the direction of the electric field 
and the energy loss by the dipoles occurs resulting in to rise of dielectric heating. 
Reflection, absorption, and transmission are the three modes by which the medium 
reacts to the electromagnetic waves, either in a single or combined fashion [18]. The 
effective dielectric loss factor for the dielectric heating can be expressed in terms of 
dipolar polarization, ionic conduction as follows

 σ
ε

ω
= + = + +   

0
'' '' '' '' ''
ff polarisation dipolar interfacial dipolar  (1)

Figure 1. 
Schematic representation of the electromagnetic spectrum in terms of wavelengths and frequencies.

Figure 2. 
Schematic diagram of the interaction of an electric component of the microwave radiation with matter.
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where ''polarisation ,
'' dipolar , ''interfacial , σ, ω, and 0  represent the polarization dielectric 

loss, dipolar dielectric loss, interfacial dielectric loss, electrical conductivity  
(S/m), angular frequency (Hz), and permittivity of free space (8.854 × 10−12 F/m),  
respectively [19].

2.2 Influence of magnetic field component

Like an electric field, a magnetic field interacts too with matter and induces heat 
through magnetic loss, joule heating, and so on. However, sufficient studies apart 
from dielectric heating are still very rare. Meanwhile, Cheng et al. reported that 
magnetic loss contributes significantly to microwave heating compared to dielectric 
heating [20]. The necessary physical processes generating heat energy as a result of 
interaction between material medium and the magnetic field component are the 
eddy current loss, hysteresis loss, and magnetic resonance loss [21, 22]. The overall 
losses that constitute the effective magnetic permeability ( effectiveµ′′ ) we may define as

 '' '' '' ''
effective hysteresis eddy current residualµ µ µ µ= + +  (2)

where hysteresisµ′′ , eddy currentµ′′
 , and residualµ′′  represent the hysteresis magnetic loss 

(H/m), eddy current magnetic loss (H/m), and residual magnetic loss (H/m), 
respectively [18].

3. Doping at the nanoscale and microwave heating

Microwave heating has been the subject of interest for doping semiconductors at 
nanoscale owing to its ability to control the synthesis process explicitly. Apart from 
being cost-effective, the dielectric heating by microwave irradiation minimizes 
the dopant diffusion problem and provides quick reaction among precursors. The 
process of nucleation and growth of nanocrystals have been described in theories 
like LaMer burst nucleation [23], Watzky and Finke’s slow nucleation followed by 
autocatalytic growth [24], and LSW theory, etc. [25, 26]. Nucleation is the process 
where nuclei act as a template for nanocrystal growth. Uniform formation of nuclei 
throughout the growth medium defined as ‘homogeneous nucleation’ can be easily 
and efficiently achieved by microwave irradiation in contrast to conventional 
methods of heating. Volumetric heating provided by microwave irradiation raises 

Figure 3. 
Schematic illustration of main differences between the microwave heating (a) and traditional heating 
method (b).
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the internal temperature of the whole medium simultaneously and homogeneously 
as illustrated in Figure 3. This favors a quick nucleation process which results in 
solution supersaturation leading to homogeneous nucleation. Microwave-assisted 
technique aids to measure, manipulate, and thereby optimize the nucleation process 
and parameters that in turn influences the stability of the synthesized particles 
along with an added advantage of automatic data recording [12]. Efficient doping is 
determined by the surface morphology and shape of nanocrystals and the pres-
ence of surfactants in the reaction medium. Temperature plays a significant role in 
molding the aforementioned factors [27]. This demands the necessity for a proper 
thermal energy source like microwave heating while synthesizing nanocrystals. 
High penetration depth (d) offered by microwave heating is yet another factor 
that distinguishes it from the conventional methods of heating. It is defined as the 
distance at which the microwave power reduces to 1/e of its incident power. It has 
inverse proportionality with oscillating frequency, dielectric, and magnetic loss 
factor. The formula for determinate a penetration depth (d) may be written as

 
eff

d
α ω µ µ ε ε′′′

= = 2
0 0

1 2  (3)

where α is the absorption coefficient of microwaves,ω is the oscillating fre-
quency, µ0  is the permeability, effε ′′  is the dielectric loss factor, ε0  is the vacuum 
permittivity, µ′  is the magnetic loss factor, etc. [19]. In addition to the above-
mentioned factors, the specific interaction of electromagnetic wave with the 
precursors plays a significant role in the formation of nanocrystals.

The efficient absorption of the EM wave by the solvent is determined by its loss 
tangent factor. It is defined as the ability of a material to convert electromagnetic 
energy into heat energy at a given frequency and temperature [1]. A high value is 
desired for maximum absorption, however, heating aided by microwave radiation 
is achievable even in the presence of a low tan (δ) solvent provided there exists 
either a polar reactant or reagent such that the overall dielectric nature of the 
reaction medium favors the microwave heating. In the case of conventional heating 
methods, the transfer of heat is slow and inefficient, resulting in a huge tempera-
ture gradient owing to the different thermal conductivity of materials. However, in 
the case of microwave radiation, there is a direct coupling between the microwave 
energy and the molecules resulting in core volumetric heating. The most com-
monly used frequency of the microwave is 2.45 GHz, possessing an energy of 
0.0016 eV, which is lower than that of Brownian motion and therefore insufficient 
to break the bonds. This property of microwaves makes them incapable of carry-
ing out any unwanted reactions and thereby solely ensuring effective doping at 
nanoscale materials.

3.1 Doping of semiconducting nanomaterials

Nanocrystals are broadly classified as nanoparticles and quantum dots. 
Generally, tiny particles of a dimension of 100 nm or below are termed as nanopar-
ticles. However, quantum dots (QDs) are a class of nanomaterials with their charge 
carriers confined in all three dimensions of the length scale of exciton Bohr radius 
[28]. While doping the QDs, the dopants have a high tendency to come out of it 
due to the thermal diffusion because their size is in the nanometer range. This 
problem can be resolved greatly by having a comprehensive idea about the various 
mechanisms involved during doping and following a proper synthesis process [29]. 
However, various properties, including optical, magnetic, and electronic, of semi-
conducting quantum dots can be tailored in a desired fashion by the incorporation 
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ticles. However, quantum dots (QDs) are a class of nanomaterials with their charge 
carriers confined in all three dimensions of the length scale of exciton Bohr radius 
[28]. While doping the QDs, the dopants have a high tendency to come out of it 
due to the thermal diffusion because their size is in the nanometer range. This 
problem can be resolved greatly by having a comprehensive idea about the various 
mechanisms involved during doping and following a proper synthesis process [29]. 
However, various properties, including optical, magnetic, and electronic, of semi-
conducting quantum dots can be tailored in a desired fashion by the incorporation 
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of impurity dopant atoms [30]. Moreover, this can also generate some new physi-
cal properties, including spin-polarizable excitonic photoluminescence, exciton 
storage, excitonic magnetic polaron formation, and magnetic circular dichroism so 
on. The proper incorporation of impurity atoms into the semiconducting QDs is a 
tough job but can be identified by observing the following features like red-shifted 
PL emission and large Zeeman splitting of excitonic excited states that are a result 
of strong exchange coupling between dopant and the carrier [31, 32]. In the year 
2000, Mikulec et al. reported the most significant result on QDs doping; in which 
they reported manganese (Mn) doped CdSe nanocrystals with the evidential result 
obtained from electron paramagnetic resonance (EPR) [33]. Later, a variety of 
doped semiconducting material were reported by tailoring both the host atoms such 
as ZnS, PbS, MgO, Al2O3, α-Fe2O3, CdS, ZnSe, etc. and dopant atoms such as Mn, 
Cu, Ag, Fe, Zn, Cr, Er, etc. [34, 35]. However, there is a limitation to select the host 
system and the respective dopant atoms. Suppose, incorporation of Mn into nano-
crystals of CdS and ZnSe easy but not into CdSe even though the bulk solubility 
almost equal to 50% for all three [27, 36].

Depending on dopants’ diffusivity, the dopant precursors are injected at 
different time intervals, suppose along with the host precursors or at the time 
of nucleation or growth as shown in Figure 4 [37]. The major problem involved 
in doping at the nanoscale is that many dopants fail to be incorporated within 
the host lattice and instead get adsorbed on the surface [38]. High formation 
energy for defects renders the impurity atoms to be thermodynamically unstable, 
resulting in the expulsion of dopants from the host lattice, in turn leading to 
self-purification [14, 27, 39]. Apart from thermodynamics, kinetics also play a 
significant role in determining the stability of added impurities in solution phase 
synthesis. Chen et al. have reported a detailed study regarding all the elemental 
processes involved with doping, such as surface adsorption, lattice incorporation, 
lattice diffusion, and lattice ejection as represented schematically in Figure 5 [40]. 
Maintenance of appropriate temperature is a crucial factor even in the phenomena 
mentioned above.

The high cost of commercially doped QDs is one reason that limits its wide range 
of applications. Therefore, cost-effective synthesis protocols need to be developed 
to produce high-quality doped QDs. This limitation and the ones mentioned above 
are lifted off using microwave heating for doping the QDs. It is also found to be 
an economical and eco-friendly method in line with green chemistry. Now let us 
discuss some semiconducting QDs systems where doping has been performed with 
microwave heating technique.

Figure 4. 
General schematic model of the colloidal synthesis of doped quantum dots [37].
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3.1.1 Mn-doped CdSe quantum dots

CdSe QDs is n-type intrinsically, and a flagship candidate in nanoscale research 
history shows several novel properties as a member of the II-VI binary semiconduc-
tor group. It was attractive to the researchers to demonstrate various optoelectronic 
applications as its energy band overlaps nicely with the solar energy spectrum 
[41]. The fundamental properties of CdSe are enhanced via doping, which further 
increases its demand in the semiconductor industry. However, doping of CdSe by 
Mn2+ ions is challenging due to the self-purification effect, as reported by Erwin  
et al. [27, 29, 42]. The doping process is mainly governed by the surface kinetic 
effect. Microwave heating helps one to have exquisite control over this surface 
kinetics that eases the doping process.

Meladom et al. developed a robust synthesis protocol for efficient doping of 
Mn2+ into CdSe QDs in an aqueous medium with mild microwave heating as a final 
step [17]. A household microwave oven was used to heat the CdSe QDs solution for 
60 seconds duration with the set point of 450 W (operational frequency 2.45 GHz). 
This heating step was repeated three times by giving 5 minutes intervals. The 
motivation was to tune the electrical conductivity of CdSe QDs thin film by vary-
ing doping concentration only as the size of QDs kept similar for all the samples. 
Microwave heating improves the quality of QDs in terms of optical properties, which 
was confirmed by recording UV–vis absorbance and photoluminescence both excita-
tion and emission spectra, as shown in Figure 6(a) and (b), respectively. In all the 
cases, peak intensities were enhanced and bandwidth reduced, which indicates the 
reduction of surface defects of QDs. The chemical composition of the doped CdSe 
QDs sample was confirmed with X-ray photoelectron spectroscopy (XPS), energy-
dispersive X-ray spectroscopy (EDS), and inductively coupled plasma - atomic emis-
sion spectroscopy (ICP-AES) measurements data. XPS result confirmed the efficient 
incorporation of Mn atoms as dopants inside the host CdSe QDs (Figure 7).

3.1.2 More examples on doped binary nanocrystals

Microwave-assisted synthesis has also been utilized by many research groups 
around the world to dope various other binary II-VI semiconductor-based nano-
crystals. Molaei et al. reported the synthesis of copper (Cu) doped ZnSe nanocrys-
tals in the aqueous medium to study the doping effect on the optical properties 
[43]. Synthesis of Mn2+ ion-doped ZnS quantum dots was reported by Joicy et al. 
using a rapid microwave irradiation step without any surfactants, which showed 
photocatalytic activity by observing photodegradation of methyl orange dye under 

Figure 5. 
Schematic diagram showing temperature-dependent dopant lattice diffusion [37].
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UV light irradiation [44]. Here, the zinc blende crystal phase of ZnS was important 
for the efficient incorporation of Mn atoms. In the same year, Zhu et al reported the 
synthesis of of Mn-doped ZnS via green and rapid microwave-assisted approach 
and they also developed indapamide drug detector by recording room-temperature 
phosphorescence (RTP) with that doped material [45].

Later, Zhang et al. reported the aqueous synthesis of Mn and Cu doped ZnSe 
QDs by microwave radiation with higher quantum yields (QYs) and they have fur-
ther extended this work to grow the white-light-emitting ZnSe/ZnS core/shell QDs 
via the co-doping of Mn and Cu [46]. Lead sulphide (PbS) QD are still emerging 
various applications in optoelectronics and its property was further tuned with a  

Figure 7. 
(a) Survey scan of the X-ray photoelectron spectrum of 2% Mn2+-doped CdSe QDs. (b, c) high-resolution 
spectrum of Cd 3d electrons depicting doublet splitting with binding energies separated by 6.9 eV and Se 3d, 
respectively. (d) the high-resolution spectrum of Mn 2p core electrons showing doublet splitting with binding 
energy separated by 10.9 eV [17].

Figure 6. 
Electronic UV–vis (a) and photoluminescence (b) spectrum of Mn2+ doped CdSe QDs sample with and 
without microwave irradiation [17].
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silver (Ag) atom doping. It is also reported by Shkir et al. that the bandgap of PbS 
QDs was increased with Ag atom incorporation, which was predicted without 
mentioning the influence of size variation between the samples used [47]. Recently, 
another work reported on facile microwave synthesis of CdS quantum dots doped 
with Cr atoms as impurity doping and they have studied various properties like 
structural, opto-dielectric, electrical, and so on [48].

3.1.3 Doped oxide nanomaterials

Various metal oxides nanomaterials play a major role in the development of 
different novel daily life applications in the fields of display, sensors, medicine, 
biomedical devices, agriculture, information technology, optical, energy, electron-
ics, and so on. Efforts are ongoing to tune their properties and applications further 
with incorporating impurity as dopants. For that reason, microwave heating based 
synthesis protocols is developing as a potential alternative to the conventional heat-
ing based growth process. Kar et al. developed a microwave synthesis of rare-earth 
element Eu3+ doped tin oxide (SnO2) to tune the optical and electrical properties of 
the host [49]. Jamatia et al. reported the microwave-assisted synthesis of Fe doped 
ZnO nanoparticles to show their application in polymer light-emitting diodes [50]. 
The wurtzite hexagonal crystal phase of ZnO nanoparticles and incorporation of 
the Fe dopant into the host ZnO crystal lattice was confirmed via X-ray diffraction 
analysis. This report claimed that the bandgap modification of ZnO via Fe doping 
is estimated from the Tauc plot without considering the influence of size. Similarly, 
many spinel structured metal oxides were also doped with different transition 
metal ions via microwave heating based synthesis technique with tunable struc-
tural, morphological, optical, vibrational, and magnetic properties and different 
potential applications like phosphor-based forensic testing and many more [51–54]. 
Interestingly, Er3+ doped α-Fe2O3 and Fe doped TiO2 nanoparticles were synthesized 
successfully with the help of microwave heating to study their crystal structure 
and optical properties [55, 56]. Recently, Yathisha et al. reported Zn2+ doped MgO 
nanoparticles utilizing microwave combustion route to study the influence on 
photovoltaic properties [57]. Therefore, microwave heating could explore further as 
a low-cost alternative synthesis protocol to design a new variant of nanomaterials.

3.1.4 Lanthanide ion doped lanthanum trifluoride (LaF3)

Lanthanum trifluoride (LaF3) is an ionic compound that is utilized as core-shell-
up conversion nanoparticles (UCNPs) for different filed of applications like sensing, 
biomedical, and solar cells. Tek et al. reported Yb3+ ion-doped (active) and undoped 
(inert) LaF3 shell coatings on a 20% Yb, 2% Tm codoped hexagonal phase LaF3 core 
with the help of microwave -assisted synthesis route [58]. They observed higher 
optical enhancement of inert shell compared with the active shell at all prominent 
emission peaks, which is explained with the energy band diagram indicating the 
energy transfer pathways for the Yb3+ and Tm3+ − co-doping (Figure 8).

3.2 Doping of carbon based nanomaterials

Carbon-based materials like graphene can also be doped via microwave (MW) 
heating. Since the nanocarbon materials are found to be sensitive to microwave 
radiation [59, 60], the technique of MW heating was employed in the modifica-
tion of graphene materials. It is also reported that by the use of microwave heat-
ing, hollow carbon nanospheres can be synthesized within a short time which 
can be effectively used as a host material for doping [61, 62]. Figure 9 shows the 
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microwave-assisted approach to prepare metal/graphitic shell nanocrystals and 
CNT in a very short time using ordinary carbon precursor.

The microwave-assisted technique facilitates the growth of heteroatom-doped 
graphene with better catalytic activity as well. Nitrogen doping up to 8.1% on gra-
phene was achieved by Kwang et al within a minute with the aid of the microwave 
radiation. The binding configuration of nitrogen over graphitic basal planes can be 
varied with the irradiation power of microwave. The conductivity enhancement 
upto 300 Scm−1 was obtained in this case in comparison to nitrogen-doped via 
arc discharge method, nitrogen plasma process, etc. showing a lesser conductiv-
ity [63]. The dielectric heating of MW induces a high energy state that helps the 
graphitic basal plane to accommodate the dopants in order to convert graphite to 
N-doped graphene. The selective dielectric heating, which arises due to the differ-
ence in the dielectric constants of solvent and reactant can enhance the efficiency 
of doping without the rise of a thermal gradient [64]. The solid phase microwave-
assisted synthetic method is adopted for the large-scale production of N-doped 
carbon nanodots (CNDs) using different citric acid/urea (C/U) weight ratios, 
which result in size variation of CNDs as shown in Figure 10 with the transmission 
electron microscope (TEM) images. The dopant ion concentration can be varied 
in a precise manner that results in N-doped graphene QDs and graphitic-carbon 
nitride quantum dots (g-CNQD). The doped material is found to exhibit a 38.7% 
quantum yield due to the presence of N and O rich edge groups resulting from the 
interaction of microwave on graphene [65].

Figure 8. 
(a) UCPL data for core, active shell, and inert shell nanoparticles under 980 nm continuous-wave excitation. 
(b) Energy diagram showing the corresponding transition of UCPL of (a) where the energy transfer pathways 
for the Yb3+ and Tm3+-codoped up conversion nanoparticles are depicted [58].

Figure 9. 
Microwave-induced synthesis of Ni/graphitic-shell nanocrystals and graphitic hollow carbon Nano 
spheres [61].
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4. Electrical and memristor property of Mn2+doped CdSe QDs

Huge enhancement in the conductivity of microwave-assisted doped QDs 
has been reported in many pieces of literature. Microwave heating enables the 
tuning of electrical conductivity in a desired manner by proper incorporation of 
dopants into the desired locations of the host material. This is evidenced by the 
rise in the electrical conductivity to the order of 104 for 2% Mn2+ doped CdSe 
over undoped one as shown in Figure 11(a) [17]. Here, the conduction mecha-
nism is controlled by the electric field-assisted thermal ionization of trapped 
charge carriers in CdSe QDs as described in Poole–Frenkel effect as shown in 
Figure 11(b) [66]. The bandgap has no role in the conductivity and the observed 
colossal conductivity enhancement is solely due to the concentration of Mn2+ 
dopant ions.

The STM study performed on a monolayer device of Mn2+ doped CdSe QDs 
synthesized via microwave method founds to exhibit excellent memory charac-
teristics as described in Figure 12 [17]. This memristor property is evident from 
Figure 12(b) where the doped CdSe QDs switched to a high conducting state at the 
bias of 2.5 V. It is also observed that the device switched back to its low conducting 
state when the tip swept towards 3 V and the ON/OFF ratio obtained was higher 
than 102. The reproducible nature of the resistive switching property over many 
cycles further confirms the reliability of the measurement. The threshold voltage at 
which the device switches to a high conducting state is found to be decreasing with 
an increase in the dopant concentration. Thus the notable electric bistability and 
the low threshold voltage of as synthesized doped CdSe QDs with the aid of simple 
and domestic microwave method promises its application in vivid area of future 
technologies which ensures minimum energy consumption per byte of the resistive 
data storage devices in future.

Figure 10. 
HR-TEM micrographs of N-doped carbon nanodots (CNDs) samples prepared using the SPMA method for 
different citric acid /urea (C/U) weight ratios of 3/1 (a), 2/1 (b), 1/1 (c), 1/1.5 (d), 1/2 (e), and 1/3 (f). Inset 
shows the corresponding selected-area diffraction pattern [65].
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5. Conclusion

In this chapter, we mainly discussed the incorporation of impurity dopant atoms 
into a host semiconducting quantum dots system very efficiently using microwave 
heating strategy with the help of a large number of examples from the literature. 
It has also been observed that the zinc blend crystal phase is very efficient for the 

Figure 12. 
(a, b) The Tunneling current–voltage (I–V) characteristics of a monolayer of undoped and 0.2% Mn2+-doped 
CdSe QDs. Doped CdSe is showing low conducting state (OFF state, black line) and high conducting state 
(ON state, red line) for forward and backward voltage sweep direction respectively. (c, d) The differential 
conductance–voltage characteristics of a monolayer of undoped and 0.2% Mn2+-doped CdSe QDs respectively 
in their forward (black line) and backward (red line) sweep direction. The topographic images of bare Si(111).
and monolayer of undoped CdSe QDs deposited on Si(111) are shown on the insets within (c) and (d) [17].

Figure 11. 
(a) Current–voltage characteristics of Mn-doped CdSe QDs for the samples with varying dopant 
concentrations. (b) Poole–Frenkel fitting for all samples with respective straight trend line [17].
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dopant incorporation than the hexagonal one. This also reflects that microwave 
heating can be utilized to synthesize various classes of doped zero-dimensional 
(0D) nanomaterials or quantum dots of many chalcogenides, oxides, carbon 
dots, and more with the large numbers of dopant atoms easily and more cheaply. 
Literature shows that the research related to two-dimensional (2D) transition metal 
dichalcogenides (TMDs) is booming up due to having tunable physical, electronic, 
and optoelectronic properties. Therefore, it would be intriguing to grow various 
2D TMDs, both intrinsic and impurity-doped, via microwave heating, which will 
definitely reduce cost and different health and environmental hazards.
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Abstract

Among the chemical methods in the liquid phase, the sol–gel technique is a 
versatile and efficient method for pure or doped metal oxide films or powders 
preparation, showing some advantages over other preparation techniques (high 
homogeneity, the possibility to introducing dopants in large amount, low process-
ing temperature and control over the stoichiometry). Combining the sol–gel 
(SG)method with the effect of ultrasounds(US) or microwaves (MW) leads to 
improving the sol–gel procedure. The microwave-assisted sol–gel method is most 
frequently used for obtaining nanocrystalline, monodispersed oxide nanoparticles, 
or to transform amorphous gels into well-crystallized nanopowders. Less studied is 
the influence of the microwaves on the sol–gel reactions in solutions. The benefit of 
using microwave-assisted sol–gel preparation highly depends on the reagents used 
and on the composition of the studied systems. In the present chapter, results on 
the influence of the microwaves on the chemical reactions that take place during the 
sol–gel synthesis and on the properties of the resulted samples are discussed.

Keywords: sol–gel method, microwaves, reactions in solutions, oxide nanostructures, 
properties

1. Introduction

Although heavily exploited in recent decades, the domain of oxide nanostruc-
tures remains of interest to researchers throughout the world. This is because that 
the shapes and sizes of oxide nanomaterials greatly influence their properties, 
which is reflected in their use in the most diverse fields [1, 2]. Oxide nanostructures 
have applications in catalysis, energy storage, environmental decontamination, 
microelectronics, medical technology, ceramics, cosmetics, and so on [3–5].

Among the most studied branches of nanostructures are metal oxides, with 
representatives such as TiO2, ZnO, CuO, Fe3O4, WO3, Cr2O3, Co3O4 [6].
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tures remains of interest to researchers throughout the world. This is because that 
the shapes and sizes of oxide nanomaterials greatly influence their properties, 
which is reflected in their use in the most diverse fields [1, 2]. Oxide nanostructures 
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The structure, morphology, and properties of the oxide nanostructures depend 
significantly on the obtaining method. A large number of available synthesis 
methods underlies the continuous interest in obtaining oxide nanostructures that 
can be used successfully in specific areas [1, 7]. However, most of these methods 
are limited due to the use of toxic reagents, high processing temperatures, high 
vacuum, expensive equipment, or long reaction times [8, 9].

Although physical methods have the advantage of high reproducibility, chemi-
cal methods in the liquid phase are more often used to obtain oxide nanostructures 
due to their advantages, such as low production temperature, homogeneous mixing 
of precursors at the molecular scale, design and control of the physico-chemical 
properties of final products, depending on the precursors, and the experimental 
conditions used [10, 11].

Among the various chemical procedures, the sol–gel method gained increasing 
importance in the field of materials science because it is cheap, simple, allows the 
introduction of dopants in large quantities, ensures high purity, and homogeneity, 
allows control of size, shape, and size distribution of the obtained nanomaterials 
[12–14].

Lately, for the preparation of functional nanomaterials, more and more atten-
tion is being paid to the use of microwave as the energy source for carrying out 
a chemical reaction [1, 15]. The microwave (MW) assisted sol–gel method is 
reported to be a simple, cheap, faster, more energy-saving, and efficient process 
as compared to conventional heating methods [16–18]. The use of microwaves has 
received increased attention in the technological field because, among other things, 
it reduces the reaction time from days to minutes or hours, improves the properties 
of synthesized nanostructures, and allows obtaining oxide nanocrystalline films on 
various substrates [8, 19, 20].

The improved properties of the oxide nanostructures obtained by microwaves 
assisted sol–gel method could be correlated to the influence of the microwaves on 
the chemical reactions that take place during the sol–gel synthesis, leading to the 
formation of different molecular species. Results on the influence of the micro-
waves on the chemical reactions during the sol–gel synthesis will be discussed in the 
present chapter.

