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ABSTRACT
Classical trajectory simulations of intermolecular collisions were performed for a series of polycyclic aromatic hydrocarbons interacting with
the bath gases helium and argon for bath gas temperature from 300 to 2500 K. The phase-space average energy transferred per deactivating
collision, ⟨∆Edown⟩, was obtained. The Buckingham pairwise intermolecular potentials were validated against high-level quantum chemistry
calculations and used in the simulations. The reactive force-field was used to describe intramolecular potentials. The dependence of ⟨∆Edown⟩

on initial vibrational energy is discussed. A canonical sampling method was compared with a microcanonical sampling method for selecting
initial vibrational energy at high bath gas temperatures. Uncertainties introduced by the initial angular momentum distribution were identi-
fied. The dependence of the collisional energy transfer parameters on the type of bath gas and the molecular structure of polycyclic aromatic
hydrocarbons was examined.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5094104., s

I. INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) have been widely
recognized as pollutants and the precursors of soot from incomplete
combustion of hydrocarbon fuels.1–3 The development of accurate
reaction kinetic models for PAHs is extremely important for gen-
erating strategies for reducing emissions of PAHs as well as soot
from combustion processes. However, the existing models still lack
accuracy in making reliable predictions of the growth and oxida-
tion processes of PAHs. One of the primary reasons is the incom-
plete knowledge of reaction kinetics for large PAHs,4 especially the
unimolecular reaction rate coefficients, which are both bath gas
temperature and pressure dependent.

To describe unimolecular reaction processes, a master equa-
tion (ME) is constructed and the solutions of the ME are used to
derive the phenomenological rate coefficients.5 For a single-well,
single-channel unimolecular reaction, the one-dimensional ME is as
follows:

∂g(Ei, t)
∂t

= [M]
∞

∫

0

[R(Ei,Ej)g(Ej, t) − R(Ej,Ei)g(Ei, t)]

× dEj − k(Ei)g(Ei, t), (1)

where g(Ei, t) is the population of the reactant in a certain energy
state Ei at time t, R(Ej, Ei) is the rate coefficient for the collision
induced transition of the reactant between different energy states Ei
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and Ej, and k(Ei) is the energy-dependent microcanonical rate coeffi-
cient of chemical change. To describe R(Ej, Ei), a single-exponential-
down model is widely used with an empirical parameter α, which
is theoretically associated with the average energy transferred per
deactivating collision, ⟨∆Edown⟩.5,6 Therefore, ⟨∆Edown⟩ serves as
a key parameter determining the energy transfer rate coefficients,
R(Ei, Ej), used in the ME approach, especially at the low-pressure
limit where the energy transfer step becomes rate-limiting, and also
in the fall-off region where the overall rates are determined by a
competition between energy transfer and chemical reaction steps.
In addition, our previous studies7,8 on the reaction kinetics of PAH
oxyradicals at high bath gas temperatures (above 1500 K) showed
that the radical loss was highly nonexponential. Several eigenvalues
contributed to the decay because of the overlapping of chemically
significant eigenvalues (CSEs) and internal energy relaxation eigen-
values (IEREs) for these large reactants on the time scales at which
the reactant was consumed. The high temperature population distri-
butions of PAH oxyradicals extend to very high energy levels, where
the microcanonical reaction rates are close to or even greater than
the collisional relaxation rates. As a result, it is difficult to define a
rate constant for the reaction. It is expected that these results are
very sensitive to the quantitative description of the intermolecular
collision.

Various approaches to determining energy transfer parameters
have been proposed in previous studies for small systems.9–16 In
principle, ⟨∆Edown⟩ can be determined from quantum scattering cal-
culations; however, this is too expensive for large molecules. On the
other hand, ⟨∆Edown⟩ may be obtained as an adjustable parameter
by fitting the rate data in the fall-off region,12 or by spectroscopic
methods, such as time-resolved infrared fluorescence (IRF), ultra-
violet absorption (UVA), and high-resolution transient IR absorp-
tion.12–17 For large PAHs, an alternative, tractable, and complemen-
tary approach is through trajectory simulations of the intermolecular
collisions. The results obtained using this approach for small sys-
tems9–11 with several bath gases found that ⟨∆Edown⟩ depends on
initial vibrational energy and rotational momentum as well as bath
gas temperature Tbath. However, in most cases, since reaction kinet-
ics is only affected by energy transfer around the reaction threshold
and the rotational momentum distribution is more likely to remain
thermalized,5 the energy transfer models used in MEs usually do
not include the initial vibrational energy and rotational momen-
tum dependence of ⟨∆Edown⟩, which is often calculated with the ini-
tial vibrational energy being around the reaction threshold and the
initial rotational momentum distribution being thermalized. Con-
sequently, ⟨∆Edown⟩ is often expressed as a function of Tbath with
two empirical parameters, i.e., α300 and n as shown in the following
equation:

α(Tbath) = α300(Tbath/300 K)n. (2)

