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Collision lifetimes of polyatomic molecules at low temperatures:
Benzene–benzene vs benzene–rare gas atom collisions
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We use classical trajectory calculations to study the effects of the interaction strength and the geome-
try of rigid polyatomic molecules on the formation of long-lived collision complexes at low collision
energies. We first compare the results of the calculations for collisions of benzene molecules with
rare gas atoms He, Ne, Ar, Kr, and Xe. The comparison illustrates that the mean lifetimes of the colli-
sion complexes increase monotonically with the strength of the atom–molecule interaction. We then
compare the results of the atom–benzene calculations with those for benzene–benzene collisions.
The comparison illustrates that the mean lifetimes of the benzene–benzene collision complexes are
significantly reduced due to non-ergodic effects prohibiting the molecules from sampling the entire
configuration space. We find that the thermally averaged lifetimes of the benzene–benzene colli-
sions are much shorter than those for Xe with benzene and similar to those for Ne with benzene.
© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4898796]

I. INTRODUCTION

The rapid development of experimental techniques for
the production of cold (<5 K) and ultracold (<10−3 K)
molecular gases has opened new opportunities for fundamen-
tal research in molecular physics,1, 2 chemical dynamics,3–5

and beyond.6–8 It is now possible to prepare large ensembles
of alkali metal dimers at microKelvin temperatures9–12 and a
variety of diatomic molecules at temperatures near 1 K.13–15

Fuelled by the promise of new applications,16, 17 there is cur-
rently growing interest in extending the cooling techniques to
complex polyatomic molecules. At present, there are two vi-
able routes to cooling polyatomic molecules: deceleration of
molecular beams18 and buffer-gas cooling.19 The former re-
lies on the Stark or Zeeman effect to slow down molecules
by gradients of time-dependent fields. It is particularly well
suited for molecules with large electric or magnetic dipole
moments. The buffer-gas cooling technique relies on the ther-
malization of molecules in a cold buffer gas.13 The thermal-
ization process is driven by momentum transfer in elastic
collisions of molecules with the buffer-gas atoms. While the
buffer-gas cooling technique appears to be general and appli-
cable to any molecular system, the collisional thermalization
at low temperatures may be plagued by various unwanted pro-
cesses, such as resonant scattering and the ensuing formation
of atom–molecule clusters.

The probability of cluster formation is clearly related to
the complexity of molecules. The interaction of a slowly mov-
ing atom with an infinitely extended surface deposits the ki-
netic energy into phonons, trapping the atom on the surface.21

On the other hand, the scattering of an atom by a diatomic
molecule occurs on a fast time scale. Falling between these
two limits, the collision dynamics of complex polyatomic
molecules with low temperature atoms is characterized by
a manifold of scattering resonances.22 These resonances en-

hance the lifetime of the collision complex, allowing three-
body recombination and the formation of clusters.23–25 The
density of resonances, and consequently the collision life-
time and the probability of clustering, are expected to increase
as the collision partners become more complex.19 The com-
plexity of the collision partners can be quantified by two pa-
rameters: the polarizability determining the inter-molecular or
atom–molecule interaction strength and the density of acces-
sible states. It is generally expected that the collision lifetimes
must increase with the polarizability and the density of inter-
nal states of the collision partners. For example, Patterson and
co-workers19 recently reported the results of the cooling dy-
namics for naphthalene (C10H8) in the He buffer gas. They
observed no clustering of the He atoms on molecules and at-
tributed the observed loss of molecules to the formation of
naphthalene–naphthalene clusters, assuming that collisions of
molecules with molecules are more complex and long-twined.