2. General consideration on the sol-gel chemistry

Among the chemical methods in the liquid phase, the sol–gel technique is a 
versatile and efficient method for pure or doped metal oxide films or powders, as 
well as for oxide compounds preparation [21–24].

A comprehensive definition of sol–gel method assumes that the process repre-
sents the formation of an inorganic polymeric network by reactions in the solution 
at low temperatures. In the second step, by adequate thermal treatments, the 
conversion of the inorganic amorphous polymers takes place either into glasses or 
into crystalline materials [1, 22].

Based on the type of the precursors and the reaction medium used, two types of 
sol–gel processes were developed: on the bases of the alcoholic (organic) or aque-
ous medium.

According to Pierre [25] in both polymeric and aqueous sol–gel routes, the 
precursors undertake the succession of the following transformations in the pres-
ence of water:

 Hydrolysis polymerization nucleation growth→ → →  (1)
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In the case of the polymeric route, using alkoxides (non-ionized precursors), 
the reactions that occur are the following:

 ( ) ( ) ( )2n n x xM OR xH O M OR OH xROH
−

+ → +  (2)

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) 2n x x n x x n x x 1 n xM OR OH M OR OH M OR OH MOM OR OH H O
− − − − −

+ → +  (3)

 2M OH HO M M O M H O− − + − −→− − − − +  (4)

The aqueous sol–gel route has also two pathways: the colloidal route [26] and 
the aqueous route using different chelating agents [23, 26, 27].

In the case of the aqueous route, which starts from colloidal solutions in  
aqueous medium, the following reactions take place:

 z
z M XMX + −→ +  (5)

 ( ) zz
2 2 nM nH O M OH

++  + →    (6)

 ( ) ( ) ( )( )z z 1
2 2n n 1M H O M H O OH H+ − +

−
→ +  (7)

 ( ) ( ) ( ) ( ) ( )z xz y a
2 x u 2 a 2n y 2u nxM H O yOH aA M O OH H O A xn u n H O+ − − +−

−
+ + → + + −  (8)

In the case of transition metals, it is more difficult to obtain gels, the metals hav-
ing very high reactivity due to their higher electronegativity and their not satisfied 
coordination sphere.

To favor the gelling process, in case of the transition metals, chelating agents, as 
carboxylic acids or polyols, are used. A typical reaction is the following

 ( ) ( ) ( ) ( ) ( )
z

z
x 2 x 2p y p y m mM H O OH ] mAc M H O OH Ac mOH

−
− −

−
 + → +   (9)

It is important to underline that in all mentioned cases the reactions take place 
simultaneously, not consequently, and they are also reversible, fact that determines 
a complex composition of the sol–gel solutions.

Prior to gelation, the sol–gel solution can be used to obtain thin films by using 
simple techniques such as dip or spin coating [23, 28].

Besides the fact that it offers the possibility of obtaining both films and powders 
of metal oxides at nanometric dimensions, the sol–gel method has also some advan-
tages over other preparation techniques. Such advantages are purity, homogeneity, 
the possibility to introducing dopants in large quantities, ease of manufacturing, 
low processing temperature, control over the stoichiometry, composition, viscosity 
[13, 27, 29] and, in the case of thin films, easy control of thickness, as well as the 
ability to cover large and different type of surfaces [30, 31].

Lately, ultrasonic [32, 33] or microwave irradiation [9, 17, 18, 34–36] in sol–gel 
oxide nanomaterials synthesis have become methods of interest because, in addition 
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 Hydrolysis polymerization nucleation growth→ → →  (1)
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In the case of the polymeric route, using alkoxides (non-ionized precursors), 
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−

+ → +  (2)

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) 2n x x n x x n x x 1 n xM OR OH M OR OH M OR OH MOM OR OH H O
− − − − −

+ → +  (3)

 2M OH HO M M O M H O− − + − −→− − − − +  (4)

The aqueous sol–gel route has also two pathways: the colloidal route [26] and 
the aqueous route using different chelating agents [23, 26, 27].

In the case of the aqueous route, which starts from colloidal solutions in  
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 z
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 ( ) ( ) ( )( )z z 1
2 2n n 1M H O M H O OH H+ − +

−
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 ( ) ( ) ( ) ( ) ( )z xz y a
2 x u 2 a 2n y 2u nxM H O yOH aA M O OH H O A xn u n H O+ − − +−

−
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In the case of transition metals, it is more difficult to obtain gels, the metals hav-
ing very high reactivity due to their higher electronegativity and their not satisfied 
coordination sphere.
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 ( ) ( ) ( ) ( ) ( )
z

z
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−
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−
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It is important to underline that in all mentioned cases the reactions take place 
simultaneously, not consequently, and they are also reversible, fact that determines 
a complex composition of the sol–gel solutions.
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Lately, ultrasonic [32, 33] or microwave irradiation [9, 17, 18, 34–36] in sol–gel 
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to being cheap and environmentally friendly heating methods, offer the advantage 
of using shorter synthesis time, and allow the control of crystallinity, size and 
morphology of the resulted nanoparticles [9, 35].

3. Microwaves and their influence on the chemical reactions

Microwave radiation is a source of energy of great interest for chemical synthesis 
because, among other benefits, it has been observed that the use of microwaves 
improves the properties of obtained nanomaterials. The first reporting on the use 
of microwaves in a chemical synthesis dates back to 1986 [37]. Although initially 
microwaves have been applied in organic synthesis, lately their use has become 
quite widespread in obtaining inorganic products like metal oxides nanomaterials 
and metallic nanomaterials [38].

Microwaves are electromagnetic radiations located between infrared radia-
tion and radio waves with frequencies between 300 MHz (100 cm) and 300 GHz 
(0.1 cm). For the nanomaterials synthesis in which aqueous solutions are used, 
2.45 GHz frequency is commonly applied for microwave heating of the solutions, 
because water absorption is maximum at this value.

Subjected to a microwave field, the substances behave differently: absorb, 
transmit, reflect received radiation, or any combination of these three interactions. 
Polar substances absorb microwaves radiation, non-polar substances are trans-
parent environments for this type of radiation, and electrical conductors reflect 
microwaves radiation. Therefore, microwave heating process is used for heating the 
materials which can absorb the microwave energy and convert it into heat especially 
by dipolar polarization or conduction mechanism [1, 39]. The interactions of polar 
molecules and ions with the electromagnetic field have already been described by 
many researchers. Shortly, the collisions resulting from the rotation of the dipoles 
during polarization and the load carriers during conduction give energy to the 
atoms and molecules from the solution in the form of heat [38, 39].

While conventional heating methods are slow enough and the heat transfer from 
the surface to the inner material or solution, producing non-homogeneous heating, 
microwave heating is done quickly because microwaves can penetrate the materials 
to a depth that depends on the dielectric properties of the material, heating them 
homogeneously [38]. Consequently, microwave heating can have certain benefits 
over conventional heating, like faster reaction, higher reproducibility, enhancement 
of product quality. It is instantaneous, with no heat dissipation effects, and advanta-
geous for selective dielectric heating, as a result of the dielectric constant difference 
between the solvent and reactant [40].

In sol–gel synthesis, due to rapid and direct heating of the sample with micro-
wave radiation, the instantaneous decomposition of the precursors and the obtain-
ing of a supersaturated solution occur. In this way, the conditions for obtaining 
monodispersed nanoparticles (rapid and short nucleation in a supersaturated 
solution) can be obtained experimentally. At the same time, the in-situ approach of 
conversion of energy results in a minimized thermal gradient due to the fast heating 
rate consequently is providing perfect conditions for the uniform growth of nano-
crystals [31, 41].

More, in the case of sol–gel synthesis using organic solvents, characterized by 
slow kinetics, microwave heating is an optimal method of increasing the rate of 
reaction [41].

From the research carried out so far, it has been observed that, by combining the 
sol–gel method with the microwave heating, the properties of the obtained oxide 
nanostructures are improved [9, 34].
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Because the presence of MW, the interaction of the electromagnetic field with 
each molecule in the solution differs during the hydrolysis-condensation process, 
we can expect the formation of different molecular species as compared to the clas-
sical sol–gel synthesis.

4. Oxide nanostructures obtained by MW assisted sol–gel method

Up to now, there have been several reports regarding the synthesis of metal 
oxide nanomaterials by microwave-assisted sol–gel method. However, many of 
them have been performed using domestic microwave ovens, in which the reaction 
conditions cannot be accurately measured, making the experiments difficult to be 
reproduced.

According to the literature data, the MW irradiation in the sol–gel synthesis was 
used, most frequently, for precipitation of nanocrystalline metal oxides, for thermal 
treatment of amorphous oxide nanopowders as well as for drying and thermally 
treatment of the oxide films [36].

Less attention was given to study the reactions that take place in the sol–gel  
solutions during MW irradiation [42–45].

4.1 Pure and doped oxide nanostructures

A large number of oxides were prepared by sol–gel and microwave assisted sol–
gel methods. Using MW irradiations of the solutions, preparation of several oxides 
were mentioned in the literature data, as MgO [46], RuO2 [47], ZnO [16], ZrO2 
[48], WO3 [49], SiO2 [50], TiO2 [35, 51]. The power of the used microwaves ranged 
from 140 W [51] to 850 W [47].

Among them, considerable interest is given to pure and doped TiO2. The 
doping of TiO2 was realized with a high number of elements, such as Cr [13], Ag 
[52], Au, Pt [14, 53], Sn-Cu-Ni [54], Fe, Pt, Pd [51] and V [55]. Doping TiO2 with 
different elements the properties of the resulted nanostructures are improved, 
while using microwave assisted preparation, supplementary improvement was 
also observed.

Our studies regarding the influence of the microwaves on the reactions in the 
sol–gel solutions were published by Predoana et al. [42] in the case of TiO2 and 
V-doped TiO2 nanostructures.

The use of vanadium as a doping agent has a beneficial influence on the TiO2 
properties: it can reduce the band gap energy, enhance the absorption of visible 
light and increase the specific surface area of the powder. The mentioned proper-
ties are reflected mainly in its photocatalytic activity, previously presented by 
Huang et al. [55].

In our studies, the reagents used in the synthesis were titanium(IV) ethoxide 
Ti(OC2H5)4 in the case of TiO2, as well as, titanium(IV) ethoxide Ti(OC2H5)4 
and vanadylacetylacetonate VO(AcAc), for V-doped TiO2. In both cases, ethanol 
C2H5OH as a solvent, 2,4 pentanedione (AcAc), as a chelating agent, and nitric acid 
HNO3 as catalyst were used.

By the classical sol–gel method the reagents were mixed for 2 hours at room 
temperature. By the microwave-assisted sol–gel method, the same mixture was 
exposed for 5 min at 300 W and a frequency of 2.45 GHz.

The first important result of using the microwave-assisted sol–gel method is the 
significantly increasing of the stability of the prepared solutions against gelation, 
having a great advantage for multilayer film deposition. This effect was assigned to 
the formation of different molecular species.
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The solutions were used for obtaining thin films and the resulted gels were 
investigated for their structural and morphological properties.

In our studies for TiO2 samples synthesized by sol–gel and microwave-assisted 
sol–gel methods, the TG/DTG/DTA curves corresponding to the decomposition of 
the obtained gels are presented in Figure 1.

It could be noticed that the thermal decomposition of the gels is not essentially 
influenced by the method of preparation. Only a small increase of the thermal 
effect at 195o C is observed for the TiO2 sample obtained by MW assisted sol–gel 
method. The fact could be explained by the positive influence of microwaves on the 
formation of the molecular species that decompose at the mentioned temperature.

Based on the TG/DTG/DTA results, the samples prepared by both methods 
were thermally treated at 450°C for 1 h. By X-ray diffraction of the samples ther-
mally treated at this temperature only anatase phase was detected (according to 

Figure 1. 
TG/DTG/DTA curves of the TiO2 samples obtained by SG and MW methods [42] (Reproduced with the 
permission of Springer Nature).

Figure 2. 
The XRD patterns of the TiO2 samples obtained by SG and MW-assisted SG methods thermally treated at 
450°C.
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JCPDS card no. 21–1272), but a higher crystallinity is noticed in the case of sample 
obtained by MW-assisted procedure (Figure 2).

In the case of the V-doped TiO2 the TG/DTG/DTA measurements in the air 
are presented in Figure 3 for the gel containing 2 mol% V. In this case, increased 
thermal stability and a more complex decomposition of the gels obtained by the 
microwave-assisted sol–gel method is observed.

Confirmations of the TG/DTG/DTA results on the gels with 2 mol% V were 
obtained by Differential Scanning Calorimetry (DSC). The obtained DSC curves 
are presented in Figure 4.

According to the DSC results, the thermal stability of the gel obtained from the 
solution prepared in the presence of microwaves, is significantly higher (with about 
100°C), as compared with the gel with similar compositions, but obtained by the 
classical sol–gel method.

At the same time, the number and temperatures of the thermal effects are dif-
ferent in the two discussed cases underlying the different compositions of the gels 
obtained in the presence or the absence of the microwaves.

Figure 3. 
TGA/DTG/DTA curves of the V-doped TiO2 samples obtained by SG and MW-assisted SG methods [42] 
(Reproduced with the permission of Springer Nature).

Figure 4. 
DCS curves of the V-doped TiO2 obtained by SG and MW-assisted SG methods [43] (Reproduced with the 
permission from Springer Nature).
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The TG/DTG/DTA/EGA measurements, presented in Figure 5, have confirmed, 
once more, the results discussed above, regarding the different thermal behavior of 
the gels obtained by the microwave-assisted sol–gel method.

In the case of the microwave-assisted sol–gel method the same gasses are 
evolved, namely H2O and CO2, but a more complex thermal decomposition is 
observed, with different ratios among the two mentioned gases at the different 
temperatures. This result is assigned to the higher number of molecular species 
present in the gel, having different chemical composition and different thermal 
stability.

By X-ray diffraction of the V-doped TiO2 with 2 mol% V samples thermally 
treated at 450°C (Figure 6) only anatase phase was detected (according to JCPDS 
card no. 21–1272). As in the case of un-doped TiO2, a higher crystallinity is noticed 
in the case of samples obtained by MW assisted procedure.

Before gelation, the solutions prepared in the presence and in the absence of 
MWs were used for thin film deposition by dip-coating on glass substrates [43].

In our studies for the TiO2 films obtained by the sol–gel method, the SEM 
micrographs show surface cavities that were not observed in the case of micro-
waves-assisted sol–gel films (Figure 7a and c).

Figure 6. 
The XRD patterns of the V-doped TiO2 samples obtained by SG and MW-assisted SG methods, thermally 
treated at 450°C.

Figure 5. 
TG/DTG/DTA/EGA curves of V-doped TiO2 obtained by (a) SG and (b) MW-assisted SG methods [42] 
(Reproduced with the permission of Springer Nature).
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The sol–gel TiO2 based films present also a similar variation of the morphology 
according to the method of preparation. A more dense and homogeneous aspect is 
observed in the film obtained in the presence of microwaves (Figure 7b and d).

Thickness values are around 200 nm both for TiO2 and V-doped TiO2 films, but 
slightly higher in the case of the films obtained from microwave-assisted sol–gel 
solutions.

The transmission spectra of obtained films are presented in Figure 8 show  
optical transmittance values mainly over 80% in the visible range.

To explain the differences induced by the microwave-assisted sol–gel process on 
the properties of the resulted films, their influence on the starting solution, and the 
evolution of the sol–gel process, should be taken into consideration. Based on the 
results obtained up to now, it could be assumed that in the presence of microwaves, 
different and more stable molecular species are formed as compared to the classical 
sol–gel method and this a fact influences the properties of the resulted films.

Figure 7. 
SEM micrographs showing the film cross-section for samples (a) (TiO2)SG; (b) (TiO2)MW; (c) 
(V-dopedTiO2)SG; (d) (V-dopedTiO2)MW [43].

Figure 8. 
Optical transmission of the TiO2 and V-doped TiO2 films obtained by (a) SG and (b) MW-assisted SG 
methods.
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It was also observed that the effect of microwaves on the properties of the 
resulted materials is higher in the case of V-doped TiO2 samples, fact that could be 
correlated to an enhancement of the reactions between Ti and V reagents during the 
sol–gel process in the presence of the microwaves.

As presented in the several references, WO3 based nanomaterials are widely 
investigated in the field of electrochromic devices [56], gas sensing [57], and 
photocatalysis [58] in different morphologies and structures. Even though the sol–
gel process has a long past and is an intensely researched method [59] the literature 
of sol–gel preparation of WO3 using microwave-assistance is scarce. The following 
articles are all from the 2010s so further researches are to be expected.

Different nanostructures were prepared by microwave assisted sol–gel method 
with sodium tungstate as a precursor material by Kharade et al. [60–62]. The 
research group synthesizes various nanoparticles and nanofilms for electrochromic 
purposes. In 2012 WO3 nanofilms were deposited on the FTO substrate, which was 
the first time used MW-assisted two-step process. In the first step, the prepara-
tion of the gel was conducted with microwave assistance, then in the second step, 
the deposition of the thin film occurred by a chemical growth set up. Scanning 
electron microscope (SEM) showed that the surface is coated with petal-like 
WO3 nanodisks with dimensions of 450–600 nm length, 350–400 nm width, and 
20–35 nm thickness. The X-ray diffraction (XRD) analysis (Figure 9) points out 
that WO3 is in the hexagonal crystal form. Narrow and intense XRD peaks indicate 
that the material has good crystallinity and calculations determined that the crystal 
size is 71 nm, which is comparable to samples made by the regular sol–gel method 
[63]. X-ray photoelectron spectroscopy (XPS) revealed that the W:O ratio is non-
stoichiometric(2.89). Electrochromic capabilities were determined with different 
electroanalytical methods [60]. Comparing this to a regular sol–gel method shows 
that the morphology of the surface, namely the platelet like nanodisks is nearly the 
same with a small difference in size (regular sol–gel platelets: 10–30 nm thick and 
few hundred nm lengths and width). However, to achieve the same crystallinity a 
500°C annealing process is required for the regular sol–gel method, in contrast to 
the 150°C drying of the MW-assisted sol–gel method [64].

The same hexagonal WO3 thin film was synthesized and its electrochromic 
properties were enhanced with different amounts of Ag nanoparticles [61]. The 
microwave-assisted sol–gel method was also used to produce WO3/MoO3 mixed 

Figure 9. 
X-ray diffractogram of the WO3 thin film [60] (Copyright (2012), with permission from Elsevier).
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oxide thin films. First, the WO3 layer were produced with the two-step method 
explained earlier, then MoO3 was deposited with vacuum evaporation [62].

Hilaire et al. [49] prepared WO3 nanoparticles using a nonaqueous microwave-
assisted sol–gel method for photoanodes. The synthesized nanoparticles were 
analyzed with FT-IR, which showed that no organic contaminant remained on 
the surface of the particles, but a weight indicates that there are a 4.4% water and 
organic residue after 800°C heating. XRD studies confirm the monoclinic crystal-
line structure of the WO3 nanoparticles.

Transmission electron microscopy (TEM) showed that the platelets like WO3 
nanoparticles size is 20–40 nm and thickness of 3 nm. Moreover, TEM measure-
ments indicate that the WO3 platelets face having the crystalline orientation of  
[0 0 2]. The WO3 nanoparticles were used for the production of photoanodes, which 
was proven to be an efficient method for water splitting. The comparison of this 
result with another nonaqueous regular sol–gel method shows that the morphology 
of the particles differs, but this can be caused by the usage of a different solvent 
(dicarboxylic acid) and modifier (polyethylene glycol).

The regular method resulted in larger (58 nm) rod-like nanoparticles. The case 
of the WO3 particle’s crystallinity is similar to the thin layer’s: without after anneal-
ing process, the MW assisted method provides better crystallinity [65].

It was also established [66] that microwave heating is more convenient than resis-
tive heating to fabricate WO3 nanoparticles with high specific surfaces and very small 
particle sizes also in the case of hydrothermal method of preparation. In our studies 
[67, 68] hexagonal structured WO3 nanoparticles and wires were prepared using MW 
assisted hydrothermal process. SEM images are presented in the Figure 10.

The Au decorated h-WO3 nanowires were prepared for photocatalysis. The 
pre-decorated WO3 nanowires showed crystallinity and were composed of W and 
O only. The morphology also differs from nanodisks, the hydrothermally produced 
WO3 took the form of nanorods with 10 μm length and 10 nm diameter.

Nevertheless, the Au decorated nanowires showed great photocatalytic 
activities. Nanowires and nanoparticles coated with TiO2 using ALD were also 

Figure 10. 
SEM images of the (a,b) hexagonal WO3 nanowire coated with TiO2 and (c, d) monoclinic WO3 nanoparticle 
coated with TiO2 [67] (Reprinted with permission from [67] copyright from RSC Advances).
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synthesized, but the characteristics of the non-coated samples were done. 
Hexagonal and monoclinic nanoparticles were prepared using controlled annealing 
of the samples.

Similarly, further annealing is needed to reach a comparable crystallinity, but for 
the monoclinic structure it’s obligatory. The size of the crystals was 50–70 nm and 
60–90 nm for hexagonal, and for the irregular shaped monoclinic WO3 nanopar-
ticles respectively. The hexagonal WO3 nanowires were analogous to the earlier 
nanowire, several μm long and 5–10 nm diameter. The TiO2 coated nanostructures 
proved to be efficient photocatalysts [67, 68].

4.2 Oxide compounds

Let us deal with the results regarding the synthesis by microwave-assisted sol–
gel methods of the precursor powders for SrCu2O2 preparation.

The interest for the SrCu2O2 compound are connected to its possible applications 
as thermoelectric or full oxide electronic devices, solar cells, liquid-crystal displays, 
touchscreen, and so on [45].

Among the CuO-based p-type TCOs, Cu-Sr-O has received attention due to its 
wide direct band gap, and its potential use in transparent optoelectronic devices; such 
as light-emitting diodes, laser diodes, solar cells, display technology, and other tech-
nologies [69]. In most of the published reports, Cu based p-type TCO thin films are 
deposited by high vacuum processes which are costly. Some of the processes include 
pulsed laser deposition (PLD), reactive evaporation, magnetron sputtering, thermal 
co-evaporation and radio frequency [70–76]. To date, few studies have reported on 
the preparation of a Cu-based p-type TCO by a non-vacuum solution chemical route.

Roy et al. [77] used sol–gel and annealing methods to prepare Cu2SrO2 thin 
films. They used different oxygen pressure, annealing time, and temperature com-
binations to attempt to obtain phase pure Cu2SrO2 thin films. Copper (II) methox-
ide and triethanolamine were mixed in the ration 1:1. Pure Sr-metal was dissolved 
separately in distilled anhydrous isopropanol under argon. The Cu-solution was 
then mixed drop-wise into the Sr-solution while stirring. The mixture was stirred 
continuously for 2 hrs at room temperature. The sol was spin-coated on clean 
substrates with 3000 rpm for 30 s. The coated films were heated at 225°C for 2 min 
in the air for partial pyrolysis. This coating/heating cycle was repeated ten times 
to obtain films of the desired thickness of 500 nm. After deposition, the film was 
annealed further under controlled oxygen pressure. Different annealing procedures 
were used to avoid the presence of excess Cu2O phase.

XRD analysis (Figure 11b) showed the films had a mixed-phase of excess Cu2O 
and Cu2SrO2 after final reduced-oxygen pressure annealing. Films annealed at 
lower oxygen pressure (1.3 × 10−2 and 1.3× 10−3 Pa) had similar phase composition 
and in all the three films Cu2O formed as a secondary phase with Cu2SrO2. For the 
film annealed at the highest oxygen pressure (1.3 × 10−1 Pa), CuSrO2 was observed 
as the amount of Cu2SrO2 decreased and the intensity of the Cu2O peaks did 
not change.

Both SEM and TEM images (Figure 11a and c) show that two phases are present. 
The light-gray particles (differing sizes) in the SEM and large particles in TEM images 
are the Cu2SrO2 phases. The dark gray phase in the SEM image is a mixture of small 
Cu2SrO2 and Cu2O particles, as confirmed by the TEM images. The SEM and TEM 
images reveal that the Cu2O and Cu2SrO2 phases are intermingled with each other.

Ginley et al. [78] used sol–gel and annealing to prepare pure phased Cu2SrO2 
films. Stoichiometric amounts of aqueous solutions copper formate and strontium 
acetate were mixed in methanol and stirred. Triethanolamine was added, the 
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mixture stirred and evaporated at 80°C to form sol which was diluted by isopropyl 
alcohol and spin-coated on MgO (100) substrates for 20 s, at 3000 revs per min. 
The resulting films were annealed at 200°C temperature for 2 min and then pyro-
lyzed at 500°C for 2 min. The spin-coating and pyrolysis cycles were repeated 8–10 
times. After the cycles, the films were first annealed at 750°C for 30 min in air and 
then at 775°C under 2.7 × 10−6 Torr oxygen. The films were characterized by XRD 
(Figure 12) and FTIR and showed to be phase pure.

Predoana et al., are the first to report the synthesis of Sr-Cu-O gels by microwave 
(MW) assisted sol–gel methods [45]. Pure strontium acetyl acetonate (Sr(C5H7O2)2 
and copper (II) acetyl acetonate (Cu(C5H7O2)2) were used as precursors for stron-
tium and copper, respectively. The 0.25 M aqueous solutions of Sr.(C5H7O2)2 and 
Cu(C5H7O2)2 solution in absolute ethanol were mixed with triethanolamine, in the 
ratio 1:1. In the case of the sol–gel method, the starting solution was homogenized 
under vigorous stirring for 2 h at 80 C. For MW assisted sol–gel method, the same 
starting solution was homogenized by stirring and exposing to microwaves having 
power ~ 300 W and 2.45 GHz frequency for 5 minutes. The sol–gel and the microwave-
assisted sol–gel prepared Sr-Cu-O were characterized by SEM, FTIR, XRD, and their 
thermal properties investigated by TG/DTA-MS in air, inert and reducing atmospheres.

