Microwave-assisted Synthesis of Inorganic Materials
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The use of microwave radiation has become a widespread and convenient method for
heating food and beverage in modern society due to the energy efficient and volumetric heated
observed with microwave radiation. The use of microwave or dielectric heating in chemistry has
been limited, however, with most applications occurring in organic chemistry.' The fast and
volumetric heating of organic reactions has lead to extraordinary reaction rate enhancements.'
More recently the use of microwave radiation for heating reactions in the laboratory has
expanded to inorganic and materials chemistry.>’

Microwaves are generated by a magnetron tube. Magnetrons were developed by Randall
and Booth at the University of Birmingham during World War II.” These devices operate similar
to a cathode ray tube, consisting of a heated cathode, a voltage biased anode, a magnetic field,
and an antenna. (Fig. 1) Electrons are emitted from the cathode and move along a spiral path,
induced by the magnetic field, to the anode. As the electrons spiral outward, they form space
charge groups, and the anode shape forms the equivalent of a series of high-Q resonant
inductive-capacitive circuits. The microwave frequency generated in the anode is picked up by
the antenna and is transmitted into the microwave cavity.
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Figure 1: Simple diagrams illustrating the parts of a magnetron and the motion of
electrons emitted from the cathode.*

There are several common misconceptions associated with microwave radiation. They
are that microwave radiation is energetic enough to directly affect chemical reactions; heats
matter by rotating molecules, and can cause non-thermal reaction rate enhancements. Looking at
the energy of microwave radiation in Table 1, one can see microwaves lack the energy to affect
any common chemical bond. The actual mechanism of microwave heating does involve
molecular rotational energy induced by microwaves, but intermolecular collisions occur on the
same time scale in liquid phases, approximately every 10~ seconds. These collisions prevent
any full molecular rotation, and the rotational energy induced by the microwave radiation is
converted into vibrational and translational energy.' Other heating mechanisms, such as
conductive and interfacial polarization, are present in solids under dielectric heating.” These are
the primary mechanisms of heating with microwave radiation. Measuring the temperature of a
reaction being heated with microwaves can be challenging, because the device used to measure



the temperature can be affected by the radiation. All reaction rate enhancements have been
shown to be thermally induced, in spite of claims to the contrary.’

Microwave |Brownian |Hydrogen Covalent |[lonic
Radiation |Motion Bonds Bonds Bonds
Energy 6 4 0.026 4.51 (C-H)
(eV) 106to 10 (298 K) 0.04 to 0.44 3.83 (C-C) 7.6

Table 1: Energy associated with microwave radiation and different chemical bonds.'

One of the earliest applications of microwave radiation to the synthesis of inorganic
compounds was performed by Frazer and Holzmann’ followed quickly by Shriver and Jolly.®
Frazer and Holzmann’s work centered on the reductive dimerization of BCl; to B,Cly, while
Shriver and Jolly observed the transformation of GeCls to Ge,Cls under microwave radiation.
Continuing this early application of microwaves, Mingos and his co-workers expanded the
application of microwave heating to solid state reactions. During their investigation it was
observed that some metal oxides were sensitive to dielectric heating. Copper (I) oxide reached
550 °C after irradiation for 1 minute at 500 W. WO; and V,0s heated to >700 °C under the same
conditions, and melted upon further heating.” By applying these observations, Mingos and his
co-workers were able to synthesize high-T, superconducting oxides La,CuO4 and YBa,Cu3O7.
«.'" This early work showed the utility of microwave radiation in the synthesis of inorganic
compounds and materials due to the time and energy savings observed.

From these early applications microwave radiation has been applied to the synthesis of
modern, advanced materials such as nano-materials'', thin films'%, and porous ceramics." There
has been intense interest in the development of nano-materials because of their size dependent
properties stemming from varying degrees of quantum confinement of the electrons in the
material. El-Shall and his co-workers have developed a microwave-assisted synthesis for one
dimensional cadmium and zinc chalcogenide rods and wires."* Their microwave process
produced aligned, ultranarrow nanorods and nanowires. The fast and volumetric dielectric
heating from microwaves made their synthesis very fast, and produced uniform materials.

The development of thin films is an important area of materials chemistry that has a large
impact on the microelectronics industry. There are many methods for depositing thin films, and
the morphology of the film is highly dependent on the method of deposition. In particular, Hui
Yan and co-workers have shown that thin films of zinc and cadmium sulfide can be controllably
deposited on glass substrates.'” In addition, Richard Masel and co-workers have developed a
novel method for the chemical vapor deposition of Ta,Os utilizing microwave heating to produce
the chemical vapor.'® The microwave deposition of these films is advantageous because it does
not require expensive high vacuum chambers, nor are these methods limited to slow depositions
rates.

Finally, porous materials have become important in chemistry due to their
catalytic and gas storage abilities. Historically, zeolites have found widespread usage,'’ but more
recently metal-organic frameworks (MOFs) have come a useful analogue. A significant
drawback to these materials is the energy and time intensive processes required for their



synthesis. In the early 1990’s for zeolites'® and just recently for MOFs, microwave heating has
been shown to dramatically increase the rate of formation of these materials."”
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