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Gert D. Billing’s most significant contribution to the field of
molecular dynamics simulations was the development of the
classical path method and its extensive application in studies
of energy transfer and reactive scattering. A full quantum
description of dynamics can only be applied to small systems,
at present consisting of up to four atoms. For larger systems,
two alternative ways are widely used for describing collision
dynamics. One way is to simplify the system by reducing
dimensionality or using simplified potentials such as a harmonic
oscillator potential to represent the interactions among atoms.
The second way is to develop approximate yet accurate
dynamics methods for the system in full dimensionality and
without simplifying the potential. The classical path method
belongs to the second category and has been successfully applied
to various large systems.

Classical Path Method

The classical path method, which is also denoted as the
semiclassical or quantum-classical method, was developed by
Billing to study energy transfer processes in large systems where
quantum effects cannot be neglected.1-5 The classical path
method was perhaps first used by Niels Bohr.6 It was then used
in the studies of energy transfer between an atom and a collinear
diatomic molecule.7

In the classical path treatment, a large system is divided into
two subsystems with one treated quantum mechanically and the
other classically. Consider a collinear collision of an atom, A,
and a diatomic molecule, BC, within the classical path treatment.
The distance between the atoms B and C of the diatomic
molecule,r, is treated quantum mechanically and the distance
between the atom A and the center of mass of the diatomic
molecule BC,R, classically. The working equations are

whereĤ0 includes the kinetic energy operator of the diatomic
molecule BC and the potential describing the interaction between
the B and C atoms,V(r,R) is the potential describing the
interaction between the atom A and the diatomic molecule BC,
æ(r,t) is the time-dependent wave function of the quantum
subsystem,µ is the reduced mass of the diatomic molecule BC,
andPR is the momentum.

One problem associated with eqs 1-3 is that they do not
fulfill the principle of detailed balance.8,9 Indeed, comparisons
between the classical path results and the exact solutions were
quite disappointing in early applications.7,10 To overcome this
problem, Billing suggested using an intermediate relative
velocity, also denoted as the symmetrized Ehrenfest ap-
proach.10,11 Tests showed that the classical path method with

the symmetrized Ehrenfest method is very accurate for describ-
ing inelastic rotational and vibrational transitions.12

From 1979 to 1988, Billing developed the classical path
method to study energy transfer processes for polyatomic
systems, ranging from simple three-body systems to organic
molecules. These were published in a series of 14 papers in
Chemical Physics.13-26 In addition, Billing made great effort
to implement his theory so that it could be applied to various
problems. Prior to 1990, many of his applications were focused
on studies of energy transfer processes.27-36 Billing and co-
workers investigated energy transfer processes in a wide range
of systems, such as He-H2,5,37H2-H2,38-47 Li+-H2,48 H2/D2-
4He,49 HF-HF/DF,50-57 CO-N2,58-61 N2-N2,62-66 CO-
CO,67-73 Li+-CO2/N2O,17 N2-CO2,19,74 CO-He,75-79 CO-
D2,80,81 CO2-Ne/He,15,21,82,83 CO-p-H2/o-H2,84,85 Ar-SF6,22

Ar-CO2,21,23 NH3-He/H2,86-94 NH3-NH3,95,96 SF6-SF6,97

Li+-N2,98 H+-CF4,99 N2
+-4He,100 O2

+-Kr,101,102O2-O2,103-106

He/Ar-glyoxal,26 N2-O2,107 CO-Ar cluster,108 O3-Ar,109

NO+-CH4,110 NO+-He,111 HCl-HCl,112 Ar2-Ar2.113

In the late 1980s, Billing shifted the focus of his research to
reactive scattering. In a series of five papers,114-118 he extended
the classical path method to treat reactive scattering.119 Billing,
together with Muckerman,120-122 used hyperspherical coordi-
nates in their treatment of reactive scattering in the classical
path theory. This is one of the earliest uses of hyperspherical
coordinates in the studies of reactive scattering.117,123-126 The
approximations involved in the classical path treatment of
reactive scattering are in general more severe than for inelastic
collisions and cannot be corrected by simply resorting to a
symmetrized Ehrenfest approach. To remedy the problem,
Billing introduced quantum corrections as multitrajectory or
Hermite corrections,12,127-131 used wave packets,132-137 or
explored slightly different avenues, as in the formulation of the
reaction volume approach,138-141 a development on his earlier
reaction path theory.142,143

Billing and co-workers applied the classical path method
and its variations to study reactive scattering for a wide
variety of systems, including: H2+OHfH2O+H,120,144-146

Cl-+CH3ClfClCH3+Cl-,121,147,148 O+O3f2O2,149 2O2f
O+O3,

150,151O2+O+Arf O3+Ar*, 152CO+OHfCO2+H,153,154

Ar++H2fArH++H,155,156 H2+CNfH+HCN,157 the B++H2

reaction including charge transfer,158 F+H2/D2,159-161 and the
photodissociation162 of HF,163 O3,164 and CH2

