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CONS P EC TU S

I n the past few years, the use of microwave energy to
heat chemical reactions has become an increasingly

popular theme in the scientific community. This nonclas-
sical heating technique has slowly progressed from a
laboratory curiosity to an established method commonly
used both in academia and in industry. Because of its
efficiency, microwave heating dramatically reduces reac-
tion times (from days and hours to minutes and seconds)
and improves product purities or material properties
among other advantages. Since the early days of microwave
chemistry, researchers have observed rate-accelerations and,
in some cases, altered product distributions as compared
with reactions carried out using classical oil-bath heating. As
a result, researchers have speculated that so-called specific or nonthermal microwave effects could be responsible for these differences.
Much of the debate has centered on the question of whether the electromagnetic field can exert a direct influence on a chemical
transformation outside of the simple macroscopic change in bulk reaction temperature.

In 2009, our group developed a relatively simple “trick” that allows us to rapidly evaluate whether an observed effect seen in a
microwave-assisted reaction results from a purely thermal phenomenon, or involves specific or nonthermal microwave effects. We
use amicrowave reaction vesselmade from silicon carbide (SiC) ceramic. Because of its highmicrowave absorptivity, the vessel shields its
contents from the electromagnetic field. As a result, we can easily mimic a conventionally heated autoclave experiment inside a
microwave reactor under carefully controlled reaction conditions. The switch from an almost microwave transparent glass (Pyrex) to a
strongly microwave absorbing SiC reaction vial under otherwise identical reaction conditions (temperature profiles, pressure, stirring
speed) then allows us to carefully evaluate the influence of the electromagnetic field on the particular chemical transformation.

Over the past five years we have subjected a wide variety of chemical transformations, including organic reactions,
preparations of inorganic nanoparticles, and the hydrolysis of proteins, to the “SiC test.” In nearly all of the studied examples, we
obtained identical results from reactions carried out in Pyrex vials and those carried out in SiC vials. The data obtained from these
investigations confirm that in the overwhelming majority of cases a bulk temperature phenomenon drives the enhancements in
microwave chemistry and that the electromagnetic field has no direct influence on the reaction pathway.

1. Introduction
Since the initial reports on the use of microwave irradiation

to enhance organic chemical transformations by the groups

of Gedye and Giguere/Majetich in 1986,1 thousands of

research articles have been published in this area.2,3 In

many, if not in most, of the reported examples, microwave

irradiation has been shown to radically reduce reaction

times and increase product yields and product purities by

reducing unwanted side reactions compared to conven-

tional heatingmethods.2�4 Theadvantages of this enabling

technology have subsequently also been exploited in the

context of medicinal chemistry/drug discovery5 and have

additionally penetrated fields such as peptide6 andpolymer

synthesis,7 material sciences,8 nanomaterials research,9
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and biochemical processes.10 The use of microwave irradia-

tion in chemistry has therefore rapidly moved from being a

laboratory curiosity in the 1980s and 1990s to a well-estab-

lished scientific technique in the 21st century. Many academic

and industrial laboratories today utilize this nonclassical form

of heating in a routinemanner, which undoubtedly is aided by

the growing availability of carefully designed scientific micro-

wave reactors, dedicated for use in chemical applications.

