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In this contribution we propose a novel physical mechanism for microwave catalysis based on rotationally
excited reactive species and verify its validity through a computer simulation of a realistic chemical reaction-
neutral ester hydrolysis. This nonequilibrium system is formally described by introducing rotational temperature,
which is higher than the translational temperature. A Born-Oppenheimer surface was constructed on the
density functional theory level and applied to a modified Monte Carlo scheme. The simulation gave a reduced
activation free energy when the rotational temperature was higher than the translational temperature, which
constitutes a catalytic effect. For example, our calculation predicts that with rotational and translational
temperatures of 310 and 300 K, respectively, the reaction should proceed 4.5 times faster than when both
temperatures are 300 K. Moreover, this microwave catalytic effect is less pronounced at higher temperatures,
which may have serious implications for the interaction of microwaves with living organisms in the context
of widespread mobile telephony.

1. Introduction

In recent years, the use of microwaves has become a well-
established technique in chemistry that has found numerous
applications in the laboratory as well as in industry.1-3 The main
advantage of microwaves is to provide rapid heating, although
other intriguing effects such as changed reaction selectivity and
increased reaction rates have also been reported.4-7 Despite the
rapid spread of microwave use, understanding the mechanisms
through which they influence chemical reactivity remains quite
poor. The discussion of this matter has mainly been confined
to an as yet unresolved debate over whether microwave catalysis
is caused by thermal effects (such as local overheating) or some
other “specific” (nonthermal) effects.2,3 So far, this debate has
been supported exclusively by experimental efforts whereas
theoretical work on this topic remains surprisingly scarce.

Virtually all laboratory and industrial microwave sources
operate at 2.45 GHz, corresponding to an oscillation time of
408 ps. This oscillation time is 2 orders of magnitude larger
than the rotational correlation time for a single water molecule
in bulk water (approximately 5 ps), meaning that isolated water
molecules or small clusters of water molecules cannot efficiently
absorb microwave energy. Only large clusters of water mol-
ecules have correlation times comparable to the oscillation time
of microwaves and are therefore capable of direct absorption
through the so-called dipolar polarization mechanism. This
mechanism is believed to result mainly in librations, which are
in part converted to molecular rotations. Accordingly, pure water
absorbs microwaves relatively poorly. Absorption can be

substantially improved by the addition of ionic species, which
absorb microwave energy through the ionic conduction mech-
anism in which ions move with the oscillating electric field of
microwaves. Their translatory motion is again, in part, converted
to rotational motion of molecules in the vicinity of their
movement path. Albeit with different efficiencies, both processes
give rise to rotationally excited (hot) molecules.3 During
continuous microwave irradiation there is insufficient time for
dissipation of the rotational energy into other degrees of
freedom, which leads to a nonequilibrium situation. Formally,
this situation can be described by a rotational temperature that
is higher than the temperature governing other degrees of
freedom. An analogous concept of spin temperatures that are
different from the temperature of the environment is well
established in the theory of NMR spectroscopy.8

In the sole quantum mechanical treatment of a rotationally
excited diatomic molecule Miklavc demonstrated that it experi-
ences altered statistics of collisions with other molecules (Figure
1).9,10 An analogy can be made with the rotating blade of a
lawnmower: as long as the translational motion (movement of
the mower along the lawn) is much slower than the rotational
motion of the blade all cutting of the grass is done by the blade
tips. The entire blade will be cutting grass only in the case when
rotation proceeds at velocities comparable or slower than
translational motion will. Miklavc concluded that an analogously
changed statistics of molecular collisions leads to a change in
reaction kinetics.

The present study represents an extension of the approach
developed by Miklavc, but rather than applying it to diatomic
molecules, we used the principle of rotationally hot molecules
resulting from microwave absorption in a realistic chemical
reaction: neutral hydrolysis of the ester bond in methyl acetate.
Cleavage of the ester bond is a reaction relevant in many
biochemical as well as industrial processes.11 In addition, we
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used it as a model for microwave assisted solvolysis of the ester
bond in polyethylene terephthalate (PET) which was studied
experimentally within our group.12 We applied the concept of
rotational excitation by first constructing the Born-Oppen-
heimer surface via quantum chemical methods, followed by a
specifically developed Monte Carlo (MC) scheme that allowed
the definition of different temperatures for translation and
rotation. The purpose of this work was to demonstrate the
catalytic power of rotationally hot species that result from
microwave irradiation.

