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Collision dynamics of polyatomic molecules containing carbon rings
at low temperatures
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We explore the collision dynamics of complex hydrocarbon molecules (benzene, coronene, adaman-
tane, and anthracene) containing carbon rings in a cold buffer gas of 3He. For benzene, we present
a comparative analysis of the fully classical and fully quantum calculations of elastic and inelastic
scattering cross sections at collision energies between 1 and 10 cm−1. The quantum calculations are
performed using the time-independent coupled channel approach and the coupled-states approxima-
tion. We show that the coupled-states approximation is accurate at collision energies between 1 and
20 cm−1. For the classical dynamics calculations, we develop an approach exploiting the rigidity of
the carbon rings and including low-energy vibrational modes without holonomic constraints. Our
results illustrate the effect of the molecular shape and the vibrational degrees of freedom on the for-
mation of long-lived resonance states that lead to low-temperature clustering. © 2014 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4894793]

I. INTRODUCTION

Starting from the pioneering experiments on buffer-gas
cooling of CaH radicals,1 the quest for ultracold molecules
has expanded into a turbulent research field, encompassing
many research directions ranging from precision spectroscopy
to ultracold chemistry.2–8 Ultracold molecules offer the pos-
sibility to study many-body quantum systems and chemical
transformations in a completely new, previously inaccessi-
ble, temperature regime. This has driven the development of
many experimental techniques for the production of ultracold
molecules from ultracold atoms9 and for cooling molecular
gases.8 However, most of the experimental techniques demon-
strated focused on diatomic molecules. At the same time,
there is currently growing interest in cooling a gas of complex
polyatomic molecules to ultracold temperatures, fuelled by
the promise of novel applications for quantum computing,10

ultracold chemistry,7, 11 precision spectroscopy,12, 13 molec-
ular optics,14–17 and materials engineering. Understanding
dynamics of polyatomic molecules at low temperatures is
also important for astrophysical applications.18 Some of the
polycyclic aromatic hydrocarbons considered in the present
work have been detected in the interstellar medium19 and
are believed to be important constituents of the interstellar
dust.20

Cooling polyatomic molecules to ultralow tempera-
tures presents several challenges. In principle, polyatomic
molecules can be assembled from laser-cooled ultracold
atoms by photoassociation.9 However, this would require the
development of a multi-stage experiment initially producing
diatomic molecules and subsequently combining molecules
with atoms or other molecules. The inevitable losses of parti-
cles associated with each stage of the photoassociation make
this technique, at present, impracticable for the production
of ultracold polyatomic molecules. An alternative technique
could be based on placing polyatomic molecules in a buffer

gas of atoms maintained at an ultralow temperature.21–23

However, low-temperature collisions of atoms with molecules
may lead to clustering due to long-lived resonance states,24, 25

impeding the thermalization of molecules in the buffer gas.
The formation of atom–molecule clusters is expected to be
more efficient for larger molecules. However, little is known
about the interaction dynamics of polyatomic molecules at
temperatures below 10 K and the size of molecules amenable
to buffer gas cooling remains an open question.

Our work is motivated by the buffer-gas cooling ex-
periments that use 3He as the refrigerant.25 Recent experi-
mental measurements showed that hydrocarbon polyatomic
molecules, as large as naphthalene, avoid clustering at temper-
atures as low as ∼6 K. Consisting of two hydrocarbon rings
joint together, naphthalene is a very rigid molecule. It was ar-
gued that molecules with low-energy vibrational modes may
be more susceptible to clustering in a low temperature helium
gas.25 It is also expected that larger molecules, even if rigid,
may collect He atoms into clusters much more efficiently than
naphthalene. In order to understand the experimental observa-
tion, we previously performed classical dynamics calculations
for naphthalene–He collisions based on a numerical approach
exploiting the rigidity of naphthalene at low temperatures.24