This paper considers the different behavior shown by larger
molecules such as PAHs. For such molecules, because of the
high number of vibrational modes and consequently high densi-
ties of states, the thermal vibrational distribution peaks at energies
well above typical reaction threshold energies, and so a different
approach is needed.8

For aromatics, there are a few experimental studies13–17 on the
collisional deactivation of highly vibrationally excited benzene or
toluene, which were prepared by internal conversion and detected

by IRF or UVA. However, for larger PAHs, both experimental and
theoretical data are scarce. Empirically determined parameters, α300
and n, for small hydrocarbons species are widely used for large
PAHs in reaction kinetics studies. As a result, these parameters have
large uncertainty ranges. For example, Hippler et al.13 recommended
⟨∆Edown⟩ values for argon of 439–545 cm−1 for the bath gas tem-
perature range 1500–2500 K, based on a UV absorption spectra
study of collisional deactivation of highly excited toluene. Mebel
et al.4 used ⟨∆Edown⟩ with the values from 1150 to 1578 cm−1 for
the same temperature range when calculating the rate coefficients of
naphthyl radical (C10H7) growth reactions. These values were sug-
gested by Jasper et al.11 who used the classical trajectory method
to investigate hydrocarbons as large as C8H18 interacting with sev-
eral different bath gases. However, Frenklach et al.18–22 and You
et al.7,8 used a constant ⟨∆Edown⟩ of 260 cm−1 when solving the ME
for PAH reaction systems with Ar as a collision partner; this value
was based on an analysis of phenoxy decomposition rates,22 as the
rate coefficients calculated with ⟨∆Edown⟩ = 260 cm−1 agreed well
with experimental results for bath gas temperatures of 1000–1500 K.
Carstensen and Dean23 used a lower ⟨∆Edown⟩ value of 200 cm−1 in
their work on phenoxy decomposition. The significant discrepan-
cies in ⟨∆Edown⟩ values among these previous studies suggest that
a systematic analysis of intermolecular energy transfer for PAHs is
essential.

Ideally, experimental measurements of energy transfer prop-
erties should be combined with classical trajectory simulations to
obtain a fuller understanding and parameterization of the processes
involved. In the absence of experimental measurements, however,
as is the case with the large PAHs considered here, it is neces-
sary to rely almost entirely on classical trajectory simulations to
gain some insight into what variables are important and thereby
help to unravel some of the more important features. Quantum
effects should generally be negligible for large systems at high tem-
peratures, contributing to the accuracy of classical trajectory cal-
culations. Trajectory calculations, of course, require a potential
energy surface, and while it is possible to calculate such poten-
tials “on the fly” using quantum mechanics, this is still an expen-
sive exercise and so here empirical force fields are used, which will
allow for a much larger number of trajectories and therefore bet-
ter statistical convergence to be achieved. This approach has been
widely used for smaller molecules, supported by comparison with
full quantum mechanics calculations of the potential in selected
cases.9–11

Therefore, in this work, ensembles of classical trajectories with
validated empirical force fields were computed to study collisional
energy transfer in several vibrationally excited PAHs interacting
with bath gases helium and argon. The main aim of this work is to
validate the classical trajectory simulation method for determining
⟨∆Edown⟩ of PAHs and to investigate further the effect of molecu-
lar structure and the type of bath gases on the intermolecular energy
transfer of PAHs.

In Sec. II, a summary of the theory and methods is given.
Section III describes the validation of this method and its applica-
tions to the PAHs: C6H6 (benzene), C10H8 (naphthalene), C20H10
(corannulene), and C24H12 (coronene). The energy transfer charac-
teristics are examined as a function of bath gas temperature Tbath,
initial mean energy, and collider identity. The effect of angular
momentum is also examined. Conclusions are gathered in Sec. IV.
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II. THEORY
A. Exponential-down model

Collisional energy transfer occurs as a consequence of inelastic
bimolecular collisions between bath gases and reactant molecules.
The total collision frequency for a reactant at energy Ei, Z(Ei) can be
defined as

Z(Ei) = ∫ R(Ej,Ei)dEj, (3)

where R(Ej, Ei) is the rate coefficient for the collisional transfer from
energy state Ei to Ej. A transition probability can then be defined as

P(Ej,Ei) = R(Ej,Ei)/Z(Ei), (4)

which is the transition probability density that a collision takes the
molecule with initial energy Ei to energy Ej.

Several parametric models have been constructed to calculate
the transition probability density and to serve as submodels in the
ME calculations. The exponential-down model is probably the most
widely used model, in which, for a deactivating collision,

P(Ej,Ei) = A(Ei)e−α(Ei−Ej), Ei ≥ Ej ≥ 0, (5)

where the transition probability density of activating collisions (i.e.,
Ei < Ej) is determined by the detailed balance,

P(Ej,Ei)f (Ei) = P(Ei,Ej)f (Ej), (6)

where f (Ei) is the Boltzmann distribution and A(Ei) is an energy
dependent normalization coefficient and the parameter α governs
the average amount of energy during a collision.

