
How can microwave heating be advantageously used in 
synthesis of nanomaterials? 
 

Microwave Heating Vs. Conventional Heating 
 

Chemists have always been on the lookout for newer and more 
enabling methods of chemical syntheses. Since the last decade of 
the 20th century, a new approach to chemical syntheses, involving 
microwaves, is increasingly being explored with promising results. 
It is well known that chemical reactions, more often than not, 
require heat input to form the products from the reactants. The 
classical method of supplying heat to the reaction mass is based 
on conduction and convection modes of heat transfer. This 
approach has been serving the chemists very admirably hitherto. 
However, the microwave radiation as a means of supplying heat to 
the chemical reactions offers some unique opportunities which are 
both qualitatively as well as quantitatively different than the 
conventional method. To be able to fully comprehend the 
implications of microwave heating in chemical processes, it will be 
useful to understand the theoretical basis of microwave heating. 
Microwaves are a class of electromagnetic radiation falling 
between the infrared and the radio-frequency sections of the 
electromagnetic spectrum. Their wavelength in vacuum ranges 
from 1 cm to 1 meter corresponding to the frequency of 30 GHz to 
0.3 GHz. Different types of materials interact with microwaves 
differently as follows: 

• Reflection: e.g. Metals ( Conductive)  
• Transmission: e.g. Sulfur ( Non polar) 
• Absorption: e.g. Water, Ethylene Glycol, Dithiols, some 

organic solvents (Dipolar) 
 
It will be apparent from the above examples that it is the polar 
molecules that absorb the microwave radiation. The mechanism of 
absorption of the radiation in case of microwaves is not due to the 
quantization of the energy levels (electronic, vibrational or 
rotational) and absorption of photons as in the case of UV or IR 
absorption. Here, the interaction of the polar molecules with the 
microwaves is in the nature of ‘dielectric relaxation’ as explained 
below. 
As the microwaves pass through a dielectric medium like water, 
the electromagnetic field oscillates 109 times per second. Water 
molecules being dipolar try to orient themselves along the 



changing electromagnetic field. However, their relaxation 
frequency (orientation time) is slower (105 times per second) 1 
compared to the frequency of the microwave electromagnetic field. 
This results into a phase lag or ‘dielectric loss’. In other words, 
there is a friction between the molecules that are trying to orient 
along the field; with the surrounding molecules which leads to 
generation of heat.  
 
In a way, the molecules draw energy from the microwaves and 
dissipate it as heat in the medium. It is the differential between the 
microwave frequency and the relaxation frequency that gives rise 
to the heating effect in dipolar solvents. If the frequency of the 
radiation is too high there is too little time for the molecules to 
orient, whereas with too low a frequency of the electromagnetic 
radiation, the orientation is too slow to cause any friction and 
generate any heat. It has been found that the radiation in the 
microwave range possesses optimum frequency to cause heating 
due to dielectric relaxation. 
This heating effect in water molecules is not observed in gaseous 
state or the solid state. In the gaseous state there is no friction as 
the intermolecular distance is very high. In the ice state, the 
molecular network through hydrogen bonding is too tight to allow 
any molecular motion. 
Heat generation by microwaves can be explained by the following 
two mechanisms1: 

• Dipolar polarization: This is also known as ‘dipolar rotation’. It 
is typified by the rotational motion exhibited by the dipolar 
molecules like water or ethylene glycol under the influence of 
microwave flux. 

• Ionic conduction: This is a mode of heating prevalent when 
the liquids containing ionic solutes are subjected to 
microwave radiation. The ions undergo oscillatory or 
vibratory motion which generates heat. 

• Interfacial polarization:  This is a kind of combination of the 
above two effects. Fine metal powder suspended in a non-
polar solvent can be heated using microwaves despite 
metals being reflectors of microwaves. The heat is generated 
by relative motion of metal particles with respect to the 
surrounding solvent. 

The most popular and commonly used microwave heating systems 
employ the radiation at 2.45 GHz corresponding to a wavelength of 
12.24 cm. One photon of this radiation possesses energy of 



0.0016 eV or ~1.0 KJ which is too weak to even break hydrogen 
bonds let alone the covalent bonds. 
Microwave radiations are generated by a device called 
‘magnetron’. It consists of a cathode filament placed at the axis of 
a concentric cylindrical anode. The anode has a number of fins 
inside projecting out towards the cathode. There are magnets at 
both the ends of the cylinders. These magnets cause a circular 
motion of the electrons around the cathode which gives rise to 
microwaves. These microwaves are radiated out through an 
antenna and a waveguide. 
The following Table (Comparison of conventional and microwave 
heating) provides an overview of the two methods of heating. 
 