In the present work, we extend this method to more floppy
molecules (anthracene) that are composed of rigid hydrocar-
bon rings undergoing the vibrational motion. In order to un-
derstand the prospects for buffer gas cooling of molecules
larger than naphthalene, we examine the effect of the vibra-
tional motion of anthracene on the formation of long-lived
atom–molecule collision complexes at low temperatures. In
addition, we extend the classical calculations to polyatomic
molecules with quasi-spherical shape (adamantane) and poly-
cyclic planar molecules (coronene) in order to examine the
effect of shape on the formation of atom–molecule resonance
states.
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To quantify the accuracy of the classical calculations, we
perform quantum calculations of the collision cross sections
of benzene with helium in the energy interval between 1 cm−1

and 10 cm−1. The quantum calculations are performed us-
ing the coupled-states approximation within the framework
of the time-independent coupled channel theory. The accuracy
of the coupled-states approximation for polyatomic molecules
at such low collision energies has not been tested before. We
benchmark the accuracy of the coupled-states approximation
by a comparison with the results of rigorous coupled-channel
calculations.

II. THEORY

The theoretical calculations of the collision properties
of polyatomic molecules at low temperatures are challenging
because (i) the fully quantum treatment is prohibited by the
large number of degrees of freedom for molecules with more
than three atoms; (ii) the importance of quantum effects in
collisions of large molecules at low temperatures is unclear;
and (iii) the classical treatment is numerically complicated
because a large number of the degrees of freedom must be
kept frozen. The last point is particularly challenging for the
classical dynamics calculations of the collision properties of
large molecules since numerical errors associated with the in-
tegration of a large number of coupled differential equations
may lead to unphysical distortions of molecules and unphys-
ical partitioning of energy between different degrees of free-
dom. In this paper, we consider hydrocarbon molecules with
more than 10 atoms in a cold buffer gas of 3He and explore
both classically and quantum mechanically the dynamics of
atom–molecule interactions at temperatures below 10 K. The
quantum mechanical calculations are performed for collisions
of helium with benzene, the smallest molecule considered in
this work. The classical dynamics calculations are performed
for a series of molecules with varying shapes and dimensions
and are based on an approach particularly well suited for rigid
molecules at low temperatures.

A. Quantum theory

The quantum calculations are performed using the rigor-
ous coupled channel (CC) method29, 30 and the coupled states
(CS) approach.31, 32 We treat benzene as a rigid rotor and
place the molecule in a molecule-fixed (MF) coordinate sys-
tem with the origin at the center of mass of the molecule and
the z axis directed perpendicular to the molecular plane. The
Hamiltonian for the benzene–helium collision system can be
written as follows:

Ĥ = − ¯
2

2μR

d2

dR2
R + l̂2

2μR2
+ V (R, φ, θ, χ ) + Ĥmol, (1)

where μ is the reduced mass of the colliding particles, l̂ is the
orbital angular momentum for the collision, V is the global
potential for the He–benzene interaction, R is the vector for
the center-of-mass separation between He and benzene, and
φ, θ , χ are the Euler angles describing the orientation of ben-
zene in the space-fixed (SF) coordinate frame. The Hamilto-

TABLE I. The rotational constants (A, B, C), the energy of the lowest en-
ergy vibrational excitation (¯ω) and the energy of the global minimum (De)
of the He–molecule interaction potential for the molecules considered in this
work. All quantities are given in units of cm−1. The data for the rotational
constants and the vibrational frequencies are taken from the NIST database
http://cccbdb.nist.gov. The values of De were obtained from the potential en-
ergy surfaces we constructed.

Molecule A B C ¯ω De

Benzene 0.1896 0.1896 0.0948 ≈411 78.85
Anthracene 0.072 0.015 0.012 ≈92 105.80
Coronene 0.0111 0.0111 0.005552 ≈89 131.45
Adamantane 0.056 0.056 0.056 ≈334 49.30

nian of a rigid rotor is

Ĥmol = Aĵ 2
a + Bĵ 2

b + Cĵ 2
c , (2)

where A, B, and C are the rotational constants, a, b, and c
are the principle axes of the rotor, and ĵa , ĵb, and ĵc are
the a, b, and c components of the angular momentum ĵ of
the molecule. For an oblate symmetric top, such as benzene,
A = B, and it is convenient to identify the principle axes with
the Cartesian axes a = x, b = y, and c = z so the rotational
Hamiltonian (2) can be written as

Ĥmol = Aĵ 2 + (C − A)ĵ 2
z . (3)

The values of A, B, and C for benzene (and the other
molecules considered in this work) are given in Table I.