The energy dependent parameter ⟨∆Edown⟩ is defined by5,6

⟨ΔEdown⟩ =
∫

Ei
0 (Ei − Ej)P(Ej,Ei)dEj

∫
Ei

0 P(Ej,Ei)dEj
. (7)

Substitution of Eq. (5) into Eq. (7) followed by integration gives

⟨ΔEdown⟩ =
1
α
[1 −

αEie−αEi

1 − e−αEi
]. (8)

It can be shown that at the limit Ei →∞, 1/α = ⟨∆Edown⟩. Given that
αEi ≫ 1 at almost all energies of interest in a reacting molecule, it is
clear that ⟨∆Edown⟩ tends to 1/α in a deactivating collision of a mod-
erately excited reactant molecule; hence, α is typically approximated
by 1/⟨∆Edown⟩.

B. Classical trajectory simulation
As discussed above, a tractable method to estimate ⟨∆Edown⟩

is to use classical trajectory calculations, which rely on the accurate
descriptions of the potential energies of the systems. According to
the studies on hydrocarbons colliding with bath gases,9–11 trajectory
calculations are subject to the quality of the intermolecular potential
energy surface, especially the repulsive wall (i.e., the repulsive part of
the intermolecular potential), but less sensitive to the intramolecular
potential energy surface.

1. Intermolecular potential energy surface
As pointed out by Farina et al.,24,25 intermolecular potential

energies are, in principle, not linearly additive. However, the higher
order terms are generally small since both dispersion interactions
and electrostatic repulsion tend to be localized. Therefore, for large
molecular systems, the practical method for calculating intermolec-
ular potentials is as follows: “Separable pairwise” intermolecular
potential surfaces are first parameterized for small systems based
on high-level energy calculations and then are applied to larger sys-
tems. Jasper and Miller10 recently developed analytic intermolecular
potential surfaces based on CH4–M (M = He, Ar, N2, etc.) systems
through employing “separable pairwise” Buckingham (i.e., exp-6)
interactions and validated them against high level Quadratic Con-
figuration Interaction Single Double (Triple)/Complete Basis Set
[QCISD(T)/CBS] energy calculations. These intermolecular poten-
tials are introduced in this work for the PAH systems.

2. Intramolecular potential energy surface
To describe the intramolecular potential energy surfaces, we

used the C/H/He/Ne/Ar/Kr reactive force field (ReaxFF) by van
Duin and coauthors,26,27 who developed this force field to describe
the physicochemical reactions for PAHs, graphene with He+, Ne+,
Ar+, and Kr+. ReaxFF is a bond order based force field and is
parameterized against data from quantum chemistry calculations.
The ReaxFF force field utilized in this study is the most up-to-date
version involving interactions among C and H, which are derived
through training against density functional theory (DFT) calcula-
tions based on the B3LYP/6-311G(d,p) method. The van der Waals
interaction for carbon is additionally described by the Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional with the
DFT-D2 parameters.28 Prediction of the potential energy surface of
PAH dimers by the ReaxFF force field is only 2–3 kcal/mol lower
than that by the DFT method of M06-2X.28

3. Initial conditions
The general idea behind the trajectory calculations of ⟨∆Edown⟩

is that ⟨∆Edown⟩ is a phase-space average value of the energy trans-
ferred in many individual deactivating trajectories, each of which
starts from a set of initial conditions chosen from an ensemble cor-
responding to the reacting conditions. According to Gilbert and
Smith,5 the initial conditions are specified by the vibrational energy,
the rotational angular momentum (or energy), the relative colli-
sion energy, the orientation of the colliding partner, as well as the
impact parameter. In this work, ensembles of PAH-He/Ar collisions
at different initial conditions were generated as follows.

a. The vibrational energies. The vibrational energies of PAHs
were sampled by two methods. One is referred to as microcanonical
sampling, in which the coordinates and momenta are sampled ran-
domly from microcanonical ensembles of PAHs with a fixed total
energy, but zero total translational and angular momenta. Conse-
quently, the vibrational energy, Evib, is equal to the total energy
of microcanonical ensemble relative to the minimum-energy struc-
ture. The other method is referred to as canonical sampling. The
coordinates and momenta are sampled randomly from canonical
ensembles which are equilibrated by a Nose-Hoover thermostat29 at
Tvib, with zero total angular and translational momenta for typically
5000–10 000 fs when the average total energy or Tvib of the system
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becomes time-independent. The vibrational energy is therefore sam-
pled from a canonical distribution determined by Tvib. In fact, these
two sampling methods are both classical schemes, as the vibrational
energy is the sum of kinetic energy and potential energy of every
atom relative to the minimum-energy structure.