No Property Conventional heating Microwave heating 
1 Mode of heat 

transfer 
Conduction  & 
convection 

Dielectric relaxation  
( molecular friction) 

2 Uniformity of 
heating 

Time and agitation 
dependent; more non-
uniform than 
microwave 

Volumetric heating; 
uniform across the 
matrix 

3 Rate of heating  Slow  Faster, by orders of 
magnitude  

4 Efficiency of 
heating (Energy 
costs) 

Lower efficiencyà 
higher costs 

 Higher efficiencyà 
Lower cost  

5 Selectivity Not possible Possible between 
the absorbing and 
reflecting or non-
absorbing 
molecules. 

6 Pulsed heating  Very difficult Entirely possible 
Table: Comparison of conventional and microwave heating 
 

Significance Of Microwave Heating In Chemical Syntheses 
 

Chemical reactions conducted under the influence of microwaves 
show the following important features: 

1. High reaction rates: It is possible to accelerate the rates of 
chemical reaction by orders of magnitude i.e.10X ~ 1000 X.  
 This has two advantages. Firstly, many reactions can be 
completed in a considerably shorter time. Secondly, the 
reactions which are too slow to be of practical value can be 
accelerated to make them commercially attractive. 



2. High yields: Due to very rapid rates of reaction, non-
equilibrium conditions are attained which lead to quantum 
jumps in the yields of the products1. E.g. The esterification of 
stearic acid under microwave heating improves the yield to 
97% from 83% obtained by conventional heating. 

3. Selectivity:  Due to different behavior of polar, non-polar and 
metallic molecules in microwave field, selective chemical 
reactions can be brought about. E.g.1 Preparation of metal 
sulfides from metal and sulfur 

4. Reproducibility: The reactions conducted with microwave 
heating exhibit better reproducibility due to volumetric 
uniform heating. 

5. Continuous process: Rapid reaction rates enable the 
processes to be carried out in a continuous mode employing 
flow cells which are irradiated with microwaves 6. 

6. Low energy costs: As the reaction mass is directly heated 
without heating the vessel or surroundings, the utilization of 
energy is that much more efficient resulting in lower energy 
costs. 

7. Eco-friendly chemistry: Microwave heating presents 
opportunities for reduction in the usage of solvents and 
thereby enabling ‘Green chemistry’. 

 
However, the microwave assisted chemical syntheses suffer from 
the following limitations: 

• Scalability: It is really a challenge to construct large 
scale microwave reactors owing to the complexity of 
designs. 

• Universality:  The selectivity of interactions between 
the microwaves and different types of molecules limits 
the use of microwaves as a universal method of 
heating for all types of reactions. 

• Hazard:  High rates of reactions and superheating 
pose an explosion hazard. Effect of microwaves on 
human tissues and DNA is arguably hazardous.  

 
Microwave Heating Accelerates The Rates Of Chemical Reactions 
 
The microwave mode of heating in chemical processes has three-
fold influence on the chemical reactions2: 

1. Thermal effect: This is the effect qualitatively similar to the 
conventional heating where higher temperature accelerates 



the reaction; except for the difference that the temperature is 
attained much more rapidly and uniformly. 

2. Specific thermal microwave effects: These are qualitatively 
different effects on chemical reaction which can not be 
brought about by the conventional mode of heating. There 
are four possible effects: Firstly boiling points of the solvents 
when heated by microwave are found to be higher than the 
normal boiling points due to superheating. Secondly, the wall 
effect which implies that the temperature of the wall will be 
lower than the temperature of the reaction mass which runs 
contrary to the conventional heating. Thirdly, microwave 
heating is volumetric in the sense that temperature gradients 
are minimal and all the mass is heated uniformly. Fourthly, 
microwave enables selective heating of absorbing species 
over non-absorbing species in the same matrix. Fifthly, there 
exist hypothetical hotspots or microscopic heat radiators in 
the mass heated by microwaves. 

3. Specific non-thermal microwave effects: There is a major 
controversy about the existence of non-thermal microwave 
effects on chemical reactions. These are the effects which 
cause acceleration of reaction rates in the chemical 
processes which are not based on temperature or heating. 
These hypothetically arise from the changes in two 
parameters in Arrhenius equation: 

 
                      Reaction rate constant, k = A e –Ea/RT 

      Where   A : Pre-exponential factor indicative of frequency 
of collisions of reactant molecules at the required 
geometrical orientation 
                    e –Ea/RT:  Fraction of the molecules with minimum 
energy required for activation to result into a  reaction 

                                Ea: Activation energy 
                                R: Gas constant 
                                T: Temperature in oK  