In the present work, we examine the role of the polar-
izability of the collision partners and the complexity of the
molecules on the collision lifetimes at temperatures between
5 and 10 K that correspond to the buffer-gas cooling experi-
ments of Patterson and co-workers.19 In order to do this, we
carry out the classical trajectory calculations for collisions of
benzene (C6H6) molecules with rare gas atoms He–Xe and
for collisions of benzene molecules with benzene molecules.
Surprisingly, we find that, despite the much stronger inter-
action energy, the lifetimes for benzene–benzene collisions
are comparable to those for benzene–Ne collisions and are
significantly shorter than the lifetimes of benzene–Xe col-
lisions. Our analysis shows that the rigid geometry of ben-
zene reduces the lifetimes of benzene–benzene collisions by
constraining the molecules to a part of the configuration
space. This finding indicates that the loss of molecules due
to molecule–molecule collisions in buffer-gas cooling experi-
ments with rigid polyatomic molecules may be less significant

0021-9606/2014/141(16)/164315/9/$30.00 © 2014 AIP Publishing LLC141, 164315-1

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

24.84.96.145 On: Fri, 31 Oct 2014 06:58:33

http://dx.doi.org/10.1063/1.4898796
http://dx.doi.org/10.1063/1.4898796
http://dx.doi.org/10.1063/1.4898796
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4898796&domain=pdf&date_stamp=2014-10-27


164315-2 Cui, Li, and Krems J. Chem. Phys. 141, 164315 (2014)

than previously thought. This result is also important for
the prospect of evaporative cooling of complex molecules,
a process in which the Maxwell-Boltzmann distribution of a
molecular gas is disturbed by removing the high-energy tail
and the molecules return to thermal equilibrium by means
of molecule–molecule collisions. This work complements a
recent study by Li et al.26, 27 elucidating the effects of the
molecular size and geometry on the formation of long-lived
collision complexes with He atoms.

II. METHODOLOGY

We employ the numerical method for the classical trajec-
tory calculations described by Li and Heller.26 This approach
uses the formulation of the classical equations of motion in
terms of the quaternions and is particularly well suited for
collisions of rigid polyatomic molecules at low temperatures.
We consider binary collisions of benzene molecules with rare
gas (Rg) atoms He, Ne, Ar, Kr, and Xe as well as benzene–
benzene collisions. In all calculations, the benzene molecule
is treated as a rigid rotor.

The potential energy surfaces for the interaction of ben-
zene with rare gas atoms were constructed using the semi-
empirical approach of Pirani and co-workers.28 This method
represents the potential surfaces as the sums of pairwise Rg–
CH bond and Rg–CC aromatic bond interaction energies, op-
timized based on accurate ab initio calculations and measure-
ments of bond polarizabilities. Table I lists the value of the
equilibrium distance Re and the well depth De for some lim-
iting geometries of the Rg–C6H6 collision complexes calcu-
lated by this method. The geometries represented in Table I
are illustrated in Figure 1(b). The radial dependence of the
potential energy for three limiting configurations illustrated
in Figure 1(b) is shown in Figure 2. In general, the interaction
strength increases from He to Xe. The global minimum of the
potential energy occurs in the out-of-plane configuration with
the Rg atom placed on the 6-fold symmetry axis of C6H6, for
all Rg atoms.

For the benzene dimer, we borrow the interaction poten-
tial from Ref. 29. The method proposed in this work repre-
sents each molecule as a combination of an inner carbon ring
and an outer hydrogen ring (see Figure 3), leading to a compu-
tationally efficient model of the interaction potential surface
as the sum of four ring-ring interactions. This model of the

TABLE I. The equilibrium distance Re in Å and well depth De in cm−1 for
three relevant cross sections of the C6H6–Rg potential energy surface. The
out-of-plane, vertex-in-plane, and side-in-plane geometries are illustrated in
Figure 1.

Out-of-plane Vertex-in plane Side-in-plane

System Re De Re De Re De

C6H6–He 3.25 − 78.95 4.80 − 42.59 5.23 − 25.52
C6H6–Ne 3.30 − 157.2 4.87 − 82.69 5.29 − 50.37
C6H6–Ar 3.58 − 355.0 5.16 − 179.0 5.53 − 117.1
C6H6–Kr 3.70 − 439.5 5.28 − 221.0 5.65 − 148.2
C6H6–Xe 3.88 − 513.3 5.46 − 258.5 5.80 − 179.4