The two sampling methods sample from different distribu-
tions. Which distribution provides the best initial representation
for energy transfer studies depends on the reaction under study.
The microcanonical distribution has been used in many of previous
energy transfer studies.9,10 It requires the specification of the total
vibrational energy of the target molecule, and this is typically set at
the threshold of the reaction of interest as it is in this region where
the interaction between reaction and collisional energy transfer has
the greatest impact. For large polyatomic molecules such as PAHs,
the situation is more complex: as stated earlier, the large number
of degrees of freedom of PAH means that for elevated tempera-
tures the mean thermal energy often significantly exceeds reaction
thresholds. Reference 8 shows that, for the PAH oxyradical consid-
ered, the Boltzmann distribution at 2500 K spans the energy range
200–450 kcal/mol, compared with a reaction threshold of
77 kcal/mol. Even at a pressure of 0.1 atm, and on a time scale
of 10−5 s, by which time most of the PAH oxyradical has reacted,
the distribution still lies at high energies (200–300 kcal/mol), well
above the reaction threshold. Much lower pressures are needed to
approach the conditions that generally apply at the low pressure
limit, where states of the molecule about the reaction threshold
are depleted compared to a Boltzmann distribution. Under these
circumstances, for large molecules such as PAH, initial conditions
drawn from a distribution parameterized by a single energy of a sin-
gle molecule, close to threshold, do not realistically reflect reactant
distributions under typical combustion conditions. Samples drawn
from a distribution parameterized against a fixed temperature may
better represent the situation as they will sample different inter-
nal energies, and so calculations were also performed by drawing
samples from the canonical distribution.

The supplementary material shows the results of these calcu-
lations. Generally, microcanonical sampling of vibrational energy
has been employed in trajectory calculations, with energies typi-
cally similar to reaction thresholds (∼100 kcal/mol), because reac-
tions of interest in combustion, such as H-atom elimination and
carbon-carbon bond dissociation reactions of hydrocarbons9–11 as
well as those of PAHs,8,18–22 have threshold energies in this region.
However, for large PAHs at high bath gas temperatures (>1500 K),
because of their very high densities of states, the majority pop-
ulation of the Boltzmann distribution lies at very high energies
(∼200–450 kcal/mol), well above the reaction threshold.8 This sug-
gests that choosing the reaction threshold as Evib might be inappro-
priate at high bath gas temperatures; the canonical sampling method
is therefore investigated in this work, and its influence on ⟨∆Edown⟩

is also discussed. The canonical sampling better represents the sit-
uation that is encountered in experiments where contact with a
thermostat is maintained and where reactants will in general have
a range of internal energies, rather than having the same uniform
energy which is what is implied by fixing the internal energy of
a single molecule, a situation more likely to be found in molecu-
lar beam experiments. (Even an assembly of molecules at a fixed
total energy, so microcanonical, will have a range of internal ener-
gies.) The supplementary material shows plots of vibrational energy

for CH4, C6H6, and C24H12. With the sampling method used, the
energies follow classical energy partitioning with kinetic energies
of kBT/2 per vibrational mode. As a result, the total vibrational
energy for C24H12 increases from ∼300 to over 500 kcal mol−1 as
the temperature increases from 1500 to 2500 K.

b. The rotational momentum (or energy). The PAHs were
assumed to be oblate symmetric top molecules Ix = Iy < Iz , where
x, y, and z and Ix, Iy, and Iz represent the principal axes and the
corresponding principal moments of inertia, respectively. The angu-
lar momentum was added from a thermal distribution according
to Bunker and Goring-Simpson.30 The total angular momentum J
and its z component Jz were sampled from the probability distribu-
tions [Eqs. (9) and (10)]. Jz was sampled from P(Jz) by the rejection
method, and J was sampled by the cumulative distribution function
formula [Eq. (11)],

P(Jz) = exp(−J2
z /2IzkBT), 0 ≤ Jz ≤∞, (9)

P(J) = Jexp(−J2
/2IxkBT), Jz ≤ J ≤∞, (10)

J = [J2
z − 2IxkBT ln(1 − R1)]

1/2, (11)

where R1 is a uniform random number between 0 and 1. The angular
momentum of principal axes x and y, Jx and Jy, was sampled from
the following equation:

Jx = [J2
− J2

z ]
1/2sin(2πR2), (12a)

Jy = [J2
− J2

z ]
1/2cos(2πR2), (12b)

where R2 is another uniform random number between 0 and 1. The
classical equilibrium geometry of a PAH was used to select the ini-
tial angular momentum J. While for a vibrationally excited PAH, the
principal moments might differ slightly from those of the equilib-
rium geometry, the use of the equilibrium geometry is a reasonable
approximation. Because energy transfer was shown in previous work
to be a very sensitive function of the initial angular momentum,9

our choice for selecting J is one source of uncertainty, which will be
discussed later.

c. The relative collision energy. The initial relative transla-
tional energy distribution was randomly chosen from a Maxwell
distribution at Tbath by the ziggurat algorithm using Matlab.31

d. The orientation of the colliding partner. The initial orienta-
tion of PAH relative to helium was chosen by randomly rotating the
molecule about its center of mass by Euler angles (z–x′–z′′), and each
angle was determined independently from a uniform distribution
among its range using Matlab.30

e. The impact parameter. The impact parameter b was chosen
between 0 and bmax. The appropriate bmax was found by testing the
convergence of the results as a function of bmax.5 For a larger PAH
system, a larger bmax is typically required.