We expand the total wave function of the collision com-
plex in a basis of rotational wave functions of the molecule
φ

j,�

k (φ, θ, χ ), where � is the projection of ĵ on R and k is
the projection of ĵ on the MF quantization axis. The substitu-
tion of this expansion into the Schrödinger equation leads to
a system of coupled differential equations (in atomic units),
(
h�� + k2

jk

)
Gj�k(R) + h��−1Gj�−1k(R) + h��+1Gj�+1k(R)

= 2μ
∑
j ′

∑
k′

Gj ′�k′ (R)
〈
φ

j�

k (φ, θ, χ)
∣∣V̂ ∣∣φj ′�

k′ (φ, θ, χ)
〉
, (4)

where

h�� = d2

dR2
− 1

R2
{J (J + 1) + j (j + 1) − 2�2}, (5)

h��±1 = 1

R2

√
J (J + 1) − �(� ± 1)

√
j (j + 1) − �(� ± 1),

(6)

k2
jk = 2μ(E − εjk), (7)

J is the quantum number for the total angular momentum of
the collision complex, E is the total energy of the collision
system, and εjk is the energy of the molecule in the state |jk〉.
In order to compute the cross sections for benzene–helium
collisions, we integrate Eq. (4) numerically subject to scatter-
ing boundary conditions.29, 30 The calculations yield the scat-
tering S-matrix and the scattering cross sections.29, 30

The dense spectrum of rotational states in benzene leads
to a large number of basis functions, making fully converged
calculations prohibitively difficult. To ensure full convergence
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of the calculations and extend the calculations to high colli-
sion energies, we apply the CS approximation that was de-
scribed in detail in Refs. 31 and 32. The CS approximation
neglects the Coriolis couplings between states of different �,
reducing Eq. (4) to a smaller set of coupled equations,{

d

dR2
− 1

R2
[J (J + 1) + j (j + 1) − 2�2] + k2

jk

}
Gj�k(R)

= 2μ
∑
j ′

∑
k′

Gj ′�k′(R)
〈
φ

j�

k (φ, θ, χ )
∣∣V̂ ∣∣φj ′�

k′ (φ, θ, χ )
〉
.

(8)

The S-matrix and the scattering cross sections are constructed
from the solutions of Eq. (8) in the same way as in the CC
calculations.

B. Classical theory

The main goal of this work is to explore the colli-
sion dynamics of polyatomic molecules with He atoms in a
low temperature gas. We consider molecules containing car-
bon rings, specifically, benzene (C6H6), anthracene (C14H10),
coronene (C24H12), and adamantane (C10H16). The geometry
of these molecules is schematically illustrated in Figure 1.
The rotational constants and the energy of the lowest en-
ergy vibrational excitation for these molecules are specified in
Table I. We treat benzene, coronene, and adamantane as rigid
molecules. For anthracene, we include the lowest energy vi-
brational mode depicted in the lower left panel of Figure 1.

For each molecule, we construct accurate atom–molecule
interaction potentials using the empirical method based
on measured bond polarizabilities of the hydrocarbon
molecules.26–28 Table I lists the energy of the global mini-
mum for each of the potentials constructed. Classical trajec-
tory calculations of cross sections for collisions of polyatomic

Coronene Anthracene 

Bending Vibrational Mode Adamantane 

FIG. 1. Schematic diagram of the molecules studies in this work. The lower
left panel shows the lowest energy vibrational mode of anthracene.

molecules can, in principle, be performed by integrating the
equations of motion for each atom in the molecule subject
to holonomic constraints. When the number of atoms in a
molecule is large and the collision energy is low, most of the
internal degrees of freedom are inactive and the number of
constraints makes the calculations very difficult. In the present
work, we use the equations of motion that preserve the rigid
structure of the carbon rings while accounting for low-energy
vibrations.

The relative motion between a polyatomic molecule and
a helium atom is described in a space-fixed (SF) frame with
the origin located at the center of mass of the collision com-
plex. The motion of the colliding particles is determined by
numerically integrating a system of classical equations of mo-
tion. The rotational motion of molecules is described using a
MF frame with the axes corresponding to the principal axes
of the molecule and the origin positioned at the center of mass
of the molecule. The orientation of the molecule with respect
to the SF coordinate system is described by the Euler angles
φ, θ , and χ . When we integrate the equations describing the
rotational motion of the molecule, we transform the Euler an-
gles into quaternion parameters33–35 in order to eliminate the
singularities at θ → 0.