165,166and many
laser-induced processes.167-172 His research in energy transfer
and reactive scattering using the classical path treatment was
reviewed in 1994 by him.173

In addition to the studies of gas-phase processes, Billing
devoted a great deal of effort to studies of molecule-surface
dynamics. In 1982, Billing extended the classical path method
to study energy transfer in collisions of gas-phase atoms or
molecules with solid surfaces.174-176 After that, he was actively
involved in studies of atom/molecule-surface scattering. Much
of the methodology of using the classical path method to
describe molecule-surface dynamics was summarized in his
review article in 1990177 and in his book in 1999.178 Billing
and co-workers were among the first to include the effects of
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surface temperature and electron-hole pair excitation in the
studies of molecule-surface scattering problems.179-186 The
classical path method was applied to many molecule-surface
dynamics problems, including Ar/W(110),187 CO/Pt(111),188,189

C+OfCO on Pt(111),190 CO+OfCO2 on Pt(111),191 H2/Cu
surfaces,192-196 N2f2N on a Rh surface,197,198CO/Cu(111),199

D2/Cu(111),200,196 N2f2N on a Ru surface,201 N2f2N on
Fe(111),202 He/Cu(001),203 O2 on silica,204 dissociation of O2
into different electronic atomic O states on a Ag(111) surface,205

H+HfH2 on graphite,206 and the catalytic synthesis of
ammonia.207-209

An important contribution from Billing was the effective use
of second quantization in scattering problems,210,16,211-213 in
particular for molecule-surface scattering problems.178 This
allows one to treat more complex systems. In nearly all the
molecule-surface scattering problems studied by Billing, second
quantization was used for describing surface phonons.

It is also worth mentioning the long collaboration with
Jolicard on many methodological aspects of quantum and
semiclassical treatments of collision dynamics,214-218 including
multiphoton dissociation,219,220 quantum chaos,221 the use of
Bloch’s operators222-224 and Floquet formalism.225

A short description of the classical path method, quantum
corrections, and variations can be found in the chapter of the
Encyclopedia of Computational Chemistry129devoted to quantum-
classical methods.

Fundamental Principles

After the early derivation of the classical path theory, Billing’s
research focused on two closely related lines. The first was
concerned with the introduction, as shown above, of corrections
(multitrajectory approach, Hermite corrections, etc.) and varia-
tions (i.e., the second quantization) to the original classical path
method in order to be able to treat approximately, yet effectively,
a wide variety of quantum phenomena, even in complex
systems. The second was the derivation of the seemingly ad
hoc classical path method from the first principles, i.e.,
Schrödinger equation. This latter point eventually became a
dominant goal for Gert as it meant the availability of a
completely general rigorous theory that could both justify and
explain the approximations involved in the primitive quantum
classical approaches. An early derivation was provided in 1978
based on the Feynmann path integral.226 Subsequently, Gert
developed a formulation based on expressing the wave function
in a Gauss-Hermite basis set in the collision coordinateR
multiplied by an internal state basis function for the other
coordinates.126 In this approach for the simple case of collinear
A + BC scattering, the wave function of the system is expressed
as

whereψk is a Gauss-Hermite function and the internal basis
set is chosen to be eigenfunctions ofĤ0, i.e.,

We can approximate the wave function (eq 4) by using only
one basis function in the Gauss-Hermite basis set. The wave
function has now a product-type form and becomes

whereψ0(R,t), the “ground state” of the Gauss-Hermite basis
set, is an ordinary Gaussian wave packet:

Inserting eq 6 into the time-dependent Schro¨dinger equation,
one can derive the following equations:

where the matrix elementVnm is defined by

Equations 8-10 are identical to eqs 1-3. The classical path
equations have been obtained together with two equations, 11
and 12, for the widthA(t) and the phaseγ(t) of the Gaussian
wave packet. Thus, the classical path method has been recovered
from a general quantum approach by making a separability
approximation betweenr andR throughout the whole propaga-
tion and assuming a particular “shape” (a Gaussian wave packet)
for the wave function of the collision coordinate (eq 6). This
explains why the classical path method is especially successful
when used, for example, in the investigation of energy transfer
processes, where the coupling between classical (translation and
rotations) and quantum (vibrations) degrees of freedom is often
very weak and their separability can be assumed.

Quantum Dressed Classical Mechanics

Billing’s adventure in searching for accurate classical path
theories ultimately led him to the quantum dressed classical
mechanics, which is a rigorous quantum theory that has the
appealing feature of having classical mechanics as one limit.
The method could be called the “time dependent Gauss-
Hermite discrete variable representation”; however, the less
formal “quantum dressed classical mechanics”, pointing out that
quantum corrections to classical mechanics can be obtained by
adding grid points around the classical trajectory, immediately
suggests the flavor of the theory.