A Sobol sequence was used for sampling within the parame-
ter space, which is thought to give better convergence than regu-
lar random number generators.32 All the sampling processes were
performed via the software Matlab.31 The trajectories were cal-
culated using the Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) molecular dynamics simulator.33 An inte-
gration step size of 0.1 fs was selected since reducing this value
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further would produce essentially the same energy transfer results.
Typically, 6000–30 000 trajectories were calculated for each set of
conditions, specified by Tvib (or Evib), Trot, and Tbath.

4. Final state analysis
The trajectories are terminated if the center of mass separation

of PAH and helium/argon is 20 Å, and the final relative transla-
tional energy change can then be calculated unambiguously. The
change in the total energy of PAH for trajectory i is, by conservation
of energy, ∆Ei = −∆Etrans,i. The following energy transfer averages
are calculated and normalized to the reference collision frequencies
according to Jasper and Miller:9

⟨ΔE⟩ =
ZHS

ZLJ

Ntraj

∑
i=1

wiΔEi/Ntraj, (13)

⟨ΔEdown⟩ = −
ZHS

ZLJ

Ntraj

∑
i=1

wimin(ΔEi, 0)/Ndown, (14)

⟨ΔE2
⟩

1/2
=

¿
Á
Á
ÁÀ

ZHS

ZLJ

Ntraj

∑
i=1

wiΔE2
i /Ntraj, (15)

where the weights wi = 2bi/bmax account for the artificial sampling
of b since it is evenly sampled from 0 to bmax.9–13 Ntraj is the number
of calculated trajectories, and Ndown is the number of trajectories,
where ∆Ei is negative. ZHS, the hard-sphere collision frequency, is a
function of bmax and can be calculated according to Eq. (16). ZLJ, the
Lennard-Jones (L-J) collision frequency and a quantity used in the
ME modeling,9 can be calculated using Eq. (17) as follows:

ZHS = (
8kBT
πμ
)

1/2

πb2
max, (16)

ZLJ = (
8kBT
πμ
)

1/2

πσ2
LJ/(0.7 + 0.52log10(kBTbath/εLJ)), (17)

where μ is the reduced mass of the colliding partner, σLJ and
εLJ are the Lennard-Jones parameters of the colliding partners
and can be approximately calculated by the combining rules
σij = (σi+ σj)/2 and εij = (εi + εj)1/2, respectively, where i and j are the
colliding partners, since the anisotropy of intermolecular potentials
of PAH-He/Ar is significant. According to Jasper and Miller,9 the
chemically important quantity is the average energy transferred per
unit time, i.e., the product of the collision frequency and the aver-
age energy transferred per collision. The scaling in Eqs. (13)–(15)
ensures that this quantity is treated equally in ME and trajectory
simulations.

The L-J parameters for PAHs were collected from Wang and
Frenklach.34 One-sigma uncertainties were estimated by the boot-
strap resampling method35 for the average energy transfer parame-
ters. This uncertainty estimation approach is suitable for unbiased
samples without prior knowledge of the distribution functions and
was widely used in previous trajectory studies of collisional energy
transfer.7

III. RESULTS AND DISCUSSION
A. Validation

We first validated the literature intermolecular potential sur-
faces on PAHs-M (He and Ar) systems by comparing the energy
calculated from Buckingham potentials (referred to as exp-6 here-
after) with high-level quantum chemistry methods. The comparison
was performed for PAHs as large as coronene. The results shown
in Fig. 1 indicate that the discrepancies between exp-6, QCISD(t),
and M06/6-311G(d,p) calculations are less than 1 kcal/mol, until
the intermolecular center of mass distance is 1 Å from the inner
turning point where the intermolecular potential energy is zero. We

FIG. 1. Comparisons of intermolecular potential energies calculated by different methods. (a) Benzene-He when a He atom approaches from the direction perpendicular to
the molecule plane and (b) coronene-He when a He atom approaches from the direction within the molecular plane.
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also compared several different intermolecular potentials reported
in previous studies36 and found that most of these potentials are not
as good as exp-6 in predicting intermolecular potentials.

We then calculated the energy transfer parameters of methane
(CH4) and cyclohexane (C6H12) and compared the results with those
of Jasper et al.,9,11 who studied CH4–He interactions by direct tra-
jectory simulations with the MP2/aug′-cc-pVDZ method9 and the
C6H12–He/Ar system using the tight binding (TB) intramolecular
potentials and the exp-6 intermolecular potentials.11 The energy
transfer parameters were referenced to the L-J collision frequencies
reported in Jasper et al.9,11 As shown in Fig. 2, our results agree well
with those calculated by Jasper et al. within the error bars, which
further validates our potentials and sampling method. Moreover,
for the C6H12–He/Ar system as shown in Fig. 2(b), we can see that
the “TB + exp-6” results are very close to the “ReaxFF + exp-6”
ones, which indicates that the energy transferred per collision is
not very sensitive to the intramolecular potentials. This is consis-
tent with the work by Jasper and Miller10 who found only small
dependences of the energy transfer averages on the level of theory
used to describe the intramolecular potentials for the CH4–He/Ne
systems.