Figure 11. 
(a) TEM image, (b) XRD spectra (c) SEM image of the films after final annealing at 750°C under 
1.3 × 10−2 Pa oxygen pressure [77] (Reproduced by the permission of Elsevier).

Figure 12. 
XRD patterns of Cu2SrO2 films as a function of processing time [78].
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mixture stirred and evaporated at 80°C to form sol which was diluted by isopropyl 
alcohol and spin-coated on MgO (100) substrates for 20 s, at 3000 revs per min. 
The resulting films were annealed at 200°C temperature for 2 min and then pyro-
lyzed at 500°C for 2 min. The spin-coating and pyrolysis cycles were repeated 8–10 
times. After the cycles, the films were first annealed at 750°C for 30 min in air and 
then at 775°C under 2.7 × 10−6 Torr oxygen. The films were characterized by XRD 
(Figure 12) and FTIR and showed to be phase pure.

Predoana et al., are the first to report the synthesis of Sr-Cu-O gels by microwave 
(MW) assisted sol–gel methods [45]. Pure strontium acetyl acetonate (Sr(C5H7O2)2 
and copper (II) acetyl acetonate (Cu(C5H7O2)2) were used as precursors for stron-
tium and copper, respectively. The 0.25 M aqueous solutions of Sr.(C5H7O2)2 and 
Cu(C5H7O2)2 solution in absolute ethanol were mixed with triethanolamine, in the 
ratio 1:1. In the case of the sol–gel method, the starting solution was homogenized 
under vigorous stirring for 2 h at 80 C. For MW assisted sol–gel method, the same 
starting solution was homogenized by stirring and exposing to microwaves having 
power ~ 300 W and 2.45 GHz frequency for 5 minutes. The sol–gel and the microwave-
assisted sol–gel prepared Sr-Cu-O were characterized by SEM, FTIR, XRD, and their 
thermal properties investigated by TG/DTA-MS in air, inert and reducing atmospheres.

Figure 11. 
(a) TEM image, (b) XRD spectra (c) SEM image of the films after final annealing at 750°C under 
1.3 × 10−2 Pa oxygen pressure [77] (Reproduced by the permission of Elsevier).

Figure 12. 
XRD patterns of Cu2SrO2 films as a function of processing time [78].
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In the experimental conditions presented above pieces of gels of different  
size, and blueish-green color were obtained for both preparation methods. The 
results obtained by TG/DTA-MS analysis (Figure 13a and b) of the obtained  
gels demonstrated the influence of MW on the sol–gel synthesis. MW treated 
samples had one more mass loss step when heated in air attributed to complex 
compositions of the resulted gels that contain a higher number of molecular 
species with higher thermal stability. The results were confirmed with the FTIR 
spectra (Figure 13c and d) showing more vibration bands for the samples pre-
pared by the MW sol-gel method, assigned according to [79–81].

Based on the XRD patterns of the residues (Figure 14), the final product is com-
posed of a mixture of phases that depend on the synthesis route and the annealing 
conditions.

For samples annealed in air, Sr–Cu–O phase was also present for the sol–gel 
synthesized sample, while the MW sample had CuO as the main component. In 
different atmosphere (N2 and H2/Ar) several compounds (Sr2CuO3, SrO and CuO) 
are present in varying amounts. Only traces of SrCO3 can be detected. In all anneal-
ing atmospheres, in the case of the samples synthesized by MW-assisted sol–gel 
method, powders with a lower degree of crystallization is formed. This result could 
be attributed to the formation of a higher number of molecular species with higher 
thermal stability.

Figure 13. 
Thermal decomposition in air (a) sol–gel synthesized sample, (b) MW assisted sol–gel synthesized sample, (c) 
FTIR spectra of sol–gel synthesized sample, (d) FTIR spectra of MW assisted sol–gel synthesized sample [45] 
(Reproduced by the permission of Elsevier).
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The powders prepared in the mentioned conditions are intended to be investi-
gated as precursors for SrCu2O2 compound preparation.

The presented results are important revealing the effect of MW on the reac-
tions that take place during the sol–gel synthesis but should be considered pre-
liminary. Direct methods of the solutions investigations, as High-Pressure Liquid 
Cromatogaphy (HPLC), are underway in order to bring more information on the 
sol–gel chemistry in the presence and the absence of microwaves.

5. Conclusions

The interest of using microwaves in obtaining oxide nanostructures by reactions 
in solutions is rather high, leading to obtaining powders or films with enhanced 
properties.

According to the literature data, the MW irradiation in the sol–gel synthesis was 
used, most frequently, for precipitation of nanocrystalline metal oxides, for thermal 
treatment to crystallize the amorphous oxide nanopowders as well as for drying and 
thermally treatment of the oxide films.

However, the influence of the microwaves on the chemical reactions that take 
place during the sol–gel synthesis is less investigated.

Results regarding the formation of pure or doped nanostructures, as well as 
oxide compound, by sol–gel method in the presence or absence of microwave are 
presented.

The main results of the studies have shown that in all cases in the presence of 
microwave formation different molecular species is observed with a positive influ-
ence on the properties of the resulted nanostructure.

The advantage of using the MW-assited sol–gel method is a more shorter time of 
synthesis and obtaining nanostructures with improved properties.

Figure 14. 
(a) XRD patterns of sol–gel synthesized samples (b) MW-assisted sol–gel samples annealed at 900°C in air, N2 
and 5%H2/95%Ar [45].
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Microwave Heating of
Low-Temperature Plasma
and Its Application
Tetyana Frolova, Vyacheslav Buts, Gennadiy Churyumov,
Eugene Odarenko and Vladimir Gerasimov

Abstract

In this chapter, the results of theoretical and experimental studies of the inter-
action of an electromagnetic field with a plasma (fundamental interaction of the
wave-particle type) both in the regime of standing waves (in the case of a resona-
tor) and in the case of traveling waves in a waveguide are presented. The results of
computer modeling the distribution of a regular electromagnetic field for various
designs of electrodynamic structures are considered. The most attractive designs of
electrodynamic structures for practical application are determined. A brief review
and analysis of some mechanisms of stochastic plasma heating are given as well as
the conditions for the formation of dynamic chaos in such structures are deter-
mined. Comparison analysis of microwave plasma heating in a regular electromag-
netic field (in a regime with dynamical chaos) with plasma heating by random fields
is considered. It is shown, that stochastic heating of plasma is much more efficient
in comparison with other mechanisms of plasma heating (including fundamental
interaction of the wave-wave type). The results obtained in this work can be used to
increase the efficiency of plasma heating as well as to develop promising new
sources of electromagnetic radiation in the microwave and optical ranges.

Keywords: Low–temperature plasma, microwave heating, stochastic heating,
electromagnetic wave, dynamic chaos, electrodynamic structure

1. Introduction

In recent years, the most promising method for creating low–temperature
plasma is the method of microwave heating. As of now, gas–discharge plasma is
effectively used in various fields, including microwave electronics, lighting tech-
nology, medicine, plasma chemistry, etc. The use of microwave heating to excite
gases and to create plasma allows significantly to reduce the overall dimensions of
devices. This is a very current task especially under creating small-size devices,
including the annular laser gyroscopes, different types of lasers, electrodeless
plasma lamps, etc. [1].

Created designs of a miniature helium-neon laser and a source of incoherent
optical radiation based on an electrodeless sulfur lamp are shown in Figure 1 [2, 3].
The unifying factor of these structures is the method of microwave excitation
(heating) of the gas mixture in the working volume of the devices. Considering the
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significant difference in the frequencies of the exciting microwave field, the designs
of electrodynamic systems, in the volume of which a regular electromagnetic field is
formed, have significant differences. These features of the excitation elements must
be taken into account when designing devices, the operation of which is based on
the use of gas-discharge media (plasma).

The analysis shows that the main structural elements of these devices are the
active medium and the electrodynamic system for the formation of a regular elec-
tromagnetic field. A gas or a gas mixture (sometimes with the addition of an
impurity, for example, sulfur S8, as in the case of a sulfur lamp) is considered as an
active medium with nonlinear properties. Under the action of an external micro-
wave electromagnetic field, the gas mixture is ionized and plasma is formed. At this
stage, it is important to understand the ongoing physical processes that underlie the

Figure 1.
Examples of structural elements of sources of electromagnetic radiation with microwave excitation. A ring laser
gyroscope [2] (a) and an optical radiation source based on an electrodeless sulfur lamp (b) [2].
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formation of plasma with the necessary quantitative characteristics. To solve such a
problem, it is necessary to develop a mathematical model of the plasma, the use of
which will make it possible to estimate the quantitative parameters of the gas (gas
mixture) to provide the necessary plasma characteristics.

On the other hand, the process of ionization of the active medium (gas or gas
mixture) occurs as a result of the action of a regular electromagnetic field. One of
the conditions for effective plasma heating is the arrangement of an active medium
into an area with the maximum intensity of the electric component of the regular
electromagnetic field. To achieve this, it is necessary to know the distribution of the
components of the electromagnetic field in the volume of the electrodynamic
structure, which requires additional studies of its properties. Currently, there are
two approaches to the formation of an electromagnetic field with the aim of its
subsequent use for exciting or heating various media: resonance (or a regime of a
standing wave) and interference, when two traveling waves add up to give a
resultant standing wave [3]. In the first case, a regular electromagnetic field is
excited in a resonator. The shape and dimensions of the given resonator are selected
from the conditions of the frequency range used, taking into account the maximum
intrinsic quality factor of the oscillatory system. The interference method of
forming a standing wave involves the use of two traveling waves moving towards
each other. To implement this approach, a regular waveguide is used, inside which a
bulb with an active medium is placed.

Thus, in order to increase the efficiency of conversion of the energy of the
electromagnetic field into the internal energy of the gas–discharge medium, it is
necessary to a knowledge of the distribution of a regular electromagnetic field as
well as an understanding of the physical processes in the active medium.

In the latter case, it is important to further develop the theory of plasma pro-
cesses taking into account their chaotization, as well as to understand the conditions
for the occurrence of regimes with dynamic chaos (conditions of stochastic heating
of plasma).

In the given chapter the theoretical and experimental studies of microwave
heating of plasma by an electromagnetic field are discussed. The conditions for
increasing the efficiency of the microwave heating at the expense of enhancing the
intensity of a regular electromagnetic field or using dynamic chaos mode, including
the methods of its achieving (the cases of Cherenkov's and cyclotron resonances)
are determined. The computer modeling results of electrodynamic systems are
presented and the process of formation of a standing electromagnetic wave in
electrodynamic systems (resonator and waveguide) is investigated, conditions for a
local increase of intensity of the regular field in the region of the active medium are
determined.

2. Computer modeling of the electrodynamic systems

As mentioned above, the energy of the microwave electromagnetic field is used
to excite and heat the plasma. Various designs of oscillatory structures (resonators)
are used as electrodynamic structures that form fields with the required distribution
of power lines, the type and shape of which depend on the frequency of the
electromagnetic field used. For example, for the excitation (pumping) of the active
medium in helium-neon lasers, electromagnetic oscillations are used, the frequency
of which lies in the range of 200 … 400 MHz with an average microwave power
level of � 2 … 5 W. In this case, a classical oscillatory circuit in the form of a flat
capacitor is used as an oscillatory electrodynamic system. Figure 2 shows the design
of such a capacitor, the results of simulation and experiment [4]. An analysis of the
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results obtained showed that the pump parameters of the active medium (helium-
neon mixture) depend on the dimensions of the flask (its inner diameter and
length) containing the active medium and are selected taking into account the
maximum efficiency of the pump energy transfer process (see Figure 1a).

With the increasing frequency, an electrodynamic system usually modified its
shape and dimensions. For frequencies in the range of more than 1000 MHz, cavity
resonators are usually used (see Figure 1b). In our case, we used a cylindrical
resonator having the following geometrical dimensions: a diameter � 172 mm and a
height � 120 mm. As a source of electromagnetic oscillation, there was used a
magnetron generator, possessing a frequency of generation � 2.45 GHz and the
output power � 800 W.

Figure 3 illustrates the results of a computer modeling of the two modes of
oscillations excited into the cylindrical resonator, namely, the H111 and H011 modes,
correspondingly. The dependences of the reflection coefficient modulus from fre-
quency and the spatial distributions of components of an electric field of the given
oscillation modes have been shown.

As is seen, the different modes of oscillations are excited in the cylindrical
resonators. As a rule, the given modes have distinct frequencies and possessing
different distributions of the electric component of an electromagnetic field. The
interest is the oscillations with the frequencies close to the frequency of the magne-
tron, i.e., to the frequency of 2.45 GHz. On the other hand, it is significant that the
selected mode of oscillation had a maximum of the electric field in the area
corresponding to the location where must be the bulb with the gaseous mixture.
This permits to make an excitation process more effective.

In addition to the resonance excitation method of the plasma for forming a
standing wave, we may use the interference of two coherent waves propagating
towards each other in a waveguide [3]. Let us consider this approach using an

Figure 2.
Capacitor design for exciting a helium-neon laser mixture.
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example of the waveguide with a cross-section (72x34) mm. This approach may be
realized using the waveguide structure that is schematically shown in Figures 4 and 5.
An electromagnetic wave E from the output of the magnetron originates to the input
of the waveguide structure at x ¼ L0 (see Figure 5). Next at x ¼ 0 and z ¼ 0, the
wave is divided into two waves and that enters the inputs 1 and 2 of a waveguide and
propagates towards each other (see Figures 4 and 5). As a result of the interference of
the two coherent waves in the waveguide, the standing wave is formed as it may be
seen from Figure 6.

For increasing the intensity of the electric component of a total electromagnetic
field and enhancing the efficiency of exciting plasma are of interest to view a case of
contraction of the narrow size b. The main results of computer modeling the
propagation of the waves in the space of the waveguide L0 � L4 taking into account
a change of the size of the narrow wall in the waveguide are shown in Figure 7.

As indicated in Figure 7, the general regularity of changing the intensity of the
total electromagnetic field in the waveguide E ¼ E1 þ E2 is nonlinear and satisfies
the condition E � 1=b, where b – the size of the narrow wall of the waveguide. By
varying the high of the narrow wall of the waveguide we may choose a necessary
value of the intensity of electric components and thus increasing the efficiency of
controlling by a process of plasma heating. Such an approach of increasing the
efficiency of the excitation process of the plasma mixture can be used for the choice
of an optimum design of the electrodynamic structure. Among possible electrody-
namic structures having an enhanced concentration of the electric component of
electromagnetic field one can select both the resonant species of such structures and
non-resonant. To the first group, we can relate toroid and coaxial resonators. The

Figure 3.
Results of computer modeling the cylindrical resonator.
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second group of such structures can be presented by the single- and double-ridged
waveguides. Thus, an application of the above-mentioned electrodynamic struc-
tures enables improving the process of exciting plasma and enhancing the efficiency
of transformation of energy.

Figure 4.
Schematic image of the waveguide structure with a metal insert having a height h.

Figure 5.
Image of the curve L0 � L4 along which the electric field value is calculated.
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3. Mathematical models and modeling of stochastic processes in plasma

3.1 Mathematical description of the state of the plasma and its model

Due to the variety of processes taking place in a spatially inhomogeneous
plasma, an analytical description of a real plasma in the general case is very difficult.
Therefore, simplified plasma models are usually considered, stipulating the condi-
tions under which a real plasma can be close to its accepted model.

The state of a real plasma at an arbitrary pressure is determined by a) the
concentration of particles of all kinds N (the number of particles per unit volume);

Figure 6.
Distributions of the electric component of the total electromagnetic wave for different values of the height b0 of
the waveguide.

Figure 7.
Dependence the intensity of the electric component from a value of b0 at the point z = 2127 (see Figures 4 and 6).
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b) their speed distribution functions Ni nð Þ ; c) the population of the excited levels
Nk (the number of particles per unit volume, excited in the state k); d) the spatial
distribution of these quantities.

It is extremely difficult to obtain information about all the listed characteristics
since theoretical studies of the state of plasma-like media require the compilation
and solution of a system of equations connecting the indicated quantities with
external conditions.

The basic equations describing the nonlinear states of plasma have limitations,
primarily related to the possibility of obtaining their solutions. Too simple mathe-
matical plasma models also have limited capabilities due to their inability to ade-
quately reflect the behavior of real plasma. The strongest difference between the
real state of the plasma and its mathematical description is observed in the so-called
boundary zones, where the plasma passes from one physical state to another (for
example, from a state with a low degree of ionization to a state with a high degree of
ionization). In this case, the plasma cannot be described using simple smooth
functions and a probabilistic approach is required to describe it. Effects such as a
spontaneous change in the state of plasma are a consequence of the complex
nonlinear interaction of charged particles that make up it. Therefore, to describe
plasma, models of the state of the plasma are used, which relate the values of its
main parameters, and, therefore, determine its basic properties and behavior.

3.1.1 Local thermodynamic equilibrium (LTE) model

To describe the low–temperature plasma in the bulb of an electrodeless sulfur
lamp, which is formed under the action of an electromagnetic field, one can use the
LTE model. This model makes it possible to qualitatively and quantitatively
describe the continuous emission spectrum of the lamp, as well as the distribution
of the main physical quantities of sulfuric plasma.

According to the LTE model, the temperature in different elements of the
volume of the medium is different, there is a radiation flux outward (the radiation
field is anisotropic), but for each element of the volume of the medium, the
Boltzmann and Maxwell distributions, as well as the Saha formula, are valid. More-
over, all of them for a given volume include the same local temperature value,
which is the same for all types of particles.

Basic equations describing the LTE model:
– the number of atoms or ions in an arbitrary excited state k (population of the

state k) is determined by the Boltzmann formula

Nk ¼ N0
gk
g0

exp
�Ek

kT

� �
¼ N

gk
U

exp
�Ek

kT

� �
, (1)

where N0 – the population of the ground state; g0 – the statistical weight of this
state; gk – statistical weight of the excited state; Ek – the energy of the excited state,
measured from the ground level.

Statistical sums over all energy levels En of the corresponding ions (atoms) is
equal

U ¼
X
n
gn exp � En

kT

� �
: (2)

In the case of a single ionization of a gas, the concentrations of atoms, ions, and
electrons are related to each other by the Saha formula
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NeNi

Na
¼ 2

2p með Þ32
h3

kTð Þ32 U
Ua Tð Þ exp

�Ei

kT

� �
, (3)

where me – the electron mass; Ei – ionization energy; Ui Tð Þ and Ua Tð Þ are the
sums over the states of ions and atoms; g = 2 – the statistical weight of electrons.

In plasma of a complex chemical composition, equation (3) is valid for the ions
of each chemical element; chemical reactions can occur there, dissociation and
recombination of molecules can occur. All these reactions obey the law of mass
action with the same temperature T.

The distribution of particles of any kind i by velocity ν is expressed by the
Maxwell function

Ni nð Þ ¼ 4pNi
Mi

2pkT

� �3
2

exp �Mi n2

2kT

� �
, (4)

where Mi – the mass of particles; Ni nð Þ – the number of particles (concentra-
tion) with velocities ranging from n to n + dn; Ni – concentration equal to

Ni ¼
ð∞

0

Ni vð Þdv: (5)

The pressure p in the plasma is found from the equation of state

p ¼
X
i

NikT: (6)

Local thermodynamic equilibrium is a state of a plasma in which all distribution
functions are in equilibrium, except for one concerning radiation: there is no equi-
librium of optical processes, as a result of which the Planck formula turns out to be
unsuitable.

LTE is typical for most stationary plasmas obtained under laboratory conditions.
Under conditions of LTE plasma, the detailed equilibrium with respect to optical
transitions is violated; therefore, it is advisable to consider radiation and absorption
separately.

Plasma, in which radiation of a given wavelength is practically not absorbed, is
optically thin for this radiation. The radiation intensity Jki of an optically thin
plasma in the LTE state within the spectral line with the following frequency nki
may be written as

Jki ¼ NkAkihnki ¼ N0Akihnki exp � Ek

kT

� �
: (7)

LTE plasma, described by a single parameter T, can exist in a limited pressure
range.

The numerical model of the optical radiation source can be a spherical or cylin-
drical flask made of transparent anhydrous quartz glass filled with a metered
amount of sulfur � 1 ... 3 mg (and it is also possible to introduce impurities, for
example, CaBr2 or indium iodide InI, etc.) and a buffer gas (argon, neon, krypton)
under the pressure of � 45 … 170 torrs. By changing the composition of the lamp
bulb filling, it is possible to carry out theoretical studies of the output spectral
characteristics of optical radiation and their dependence in the optical wavelength
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According to the LTE model, the temperature in different elements of the
volume of the medium is different, there is a radiation flux outward (the radiation
field is anisotropic), but for each element of the volume of the medium, the
Boltzmann and Maxwell distributions, as well as the Saha formula, are valid. More-
over, all of them for a given volume include the same local temperature value,
which is the same for all types of particles.

Basic equations describing the LTE model:
– the number of atoms or ions in an arbitrary excited state k (population of the

state k) is determined by the Boltzmann formula

Nk ¼ N0
gk
g0

exp
�Ek

kT

� �
¼ N

gk
U

exp
�Ek

kT

� �
, (1)

where N0 – the population of the ground state; g0 – the statistical weight of this
state; gk – statistical weight of the excited state; Ek – the energy of the excited state,
measured from the ground level.

Statistical sums over all energy levels En of the corresponding ions (atoms) is
equal

U ¼
X
n
gn exp � En

kT

� �
: (2)

In the case of a single ionization of a gas, the concentrations of atoms, ions, and
electrons are related to each other by the Saha formula
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NeNi

Na
¼ 2

2p með Þ32
h3

kTð Þ32 U
Ua Tð Þ exp

�Ei

kT

� �
, (3)

where me – the electron mass; Ei – ionization energy; Ui Tð Þ and Ua Tð Þ are the
sums over the states of ions and atoms; g = 2 – the statistical weight of electrons.

In plasma of a complex chemical composition, equation (3) is valid for the ions
of each chemical element; chemical reactions can occur there, dissociation and
recombination of molecules can occur. All these reactions obey the law of mass
action with the same temperature T.

The distribution of particles of any kind i by velocity ν is expressed by the
Maxwell function

Ni nð Þ ¼ 4pNi
Mi

2pkT

� �3
2

exp �Mi n2

2kT

� �
, (4)

where Mi – the mass of particles; Ni nð Þ – the number of particles (concentra-
tion) with velocities ranging from n to n + dn; Ni – concentration equal to

Ni ¼
ð∞

0

Ni vð Þdv: (5)

The pressure p in the plasma is found from the equation of state

p ¼
X
i

NikT: (6)

Local thermodynamic equilibrium is a state of a plasma in which all distribution
functions are in equilibrium, except for one concerning radiation: there is no equi-
librium of optical processes, as a result of which the Planck formula turns out to be
unsuitable.

LTE is typical for most stationary plasmas obtained under laboratory conditions.
Under conditions of LTE plasma, the detailed equilibrium with respect to optical
transitions is violated; therefore, it is advisable to consider radiation and absorption
separately.

Plasma, in which radiation of a given wavelength is practically not absorbed, is
optically thin for this radiation. The radiation intensity Jki of an optically thin
plasma in the LTE state within the spectral line with the following frequency nki
may be written as

Jki ¼ NkAkihnki ¼ N0Akihnki exp � Ek

kT

� �
: (7)

LTE plasma, described by a single parameter T, can exist in a limited pressure
range.

The numerical model of the optical radiation source can be a spherical or cylin-
drical flask made of transparent anhydrous quartz glass filled with a metered
amount of sulfur � 1 ... 3 mg (and it is also possible to introduce impurities, for
example, CaBr2 or indium iodide InI, etc.) and a buffer gas (argon, neon, krypton)
under the pressure of � 45 … 170 torrs. By changing the composition of the lamp
bulb filling, it is possible to carry out theoretical studies of the output spectral
characteristics of optical radiation and their dependence in the optical wavelength
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range on the microwave pump power, the temperature distribution inside the bulb,
plasma electrical conductivity, etc.

Buffer gas (argon) – serves for initial ionization and obtaining a glow discharge
(gas pressure is set at the initial stage). We obtain the dependence of the dynamics
of changes in pressure in the flask on temperature.

3.2 Stochastic plasma heating

3.2.1 Introduction

By stochastic heating, we mean a process in which, as a result of nonlinear
dynamics, plasma particles move chaotically in the fields of regular electromagnetic
waves. Their dynamics differ little from the dynamics of particles in random fields.
Below, such regimes we will call regimes with dynamic chaos. The conditions for
the occurrence of such modes will be the condition of overlapping nonlinear reso-
nances (Chirikov's criterion). It is known that in the vicinity of resonances the
dynamics of particles are described by equations of nonlinear oscillators, in partic-
ular, by the equation of a mathematical pendulum. Therefore, the algorithm for
finding the conditions for the emergence of regimes with dynamic chaos (condi-
tions of stochastic heating) can be described as follows:

1.The conditions for resonant interaction of waves with particles are found.
There should be several such resonances.

2.Equations of nonlinear oscillators are determined, which describe the
dynamics of particles in the vicinity of resonances.

3.The conditions for the overlap of nonlinear resonances of these oscillators are
found.

These conditions will be the conditions of stochastic heating.
Below, this algorithm is used for the case of Cherenkov resonances, as well as for

cyclotron resonances.

