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A chemical dynamics simulation was performed to model experiments [N. A. Westet al., J. Chem.
Phys.145, 014308 (2016)] in which benzene molecules are vibrationally excited to 148.1 kcal/mol
within a N2-benzene bath. A signi�cant fraction of the benzene molecules are excited, resulting in
heating of the bath, which is accurately represented by the simulation. The interesting �nding from
the simulations is the non-statistical collisional energy transfer from the vibrationally excited benzene
C6H6

� molecules to the bath. The simulations �nd that at� 10� 7 s and 1 atm pressure there are four
different �nal temperatures for C6H6

� and the bath. N2 vibration is not excited and remains at the
original bath temperature of 300 K. Rotation and translation degrees of freedom of both N2 and C6H6
in the bath are excited to a �nal temperature of� 340 K. Energy transfer from the excited C6H6

�

molecules is more ef�cient to vibration of the C6H6 bath than its rotation and translation degrees of
freedom, and the �nal vibrational temperature of the C6H6 bath is� 453 K, if the average energy of
each C6H6 vibration mode is assumed to beRT. There is no vibrational equilibration between C6H6

�

and the C6H6 bath molecules. When the simulations are terminated, the vibrational temperatures of
the C6H6

� and C6H6 bath molecules are� 537 K and� 453 K, respectively. An important question
is the time scale for complete energy equilibration of the C6H6

� and N2 and C6H6 bath system. At
1 atm and 300 K, the experimental V-T (vibration-translation) relaxation time for N2 is � 10� 4 s. The
simulation time was too short for equilibrium to be attained, and the time for complete equilibration
of C6H6

� vibration with translation, rotation, and vibration of the bath was not determined.Published
by AIP Publishing.https://doi.org/10.1063/1.5043139

I. INTRODUCTION

Understanding intermolecular energy transfer is impor-
tant for numerous chemical processes, including atmospheric
and combustion chemistry and chemical reactions in solu-
tion.1–4 These dynamics are widely investigated by study-
ing the ef�ciency of energy transfer from a vibrationally
excited molecule to a much colder atomic or molecular bath.
The parameter often determined is the average energy trans-
fer hÊEci per collision of the excited molecule to the bath
molecules.5 Also of interest, e.g., for understanding turbu-
lence,6,7 is the relative importance of energy transfer to particu-
lar translational, rotational, and vibrational degrees of freedom
of the bath. Time scales for energy transfer are important for
understanding turbulence. The time scale for energy transfer to
molecular vibrational modes may determine whether molec-
ular energy transfer is able to couple with acoustic modes
that cause turbulence to occur in hypersonic boundary lay-
ers.7–9 There have been several experimental studies of such
dynamics, in which pathways for transfer of energy to bath
molecules CO2,10,11 H2O,12–16 HOD,17–19 and DCl20 were
investigated.

a)Author to whom correspondence should be addressed: bill.hase@ttu.edu

The statistical model for energy transfer to the bath is
that all the degrees of freedom have equivalent probabilities
for receiving energy, given angular momentum and center
of mass translation constraints. This is also known as the
phase space theory (PST) model21,22 for product energy par-
titioning in chemical reactions. Different statistical models
have been proposed for intermolecular energy transfer, each
with speci�c assumptions regarding the degrees of freedom
involved.23,24 It is often assumed that an intermediate needs
to be formed between the excited and bath molecules, for a
statistical model to be appropriate. However, simulations of
energy transfer in collisions with organic surfaces have shown
that statistical-like intermolecular energy transfer may occur
with direct collisions and without formation of a collision
intermediate.25,26

In recent work, a uni�ed protocol for simulating liquid
and gas phase intermolecular energy transfer was developed27

and applied to both vibrationally excited C6F6 and azulene in
a N2 bath,27–29 vibrationally excited propyl benzene cation in
a helium bath,30 and cold C6F6 in a warmer N2 bath.31 Here,
this simulation method is used to model intermolecular energy
from vibrationally excited benzene to compare with experi-
ments in which a fraction of benzene molecules are excited
within a N2-benzene bath.