FIG. 1. (a) The internal coordinates used to describe the Rg–C6H6 collision
complex: R is the relative distance between centers of mass, θ (the polar
angle) is the angle between R and the 6-fold symmetry axis of benzene, and
φ (the azimuthal angle) is the angle between the projection of R onto the
molecular plane and the x axis, which is perpendicular to a C–C bond of
benzene. (b) The relative geometries of the Rg–C6H6 collision complex for
the out-of-plane, vertex-in-plane, and side-in-plane configurations.

benzene–benzene interaction potential reproduces the main
features of the potential energy surface, as shown by Tables II
and III summarizing the dimer geometries and the well depths
at the minima of the interaction energies. The optimized equi-
librium structure of the benzene dimer roughly matches the
theoretical results calculated by various quantum chemistry
methods except for the parallel-displaced configuration due
to effects of the electrostatic interaction and induction in a
π − π system.

The classical equations of motion were propagated us-
ing the fourth-order Runge-Kutta algorithm.26 For the Rg–
benzene collisions, we used the fixed integration step size:
10−6 ps for He, 10−7 ps for Ne and Ar, and 10−8 ps for Kr and
Xe. For benzene–benzene collisions, we decreased the step-
size for the computation of each trajectory until the rigidity
of the molecules and the total energy remained unperturbed
throughout the trajectory. Longer and more complicated tra-
jectories required smaller integration stepsize. The trajecto-
ries are terminated once the separation between the colliding
particles reaches 50 Å. The collision lifetime is defined as the
time between the first and the last turning points in the rel-
ative translational energy. The initial conditions were chosen
to cover the entire phase space and all possible orientations
of the benzene molecules. The trajectory computations were
carried out for fixed, randomly sampled, impact parameters
b, with the largest impact parameter bmax determined so that
the collision lifetimes from the calculations with b > bmax
are all zero (i.e., the trajectories with b > bmax have no or
only one turning point). The results presented are averages
over 105 trajectories for each complex at a given collision
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FIG. 2. Radial dependence of the interaction energy of benzene with He
(black solid line), Ne (red dashed line), Ar (blue dotted line), Kr (green
dotted-dashed line), and Xe (purple long-dashed line) compared with the cor-
responding benzene–benzene interaction averaged over the normal angles of
the molecules (magenta dotted-dashed line). Upper panel: out-of-plane con-
figuration; central panel: vertex-in-plane configuration; lower panel: side-in-
plane configuration. The geometries are illustrated in Figure 1.

energy, yielding convergence of the mean lifetime to better
than 0.1%. The weighted mean lifetime at each collision en-
ergy is averaged over the Boltzmann distribution of the initial
rotational energy of molecules and the collision energy de-
pendence of the collision lifetimes thus obtained is integrated
with the Maxwell-Boltzmann distribution, to yield the ther-
mally averaged observables at fixed temperature.

III. RESULTS

When immersed in a cold buffer gas of noble gas atoms,
polyatomic molecules assume the temperature of the buffer
gas by loosing or gaining energy via momentum-transfer col-
lisions. Some collisions may lead to scattering resonances, re-
sulting in the formation of long-lived collision complexes. If

θ

φ

γ

FIG. 3. (a) Benzene as a combination of two rings: inner carbon ring and
outer hydrogen ring. (b) Model for the interaction between the two rings: R
is the relative distance between the centers of mass, θ (the polar angle) is the
angle between R and the 6-fold symmetry axis of benzene, φ (the azimuthal
angle) is the angle between the projection of R onto the molecular plane and
the x axis, which is perpendicular to a certain C–C bond of benzene, and γ

(the normal angle) is the angle between the 6-fold symmetry axes of the two
molecules. (c) The relative geometries of the benzene dimer for the sandwich,
T-shaped, and parallel-displaced (PD) configurations.

the lifetime of the collision complexes is longer than the mean
time between collisions (determined by the gas density), they
may encounter another atom and form bound states by the
process of three-body recombination. This leads to cluster-
ing and impedes the thermalization. The average lifetime of
the collision complexes is thus a critical parameter that deter-
mines the feasibility of a buffer-gas cooling experiment. The
mean time between collisions can be estimated as τ = 1/N ,
where

N = nσ

√
8kBT

πμ
(1)

is the number of collisions per second. In this equation, n is
the density of the buffer gas, σ is the collision cross section,
and μ is the reduced mass of the collision complex. Assum-
ing the collision cross section σ = 10−13 cm2,19 the reduced
mass μ equal to the mass of He and a temperature of 6.5 K,

TABLE II. The optimized equilibrium structure (Å) of the benzene dimer.
The sandwich, T-shaped, and parallel-displaced (PD) geometries are illus-
trated in Figure 3.