The quaternion parameters are defined as follows:

q0 = cos

(
θ

2

)
cos

1

2
(φ + χ ) , (9)

q1 = sin

(
θ

2

)
cos

1

2
(φ − χ ) , (10)

q2 = sin

(
θ

2

)
sin

1

2
(φ − χ ) , (11)

q3 = cos

(
θ

2

)
sin

1

2
(φ + χ ) . (12)

The rotational motion of a polyatomic molecule is then deter-
mined by a set of second order differential equations:35

⎛
⎜⎜⎜⎜⎝

q̈0

q̈1

q̈2

q̈3

⎞
⎟⎟⎟⎟⎠ = 1

2

⎛
⎜⎜⎜⎜⎝

−q1 −q2 −q3 q0

q0 −q3 q2 q1

q3 q0 −q1 q2

−q2 q1 q0 q3

⎞
⎟⎟⎟⎟⎠

⎛
⎜⎜⎜⎜⎝

ω̇x

ω̇y

ω̇z

−2
∑

q̇2
m

⎞
⎟⎟⎟⎟⎠ ,

(13)

where m = 0, 1, 2, 3; q̇m and q̈m are the first and the second
time derivatives of qm, respectively; ωx, y, z are the components
of the angular velocity around the principal axes in the MF
frame and ω̇x,y,z are their first derivatives with respect to time.
In Eq. (13), ω̇x,y,z can be obtained from the Euler’s equations,

ω̇x = 1

Ix

NMF
x + (Iy − Iz) · ωy · ωz, (14)

ω̇y = 1

Iy

NMF
y + (Iz − Ix) · ωz · ωx, (15)

ω̇z = 1

Iz

NMF
z + (Ix − Iy) · ωx · ωy, (16)
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where Ix, y, z are the principal moments of inertia of the
molecule and NMF

x,y,z are the components of the torque in the
MF frame. We calculate NMF

x,y,z by transforming the torque in
the space-fixed frame NSF

x,y,z with a rotation matrix A

NMF = ANSF, (17)

defined as33–35

A =

⎛
⎜⎝

1
2 − q2

2 − q2
3 q1q2 + q0q3 q1q3 − q0q2

q1q2 − q0q3
1
2 − q2

1 − q2
3 q2q3 + q0q1

q1q3 + q0q2 q2q3 − q0q1
1
2 − q2

1 − q2
2

⎞
⎟⎠ . (18)

The torque is exerted on the molecule due to the interaction
force FHe between the molecule and the helium atom. In the
SF coordinate frame, the torque NSF is given by

NSF = R × (−FHe). (19)

For molecules with low-energy vibrational modes, it is
necessary to couple the rotational motion with the vibra-
tional motion. In molecules consisting of joint aromatic car-
bon rings, the lowest energy vibrational modes correspond to
the bending motion of the rings. For example, the lowest en-
ergy vibration of anthracene – a molecule with three linearly
joint aromatic rings – is a symmetric (simultaneous) bending
of two end rings,36 see Figure 1.

We model the vibrational motion using a bending dihe-
dral angle ϕ of the molecule. The vibrational energy is

Vvib = 1

2
kϕ(ϕ − ϕ0)2, (20)

where ϕ0 is the equilibrium dihedral angle. For anthracene,
ϕ0 = π . The force generated by the vibrational motion is
given by

Fvib = −dVvib

dϕ
= −kϕ(ϕ − ϕ0). (21)

In addition, the vibrational motion must experience the distor-
tion due to the interaction with helium, yielding the equation
for the time evolution of ϕ

m
∂2ϕ

∂t2
= −kϕ(ϕ − ϕ0) + Fv

He, (22)

where Fv
He is given by the negative derivative of the He–

molecule interaction potential with respect to ϕ. Equation (22)
is coupled to Eq. (13) by Fv

He and the dependence of the
molecular moments of inertia on ϕ. As the equations of
motion are integrated, at each time step, we recalculate the
molecular moments of inertia and the atom–molecule inter-
action potential, which provide couplings between the rota-
tional, translational, and vibrational motions of the molecule.