B. Dependence on the initial energy and sampling
method

The calculated energy transferred per collision was found to
depend on the initial conditions, especially the vibrational energy
and angular momentum. As shown in Fig. 3, for the corannulene
(C20H10)–He system at Tbath = 2000 K, ⟨∆Edown⟩ increases as Evib
or Trot is increased. The dependence of ⟨∆Edown⟩ on vibrational
energy and angular momentum was also reported by Jasper and
Miller9 on the CH4–He system using direct trajectory simulations
with the MP2/aug′-cc-pVDZ method. Because the angular momen-
tum distributions in reacting systems are less well understood, the

FIG. 3. The dependence of energy transfer parameters on the initial vibrational
energy and the canonical rotational temperature for the C20H10–He system at
Tbath = 2000 K, where the microcanonical sampling method for vibrational energy
was used. One-sigma uncertainties were estimated by the bootstrap resampling
method.35

thermalized distribution determined by Trot is used in this work, as
in previous studies.11,37 Figure 3 shows that ⟨∆Edown⟩ is increased
by a factor of ∼1.35 when Trot changes from 1000 K to 3500 K for
the corannulene (C20H10)–He system. For other PAHs-He/Ar sys-
tems, ⟨∆Edown⟩ is increased by a factor of 1.2–1.5. Note that the
dependence on angular momentum may change if different angular

FIG. 2. Comparisons of energy transfer parameters calculated by different methods. (a) CH4–He and (b) C6H12–He/Ar. Results were obtained by the microcanonical sampling
method with a fixed Evib. One-sigma uncertainties were estimated by the bootstrap resampling method35 for the average energy transfer parameters both in Refs. 9 and 11
and this work.
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momentum distributions are used, which is, however, beyond the
scope of this work.

Figure 4 shows how ⟨∆Edown⟩ depends on the initial vibrational
energy Evib for benzene-He and other three PAH-He systems at Tbath
(=Ttrans) = Trot = 2000 K. The result for C2H6–He reported by Jasper
et al.,11 who used the same exp-6 intermolecular potentials, is also
shown for comparison. The energy transfer parameters of C2H6–He
were normalized to the reference collision frequencies calculated by
a one-dimensional minimization method.37 It is interesting to find
that for all five systems in Fig. 4, ⟨∆Edown⟩ increases with Evib with
similar slopes, but with absolute values that differ from each other
significantly, except for C20H10 and C24H12, whose ⟨∆Edown⟩ values
are similar. At a fixed Evib, ⟨∆Edown⟩ decreases as the molecular size
is increased from C6H6 to C20H10. This is reasonable, as Tvib is lower
for larger systems, at a given vibrational energy, because of the larger
number of vibrational degrees of freedom. The resulting smaller dif-
ference between Tvib and Tbath leads to a smaller ⟨∆Edown⟩. It is
noteworthy that C20H10 and C24H12 have similar ⟨∆Edown⟩, although
the latter is a bigger molecule. According to Eq. (14), ⟨∆Edown⟩ was
scaled by the ratio of ZHS to ZLJ. If we examine the average energy
transferred per unit time, which can be estimated from the product
of ZLJ and ⟨∆Edown⟩, it is somewhat larger for C24H12 than C20H10 as
will be discussed later, suggesting that the energy transferred per unit
time indeed increases with molecular size. The collision frequen-
cies of these PAHs can be found in Table S1 of the supplementary
material.

The behavior of C2H6 is, however, qualitatively different from
that of the PAHs. For a given Evib, Tvib of C2H6 is higher than
that of benzene, but its ⟨∆Edown⟩ is smaller, which may be a
result of the different intramolecular interactions between the bath
gases and alkane and PAH molecules, since the intermolecular
potentials were treated in the same way. The dependence of
⟨∆Edown⟩ on Evib and Trot shown in Figs. 3 and 4 indicates that both

FIG. 4. The dependences of ⟨∆Edown⟩ on the initial vibrational energy Evib as
functions of PAH sizes at Tbath = T rot = 2000 K, compared with the results of
C2H6–He calculated by Jasper et al.11 One-sigma uncertainties were estimated
by the bootstrap resampling method.35

vibrational-rotational-translational (V-R-T) transfer and rotational-
translational (R-T) energy transfer contribute to the overall energy
transfer.

