Chapter 1: Microwave-Assisted Chemistry
Microwave chemistry is a convenient way to dramatically speed up the rates of many reactions, and is an
increasingly popular method in organic chemistry research.

1.1 Fundamentals of Microwaves
In the electromagnetic spectrum, microwaves fall between radio waves and infrared (Figure 1-1). Their
wavelengths fall between 1 m and 10-3 m, which gives them a frequency of between 300 and 300,000
megahertz (MHz). These waves are too low-energy to cause much vibration of the molecular bonds (like
IR), or excitation of electrons to different orbitals (like UV or visible light). Instead, microwaves rotate or
move the entire molecule as a whole.

Figure 1-1: A portion of the electromagnetic spectrum, showing the effect of different wavelengths on molecules.

Like all electromagnetic radiation, microwaves consist of electric and magnetic waves travelling together
at the speed of light, but it is the electric component of the wave that is mainly responsible for heating up
molecules. There are two processes involved in heating samples by microwave: dipolar polarization and
ionic conduction. Any molecule with a dipole moment will try to align itself with the microwave’s electric
field. Since the field is constantly oscillating, the molecule is constantly realigning itself, which generates
friction and heat (Figure 1-2). This process is known as dipolar polarization.

Figure 1-2: Dipolar polarization involves a polar molecule rotating to align itself with the electric field.

If a molecule has a full, formal charge, then the changing electric field will cause it to move back and forth
through the solvent, which again generates friction and heat (Figure 1-3). This process is known as ionic
conduction.
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Figure 1-3: Ionic conduction involves an ion moving back and forth through the solvent.

Organic chemists have traditionally used hotplates, burners or oil baths to heat their reactions. These
methods rely on the thermal conductivity of the heating apparatus to transfer heat into the reaction, and
on convection currents (or stirring) to transfer heat from one part of the reaction to another. For this
reason, they are relatively slow and inefficient. Another possible disadvantage is that the walls of the
reaction flask can often become significantly hotter than the contents, risking charring or decomposition
of the reagents.
Microwave-assisted chemistry delivers energy directly to the organic molecules, bypassing the need to heat
up the flask and surroundings first. In fact, the absorption of energy happens much faster than the heat
can be carried away to the rest of the reaction mixture, so it is quite common for small, extremely hot
regions to form in the reaction, even though the reaction mixture overall is not very hot. This is called
instantaneous localized superheating. These superheated regions only last briefly, and occur in different
locations each time, so at some point all of the molecules in the reaction will probably be carried into a
few superheated regions (especially if the reaction is stirred).
The relationship between reaction temperature and rate is described by the Arrhenius equation:

k = Ae-Ea/RT
where k is the rate of reaction, A is a constant pre-exponential factor, Ea is the activation energy, R is the
gas constant, and T is the temperature. Because of the exponential term, a small change in temperature
can cause a dramatic change in reaction rate. The table below gives some examples, for a reaction where
Ea is 200 kJ/mol.
Temp (°C) Relative rate
150

1

167

10

185

100

206

1000

Because microwaves heat small regions of the reaction to very high temperatures, the reaction progresses
much more quickly, even though not all the reaction mixture is being superheated at once.
Not all solvents respond the same way to microwaves. They are typically divided into solvents with high,
medium, and low absorbance; some examples are listed below. In general, a solvent with a higher polarity
will probably be more absorbent, because it has a stronger dipole that tries to align with the changing
electric field. High-absorbing solvents heat up very quickly when the microwave reactor is turned on, but
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low-absorbing solvents take longer to reach a steady temperature. Low-absorbing solvents tend to work
better if at least one of the reagents in the reaction mixture is high-absorbing.
Microwave absorbance

Examples

High

Methanol, ethanol, propanol,
DMSO

Medium

Water, acetone,
1,2-dichloroethane

Low

DCM, chloroform, THF, ether,
hexanes, ethyl acetate, benzene

The first publications about using microwaves for chemistry appeared in 1986, although they were
performed in standard kitchen microwave ovens instead of laboratory-specific microwave reactors. At
first, microwaves were used primarily for acid digestions of biological samples. There were few reports of
microwave use in organic synthesis, due to issues with equipment safety. A combination of solvent vapors
and sparks created by the microwave occasionally led to explosions, until proper precautions and shielding
were introduced. Since approximately the year 2000, however, microwave reactors have become safe and
commonplace in organic laboratories, and many published syntheses rely on them.

1.2 Using a Microwave Reactor
The microwave reactor used in the undergraduate organic labs at CU is a MARS-6 reactor with a
GlassChem reaction turntable (Figure 1-4). This setup allows 24 different reaction vessels to be used at
once, so that each student can run a reaction simultaneously. The turntable in CU’s labs uses reaction
vessels that can hold up to 18 mL each.

Figure 1-4: The MARS-6 reactor used in the organic labs, and the turntable that is used for student reactions. The
turntable shown inside the reactor on the left is used for larger-scale reactions.
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Each reaction vessel consists of a heavy-walled glass tube with a threaded top, plus a vent plug and a vessel
top that screws down over it (Figure 1-5). The entire vessel will be placed into a woven composite sleeve
when it is returned to the carousel (part of this sleeve is permanently attached to the vessel top). This is
to minimize the damage from any explosions that may occur – if one vessel were to explode, the sleeves
would stop it from damaging neighboring vessels and causing them to explode as well.

Figure 1-5: The components of a microwave reaction vessel.

To monitor the reaction, the temperature of one of the vessels must be monitored. This is done by making
one of the vessels a “control vessel” – slot #1 in the carousel. In Figure 1-5, this is the vessel in the upper
left with an extra knob on its lid. A temperature probe will be inserted through this knob and into the
reaction, so that the microwave reactor knows to hold the temperature steady once it reaches a desired
setpoint.
When placing your reaction vessels into the carousel, you should aim to distribute them as evenly as
possible, as shown in Figure 1-6. This leads to the most even heat distribution and the best reaction
outcomes. In this illustration, “empty position” means that there is no vessel at all in that position, just an
empty composite sleeve. It is very important not to put empty reaction vessels into the carousel!
Empty position
Filled position
Control position (#1)
8 samples

12 samples

18 samples

Figure 1-6: The reaction vessels should be distributed as evenly as possible around the carousel.
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