3.2.2 The case of Cherenkov resonances

3.2.2.1 Heating of particles in the field of several transverse electromagnetic waves

Consider the dynamics of motion of charged particles in the field of several
electromagnetic waves. Expressions for the electric and magnetic fields of these
waves can be represented in this form

E
! ¼

X
n
E
!
n,

H
! ¼

X
n
H
!

n,

E
!
n ¼ Re Eneiψn

� �
,

H
!

n ¼ c
ωn

k
!
nE
!
n

h i
,

(8)

where ψn ¼ k
!
n r
! � ωnt.

132

Microwave Heating - Electromagnetic Fields Causing Thermal and Non-Thermal Effects

These fields satisfy Maxwell's equations. The equations of motion of a charged
particle in fields (8) have the traditional form

dP
!

dt
¼ eE

! þ e
c

v!H
!h i

: (9)

It is convenient to write these equations in the following dimensionless variables

for both dependent and independent variables: ωn ¼ ωn=ω0,
_
P
! � dP

!
=dτ, τ � ω0t ,

P
! � P

!
=mc, _r! ¼ v!=c, k

!
n � k

!
nc=ω0, r

! � ω0 r
!
=c, E

!
n � eE

!
n=mcωn – is the wave force

parameter.
Eq. (9) can be conveniently supplemented with the energy equation

_γ ¼ P
!

γ

eE
!

mcω0
: (10)

Substituting fields (8) into Eqs. (9) and (10) and using these dimensionless
variables, we can obtain the following, convenient for further analysis, equations

_
P
! ¼

X
n
En ωn � k

!
n
_r!

� �
þ
X
n

k
!
n

_r! E
!
n

� �
,

_γ ¼ P
!

γ

X
n
ωnE

!
n,

(11)

where E
!
n ¼ Re E!neiψn

� �
; ψn � k

!
n r
! � ωnτ.

Let us introduce some auxiliary characteristic of the particle, which we will
further call the partial energy of the particle, which satisfies the following equation

_γn ¼ ωn
_r! E
!
n

� �
: (12)

From the definition of this partial energy, it follows that it determines the value
of the energy that a particle would have if it moved only in the field of one n-th
electromagnetic wave. Using the definition of this partial energy, we obtain from
Eqs. (11) and (12) the following integral of motion

P
! �

X
n

Re iE!neiψn

� �
�
X
n

k
!
n

ωn
γn ¼ C

!
: (13)

A possible dispersion diagram of three waves interacting with particles is shown
in Figure 8. This figure shows both the dispersion characteristics of the waves
themselves (ω0,ω1,ω2; k0, k1, k2) and the dispersion characteristics of the combi-
nation waves with which the Cherenkov resonance of plasma particles (vph1; vph2)
occurs. In the general case, Eqs. (11) and (12) together with the integral (13) can be
studied only by numerical methods. To obtain analytical results, we will assume
that the force parameter of each of the waves acting on the particle is small. In this
case, all the characteristics of a particle (its energy, momentum, coordinate, veloc-
ity) can be represented as a sum of slowly varying and rapidly changing quantities

P
! ¼ P

! þ ~
P
!
,

γn ¼ γn þ ~γn:
(14)
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range on the microwave pump power, the temperature distribution inside the bulb,
plasma electrical conductivity, etc.

Buffer gas (argon) – serves for initial ionization and obtaining a glow discharge
(gas pressure is set at the initial stage). We obtain the dependence of the dynamics
of changes in pressure in the flask on temperature.

3.2 Stochastic plasma heating

3.2.1 Introduction

By stochastic heating, we mean a process in which, as a result of nonlinear
dynamics, plasma particles move chaotically in the fields of regular electromagnetic
waves. Their dynamics differ little from the dynamics of particles in random fields.
Below, such regimes we will call regimes with dynamic chaos. The conditions for
the occurrence of such modes will be the condition of overlapping nonlinear reso-
nances (Chirikov's criterion). It is known that in the vicinity of resonances the
dynamics of particles are described by equations of nonlinear oscillators, in partic-
ular, by the equation of a mathematical pendulum. Therefore, the algorithm for
finding the conditions for the emergence of regimes with dynamic chaos (condi-
tions of stochastic heating) can be described as follows:

1.The conditions for resonant interaction of waves with particles are found.
There should be several such resonances.

2.Equations of nonlinear oscillators are determined, which describe the
dynamics of particles in the vicinity of resonances.

3.The conditions for the overlap of nonlinear resonances of these oscillators are
found.

These conditions will be the conditions of stochastic heating.
Below, this algorithm is used for the case of Cherenkov resonances, as well as for

cyclotron resonances.

3.2.2 The case of Cherenkov resonances

3.2.2.1 Heating of particles in the field of several transverse electromagnetic waves

Consider the dynamics of motion of charged particles in the field of several
electromagnetic waves. Expressions for the electric and magnetic fields of these
waves can be represented in this form

E
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E
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!
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! � ωnt.
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These fields satisfy Maxwell's equations. The equations of motion of a charged
particle in fields (8) have the traditional form

dP
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dt
¼ eE

! þ e
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v!H
!h i

: (9)

It is convenient to write these equations in the following dimensionless variables

for both dependent and independent variables: ωn ¼ ωn=ω0,
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Eq. (9) can be conveniently supplemented with the energy equation

_γ ¼ P
!

γ

eE
!

mcω0
: (10)

Substituting fields (8) into Eqs. (9) and (10) and using these dimensionless
variables, we can obtain the following, convenient for further analysis, equations
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where E
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n ¼ Re E!neiψn
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! � ωnτ.

Let us introduce some auxiliary characteristic of the particle, which we will
further call the partial energy of the particle, which satisfies the following equation

_γn ¼ ωn
_r! E
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n

� �
: (12)

From the definition of this partial energy, it follows that it determines the value
of the energy that a particle would have if it moved only in the field of one n-th
electromagnetic wave. Using the definition of this partial energy, we obtain from
Eqs. (11) and (12) the following integral of motion

P
! �
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n

Re iE!neiψn
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n

k
!
n

ωn
γn ¼ C

!
: (13)

A possible dispersion diagram of three waves interacting with particles is shown
in Figure 8. This figure shows both the dispersion characteristics of the waves
themselves (ω0,ω1,ω2; k0, k1, k2) and the dispersion characteristics of the combi-
nation waves with which the Cherenkov resonance of plasma particles (vph1; vph2)
occurs. In the general case, Eqs. (11) and (12) together with the integral (13) can be
studied only by numerical methods. To obtain analytical results, we will assume
that the force parameter of each of the waves acting on the particle is small. In this
case, all the characteristics of a particle (its energy, momentum, coordinate, veloc-
ity) can be represented as a sum of slowly varying and rapidly changing quantities

P
! ¼ P

! þ ~
P
!
,

γn ¼ γn þ ~γn:
(14)
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In this case, we can get the following expressions and equations that relate fast
and slow variables:

P
! ¼

X
n

k
!
n

ωn
γn þ C,

~
P
! ¼

X
n

Re iE!neiψn

� �
þ
X
n

k
!
n~γn=ωn,

_~γn ¼ ωn v
!E
!
n ¼ ωn v

!Re E!neiψn

� �
,

_γn ¼ ωn v
!E
!
n,

~γn ¼ Re Γneiψn
� �

,

(15)

where Γn ¼ �iωn v
!E!n= _ψn.

The equations for fast variables can be integrated

~γn ¼ Re iωn v!E!n

� �
eiψn=ωn � k

!
n v
!h i

,

~
P
! ¼

X
n

Re ieiψn E!n þ k
!
n v!E!n

� �
=ωn

h in o
:

(16)

The equations for the slow variables take the following form:

_
P
! ¼

X
m, n

k
!
n
1
γ

Re iE!meiψm

� �h i
Re E!neiψn

� �h i
(17)

Figure 8.
Dispersion diagram of interacting waves.
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and

_γ ¼ 1
γ

X
m, n

Re iE!meiψm

� �
ωn Re E!neiψn

� �
¼

¼
X
m, n

1
2γ

ωnE
!
nE
!
m cos ψm þ ψn þ π=2ð Þ þ cos ψm � ψn þ π=2ð Þ½ �:

(18)

Below, we use the obtained equations and integrals to analyze the dynamics of
some physical systems that are of considerable interest.

3.2.2.2 Resonances

In accordance with the algorithm described above, we will find resonances. In
addition, we find equations that describe the dynamics of particles in the vicinity of
resonances. All waves (1) are transverse and fast. In the original formulation of the
problem, there is no mechanism for the resonant interaction of such waves sepa-
rately with plasma particles. However, plasma particles can have a Cherenkov
resonance with a beating wave (with a virtual wave; a combination wave). Indeed,
let there be only two fast transverse waves (numbered 1 and 2) among those waves
that act on a particle. The beats of these waves form a slow combination wave, the
phase velocity of which can be close to the average particle velocity. In this case, the
dynamics of particles can be described by the dynamics of a nonlinear pendulum
(mathematical pendulum). Let's show it. Let us denote the phase difference of these
waves through θ, i.e. θ � ψ1 � ψ2. For this phase difference, we obtain the following
differential equation

dθ
dt

¼ χ
!v! �Ω ¼ Δ γð Þ, (19)

where χ
! � k

!
1 � k

!
2, Ω � ω1 � ω2

In this case, we assume that the parameters are close to the conditions of the
Cherenkov resonance with the combination wave (Ω=χ ffi v). The second equation
of system (11), taking into account the dynamics of slow and fast variables, can be
rewritten as

dγ
dτ

¼ 1
γ
E � Ω � cos θ, (20)

where E ¼ E!1E
!
2 .

3.2.2.3 Particle dynamics near resonance

We will assume that the initial energy of a particle exactly corresponds to the
Cherenkov resonance of a particle with a combination wave. It means that Δ γ0ð Þ ¼
0. In addition, we will take into account that as a result of the interaction of waves
with particles, the energy of the particle has not changed much. In this case, the
resonance detuning Δ γð Þ can be expanded into a Taylor series:

Δ γð Þ ¼ Δ γ0ð Þ þ δγ
∂Δ
∂γ

� �

γ0

: (21)
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Below, we use the obtained equations and integrals to analyze the dynamics of
some physical systems that are of considerable interest.

3.2.2.2 Resonances
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addition, we find equations that describe the dynamics of particles in the vicinity of
resonances. All waves (1) are transverse and fast. In the original formulation of the
problem, there is no mechanism for the resonant interaction of such waves sepa-
rately with plasma particles. However, plasma particles can have a Cherenkov
resonance with a beating wave (with a virtual wave; a combination wave). Indeed,
let there be only two fast transverse waves (numbered 1 and 2) among those waves
that act on a particle. The beats of these waves form a slow combination wave, the
phase velocity of which can be close to the average particle velocity. In this case, the
dynamics of particles can be described by the dynamics of a nonlinear pendulum
(mathematical pendulum). Let's show it. Let us denote the phase difference of these
waves through θ, i.e. θ � ψ1 � ψ2. For this phase difference, we obtain the following
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where χ
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In this case, we assume that the parameters are close to the conditions of the
Cherenkov resonance with the combination wave (Ω=χ ffi v). The second equation
of system (11), taking into account the dynamics of slow and fast variables, can be
rewritten as
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¼ 1
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where E ¼ E!1E
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2 .

3.2.2.3 Particle dynamics near resonance

We will assume that the initial energy of a particle exactly corresponds to the
Cherenkov resonance of a particle with a combination wave. It means that Δ γ0ð Þ ¼
0. In addition, we will take into account that as a result of the interaction of waves
with particles, the energy of the particle has not changed much. In this case, the
resonance detuning Δ γð Þ can be expanded into a Taylor series:
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Then Eqs. (19) and (20) will be completely closed and take the following form

dθ
dτ

¼ δγ
∂Δ
∂γ

� �

γ0

,

dδγ
dτ

¼ EΩ
γ0

cos θ:
(22)

The system of equations (22) is equivalent to the equation of the mathematical
pendulum

€θ ¼ ∂Δ
∂γ

� �

γ0

E ¼ Ω
γ0

cos θ: (23)

The half-width of the nonlinear resonance of the pendulum (23) isffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∂Δ=∂γð Þγ0 E ¼ Ω=γ0ð Þ

q
. If there are many waves (three or more), then each pair of

waves can organize a combination wave. The phase velocities of these waves can be
easily selected in the required way for efficient particle heating. So if the distance
between the phase velocities of the nearest combination waves turns out to be less
than the sum of the half-widths of nonlinear resonances, then the dynamics of
particles in the field of these waves will be chaotic.

It is enough for us to consider the dynamics of particles in the field of three waves.
Two of these waves propagate in the same direction, the third propagates towards
them. The condition for overlapping nonlinear resonances can be written as

vphiþ1
� vphi

� �
≤

ffiffiffiffiffiE0
p

γ20
ffiffiffiffiffiffiffiffiffiffi
k0v0

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EiΔω0i

p
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Eiþ1Δω0 iþ1ð Þ

qh i
, (24)

where vphi ¼ Δω0i= k0 þ kið Þ, i ¼ 1, 2, ::nf g, Δω0i � 1� ωi.
The left side of inequality (24) describes the distance between nonlinear reso-

nances. The right side represents itself the sum of half–widths of two adjacent
nonlinear resonances. If inequality (24) is satisfied, then the dynamics of particles
become chaotic. This fact is confirmed by both analytical and numerical studies.

Let us briefly describe the results of a numerical study of the original system of
Eq. (11) for the case of interaction of particles with three waves (see Figure 8). The
dynamics of particles was investigated in a field of small and identical field
strengths Ei ¼ 0:03 and with large –Ei ¼ 0:3 . In Figure 9 shows the dependence of
the change in energy on time for particles with an initial velocity equal to zero. The
wave vectors of the waves were equal: k1 ¼ �0:8, k2 ¼ �1, k0 ¼ 1:2. In Figure 10
shows the temporal dynamics of particle energy with large field strength Ei ¼ 0:3.

Figures 9 and 10 it is seen that at low strengths of the electromagnetic field of
the waves, the particle performs regular oscillations, being in one nonlinear
Cherenkov resonance with one of the combination waves. With an increase in the
field strength under the action of the fields, the particle transitions from resonance
to resonance, the dynamics of particle motion is irregular with significant changes
in the particle energy.

In this section, it will be shown that using regimes with dynamic chaos, it is
possible to propose rather simple and efficient schemes for heating solid-state
plasma up to temperatures required for nuclear fusion. Moreover, the heating
process proceeds extremely quickly, so that all known plasma instabilities do not
have time to develop. To prove the possibility of such heating, we will use all the
results obtained above. We will assume that the frequency of the laser radiation that
acts on a solid target is much higher than the plasma frequency. Then the results
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obtained above can be used in the first approximation. This means that we can
assume that condition (24) of overlap of nonlinear Cherenkov resonances is satis-
fied in the field of laser radiation. If these conditions are met, we can assume that
the dynamics of particles is chaotic. Then, by averaging over random phases and
random positions of particles, we can find the following expression for the mean
square of the change in the energy of particles

Δγð Þ2
D E

≈ E4 Δωð Þ2 � τ= 4γ20
� �

: (25)

Figure 10.
The energy of one particle at Ei ¼ 0:3 k1 ¼ �0:8, k2 ¼ �1, k3 ¼ 1:2.

Figure 9.
The energy of one particle at Ei ¼ 0:03 and k1 ¼ �0:8, k2 ¼ �1, k3 ¼ 1:2.
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Then Eqs. (19) and (20) will be completely closed and take the following form
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between the phase velocities of the nearest combination waves turns out to be less
than the sum of the half-widths of nonlinear resonances, then the dynamics of
particles in the field of these waves will be chaotic.

It is enough for us to consider the dynamics of particles in the field of three waves.
Two of these waves propagate in the same direction, the third propagates towards
them. The condition for overlapping nonlinear resonances can be written as
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where vphi ¼ Δω0i= k0 þ kið Þ, i ¼ 1, 2, ::nf g, Δω0i � 1� ωi.
The left side of inequality (24) describes the distance between nonlinear reso-

nances. The right side represents itself the sum of half–widths of two adjacent
nonlinear resonances. If inequality (24) is satisfied, then the dynamics of particles
become chaotic. This fact is confirmed by both analytical and numerical studies.

Let us briefly describe the results of a numerical study of the original system of
Eq. (11) for the case of interaction of particles with three waves (see Figure 8). The
dynamics of particles was investigated in a field of small and identical field
strengths Ei ¼ 0:03 and with large –Ei ¼ 0:3 . In Figure 9 shows the dependence of
the change in energy on time for particles with an initial velocity equal to zero. The
wave vectors of the waves were equal: k1 ¼ �0:8, k2 ¼ �1, k0 ¼ 1:2. In Figure 10
shows the temporal dynamics of particle energy with large field strength Ei ¼ 0:3.

Figures 9 and 10 it is seen that at low strengths of the electromagnetic field of
the waves, the particle performs regular oscillations, being in one nonlinear
Cherenkov resonance with one of the combination waves. With an increase in the
field strength under the action of the fields, the particle transitions from resonance
to resonance, the dynamics of particle motion is irregular with significant changes
in the particle energy.

In this section, it will be shown that using regimes with dynamic chaos, it is
possible to propose rather simple and efficient schemes for heating solid-state
plasma up to temperatures required for nuclear fusion. Moreover, the heating
process proceeds extremely quickly, so that all known plasma instabilities do not
have time to develop. To prove the possibility of such heating, we will use all the
results obtained above. We will assume that the frequency of the laser radiation that
acts on a solid target is much higher than the plasma frequency. Then the results
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obtained above can be used in the first approximation. This means that we can
assume that condition (24) of overlap of nonlinear Cherenkov resonances is satis-
fied in the field of laser radiation. If these conditions are met, we can assume that
the dynamics of particles is chaotic. Then, by averaging over random phases and
random positions of particles, we can find the following expression for the mean
square of the change in the energy of particles

Δγð Þ2
D E

≈ E4 Δωð Þ2 � τ= 4γ20
� �

: (25)

Figure 10.
The energy of one particle at Ei ¼ 0:3 k1 ¼ �0:8, k2 ¼ �1, k3 ¼ 1:2.

Figure 9.
The energy of one particle at Ei ¼ 0:03 and k1 ¼ �0:8, k2 ¼ �1, k3 ¼ 1:2.
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Here, the angle brackets denote averaging over phases and positions of particles

Lh i � 1
2π

ð2π

0

d k
!
r!

� �
� lim 1

T

ðT

�T

L � dt,

E!n ¼ E
!
ne�iψn :

(26)

In deriving (25), we assumed that Δω01 ≈Δω02 � Δω0, E0 ≈ E1 ≈ E2 � E and that
the averaging time is much longer than the decoupling time of correlations of
particle motion (τ> > τk). The decoupling time of the correlation can be estimated
by the value τk � 1=ω � lnK. Here K is the ratio of the width of nonlinear resonances
to the distance between them. At K > 1, the decoupling time of the correlation is
commensurate with the period of the HF field.

A similar analysis of the particle dynamics can be carried out for the case of a
large number of waves interacting with particles. The analytical analysis practically
does not differ from the one carried out above. Numerical calculations were carried
out as well. Let us note the most important results of these studies. The growth rate
of the average energy of an ensemble of particles and its maximum energy depends
both on the strength of the electromagnetic waves, on the number of combination
waves participating in the interaction, as well as on the distance between their
nonlinear resonances. Thus, the maximum energy that particles can accumulate in
the case of overlap of all Cherenkov resonances from Ncombination waves is
determined by the sum of the distances between these resonances

XN�1

i¼0

vphiþ1
� vphi

� �
¼ vphN � vph0 : (27)

3.2.2.4 Comparison of heating efficiency

It is of interest to compare the efficiency of plasma heating by fields of regular
electromagnetic waves (in a regimewith dynamic chaos) with plasma heating by ran-
dom fields. In random fields, we canwrite the following equation for the particle energy

dγ
dτ

¼ v!E!n

� �
: (28)

Here E!n – the field strength of the random wave.
Under the same assumptions under which formula (25) was obtained, we find

Δγð Þ2
D E

¼ v2E2
nτ: (29)

Let us assume that the energy in the field of the noise wave is equal to the energy of
the field of coherent radiation. In this case En

2 � Δωn ¼ E2 � Δω: Here Δω< <Δωn is
the width of the spectrum of the noise field,Δω ¼ ω=Q is the width of the spectrum of
coherent radiation, Qis the Q–factor of the optical resonator (Q � 106 � 107).

K �
Δγð Þ2

D E

Δγð Þ2
D E

n

>
E2 Δω0ð Þ2Q

4γ20v
2
0

: (30)

In the vast majority of cases K > > 1 .
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It should be noted that many other heating mechanisms are also less efficient than
heating in the dynamic chaos regime. In particular, one can point to the well–known
turbulent heating. In turbulent heating schemes, radiation incident on plasma as a
result of nonlinear processes excites random fluctuations of fields in the plasma. It is
these random fluctuations that heat the plasma particles. As we saw above, this
mechanism is less efficient than dynamic heating. In addition, the transformation of
regular fields incident on the plasma into random fields requires a significant time.

The closest to the one considered is the scenario of plasma heating, which is
associated with collisions of particles of dense (solid-state) plasma. The collision
frequency, as is known, is proportional to the plasma density n ¼ 1022cm�3 and at a
temperature T = 7 keV is v ¼ 1012s�1 . If the frequency of the laser radiation ω ¼
5� 1015s�1 and the amplitude of the laser wave E ¼ 0:1, then the heating of the
plasma to a temperature of 7 keV occurs in a time ΔtH ¼ 2� 10�14s, i.e. in a time
significantly shorter than the time of collision between particles. Thus, there is a
range of laser radiation and plasma parameters at which dynamic heating is much
more efficient than other heating mechanisms.

Let us estimate the possibility of using dynamic heating of solid–state plasma to
thermonuclear temperatures. In this case, we need to heat the plasma ions. In this
case, direct dynamic heating of ions is ineffective. Indeed, as follows from formula
(25), this time is proportional to the fourth power of the mass (τH � mið Þ4).

In this case, the ion heating scheme may look as follows: the laser field E ¼
0:1,ω ¼ 5 � 1015s�1 heats plasma electrons n ¼ 1022cm�3 to a temperature of 7 keV.

This heating takes place over time t< 10�13s: During the time t � 10�9s, the
heated electrons transfer their energy to the ions. This time is rather short. During
this time, a solid-state target of radius r = 0.1 will not increase its size too much.
Note that the rapid heating of electrons and the rapid transfer of energy from
electrons to ions make it possible to avoid the development of plasma instabilities.

3.2.3 Plasma heating in an external magnetic field

We saw above that the dynamics of charged particles in the field of a combina-
tion wave in the vicinity of the Cherenkov resonance of particles with a combina-
tion wave is described by the equation of a mathematical pendulum. If there are
several combination waves (we saw above that three transverse electromagnetic
waves can generate two combination waves), then to describe the dynamics of
particles, it is necessary to analyze a model that contains two equations of a math-
ematical pendulum. As we saw above, stochastic instability developed when the
nonlinear resonances of these mathematical pendulums crossed (see [5, 6]). The
particle dynamics became random. Thus, in this model of the interaction of charged
particles with electromagnetic waves, the result turned out to be analogous to the
motion of particles in a random field. Above, using the example of plasma heating
by three laser waves, an expression was obtained that characterizes the efficiency of
plasma heating in the field of three regular laser waves. Another common scheme
for realizing plasma heating is that the plasma is placed in an external constant
magnetic field. To analyze the appearance of conditions for effective plasma heating
in such installations based on regimes with dynamic chaos, we note that the pres-
ence of an external magnetic field leads to the fact that regimes with dynamic chaos
can be realized even when the plasma is exposed to only one external electromag-
netic wave It turns out that the role of a large number of waves, in this case, is
played by resonances (cyclotron resonances), and also that the dynamics of parti-
cles in the vicinity of cyclotron resonances is described by the model of a mathe-
matical pendulum. Overlapping of nonlinear cyclotron resonances leads, as above,
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Here, the angle brackets denote averaging over phases and positions of particles
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A similar analysis of the particle dynamics can be carried out for the case of a
large number of waves interacting with particles. The analytical analysis practically
does not differ from the one carried out above. Numerical calculations were carried
out as well. Let us note the most important results of these studies. The growth rate
of the average energy of an ensemble of particles and its maximum energy depends
both on the strength of the electromagnetic waves, on the number of combination
waves participating in the interaction, as well as on the distance between their
nonlinear resonances. Thus, the maximum energy that particles can accumulate in
the case of overlap of all Cherenkov resonances from Ncombination waves is
determined by the sum of the distances between these resonances
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3.2.2.4 Comparison of heating efficiency

It is of interest to compare the efficiency of plasma heating by fields of regular
electromagnetic waves (in a regimewith dynamic chaos) with plasma heating by ran-
dom fields. In random fields, we canwrite the following equation for the particle energy
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Here E!n – the field strength of the random wave.
Under the same assumptions under which formula (25) was obtained, we find
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Let us assume that the energy in the field of the noise wave is equal to the energy of
the field of coherent radiation. In this case En

2 � Δωn ¼ E2 � Δω: Here Δω< <Δωn is
the width of the spectrum of the noise field,Δω ¼ ω=Q is the width of the spectrum of
coherent radiation, Qis the Q–factor of the optical resonator (Q � 106 � 107).
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In the vast majority of cases K > > 1 .

138

Microwave Heating - Electromagnetic Fields Causing Thermal and Non-Thermal Effects

It should be noted that many other heating mechanisms are also less efficient than
heating in the dynamic chaos regime. In particular, one can point to the well–known
turbulent heating. In turbulent heating schemes, radiation incident on plasma as a
result of nonlinear processes excites random fluctuations of fields in the plasma. It is
these random fluctuations that heat the plasma particles. As we saw above, this
mechanism is less efficient than dynamic heating. In addition, the transformation of
regular fields incident on the plasma into random fields requires a significant time.