III. RESULTS

A. Accuracy of the coupled-states calculations

The accuracy of the classical trajectory calculations of
low-energy scattering properties of polyatomic molecules
must be quantified by a comparison with quantum scattering
calculations. The rigorous CC calculations are time consum-
ing and can only be performed for a limited range of collision
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FIG. 2. Cross sections for elastic (upper curves) and inelastic (lower curves)
scattering in collisions of benzene molecules initially in the ground rotational
state with 3He atoms computed using the coupled channel method (green
symbols) and the coupled-states approximation (red line). The basis set in-
cludes six rotational states of the benzene molecule. The inelastic cross sec-
tions are summed over all allowed transitions.

energies and internal states of the molecule. The CS approx-
imation can be used to compute the scattering properties of
molecules in a much wider interval of energies and with big-
ger basis sets. To the best of our knowledge, the accuracy of
the CS approximation has never been tested for polyatomic
molecules at low energies relevant for buffer gas cooling ex-
periments. Therefore, we begin by comparing the results of
the CC and CS calculations of cross sections for elastic and
rotationally inelastic collisions of benzene with He atoms at
collision energies between 1 and 20 cm−1. Figure 2 illustrates
that the CS results agree with the CC calculations to within
a factor of 2 for collision energies below 2 cm−1 and to bet-
ter than 25% for collision energies 2–10 cm−1. At collision
energies above 12 cm−1, the results of the CS calculations re-
produce well the magnitude and the structure in the energy
dependence of the CC results. We note that the CC calcula-
tions were performed using the computer program developed
in Ref. 30 and the CS calculations were carried out with a
completely independent code written for this work.

B. Comparison of classical and quantum calculations

In order to understand the extent of quantum effects in
collisions of polyatomic molecules at low temperatures, we
computed the cross sections for elastic and inelastic scatter-
ing of benzene by 3He using the CS method and the classical
dynamics method described in Sec. II. The classical dynamics
calculation is an average over 8 × 104 trajectories. The initial
energy of the molecule is chosen to correspond to a particu-
lar quantum state i. We assign all trajectories that change the
energy of the molecule by less than half of the first excitation
quantum to elastic scattering and all trajectories that bring the
energy of the molecule to within �j of another quantum state
j to an inelastic i → j transition. If k is the energy level imme-
diately below j and n is immediately above j, the value of �j is
chosen to span the energy interval from the midpoint between
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k and j to the midpoint between j and n. The cross section for
a particular transition is then determined as

σi→j = 4πb2
max

Ni→j

Ntot

, (23)

where bmax is the maximum impact parameter for a given col-
lision energy, Ni → j is the number of the trajectories chang-
ing the energy of the molecule from state i to state j and Ntot
is the total number of trajectories. We compute the classical
trajectories at discrete values of the impact parameter, corre-
sponding to integer values of the angular momentum of the
collision complex:24

bl =
√

l(l + 1)¯/P, (24)

where l = 0, ..., lmax is an integer and P is the momentum for
the relative atom–molecule motion calculated from the col-
lision energy. This is standard procedure used in many stud-
ies of molecular collisions.37 The value of bmax corresponds
to lmax chosen such that no trajectory with angular momenta
l > lmax can lead to inelastic energy transfer.

For the CS calculations, we used the basis set with 16
total angular momenta of the collision complex and the rota-
tional states of the molecule with j = 0–24, which ensures full
basis-set convergence. The coupled differential equations are
integrated on a grid of atom–molecule separation R between
R = 5.2 a.u. and R = 60.0 a.u.

In quantum mechanics, the collision-induced transitions
are subject to the selection rules determined by the symme-
try of the atom–molecule interaction potential. For example,
the D6h symmetry of the benzene molecule leads to a six-
fold symmetry of the atom–molecule interaction potential in
the plane of the molecule. This symmetry prohibits all (j, k)
→ (j′, k′) transitions except the ones with |k′ − k| = 0 or
multiples of 6. Similarly, the planar structure of the benzene
molecule leads to a two-fold symmetry of the interaction po-
tential upon rotation with respect to the molecule—fixed z
axis, allowing only the transitions with |j′ − j| = 0 or mul-
tiples of 2. These selection rules are not present in the clas-
sical trajectory calculations. In order to elucidate the role of
the selection rules, we use two methods for assigning the clas-
sical trajectories to specific quantum transitions. Method (1)
ignores all quantum states of benzene except the ones allowed
by the selection rules of collision-induced transition in the
quantum calculations. For example, if the molecule is initially
prepared in the ground rotational state (j = 0, k = 0), we as-
sume in this method of binning that the lowest energy excited
state is (j = 2, k = 0), ignoring the presence of states (j = 2,
k = −2) and (j = 2, k = −1) as well as the states with j = 1
that are actually lower in energy than (j = 2, k = 0). This
method enlarges the energy intervals for binning the classical
trajectories. In method (2), we ignore the quantum mechani-
cal selection rules and assign the cross sections assuming the
presence of all quantum states of benzene.