Despite the undisputed success of microwave chemistry

in the past decades, there still exists some controversy on

the exact reasons why microwave irradiation is able to

enhance, or otherwise influence, chemical reactions. Much

of the debate has centered around the issue if the observed

effects can in all instances be rationalized by purely thermal

Arrhenius-based phenomena (thermal microwave effects),

as a consequence of the rapid heating and high bulk reac-

tion temperatures that can be attained using microwave

dielectric heating in sealed reaction vessels, or whether

some effects are connected to so-called specific or nonther-

mal microwave effects.11,12 Nonthermal microwave effects

have been postulated to result from a direct, often stabiliz-

ing, interaction of the electromagnetic field with specific

molecules, intermediates, or even transition states in the

reaction medium, which is not connected to a macroscopic

change in reaction temperature.11,12 Specific microwave

effects, on the other hand, have been suggested to be

caused by the uniqueness of the microwave dielectric heat-

ing mechanisms and include, for example the selective

heating of strongly microwave absorbing heterogeneous

catalysts or reagents in a less polar reaction medium.11,12

Specific as well as nonthermal microwave effects can be

largely independent of bulk reaction temperature and, at

least in theory, should be influenced by the electromagnetic

field strength: the higher the field strength the more pro-

nounced the effect.12 Today, it is generally agreed upon by

most scientists in the field that in the majority of cases the

experimentally observed effects inmicrowave chemistry are

the result of purely (bulk) thermal phenomena, involving

neither specific nor nonthermal microwave effects.11,13

The issue of microwave effects has fascinated our re-

search group from the very beginning when we started to

get involved in microwave chemistry in 1998.14 With the

implementation of the Christian Doppler Laboratory for

Microwave Chemistry at the University of Graz in 2006,

our research in this area has significantly intensified as one

of the main scientific tasks of this 7 year research grant was

to establish the true nature of microwave effects. What we

have realized early on was that the main problem in

investigating microwave effects is the fact that it is rather

difficult to perform appropriate control experiments com-

paring microwave with conventionally heated processes

using oil baths or autoclave devices, since in order to be

scientificallymeaningful both sets of experiments have tobe

conducted at the exact same temperature, including a care-

ful adjustment of heating and cooling profiles.15�17 We

have also recognized that the standard practice of using

external infrared (IR) temperature sensors in microwave

reactors that record the outer surface temperature of the

reaction vessel, not the internal reaction temperature, is

highly problematic when reliable temperature data are

required.15�18 Internal fiber-optic (FO) temperature probes

are far better suited to accuratelymonitor the actual reaction

temperature during the microwave irradiation process.15,18

Notably, other processing parameters such as vessel geome-

try and stirring speedmust also be closelymatched inorder to

ensure scientifically valid results.15�18 In our opinion, most

scientists do not fully appreciate the experimental difficulties

in performing adequate control experiments between micro-

wave and conventionally heated reactions. This has led to a

situation where the literature is now full of erroneous reports

and false claims of specific/nonthermal microwave effects

that have failed independent verification.11

In 2009, our group has developed technology thatmakes

it possible to rapidly evaluate whether an observed en-

hancement/effect experienced in amicrowave-assisted che-

mical transformation is the result of a purely (bulk) thermal

phenomenon, or whether specific or nonthermal micro-

wave effects are involved.19 Key to this protocol is the use

of a microwave reaction vessel produced from silicon car-

bide (SiC) ceramic, which owing to the high microwave

absorptivity of SiC will shield the contents of the reaction

vessel from the electromagnetic field. Used in combination

with a dedicated microwave reactor with an internal FO

temperature probe, this in essence allows mimicking a

conventionally heated autoclave experiment under care-

fully controlled reaction conditions. A simple change from a

nearly microwave transparent glass (Pyrex) to a strongly

microwave absorbing SiC reaction vial in the same micro-

wave reactor platform then allows to investigate the influ-

ence of the electromagnetic field on the particular chemical

transformation and thus to distinguish between thermal and

specific/nonthermal microwave effects.19 In this Account,

the development of this technology and its significance for

the investigation of microwave effects in a variety of differ-

ent fields ranging fromorganic synthesis to nanotechnology

are discussed.
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2. Microwave Dielectric Heating and Silicon
Carbide
Microwave chemistry generally relies on the ability of the

reaction mixture to efficiently absorb microwave energy,

takingadvantageofmicrowavedielectric heatingphenomena

suchasdipolar polarizationor ionic conductionmechanisms.20

This produces efficient internal heating (in-core volumetric

heating) by direct interaction of electromagnetic irradiation

with the molecules that are present in the reaction mixture.20

The ability of a specific solvent (or other material) to convert

microwaveenergy intoheat is determinedby the so-called loss

tangent (tan δ). In general, a reactionmediumwith ahigh tan δ

is required for good absorption and, consequently, for efficient

heating. Solvents used for microwave synthesis can be classi-

fied as high (tan δ > 0.5), medium (tan δ 0.1�0.5), and low

microwave absorbing (tan δ < 0.1).21

For microwave irradiation to penetrate to the reaction

mixture, reaction vessels employed inmicrowave chemistry

are typically made out of low microwave absorbing or micro-

wave transparent materials such as borosilicate glass (Pyrex).

This of course is not unlikeheating for example a cupofmilk in

a kitchen microwave. While the microwave absorptivity of

food to be heated or thawed in a kitchenmicrowave is inmost

instances high enough to allow sufficient microwave dielectric

heating to the desired temperature, this is not always the case

for chemistry applications. Notably, microwave chemistry in

low-absorbing ormicrowave transparent solvents (tan δ<0.1)

is often not feasible, unless either the substrates or someof the

reagents/catalysts are strongly polar and thereforemicrowave

absorbing, raising the overall dielectric properties of the reac-

tion medium to a level that allows sufficient heating by

microwaves. Since this is not always the case, many nonpolar

solvents, that have proven to be very useful and are popular in

conventional chemistry, are potentially precluded from use as

solvents in microwave synthesis.

To address this issue, we have some time ago (2006)

introduced so-called passive heating elements (PHEs) made

out of sintered SiC that aid in the microwave heating of

weakly absorbing or transparent reactionmixtures.22 SiC is a

strongly microwave absorbing chemically inert ceramic

material that can be utilized at extremely high temperatures

due to its high melting point (∼2700 �C) and very low

thermal expansion coefficient.23 Microwave irradiation in-

duces a flow of electrons in the semiconducting SiC that

heats thematerial very efficiently through resistance (ohmic)

heating mechanisms.23 The cylindrical SiC PHEs can be uti-

lized in combination with standard 10 mL Pyrex microwave

vials (Figure 1a). In essence, these heating inserts will absorb

microwave energy and subsequently transfer the generated

thermal energy via conduction phenomena to the surround-

ing reaction mixture. This technique therefore allows the

heating of even fully microwave transparent solvents or

reaction mixtures to very high temperatures using sealed

vessel microwave processing.22

It became evident to us after employing this technology

in a variety of different applications that by using the

strongly microwave absorbing PHEs, most of the “micro-

wave heating” in an experiment of this type essentially

occurs by conventional conduction and convection heat

transfer principles from the SiC surface, resembling a classical

oil bath experiment.22,24 In particular, for low and medium

microwave absorbing reaction mixtures, there is only a very

limited possibility for genuine dielectric heating of the reaction

mixture since most of the energy will be absorbed by the

heating element and not by the surrounding solution.22,24

Based on our experience with PHEs made from SiC we

then wondered if it would be possible to manufacture a

microwave reaction vial made entirely out of SiC ceramic.