Although many of the ingredients of this method, i.e., the
use of the Gauss-Hermite basis set, of a discrete variable
representation, and of time-dependent grids, had already been
used in Billing’s other works (as described above), the complete
formulation differs in many important details and leads to a
very compact, general, and flexible approach to dynamics. An
accurate and complete description of the method, including its
mathematical derivation, the underlying philosophy, and dif-
ferences with other approaches can be found in refs 227 and
228.
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The scheme is in effect a development of the earlier Gauss-
Hermite derivation,229-232 partly illustrated in the above section.
As suggested by its name, it can be obtained by expanding the
wave function in a Gauss-Hermite basis set and then switching
to a discrete variable representation in the solution of the
equations for the amplitudes of the Gauss-Hermite basis
functions.233,234As shown above, the use of a Gauss-Hermite
basis set leads to classical-like equations (eqs 9-12) for the
evolution in time of the parameters of the Gaussian wave packet,
where not only the initial parameters of the Gaussian wave
packet but also the expression for the effective forces,V′ and
V′′, driving the packet are undefined. However, it turns out that
if the basis set is complete (i.e., an infinite number of wave
functions is used), those forces vanish. If the basis set is
truncated, we can instead expect some advantage by letting it
follow the dynamical evolution of the system, by using, for
instance, classical forces, or more accurate generalized forces
obtained through quantum corrections to the classical ones. The
solution of the problem is in any case independent of the
effective potential. Only the convergence pattern is affected, in
terms of number of basis functions. So in the simplest and most
useful scheme classical forces can be used to propagate the
trajectory.

The introduction of a DVR procedure into this scheme allows
one to operate with quantum amplitudes at grid points rather
than with amplitudes for the basis functions. Classical mechanics
arises then in this representation naturally as the limit where
only one grid point is used for a given degree of freedom. The
grid points follow the classical dynamics in time and explore
the space around the trajectories, and since each grid point has
a quantum amplitude associated with it, the method allows for
quantum delocalization, tunneling, and other quantum phenom-
ena.

The method is accurate and it does converge to the exact
quantum result if enough grid points are used, while, in the
other limit, classical mechanics is recovered. In this way it is
possible to gather grid points only where needed, i.e., only in
those degrees of freedom showing quantum behavior. Intrinsic
in the formulation is the possibility to monitor the behavior
(more or less quantum-like) of each degree of freedom during
the propagation and to add accordingly more grid points. Since
the parameters required for the classical propagation are the
same as those needed by conventional classical dynamics, the
method is extremely well suited for use with ab initio electronic
structure calculations, providing a systematic way to correct for
nuclear quantum effects even in large systems. Furthermore,
the scheme is very compact and easy to program.235

As is often the case for Gert Billing’s methods, quantum
dressed classical mechanics has found a very wide range of
applications, from simple, prototype cases236 involving inelas-
tic234 and reactive collisions,237-239 to complex systems,240 with
the inclusion of the explicit treatment of nonadiabatic ef-
fects240,241and molecule-surface scattering.242

In his last bookThe Quantum Classical Theory,243 Gert
presented a remarkable collection of the quantum classical
methods he developed, together with their derivations and
detailed descriptions. Starting from the formulation of rigorous
theories (as quantum dressed classical mechanics) from first
principles, this text shows how they can be used to derive some
very useful approximate schemes and when they can be
successfully employed. In this sense this book constitutes the
“summit” of his research and a legacy for scientists in this field.

Nonadiabatic Processes and Geometric Phase Effects

Some time in the middle of the nineties (∼1995) Gert
extended the application of his time-dependent quantum classical
approach to treat electronic nonadiabatic processes coupled with
reactive scattering. He started by considering the effect of spin-
orbit coupling on the reaction160 F(2P3/2,2P1/2)+D2 f DF+D
and then moved one step further to study the (Ar+H2)+

system.158 This study, which was carried out in collaboration
with the theoretical group in the Laboratoire des Collision
Atomique-Moleculaire (LCAM) at the Paris-sud University in
Orsay, considers the three competing processes that take place
during the collision of Ar+ and H2 or Ar and H2

+; namely, the
exchange (reactive) process, the charge-transfer process, and
the (3/2T1/2) spin transitions. The treatment of these three
competing processes is a challenge for any approach, and indeed
Gert’s quantum classical approach yields state-to-state cross-
sections that fit both the experimental results as well as the
quantum mechanical cross sections.

At a later stage Gert, as the curious scientist that he was,
started looking for new challenges and got interested in the Berry
phase and its relevance for molecular systems. He is one of the
(very) few scientists who tried to address this phenomenon
classically244-246 and semiclassically247 and later became also
deeply involved in the quantum mechanical aspects of this
issue.248-256 This activity culminated in the editing (together
with M. Baer) of a bookThe Role of Degenerate States in
Chemistry, which was published inAdVances of Chemical
Physics(Vol. 124, 2002).
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