The quantity of particular importance for this work is the
total cross section for rotationally inelastic scattering. This
cross section can be viewed as a measure of the energy trans-
fer between the translational and rotational degrees of free-
dom. This is the process that leads to long-lived resonance
states and clustering, potentially impeding the experiments
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FIG. 3. Comparison of the CS quantum calculations (full curve) with the
classical trajectory results (curves with symbols) for rotationally inelastic
scattering of benzene molecules initially in the ground rotational state with
3He atoms. The inelastic cross sections are summed over transitions to all the
final states of the molecule. As discussed in the text, the classical trajectory
results are obtained with two methods of assigning the cross sections to par-
ticular transitions: method (1) ignores all quantum states of benzene except
the ones allowed by the selection rules of quantum mechanics; method (2) ig-
nores the quantum mechanical selection rules. The curve with the diamonds
represents the calculations computed with method (1), while the curve with
the circles is obtained with method (2).

on cooling molecules in a cold buffer gas. Figure 3 presents
the total cross sections for rotationally inelastic scattering of
benzene molecules initially in the ground rotational state with
3He atoms, computed with the coupled-states approach and
the classical trajectory method. The results show that the clas-
sical calculations deviate from the quantum results by less
than a factor of 2 at collision energies above 5 cm−1. The clas-
sical cross sections for total inelastic scattering are larger than
the quantum mechanical cross sections, which implies that the
classical lifetime calculations presented later in this section
should be treated as overestimates of the true values. Figure 3
also shows that the two methods of binning the classical tra-
jectories yield similar results for the total inelastic scattering
cross sections. Finally, it may be observed in Figure 3 that the
energy dependence of the cross sections computed from the
classical trajectories shows a stepwise structure. This struc-
ture is due to the discretization of the impact parameter for
collisions. At low collision energies, this discretization of the
impact parameter has a significant effect on the energy depen-
dence of the cross sections. This structure is most pronounced
for the elastic cross sections and the total inelastic cross
sections.

To provide more insight into the classical-to-quantum
comparison, we present in Figure 4 the state-resolved cross
sections for elastic scattering as well as three rotationally in-
elastic transitions. While the classical trajectory calculations
underestimate the cross sections for elastic scattering by a fac-
tor 5–10, the agreement between the classical and quantum
results for the dominant inelastic transitions (j = 0, k = 0)
→ (j = 2, k = 0) and (j = 0, k = 0) → (j = 4, k = 0) is
significantly better, especially at collision energies between 5
and 10 cm−1. For the dominant inelastic transitions, the re-
sults obtained with the binning method (1) accounting for the
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FIG. 4. Comparison of the CS quantum calculations (full lines) with the clas-
sical trajectory results for elastic (panel a) and rotationally inelastic (panels
(b)–(d)) scattering of benzene molecules initially in the ground rotational
state with 3He atoms. The inelastic cross sections are shown for the fol-
lowing transitions: (00) → (20) (panel (b)), (00) → (40) (panel (c)), and
(00) → (60) (panel (d)). As discussed in the text, the classical trajectory re-
sults are obtained with two methods of assigning the cross sections to partic-
ular transitions: method (1) ignores all quantum states of benzene except the
ones allowed by the selection rules of quantum mechanics; method (2) ig-
nores the quantum mechanical selection rules and assigns the cross sections
assuming the presence of all quantum states of benzene. The broken lines
show the cross sections for inelastic transitions computed with method 1 (red
lines) and method 2 (blue lines). In panel (a), the curve with the diamonds
represents the calculations computed with method (1), while the curve with
the circles is obtained with method (2).