PD

Method S T R1 R2

MP230 3.8 5.0 3.4 1.6
CCSD(T)31 4.0 5.1 3.6 1.8
DF-LMP232 3.72 4.89 3.37 1.57
DF-SCS-LMP232 3.89 5.04 3.55 1.63
SAPT33 3.816 4.97 3.48 1.84
Current PES 3.58 5.18 3.53 1.0
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TABLE III. The interaction energies (cm−1) at the minima of the potential
energy surface for the benzene dimer. The sandwich, T-shaped, and parallel-
displaced (PD) geometries are illustrated in Figure 3.

PD

Method S T R1 R2

MP230 − 989.8 − 1049.3 −1441.0
CCSD(T)31 − 465.2 − 783.5 −776.5
DF-LMP232 − 1114.7 − 1139.2 −1548.4
DF-SCS-LMP232 − 622.9 − 781.4 −910.8
SAPT33 − 619.8 − 948.5 −939.4
Current PES − 1186.7 − 583.4 −1162.2

the time between collisions is about 1300 ps for the density
n = 4 × 1017 atoms/cm3. This density was used in the buffer
gas cooling experiments of Patterson et al.19 Note that the
density in buffer-gas cooling experiments20 is typically lower
than the density used in this particular experiment so the value
1300 ps can be used as an estimate of the lower threshold for
clustering.

Figures 4 and 5 illustrate that the lifetimes of Rg–benzene
collisions increase monotonically down the column of the Rg
atoms from He to Xe. Figure 4 shows the average lifetime of
the Rg–benzene collision complexes as a function of the colli-
sion energy. The data points at each collision energy are aver-
aged over the Boltzmann distribution of the rotational states of
benzene corresponding to the temperature 6 K. For each col-
lision system, the average lifetime is monotonically decreas-
ing with the collision energy. The inset of Figure 4 compares
the fraction of trajectories with τ < 10 ps (hereafter referred
to as short trajectories) and the fraction of trajectories with
τ > 100 ps (hereafter referred to as long trajectories) for each
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FIG. 4. The mean lifetimes of the quasi-bound collision complexes of ben-
zene with He (black circles), Ne (red squares), Ar (blue diamonds), Kr (green
up-triangles), Xe (purple down-triangles) as functions of the collision energy.
The inset shows the distributions of short trajectories and long trajectories for
each rare gas at a collision energy of 2 cm−1. For each collision energy, the
results are averaged over the rotational energy of benzene with the Boltzmann
distribution corresponding to the temperature 6 K.
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FIG. 5. The mean lifetimes of the quasi-bound collision complexes of rare
gas atoms with benzene as functions of temperature.

Rg at a low collision energy of 2 cm−1. The collision lifetimes
of τ > 100 ps can only be achieved due to the formation of
collision complexes with a large number of turning points,
arising due to strong energy exchange between the transla-
tional and rotational degrees of freedom of the molecule. The
inset of Figure 4 illustrates that the propensity for forming
such complexes clearly increases from He to Xe. The fraction
of the long trajectories increases from 3% for He to 43% for
Xe, while the contribution of the short trajectories decreases
from 78% for He to 47% for Xe.

Figure 5 shows the collision lifetimes as functions of tem-
perature. The data of Figure 5 were obtained by first comput-
ing the energy dependence, similar to the one displayed in
Figure 4 but averaged over the Boltzmann distribution with
the corresponding temperatures, and then integrating the en-
ergy dependence with the Maxwell-Boltzmann distribution.
When the temperature is reduced from 10 to 5 K, the fully av-
eraged collision lifetimes increase by a factor of ≈1.8 for He
and ≈1.5 for Xe.

