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Reaction Dynamics: Rules Change with Molecular Size
Markus Meuwly*[a]

Calculating the rate at which a chemical reaction occurs from
first principles is a formidable task. Formulated in the most
general sense, the problem encompasses 1) the characteriza-
tion of how the constituent atoms interact with each other,
2) solving the dynamical problem of how the reactants move
from educt to product, and 3) finally determining the rate from
integrating over the initial state distribution. Concerning prob-
lem (1), quantum chemical methods developed since the
1960s have made tremendous progress in that it is now possi-
ble to compute accurate energies (better than fractions of a
kcal mol�1) for a sufficiently large number of configurations in
the product and educt channel(s) of the reaction. Nevertheless,
even with several 10 000s of accurate single-point energies, the
utility of such a potential energy surface is limited if it cannot
be evaluated for any arbitrary relative geometry of the reac-
tants. Therefore, the points need to be accurately represented
(fitted) by a continuous, multidimensional function in order to
allow seamless evaluation of energies for arbitrary geometries.
An alternative to such a procedure is to carry out “on the fly”
studies whereby energies are determined from a quantum
chemical calculation for the present configuration of interest.
However, such an approach is usually only viable for the small-
est molecular systems, for short time scales (several picosec-
onds) and for a statistically insignificant number of trajectories.

Addressing the dynamical problem (point 2 above) requires
a method to solve the classical or quantum mechanical equa-
tions of motion to follow the temporal evolution of a system
given the interaction potential and suitable initial conditions.
The quantum mechanical problem—in the form of the time-
dependent Schrçdinger equation—can nowadays be solved
rigorously without dimensional reduction for a system of up to
four atoms. Again, this leads to a computationally demanding
exercise. Instead, classical or semiclassical approaches have re-
peatedly and successfully been demonstrated to provide valua-
ble and generally qualitatively, in many cases even quantita-
tively, correct results. This requires, however, averaging over a
sufficiently large, statistically significant number of initial condi-
tions. After solving problem (2), the reaction rate can be deter-
mined by counting the number of productive processes (final
state analysis).

The above program is sufficiently involved that early on
more qualitative but still physically rigorous theories were de-
veloped. Amongst the most successful theories are transition-
state theory and its variants.[1] A particular advantage of atom-

istic molecular dynamics simulations is that at every instant in
time the full information about all atoms in the system (i.e. po-
sitions and velocities) is available and can be analyzed in un-
precedented detail. By averaging over a large number of such
individual events, contact can be made with experiment.

Another long-standing, albeit qualitative, framework are the
Polanyi rules that predict that “a barrier predominantly along
the coordinate of approach […] is best traversed by motion in
that same coordinate, namely, reagent translation, whereas a
barrier predominantly along the coordinate of separation […]
is best traversed by motion in that coordinate, that is, vibration
in the bond under attack.”[2] These rules were derived from ex-
periments on H2 colliding with Cl and F-atoms and therefore
generalization to more complex molecules with more internal
degrees of freedom (see Figure 1) may require adaptation of
the rules.[3]

Recent experiments on Cl + CHD3!HCl + CD3 challenged the
validity of the Polanyi rules for low collision energies.[4] Specifi-
cally, it was found that vibrational excitation of the CH stretch
in CHD3 was no more effective in driving the reaction than
translational energy. In order to shed more light on the under-
lying dynamics the above computational tour-de-force was fol-
lowed by J. M. Bowman and G. Czako.[5] To this end they com-
puted 16 000 points on the fully-dimensional potential energy

Figure 1. Three-dimensional potential energy surface (color coded) and its
projection onto a plane (red isocontours) with two progression coordinates.
For a triatomic molecule starting a reaction along entrance channel “A” the
Polanyi rules would apply at point “Y” and the reaction would progress
along the black dashed arrow. If more degrees of freedom are involved and
become active along the entrance channel (green surface), transition state
“Y” is avoided and the reaction proceeds along the green arrow with point
“X” as the relevant transition state.

[a] Prof. Dr. M. Meuwly
Department of Chemistry
University of Basel
Klingelbergstrasse 80 4056 Basel (Switzerland)
E-mail : m.meuwly@unibas.ch

684 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemPhysChem 2012, 13, 684 – 685



surface, covering a large number of relative geometries rele-
vant to the reaction and including the effects of spin–orbit
coupling (due to the two spin–orbit states of the chloride
atom). The points were then fitted to a highly parametrized
form including more than 3000 parameters which can be sub-
sequently used in quasiclassical molecular dynamics simula-
tions. From 2 � 106 trajectories between Cl and CHD3 in differ-
ent internally excited states (C�H stretch and several bending
vibrations) the cross sections were determined as a function of
the collision energy. The simulations found that compared to
the vibrational ground state, vibrational excitation of stretch
and bend vibrations indeed do enhance the reaction rate.
However, at the same total energy Etot = Ecoll + Evib, translational
energy is more effective than vibrational energy to drive the
reaction for low Ecoll.

At low collision energies the Cl + CHD3 complex is particular-
ly sensitive to the long-range van der Waals interactions, which
are challenging to capture by using electronic structure meth-
ods. Therefore, particular attention had to be paid to repro-
duce these regions of the PES. Given that reactions are be-
lieved to be primarily sensitive to the barrier region, it is sur-
prising to find that regions so far away from the crossing seam
do apparently affect the fate and mechanics of a reaction.

The present work has the potential to highlight the role of
long-range interactions in even more concrete terms. This
could be achieved by turning off the van der Waals interac-
tions (which is possible in computer simulations but not in an
experiment) and repeating the calculations. One would expect
that agreement between experiment and theory would not be
so favorable. Similar computational experiments have been
carried out for an even simpler process, namely the relaxation
of vibrationally excited CN� in water. There it was found that
electrostatic interactions are particularly important in the dy-
namics of vibrational relaxation.[6, 7]

Because simulations can also analyze unproductive events in
detail, it is possible to better understand why for certain initial
conditions reactions occur for low Ecoll whereas for others they
do not. For the present case it was found that with the C�H
stretching vibration excited, a rotational motion was induced
in the van der Waals region that prevented the complex from
reaching the transition state and ultimately made the trajecto-
ry non-reactive. With increasing collision energy this effect is
diminished and the system slides over the shallow van der
Waals region probably without appreciable excitation of the
rotational motion.

Together with the experimental work the computational
effort also revives a somewhat forgotten research field, namely

mode-specific reactivity in polyatomic molecules. The notion
that molecules in different internal states react more or less ef-
ficiently with a reaction partner is a fascinating topic which is
best studied under controlled conditions. A step in this direc-
tion has been taken a few years ago when the vibrational
mode-specific reaction of CH4 with a Ni(100) surface was inves-
tigated. This work established that the reactivity of methane
changes depending on whether two quanta are vibrationally
excited along the same CH stretch or whether one quantum is
deposited in two separate CH stretching modes.[8] This insight
precludes the applicability of statistical models to correctly de-
scribe the underlying reaction mechanism. One of the particu-
lar strengths of atomistic simulations is their possibility to pro-
vide detailed information about a wide range of reaction
mechanisms going from complete internal vibrational redistrib-
ution (the statistical limit) to prompt, nonstatistical reactions,
as recently highlighted for vibrationally induced photodissocia-
tion of sulfuric acid.[9]

How much of the insight gained from small-molecule reac-
tivity can be applied to “real” chemical systems—including cat-
alysis and enzymatic reactions—remains to be seen. However,
it is evident that a combined experimental/atomistic simula-
tion approach is a very powerful means to better understand
chemical reactivity and to best take advantage of mode-specif-
ic processes.
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