quantum mechanical selection rules are much closer to the
quantum calculations than the cross sections for the transi-
tions assigned without the selection rules. For the weak tran-
sitions, such as the (j = 0, k = 0) → (j = 6, k = 0) transition,
the binning method (1) overestimates the quantum cross sec-
tions by a large factor, while the binning method (2) produces
the results in close agreement with the quantum calculation.
These results indicate that the choice of the binning method
is not only important but should also depend on the energy
spectrum of the molecule. For transitions involving states in
a region of dense eigenspectrum, it appears to be better to ac-
count for the quantum mechanical selection rules. However,
for transitions to states in a region of sparse eigenspectrum, it
may be necessary to reduce the binning interval.

The results presented in Figures 3 and 4 indicate that the
classical trajectory calculations at collision energies between
1 and 10 cm−1 are accurate to within a factor of 10. We as-
sume that the accuracy of the classical calculations is better
for larger molecules with higher densities of states.

C. Collision complex lifetimes

The interaction of polyatomic molecules with He atoms
at low temperatures results in the formation of long-lived col-
lision complexes that, upon interaction with another He atom,
may form bound states. This process leads to clustering and
prevents molecules from thermalizing with the buffer gas. In
Ref. 24, we showed that long-lived collision complexes ex-
hibit the vibrational motion characterized by multiple turning
points of the He atom in the potential of the molecule. The

lifetime of the collision complex can be computed as the time
between the first and the last turning points. This quantity can
be used as a measure of the probability of clustering. For ex-
ample, given the density ∼4 × 1017 atoms/cm3 in the buffer
gas cooling experiments, clustering is expected to occur if the
two-body collision times exceed 1300 ps.24

The dynamics of clustering must be determined by the
size and shape of the molecules. In order to explore the ef-
fect of the molecular size and shape on the formation of long-
lived atom–molecule complexes, we use the classical trajec-
tory calculations to compute the collision lifetimes of an-
thracene (an elongated planar molecule C14H10), coronene (a
circular planar molecule C24H12), and adamantane (a compact
spherical molecule C10H16) with 3He (see Figure 1). We treat
the molecules as rigid rotors and compute the collision life-
times by averaging over about 108 trajectories computed as
described in Ref. 24. The results presented in Figure 5 re-
veal two important observations: (i) increasing the number
of rings in the planar molecules does not affect the collision
lifetimes; (ii) at collision energies <8 cm−1, molecules with
spherical shape undergo collisions much more rapidly than
planar molecules with either elongated or circular shape. In-
terestingly, the shape plays little to no role at collision ener-
gies >10 cm−1. Note that the results of the calculations for
anthracene and coronene are very similar to the results ob-
tained for benzene and naphthalene in Ref. 24 (see Figure 3
of Ref. 24).

It was previously postulated,25 based on empirical data,
that polyatomic molecules are unlikely to form long-lived col-
lision complexes with He if the depth of the atom–molecule
interaction potential does not exceed the lowest vibrational
frequency of the molecule. It was argued that, if the atom–
molecule potential is strong enough, the translational collision
energy may be efficiently transferred to the vibrational exci-
tation mode, leading to collision complexes with significantly
enhanced lifetimes. The strength of the interaction potential
between anthracene and He is ∼105 cm−1 at the minimum
of the potential well, while the lowest vibrational frequency
of anthracene is 90 cm−1. In order to understand the role of
the vibrational motion of anthracene in low-temperature col-
lisions with He, we include the lowest vibrational mode of
the molecule in the classical dynamics calculations. The low-
est energy vibrational mode of anthracene corresponds to the
simultaneous bending of two edge rings, with the torsional
angle between the center ring and the edge rings reaching
ϕ − ϕ0 = 7.01◦.36 We perform calculations for two vibra-
tional frequencies, ω = 90 cm−1 (which corresponds to an-
thracene) as well as ω = 1000 cm−1. Figure 6 presents the
results.