We hypothesized that owing to the strong microwave

absorptivity of SiC, any material contained inside the vial

FIGURE 1. (a) 10mL Pyrexmicrowave vessel containing a stir bar and a
cylindrical SiC passive heating element. (b) Reaction vial made entirely
from sintered SiC. Both vials have identical geometry and a wall
thickness of 2.85 mm and are fitted with a thermoplastic snap cap and
PTFE-coated silicone septa to be used in a Monowave 300 (Anton Paar
GmbH) single-mode microwave instrument at up to 300 �C and 30 bar
pressure.
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would be completely shielded from the electromagnetic

field. Such a reaction vessel would thus ideally be suited to

investigate the significance of specific and nonthermal mi-

crowave effects since by a simple switch from a microwave

transparent Pyrex to a stronglymicrowave absorbing SiC vial

anyeffects of the electromagnetic field on the reactionmixture

could be eliminated, while retaining the sealed vessel capabil-

ities, rapid heating/cooling and excellent process control fea-

tures inherent tomodernmicrowave reactors. Ultimately, a 10

mL SiC reaction vial of the exact same geometry as a standard

microwave-transparent Pyrex vial was obtained (Figure 1b),

that allowed sealed vessel microwave processing at tempera-

tures up to 300 �C and 30 bar pressure in a commercially

available microwave reactor capable of simultaneous tem-

peraturemeasurement and control by both an external IR and

internal FO sensor.19,25 Gratifyingly, excellent internal control

of reaction temperature inboth thePyrexandSiC vessels could

be obtained for all evaluated solvents/reaction mixtures (see,

for example, Figure 2), thus ensuring that the intended com-

parison experiments could indeed be performed under vir-

tually identical reaction conditions.19,25

3. Microwave Field Strength Inside the SiC Vials
The fact that the electric field strength and the power density

inside the SiC vialmust be comparatively low could be easily

derived from several experiments. First of all, the heating

profiles obtained for solvents with vastly different loss

tangents (tan δ) at constant power provide clear evidence

that the SiC vial provides efficient shielding of its contents

from the microwave field.25 The fact that nearly microwave

transparent hexane (tan δ = 0.02) is heated at a similar same

rate as stronglymicrowave absorbing ethanol (tan δ = 0.941)

clearly indicates that the microwave field inside the SiC vial

must be extremely low, and that heating occurs in essencevia

conventional heat-transfer mechanisms from the wall and

not by dielectric heating effects (Figure 3a).25 This is in stark

contrast to the identical experiment carried out in Pyrex vials

where genuine microwave dielectric heating occurs and

solvents with higher tan δ values are heated more rapidly

(Figure 3b).25 Because of the unusually high thermal conduc-

tivity of SiC (∼100 times higher compared to Pyrex) the heat

flow through the SiC wall of the reaction vessel is exception-

ally fast. In addition, due to its extremely high thermal

effusivity (a measure for the ability to exchange thermal

energy with its surroundings) the contents inside the SiC

reaction vial are also heated in a very efficient manner, at

an equal rate if not faster than using a Pyrex vessel.

In a complementary set of experiments, the four solvents

used in the experiments shown in Figure 3 were heated in

temperature control mode to a specific target temperature.25

Notably, the appliedmagnetronmicrowave power for all four

solvents was virtually identical. Even for a completely empty

vial, the same magnetron power was used, strongly suggest-

ing that heating of the SiC vial is largely independent of its

contents, which again points to the strong shielding effect of

the SiC vessel. Additional support for the strong shielding

characteristics of the SiC vials have been derived from elec-

tromagnetic field simulations,26 and experiments with elec-

trodeless discharge lamps.25 In the presence of a microwave

field, these deviceswill illuminate and emit UV/visible light. In

contrast to the use of Pyrex vials it was virtually impossible to

induce a gas discharge in SiC reaction vessels.25

Based on the obtained evidence, it can be safely con-

cluded that the use of SiC vials in a single-mode microwave

reactor will provide an almost complete shielding of the

contents inside from the electromagnetic field. In essence,

this technology therefore allows to use a standard micro-

wave reactor platform to perform a noncontact heating

autoclave experiment under very carefully controlled and

monitored conditions (heating and cooling ramp, final set

temperature, pressure, stirring speed). This type of experi-

ment, although performed in amicrowave reactor, does not

involve electromagnetic field effects on the chemistry, since

the SiC vial is effectively preventingmicrowave irradiation to

penetrate to the reaction mixture.

4. Investigating Microwave Effects
Since the invention of the SiC vial concept in 2008/2009, we

haveroutinelyused this technology inourmicrowavechemistry

projects, comparing the outcome of chemical transformations

FIGURE 2. Comparison of internal FO temperature (T) profiles for the
heating of methanol (tan δ 0.659) to 175 �C performed in Pyrex and SiC
vials. In both experiments, the desired target temperature ismaintained
for exactly 10 min, with very similar heating and cooling profiles. The
pressure profile (p) for the Pyrex experiment is also shown.
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performed in a Pyrex vessel with the outcomeof the analogous

experiment using a SiC vessel under otherwise strictly identical

processing conditions. In the past five years therefore, a multi-

tude of chemical processes have been investigated in our

laboratories using the SiC/Pyrex conditions in the desire to

identify microwave effects that are not simply due to a purely

thermal (bulk) temperature phenomenon.19,25,27�29 These

transformations involved not only synthetic organic chem-

istry (see Schemes 1 and 2),19,25,27 but also the preparation

of inorganic nanomaterials (Figure 4)28 and several bio-

chemical/bioanalytical protocols such as, for example, the

acid-catalyzed hydrolysis of proteins (Figure 5).29

Despite the wide range of transformations and experi-

mental conditions, in practically all of the studied examples,

virtually identical results in terms of conversion, purity

profile/material property, and/or isolated yields/efficiency

were obtained, comparing experiments that involved gen-

uine microwave chemistry in Pyrex vials with “autoclave

chemistry” in SiC vials. Selected examples from our publica-

tionsover thepast5 yearsarehighlighted inSchemes1and2,

and Figures 4 and 5 (for additional case studies and an

extended discussion of individual transformations, the reader

is referred to the original references).19,25,27�29While inmost

of the examples the use of high-temperature sealed vessel

microwave conditions in Pyrex vessels led to a significant

FIGURE 3. Heating profiles for 3 mL samples of hexane, MeCN, EtOH, and the ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate
(bmimPF6) at 130W constantmagnetron power (a) in a 10mL SiC vial and (b) in a 10mL Pyrex vial. Adaptedwith permission fromWiley-VCH, ref 25.