In previous studies9–11 for small molecules or radicals such as
CH4 or C2H5, the vibrational energies Evib were typically set at a
fixed value around the reaction threshold 50–100 kcal/mol, which
leads to an uncertainty factor of 1.1–1.2 due to the dependence on
vibrational energy. However, as stated above, because the density of
states increases with both energy and molecular size, the majority of
PAH oxyradicals have Boltzmann energy distributions that peak at
very high energy levels at temperatures above bath gas temperature
1500 K;8 the maxima in the distributions lie at 200–450 kcal/mol typ-
ically, much higher than 50–100 kcal/mol. According to the results
shown in Fig. 4, setting a fixed vibrational energy as 50–100 kcal/mol
may be inappropriate and may lead to significant underestimation
of ⟨∆Edown⟩. In this work, we therefore used a canonical sampling
method of vibrational energy for large PAHs. The vibrational ener-
gies of PAH were sampled from a distribution determined by Tvib.
The comparison between different sampling methods is listed in
Table I. As can be seen, at lower Tbath (1000 K), the microcanon-
ical (with vibrational energy 100 kcal/mol) and canonical methods
for vibrational energy (Tvib = Tbath) generate very similar results.
This can be explained by the fact that the average vibrational energy
of C20H10 by the canonical sampling,⟨Evib⟩, is 167 kcal/mol at
Tvib = 1000 K, which is actually close to the values predicted by
equipartition theorem and not very far away from 100 kcal/mol.
While at higher Tbath, the energy transfer parameters obtained by the
canonical method are all significantly larger than those by the micro-
canonical method with much lower vibrational energies, as shown in
Table I. As the size of the PAH is increased, the difference becomes
more significant. These results indicate that the canonical sampling
of vibrational energy for large PAHs is more appropriate for bath
temperatures above 1500 K because the initial vibrational energies
sampled by the canonical method are close to those of PAHs in real
reaction processes. The microcanonical method could be used, but
the initial vibrational energy should be set at a value not far from
the mean vibrational energy obtained from the canonical method.
It is important to recognize the difference in behavior of large and
small molecules as reaction proceeds at higher and lower bath gas
concentrations. The behavior for the PAH under consideration in
the present paper is shown clearly in Fig. 4 of Ref. 8. Although the
distribution at lower pressures and at longer reaction times lies at
lower energies than the Boltzmann distribution, the average energy
is still high and well above the energy of the reaction threshold. The
molecule is acting as its own bath gas and maintaining an energy
distribution that is quite close to thermal. Thus, using canonical
sampling represents more closely the reaction energy distributions
that apply at high temperatures, than does microcanonical sampling
near the reaction threshold. In addition, the wide range of energies
that are found in the reaction is better represented by the canon-
ical approach than by the use of microcanonical sampling at the
distribution maximum.

C. Dependence on the size of PAHs and the type
of bath gases

Figure 5 shows ⟨∆Edown⟩ for corannulene (C20H10) as a func-
tion of bath gas temperature. Above 1500 K the results were obtained
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TABLE I. Comparison of the average energy transfer parameters in the C20H10–He system as functions of Tbath = T rot and
the sampling method for vibrational energy.

Tvib ⟨Evib⟩ Evib Tbath = Trot ⟨∆E⟩ ⟨∆Edown⟩ ⟨∆E2
⟩

1/2

Method (K) (kcal/mol) (kcal/mol) (K) (cm−1) (cm−1) (cm−1)

Canonical 1000 167 1000 95 665 743
Microcanonical 100 45 613 681

Canonical 2000 348

2000

227 1252 1308
100 −205 579 900

Microcanonical 300 75 1031 1155
450 446 1575 1528

Canonical 2500 419

2500

261 1543 1602
100 −338 643 1104

Microcanonical 300 −34 1129 1342
450 305 1660 1672

by canonical sampling for vibrational energy because the vibra-
tional energies are much higher than the reaction threshold of
∼100 kcal/mol, as discussed in the last section. Below 1000 K, the
results of the canonical method are close to or lower than those of
the microcanonical method, and those obtained by the microcanon-
ical method with a fixed Evib = 100 kcal/mol are shown in Fig. 5.
We can also see that the energy transferred per deactivating colli-
sions with Ar is larger than that with He, which is consistent with
previous work on cycloalkanes.11 The results are similar for other
PAHs.

Figure 6 shows the calculated ⟨∆Edown⟩ as a function of bath
gas temperature for five different PAH-Ar systems and compares
the results of C10H7–Ar by Mebel et al.4 who also used exp-6

FIG. 5. ⟨∆Edown⟩ for corannulene (C20H10)-bath gases as functions of the tem-
perature. One-sigma uncertainties were estimated by the bootstrap resampling
method.35 — Obtained by the canonical sampling method for vibrational energy
and — obtained by the microcanonical sampling method with a fixed Evib.