The closest to the one considered is the scenario of plasma heating, which is
associated with collisions of particles of dense (solid-state) plasma. The collision
frequency, as is known, is proportional to the plasma density n ¼ 1022cm�3 and at a
temperature T = 7 keV is v ¼ 1012s�1 . If the frequency of the laser radiation ω ¼
5� 1015s�1 and the amplitude of the laser wave E ¼ 0:1, then the heating of the
plasma to a temperature of 7 keV occurs in a time ΔtH ¼ 2� 10�14s, i.e. in a time
significantly shorter than the time of collision between particles. Thus, there is a
range of laser radiation and plasma parameters at which dynamic heating is much
more efficient than other heating mechanisms.

Let us estimate the possibility of using dynamic heating of solid–state plasma to
thermonuclear temperatures. In this case, we need to heat the plasma ions. In this
case, direct dynamic heating of ions is ineffective. Indeed, as follows from formula
(25), this time is proportional to the fourth power of the mass (τH � mið Þ4).

In this case, the ion heating scheme may look as follows: the laser field E ¼
0:1,ω ¼ 5 � 1015s�1 heats plasma electrons n ¼ 1022cm�3 to a temperature of 7 keV.

This heating takes place over time t< 10�13s: During the time t � 10�9s, the
heated electrons transfer their energy to the ions. This time is rather short. During
this time, a solid-state target of radius r = 0.1 will not increase its size too much.
Note that the rapid heating of electrons and the rapid transfer of energy from
electrons to ions make it possible to avoid the development of plasma instabilities.

3.2.3 Plasma heating in an external magnetic field

We saw above that the dynamics of charged particles in the field of a combina-
tion wave in the vicinity of the Cherenkov resonance of particles with a combina-
tion wave is described by the equation of a mathematical pendulum. If there are
several combination waves (we saw above that three transverse electromagnetic
waves can generate two combination waves), then to describe the dynamics of
particles, it is necessary to analyze a model that contains two equations of a math-
ematical pendulum. As we saw above, stochastic instability developed when the
nonlinear resonances of these mathematical pendulums crossed (see [5, 6]). The
particle dynamics became random. Thus, in this model of the interaction of charged
particles with electromagnetic waves, the result turned out to be analogous to the
motion of particles in a random field. Above, using the example of plasma heating
by three laser waves, an expression was obtained that characterizes the efficiency of
plasma heating in the field of three regular laser waves. Another common scheme
for realizing plasma heating is that the plasma is placed in an external constant
magnetic field. To analyze the appearance of conditions for effective plasma heating
in such installations based on regimes with dynamic chaos, we note that the pres-
ence of an external magnetic field leads to the fact that regimes with dynamic chaos
can be realized even when the plasma is exposed to only one external electromag-
netic wave It turns out that the role of a large number of waves, in this case, is
played by resonances (cyclotron resonances), and also that the dynamics of parti-
cles in the vicinity of cyclotron resonances is described by the model of a mathe-
matical pendulum. Overlapping of nonlinear cyclotron resonances leads, as above,
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to the development of local instability (stochastic instability). As a result, we get
method for effective plasma heating [7–11].

Consider a charged particle (electron) that moves in an external constant
magnetic field H0 of magnitude directed along the axis z and in the field of an
electromagnetic wave of arbitrary polarization. The components of the electric and
magnetic fields of such a wave can be represented as

E
! ¼ Re E

!
0eiψ

� �
,

H
! ¼ Re

1
k0

k
!
E
!h i� �

,
(31)

where ψ � ωt� k
!
r! , E

!
0 ¼ α

!E0; α
! ¼ αx, iαy, αz

� �
– wave polarization vector;

k0 ¼ ω=c; ω, k
!
– frequency and wave vector of the wave. We introduce the

following dimensionless variables: p!1 ¼ p!=mc , k
!
1 ¼ k

!
=k0, τ ¼ ωt, r!1 ¼ k0 r

!, ε! ¼
eE
!
0=mcω, v!1 ¼ v!=c, υph1 ¼ υph=c ¼ ω=kc.

Without loss of generality, we can assume that the vector k
!
has only two

nonzero components kx and kz. The equations of motion of a particle can be reduced
to the form

_
P
! ¼ 1� k

!
p!

γ

 !
Re ε

!eiΨ
� �

þ k
!

γ
Re p!ε

!� �
eiψ þ ωH

γ
p! e!
h i

,

_r! ¼ p!=γ,

_ψ ¼ k
!
p!=γ � 1,

(32)

where τ � ωt, e! � H
!

0=H0;ωH � eH0=mcω;ψ ¼ k
!
r! � τ [7].

The last term on the right–hand side of the first vector equation describes the
Lorentz force that acts on a particle in a constant external field. Multiplying the first
of equations (32) by p! and taking into account that p2 ¼ γ2 � 1, we obtain the
following equation for changing the particle energy

_γ ¼ Re vε!
� �

eiψ : (33)

Using this equation, from equations (32) we find the following integral of motion

p! � Re i ε!eiψ
� �

þ ωH r! e!
h i

� k
!
γ ¼ const: (34)

For what follows, it is convenient to pass to new variables p⊥, pk, θ, ξ and η,
which are related to the old following ratios

px ¼ p⊥ cos θ,
py ¼ p⊥ sin θ,
pz ¼ pk,

x ¼ ξ� p⊥
ωH

sin θ,

y ¼ ηþ p⊥
ωH

cos θ:

(35)
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In these variables, Eqs. (32) taking into account the integral (34) take the form

_p⊥ ¼ 1� kzvzð Þ
X
n

εx
n
μ
Jn � εyJ0n
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cos θn þ kxvzεz

X
n
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0
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,

_z ¼ vz,

θn ¼ kzzþ kxξ� nθ � τ:

(36)

In obtaining (36), we used the expansion

cos x� μ sin θð Þ ¼
X∞
n¼�∞

Jn μð Þ cos x� nθð Þ, (37)

where μ ¼ kxp⊥=ωH .
At (ε0 < < 1) the effective interaction of the particle with the wave occurs when

one of the resonance conditions is satisfied

Δs γoð Þ � kzvz0 þ s
ωH

γ0
� 1 ¼ 0: (38)

Assuming condition (38) had performed and introducing the resonant phase
θs ¼ sθ � τ from the system of equations (36), after averaging, we obtain the
following equations of motion

_p⊥ ¼ 1
p⊥

1� kzvzð ÞWs � ε0 cos θs,

_pz ¼
1
γ
kzWsε0 cos θs,

_θs ¼ Δs � kzvz þ s
ωH

γ
� 1,

_γ ¼ ε0
γ
Ws � cos θs,

(39)

where Ws � αxp⊥
s
μ Js � αyp⊥Js

0 þ αzpzJs.

3.2.4 The condition for the appearance of dynamic chaos (the condition of stochastic
heating)

We will assume that the particle energy changes little as a result of the
interaction with the electromagnetic wave γ ¼ γ0 þ ~γð Þ,~γ < < γ0, and the resonance
condition (38) is exactly satisfied for a particle with energy γo. Then, doing decom-
position Δs γð Þ near γo the last two equations of the system (39), we obtain a closed
system of two equations for determining ~γ and θs
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to the development of local instability (stochastic instability). As a result, we get
method for effective plasma heating [7–11].

Consider a charged particle (electron) that moves in an external constant
magnetic field H0 of magnitude directed along the axis z and in the field of an
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The last term on the right–hand side of the first vector equation describes the
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In these variables, Eqs. (32) taking into account the integral (34) take the form
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At (ε0 < < 1) the effective interaction of the particle with the wave occurs when
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Assuming condition (38) had performed and introducing the resonant phase
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s
μ Js � αyp⊥Js
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3.2.4 The condition for the appearance of dynamic chaos (the condition of stochastic
heating)

We will assume that the particle energy changes little as a result of the
interaction with the electromagnetic wave γ ¼ γ0 þ ~γð Þ,~γ < < γ0, and the resonance
condition (38) is exactly satisfied for a particle with energy γo. Then, doing decom-
position Δs γð Þ near γo the last two equations of the system (39), we obtain a closed
system of two equations for determining ~γ and θs
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d~γ
dτ

¼ ε0
γ0

Ws cos θs,

dθs
dτ

¼ k2z � 1
γ0

~γ:

(40)

Equations (40) represent the equation of a mathematical pendulum. Of them,
we find the width of the nonlinear resonance
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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� �q
:

(41)

To find the distance between resonances, we write the resonance conditions (38)
and the averaged conservation law (34) for two adjacent resonances (see [6, 7, 11])
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kzps þ sωH � γs ¼ 0,

γs � ps=kz ¼ C:

(42)

From these conditions, we find the following value of the distance between
resonances

δγ ¼ ωH= 1� k2z
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From expressions (42) and (43) it follows that in carrying out the inequality
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nonlinear resonances overlap. A regime of stochastic instability sets in, and
inequality (44) is the condition for stochastic heating of plasma particles. Note that
the width of the nonlinear resonance as well as the distance between resonances
must be calculated along with the integrals of motion (see Figure 11). In this figure,
the dotted lines show the boundaries of nonlinear resonances (the position of the
separatrices), the solid lines are the cyclotron resonances themselves, and the bold
arrow denotes the integral. In all cases, the particle dynamics run according to
integrals. When the integral line coincides with the resonance line, the
autoresonance condition occurs. Under autoresonance conditions, particles can res-
onantly acquire unlimited energy.

3.2.5 Experimental studies of stochastic heating of plasma in a constant magnetic field

After theoretical work, a large series of experimental studies of stochastic plasma
heating was carried out. At the same time, theoretical estimates showed that for
stochastic heating of the plasma by the field of one external electromagnetic wave,
the field strength of this wave should be sufficiently high (� 106 V/cm) [8]. This
result, for example, follows from an analysis of conditions (44). Additional numer-
ical studies have shown that if several waves are excited in the experimental setup,
for example, two waves with the same frequencies but different wave vectors, then

142

Microwave Heating - Electromagnetic Fields Causing Thermal and Non-Thermal Effects

for the occurrence of conditions for stochastic heating, the field strengths signifi-
cantly decrease (� 104 V/cm) [10, 11].

The main experiments were carried out on a setup, the scheme of which is
described in detail in [9]. The main element of this setup is a cylindrical resonator,
the general view of which is shown in Figure 12. The resonator is made of a copper
tube with an inner diameter of 16 cm and a length of 66 cm. The modes H10x and
H20x are excited in this resonator. The central axis of the resonator coincided with
the direction of the external inhomogeneous magnetic field. This field formed a
magnetic trap. The mirror ratio was chosen equal to 1.2 ... 2. The length of the
uniform part of the magnetic field of the trap in the cavity was varied from 25 to 66
cm. A loop probe was located in the central part of the cavity. Plasma in the cavity
was generated by an electron beam with an energy of 400–600 eV and a current of
60–100 mA due to a beam–plasma discharge [9]. The pressure in the resonator
could be regulated in the range of 10–4 … 10–6 mm Hg. In the main series of
experiments, the plasma density was within � 109 cm–3.

The sequence of working of the equipment in time is as follows. An electron
beam is injected into the cavity. As a result of the beam–plasma discharge, a plasma
is formed with a density of up to � 1011 cm–3. The resonator was excited at a
frequency of � 2.7 GHz, for which the cyclotron resonance was performed at a
magnetic induction at the minimum of the trap equal to � 0.1 T. The length of the
uniform part of the magnetic field of the trap in the resonator was varied from 25 to
66 cm. The oscillation power of the magnetron could be varied in the range 0.1–1.0
MW in a pulse with a duration of 1.8 μs. and was fed into the resonator through a
waveguide with a cross-section of 72x34 mm. By varying the delay time between
the electron beam pulse and the high-frequency power pulse, the required plasma
density was selected in the range 107 – 109 cm–3 at a pressure of 10–5 – 10–4 mm Hg.
Argon was used as a plasma-forming gas.

The experiments investigated the fluxes of microwave, optical and X–ray radia-
tion. Simultaneously, using a set of foil plates (up to 15 layers of aluminum foil),
electron fluxes with energies up to 1 MeV were recorded. The results are shown in
Figure 13. Estimation of the electron energy at the maximums of the X–ray radia-
tion intensity showed that at t = 2 μsec the electron energy reaches 100–150 keV,
while at t = 1 μsec the electron energy is 8–10 times higher (� 1 MeV).

Figure 11.
Location of resonances and one of the integrals (27) on the plane pz, γ

� �
.
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4. Conclusions

In this chapter, there were considered different approaches to exciting plasma
by a regular electromagnetic field. As a microwave source, there was used a mag-
netron generator as well as two types of electrodynamic structures: resonators (the
cylindrical resonator) and waveguides (the rectangular waveguide). An application
of the given electrodynamic structures allowed the formation of an electromagnetic
field needed for effective exciting plasma in the area of location of an active
medium (for example, a bulb with gases mixture). The carried out investigations
have pointed to distinct aspects of forming a regular electromagnetic field and its
excitation as well as the features of plasma heating. It is significant that for exciting

Figure 12.
Some elements of the resonator: 5 – below-cutoff waveguide; 6 –movable piston; 9 – gas supply system; 10 – loop
sealed microwave probe; 11 – vacuum window made of Lavsan film with mesh.

Figure 13.
High-frequency power oscillogram: 1 – incident wave; 2 – backward wave; 3 – absorbed wave.
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plasma and enhancing efficiency in its heating it is necessary to optimize not only
the shape and special distribution of the electric field in the cavity but also its
intensity. In this regard, a preference is given to the resonant electrodynamic
structures having a concentrated capacity as a parameter. Among such structures is
the coaxial resonator loaded on a capacity as well as the toroidal resonator. In the
case of an application of the interference method for forming an electromagnetic
field and enhancing the effectiveness of plasma heating a great interest is using the
single- and double-ridged waveguides instead of the regular waveguides. On the
other hand, a comparison of the theoretical and experimental data showed that the
most effective is heating of any plasma when the interaction of plasma particles
with regular electromagnetic waves occurs in the dynamic chaos regime. Note that
the described mechanisms relate to the interaction of the wave-particle type.
Another fundamental interaction (the interaction of wave-wave type) can also be
used to heat the plasma. But in that event, such a heating mechanism (turbulent
heating) contains two stages. At the first stage, the energy of regular waves is
transformed into the energy of less efficient noise vibrations.

The experimental implementation of the conditions for stochastic heating of
plasma by the field of regular electromagnetic waves with a high rate of energy
transfer from electromagnetic waves to the energy of thermal motion of plasma
electrons has been carried out. It is shown that the average energy of plasma
electrons reached values � 1 MeV in times less than 1 μsec.

Also, it is necessary to note that in the experiment stochastic heating and,
accordingly, X-ray radiation from the plasma was observed only when several
spatial modes were excited in the resonator or when the resonator was excited by
two frequencies. This fact is in full agreement with the results of the analysis of
theoretical models.
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Chapter 7

Experimental Investigation on 
the Effect of Microwave Heating 
on Rock Cracking and Their 
Mechanical Properties
Gaoming Lu and Jianjun Zhou

Abstract

Due to various advantages including high efficiency, energy-saving, and having 
no secondary pollution (no dust or noise), the technology of microwave-induced 
fracturing of hard rock has been considered as a potential method for rock fractur-
ing and breaking. Realizing microwave-assisted mechanical rock cutting using the 
microwave-induced hard rock fracturing technique can prolong the mechanical 
life and improve the efficiency of rock-breaking operations. For example, to realize 
microwave-assisted TBM excavation for hard rock tunnel. At present, this technol-
ogy is still in the laboratory research stage. By summarizing the research results of 
relevant scholars in this field, this paper generalizes the mechanism of microwave 
heating of rock, microwave heating system, heating characteristics, and the effect 
of microwave heating on rock cracking and mechanical properties. Microwave 
heating causes microscopic cracks on the surface of the rock and microscopic 
cracks inside the rock. The higher the microwave power, the longer the irradiation 
time, the more serious the cracks propagation. Uniaxial compressive, Brazilian 
tensile, and point load strengths all decreased with increasing microwave irradia-
tion time at rates that were positively related to the power level. The conventional 
triaxial compressive strength of basalt samples decreased linearly with microwave 
irradiation time, and the higher the confining pressure, the smaller the reduction 
in the strength of basalt samples after microwave treatment. In addition, the elastic 
modulus and Poisson’s ratio of basalts decreased in a quasi-linear manner with the 
growth of microwave irradiation time under uniaxial compression. While micro-
wave irradiation has a slight influence on elastic modulus and Poisson’s ratio under 
triaxial compression. The cohesion decreases with increasing microwave irradiation 
time and shows an approximately linear decrease over time.

Keywords: microwave heating, TBM excavation, temperature characteristics,  
crack propagation, mechanical properties

1. Introduction

New, and high-efficiency technology for rock breaking is required in the field of 
tunnel excavation, mining and mineral processing. The technology of microwave-
induced fracturing of hard rock has been considered as a potential method for 
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Abstract

Due to various advantages including high efficiency, energy-saving, and having 
no secondary pollution (no dust or noise), the technology of microwave-induced 
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1. Introduction

New, and high-efficiency technology for rock breaking is required in the field of 
tunnel excavation, mining and mineral processing. The technology of microwave-
induced fracturing of hard rock has been considered as a potential method for 
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rock, breaking due to various advantages including high efficiency and having 
no dust or noise pollution [1–3]. Realizing microwave-assisted mechanical rock 
cutting (Figure 1) using the microwave-induced hard rock fracturing technique can 
prolong the mechanical life and improve the efficiency of rock breaking operations 
[4–7]. At present, tunnel boring machines (TBMs) and shield machines have been 
increasingly used in tunnel excavation. The shield machine is subjected to a series 
of problems such as deformation of the tool apron and severe cutter wear due to the 
presence of boulders [8–10]. During the tunneling of hard rocks by TBMs, the disc 
cutter is worn and frequently changed-out, thus increasing the cost of maintenance 
and influencing construction progress [11–14].

The design of cutter heads of shield machines and TBMs is closely related to the 
properties of rocks and prevailing geological conditions [15, 16]. The mechanical 
strengths (uniaxial compressive strength, tensile strength, and point load strength, 
etc.) of rocks are important parameters influencing the service life and penetration 
of disc cutters on TBMs [17, 18]. Microwave treatment can significantly decrease 
the strength of rocks [3, 19–22], and thus can improve the penetration and life of 
disc cutters. Therefore, by introducing microwave heating technology into TBMs or 
shield machines, hard rocks or boulders can be pre-fractured through microwave 
irradiation. In this way, cutter wear can be reduced to increase efficiency in tunnel 
excavation.

Some scholars have carried out numerous experiments and numerical research 
into the mechanism governing the microwave-induced fracturing of rocks (or ores) 
and the influence of microwave treatment on the mechanical properties of rocks 
(or ores) [23–25]. Under the effect of microwave treatment, new intergranular 
and transgranular fractures are generated in rocks [26] to lead to the reduction of 
work index [27, 28] and strengths (including uniaxial strength, Brazilian splitting 
strength, and point load strength) of rocks [2, 29, 30]. More seriously, rocks are 
cracked and crushed or molten to cause rocks (or ores) to lose all of their bearing 
capacity [29, 31]. Hassani et al. [3, 6, 32] and Nekoovaght et al. [33, 34] studied the 
influence of microwave power and irradiation time on the strength of different 
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Peinsitt et al. [35] explored the effects of microwave irradiation on the strength, 
acoustic velocity, and heating effect of three types of dry and saturated rocks using 
a 2450 MHz multi-mode cavity. By using an open-ended waveguide set-up at a 
frequency of 2,450 MHz, Hartlieb et al. [36–38] explored the failure mechanism and 
thermal physical characteristics of different types of rocks. Lu et al. [29, 39, 40] stud-
ied the mechanism, temperature distribution, and crack propagation of microwave-
heated rocks using a multi-mode resonator.

At present, the technology of microwave-induced fracturing of hard rock is still 
in the laboratory research stage. By summarizing the research results of relevant 
scholars in this field, this work generalizes the mechanism of microwave heating of 
rock, microwave heating system, heating characteristics, and the effect of micro-
wave heating on rock cracking and mechanical properties.

2. Principle of microwave heating rocks

When a dielectric material is subjected to an alternating current, it absorbs 
electrical energy, which is dissipated in the form of heat (the dielectric loss). The 
dielectric constant of the material consists of the real part and the imaginary part, 
as shown below

 ”' jε ε ε= −  (1)

where the real part (ε’) is known as the dielectric constant. The imaginary part 
(ε”) is known as the loss factor [41].

The loss tangent (tan δ) is the ratio of the imaginary part (ε”) to the real part 
(ε’), i.e.
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It measures the ability of the dielectric to store energy and convert it into heat.
The microwave absorption capacity of electrolyte material is related to its 

dielectric properties. The microwave heating mechanism of minerals and rocks in 
the electromagnetic field is usually expressed by the power density, which can be 
expressed by the following Equation

 2
0=2 "E fP πε ε  (3)

where P is the loss power density deposited within the sample; E is the electric 
field and f is the microwave frequency; ε0 is the dielectric constant of free space 
(8.85 × 10−12 F/m) [42].

The temperature of the dielectric material increases when it absorbs microwave 
energy [41]. According to the laws of thermodynamics the amount of energy 
required to increase the temperature of a material to a given amount is calculated by 
the following equations

 Q TCm= ∆  (4)
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where Q is the energy absorbed by the material; C is the specific heat capacity; 
m is the mass; ∆T is the temperature increase after absorbing energy; ∆t is the time 
difference.

By combining Eqs. (3) and (5), the rate of heating may be given by
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An increase in material temperature causes the volume of the material to 
increase

 0V(T) (1 T)V= +α∆  (7)

where, V0 is the volume at some reference temperature, and α is the coefficient 
of thermal expansion of the medium [43].

After being irradiated by microwaves, rocks absorb electromagnetic energy 
that is transformed into thermal energy, causing the temperature rising of rocks. 
After microwave irradiation, the temperature of the rocks is not uniform, resulting 
in uneven thermal expansion in the rocks. Different minerals within rocks have 
different dielectric properties, leading to different rocks have different microwave 
absorption capacities. Different minerals also have different thermal expansion 
coefficients, so the thermal expansion property is different after heating. Therefore, 
due to the different microwave sensitivity and thermal expansibility of different 
types of rocks, different types of rocks show different heating characteristics and 
fracturing effects.

3. Microwave heating system for rock

The microwave heating equipment includes a power supply, a magnetron, an 
isolator, a coupler, an impedance tuner, a rectangular waveguide, a microwave 
applicator, and a shielded cavity (Figure 2). The power supply is used to convert 
alternating-current into direct-current to thus create conditions for the operation 

Figure 2. 
Schematic view of the microwave heating system.

151

Experimental Investigation on the Effect of Microwave Heating on Rock Cracking…
DOI: http://dx.doi.org/10.5772/intechopen.95436

of the magnetron. The magnetron converts direct-current electrical energy into 
microwave energy, thus providing continuous microwave power. The isolator is 
used for the unidirectional circular transmission of microwave energy. The func-
tion of the water cycle is to absorb the reflected microwave energy, thus protecting 
the magnetron from damage. The microwave applicator is used to emit microwave 
energy to the surface of rocks, where it is used to heat and crack rocks. The imped-
ance tuner is used for impedance matching. Compared with the microwave source 
with a frequency of 915 MHz, the microwave source with a frequency of 2450 MHz 
has higher heating efficiency and smaller volume, which is conducive to the com-
bination with the mechanical rock-breaking device. During testing, a metal net is 
used as shielding to avoid microwave interference with signal transmission to/from 
the other apparatuses.

Figure 3. 
Temperature distribution on the surface of samples measured by infrared camera (ambient temperature at 
13.5°C) [44]. Tmax = 92.0°C, Tave = 68.7°C Tmax = 90.8°C, Tave = 63.7°C Tmax = 91.9°C, Tave = 67.3°C (a) 5 kW, 
10 s. Tmax = 158.2°C, Tave = 109.6°C Tmax = 169.3°C, Tave = 119.0°C Tmax = 166.8°C, Tave = 116.9°C (b) 5 kW, 20 s. 
Tmax = 240.8°C, Tave = 169.9°C Tmax = 225.9°C, Tave = 157.0°C Tmax = 218.0°C, Tave = 163.3°C. (c) 5 kW, 30 s.
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of the magnetron. The magnetron converts direct-current electrical energy into 
microwave energy, thus providing continuous microwave power. The isolator is 
used for the unidirectional circular transmission of microwave energy. The func-
tion of the water cycle is to absorb the reflected microwave energy, thus protecting 
the magnetron from damage. The microwave applicator is used to emit microwave 
energy to the surface of rocks, where it is used to heat and crack rocks. The imped-
ance tuner is used for impedance matching. Compared with the microwave source 
with a frequency of 915 MHz, the microwave source with a frequency of 2450 MHz 
has higher heating efficiency and smaller volume, which is conducive to the com-
bination with the mechanical rock-breaking device. During testing, a metal net is 
used as shielding to avoid microwave interference with signal transmission to/from 
the other apparatuses.
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Temperature distribution on the surface of samples measured by infrared camera (ambient temperature at 
13.5°C) [44]. Tmax = 92.0°C, Tave = 68.7°C Tmax = 90.8°C, Tave = 63.7°C Tmax = 91.9°C, Tave = 67.3°C (a) 5 kW, 
10 s. Tmax = 158.2°C, Tave = 109.6°C Tmax = 169.3°C, Tave = 119.0°C Tmax = 166.8°C, Tave = 116.9°C (b) 5 kW, 20 s. 
Tmax = 240.8°C, Tave = 169.9°C Tmax = 225.9°C, Tave = 157.0°C Tmax = 218.0°C, Tave = 163.3°C. (c) 5 kW, 30 s.
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4. Temperature characteristics

Figures 3 and 4 show the temperature distributions on the surface of samples 
and along their straight lines [44]. As is seen, the surface temperature of samples 
was non-uniformly distributed, i.e. the longer the irradiation time, the more non-
uniform the temperature distribution. A local high-temperature region occurred 
on the surface of the cylindrical samples. The temperature inside the samples was 
higher than that on the surface of the samples, and the maximum temperature 
occurred near the center of the samples. There were two high-temperature zones 
at the left and right sides of the lower part of the cylinder sample surface. The 
non-uniformity of temperature distribution led to the non-uniformity of thermal 
expansion within the samples, which will promote the cracking and fracturing of 
samples. The influence of irradiation time on the surface temperature of the basalt 
samples is shown in Figure 5. As is seen, after microwave irradiation for 10 s, 20 s, 
and 30 s, the maximum temperatures were 91.6°C, 164.8°C, and 228.2°C at a micro-
wave power of 5 kW while the average temperatures were 66.6°C, 115.2°C, and 

Figure 4. 
Temperature distributions along straight lines of samples passing the point with the highest temperature [44]. 
(a) the upper surface (line a). (b) Cylindrical surface (line B).
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163.4°C, respectively. When the microwave power is constant, the maximum and 
average temperature on the surface of the samples both linearly increased with the 
irradiation time (Figure 5). The longer the microwave irradiation time, the higher 
the surface temperature of the samples.