0021-9606/2018/149(13)/134101/6/$30.00 149, 134101-1 Published by AIP Publishing.



134101-2 Paul et al. J. Chem. Phys. 149, 134101 (2018)

II. EXPERIMENTS AND SIMULATION METHOD

The experimental procedure for the experiments modeled
here has been described in detail previously.32 Laser excita-
tion at 193 nm, i.e., 148.1 kcal/mol, is used to excite benzene
molecules in the bath by a S0 ! S2 transition. S2 then under-
goes rapid internal conversion to form the vibrationally excited
ground state S0� , with small amounts of intersystem cross-
ing (5%) and �uorescence (2%).33 Benzene formed in the
S2 state, by this laser excitation, has a lifetime of� 40 fs for
internal conversion to S1� and S0

� . Internal conversion of the
resulting vibrationally excited S1� states to S0� occurred within
5-10 ps.33

Temperature changes for the N2-benzene bath depend on
the fraction of C6H6 molecules excited by the laser excitation
and the percentage of C6H6 molecules in the bath. The N2 rota-
tional temperature is probed by adding a small fraction of NO
to the bath and using laser induced �uorescence to determine
the NO rotational energy level populations. Energy transfer
probabilities from C6H6

� to N2 and NO rotation are expected
to be very similar so that the NO rotational temperature rep-
resents that for N2. Here C6H6

� is a laser excited benzene
molecule with 148.1 kcal/mol of vibration energy and 300 K
translation and rotation energies.

N2/N2, C6H6/C6H6, and N2/C6H6 intermolecular poten-
tials are required for the simulations. The potentials are
written as sums of 2-body potentials. The N2/N2 potential
used for the simulations was described previously.27 The
C6H6/C6H6 intermolecular potential is represented by the
Optimized Potentials for Liquid Simulations (OPLS) model.34

The OPLS global minimum for the benzene dimer has a
T-shaped geometry with a binding energy of 2.32 kcal/mol,35

whereas a recent CCSD(T)/CBS calculation predicts a sim-
ilar geometry and a binding energy of 2.84 kcal/mol.36 An
experimental study gives� 2.9 kcal/mol.37 The OPLS poten-
tial gives an overall good description of the benzene-benzene
interaction. The N2/C6H6 2-body potentials are written
as

V(r) = A exp(� Br) + C=rn + D=rm. (1)

The values of the parametersA, B, C, D, n, andm for the
N2/C6H6 C–N and H–N interactions were assumed to be the
same as those for the azulene + N2 SCS-MP2 potential29

and are, respectively, 21 476.80 kcal/mol, 3.229 249 Å� 1,
� 1411.447 kcal Ån/mol, 13 298.14 kcal Åm/mol, 7, and 10 for
the C–N interactions and 18 694.06 kcal/mol, 3.705 687 Å� 1,
� 2591.526 kcal Ån/mol, 4584.946 kcal Åm/mol, 8, and 11 for
the H–N interactions.

The simulation reported here was performed to model
experiments in which C6H6 constitutes 5% of the bath and
10% of the C6H6 molecules are excited. Since C6H6 is an
appreciable component of the bath and a signi�cant fraction
of C6H6 is excited, there is appreciable heating of the bath
in the experiments. To represent these experiments, a sim-
ulation model was used in which the bath consists of 190
N2 and 10 C6H6 molecules, with 1 C6H6 molecule vibra-
tionally excited. To achieve the binary/single collision limit for
comparison with experiments, the bath density was chosen as
40 kg/m3 or 32.5 atm which was found to be the binary/single
collision limiting density for C6F6 + N2 simulations.27,28 For

the smaller C6H6 molecule as compared to C6F6 and a very
small percentage of C6H6 in the bath, the binary/single colli-
sion limiting density is expected to be achieved at 40 kg/m3 or
higher density. Performing the simulations in the binary/single
collision limit allows extrapolation of the simulation results to
lower densities/pressures.