There is no unanimity among the researchers about which 
parameter in the Arrhenius equation is influenced by 
microwaves so as to accelerate the reaction 1, 2, 5 
One section of scientists 2 suggests that there is an 
increase in the pre-exponential factor A which 
corresponds to increase in intermolecular collision 
frequency. There can also be a decrease in activation 
energy Ea due to lower of Gibbs free energy as a result of 
higher level of order in the transition state under the 



influence of microwaves.  However, these have been 
found to be untenable at least in the liquid medium. These 
may exist in the case of heterogeneous (solid/liquid) 
phase reactions 5. 
The other school1, 6 of experts proposes that there is no 
such thing as non-thermal effects. The acceleration is due 
only to the temperature effects which are too rapid to be 
measured (109 times a second). It is therefore proposed 
that temperature term T in the Arrhenius equation should 
be looked upon in two ways.  Bulk temperature, Tb, is the 
temperature of the reaction mass that can be measured. 
This has the same effect both in conventional and 
microwave heating. Instantaneous temperature, Ti, is the 
localized temperature of reactant molecules while under 
the influence of microwaves. Ti  cannot be measured as it 
changes too rapidly.  Since Ti >>>Tb, the reaction rates 
are accelerated manifold. 
 

Synthesis of Nanostructures Employing Microwave Energy 
 

 Microwave heating imparts rapidity, selectivity and uniformity to 
chemical reactions due to the thermal (and arguably non-thermal) 
effects. These lead to vastly enhanced kinetics and high yields. 
This capability of microwave reactions has been gainfully applied 
to syntheses of nanomaterials.  
 
1 .Inorganic nanostructures: 
Ying-Ji Zhu 4 has described the use of microwave energy for 
syntheses of variety of inorganic nanostructures. These consist of 
metals, metal oxides, metal sulfides, selenides, tellurides, 
carbonates, hydroxyapatite, phosphates, chromates, organic–
inorganic nanocomposites and nanoporous materials. It is possible 
to achieve different morphologies like spheres, polygonal plates, 
sheets, rods, wires, tubes and dendritic structures. Typically, 
microwave absorbing solvents like water, alcohol, ethylene glycol, 
1,2- ethane dithiol are used as the reaction media. The last two 
liquids act as solvents, microwave absorbers and reductants.  

• Metal nanoparticles (Au, Ag and Pt) can be synthesized by 
subjecting an aqueous solution of their metal salt to a 
reduction reaction in the presence of surfactants employing 
microwave heating. 



• The article describes a technique called ‘Microwave Assisted 
Polythiol Reduction (MPTR)’ for synthesizing metal 
nanostructures starting with metal oxides.  

• Microwave Assisted Ionic Liquid (MAIL) technique employs 
the ionic liquids which are salts in the liquid state at room 
temperature. Due to their ionic nature, these are able to 
interact with the microwave radiation and generate intense 
heat. At the same time, these possess high solvency, low 
vapor pressure and high thermal stability upto 2000 C. 
Therefore these are ideal candidates to serve as the 
solvents for microwave synthesis of nanomaterials. Due to 
their high polarity, they facilitate high level of nucleation of 
fine particles. These can also get chemisorbed on the 
nanoparticle surface and thereby impart stability to the 
particles. 

• Ying-Ji Zhu4 describes the use of 1-n-butyl 3-methyl 
imidazolium tetrafluoroborate ([BMIM] BF4) as the room 
temperature ionic liquid (RTIL) for microwave assisted 
synthesis of nanostructures.  

2. Nanocomposites: Ying-Ji Zhu4 describes the synthesis of 
nanocomposites where metal or metal sulfide nanoparticles are 
embedded in a polyacrylamide matrix. The polymerization is 
carried out in ethylene glycol medium containing acrylamide 
wherein nanoparticles are suspended. This is a microwave 
assisted polymerization where no initiator or surfactant is used. 
3. Nanoporous materials:   Zeolites, mixed oxides and molecular 
sieves are nanoporous materials used in variety of applications like 
catalysis, filtration and purification. It has been found1 that the 
microwaves accelerate their synthesis by an order of magnitude.   
4. Polymeric nanoparticles:  Wei-Dong et al 7 and Jianjun Bao et al 
8 have used the technique of microwave-assisted emulsion 
polymerization to prepare surfactant-free emulsions of 
nanoparticles of methacrylate polymers. Thermal as well as redox 
methods have been used for initiation. It is proposed that 
microwaves accelerate the decomposition potassium persulfate 
leading to very high rates of polymerization. 
5. Intercalation: Insertion of organic moieties into the interlayer 
gallery (~1 nm) of compounds like clays imparts different 
functionalities to these materials. Conventional methods of heating 
are slow and the stoichiometric yields are difficult to achieve. 
Intercalation1 of pyridine into layered vanadium phosphate 
VO(VO4) under microwaves has been found to be rapid and gives 
stoichiometric yield. 
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