The surface temperatures of the cylindrical basalt samples increased with the 
increase of irradiation time at each of the three microwave powers (Figure 5) [29]. 
The surface temperature of the sample increased linearly with the microwave 
irradiation time, and the heating rate increased with the growth of microwave 
power. Samples burst at approximately 230°C and 320 s at 1 kW, 210°C and 100 s at 
3 kW, and 160°C and 50 s at 5 kW. The broken pieces began to melt with increasing 
the irradiation time. The higher the microwave power input, the faster the rate of 
heating, and the shorter the time needed for the sample to bursting.

5. Effect of microwave heating on crack propagation of rock samples

5.1 Microscopic crack propagation

Under the conditions of 5 kW power and different microwave irradiation times, 
the crack propagation on the surface of the 50 mm cubic samples was observed 
with an ultra-depth field microscope, as shown in Figure 6. Compared with 
the untreated cubic samples, more intragranular and intergranular cracks were 
observed around and along the olivine granules. With the increase of microwave 
irradiation time, cracks became wider and more pronounced. Relative to untreated 
samples, intergranular and intragranular microscopic cracks occurred within 
cylindrical samples after microwave treatment for 60 s at 3 kW.

After microwave irradiation, more intergranular and transgranular cracks 
occurred within the basalt samples. In particular, the intergranular cracks  
mainly occurred between plagioclase and olivine, while the intragranular  
cracks mainly occurred within the olivine grains. With the increase of intergranular  
cracks and intragranular cracks, macroscopic cracks mainly occurred across the 
area where olivine and enstatite grains gathered. This is because enstatite provides 
the energy needed for the thermal expansion of olivine [29, 39].

Figure 5. 
Surface temperature vs. irradiation time of Φ50 × 100 mm cylindrical basalt specimens [29].
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5.2 Macroscopic crack propagation

The typical pattern of macroscopic crack propagation on the surface of the cylin-
drical samples is shown in Figure 7 [29]. It can be seen that the macroscopic cracks of 
the microwave-treated cylindrical samples propagated on the two end surfaces and 
the cylindrical curved surface of the cylindrical samples. The main crack on the cyl-
inder was approximately parallel to the bus of the cylinder and connected to the crack 
on the end surfaces. After a long time of microwave irradiation, about three cracks 
propagated on the end surfaces of the sample, converging to a point near the center 
of the circle. The sample with low microwave power or short irradiation time had less 
crack propagation. With the increase of microwave irradiation time or microwave 

Figure 6. 
Microscopic crack propagation on the surface of 50 mm cubic basalt specimens viewed under an ultra-depth of 
field microscope at 300× magnification before (left) and after (right) microwave treatment at 5 kW power and 
three exposure times [39].
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power, the length and number of cracks increased gradually. Microwave power and 
irradiation time are important parameters affecting crack generation. The higher the 
microwave power, the shorter the time needed to generate cracks of the same degree.

6. Effect of microwave heating on mechanical properties of rock

6.1 Mechanical strength

After microwave irradiation, the uniaxial compression strength decreases 
with the increase of microwave irradiation time at three microwave powers 
(1 kW, 3 kW, and 5 kW). The uniaxial compression strength decreases in an 
approximately linear manner with increasing microwave irradiation time. The 
greater the applied microwave power, the faster the decrease rate of uniaxial 

Figure 7. 
Typical pattern of macroscopic crack propagation on the surface of cylindrical specimens induced by 
microwave irradiation at three power levels and seven exposure times [29].
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compression strength [29]. Pyroxene is a highly microwave-absorbing mineral 
and has strong heating ability after microwave irradiation. Olivine is a strong 
thermal expansion mineral, which can produce strong thermal expansion under 
high temperatures. As a result, transgranular cracks mainly occurred in olivine 
particles, and intergranular cracks mainly occurred between olivines and plagio-
clases. With the increase of microwave irradiation time, the microcracks slip and 
connect, forming weak planes in the rocks. Compared with the rocks not irradi-
ated by microwave, the strength of the rocks decreased to different extents. The 
longer the microwave irradiation time or the higher the microwave power, the 
more developed the weak surface and the greater the strength reduction.

Figure 8 shows the relationships between the mechanical strength of a basalt 
and microwave irradiation time for different microwave power levels. As illustrated 
in Figure 8(a-c), the uniaxial compression strength (a), the Brazilian tensile 
strength (b), and the point load strength (c) decreased with irradiation time at 
each power level. Overall, the magnitude of the reductions was least for uniaxial 
compression strength, and most for point load strength. According to the slope 
of the fitting curves, the higher the microwave power, the faster the rock strength 
decreased. For example, the Brazilian tensile strength was reduced by approxi-
mately 39% at 1 kW power after 300 s irradiation, 37% at 3 kW power after 90 s 
irradiation, and 46% at 5 kW power after 30 s irradiation. Similarly, the uniaxial 
compression strength was reduced by less than 11% at 3 kW power and by 27% at 
5 kW power after 30 s irradiation. Under the three microwave powers, Uniaxial 
compressive, Brazilian tensile, and point load strength were reduced by up to 37%, 
46% and 62% respectively. Microwave power and irradiation time are important 
parameters affecting basalt strength, and the reduction of strength has an approxi-
mately linear relationship with the irradiation time at each power level.

At the applied power of 5 kW, the relationship between conventional triaxial 
compressive strength of basalts and microwave irradiation time is shown in 
Figure 9 [45]. Under four confining pressures (σ3 = 0 MPa, 10 MPa, 30 MPa, and 
50 MPa), the conventional triaxial compressive strength reduces at different rates 
with increasing microwave irradiation time. At 30 s irradiation, the conventional 
triaxial compressive strength reduces by 27%, 7%, 2%, and 1% under the four 
confining pressures, respectively. It is worth noting that, with the increase in 
confining pressure, the conventional triaxial compressive strength of the basalts 
gradually reduces (The test value has a certain discreteness, and the overall effect 
is reduced.). Confining pressure closes part of the cracks induced by microwave 
irradiation and increases the frictional forces that prevent slippage of microcracks. 
Therefore, confining pressure inhibits the reduction of conventional triaxial 
compressive strength and discreteness. The discreteness of conventional triaxial 
compressive strength is mainly caused by the heterogeneity of microcracks, while 
the confining pressure leads to the closure of microcracks in the samples and 
reduction of microcracks that produce slippage. Therefore, the confining pres-
sure can decrease the discreteness of conventional triaxial compressive strength. 
Geological factors such as in situ stress should be considered when microwave-
induced fracturing is used in underground geotechnical engineering [45].

Due to rocks are heterogeneous materials, differences between samples can 
lead to the discreteness of test results. The existence of microwave sensitive miner-
als and strong thermal expansion minerals results in the random distribution of 
microcracks in different directions within the rocks after microwave irradiation. 
After microwave irradiation, microcracks occurred within the rock, which can 
further increase the dispersion of the test results. The higher the microwave power 
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Figure 8. 
Relationships between mechanical strength of basalt and microwave irradiation time for three power levels: 
(a) uniaxial compressive strength, (b) Brazilian tensile strength, and (c) point load strength [29].
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clases. With the increase of microwave irradiation time, the microcracks slip and 
connect, forming weak planes in the rocks. Compared with the rocks not irradi-
ated by microwave, the strength of the rocks decreased to different extents. The 
longer the microwave irradiation time or the higher the microwave power, the 
more developed the weak surface and the greater the strength reduction.

Figure 8 shows the relationships between the mechanical strength of a basalt 
and microwave irradiation time for different microwave power levels. As illustrated 
in Figure 8(a-c), the uniaxial compression strength (a), the Brazilian tensile 
strength (b), and the point load strength (c) decreased with irradiation time at 
each power level. Overall, the magnitude of the reductions was least for uniaxial 
compression strength, and most for point load strength. According to the slope 
of the fitting curves, the higher the microwave power, the faster the rock strength 
decreased. For example, the Brazilian tensile strength was reduced by approxi-
mately 39% at 1 kW power after 300 s irradiation, 37% at 3 kW power after 90 s 
irradiation, and 46% at 5 kW power after 30 s irradiation. Similarly, the uniaxial 
compression strength was reduced by less than 11% at 3 kW power and by 27% at 
5 kW power after 30 s irradiation. Under the three microwave powers, Uniaxial 
compressive, Brazilian tensile, and point load strength were reduced by up to 37%, 
46% and 62% respectively. Microwave power and irradiation time are important 
parameters affecting basalt strength, and the reduction of strength has an approxi-
mately linear relationship with the irradiation time at each power level.

At the applied power of 5 kW, the relationship between conventional triaxial 
compressive strength of basalts and microwave irradiation time is shown in 
Figure 9 [45]. Under four confining pressures (σ3 = 0 MPa, 10 MPa, 30 MPa, and 
50 MPa), the conventional triaxial compressive strength reduces at different rates 
with increasing microwave irradiation time. At 30 s irradiation, the conventional 
triaxial compressive strength reduces by 27%, 7%, 2%, and 1% under the four 
confining pressures, respectively. It is worth noting that, with the increase in 
confining pressure, the conventional triaxial compressive strength of the basalts 
gradually reduces (The test value has a certain discreteness, and the overall effect 
is reduced.). Confining pressure closes part of the cracks induced by microwave 
irradiation and increases the frictional forces that prevent slippage of microcracks. 
Therefore, confining pressure inhibits the reduction of conventional triaxial 
compressive strength and discreteness. The discreteness of conventional triaxial 
compressive strength is mainly caused by the heterogeneity of microcracks, while 
the confining pressure leads to the closure of microcracks in the samples and 
reduction of microcracks that produce slippage. Therefore, the confining pres-
sure can decrease the discreteness of conventional triaxial compressive strength. 
Geological factors such as in situ stress should be considered when microwave-
induced fracturing is used in underground geotechnical engineering [45].

Due to rocks are heterogeneous materials, differences between samples can 
lead to the discreteness of test results. The existence of microwave sensitive miner-
als and strong thermal expansion minerals results in the random distribution of 
microcracks in different directions within the rocks after microwave irradiation. 
After microwave irradiation, microcracks occurred within the rock, which can 
further increase the dispersion of the test results. The higher the microwave power 
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Figure 8. 
Relationships between mechanical strength of basalt and microwave irradiation time for three power levels: 
(a) uniaxial compressive strength, (b) Brazilian tensile strength, and (c) point load strength [29].
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and the longer the irradiation time, the more discreteness the test results will be. 
When significant crack propagation or weak surface occurs in the rock, the bearing 
capacity of the rock will be significantly reduced, leading to the decrease of the rock 
strength. It is revealed that the confining pressure inhibits discreteness of basalt 
strength and the strength differences induced by microcracking gradually decrease 
with increasing confining pressure.

6.2 Elastic modulus and Poisson’s ratio

The average elastic modulus and Poisson’s ratio are calculated by linear fitting 
of the stress–strain curve. The elastic modulus and Poisson’s ratio are calculated 
by linear fitting of the stress–strain curve, and the calculation results are shown 
in Figures 10 and 11. The basalt has a compact structure and the average elastic 
modulus before microwave irradiation is 97 GPa. After microwave irradiation, 

Figure 9. 
Reductions in compression strength of basalts under different confining pressures [45].

Figure 10. 
Relationships between elastic modulus of basalts and microwave exposure time under uniaxial compression [45].
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the elastic modulus and Poisson’s ratio both decrease at three power levels (1 kW, 
3 kW, and 5 kW). The decrease rate of elastic modulus is greater than Poisson’s 
ratio at the three power levels, and elastic moduli are decreased by 22%, 25%, and 
22%, while the Poisson’s ratios decrease by 11%, 19%, and 22%, respectively. The 
elastic modulus and Poisson’s ratio decrease linearly with the microwave irradia-
tion time. According to the slopes of the fitting curves, it is known that the higher 
the microwave power, the greater the degree of reduction of elastic modulus and 
Poisson’s ratio.

After microwave treatment, the decrease of elastic modulus indicates that 
microwave irradiation can reduce the stiffness of rocks, that is to say, it can reduce 
the bearing capacity of rocks. As is known, in the compression test, the elastic 
deformation of rocks is mainly determined by the skeleton of mineral particles. 
Transgranular fracture and intergranular cracks can be induced in and between 
mineral particles by microwave treatment. With the increase and penetration of 
these microcracks, new cracks will be formed. Therefore, microwave irradiation 
changes the skeleton structure of mineral particles in the rocks and weakens the 
resistance of the rocks to elastic deformation.

6.3 Cohesion and internal friction angle

In the field of rock mechanics, cohesion refers to the attraction between mol-
ecules on the surface of adjacent mineral particles. After microwave treatment, the 
peak strength of the samples at different irradiation times presented monotonically 
increasing relation with confining pressure, which was in accordance with the 
Coulomb strength criterion. The cohesion c and internal friction angle φ of basalt 
samples were calculated according to the Coulomb strength criterion (Table 1 and 
Figure 12). After microwave treatment, the cohesion of the samples decreased 
linearly with the increase of microwave irradiation time. When the microwave 
power is 5 kW and the microwave irradiation time is 10 s, 20 s, and 30 s, the cohe-
sion decreases by 14%, 13%, and 25% respectively. After microwave treatment, 
transgranular and intergranular cracks were generated within and between mineral 
particles, which reduced the cementation between mineral particles and thus 
reduced the overall cohesion. While the internal friction angle increases slightly 
after microwave treatment.

Figure 11. 
Relationships between Possion’s ratio of basalts and microwave exposure time under uniaxial compression [45].
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7. Summary and conclusions

Microwave power level had a significant positive relationship with basalt heating 
rate: the higher the applied power, the faster the basalt temperature rises. The 
surface temperature of the sample is not uniformly distributed, which is conducive 
to the generation of cracks. The higher the microwave power, the more serious the 
crack propagation. As the number of fractures increased, visible cracks were gener-
ated, leading to significant strength reduction. The Uniaxial compressive, Brazilian 
tensile, and point load strength all decreased after irradiation at each of the three 

Exposure time (s) σ3 (MPa) σ1 (MPa) c (MPa) φ (°)

0 0 281.7 54.26 50.03

10 385.33

30 518

50 671

10 0 245.9 46.41 51.59

10 377.67

30 507.33

50 676.33

20 0 233.1 47.09 51.63

10 382

30 514.67

50 667

30 0 206.3 40.93 52.18

10 358.67

30 507.33

50 650.67

Table 1. 
Conventional triaxial compressive strength test results of basalt samples at different exposure times [45].

Figure 12. 
Relationships between cohesion and internal friction angle of the basalts with microwave exposure time [45].

161

Experimental Investigation on the Effect of Microwave Heating on Rock Cracking…
DOI: http://dx.doi.org/10.5772/intechopen.95436

power levels; the higher the power level, the faster the strength decreased. Under 
the three microwave powers, Uniaxial compressive, Brazilian tensile, and point load 
strength were reduced by up to 37%, 46%, and 62% respectively. The conventional 
triaxial compressive strength decreased linearly with microwave irradiation time, 
and the higher the confining pressure, the smaller the reduction in the strength of 
basalt samples after microwave treatment. At 30 s irradiation, the conventional 
triaxial compressive strength reduces by 27%, 7%, 2%, and 1% under the four 
confining pressures (σ3 = 0 MPa, 10 MPa, 30 MPa, and 50 MPa), respectively.

The elastic modulus and Poisson’s ratio of basalts also decreased in a quasi-linear 
manner with elapsed microwave irradiation time. At the three applied powers, 
the decrease rate in elastic modulus always exceeds that of the Poisson’s ratio, and 
elastic moduli are decreased by 22%, 25%, and 22%, while the Poisson’s ratios 
decrease by 11%, 19%, and 22%, respectively. The confining pressure results in the 
closure of the microcracks caused by microwave irradiation, so the influence of 
microwave treatment on strength and deformation is reduced, leading to a decrease 
in the influence on the elastic constants. The cohesion decreases with the increase of 
microwave irradiation time and presents an approximate linear decreasing relation-
ship. At microwave power of 5 kW and irradiation times of 10 s, 20 s, and 30 s, the 
cohesion is reduced by 14%, 13%, and 25%, respectively. In the basalt samples, new 
microcracks in various directions generated by microwave irradiation can increase 
the discreteness of test results, while the discreteness of test results caused by 
microcracks gradually reduces with increasing confining pressure.

Uniaxial compressive, Brazilian tensile, and point load strength are important 
parameters that affect the service life and the penetration of mechanical rock-
breaking tools. The reduction of rock strength can increase the service life and the 
penetration of mechanical rock-breaking tools. Microwave irradiation weakens the 
mechanical properties of rock, which effectively reduces the resistance of the rock 
to the mechanical rock-breaking tool, which can reduce the wear of the mechanical 
rock-breaking tool and improve the rock-breaking efficiency. Microwave-assisted 
rock-breaking has significant potential application to in-situ mining, tunneling, 
rock breakage, and comminution.
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Chapter 8

Microwave Heating of Liquid 
Crystals and Ethanol-Hexane 
Mixed Solution and Its Features 
(Review)
Akira Naito, Yugo Tasei, Batsaikhan Mijiddorj, 
Izuru Kawamura and Kazuyoshi Ueda

Abstract

Microwave heating is widely used to accelerate organic reactions in the chemistry 
field. However, the effect of microwaves on chemical reaction has not yet been well 
characterized at the molecular level. In this review chapter, microwave heating 
processes of liquid crystals and an ethanol-hexane mixed solution under microwave 
irradiation were experimentally and theoretically investigated using in situ micro-
wave irradiation nuclear magnetic resonance (NMR) spectroscopy and molecular 
dynamics (MD) simulation, respectively. The temperature of the solution under 
microwave irradiation was estimated from a chemical shift calibrated temperature 
(CSC-temperature) which was determined from the temperature dependence of the 
1H chemical shift. The CSC-temperatures of CH2 and CH3 non-polar protons of eth-
anol reflect the bulk temperature of a solution by the thermal microwave effect. The 
lower CSC-temperature of the OH polar protons in ethanol and much higher CSC-
temperature of H-C=N (7′) and CH3-O (α’) protons of N-(4-methoxybenzyliden)-4-
butylaniline with respect to the bulk temperature are attributed to the non-thermal 
microwave effects. According to the MD simulation under microwave irradiation, 
the number of hydrogen bonds increased in the ethanol-hexane mixed solution as a 
result of a non-thermal microwave effect. It is concluded that a coherently ordered 
low entropy state of polar molecules is induced by a non-thermal microwave effect. 
The ordered state induces molecular interaction, which may accelerate the chemical 
reaction rate between molecules with polar groups.

Keywords: microwave heating mechanism, microwave irradiation NMR 
spectroscopy, MD simulation, thermal microwave effect, non-thermal microwave 
effect

1. Introduction

Microwave heating effects in the field of chemical science are attributed to an 
increase in the solvent temperature due to dielectric loss [1–6]. Dipole moments 
of the solvent molecules align along an applied electric field that oscillates in the 
case of microwaves. As the dipoles attempt to align along this alternating electric 
field, which is a low entropy state, heat energy is produced by molecular friction 
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and collision, which increases entropy and the energy is dissipated through the 
system. From a thermodynamic point of view, this microwave energy converts to 
heat energy (thermal effect) and work energy such as volume change (non-thermal 
effect). However, the detailed molecular mechanisms associated with thermal and 
non-thermal microwave effects on the chemical reaction rates have not yet been 
fully elucidated. In particular, the non-thermal microwave effect has not yet been 
well characterized [7]. In the field of chemistry, microwave heating is widely used 
to accelerate organic synthesis reactions [2–4, 7–14], reduce polymerization reaction 
times [15–18], and enhance the activity of enzymes in the field of biological chem-
istry [19–21]. The majority of accelerated reactions achieved in this manner can be 
mainly explained by the thermal microwave effect [7, 22]. Non-thermal microwave 
effects have also been identified and the thermal and non-thermal microwave 
effects can be distinguished [23]. The non-thermal microwave effects have recently 
been demonstrated by the observation of an increasing polymerization reaction 
rate under microwave electric fields and a decrease in the rates under microwave 
magnetic fields [18]. Nevertheless, non-thermal microwave effects at the molecular 
level are still controversial [7]. In particular, non-thermal microwave effects have 
been considered as a direct interaction of the electric field with polar molecules in 
the reaction medium which is not explained with a macroscopic temperature effect 
[2, 22]. The presence of an electric field leads to effects on the orientation of dipolar 
molecules or intermediates, and thus changes the pre-exponential factor A or the 
activation energy in the Arrhenius equation for certain types of reactions [2, 22].

As a specific microwave heating effect, non-equilibrium localized heating is 
defined as the generation of isolated regions with a much higher temperature than 
the bulk solution. This has been observed in liquid–solid systems under microwave 
irradiation, such as in the case of dimethyl sulfoxide (DMSO) molecules in contact 
with Co particles under microwave irradiation [24].

To characterize the microwave heating mechanism with the molecular resolu-
tion, microwave-irradiation nuclear magnetic resonance (NMR) spectroscopy was 
first developed by Naito et al. [25]. The characteristic that microwave heating causes 
a rapid temperature jump was used to obtain state-correlated two-dimensional 
(2D) NMR spectra between liquid crystalline and isotropic phases. This enabled 
high-resolution observation of a 1H-1H dipolar pattern in the cross section of the 
1H state-correlated 2D NMR spectra of the liquid state toward the liquid crystalline 
state. The local dipolar interaction of individual protons in the liquid crystalline 
state can be examined via high-resolution resonance in the isotropic phase [26–30]. 
The resulting data can also be used to obtain state-correlated 2D NMR spectra of 
proteins in the native and denatured states [31].

In situ microwave irradiation NMR spectroscopy was developed later [32], and the 
microwave heating process was observed in liquid crystalline samples [32, 33] and 
ethanol-hexane mixed solution [34]. The in situ temperature of the bulk solution was 
determined using the relation between 1H chemical shift and temperature. This tem-
perature is defined as chemical shift calibrated temperature (CSC-temperature) and 
is measured for individual protons. In N-(4-methoxybenzylidene)-4-butylaniline 
(MBBA) molecules, H-C=N (7′), and CH3-O (α’) protons showed significantly 
higher CSC-temperatures than the bulk temperature in the isotropic state [33]. In the 
ethanol-hexane mixed solution, OH proton showed lower CSC-temperature than 
that of the bulk solution [34].

Molecular dynamics (MD) simulations have recently been conducted to inves-
tigate the atomic-scale properties of molecular systems under an electric field. 
Tanaka and Sato investigated the heating process of water and ice under microwave 
irradiation. They observed that the rotational motion of the water was delayed 
due to the microwave electric field, and the energy is transferred to the kinetic and 
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intermolecular energies of water [5]. Caleman and van der Spoel described that an 
infrared (IR) laser pulse energy rapidly increased the intramolecular bond vibra-
tions, and the energy was transferred to rotational and translational motion of ice 
using MD simulations [35]. Marklund et al. investigated the different orientations 
of a protein depending on the range of electric field strengths without loss of the 
structure [36]. English and MacElroy conducted MD simulations and found that 
microwave heating was more efficient for polarizable water models than for non-
polarizable models. [37, 38].

This chapter describes the microwave heating processes for common organic 
solvents, a mixed solution of ethanol (polar molecule) and hexane (non-polar 
molecule), and liquid crystalline and isotropic phases of MBBA systems. CSC-
temperature was employed to accurately measure the temperature of the bulk 
solution during microwave irradiation [39]. In the case of diamagnetic nuclei, it 
has been reported that the temperature dependence of the chemical shift values is 
typically linear [40–44]: therefore, the CSC-temperatures of the individual groups 
of molecules under microwave irradiation were assessed using in situ microwave 
irradiation NMR spectroscopy.