The simulations were performed with the same method-
ology as described for previous intermolecular energy transfer
bath simulations.27–31 A vibrational energy of 148.1 kcal/mol
was �rst added to the one excited C6H6

� molecule to model
the experimental 193 nm laser excitation. This energy was
added randomly with classical microcanonical normal mode
sampling,38,39 as implemented in a modi�ed version27 of
the general chemical dynamics computer code VENUS.40

Translational and rotational energies for 300 K were then
added to vibrationally excited C6H6

� . With initial conditions
for C6H6

� chosen, the next step was to equilibrate the bath
around C6H6

� by placing it at the center of the simulation
box with its coordinates and momenta �xed. A MD simu-
lation was then performed to thermally equilibrate the 190
N2 molecules and remaining 9 C6H6 molecules of the bath
at 300 K, using periodic boundary conditions and nearest
neighbor updating to enhance the simulation. At the end of
this equilibration, the desired initial 300 K temperature for
the vibration, rotation, and center-of-mass translation degrees
of freedom of the N2 and C6H6 bath molecules was veri-
�ed. Initially, the average center-of-mass translation energy
for each N2 and C6H6 molecule is 3RT/2 = 0.89 kcal/mol, the
average rotational energy of each N2 and C6H6 molecule is
RT = 0.60 kcal/mol and 3RT/2 = 0.89 kcal/mol, respectively,
and the average vibration energy of N2 and each mode of C6H6
is RT = 0.60 kcal/mol. These are the proper equilibrium aver-
age energies, which match the equipartition model. With these
random initial conditions for C6H6

� and the N2/C6H6 bath, a
trajectory was then calculated for 2400 ps to study intermolec-
ular energy transfer from C6H6

� to the bath. To obtain results
which could be compared with experiments, averaging was
performed by calculating an ensemble of 48 trajectories, with
random initial conditions. In a previous similar simulation for
N2 + C6F6 intermolecular energy transfer,27 48 trajectories
gave statistically the same result as found for 96 trajectories.
A simulation with only 24 trajectories gave semi-quantitative
results.

An important quantity for the system investigated here is
its temperature after complete equilibration between its trans-
lation, rotation, and vibration degrees of freedom. This may
be determined from the system average total energy; in the
following, T = 300 K. The average initial energies are as fol-
lows: C6H6

� , Evib = 148.1 kcal/mol andErot + Etrans = 3RT
= 1.8 kcal/mol; 90 N2 bath molecules,Evib = 90RT
= 53.6 kcal/mol and Erot + Etrans = 90 � 2.5RT
= 134.1 kcal/mol; and 9 C6H6 bath molecules,Evib = 9� 30RT
= 160.9 kcal/mol andErot + Etrans = 9 � 3RT = 16.1 kcal/mol.
With these initial energies and the total number of degrees of
freedom, the temperature for the completely equilibrated sys-
tem is 402 K. If N2 vibration remains un-equilibrated at 300 K,
but translation and rotation of N2 and translation, rotation, and
vibration of all 10 benzene molecules are equilibrated, their
equilibrated temperature is 418 K.
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III. SIMULATION RESULTS

The properties determined from the simulation are as fol-
lows: (1) the center-of-mass translation and rotational energies
of the N2 and C6H6 bath molecules, and the vibrational ener-
gies of the C6H6 bath molecules and (2) the energy of C6H6

�

versus time. Plotted versus time in Fig.1are the average center-
of-mass translation and rotational energies of a N2 and C6H6
molecule and the average energy of N2 vibration and the aver-
age energy of a C6H6 vibration mode. Each of the 30 C6H6
vibration modes may have a speci�c average energy, depen-
dent on its frequency and symmetry. However, this was not
analyzed for the current simulation, but considered in Sec.IV.
Consistent with previous simulations,27–29 there is negligible
energy transfer to N2 vibration. The center-of-mass translation
and rotation energies of the N2 molecules increase with time,
via V ! R/T (vibration to rotation and translation) energy
transfer. When the trajectories are terminated at 2400 ps, the
average center-of-mass translational and rotation energies of
N2 have increased by� 0.1 and� 0.07 kcal/mol, respectively.
The initial ratio between the N2 translation and rotation ener-
gies is� 1.5, and with the above increases in these energies, this
ratio remained at� 1.5. Thus, energy transfer to N2 translation
and rotation follows the equipartition principle. At the con-
clusion of the trajectories, the average N2 translation-rotation
temperature is� 340 K.