FIGURE 4. (a) X-ray diffraction patterns of ZnO samples prepared from
Zn(NO3)2 and urea in an ethylene glycol/water (3:1) mixture in Pyrex
and SiC microwave experiments obtained after 10 min at 150 �C; (b, c)
scanning electron microscopy (SEM) micrographs of the same ZnO
samples synthesized in Pyrex (b) and SiC (c) vessels. (d, e) Transmission
electron microscopy (TEM) images of CdSe nanocrystals synthesized
from Cd-myristate, SeO2, 1,2-hexadecanediol, and oleic acid in 1-octa-
decene after 16.5 min overall processing time at 240 �C in a Pyrex (d)
and SiC (e) vessel. Reproduced with permission of Wiley-VCH, ref 28c,
and the Royal Society of Chemistry, ref 28d.

FIGURE 5. Comparison of serine recoveries in the bovine serum albu-
min (BSA) liquid-phase hydrolysis with 6 M HCl at 160 �C for 1, 3, and
5 min using either Pyrex or SiC vessels. Reproduced with permission
from Elsevier, ref 29a.
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reductionof processing times compared to conventional flask

conditions performed at a much lower reaction temperature

(i.e., at the boiling point of the reaction mixture), the control

experiments using the SiC vessel allowed reproducing the

microwave Pyrex results quite easily. In our opinion, the data

obtained from these SiC/Pyrex comparison experiments

therefore strikingly confirm that it is simply a bulk tempera-

ture effect which is responsible for the typically observed

enhancements in microwave chemistry (thermal microwave

effect) and that the electromagnetic field itself has no direct

influence on the reaction pathway.13 The conclusions

reached from applying the SiC vessel protocol are therefore

in good agreement with our earlier investigations on micro-

wave effects using a variety of different experimental

techniques.11,14�18 It should be emphasized, however, that

the “SiC test” is much easier to perform than other methods

(i.e., involving an oil bath or autoclave), since the experiment

is performed in the same microwave reactor as the Pyrex

experiment and requires only a simple switch from one vial

type to the other under otherwise identical conditions. Nota-

bly, all processing parameters are monitored and controlled

on the same platform with the identical probe (most impor-

tantly temperature) which reduces experimental error.

5. Additional Characteristics of SiC Reaction
Vessels
Our original motivation for the development of the SiC

microwave reaction vessel was exclusively connected to

the investigation of microwave effects and the influence of

the electromagnetic field on chemical transformations. We

subsequently realized, however, that there are numerous

inherent advantages associated with the use of a reaction

SCHEME 1. Examples of Miscellaneous Organic Reactions Performed in Pyrex (P) or SiC (S) Reaction Vials under Otherwise Identical Reaction
Conditionsa

aFor details, see ref 25 (a�i) and 27a (j).
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vessel made from strongly microwave absorbing SiC in