intermolecular potentials but TB intramolecular potentials, with the
microcanonical sampling method for an initial vibrational energy of
95 kcal/mol. Again, the results above 1500 K were obtained by the
canonical sampling method and those below 1000 K by the micro-
canonical method with a fixed Evib = 100 kcal/mol. We can see that
below 1000 K, ⟨∆Edown⟩ is almost independent of the PAH size, and
the results from Mebel et al.4 are slightly higher than ours, which
is not surprising as different intramolecular potentials were used.
Above 1500 K, the calculated ⟨∆Edown⟩ increases significantly from
benzene (C6H6) to naphthalene (C10H8) but levels off for corannu-
lene (C20H10) and coronene (C24H12). The results of Mebel et al.4

for naphthyl (C10H7) are even lower than our results for benzene
(C6H6). This is apparently due to the fact that for large PAHs at high

FIG. 6. ⟨∆Edown⟩ in Ar as functions of temperature and size of PAHs. — Obtained
by the microcanonical sampling method with a fixed Evib and — obtained by the
canonical sampling method for vibrational energy.
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FIG. 7. Z⟨∆Edown⟩ in Ar as functions of temperature and size of PAHs, results
were obtained by the canonical sampling method for vibrational energy.

bath gas temperatures, the canonical sampling could generate con-
figurations with vibrational energy much higher than those used by
Mebel et al.4 The average energy of configurations generated in the
canonical sampling increases as the size of PAH is increased. For
example, at Tvib = 2000 K, the average energy is around 135 kcal/mol
for C6H6, 218 kcal/mol for C10H8, 348 kcal/mol for C20H10, and
408 kcal/mol for C24H12, which is consistent with the Boltzmann
distributions since the population tends to peak at higher energies
as the molecule size is increased. It is not very clear why ⟨∆Edown⟩

levels off from naphthalene (C10H8) to corannulene (C20H10). How-
ever, as discussed earlier, ⟨∆Edown⟩ is scaled by ZHS/ZLJ based on
Eq. (14). The much larger ZLJ of corannulene (C20H10) and coronene
(C24H12) than that of naphthalene (C10H8) can lower ⟨∆Edown⟩ of
C20H10 and C24H12.

Figure 7 shows the energy transferred per unit time,
ZLJ⟨∆Edown⟩, with respect to the size of PAHs at 1500–2500 K. This
quantity includes the effects of both the collision frequency and the
energy transferred per collision. It is seen that ZLJ⟨∆Edown⟩ gen-
erally increases with the size of PAHs, and the increase is more
significant at higher bath gas temperatures. This is opposite to the
results of previous studies by Jasper et al.,11 who found that the
variation of ZLJ⟨∆Edown⟩ with the size of cycloalkanes was less sig-
nificant at higher bath gas temperatures. This difference is likely
due to the fixed initial vibrational energy adopted by Jasper et al.
As discussed above, setting a fixed Evib corresponds to lower and
less realistic vibrational temperatures for larger systems, leading
to the underestimation of the energy transferred in deactivating
collisions.

IV. SUMMARY
Classical trajectory simulations of intermolecular collisions

were performed for several PAHs interacting with bath gases (He
and Ar) from 300 K to 2000 K. The phase-space average energy
transferred per deactivating collisions, ⟨∆Edown⟩, was obtained.
Buckingham (exp-6) pairwise intermolecular potentials were used

and validated against high-level quantum chemistry calculations for
large PAHs. The intramolecular potentials were described using the
C/H/He/Ne/Ar/Kr ReaxFF reactive force field. The main conclu-
sions are as follows:

(1) For large PAHs at high bath gas temperatures (>1500 K),
due to their very high densities of states, the majority pop-
ulation of the Boltzmann distribution lies at very high ener-
gies (∼200–450 kcal/mol), well above the reaction thresh-
old.8 Consequently, microcanonical sampling choosing the
reaction threshold as the initial vibrational energy Evib can
underestimate ⟨∆Edown⟩ significantly. The canonical sam-
pling method, where the vibrational energies of the PAHs
are sampled from a distribution determined by Tvib, is more
appropriate. An uncertainty factor of 1.2–1.5 introduced
by the assumed initial angular momentum distribution was
identified.

(2) While ⟨∆Edown⟩ changes little with Evib for small molecules
over the range of energies covered by the population distri-
bution, ⟨∆Edown⟩ changes more significantly (by a factor of
∼2) with Evib for PAHs, because of the wide population distri-
bution. Its impact on the validity of master equation calcula-
tions, where ⟨∆Edown⟩ is usually assumed constant at a given
bath gas temperature, should be investigated in future work,
using a master equation methodology in which this energy
dependence is explicitly recognized.

(3) ⟨∆Edown⟩ increases when the bath gas changes from He
to Ar. As to the dependence on PAH size, naphthalene
(C10H8), corannulene (C20H10), and coronene (C24H12) all
have similar ⟨∆Edown⟩ values that are bigger than that of
benzene. However, the energy transferred per unit time
ZLJ⟨∆Edown⟩ increases monotonically as the size of PAH is
increased.

SUPPLEMENTARY MATERIAL

In the supplementary material, we present the canonical sam-
pling results for vibrational energy, the total energy at different
vibrational temperatures, and the collision frequencies.
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