Rotational and translational energy transfer to the C6H6
bath molecules is in accord with the above energy transfer
to the N2 bath. Shown in Fig.1 are the average center-of-
mass translation, rotation, and vibration mode energies of
a C6H6 bath molecule versus time. At the conclusion of
the trajectories, the average translation and rotation ener-
gies of the molecule are statistically the same as the aver-
age N2 translation energy, with an average C6H6 translation-
rotation temperature of� 340 K. However, unlike N2, there is
V ! V (vibration to vibration) energy transfer to C6H6, which
is more important than V! R/T. The energy of each C6H6
vibration mode was not determined in the simulation (see

FIG. 1. Plotted versus time are the average center-of-mass translation and
rotational energies of a N2 and C6H6 molecule and the average energy of N2
vibration and a C6H6 vibration mode, for the N2/C6H6 bath molecules.

Sec.IV), and if each C6H6 vibration mode is assumed to have
the same energy, the energy of each C6H6 vibration mode
increased from an averageRT value of � 0.60 kcal/mol to
� 0.9 kcal/mol for the 9 bath molecules and 48 trajectories.
The �nal energy of the vibration modes corresponds to a
temperature of� 453 K.

The average energy of vibrationally excited C6H6
� versus

time hE(t)i is given in Fig.2. As found for previous simu-
lations27–30 and as shown in Fig.2, hE(t)i is well �t by the
bi-exponential

hE(t)i = [E(0) � E(1 )][ f1 exp(� k1t) + f2 exp(� k2t)] + E(1 ),

(2)

wheref 1 + f 2 = 1, E(0) andE(1 ) are the initial and �nal
energies of C6H6

� , andk1 andk2 are the rate constants. The
values for these �tting parameters areE(0) = 149.9 kcal/mol,
E(1 ) = 23.4 kcal/mol,f 1 = 0.901,f 2 = 0.089,k1 = 0.001 33
ps� 1, andk2 = 0.000 799 ps� 1. At the end of the simulation, the
�nal average energy of the C6H6

� molecule is� 34 kcal/mol.
Of this energy, both translation and rotation are� 1 kcal/mol,
corresponding to a temperature of� 340 K, which is the same
as the �nal translation-rotation temperature of the N2 and
C6H6 bath molecules. As discussed above, the temperature is
402 K for fully equilibrated C6H6

� with the N2–C6H6 bath.
The 402 K total energy of C6H6

� is 26.4 kcal/mol and
signi�cantly smaller than the �nal simulation total energy
of � 34 kcal/mol. The �nal C6H6

� vibrational energy of
� 32 kcal/mol corresponds to a temperature of� 537 K, in con-
trast to the vibrational temperature of� 453 K for the C6H6
bath. The average total energies of C6H6

� and a single C6H6
bath molecule versus time are compared in Fig.3. Given in the
supplementary materialare the average translation, rotation,
and per mode vibration energies of a C6H6

� molecule ver-
sus time and the average translation and rotation energies of a
C6H6 bath molecule versus time. There is a short time increase
in the rotational energy of the C6H6

� molecule, as seen for a
previous simulation of C6F6

� vibrational relaxation in a N2
bath.27

The average energy transfer per collisionhÊEci from
C6H6

� is found fromhE(t)i and given by

FIG. 2. (a) Average energy of the vibrationally excited C6H6
� molecule ver-

sus time,hE(t)i . The �t is with Eq. (2). (b) Average energy transfer from
C6H6

� per collision with the bath,hÊEci from Eq. (3), versus the average
energy of C6H6

� , hEi .
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FIG. 3. Average total energies versus time of a vibrationally excited C6H6
�

molecule and a C6H6 bath molecule.

h� Eci = [dhE(t)i =dt]=! , (3)

where dhE(t)i /dt is the energy transfer per unit time and!
is the collision frequency in s� 1. hÊEci includes all colli-
sions, both those that transfer energy from and to C6H6