conjunction with a dedicated microwave reactor. A very

practical advantage of using SiC vials in microwave chem-

istry is that low absorbing (tan δ < 0.1) or even completely

microwave transparent solvents or reactionmixtures can be

efficiently heated to high temperatures, which would be

virtually impossible utilizing standard Pyrex vials. The C�H

activation chemistry using benzene as reagent/solvent at

200 �C shown in Scheme 2f is one such example where a

traditional Pyrex experiment is extremely difficult to

perform.27f On the other hand, because of the high thermal

conductivity and effusivity of the SiC material the heat flow

through thewall of the SiC vessel is exceptionally fast in both

directions. This means that the cooling efficiency by com-

pressed air at the end of a reaction is at least as high aswhen

using a Pyrex vial (see Figure 2). More importantly, the use of

a SiC reaction vessel can aid in the prevention of exotherms,

thermal runaways and temperature overshoots as the heat

generated during a microwave-assisted chemical reaction

can be more efficiently exchanged with the comparatively

cool air in themicrowave cavity via the SiC ceramic.25 A case

in point is the synthesis of ionic liquids via alkylation of

nitrogen-containing heterocycles, which is notoriously diffi-

cult to control under microwave conditions.18a

One of the most striking benefits of the SiC vessel in

microwave chemistry is derived from the corrosion resis-

tance of this ceramic material. The corrosion resistance of

sintered SiC is, like most ceramics, far better than of metals

and even aggressive media such as concentrated acids or

bases, HF, or chlorine gas have negligible impact in terms of

corrosion.30 The high-temperature fluorine�chlorine ex-

change reaction using triethylamine trihydrofluoride

(TREAT-HF) as a reagent shown in Scheme 3 is an example

where in a microwave-assisted process using a standard

Pyrex vessel a significant amount of corrosion of the bor-

osilicate glass was noticeable.31 In stark contrast, the SiC vial

proved to be completely corrosion resistant to TREAT-HF

even at 250 �C for prolonged periods of time (nomeasurable

weight loss).31 A similar effect was noticeable for nitrile

hydrolysis reactions employing 20% aqueous KOH in a

temperature range of 150�190 �C.25

An additional feature of using a reaction vial made out of

a high-temperature/high-pressure resistant material in mi-

crowave chemistry is that vessel failures can be essentially

eliminated. SiChasameltingpoint of∼2700 �C, and the10mL

SiC reaction vial shown in Figure 1 is mechanically extremely

robust. While standard Pyrex microwave process vials for

microwave chemistry have an approved pressure rating of

20�30 bar, the SiC tube could not destroyed even at 200 bar

pressure. In particular, vessel failure due to deposition of

strongly microwave absorbing materials on the inner vessel

wall can be eliminated. Such catastrophic vessel failures are

sometimes observed using Pyrex microwave vessels, most

notably in transition-metal catalyzed process where inadver-

tently formed zerovalent metal deposits can cause melting of

the Pyrex glass or will lead to arcing phenomena.32 As the

electromagnetic field strength inside the SiC vial is practically

zero, thepossibility for arcingphenomena isminimized. There-

fore, safe microwave processing even in the presence of

metals or other strongly microwave absorbing materials be-

comes possible using SiC reaction vessels.

In addition to the use of SiC reaction vessels designed

for single-mode microwave reactors, we and others have

extensively used microtiter plates made out of SiC material

in multimode microwave instruments. The main purpose of

SCHEME 2. Examples of Transition-Metal Catalyzed Reactions Per-
formed in Pyrex (P) or SiC (S) Reaction Vials under Otherwise Identical
Reaction Conditionsa

aFor details, see ref 25 (a�c), 27c (d), 27e (e), and 27f (f).
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these designs is to allow the parallelization andminiaturiza-

tion of sealed vessel microwave chemistry in the context of

high-throughput synthesis. The results of these investiga-

tions have recently been reviewed.33

6. Conclusion and Outlook
The results of our research over the past 5 years using SiC

reaction vessels inmicrowave chemistry essentially demon-

strate two important issues: (1) Using a SiC reaction vessel

inside a microwave reactor simulates a conventionally

heated autoclave experiment. (2) Comparison studies be-

tween experiments performed in SiC and Pyrex reaction

vessels under otherwise identical conditions can rapidly

establish that for the overwhelming majority of cases13

the effects seen in microwave chemistry are the result of a

purely (bulk) temperature phenomenon and are not related

to so-called specific or nonthermalmicrowave effects. So the

obvious question then becomes: what really is the differ-

ence between a microwave-heated reaction and an auto-

clave experiment? Based on the arguments presented in this

Account, the answer may simply be: Convenience! If the

electromagnetic field strength has no direct influence on the

chemistry and all effects in microwave-assisted transforma-

tions related to more rapid conversions, higher yields/purities,

and so forth can be explained by bulk temperature phenom-

ena, there is no strictly scientific reason to favor a sealed vessel

microwave reactor over a more traditional autoclave.34 One

therefore has a difficult time disagreeing with a quote from a

recently published book on microwave chemistry: “Heating is

just that � heating, be it in an microwave or an oil bath”.35

Ultimately, it must be stressed, however, that the ability to

rapidly superheat reaction mixtures far above their boiling

points in an operationally simple and safe manner with

exquisite online and rapid control over reaction temperature

and pressure (unlike in a typical autoclave!) will ensure that

modernmicrowave reactors arehere to stay andwill not easily

be replaceable by other technologies in the future.

The support of the Christian Doppler Research Society (CDG) for our
work in the field of microwave chemistry from 2006 to 2013 is
gratefully acknowledged.D.ObermayerandB.Gutmannare thanked
for their invaluable contributions to the SiC reaction vessel project.

BIOGRAPHICAL INFORMATION

C. Oliver Kappe is a Professor of Chemistry at the University of
Graz, Austria. He received his undergraduate and graduate educa-
tion (Ph.D., 1992) at the Universiy of Grazwith Professor Gert Kollenz.
After periods of postdoctoral research work with Professor Curt
Wentrup at the University of Queensland and with Professor Albert
Padwa at Emory University, he moved back to the University of Graz
in 1996 to start his independent academic career. In 2006, he was
appointedDirector of the ChristianDoppler Laboratory forMicrowave
Chemistry at theUniversity ofGraz and in2011 tohis current position
of Professor for Organic Synthesis Technology.

FOOTNOTES

*E-mail: oliver.kappe@uni-graz.at.
The authors declare no competing financial interest.

REFERENCES
1 (a) Gedye, R.; Smith, F.;Westaway, K.; Ali, H.; Baldisera, L.; Laberge, L.; Rousell, R. The Use

of Microwave Ovens for Rapid Organic Synthesis. Tetrahedron Lett. 1986, 27, 279–282.
(b) Giguere, R. J.; Bray, T. L.; Duncan, S. M.; Majetich, G. Application of Commercial
Microwave Ovens to Organic Synthesis. Tetrahedron Lett. 1986, 27, 4945–4948.

2 (a) Microwaves in Organic Synthesis, 3rd ed.; De La Hoz, A., Loupy, A., Eds.; Wiley-VCH:
Weinheim, 2013. (b) Kappe, C. O.; Stadler, A.; Dallinger, D. Microwaves in Organic and
Medicinal Chemistry, 2nd ed.; Wiley-VCH: Weinheim, 2012. (c) Microwave Heating as a
Tool for Sustainable Chemistry; Leadbeater, N. E., Ed.; CRC Press: Boca Raton, FL, 2011.

3 For recent reviews, see: (a) Caddick, S.; Fitzmaurice, R. Microwave Enhanced Synthesis.
Tetrahedron 2009, 65, 3325–3355. (b) Kappe, C. O.; Dallinger, D. Controlled Microwave
Heating in Modern Organic Synthesis: Highlights from the 2004�2008 Literature. Mol.
Diversity 2009, 13, 71–193.