There are two factors that may contribute to the change
of the collision lifetimes from He to Xe: the increase of the
reduced mass and the increase of the Rg atom polarizabil-
ity, and hence of the Rg–benzene interaction strength. The
larger binding energy is expected to result in more energy
conversion between the translational and internal degrees of
freedom of the molecule, thereby enhancing the collision life-
times. The effect of the mass is less clear. In order to disentan-
gle the effects of the binding energy and the mass change, we
compute the collision lifetimes for an artificial system with
the reduced mass and all other collision parameters set to be
identical to those in the Xe–benzene calculations, but with the
interaction potential set to be the same as for the He–benzene
system. The comparison of the results displayed in the left
panel of Figure 6 with those for Xe–benzene collisions and
He–benzene collisions shows that (i) the increase of the mass
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FIG. 6. Left panel: The mean lifetimes of the quasi-bound collision com-
plexes of benzene with He (black circles), an artificial atom described in
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triangles) as functions of collision energy. Right panel: The mean lifetimes
of the quasi-bound collision complexes of benzene with He (black circles),
benzene (blue stars), Ne (red squares), and Xe (purple down-triangles) as
functions of temperature.

and the polarizability both enhance the collision lifetimes;
(ii) the increase of the polarizability has a much more signif-
icant effect on the collision lifetimes, particularly at collision
energies >10 cm−1.

In order to obtain a more detailed information on the rel-
ative effects of mass and polarizability, we computed the col-
lision lifetimes for a series of collision systems with varying
reduced mass and interaction potentials. Figure 7 presents the
results for a collision energy of 5 cm−1. Each curve shown in
Figure 7 is computed with a fixed interaction potential. Each
data point corresponds to a different reduced mass. These cal-
culations confirm that the increase of mass and polarizability
both enhance the collision lifetimes. They also illustrate that
the collision lifetimes are more sensitive to the reduced mass
when the polarizability is larger. The data of Figure 7 can be
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FIG. 7. The mean lifetimes of the quasi-bound collision complexes of ben-
zene with atoms of varying mass (indicated on the horizontal axis) computed
with the potential surfaces for the interaction of benzene with He (black cir-
cles), Ne (red squares), Ar (blue diamonds), Kr (green up-triangles), Xe (pur-
ple down-triangles) at a collision energy of 5 cm−1.
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well approximated by the following expression:

τc = a|De| + bμ + c|De|μ, (2)

where τ c is the mean collision lifetime in ps, a = 0.0617 ps/
cm−1, b = 0.658 ps mol/g and c = 0.00573 ps mol/g cm−1,
De is the energy of the interaction potential for the Rg–
benzene systems at the global minimum (column 1 of Table I)
and μ is the reduced mass of the collision system. The fit (2)
is a multiple linear regression with the adjusted R2 coefficient
R2 = 0.97, illustrating that the mean collision lifetime is a
nearly linear function of both the interaction strength and the
reduced mass.

As can be seen in Tables I–III and Figure 2, the potential
for the benzene–benzene interaction is significantly stronger
than the Rg–benzene interactions. In particular, the binding
energy of the benzene dimer is almost two times larger than
the binding energy of the Xe–benzene complex. Extending
the density-of-states and interaction-strength arguments to
molecule–molecule systems, one should expect that the mean
lifetime of benzene–benzene collisions must be much larger
than that for Xe–benzene collisions. However, contrary to this
expectation, the results presented in Figure 6 show that the
lifetime of benzene–benzene collisions is much shorter than
that of Xe–benzene collisions. In addition, we observe that the
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lifetime of the benzene–benzene collisions is a slowly varying
function of the collision energy, quickly converging to a con-
stant value at the collision energy 5 cm−1. The energy depen-
dence of the mean lifetime of the benzene–benzene collisions
is similar to that of the He–benzene collisions and is much
weaker than that of the Xe–benzene collisions.