� .
The collision frequency is a sum of the collision frequencies
for C6H6

� colliding with the N2 and C6H6 bath molecules
and is

! = ! (C6H6
� � N2) + ! (C6H6

� � C6H6). (4)

The collision frequency for each bath component may be
expressed as! = ! P � P, whereP is the pressure of the
bath gas, i.e., 31.0 atm and 1.5 atm for N2 and C6H6, respec-
tively. With parameters used to interpret experiments,32 ! P is
1.14 � 1011 and 1.74� 1011 atm� 1 s� 1 for N2 and C6H6,
respectively. The resulting value of! is 3.79� 1012 s� 1 for
the simulations reported here.

From Eq.(3), hÊEci is plotted versus the average energy
of C6H6

� , hEi , in Fig. 2. At the initiation of the trajectory
simulation, withhEi = 149.9 kcal/mol,hÊEci has its largest
value of 0.45 kcal/mol. When the simulation was terminated
at 2400 ps,hÊEci = 0.02 kcal/mol. Once C6H6

� attains equi-
librium with the bathhÊEci equals zero, since energy transfer
from and to the initially excited benzene molecule becomes
equivalent.

The simulation results may be compared with those deter-
mined experimentally.32 The experiments contain a small
percentage of NO in the bath. N2 and NO are expected to
have the same rotational temperature, and the rotational tem-
perature of NO is determined by monitoring its rotational
level populations. The N2 rotational temperature is deter-
mined directly from the simulations. Although the experiments
and simulations are performed at different bath pressures
(i.e., the experimental and simulation pressures are 0.024 and
32.5 atm, respectively), the time dependencies of their N2
rotational temperatures may be compared by plotting the N2
rotational temperature versus the number of C6H6

� collisions
with the bath. This plot is given in Fig.4, for which the
bath conditions are different for the experiments and simu-
lations. The experiments have a bath that is<7% C6H6, <1%
NO, and� 92%–99% N2, while the simulations have a bath
that contains 5% C6H6 and 95% N2. For the simulations,

FIG. 4. Temperature of the bath versus collision number for the current sim-
ulation with 190 N2 and 10 C6H6 molecules and one of the C6H6 molecules
vibrationally excited. Results averaged over 48 trajectories. Comparison is
made with the bath temperature obtained from experiments;32 fractions of
N2 and C6H6 in the bath and excitation of C6H6 are described in the
text.

10% of C6H6 is vibrationally excited, but the experimen-
tal percentage is 10%–30%. The N2 rotational temperature
increase is� 130 K in the experiments and� 32 K in the sim-
ulation. Apparently, more C6H6 molecules are vibrationally
excited in the experiments than the percentage used for the
simulation.

Given in Fig.5 are the plots ofh� Eci versushEi obtained
from experiment,32 which may be compared with the simu-
lation. A �t to experimental results is given for� T = 130 K,
where the initial and �nal bath temperatures were 300 and
430 K, respectively. Temperature dependent parameters for
�ts to � T of 130–310 K data sets were used to extrapolate
the curve parameters to obtain a� T = 0 K curve for an initial
bath temperature of 300 K, which is also shown in Fig.5. It is
seen that the curve obtained from the classical microcanonical
sampling of C6H6

� and 190 N2 + 9 C6H6 molecules in the
bath, for which� T � 32 K, is in good agreement with experi-
ments and remains between the experimental curves for� T of
0 and 130 K. For the experimental curves,h� Eci is larger for

FIG. 5. Average energy transfer per collision,hÊEci , versus the average
energy of vibrationally excited C6H6

� . Comparison is made between the cur-
rent simulation and experiment. Experimental results are given for signi�cant
heating of the bath,ÊT = 130 K, with a signi�cant number of C6H6 molecules
excited, and results for negligible heating of the bath,ÊT = 0 K, with few C6H6
molecules excited. For the simulation,ÊT � 32 K.
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ÊT = 130 K than forÊT = 0 K. The simulationh� Eci , for
� T � 32 K, falls between theÊT = 0 and 130 K experimental
h� Eci curves.

