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Molecular dynamics simulations were used to study relaxation of a vibrationally excited C¢Fg*
molecule in a N, bath. Ab initio calculations were performed to develop N,-N; and N,-C¢Fg in-
termolecular potentials for the simulations. Energy transfer from “hot” C¢Fjg is studied versus the
bath density (pressure) and number of bath molecules. For the large bath limit, there is no heating of
the bath. As C¢F¢* is relaxed, the average energy of C¢Fg* is determined versus time, i.e., (E(f)), and
for each bath density (E(#)) is energy dependent and cannot be fit by a single exponential. In the long-
time limit C¢Fj is fully equilibrated with the bath. For a large bath and low pressures, the simulations
are in the fixed temperature, independent collision regime and the simulation results may be com-
pared with gas phase experiments of collisional energy transfer. The derivative d[(E(¢))]/dt divided
by the collision frequency w of the N, bath gives the average energy transferred from CgFg* per
collision (AE,.), which is in excellent agreement with experiment. For the ~100-300 ps simulations
reported here, energy transfer from CgF¢* is to N, rotation and translation in accord with the equipar-
tition model, with no energy transfer to N, vibration. The energy transfer dynamics from CgFg* is
not statistically sensitive to fine details of the N,-CgF¢ intermolecular potential. Tests, with simula-
tion ensembles of different sizes, show that a relatively modest ensemble of only 24 trajectories gives
statistically meaningful results. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4875516]

I. INTRODUCTION tection technique,>® for vibrationally excited hydrocar-
bons like azulene,’? benzene,’?343%37 and toluene.3*3>37
Mullin et al. have applied***° high resolution infrared laser
transient absorption spectroscopy to study energy transfer
from pyrazine,’**>4¢4 pyridine,*""*® hexafluorobenzene,*’
and azulene.*’” Flynn studied relaxation of benzene,”
benzene-d6,°° hexafluorobenzene,’*3! and pyrazine®! in col-

lisions with CO, using time resolved diode laser spec-

The study of collisional intermolecular energy transfer
(IET) of highly vibrationally excited molecules to thermalized
bath molecules has received considerable investigation.!"® In
pyrolysis, combustion, and atmospheric chemistry highly vi-
brationally excited molecules play an important role and a
detailed understanding of their relaxation processes is truly
desirable. Theoretically, the most familiar way to investigate

IET is based on a master equation calculation in terms of the
energy transfer rate coefficient R(E,E’) or the energy transfer
probability distribution function P(E,E’).* Once obtained,”?
P(E,E") may be used to calculate an average AE per colli-
sion. Another model called the Biased Random Walk® has of-
ten been used to obtain AE quantities from the results of a
few trajectories.

In a series of exploratory studies, classical trajectory sim-
ulations were used to investigate how potential energy sur-
face (PES) properties and collision attributes affect IET.!%!3
Theoretical analyses of IET have considered the excited
molecules HO,,'* CS,,15"!7 H,0,'® SO,,'7 benzene,’ 1923 p-
difluorobenzene,?? toluene,2*2> hexafluorobenzene,'2° and
azulene,”®! colliding with either a monoatomic or poly-
atomic bath gas. A number of experimental techniques
have been used to measure collisional energy transfer
quantities. Barker et al. used an infrared fluorescence de-
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troscopy. Isomers of difluorobenzene in collisions with
CO, have also been studied using the same technique.’
Troe et al. followed the collisional relaxation of sev-
eral hot molecules’®>* using time-resolved UV absorption
spectroscopy.” The same time-resolved UV absorption spec-
troscopy was used for studying collisional relaxation of
benzene>® and hexafluorobenzene.>’~° Recently, Ni et al.
have used a molecular beam apparatus with a time-sliced
velocity map ion imaging technique to study collisional en-
ergy transfer from azulene,”” and naphthalene® % and its
derivatives,®® in collisions with monoatomic®-3% as well
as polyatomic® bath gases. Several other experimental tech-
niques have also been used, namely, kinetically controlled se-
lective ionization (KCSI) detection,®®%7 infrared multiphoton
absorption (IRMPA) coupled with time resolved infrared flu-
oresence (IRF),%*7° and supersonic free jet expansion.’!:"2
Simulations based on accurate intermolecular potentials
between the excited molecule and the bath gas, and between
the bath gases, may be used to obtained accurate IET dy-
namics and make rigorous comparisons with experiment.'>- 10
Also of interest are simulations which investigate the role

© 2014 AIP Publishing LLC
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of the bath density (pressure) on energy transfer processes
for the hot molecule. Of interest is how the dynamics of
energy transfer from the excited molecule change in going
from the condensed to gas phase. Properties of vibrational
relaxation of highly excited molecules have been studied in
fluids*!-7*7* and a few recent calculations have been done at
various densities.”>~’° However, this work’>~"? was performed
to only consider efficient approaches for low density simula-
tions.