In order to elucidate the dynamical details of the Rg–
benzene and benzene–benzene collisions, we compute the
time dependence of the separation distance and the relative
configurations of the collision partners as well as the transla-
tional, rotational, and potential energy of the molecule illus-
trating energy exchange. Figure 8 illustrates a typical long tra-
jectory of the Xe–benzene collision pair with lifetime longer
than 600 ps. The trajectory is characterized by the formation
of the quasi-bound collision complex that lasts from 65 ps to
702 ps. During this time, there are two episodes of strong in-
teraction between Xe and benzene, each longer than 200 ps.
The quasi-bound complex is characterized by strong energy
exchange between the translational and rotational motions of
the molecule. The episodes of strong interaction are separated
by an excursion to large atom–molecule separations, where
the interaction energy of the Xe–benzene complex decreases
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rotational energy of the first molecule (red dashed line – lower panel), the
rotational energy of the second molecule (green dashed-dotted line – lower
panel), and the interaction potential (blue dotted line – lower panel) for a
benzene–benzene collision with a collision energy of 2 cm−1.

to −0.22 cm−1 at R = 16.22 Å. Such excursions to long-
range parts of the interaction potential are common for low-
temperature collisions, when most (but not all) of the kinetic
energy returns from the internal energy of the molecule to the
relative atom–molecule motion. It is interesting to observe a
quasi-periodic structure of atom–molecule separations, prob-
ably originating from the dynamical features of the rotational
motion of benzene within the complex.

The interaction potential of the Xe–benzene complex is
characterized by three significant minima with the energies
−513 cm−1, −179 cm−1, and −258 cm−1, corresponding to
the out-of-plane, vertex-in-plane, and side-in-plane configu-
rations (see Table I and Figure 2). The atom is allowed to
sample the entire topology of the potential surface hopping
from one minimum to another, in a process reminiscent of an
isomerization reaction. In order to illustrate this, we present
in Figure 9 the internal configuration of the Xe–benzene col-
lision complex by plotting the angles defined in Figure 1 as
functions of time. We find that both the polar angle and the
azimuthal angle change periodically from 0◦–180◦ through-
out the collision process, and vary faster when there is strong
energy exchange due to the substantial gain in the rotational
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energy from the potential energy. Figure 9 shows a short seg-
ment of the trajectory from 80 ps to 120 ps. It can be seen
that the polar angle (θ ) is correlated with the intermolecu-
lar distance to approach 0◦ or 180◦ when R is smaller than
5 Å. This illustrates a preference for an out-of-plane config-
uration at small atom–molecule separations. The azimuthal
angle tends to be uncorrelated from R and vary uniformly in
the interval between 0◦ and 180◦, indicating that the molecule
rotates freely around its 6-fold symmetry axis (Cν) during the
collision event. When R > 5 Å, the out-of-plane configuration
is no longer favourable, and Xe exhibits a preference for inter-
acting with benzene in the plane of the molecule, either in the
vertex-in-plane (φ = 30, 90, 150) or side-in-plane (φ = 0, 60,
120) configuration. This is consistent with the observations in
molecular beam scattering experiments.34

Benzene–benzene collisions are very different from colli-
sions of Xe with benzene. Figure 10 presents the time depen-
dence of the relative separation as well as the translational,
potential, and rotational energy during a long trajectory for a
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FIG. 12. The lifetime of 400 randomly sampled trajectories for benzene–
benzene collisions as a function of the difference between the maximum and
minimum normal angles γ max − γ min sampled during the collision.

benzene–benzene collision. As in the case of Xe–benzene col-
lisions, the trajectory is characterized by multiple episodes of
strong energy exchange. However, unlike in the Xe–benzene
case, these episodes are very short-lived, less than 10 ps each.
In addition, the collision complex spends half of the colli-
sion lifetime rambling outside the region of strong interaction.
In order to show that these observations are characteristic of
Xe–benzene and benzene–benzene collisions, we compute the
mean fraction of time that the molecules spend outside the re-
gion of strong interaction by averaging over an ensemble of
5000 trajectories describing collisions of benzene molecules
in the rotational ground state with the collision energy 2 cm−1.
We find that this fraction is 28% for Xe–benzene collisions
and 48% for benzene–benzene collisions.