2. In situ microwave irradiation NMR spectrometer

The in situ microwave NMR spectrometer employed consisted of a solid-state 
NMR spectrometer and a microwave generator that was capable of transmitting 
1.3 kW continuous wave (CW) and pulsed microwaves at a frequency of 2.45 GHz 
(Figure 1A). This spectrometer enables NMR signals to be obtained without the 
interference of microwaves, while radio waves and microwave irradiation are 

Figure 1. 
(A) In situ microwave irradiation solid-state NMR spectrometer which consists of a superconducting magnet, 
an NMR spectrometer (CMX infinity 400, Chemagnetics), and a microwave transmitter (IDX, 1.3 kW, Tokyo 
electron Co., ltd.). CW and pulsed microwave are gated by the pulse programmer of the NMR spectrometer. 
Microwaves are generated and transmitted through a waveguide and coaxial cable, and finally introduced 
to the microwave resonance circuit in the probe. (B) Equalizing microwave resonance circuit consisting of 
an inductor and capacitor. The sample tube was located inside the capacitor. (C) Schematic diagrams of 
microwave resonance and radio wave resonance circuits. The top view indicates the names of components and 
the side view shows the dimensions of the components. Adapted with permission from [32]. Copyright (2015) 
Elsevier Inc.
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Figure 1. 
(A) In situ microwave irradiation solid-state NMR spectrometer which consists of a superconducting magnet, 
an NMR spectrometer (CMX infinity 400, Chemagnetics), and a microwave transmitter (IDX, 1.3 kW, Tokyo 
electron Co., ltd.). CW and pulsed microwave are gated by the pulse programmer of the NMR spectrometer. 
Microwaves are generated and transmitted through a waveguide and coaxial cable, and finally introduced 
to the microwave resonance circuit in the probe. (B) Equalizing microwave resonance circuit consisting of 
an inductor and capacitor. The sample tube was located inside the capacitor. (C) Schematic diagrams of 
microwave resonance and radio wave resonance circuits. The top view indicates the names of components and 
the side view shows the dimensions of the components. Adapted with permission from [32]. Copyright (2015) 
Elsevier Inc.
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simultaneously applied. Therefore, in situ NMR observation is possible under 
microwave irradiation using this in situ microwave irradiation NMR spectrometer. 
A 3 mm wide flat copper ribbon was used to form the capacitor of the microwave 
resonance circuit (Figure 1B) and was wound coaxially inside the radio wave circuit 
to increase isolation during microwave irradiation, which reduced interference 
between microwaves and radio waves (Figure 1C) [32]. The microwave resonance 
circuit was tuned to 2.45 GHz and the radio wave circuit was set to 398 MHz for 1H 
NMR using a sweep generator. Microwaves were generated from the microwave 
generator and transmitted through a waveguide and a coaxial cable, and finally, the 
microwaves were guided to the resonator circuit at the probe head. 1H NMR signals 
were obtained using 5.0 μs of 90° pulse under microwave irradiation with the in 
situ microwave irradiation NMR spectrometer. The temperature of the sample was 
varied using the temperature control unit of the spectrometer. Samples were packed 
in an inner glass tube to insulate them from thermal contact with the outer glass 
tube. During microwave irradiation, the temperature was controlled at 0°C for the 
ethanol-hexane mixed solution and at 50°C for MBBA in the isotropic state.

3.  MD simulations of ethanol-hexane (1:1) mixed solution and 
disordered MBBA molecular system

MD simulations of a mixed solution of hexane and ethanol were performed 
under conditions with and without an oscillating external electric field using 
Gromacs-2018.7 [45], with the CHARMM36 force field [46]. The CHARMM36 
parameter of the MBBA molecule was generated by CHARMM General Force Field 
(CGenFF) software [47]. Two different systems were applied. The first system con-
sists of 4500 hexane and 4500 ethanol molecules randomly inserted in a cubic box 
with an edge size of 11.4 nm. The second system includes 904 arbitrarily oriented 
MBBA molecules in a cubic box with an edge size of 7.5 nm. Periodic boundary 
conditions were used in all directions, and an oscillating electric field was applied 
along the x-axis for both systems. An applied electric field with an intensity of 
0.5 V/nm and a frequency of 2.45 GHz that served as the microwave heating process 
[48] was implemented in the simulations. The systems were minimized using 
steepest descent minimization to reduce steric clashes and were then equilibrated 
under a constant number of atoms, volume, and temperature (NVT), and under a 
constant number of atoms, pressure, and temperature (NPT) for each 100-ps MD 
run. A simulation of the mixture of ethanol and hexane was conducted without the 
applied electric field for 50 ns. The last snapshot of the simulation was applied as 
an initial configuration of eight simulations for 5 ns each at different temperatures 
of 303, 313, 323, and 333 K in the presence and absence of the electric field. In 
the case of the MBBA system, the initial simulation was performed for 10 ns. The 
temperature of 293 K (<liquid crystalline to isotropic phase transition temperature 
(Tc)) and 315 K (>Tc) were then considered with and without the external electric 
field. The temperature was controlled by a velocity-rescale thermostat [49], and a 
Parrinello-Rahman barostat provided 1 atm pressure during the simulations [50]. 
The particle mesh Ewald method [51, 52] and a cutoff of 14 Å were applied for the 
long-range electrostatic and short-range nonbonded interactions, respectively. 
The LINCS algorithm was used to constrain all bonds to equilibrium lengths [53]. 
The time steps of the simulations were 1 and 2 fs for the hexane-ethanol and MBBA 
systems, respectively. The data were saved at 1 ps intervals. Gromacs tools were used 
for data analysis; Grace [54] and VMD [55] software were applied for the plots and 
the structural representations, respectively.
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4. In situ temperature measurements under microwave irradiation

The in situ temperatures of the ethanol-hexane mixed solution and MBBA in 
the isotropic state under microwave irradiation were assessed with respect to the 
variation in 1H chemical shifts with temperature for the sample solution located in 
the NMR probe. Figure 2 shows the temperature dependence of the 1H NMR signals 
of OH, CH2, and CH3 protons in ethanol (Figure 2a) and the CH2 and CH3 protons 
in hexane (Figure 2b) that were observed under temperature control with the NMR 
spectrometer. The 1H chemical shift changes from that at 0°C (Δδ) were plotted as a 
function of the temperature.

Δδ plotted as a function of temperature was approximately linear within 
a small temperature range, as observed in methanol and glycol [40]. 1H NMR 
spectra of individual protons were measured in the same sample at the same 
position in the probe and the temperature variation was measured under micro-
wave irradiation. The in situ temperatures (CSC-temperature) of the individual 
protons in the sample solution under microwave irradiation were thus evaluated 
using the temperature variation of the 1H chemical shifts. It is stressed that the 
in situ temperature of the bulk solution was accurately determined with the 
CSC-temperature for individual non-polar proton groups under microwave 
irradiation.

Figure 2. 
1H chemical shift changes from 1H chemical shift at 0°C (Δδ) for (a) ethanol OH, CH2, and CH3 protons 
and (b) hexane CH2 and CH3 protons as a function of temperature in the range from 0-60°C. Adapted with 
permission from [34]. Copyright (2020) American Chemical Society.
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the isotropic state under microwave irradiation were assessed with respect to the 
variation in 1H chemical shifts with temperature for the sample solution located in 
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wave irradiation. The in situ temperatures (CSC-temperature) of the individual 
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using the temperature variation of the 1H chemical shifts. It is stressed that the 
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and (b) hexane CH2 and CH3 protons as a function of temperature in the range from 0-60°C. Adapted with 
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5. CSC-temperature of ethanol-hexane mixed solution

The Δδ values for individual protons of ethanol and hexane changed linearly to 
the higher field in the range from 0 to 60°C as shown in Figure 2a and b. Δδ for the 
OH proton changed 0.9 ppm during the temperature increase from 0 to 60°C, while 
those for CH2 and CH3 changed 0.1 ppm during the temperature increase from 0 
to 60°C. Thus, the CSC-temperature under microwave irradiation was accurately 
determined using these relations for individual protons of a sample solution.

6.  Microwave heating process of ethanol, hexane, and ethanol-hexane 
mixed solution

The microwave heating processes of ethanol were measured by plotting the 
CSC-temperature increase as a function of the microwave irradiation time, as 
shown in Figure 3A(a). The temperature was initially set at 0°C, and the samples 
were continuously irradiated with 135 W (output power of microwave genera-
tor) microwave, during which NMR spectra were acquired every 30 s. The CSC-
temperature of the CH2 and CH3 protons of ethanol increased from 0 to 30°C within 
1 min and gradually increased to 58°C under microwave irradiation for 10 min. In 
contrast, the CSC-temperature of the OH protons increased from 0 to 35°C within 
1 min and only slightly increased to 43°C for 10 min. The CSC-temperature of the 
OH protons deviated to a lower temperature than those of the CH2 and CH3 protons 
by 15°C under microwave irradiation for 10 min.

Figure 3A(b) shows the 1H NMR spectrum of ethanol measured at 55°C (black) 
and that measured under microwave irradiation (135 W) for 10 min (orange) 
where the temperature was set at 0°C using the temperature controller of the NMR 

Figure 3. 
A(a). CSC-temperatures as a function of microwave irradiation time. CSC-temperatures were determined 
using the slopes obtained for the individual protons. A(b). 1H NMR spectrum for ethanol regulated at 55°C 
(black) and that under CW microwave irradiation for 10 min while controlling the instrument temperature 
setting at 0°C (orange). B(a). CSC-temperatures of CH2 and CH3 protons of hexane as a function of 
microwave irradiation time. B(b). 1H NMR spectra of hexane regulated at 25°C (black) and that under CW 
microwave irradiation with the same condition as A(b) (orange). C(a). CSC-temperatures of CH2, CH3, and 
OH protons of ethanol and the CH2 and CH3 protons of hexane in ethanol-hexane (1:1, v/v) mixed solution 
as a function of microwave irradiation time. C(b). 1H NMR spectra of ethanol-hexane (1:1, v/v) mixed 
solution regulated at 55°C (black) and that under CW microwave irradiation with the same condition as A(b) 
(orange). Adapted with permission from [34]. Copyright (2020) American Chemical Society.
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spectrometer. The signal for OH protons under microwave irradiation for 10 min 
appeared 0.2 ppm lower field (orange). It is noted that the chemical shifts of the CH2 
and CH3 protons completely overlapped with those measured at 55°C. Therefore, 
the 1H chemical shifts of the CH2 and CH3 protons reflect the bulk temperature of 
the solution because CH2 and CH3 are non-polar groups. The lower field 1H chemical 
shifts of OH protons under microwave irradiation are thus evidence of being induced 
by a non-thermal microwave effect in addition to the thermal microwave effect.

Figure 3B(a) shows the CSC-temperatures as a function of the microwave irradia-
tion time. CSC-temperatures of the CH2 and CH3 protons of hexane increased gradu-
ally to 30°C under microwave irradiation for 10 min. A small temperature increase is 
attributed to the much lower dielectric loss factor of hexane than that of ethanol.

Figure 3B(b) shows 1H NMR spectra of hexane at 30°C (black) and that after 
10 min microwave heating (orange), where the black and orange peaks were 
completely overlapped.

Figure 3C(a) shows the CSC-temperature of the CH2, CH3, and OH protons of 
ethanol, and the CH2 and CH3 protons of hexane in ethanol-hexane (1:1, v/v) mixed 
solution. The CSC-temperature of the CH2 and CH3 protons increased to 40°C 
within 1 min and gradually increased to 55°C for 10 min. It is noted that all CH2 and 
CH3 protons increased in the same manner. On the other hand, the CSC-temperature 
of the OH proton was 15°C lower than those of the CH2 and CH3 protons.

Figure 3C(b) shows 1H NMR spectra of the ethanol-hexane mixed solution at 
55°C (black) and those after microwave heating for 10 min (orange), where the 
black and orange peaks were almost overlapped. On the other hand, the NMR peak 
of the OH proton under microwave irradiation appeared 0.2 ppm lower field, which 
indicates a 15°C lower temperature, as in the case of ethanol.

7. Microwave heating process of MBBA in the liquid crystalline state

Figure 4A shows the molecular structure of MBBA, which is known to form a liq-
uid crystal phase below the liquid crystalline to isotropic phase transition temperature 
(Tc). Figure 4B shows the 1H NMR spectrum of MBBA in the liquid crystalline state 
at 35°C, which is 5.5°C below the phase transition temperature (Tc = 40.5°C). A broad 
1H NMR spectrum with a 20 kHz linewidth was obtained for the liquid crystalline 
sample due to residual 1H-1H dipolar couplings. MBBA molecules tend to align along 
the magnetic field in the liquid crystalline phase; therefore, residual 1H-1H dipolar 
interactions induce a number of transitions with various degrees of dipolar interac-
tions and this generates a significant line broadening. These dipolar interactions can 
provide insight into the order parameter of liquid crystals. Figure 4C shows a high-
resolution 1H NMR spectrum of MBBA in the isotropic phase that was obtained at 
45°C, in which the narrow proton signals are well resolved, which enabled the assign-
ment of the signals to their respective protons in the molecules [33].

The MBBA temperature was significantly increased by 5.0°C steps from 20.0°C 
below Tc to 40.5°C. As shown in Figure 4D, broad 1H NMR signals of the liquid 
crystalline phase appeared alone at 35°C. At 40°C, the liquid crystalline phase had 
partly transitioned to the isotropic phase (Figure 4D). It was also evident that the 
liquid signals obtained at this temperature were broader than those of the fully iso-
tropic phase, which may be attributed to the interaction of the isotropic and liquid 
crystalline phases, which induces a temperature distribution. This phase transition 
was completed at 40.5°C (Figure 4D), which indicates that the liquid crystalline 
and isotropic phases coexist near the phase transition temperature [33].

The temperature was then set at 20°C (20.5°C blow the Tc), followed by CW 
microwave irradiation at 130 W for 90 s, which generated weak isotropic phase 
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spectrometer. The signal for OH protons under microwave irradiation for 10 min 
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and CH3 protons completely overlapped with those measured at 55°C. Therefore, 
the 1H chemical shifts of the CH2 and CH3 protons reflect the bulk temperature of 
the solution because CH2 and CH3 are non-polar groups. The lower field 1H chemical 
shifts of OH protons under microwave irradiation are thus evidence of being induced 
by a non-thermal microwave effect in addition to the thermal microwave effect.

Figure 3B(a) shows the CSC-temperatures as a function of the microwave irradia-
tion time. CSC-temperatures of the CH2 and CH3 protons of hexane increased gradu-
ally to 30°C under microwave irradiation for 10 min. A small temperature increase is 
attributed to the much lower dielectric loss factor of hexane than that of ethanol.

Figure 3B(b) shows 1H NMR spectra of hexane at 30°C (black) and that after 
10 min microwave heating (orange), where the black and orange peaks were 
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solution. The CSC-temperature of the CH2 and CH3 protons increased to 40°C 
within 1 min and gradually increased to 55°C for 10 min. It is noted that all CH2 and 
CH3 protons increased in the same manner. On the other hand, the CSC-temperature 
of the OH proton was 15°C lower than those of the CH2 and CH3 protons.
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of the OH proton under microwave irradiation appeared 0.2 ppm lower field, which 
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Figure 4A shows the molecular structure of MBBA, which is known to form a liq-
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at 35°C, which is 5.5°C below the phase transition temperature (Tc = 40.5°C). A broad 
1H NMR spectrum with a 20 kHz linewidth was obtained for the liquid crystalline 
sample due to residual 1H-1H dipolar couplings. MBBA molecules tend to align along 
the magnetic field in the liquid crystalline phase; therefore, residual 1H-1H dipolar 
interactions induce a number of transitions with various degrees of dipolar interac-
tions and this generates a significant line broadening. These dipolar interactions can 
provide insight into the order parameter of liquid crystals. Figure 4C shows a high-
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45°C, in which the narrow proton signals are well resolved, which enabled the assign-
ment of the signals to their respective protons in the molecules [33].
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was completed at 40.5°C (Figure 4D), which indicates that the liquid crystalline 
and isotropic phases coexist near the phase transition temperature [33].
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signals among the liquid crystalline phase signals (Figure 4E) even at a temperature 
lower than Tc. The temperature of the liquid crystalline phase was estimated to be 
35°C from the assessment of the NMR linewidths with respect to the temperature. 
Such signals would not typically be expected until the temperature of the sample 
is close to its isotropic phase transition temperature of 40.5°C. This result indicates 
that microwave irradiation generated localized heating in the sample to form a small 
region of the higher temperature isotropic phase.

The temperature of the sample was successfully determined using in situ 
microwave irradiation NMR because the temperature of the MBBA liquid crystal 
was estimated with the NMR signal linewidth. It is noted that microwave irradia-
tion generated a small fraction of the isotropic phase in the bulk liquid crystal at 
35°C, even though this is 5.5°C lower than Tc (40.5°C). This result suggests non-
equilibrium localized heating within the liquid crystalline sample [24].

8.  Mechanism for microwave heating processes of liquid crystalline 
MBBA

The microwave-induced local heating phenomena observed in liquid crystal-
line MBBA is shown schematically in Figure 5A. Microwave irradiation generates 
a small amount of the isotropic phase inside the liquid crystalline sample below 
the phase transition temperature (Tc) (Figure 5A(b)). The dielectric loss for the 
isotropic phase is expected to be higher than that for the liquid crystalline phase, 
as shown in the MD simulation discussed in a later section. As a result, the iso-
tropic phase is heated more efficiently by microwave irradiation, which induces a 
relatively higher temperature in the isotropic phase region. This phenomenon can 
be considered to be due to a type of non-equilibrium localized heating state, as 
observed in liquid–solid system [24]. The isotropic phase forms small particles and 
the surface of these particles interact with the surrounding liquid crystalline mol-
ecules to generate different linewidths than those produced by the bulk isotropic 
phase. This non-equilibrium heating state can be maintained over long time spans 
because the rate at which heat is obtained by the small isotropic phase particles 
by the absorption of microwave energy is balanced with the rate at which heat is 
dissipated to the bulk liquid crystalline phase. At a higher microwave power level, 

Figure 4. 
A. Molecular structure of MBBA. B. 1H NMR spectrum of MBBA in the liquid crystalline phase at 35°C. C. 
1H NMR spectrum of MBBA in the isotropic phase at 45°C, together with signal assignments for the individual 
protons. D. Series of 1H NMR spectra of MBBA during the thermal heating processes. E. Series of 1H NMR 
spectra during the microwave heating processes [33].
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the bulk isotropic phase increases (Figure 5A(c)), and eventually the entire sample 
transitions to the isotropic phase (Figure 5A(d)) [33].

In conventional thermal heating, the surface of the liquid crystalline state 
begins to melt to the isotropic state as shown in Figure 5B(f ) and subsequently 
undergoes a rapid change to the isotropic state over the entire region of the sample 
(Figure 5B(g)).

9. CSC-temperature of MBBA in the isotropic phase

Figure 6A shows the structure of MBBA and the chemical shift values for indi-
vidual protons as a function of temperature for isotropic phase MBBA. It is noted 

Figure 5. 
A: Proposed (a, b, c and d) microwave (MW) heating processes within the liquid crystalline state. A 
small fraction of the liquid crystalline domain (hot spots) changes to the isotropic phase during microwave 
irradiation. The rate of temperature increase in this isotropic phase domain is higher than that in the liquid 
crystalline phase because of the larger dielectric loss for the isotropic phase. B: Schematic diagram showing the 
thermal heating process (e, f, and g) starting from the liquid crystalline phase to the isotropic phase [33].

Figure 6. 
A. Plots of 1H chemical shift against setting the temperature of NMR spectrometer. B. Temperature as a 
function of the microwave irradiation time at a microwave power of 65, 130, and 195 W [33].
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Figure 5. 
A: Proposed (a, b, c and d) microwave (MW) heating processes within the liquid crystalline state. A 
small fraction of the liquid crystalline domain (hot spots) changes to the isotropic phase during microwave 
irradiation. The rate of temperature increase in this isotropic phase domain is higher than that in the liquid 
crystalline phase because of the larger dielectric loss for the isotropic phase. B: Schematic diagram showing the 
thermal heating process (e, f, and g) starting from the liquid crystalline phase to the isotropic phase [33].

Figure 6. 
A. Plots of 1H chemical shift against setting the temperature of NMR spectrometer. B. Temperature as a 
function of the microwave irradiation time at a microwave power of 65, 130, and 195 W [33].
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that the chemical shifts of different protons showed very different temperature 
variations. However, the chemical shift did exhibit a linear change as a function of 
the temperature for each different proton; therefore, it was possible to estimate the 
CSC-temperature of MBBA in the isotropic phase under microwave irradiation.

10. Microwave heating process of MBBA in the isotropic phase

Figure 6B presents an increase of the CSC-temperature for the MBBA sample 
under continuous wave (CW) microwave irradiation. The CSC-temperature 
increased from 50 to 70°C within 2 min under the application of 65 w CW micro-
wave irradiation, based on the majority of protons. After microwave irradiation for 
5 min, the CSC-temperature increase plateaued. However, there were significant 
variations in the CSC-temperatures among the protons; the 7′ and α’ protons 
indicated 110 and 80°C, respectively. When microwave irradiation was applied 
at 130 W, the CSC-temperature was increased to 140°C for the majority of the 
protons, although values of 210 and 330°C were reached for the α’ and 7′ protons, 
respectively. A further 8 min irradiation was required to obtain a saturated tem-
perature. It is noted that the CSC-temperature of 7′ and α’ protons showed higher 
CSC-temperature than the other protons. After microwave irradiation at 195 W, the 
CSC-temperature increased to 160°C within 5 min, although the α’ and 7′ protons 
were discrepant from the other protons, with 220 and 350°C, respectively. Thus, α’ 
and 7′ protons show much higher CSC-temperature than the other protons due to a 
non-thermal microwave effect as in the case of the OH protons of ethanol.

11.  Characterization of non-thermal microwave effect of ethanol-hexane 
mixed solution and MBBA isotropic state

As shown in Figure 3, the CSC-temperature of the OH group of ethanol under 
microwave irradiation was considerably lower than those of the CH2 and CH3 
protons. OH protons have a different CSC-temperature from the other protons. A 
temperature increase of the OH protons induces a higher field shift due to a reduc-
tion of hydrogen bonding under thermal heating [40]. Similar higher field shifts 
have been observed in H2O protons [56]. In contrast, the CSC-temperatures of the 
OH protons are lower than the bulk temperature under microwave irradiation; 
therefore, the lower field shift of OH protons indicates the presence of a non-
thermal microwave effect. On the other hand, the CSC-temperature of 7′ and α’ 
protons of MBBA in the isotropic state showed much higher CSC-temperature than 
the other non-polar proton groups.

It is important to consider microwave heating from a physicochemical (thermo-
dynamical) point of view to explain the energy flow mechanism. When energy 
is supplied to the solution under constant pressure (P) and temperature (T), the 
change of the Gibbs free energy (dG) is described as the difference of the changes 
in the enthalpy term dH = dU + d(PV), where dU is the change in the total inter-
nal energy which consist of dQ(heat) and dW(work), and entropy (TdS) terms. 
In the case of a solution state, the change of volume (V) is very small and the 
d(PV) term can be neglected, so that the Gibbs free energy is given by dG = dH – 
TdS = dQ + dW - TdS. In the case of a conventional thermal heating process, the 
change of the Gibbs free energy (dG) mainly increases the heat energy (dQ ) term, 
which causes a temperature increase.

Figure 7 shows the energy flow processes from a physicochemical point of 
view. In the thermal heating process, the directions of polar molecules fluctuate 
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randomly, so that no net dipolar moment is induced (Figure 7(a)). In contrast, 
the microwave heating process induces order of the polar molecules to the elec-
tric field and a decrease of the entropy term (dS1 < 0), therefore, the Gibbs free 
energy is increased to absorb microwave energy in the system as a first step, 
dG = dQ1 + dW1 – TdS1, as shown in Figure 7(b)(1). The electric field oscillates 
with a frequency of 2.45 GHz; therefore, the polar molecular order is simultane-
ously reduced by an increase of the entropy term (dS2 > 0) by conserving the Gibbs 
free energy, 0 = dQ2 + dW2 – TdS2, as a second step (Figure 7(b)(2)). Energy 
(TdS2) thus dissipates as heat and work terms, dQ2 + dW2 to the system. By con-
sidering the sum of these two steps, dG = d(Q1 + Q2) + d(W1 + W2) – Td(S1 + S2), 
(Figure 7(b)(3)), the heat term d(Q1 + Q2) increases the temperature as thermal 
microwave effect and the work term d(W1 + W2) may change the CSC-temperature 
for the OH group as a non-thermal microwave effect involving work terms such as 
molecular ordering and hydrogen bond formation. We interpret how the dW term 
changes the CSC-temperature of the OH groups in ethanol and H-C=N (7′) and 
CH3-O (α’) groups in MBBA.

It is important to note that polar molecules follow the oscillating electric field 
in a coherent manner. In this case, coherently aligned polar molecules are able to 

Figure 7. 
Energy flow pathway under (a) conventional thermal heating and (b) microwave heating. Blue arrows 
indicate electric dipolar moment vectors and orange arrows indicate electric field vectors. Adapted with 
permission from [34]. Copyright (2020) American Chemical Society.



Microwave Heating - Electromagnetic Fields Causing Thermal and Non-Thermal Effects

178

that the chemical shifts of different protons showed very different temperature 
variations. However, the chemical shift did exhibit a linear change as a function of 
the temperature for each different proton; therefore, it was possible to estimate the 
CSC-temperature of MBBA in the isotropic phase under microwave irradiation.

10. Microwave heating process of MBBA in the isotropic phase

Figure 6B presents an increase of the CSC-temperature for the MBBA sample 
under continuous wave (CW) microwave irradiation. The CSC-temperature 
increased from 50 to 70°C within 2 min under the application of 65 w CW micro-
wave irradiation, based on the majority of protons. After microwave irradiation for 
5 min, the CSC-temperature increase plateaued. However, there were significant 
variations in the CSC-temperatures among the protons; the 7′ and α’ protons 
indicated 110 and 80°C, respectively. When microwave irradiation was applied 
at 130 W, the CSC-temperature was increased to 140°C for the majority of the 
protons, although values of 210 and 330°C were reached for the α’ and 7′ protons, 
respectively. A further 8 min irradiation was required to obtain a saturated tem-
perature. It is noted that the CSC-temperature of 7′ and α’ protons showed higher 
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CSC-temperature increased to 160°C within 5 min, although the α’ and 7′ protons 
were discrepant from the other protons, with 220 and 350°C, respectively. Thus, α’ 
and 7′ protons show much higher CSC-temperature than the other protons due to a 
non-thermal microwave effect as in the case of the OH protons of ethanol.