4 (a) Strauss, C. R.; Rooney, D. W. Accounting for Clean, Fast and High Yielding Reactions under
Microwave Conditions. Green Chem. 2010, 12, 1340–1344. (b) Kappe, C. O. Microwave
Dielectric Heating in Synthetic Organic Chemistry. Chem. Soc. Rev. 2008, 37, 1127–1139.

5 (a) Polshettiwar, V.; Varma, R. S. Aqueous Microwave Chemistry: A Clean and Green
Synthetic Tool for Rapid Drug Discovery. Chem. Soc. Rev. 2008, 37, 1546–1557. (b)
Kappe, C. O.; Dallinger, D. The Impact of Microwave Synthesis on Drug Discovery. Nat. Rev.
Drug Discovery 2006, 5, 51–63.

6 Pedersen, S. L.; Tofteng, A. P.; Malik, L.; Jensen, K. J. Microwave Heating in Solid-Phase
Peptide Synthesis. Chem. Soc. Rev. 2012, 41, 1826–1844.

7 (a) Kempe, K.; Becer, C. R.; Schubert, U. S. Microwave-Assisted Polymerizations: Recent
Status and Future Perspectives. Macromolecules 2011, 44, 5825–5842. (b) Ebner, C.;
Bodner, T.; Stelzer, F.; Wiesbrock, F. One Decade of Microwave-Assisted Polymerizations:
Quo vadis? Macromol. Rapid Commun. 2011, 32, 254–288.

8 (a) Tompsett, A.; Conner, W. C.; Yngvesson, K. S. Microwave Synthesis of Nanoporous
Materials. ChemPhysChem 2006, 7, 296–319. (b) Klinowski, J.; Paz, F. A. A.; Silva, P.;
Rocha, J. Microwave-assisted Synthesis of Metal-organic Frameworks. Dalton Trans.
2011, 40, 321–330.

9 (a) Baghbanzadeh, M.; Carbone, L.; Cozzoli, P. D.; Kappe, C. O. Microwave-Assisted
Synthesis of Colloidal Inorganic Nanocrystals. Angew. Chem., Int. Ed. 2011, 50, 11312–
11359. (b) Nadagouda, M. N.; Speth, T. F.; Varma, R. S. Microwave-Assisted Green
Synthesis of Silver Nanostructures. Acc. Chem. Res. 2011, 44, 469–478. (c) Bilecka, I.;
Niederberger, N. Microwave Chemistry for Inorganic Nanomaterials Synthesis. Nanoscale
2010, 2, 1358–1374.

SCHEME 3. Fluorination Reaction Involving Triethylamine Trihydro-
fluoride (TREAT-HF) Using a Corrosion Resistant SiC Viala

aThe inset shows the strong corrosion effect of TREAT-HF on a standard Pyrex
microwave vessel comparing a broken vial before (left) and after (right) exposure
at 250 �C for 30 min.



Vol. 46, No. 7 ’ 2013 ’ 1579–1587 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 1587

Mysteries of Microwave Chemistry Kappe

10 Collins, J. M.; Leadbeater, N. E. Microwave Energy: A Versatile Tool for Biosciences. Org.
Biomol. Chem. 2007, 5, 1141–1150. (b) Lill, J. R. Microwave Assisted Proteomics; RSC
Publishing: Cambridge, 2009.

11 For a critical discussion and more detailed definition on microwave effects, see: Kappe,
C. O.; Pieber, B.; Dallinger, D. Microwave Effects in Organic Synthesis� Myth or Reality?
Angew. Chem., Int. Ed. 2013, 52, 1088–1094.

12 (a) Perreux, L.; Loupy, A. A Tentative Rationalization of Microwave Effects in Organic
Synthesis According to the ReactionMedium, andMechanistic Considerations. Tetrahedron
2001, 57, 9199–9223. (b) De La Hoz, A.; Diaz-Ortiz, A.; Moreno, A. Microwaves in Organic
Synthesis. Thermal and Non-ThermalMicrowave Effects. Chem. Soc. Rev. 2005, 34, 164–
178. (c) Perreux, L.; Loupy, A.; Petit, A. Nonthermal Effects of Microwaves in Organic
Synthesis. In Microwaves in Organic Synthesis, 3rd ed.; De La Hoz, A., Loupy, A., Eds.;
Wiley-VCH: Weinheim, 2013; Chapter 4, pp 127�208.

13 Specific microwave effects can indeed be observed in exceptional cases when zerovalent
metal powders are exposed to microwave irradiation. For more details, see the following
references: (a) Gutmann, B.; Schwan, A. M.; Reichart, B.; Gspan, C.; Hofer, F.; Kappe, C. O.
Activation and Deactivation of a Chemical Transformation by an Electromagnetic Field�
Evidence for Specific Microwave Effects in the Formation of Grignard Reagents. Angew.
Chem., Int. Ed. 2011, 50, 7636–7640. (b) Van de Kruijs, B. H. P.; Dressen, M. H. C. L.;
Meuldijk, J.; Vekemans, J. A. J. M.; Hulshof, L. A. Microwave-induced Electrostatic Etching:
Generation of Highly Reactive Magnesium for Application in Grignard Reagent Formation.
Org. Biomol. Chem. 2010, 8, 1688–1694.