Figure 6 illustrates that the inclusion of the vibrational
motion with ω = 90 cm−1 increases the lifetime of the col-
lision complex at low collision energies. As was previously
shown,24 the enhancement of the collision lifetime for rigid
rotor molecules is due to the formation of long-lived or-
biting resonances that dominate the collision dynamics at
low temperatures. The vibrational motion with low frequen-
cies allows for more resonances due to energy exchange be-
tween the translational and vibrational modes. Figure 6 illus-
trates that the vibrational motion of anthracene enhances the
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FIG. 5. Collision lifetimes for polyatomic molecules anthracene (C14H10, squares), coronene (C24H12, circles), and adamantane (C10H16, diamonds) in a buffer
gas of 3He as functions of the collision energy. The molecules anthracene and coronene are planar and admantante has a three-dimensional shape, as depicted.

collision lifetime by about a factor of 10 at low collisions
energies. While this is a significant enhancement, the result-
ing collision time is still too short to lead to clustering un-
der the experimental conditions.24 To illustrate the strength

of the translation-vibration coupling, we show in the inset of
Figure 6 the potential energy (lower curve), the kinetic energy
(upper thin curve), and the vibrational energy (upper thick
curve) of the molecule as functions of time for a particular

FIG. 6. Dependence of the collision lifetimes on the collision energy and the frequency of the lowest energy vibrational mode for anthracene–3He collisions:
circles—the vibrational frequency ω = 90 cm−1, squares—the molecule is treated as rigid, and diamonds—the vibrational frequency ω = 1000 cm−1. The
inset shows the potential energy (lower curve), kinetic energy (upper thin curve, blue), vibrational energy (upper thick curve, red), and total energy (straight
line, blue) of the molecule as functions of time for a single long-lived trajectory. In order to show the details of the energy dependence for all cases studied, we
truncate the y-axis at 100 ps. The energy dependence of the life time represented by the blue symbols extrapolates smoothly to lower energies and reaches the
value 575 ps at 1 cm−1.
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long-lived trajectory. The enhancement of the thick curve il-
lustrates that, during the collision, there is substantial energy
exchange between the translational and vibrational modes.
The inset also shows the total energy of the collision complex
(by the solid blue line), demonstrating the accuracy of our cal-
culations. For molecules with the artificially high vibrational
frequency ω = 1000 cm−1, the lifetime of the collision com-
plex is very close to that of rigid molecules. The comparison
of these results, represented in Figure 6 by diamonds, with the
rigid rotor calculations, represented by squares, justifies the
use of the rigid rotor approximation for the rigid molecules
benzene and adamantane.

IV. SUMMARY

In summary, we have developed a numerical approach
that can be used to study low-temperature classical dynam-
ics of polyatomic molecules with rigid carbon rings undergo-
ing floppy vibrations. The method is based on the quaternion
representation of the rotational motion coupled to the relative
motion of the carbon rings. This approach bypasses the need
for multiple holonomic constraint that would be necessary in
all-atom classical trajectory calculations. We used the classi-
cal dynamics calculations to illustrate the role of molecular
shape and the vibrational motion in the formation of long-
lived resonance states that give rise to clustering at low tem-
peratures. Clustering leads to condensation of atoms around
molecules and impedes the sympathetic cooling of molecules
to low temperatures. We demonstrated that large polyatomic
molecules with rigid spherical structure are unlikely to form
clusters with low temperature atoms. We also showed that
the presence of low energy vibrational modes is not neces-
sarily detrimental for cooling experiments. While the low-
frequency vibrational motion provides an additional degree
of freedom for the formation of resonant states, the enhance-
ment of the collision lifetimes caused by the vibrational mo-
tion is not dramatic enough to lead to clustering under the
experimental conditions.25 Our results show that the lowest
energy vibrational mode of anthracene enhances the lifetime
of the collision complex to about 65 ps at the collision energy
6 cm−1. Given the density ∼4 × 1017 atoms/cm3 in the buffer
gas cooling experiments, clustering is expected to occur if the
two-body collision times exceed 1300 ps.24

In order to assess the accuracy of the classical dynamics
calculations at low temperatures, we presented a comparison
of the classical trajectory calculations with quantum calcula-
tions of the scattering cross sections for collisions of benzene
with He atoms. The quantum calculations were based on the
coupled-states approximation. The accuracy of the coupled-
states approximation was calibrated by a comparison with
a rigorous coupled channel calculation. The results demon-
strate that classical trajectory calculations of inelastic col-
lisions of polyatomic molecules are accurate to within one
order of magnitude even at collision energies as low as a
few cm−1.
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