2. Computational Methods

Empirical Force Field. The studied chemical system con-
sisted of one molecule of methyl acetate reacting with one water
molecule.13 Hydrolysis of the acetate gives rise to methanol and
acetic acid, and the rate-limiting step for the reaction is the
formation of a tetrahedral intermediate (Figure 2). The experi-
mentally determined activation free energy for this rate-limiting
step is 30 kcal/mol.14,15 The activation free energy is defined
as a free energy difference between the transition state and the
reactants. Thus, to obtain the free energy barrier of the rate-
limiting step of the studied reaction we only need to consider
its reactants (ester and water) and the corresponding transition
state, i.e., the saddle point (characterized by a single imaginary
frequency) on the potential energy surface connecting the
reactants and the unstable intermediate.

All calculations were performed at the B3LYP/3-21G level
of theory encoded in the Gaussian03 suite of programs.16 This
density functional theory (DFT) method has the Becke three-
parameter hybrid gradient corrected exchange functional17

combined with the gradient-corrected correlation functional of
Lee, Yang, and Parr.18 We are aware of the significant empirical
character of this method, but it does to some extent include the

electron correlation. For the reactants a full geometry optimiza-
tion was performed. The transition state structure was allocated
using the Berny algorithm. The obtained geometries of the
reactants and the transition state are depicted in Figure 3. The
activation energy (a difference between energies of the transition
state and the reactants) of 35.39 kcal/mol was calculated.
Moreover, a vibrational analysis in the harmonic approximation
was performed and only real frequencies for the reactants and
a single imaginary frequency of 1354i cm-1 for the transition
state were obtained. To check whether the correct transition
structure was found, we performed a visualization of the
vibration mode of this imaginary frequency using the MOLDEN
program.19 This mode should correspond to the reaction
coordinate of the first step of the reaction mechanism presented
in Figure 2. The vibration mode really coincided with the
formation of a chemical bond between the carbonyl carbon of
ester and the water oxygen, with the cleavage of the chemical
bond connecting this water oxygen to the water hydrogen, and
the formation of a chemical bond between this water hydrogen
and the carbonyl oxygen of ester thus confirming the allocation
of the correct transition state structure. A zero point energy
correction of-2.25 kcal/mol was calculated for the free energy
barrier. Finally, solvation effects were treated in the framework
of the solvent reaction field (SCRF) method of Tomasi and co-
workers.20 A hydration free energy correction of-2.96 kcal/
mol was found for the activation free energy. The solvent (water)
accelerates the reaction because the transition state is better
solvated than the reactants. When all three numbers were
summed up, an activation free energy of 30.18 kcal/mol was
obtained, in excellent agreement with the experimental value
of 30 kcal/mol.14,5 All in all, the B3LYP/3-21G level of theory
(among several Hartree-Fock, DFT, and MP2 levels applied)
most faithfully reproduces the energetics of the studied chemical
reaction and is at the same time computationally affordable.
Consequently, it was applied for the construction of the
empirical force field.

To study the nonequilibrium state excited by microwaves and
characterized by the three rotational degrees of freedom at a
higher temperature than the three translational degrees of
freedom, an empirical force field that separates rotations from
translations had to be devised. The relative orientation of two
rigid bodies is uniformly defined by three Eularian angles
(φ, θ, ψ) and their relative position by three Cartesian
coordinates (x, y, z).21,22Because almost no deformation of the
water and methyl acetate molecules occurs upon transition from
the reactants to the transition state (Figure 3), this methodology
offers a suitable framework for the studied reaction. A simple
parabolic potential energy function that enables the decomposi-
tion of the potential energy (Vtot) into translational (Vt) and
rotational (Vr) contributions was used

Figure 1. Schematic representation of a molecule with an anisotropic
potential. The statistics of collisions with neighboring molecules
depends on the translational (V) and angular (ω) velocities. In
rotationally hot molecules the parts labeled in yellow represent areas
of increased probability of molecular collisions giving rise to altered
reactivity.