11.  Characterization of non-thermal microwave effect of ethanol-hexane 
mixed solution and MBBA isotropic state

As shown in Figure 3, the CSC-temperature of the OH group of ethanol under 
microwave irradiation was considerably lower than those of the CH2 and CH3 
protons. OH protons have a different CSC-temperature from the other protons. A 
temperature increase of the OH protons induces a higher field shift due to a reduc-
tion of hydrogen bonding under thermal heating [40]. Similar higher field shifts 
have been observed in H2O protons [56]. In contrast, the CSC-temperatures of the 
OH protons are lower than the bulk temperature under microwave irradiation; 
therefore, the lower field shift of OH protons indicates the presence of a non-
thermal microwave effect. On the other hand, the CSC-temperature of 7′ and α’ 
protons of MBBA in the isotropic state showed much higher CSC-temperature than 
the other non-polar proton groups.

It is important to consider microwave heating from a physicochemical (thermo-
dynamical) point of view to explain the energy flow mechanism. When energy 
is supplied to the solution under constant pressure (P) and temperature (T), the 
change of the Gibbs free energy (dG) is described as the difference of the changes 
in the enthalpy term dH = dU + d(PV), where dU is the change in the total inter-
nal energy which consist of dQ(heat) and dW(work), and entropy (TdS) terms. 
In the case of a solution state, the change of volume (V) is very small and the 
d(PV) term can be neglected, so that the Gibbs free energy is given by dG = dH – 
TdS = dQ + dW - TdS. In the case of a conventional thermal heating process, the 
change of the Gibbs free energy (dG) mainly increases the heat energy (dQ ) term, 
which causes a temperature increase.

Figure 7 shows the energy flow processes from a physicochemical point of 
view. In the thermal heating process, the directions of polar molecules fluctuate 
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randomly, so that no net dipolar moment is induced (Figure 7(a)). In contrast, 
the microwave heating process induces order of the polar molecules to the elec-
tric field and a decrease of the entropy term (dS1 < 0), therefore, the Gibbs free 
energy is increased to absorb microwave energy in the system as a first step, 
dG = dQ1 + dW1 – TdS1, as shown in Figure 7(b)(1). The electric field oscillates 
with a frequency of 2.45 GHz; therefore, the polar molecular order is simultane-
ously reduced by an increase of the entropy term (dS2 > 0) by conserving the Gibbs 
free energy, 0 = dQ2 + dW2 – TdS2, as a second step (Figure 7(b)(2)). Energy 
(TdS2) thus dissipates as heat and work terms, dQ2 + dW2 to the system. By con-
sidering the sum of these two steps, dG = d(Q1 + Q2) + d(W1 + W2) – Td(S1 + S2), 
(Figure 7(b)(3)), the heat term d(Q1 + Q2) increases the temperature as thermal 
microwave effect and the work term d(W1 + W2) may change the CSC-temperature 
for the OH group as a non-thermal microwave effect involving work terms such as 
molecular ordering and hydrogen bond formation. We interpret how the dW term 
changes the CSC-temperature of the OH groups in ethanol and H-C=N (7′) and 
CH3-O (α’) groups in MBBA.

It is important to note that polar molecules follow the oscillating electric field 
in a coherent manner. In this case, coherently aligned polar molecules are able to 

Figure 7. 
Energy flow pathway under (a) conventional thermal heating and (b) microwave heating. Blue arrows 
indicate electric dipolar moment vectors and orange arrows indicate electric field vectors. Adapted with 
permission from [34]. Copyright (2020) American Chemical Society.
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interact with each other; therefore, there is an electrostatic interaction between the 
molecules that may specifically change the electric polarization in the polar group 
(OH, H-C=N, and CH3-O groups) and thus cause a change of the electron density in 
these group, thereby inducing a chemical shift change. OH groups are polarized to 
O−H+ in the presence of an electric field, so that the electron density of OH protons 
may be reduced and the 1H chemical shift is therefore expected to shift to the lower 
field under microwave irradiation. Since this process does not change the thermal 
heat energy of the system, the non-thermal microwave effect of dW is evident. In 
the case of ethanol, molecular order may increase the number of hydrogen bonds 
between the OH groups because ethanol molecules form clusters in a non-polar 
solvent [57], which induces a lower field chemical shift due to a microwave non-
thermal effect that is in the direction opposite to conventional thermal heating. 
In summary, the entropy term is decreased to supply the microwave energy to the 
system and the entropy term is then subsequently increased because of dielectric 
loss by the change of electric field to dissipate the (dQ + dW) energy to the system 
(Figure 7(b)). As a result, the temperature is increased by the dQ term due to 
the thermal microwave effect, and the CSC-temperature of OH groups is further 
changed by the dW term due to the non-thermal microwave effect. MD simulation 
was further performed to characterize thermal and non-thermal microwave effects 
from a microscopic point of view in the following section.

12.  Microscopic behavior of ethanol and MBBA molecules under 
microwave irradiation revealed by MD simulation

The microscopic behavior of ethanol in an ethanol-hexane mixed solution and 
MBBA molecules under microwave irradiation was further investigated using 
MD simulation. The results of ethanol-hexane and MBBA systems are shown in 
Figure 8A(a–e) and B(f–h), respectively. Eight main simulations of the ethanol-
hexane system were performed at 303, 313, 323, and 333 K in the presence and 
absence of an oscillating electric field. The net dipole moment induced by the 
oscillating electric field of 2.45 GHz is shown in Figure 8(a). Figure 8(b) shows 
an ensemble of electric dipole moments along the x-direction (px) as a function 
of time at 303 K; px oscillated as a function of time. The phase of px was delayed 
from the electric field oscillation by a delay of around 36 ps, which was close to the 
experimentally measured average dielectric relaxation time of the ethanol-hexane 
mixture averaged around 30 ps [58]. This result is related to the dielectric constant 
and dielectric loss of the ethanol-hexane mixed solution, which induces the thermal 
microwave effect. Similar behavior was also observed in previous simulations of ice, 
water, and saline solutions [5]. In contrast, px fluctuated around zero in the absence 
of an electric field because of the random thermal fluctuation of the molecules in 
the solution.

The polar OH groups of ethanol molecules could affect the dipole moment of the 
system. Therefore, the orientation behavior of the OH groups was evaluated. The 
net direction of OH groups along the x-axis was calculated during all simulations, 
which is the sum of the length of all OH groups ( ( ), ,= −∑x x i x ii

OH H O ). 
Figure 8(c) shows the net x-direction of OH groups during the simulations at 303 K 
in the presence (black) and absence (red) of the electric field E. The net direction 
oscillated as a function of time in the presence of an electric field, unlike the 
random fluctuation without an electric field. This indicates that microwave irradia-
tion suppresses the random movement of the polar groups and causes their coherent 
alignment [59]. This alignment decreases the entropy of the system compare with 
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that of the random orientations. Figure 8(d) and (e) show microscopic pictures of 
the ethanol molecules at 303 K in the presence of positive (+E) and negative (−E) 
electric fields at 0.45 and 0.24 ns, respectively. It is important to note that the 
orientation behavior of OH bonds along the electric field direction can be observed 
in these figures. In contrast, the directions of the OH groups were mostly oriented 
in random directions in the absence of an electric field [34]. Similar results were 
observed in other simulations at 313, 323, and 333 K (data are not shown). A time 
delay between the oscillation phases of the electric field and of the net OH direction 
was observed, which may have perturbed the ordered state of the polar groups and 
caused an increase in entropy due to the dielectric loss. The energy can conse-
quently be dissipated into the system to increase the temperature via a thermal 
microwave effect. Furthermore, the OH groups formed a higher number of hydro-
gen bonds under the electric field compared to the groups without an electric field 
at higher temperatures [34]. This result explains the experimental data showing 
that the 1H resonance of the OH group has a lower field shift and thus a lower 
CSC-temperature than the bulk temperature, as well as the lower field chemical 
shift increases at a higher temperature. It should be noted that this type of chemical 
shift induced by the electron polarization in the presence of an electric field under 
microwave irradiation may not appear under conventional thermal heating.

MD simulations of MBBA at 293 K (<Tc) and 315 (>Tc) K with and without the 
external electric field were also performed. Figure 8(f ) shows the applied electric 
field (dashed black line) and the dipole moments of MBBA in these simulations 

Figure 8. 
A. Ethanol-hexane (1:1) system. (a) Applied electric field as a function of time. (b) the dipole moment of the 
simulations in the presence (black) and absence (red) of an electric field along the x-axis as a function of time 
at 303 K. (c) Net direction of OH groups as a function of time. (e) and (d) show examples of hydrogen bond 
formation in snapshots of the simulation at 0.24 and 0.45 ns under negative and positive electric field directions 
at 303 K, respectively. The hexane molecules were omitted for clarity. The dashed lines represent the hydrogen 
bonds between ethanol molecules, and the black arrows indicate the electric field directions in (d) and (e). 
Adapted with permission from [34]. Copyright (2020) American Chemical Society. B. MBBA system. (f) 
Applied electric field (dashed black) and the dipole moments of MBBA along the x-axis as a function of time. 
Net direction of C-O (g) and C=N (h) bonds of MBBA as a function of time. Black and green lines indicate 
the oscillation of these values as a function of time under the applied electric field at 293 and 315 K, respectively. 
Red and blue lines indicate the random fluctuations of the values without the electric field at 293 and 315 K, 
respectively.
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interact with each other; therefore, there is an electrostatic interaction between the 
molecules that may specifically change the electric polarization in the polar group 
(OH, H-C=N, and CH3-O groups) and thus cause a change of the electron density in 
these group, thereby inducing a chemical shift change. OH groups are polarized to 
O−H+ in the presence of an electric field, so that the electron density of OH protons 
may be reduced and the 1H chemical shift is therefore expected to shift to the lower 
field under microwave irradiation. Since this process does not change the thermal 
heat energy of the system, the non-thermal microwave effect of dW is evident. In 
the case of ethanol, molecular order may increase the number of hydrogen bonds 
between the OH groups because ethanol molecules form clusters in a non-polar 
solvent [57], which induces a lower field chemical shift due to a microwave non-
thermal effect that is in the direction opposite to conventional thermal heating. 
In summary, the entropy term is decreased to supply the microwave energy to the 
system and the entropy term is then subsequently increased because of dielectric 
loss by the change of electric field to dissipate the (dQ + dW) energy to the system 
(Figure 7(b)). As a result, the temperature is increased by the dQ term due to 
the thermal microwave effect, and the CSC-temperature of OH groups is further 
changed by the dW term due to the non-thermal microwave effect. MD simulation 
was further performed to characterize thermal and non-thermal microwave effects 
from a microscopic point of view in the following section.

12.  Microscopic behavior of ethanol and MBBA molecules under 
microwave irradiation revealed by MD simulation

The microscopic behavior of ethanol in an ethanol-hexane mixed solution and 
MBBA molecules under microwave irradiation was further investigated using 
MD simulation. The results of ethanol-hexane and MBBA systems are shown in 
Figure 8A(a–e) and B(f–h), respectively. Eight main simulations of the ethanol-
hexane system were performed at 303, 313, 323, and 333 K in the presence and 
absence of an oscillating electric field. The net dipole moment induced by the 
oscillating electric field of 2.45 GHz is shown in Figure 8(a). Figure 8(b) shows 
an ensemble of electric dipole moments along the x-direction (px) as a function 
of time at 303 K; px oscillated as a function of time. The phase of px was delayed 
from the electric field oscillation by a delay of around 36 ps, which was close to the 
experimentally measured average dielectric relaxation time of the ethanol-hexane 
mixture averaged around 30 ps [58]. This result is related to the dielectric constant 
and dielectric loss of the ethanol-hexane mixed solution, which induces the thermal 
microwave effect. Similar behavior was also observed in previous simulations of ice, 
water, and saline solutions [5]. In contrast, px fluctuated around zero in the absence 
of an electric field because of the random thermal fluctuation of the molecules in 
the solution.

The polar OH groups of ethanol molecules could affect the dipole moment of the 
system. Therefore, the orientation behavior of the OH groups was evaluated. The 
net direction of OH groups along the x-axis was calculated during all simulations, 
which is the sum of the length of all OH groups ( ( ), ,= −∑x x i x ii

OH H O ). 
Figure 8(c) shows the net x-direction of OH groups during the simulations at 303 K 
in the presence (black) and absence (red) of the electric field E. The net direction 
oscillated as a function of time in the presence of an electric field, unlike the 
random fluctuation without an electric field. This indicates that microwave irradia-
tion suppresses the random movement of the polar groups and causes their coherent 
alignment [59]. This alignment decreases the entropy of the system compare with 
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that of the random orientations. Figure 8(d) and (e) show microscopic pictures of 
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electric fields at 0.45 and 0.24 ns, respectively. It is important to note that the 
orientation behavior of OH bonds along the electric field direction can be observed 
in these figures. In contrast, the directions of the OH groups were mostly oriented 
in random directions in the absence of an electric field [34]. Similar results were 
observed in other simulations at 313, 323, and 333 K (data are not shown). A time 
delay between the oscillation phases of the electric field and of the net OH direction 
was observed, which may have perturbed the ordered state of the polar groups and 
caused an increase in entropy due to the dielectric loss. The energy can conse-
quently be dissipated into the system to increase the temperature via a thermal 
microwave effect. Furthermore, the OH groups formed a higher number of hydro-
gen bonds under the electric field compared to the groups without an electric field 
at higher temperatures [34]. This result explains the experimental data showing 
that the 1H resonance of the OH group has a lower field shift and thus a lower 
CSC-temperature than the bulk temperature, as well as the lower field chemical 
shift increases at a higher temperature. It should be noted that this type of chemical 
shift induced by the electron polarization in the presence of an electric field under 
microwave irradiation may not appear under conventional thermal heating.

MD simulations of MBBA at 293 K (<Tc) and 315 (>Tc) K with and without the 
external electric field were also performed. Figure 8(f ) shows the applied electric 
field (dashed black line) and the dipole moments of MBBA in these simulations 

Figure 8. 
A. Ethanol-hexane (1:1) system. (a) Applied electric field as a function of time. (b) the dipole moment of the 
simulations in the presence (black) and absence (red) of an electric field along the x-axis as a function of time 
at 303 K. (c) Net direction of OH groups as a function of time. (e) and (d) show examples of hydrogen bond 
formation in snapshots of the simulation at 0.24 and 0.45 ns under negative and positive electric field directions 
at 303 K, respectively. The hexane molecules were omitted for clarity. The dashed lines represent the hydrogen 
bonds between ethanol molecules, and the black arrows indicate the electric field directions in (d) and (e). 
Adapted with permission from [34]. Copyright (2020) American Chemical Society. B. MBBA system. (f) 
Applied electric field (dashed black) and the dipole moments of MBBA along the x-axis as a function of time. 
Net direction of C-O (g) and C=N (h) bonds of MBBA as a function of time. Black and green lines indicate 
the oscillation of these values as a function of time under the applied electric field at 293 and 315 K, respectively. 
Red and blue lines indicate the random fluctuations of the values without the electric field at 293 and 315 K, 
respectively.
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along the x-axis as a function of time. The black and green lines show the oscillation 
of the dipole moments along the x-axis under the applied electric field at 293 and 
315 K, respectively. Due to the applied electric field, the dipole moment (black and 
green) at 293 and 315 K were delayed by around 32.5 and 18 ps, respectively. The 
values are close to the experimentally measured dielectric relaxation time of MBBA 
at 28 and 23.7 ps at 20 and 50°C, respectively [60]. In contrast, there is no oscillation 
of the dipole moment without the electric field at 293 K or 315 K, which indicates 
that the applied electric field affected the polar groups of the MBBA molecules.

The net direction of C-O and C=N groups of MBBA during these simulations 
were also analyzed, and are shown in Figure 8(g) and (h), respectively. The α’ and 
7′ protons respectively bind to the C-O and C=N groups in the MBBA molecule, as 
shown in Figure 6A. Figure 8(g) and (h) show the net directions of the C-O and 
C=N groups as a function of time. The black and green lines show the net direction 
of C-O or C=N groups under the electric field at 293 and 315 K, respectively. The 
red and blue lines display the net directions in the simulations at 293 and 315 K 
without an electric field. The oscillation phase of the C-O groups is consistent with 
the phase of the dipole moments, as shown in Figure 8(f ), and their amplitudes 
are higher than those of the C=N groups shown in Figure 8(h). This indicates that 
microwave heating has a more significant influence on the C-O groups of MBBA 
molecules.

These simulations showed the ordering of the polar molecules in the presence 
of an electric field as a non-thermal microwave effect. This polarization can only 
appear under microwave irradiation. Furthermore, this type of ordered state is also 
considered a low entropy state and is a distinct state occurring under microwave 
irradiation.

13. Microwave effects on chemical reaction processes

According to the MD simulations under microwave irradiation, the interactions 
between coherently ordered polar groups increased the number of hydrogen bonds 
in the ethanol-hexane mixed solution due to their coherent polarization (Figures 7 
and 8). The formation of hydrogen bonds is due to the interaction between two OH 
groups, thus causing the energy of the work term to be supplied as a non-thermal 
microwave effect. This non-thermal microwave effect was experimentally verified 
by the observation of a lower field 1H chemical shift of the OH protons in ethanol. 
This coherently ordered state of OH groups only appears under microwave irradia-
tion and is different from the molecular order achieved by conventional thermal 
heating, even at the same bulk temperature of the system. In this microwave-
induced ordered state, polar molecules are coherently aligned along with the 
alternately oscillated electric field. These coherently ordered molecules enable 
interaction between polar groups. Furthermore, the coherently ordered low entropy 
state may accelerate the chemical reaction rate between molecules with polar 
groups, as in the formation of hydrogen bonding in ethanol.

Similar to under microwave irradiation, polarizable molecules, or those with a 
dipole moment, will also gradually align with the direction of an oriented external 
electric field (OEEF). A sufficiently strong OEEF can completely orient a molecule 
or a molecular complex in space through interacting with its dipole and polariz-
ability, thereby removing, in principle, the difficulty in orienting the molecules and 
the OEEF. Therefore, it is possible to enhance or control the chemical reactivity in 
catalysis by a decrease in the activation energy of the reaction [61, 62].
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In the case of microwave irradiation, the electric field is oscillating at a fre-
quency of 2.45 GHz. As discussed in the MD simulation and thermodynamics 
consideration, a polar molecule is coherently ordered along with the oscillating 
electric field. Unlike in the case of an applied OEEF, the coherent ordered state 
under microwave irradiation alternates at a frequency of 2.45 GHz. Nevertheless, 
the lifetime of a coherently ordered state is sufficiently long to accelerate the chemi-
cal reaction rate.

14. Conclusion

The CSC-temperatures of an ethanol-hexane mixed solution and MBBA in the 
isotropic state under microwave irradiation were accurately evaluated using the 
linear relationship of temperature with respect to the 1H chemical shift changes 
(Δδ) of individual protons. A CSC-temperature increase was observed as a function 
of the microwave irradiation time for CH2 and CH3 non-polar protons. The CSC-
temperature for non-polar protons reflects the bulk temperature of the solution. A 
lowered CSC-temperature with lower field 1H chemical shift was observed for OH 
polar protons than that with CH2 and CH3 non-polar protons in ethanol, and higher 
CSC-temperature was observed for H-C=N (7′) and CH3-O (α’) protons in MBBA. 
The lowered CSC-temperature of OH protons in ethanol under microwave irradia-
tion which was lower than the bulk temperature is concluded to be the experimental 
evidence of a non-thermal microwave effect. In the microwave heating process, 
microwave energy is absorbed into the polar molecular system by the formation of 
an ordered state with lower entropy. Ordered dipolar molecules cannot completely 
follow the oscillating electric field; therefore, the ordered state becomes partly 
disordered, increasing the entropy. Microwave energy is simultaneously dissipated 
to the system as thermal and non-thermal microwave effects. These coherently 
ordered molecules interact strongly with each other to form hydrogen bonds 
between the OH groups of ethanol, and these interactions are considered to be due 
to a non-thermal microwave effect. MD simulation was carried out to confirm the 
theoretical validity of the experimentally observed increased lower field 1H chemi-
cal shift, and the results were found to agree well. These non-thermal microwave 
effects play an important role in the intrinsic acceleration of chemical reaction 
rates between polar molecules under microwave irradiation. It is considered that 
the coherently ordered state reduces the activation energy for the reaction, which 
increases the reaction rate as catalysis.
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along the x-axis as a function of time. The black and green lines show the oscillation 
of the dipole moments along the x-axis under the applied electric field at 293 and 
315 K, respectively. Due to the applied electric field, the dipole moment (black and 
green) at 293 and 315 K were delayed by around 32.5 and 18 ps, respectively. The 
values are close to the experimentally measured dielectric relaxation time of MBBA 
at 28 and 23.7 ps at 20 and 50°C, respectively [60]. In contrast, there is no oscillation 
of the dipole moment without the electric field at 293 K or 315 K, which indicates 
that the applied electric field affected the polar groups of the MBBA molecules.

The net direction of C-O and C=N groups of MBBA during these simulations 
were also analyzed, and are shown in Figure 8(g) and (h), respectively. The α’ and 
7′ protons respectively bind to the C-O and C=N groups in the MBBA molecule, as 
shown in Figure 6A. Figure 8(g) and (h) show the net directions of the C-O and 
C=N groups as a function of time. The black and green lines show the net direction 
of C-O or C=N groups under the electric field at 293 and 315 K, respectively. The 
red and blue lines display the net directions in the simulations at 293 and 315 K 
without an electric field. The oscillation phase of the C-O groups is consistent with 
the phase of the dipole moments, as shown in Figure 8(f ), and their amplitudes 
are higher than those of the C=N groups shown in Figure 8(h). This indicates that 
microwave heating has a more significant influence on the C-O groups of MBBA 
molecules.

These simulations showed the ordering of the polar molecules in the presence 
of an electric field as a non-thermal microwave effect. This polarization can only 
appear under microwave irradiation. Furthermore, this type of ordered state is also 
considered a low entropy state and is a distinct state occurring under microwave 
irradiation.

13. Microwave effects on chemical reaction processes

According to the MD simulations under microwave irradiation, the interactions 
between coherently ordered polar groups increased the number of hydrogen bonds 
in the ethanol-hexane mixed solution due to their coherent polarization (Figures 7 
and 8). The formation of hydrogen bonds is due to the interaction between two OH 
groups, thus causing the energy of the work term to be supplied as a non-thermal 
microwave effect. This non-thermal microwave effect was experimentally verified 
by the observation of a lower field 1H chemical shift of the OH protons in ethanol. 
This coherently ordered state of OH groups only appears under microwave irradia-
tion and is different from the molecular order achieved by conventional thermal 
heating, even at the same bulk temperature of the system. In this microwave-
induced ordered state, polar molecules are coherently aligned along with the 
alternately oscillated electric field. These coherently ordered molecules enable 
interaction between polar groups. Furthermore, the coherently ordered low entropy 
state may accelerate the chemical reaction rate between molecules with polar 
groups, as in the formation of hydrogen bonding in ethanol.

Similar to under microwave irradiation, polarizable molecules, or those with a 
dipole moment, will also gradually align with the direction of an oriented external 
electric field (OEEF). A sufficiently strong OEEF can completely orient a molecule 
or a molecular complex in space through interacting with its dipole and polariz-
ability, thereby removing, in principle, the difficulty in orienting the molecules and 
the OEEF. Therefore, it is possible to enhance or control the chemical reactivity in 
catalysis by a decrease in the activation energy of the reaction [61, 62].
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In the case of microwave irradiation, the electric field is oscillating at a fre-
quency of 2.45 GHz. As discussed in the MD simulation and thermodynamics 
consideration, a polar molecule is coherently ordered along with the oscillating 
electric field. Unlike in the case of an applied OEEF, the coherent ordered state 
under microwave irradiation alternates at a frequency of 2.45 GHz. Nevertheless, 
the lifetime of a coherently ordered state is sufficiently long to accelerate the chemi-
cal reaction rate.

14. Conclusion

The CSC-temperatures of an ethanol-hexane mixed solution and MBBA in the 
isotropic state under microwave irradiation were accurately evaluated using the 
linear relationship of temperature with respect to the 1H chemical shift changes 
(Δδ) of individual protons. A CSC-temperature increase was observed as a function 
of the microwave irradiation time for CH2 and CH3 non-polar protons. The CSC-
temperature for non-polar protons reflects the bulk temperature of the solution. A 
lowered CSC-temperature with lower field 1H chemical shift was observed for OH 
polar protons than that with CH2 and CH3 non-polar protons in ethanol, and higher 
CSC-temperature was observed for H-C=N (7′) and CH3-O (α’) protons in MBBA. 
The lowered CSC-temperature of OH protons in ethanol under microwave irradia-
tion which was lower than the bulk temperature is concluded to be the experimental 
evidence of a non-thermal microwave effect. In the microwave heating process, 
microwave energy is absorbed into the polar molecular system by the formation of 
an ordered state with lower entropy. Ordered dipolar molecules cannot completely 
follow the oscillating electric field; therefore, the ordered state becomes partly 
disordered, increasing the entropy. Microwave energy is simultaneously dissipated 
to the system as thermal and non-thermal microwave effects. These coherently 
ordered molecules interact strongly with each other to form hydrogen bonds 
between the OH groups of ethanol, and these interactions are considered to be due 
to a non-thermal microwave effect. MD simulation was carried out to confirm the 
theoretical validity of the experimentally observed increased lower field 1H chemi-
cal shift, and the results were found to agree well. These non-thermal microwave 
effects play an important role in the intrinsic acceleration of chemical reaction 
rates between polar molecules under microwave irradiation. It is considered that 
the coherently ordered state reduces the activation energy for the reaction, which 
increases the reaction rate as catalysis.
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