Figure 11 shows the time dependence of the relative con-
figuration angles for the benzene–benzene complex. It can be
seen that the polar and azimuthal angles (defined in Figure 3)
are allowed to sample the entire range of values between 0◦

and 180◦. However, the change of the normal angle is very
small even when there is large deposition of energy into the
rotational motion of the molecules. The change of the normal
angle describes the relative rotation of the molecules around
their C2 symmetry axes (see Figure 3). By examining the full
topography of the benzene–benzene potential energy surface,
we find that the change of the normal angle at small inter-
molecular separations is always impeded by large energy bar-
riers, leading to hindered rotation around the in-plane C2 axes.
Recent theoretical and experimental studies35 show that this
hindered rotation causes the splitting of the rotational spectral
lines of the benzene dimer.

In order to show that the hindered rotation is common
in benzene–benzene collisions, we sample a set of 400 tra-
jectories with different initial Euler angles for the rotational
angular momentum of the molecules J = 0 and a collision en-
ergy of 2 cm−1. Figure 12 illustrates the dependence of the

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

24.84.96.145 On: Fri, 31 Oct 2014 06:58:33



164315-8 Cui, Li, and Krems J. Chem. Phys. 141, 164315 (2014)

collision lifetime on the difference between the maximum
normal angle and the minimum normal angle during the col-
lision process γ max − γ min. We find that the trajectories
with large changes in the normal angle are more likely to
have longer lifetime. Frequent failure to overcome the local
potential barriers makes the excursion from one energy min-
imum to another less likely, and requires detours outside the
strong interaction region, breaking up the collision complex.
Our calculations thus show that benzene molecules, when col-
liding at low energies, are restricted to a part of the configura-
tion space. This reduces the average lifetime of the benzene–
benzene collisions.

IV. CONCLUSION

In the present work, we use the classical trajectory cal-
culations to illustrate the effect of the interaction strength
and the geometry of the collision partners on the formation
of long-lived collision complexes at low collision energies.
We first compare the results of the calculations for collisions
of benzene molecules with the rare gas atoms He, Ne, Ar,
Kr, and Xe. The comparison illustrates that the mean lifetime
of the collision complexes increases monotonically with the
strength of the Rg–benzene interactions. As the strength of the
atom–molecule potential increases, the probability of energy
exchange between the translational and rotational motions of
the molecule increases, thus increasing the mean lifetime of
the collision events. We find that low-energy collisions of Rg
atoms with benzene are generally ergodic, i.e., the atom is al-
lowed to sample the entire potential energy surface.

We next compare the results of the Rg–benzene calcu-
lations with those for benzene–benzene collisions. Replacing
the Rg atom with the benzene molecule doubles the density of
rotational states accessible at a given energy. In addition, the
large polarizability of benzene leads to the interaction strength
of the benzene–benzene potential about two times larger than
the energy at the minimum of the Xe–benzene potential. A
large density of accessible states should lead to more energy
exchange during collisions and enhanced collision lifetimes.
However, we observe that the mean lifetimes of benzene–
benzene collisions are much shorter than those of Xe–benzene
collisions and are similar to those for Ne–benzene collisions.

In order to explain this observation, we present a detailed
analysis of the energy exchange and configuration change
during the molecule–molecule collisions. We find that the
benzene–benzene collisions at low energies are significantly
non-ergodic, i.e., the molecules are allowed to sample only a
part of the accessible configuration space. The change from
one part of the configuration space to another must proceed
through the separation of molecules to large intermolecular
distances, a process that most collision complexes cannot sur-
vive. Our results thus illustrate that the geometry of molecules
plays a crucial role in the formation of quasi-bound collision
complexes at low temperatures and that the intermolecular
interaction strength cannot be used as an isolated parame-
ter to predict the collision lifetimes. Most importantly, our
results indicate that the loss of molecules due to molecule–
molecule collisions in buffer-gas cooling experiments with
rigid polyatomic molecules may be less significant than pre-

viously thought.36 Our calculations are also important for the
prospect of evaporative cooling of complex molecules. The
evaporative cooling experiments rely on energy transfer in
elastic molecule–molecule collisions and are impeded by the
formation of long-lived collision complexes. Our results show
that the detrimental effect of the long-lived collision com-
plexes may not be as prohibitive as often assumed.36
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