Figure 2. Scheme of neutral ester hydrolysis. Formation of the tetrahedral intermediate represents the rate-limiting step.

Vtot
Q ) Vt

Q + Vr
Q (1)
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where Q represents either the reactant (R) or the transition state
(TS) structure and harmonic force constants are denoted byK.

The reactant geometry served as a starting point for the
parametrization. Zero values of the equilibrium Eulerian angles
were assigned to the reactant orientation of the water molecule
(φ0

R, θ0
R, ψ0

R). The nonsingularity of Eulerian angles at zeroθ
value was avoided by the use of thexyz conVentiontraditionally
applied in U.S. and British aerodynamics studies.23 The position
of the water oxygen atom defined the equilibrium Cartesian
coordinates for the reactant structure of the water molecule
(x0

R, y0
R, z0

R). Then, one of the six variables (for exampleφ)
was changed from its equilibrium value and a corresponding
new reactant geometry was obtained. This structure served as a
starting point for the geometry optimization of the intramolecular
internal coordinates at the B3LYP/3-21G level of theory, while
the intermolecular internal coordinates were kept frozen. This
procedure implies that vibrational degrees of freedom follow

the rotational and translational motion giving rise to a relaxed
force field. The continuous solvation model was not applied
because it is inadequate for the description of nonequilibrium
processes and nuclear quantum effects were neglected. In this
way energies of three points with differentφ values were
collected, before the force constantKφ

R was determined from
the least-square fit method. The same procedure was applied
for each of the remaining five variables.

The transition state is an elevated part of the phase-space
dividing reactants and products, which is formally represented
by an ensemble of structures corresponding to a given temper-
ature.24 To obtain such an ensemble, an inverted potential energy
surface must be constructed where the transition state structure
is allocated by minimization.25,26The position (described by the
following equilibrium parameters:x0

TS, y0
TS, z0

TS) of the water
molecule in the transition state geometry was defined by the
Cartesian coordinates of its oxygen atom in the coordinate
system of the reactants. The orientation of the water molecule
for the transition state structure in the coordinate system of the
reactants (defined by the following equilibrium parameters:
φ0

TS, θ0
TS, ψ0

TS) was determined by the least-squares fit method.
Force constants were obtained using the same procedure as for
the reactants. All together 2× 6 × 3 ) 36 constrained geometry
optimizations were performed. The reaction coordinate corre-
sponds to they-axis (direction perpendicular to the plane of
the carbonyl group), as demonstrated by the negativeKy

TS

force constant. Its value had to be inverted to allow for thermal
averaging in the transition state region.27

All empirical parameters applied in the potential energy
function for the reactants and the transition state are presented
in Table 1. It should be noted that the Eulerian angle force
constants corresponding to the transition state are significantly
larger than those corresponding to the reactants. This can be
understood in view of the more rigid (product-like) nature of
the transition state structure. The constructed empirical force
field has a computationally inexpensive form that allows for
subsequent Monte Carlo simulation. We did not set up the
empirical valence bond (EVB) reactive surface, because it does
not facilitate a simple separation of rotational and translational
degrees of freedom.

Monte Carlo Simulation. A novel Monte Carlo method that
simultaneously generates ensembles of structures on the reactant
potential energy surface as well as on the inverted potential
energy surface of the transition state was devised. The Me-
tropolis scheme was adapted to operate at two different
temperatures. The lower temperature governed the translations
(Tt) and the higher temperature corresponded to the microwave
excited rotations (Tr). The MC simulation scheme presented in
Figure 4 was started by choosing simultaneously nonminimum
water geometries for the reactants (x1, y1, z1, φ1, θ1, ψ1) with
corresponding translational (V1,t

R ) and rotational (V1,r
R ) potential

energy and for the transition state (x1′, y1′, z1′, φ1′, θ1′, ψ1′) with
corresponding translational (V1′,t

TS) and rotational (V1′,r
TS) poten-

Figure 3. B3LYP/3-21G calculated geometries of the reactants and
the transition state. Oxygen is depicted in red, carbon in orange, and
hydrogen in white.
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TABLE 1: Force Field Parametersa