IV. CONCLUSION

The simulation reported here model experiments32 in
which a fraction of C6H6 molecules in a mixed N2–C6H6
bath, initially at 300 K, are vibrationally excited by S2 laser
excitation and then undergo S2 ! S0 internal conversion, fol-
lowed by intermolecular energy transfer and heating of the
bath. The vibrationally excited C6H6 molecules are identi�ed
as C6H6

� . The simulation is performed for 2.4� 10� 9 s at a
pressure of 32.5 atm, which is in the binary single collision
limit, and corresponds to a simulation time of� 10� 7 s for the
same number of collisions at 1 atm pressure. The experiments
determine the N2 rotational temperature of the bath versus
time, and the simulations and experiments may be compared
by considering the time dependencies of their N2 rotational
temperatures versus the number of C6H6

� collisions with the
bath. For the simulations, 10% of C6H6 is vibrationally excited,
but the experimental percentage is unknown and approxi-
mately 10%–30%. The N2 rotational temperature increase is
� 130 K in the experiments and� 32 K in the simulation. This
result is consistent with more C6H6 molecules vibrationally
excited in the experiments than the percentage used for the
simulation.

An important �nding from the simulation is the hierar-
chy of energy transfer probabilities for C6H6

� and the N2 and
C6H6 bath. With complete equilibration of the vibrationally
excited C6H6

� molecules and the N2 and C6H6 bath, the ele-
vated temperature of the system becomes 402 K. By contrast,
at the end of the simulation, there are four temperatures for
C6H6

� and the bath. Consistent with experimental studies,41

there is negligible energy transfer to N2 vibration and the �nal
N2 vibration temperature remains at the initial bath tempera-
ture of � 300 K. The translation and rotation temperature of
the N2 and C6H6 bath molecules and the vibrationally excited
C6H6

� molecules is the same and is� 340 K. Energy trans-
fer from C6H6

� vibration to C6H6 vibration is more probable
than to rotation/translation of the C6H6 bath molecules, and
the �nal vibrational temperature of the C6H6 bath molecules is
� 453 K. Vibrational energy is not equilibrated between C6H6

�

and the C6H6 bath, and the �nal C6H6
� vibration temperature

is � 537 K. Thus, for conditions corresponding to 1 atm pres-
sure and� 10� 7 s, the simulations �nd four temperatures for
the system studied here:� 300 K for vibration of the N2 bath
molecules;� 340 K for translation-rotation of the N2–C6H6
bath molecules and the initially vibrationally excited C6H6

�

molecules;� 453 K for vibration of the C6H6 bath molecules;
and� 537 K for vibration of the initially vibrationally excited
C6H6

� molecules.
The time scale for complete equilibration of the system

studied here to a constant temperature is uncertain. Vibrational
energy transfer for N2 is quite slow and at 1 atm pressure
V-T relaxation for N2 occurs on a 10� 4 s time scale.41 For
the current simulation of C6H6

� + C6H6 collisions, the �nd-
ing of more probable energy transfer to C6H6 vibration, than
to C6H6 rotation/translation in C6H6

� + C6H6 collisions,

agrees with a previous chemical dynamics simulation of C6H6
�

+ C6H6 collisions.42 Resonant V! V energy transfer may
be important for this ef�cient vibrational energy transfer. In
future simulations, it would be of interest to use a normal
mode Hamiltonian model26,43 to investigate which vibrational
modes of excited C6H6

� most ef�ciently transfer energy to
vibration of unexcited C6H6. Energy transfer dynamics for
the current simulation extend to a time of� 10� 7 s for 1 atm
pressure and it may be possible to extend the simulation
to longer times, to investigate the time scale for complete
energy equilibration. Energy transfer from the vibrationally
excited C6H6

� molecules is multi-exponential, which makes
kinetic analyses of the time scale for energy equilibration
complex.

SUPPLEMENTARY MATERIAL

Seesupplementary materialfor average translation, rota-
tion, and per mode vibration energies of a C6H6

� molecule
versus time and the average translation and rotation energies
of a C6H6 bath molecule versus time.
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