14 For some early work on microwave effects from our laboratory, see: (a) Stadler, A.; Kappe,
C. O. Microwave-Mediated Biginelli Reactions Revisited. On the Nature of Rate and Yield
Enhancements. J. Chem. Soc., Perkin Trans. 2 2000, 1363–1368. (b) Stadler, A.; Kappe,
C. O. High-Speed Couplings and Cleavages inMicrowave-Heated, Solid-Phase Reactions at
High Temperatures. Eur. J. Org. Chem. 2001, 919–925. (c) Garbacia, S.; Desai, D.;
Lavastre, O.; Kappe, C. O. Microwave-Assisted Ring-Closing Metathesis Revisited. On the
Question of the Non-Thermal Microwave Effect. J. Org. Chem. 2003, 68, 9136–9139.

15 (a) Hosseini, M.; Stiasni, N.; Barbieri, V.; Kappe, C. O. Microwave-Assisted Asymmetric
Organocatalysis. A Probe for Non-Thermal Microwave Effects and the Concept of
Simultaneous Cooling. J. Org. Chem. 2007, 72, 1417–1424. (b) Herrero,M. A.; Kremsner,
J. M.; Kappe, C. O. Nonthermal Microwave Effects Revisited � On the Importance of
Internal Temperature Monitoring and Agitation in Microwave Chemistry. J. Org. Chem.
2008, 73, 36–47. (c) Bacsa, B.; Horv�ati, K.; B+osze, S.; Andreae, F.; Kappe, C. O. Solid-
Phase Synthesis of Difficult Peptide Sequences at Elevated Temperatures� A Critical
Comparison of Microwave and Conventional Heating Technologies. J. Org. Chem. 2008,
73, 7532–7542.

16 (a) Irfan, M.; Fuchs, M.; Glasnov, T. N.; Kappe, C. O. Microwave-Assisted Cross-Coupling
and Hydrogenation Chemistry Using Heterogeneous Transition-Metal Catalysts: An Eva-
luation of the Role of Selective Catalyst Heating. Chem.;Eur. J. 2009, 15, 11608–11618.
(b) Glasnov, T. N.; Findenig, S.; Kappe, C. O. Heterogeneous Versus Homogeneous
Palladium Catalysts for Ligandless Mizoroki-Heck Reactions. A Comparison of Batch/
Microwave and Continuous Flow Processing. Chem.;Eur. J. 2009, 15, 1001–1015.

17 Dallinger, D.; Irfan, M.; Suljanovic, A.; Kappe, C. O. An Investigation of Wall Effects in
Microwave-Assisted Ring-Closing Metathesis and Cyclotrimerization Reactions. J. Org.
Chem. 2010, 75, 5274–5288.

18 (a) Obermayer, D.; Kappe, C. O. On the Importance of Simultaneous Infrared/Fiber-Optic
Temperature Monitoring in the Microwave-Assisted Synthesis of Ionic Liquids. Org. Biomol.
Chem. 2010, 8, 114–121. (b) Hayden, S.; Damm, M.; Kappe, C. O. On the Importance of
Accurate Internal Temperature Measurements in the Microwave Dielectric Heating of
Viscous Systems and Polymer Synthesis. Macromol. Chem. Phys. 2013, 214, 423–434.

19 Obermayer, D.; Gutmann, B.; Kappe, C. O.Microwave Chemistry in Silicon CarbideReaction
Vials: Separating Thermal from Nonthermal Effects. Angew. Chem., Int. Ed. 2009, 48,
8321–8342.

20 Gabriel, C.; Gabriel, S.; Grant, E. H.; Halstead, B. S.; Mingos, D.M. P. Dielectric Parameters
Relevant to Microwave Dielectric Heating. Chem. Soc. Rev. 1998, 27, 213–224.

21 Kappe, C. O.; Dallinger, D.; Murphree, S. S. Practical Microwave Synthesis for Organic
Chemists - Strategies, Instruments, and Protocols; Wiley-VCH: Weinheim, 2009.

22 Kremsner, J. M.; Kappe, C. O. Silicon Carbide Passive Heating Elements in Microwave-
Assisted Organic Synthesis. J. Org. Chem. 2006, 71, 4651–4658.

23 (a) Properties of Silicon Carbide, Harris, G. L., Ed.; Institute of Electrical Engineers: London,
1995. (b) Silicon Carbide: Recent Major Advances; Choyke, W. J., Matsunami, H., Pensl,
G., Eds.; Springer: Berlin, 2004.

24 (a) Razzaq, T.; Kremsner, J. M.; Kappe, C. O. Investigating the Existence of Nonthermal/
Specific Microwave Effects Using Silicon Carbide Heating Elements as Power Modulators.

J. Org. Chem. 2008, 73, 6321–6329. (b) Razzaq, T.; Kappe, C. O. On the Enery Efficiency
of Microwave-Assisted Organic Reactions. ChemSusChem 2008, 1, 123–132.

25 Gutmann, B.; Obermayer, D.; Reichart, B.; Prekodravac, B.; Irfan, M.; Kremsner,
J. M.; Kappe, C. O. Sintered Silicon Carbide: A New Ceramic Vessel Material for
Microwave Chemistry in Single-Mode Reactors. Chem.;Eur. J. 2010, 16, 12182–
1294.

26 Robinson, J.; Kingman, S.; Irvine, D.; Licence, P.; Smith, A.; Dimitrakis, G.; Obermayer, D.;
Kappe, C. O. Electromagnetic Simulations of Microwave Heating Experiments Using
Reaction Vessels Made out of Silicon Carbide. Phys. Chem. Chem. Phys. 2010, 12,
10793–10800.