R TS R TS

Kx [kcal mol-1 Å-2 ] 51.6 75.0 x0 [Å] 3.006 -0.116
Ky [kcal mol-1 Å-2 ] 5.50 296. y0 [Å] 0.012 -1.632
Kz [kcal mol-1 Å-2 ] 28.8 96.0 z0 [Å] 0.325 1.947
Kφ [kcal mol-1 rad-2] 8.64 57.6 φ0 [rad] 0. 1.857
Kθ [kcal mol-1 rad-2] 24.4 94.8 θ0 [rad] 0. 0.825
Kψ [kcal mol-1 rad-2] 20.6 88.0 ψ0 [rad] 0. -0.135

a Harmonic force constants, equilibrium Cartesian coordinates, and
equilibrium Eulerian angles of the empirical force field for reactants
(R) and the transition state (TS).
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tial energy (transition state geometries are labeled with primes).
Trial reactant and transition state structures were then obtained
by creating small random displacements in each of the three
Cartesian coordinates and in the two Eulerian angles. To fulfill
the condition of microscopic reversibility small random dis-
placements in cosθ rather than inθ were chosen.22 The size
of the maximum displacements was set to keep the acceptance
rate of about 50%. The generated reactant geometry (x2, y2, z2,
φ2, θ2, ψ2) with corresponding translational (V2,t

R ) and rota-
tional (V2,r

R ) potential energy was accepted with the probability
of

where kB represents the Boltzmann constant. The generated
transition state structure (x2′, y2′, z2′, φ2′, θ2′, ψ2′) with corre-
sponding translational (V2′,t

TS) and rotational (V2′,r
TS) potential

energy was accepted with the probability of

We were interested in obtaining the probability of a jump from
the reactant to the transition state structure (PRfTS). The total
potential energy required for this transition is

whereEq represents the activation energy of 35.39 kcal/mol
obtained from calculations at the B3LYP/3-21G level of theory.
Simulation that spans over such large energy differences would
normally require biased sampling. However, in contrast to
conventional simulations of reactive systems we knew the exact
transition state geometries. Because the transition state was
simulated as a minimum on a potential energy surface inverted
along they-axis (the reaction coordinate), the last term of eq 6
was used to eliminate the effect of this inversion. To decompose
the total potential energy of the jump into rotational and
translational contributions, a simplification that all rotation takes

place on the reactant potential energy surface was made. This
assumption can be corroborated by the fact that the reaction
coordinate coincides with they-axis, so in the vicinity of the
transition state mainly translation is taking place. The stronger
angular dependence of the potential energy indicated by larger
angular force constants of the transition state structure in
comparison with the reactants confirms this simplification as
well. Our computational approach where we assume that the
reactivity is controlled by the reactant orientation is also justified
by the fact that excited rotations proceed faster than translations
and have, therefore, enough time to adjust to any translational
change imposed upon the reacting system.28 Rotation in the
reactant well leads to an intermediate geometry (x2, y2, z2, φ2′,
θ2′, ψ2′) with corresponding translational (V2,t

R ) and rotational (
V2′,r

R ) potential energy. The rotational portion of the potential
energy required for the jump from the reactants to the transition
state is therefore given by

Because the transitional portion can be obtained by subtracting
the rotational portion from the total potential energy, the
probability of this jump can be written as

New trial reactant and transition state structures were then
generated and the whole procedure was repeated for 108 times
when convergence in average value of the probabilityPRfTS

was attained.
A series of the described Monte Carlo simulations was

performed for different rotational temperatures at a fixed
translational temperature of 300 K. The average probabilities
for a jump from the reactant to the transition state structure were
converted into activation free energies (Gq) via the relation29

where angular brackets denote averaging andT stands for the
equilibrium thermodynamic temperature, which is equal to the

Figure 4. Scheme of Monte Carlo simulation. The jump from the reactant well (R) to the transition state region (TS) is composed of a rotation
in the R region, followed by translation to the TS structure. For details and definition of symbols see Computational Methods.

PR ) min{exp(-
V2,t
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kBTt
) exp(-
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Vr
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Gq ) -kBT ln〈PRfTS〉 (9)
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translational temperature of 300 K. In the absence of microwave
irradiation, an equilibrium state with equal translational and
rotational temperature of 300 K is maintained. Under such
conditions the reaction barrier of 31.0 kcal/mol was obtained,
which is in very good agreement with the experimental value
of 30 kcal/mol.14,15The uncertainty of this result (0.2 kcal/mol)
was calculated as the standard deviation of independent simula-
tions applying different random seed values.

3. Results and Discussion

The catalytic effect at a given rotational temperature is the
activation free energy difference relative to the situation in which
Tr ) Tt. In this we followed the approach of Warshel to
enzymatic catalysis, where the catalytic effect for an enzymatic
reaction is calculated relative to the corresponding reference
reaction without the enzyme.30,31 In our case the elevatedTr is
the catalyst. Clearly the different rotational temperatures cor-
respond to different distribution widths of the probability
densities. In the case of a higher rotational temperature the
population of the reactant states that correspond to the minimum
of the TS surface is higher, giving rise to enhanced probability
of the reactive event.

Figure 5 shows the dependence of activation free energy for
the reaction on rotational temperature, while the translational
temperature is held constant at 300 K. It clearly indicates that
the free energy barrier is reduced with hotter rotations. The
reduction is most pronounced at smaller differences between
Tr andTt. As the difference between the temperatures increases
this reduction becomes less intense. Results show that atTr )
310 K andTt ) 300 K the activation free energy is lowered by
0.9 kcal/mol. Assuming the validity of the transition state theory
this difference would cause the reaction to proceed 4.5 times
faster than without microwave irradiation (Tr ) Tt ) 300 K).

We compared our results with experimental results obtained
from polyethylene terephthalate (PET) depolymerization with
and without the use of microwaves.12 The experiments per-
formed at 573 K gave an approximately 18-fold increase in
reaction rate when microwaves were used as the sole energy
source. Using our truncated system, we were able to reproduce
the experimental acceleration by setting the rotational temper-
ature 90 K higher than the translational temperature (573 K). It
is interesting that the same reaction rate increase could be
obtained with a rotational temperature only 20 K higher vs a
translational temperature of 300 K. The fact that the microwave
effect is more pronounced at lower temperatures is particularly
interesting in the context of microwave interaction with living

organisms, which has been subject of much speculation in
relation to mobile telephony and radars. If microwaves were to
catalyze biochemical reactions taking place in living organisms,
it is easy to envision pathological effects. For example,
enhancing the reaction between ultimate carcinogens and DNA
could contribute to the occurrence of tumors.32,33Despite much
speculation, epidemiological evidence of such effects remains
scarce.34,35 An intriguing suggestion of microwave effects is
offered by a study on nematodes, which produced heat stress
proteins when exposed to microwaves, although no temperature
rise could be measured.36

At this point, a reference should be made to the most widely
accepted explanation of “the microwave effect”, which is
believed to be purely thermal and to occur through local hotspots
that cannot be adequately measured. As expected, the higher
temperature at these spots significantly accelerates reactions.
However, in the case of competing reactions with different
activation energies selectivity should in fact decrease with higher
temperature. This is in disagreement with the numerous
experimental results where the use of microwaves enhances
chemo-, regio-, and stereoselectivity.6,7 On the other hand, the
altered molecular collision statistics proposed in this Letter can
lead to higher reaction selectivity due to the different shapes of
the Born-Oppenheimer surfaces for the competing reactions.

4. Conclusions

This work offers a novel proposal for the physical mechanism
of microwave catalysis based on rotationally excited states. The
approach was verified through a computer simulation of
microwave catalysis in a realistic chemical reaction in which
an elevated rotational temperature was introduced as an ad hoc
parameter. The introduction of elevated rotational temperature
in the simulation resulted in lowering the activation free energy
and in a corresponding increase of the reaction rate. Finally, it
should be said that the system and the simulation protocol leave
plenty of space for improvement. It remains a challenge to
perform nonequilibrium molecular dynamics simulation of a
reactive species, the solvent, and ions in an external electro-
magnetic field. This would require the development of novel
simulation protocols as well as huge amounts of computer
power, making better understanding of microwave catalysis a
goal for the future. On the experimental field it would be
interesting to see if raising the microwave frequency would
decrease dissipation of rotational energy resulting in an enhanced
microwave catalytic effect.
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