27 (a) Damm, M.; Glasnov, T. N.; Kappe, C. O. Translating High-Temperature Microwave
Chemistry to Scalable Continuous Flow Processes. Org. Process Res. Dev. 2010, 14, 215–
224. (b) Fuchs, M.; Goessler, W.; Pilger, C.; Kappe, C. O. Mechanistic Insights Into
Copper(I)-Catalyzed Azide-Alkyne Cycloadditions Using Continuous Flow Conditions. Adv.
Synth. Catal. 2010, 352, 323–328. (c) Baghbanzadeh, M.; Pilger, C.; Kappe, C. O. Rapid
Nickel-Catalyzed Suzuki- Miyaura Cross-Couplings of Aryl Carbamates and Sulfamates
Utilizing Microwave Heating. J. Org. Chem. 2011, 76, 1507–1510. (d) Chen, W.;
Baghbanzadeh, M.; Kappe, C. O. Microwave-Assisted Nickel(II) Acetylacetonate-Catalyzed
Arylation of Aldehydes with Arylboronic Acids. Tetrahedron Lett. 2011, 52, 1677–1679. (e)
Baghbanzadeh, M.; Pilger, C.; Kappe, C. O. Palladium-Catalyzed Direct Arylation of
Heteroaromatic Compounds: Improved Conditions Utilizing Controlled Microwave Heating.
J. Org. Chem. 2011, 76, 8138–8142. (f) Pieber, B.; Cantillo, D.; Kappe, C. O. Direct
Arylation of Benzene with Aryl Bromides Using High-Temperature/High-Pressure Process
Windows� Expanding the Scope of C-H Activation Chemistry. Chem.;Eur. J. 2012, 18,
5047–5055.

28 (a) Pein, A.; Baghbanzadeh, M.; Rath, T.; Haas, W.; Maier, E.; Amenitsch, H.; Hofer, F.;
Kappe, C. O.; Trimmel, G. Investigation of the Formation of CuInS2 Nanoparticles by the
Oleylamine Route � Comparison of Microwave-Assisted with Conventional Syntheses.
Inorg. Chem. 2011, 50, 193–200. (b) Balu, A. M.; Dallinger, D.; Obermayer, D.; Campelo,
J. M.; Romero, A. A.; Carmona, D.; Balas, F.; Santamaria, J.; Yohida, K.; Gai, P. L.; Vargas,
C.; Kappe, C. O.; Luque, R. A Critical Investigation on theMicrowave-Assisted Preparation of
Supported Iron Oxide Nanoparticles on Silica-type Mesoporous Materials. Green Chem.
2012, 14, 393–402. (c) Baghbanzadeh, M.; �Skapin, S. D.; Orel, Z. C.; Kappe, C. O. A
Critical Assessment of the Specific Role of Microwave Irradiation in the Synthesis of
ZnO Micro- and Nano-structured Materials. Chem.;Eur. J. 2012, 18, 5724–5731.
(d) Mirhosseini Moghaddam,M.; Baghbanzadeh, M.; Keilbach, A.; Kappe, C. O.Microwave-
assisted Synthesis of CdSe Quantum Dots: can the Electromagnetic Field Influence
the Formation and Quality of the Resulting Nanocrystals? Nanoscale 2012, 4,
7435–7422.

29 (a) Damm, M.; Holzer, M.; Radspieler, G.; Marsche, G.; Kappe, C. O. Microwave-Assisted
High-Throughput Acid Hydrolysis in Silicon Carbide Microtiter Platforms - A Rapid and Low
Volume Sample Preparation Technique for Total Amino Acid Analysis in Proteins and
Peptides. J. Chromatogr., A. 2010, 1217, 7826–7832. (b) Prekodravac, B.; Damm, M.;
Kappe, C. O. Microwave-assisted Forced Degradation Using High-Throughput Microtiter
Platforms. J. Pharm. Biomed. Anal. 2011, 53, 867–873. (c) Damm, M.; Kappe, C. O. A
High-Throughput Platform for Low-Volume High-Temperature/Pressure Sealed Vessel
Solvent Extractions. Anal. Chim. Acta 2011, 707, 76–83.

30 Meschke, F.; Riebler, G.; Hessel, V.; Sch€urer, J.; Baier, T. Hermetic Gas-tight Ceramic
Microreactors. Chem. Eng. Technol. 2005, 28, 465–473.

31 Kremsner, J. M.; Rack, M.; Pilger, C.; Kappe, C. O. Microwave-Assisted Aliphatic
Fluorine�Chlorine Exchange Using Triethylamine Trihydrofluoride (TREAT�HF). Tetrahe-
dron Lett. 2009, 50, 3665–3668.

32 For a recent study on arcing phenomena inmicrowave chemistry, see: Chen, W.; Gutmann,
B.; Kappe, C. O. Characterization of Microwave-induced Electric Discharge Phenomena in
Metal-Solvent Mixture. ChemistryOpen 2012, 1, 39–48.

33 Damm, M.; Kappe, C. O. Parallel Microwave Chemistry in Silicon Carbide Microtiter
Platforms � A Review. Mol. Diversity 2012, 16, 5–25.

34 In contrast to conductive heating using autoclaves, microwave irradiation produces efficient
internal heating (in-core volumetric heating) by direct coupling ofmicrowave energy with the
molecules that are present in the reaction mixture. The elimination of a hot reactor surface
common to conductive heat transfer principles using external heating sources has often
been stated as being one of the key advantages of using microwave technology. As the
results using SiC vessels demonstrate, this is obviously not the case as here heatingmore or
less exclusively occurs via the hot reactor wall. For a detailed study in support of these
arguments, see ref 17.

35 Microwave Heating as a Tool for Sustainable Chemistry; Leadbeater, N. E., Ed., CRC Press:
Boca Raton, FL, 2011; p ix.