In the work presented here a unified chemical dynam-
ics simulation approach is used to study C¢Fg* + N, IET in
both the gas and liquid phases. The simulations are performed
with a vibrationally excited C¢Fg* molecule in a bath of N,
molecules at different densities and at an initial temperature of
298 K. Related many-atom simulations have been performed
by Schwartzentruber and co-workers.””’® As the density is
lowered, the system enters the single collision regime and an
analysis of the simulations gives results that may be com-
pared directly with gas-phase experiments of IET. The stan-
dard simulation approach is to calculate trajectories for a fixed
vibrational energy E and collision translational energy ver-
sus impact parameter, for random orientations of the colli-
sion partners.'®"'® For the current study the averaging over
impact parameter and orientations is accomplished by simu-
lating the vibrationally excited molecule in a “bath” of deac-
tivating molecules.

The remainder of this article is organized as follows. The
intermolecular potentials for N»-N;, and C¢Fg-N3, used in the
simulations are calculated at the MP2 level of theory, with
an optimum cost-effective basis set, and these potentials and
their fittings are discussed in Sec. II. Details of the chemical
dynamics simulation methodology and analyses of the simu-
lation results are presented in Sec. III. The simulation results
and their discussion is given in Sec. IV. The article concludes
with a summary in Sec. V.

Il. POTENTIAL

The potential energy function for the C¢Fg + N,-bath
system is written as the sum

V =Vers + Va, + Vycors + Vo, n, (1)

where V¢, r, and Vy, are the intramolecular potentials, and
Vn,.cor, and Vy, v, are the C¢Fs-Ny and N,-N; intermolec-
ular potentials. Each of these potentials is described in the
following.

A. Intramolecular potentials

The intramolecular potential used for hexafluorobenzene
(HFB) is expressed in internal stretching and bending coor-
dinates, with force constants that give HFB vibrational fre-
quencies in very good agreement with the experiment.?’ The
functional form used for this potential is the same as that
used previously®” except the Morse stretching potential, V (R)
= D, (1 — e P B=R)) was used for the C—C and C—F bonds
instead of the harmonic stretch potential. D, and R, for the
C-C and C-F bonds of HFB are 124 kcal/mol (as for ben-
zene C—C bonds)*® and 1.394 A,2° and 116 kcal/mol,?! and
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1.327 A% respectively. The respective values of 8, for the
C—C and C-F bonds are 1.83 and 2.03 10%", and calculated
from the stretching force constants using B, = (f/2D.)".
For N,, the parameters are taken as D, = 228.3 kcal/mol,
Be=2.699 A~ and R, = 1.0945 A 32

B. Intermolecular potentials

Electronic structure calculations for the N,-N, and
N,-C¢Fg intermolecular potentials were performed with the
NWChem quantum chemistry package.®> MP2 theory,** with
the frozen-core approximation, is used for the calculations.
Energies are computed with and without a basis set superposi-
tion error (BSSE) correction.®’ Previous work has shown that
MP2 with the moderate basis set aug-cc-pVTZ gives ener-
gies comparable to CCSD(T) for the complete basis set (CBS)
limit.36-88

1. N2-N, potential

In previous work,%? detailed analytic potentials have
been developed for the N,-N, intermolecular interaction. For
the molecular dynamics simulations performed here a less
complicated potential, written as a sum of two-body terms,
is desirable. Thus, to develop an analytic potential, the N;-
N, intermolecular interaction was calculated for the three dif-
ferent orientations in Figure 1 using MP2 and the three ba-
sis sets aug-cc-pVDZ, aug-cc-pVTZ, and aug-cc-pVQZ. For
each orientation, the calculations for the three basis sets are
extrapolated to the CBS limit using the formula®! and the min-
imum energy potential energy for each basis set; i.e.,

E(n) = Ecps + Aexp[—(n — 1)] + Bexp[—(n — 1)*],
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FIG. 1. N»-N; interaction potential energy for three different orientations.
The ab initio curves are calculated at the MP2/aug-cc-pVTZ level of theory,
whereas the analytic curves are generated by fitting the ab initio potential to
the two-body potentials in Eq. (4) with the parameters listed in Table II.
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TABLE I. MP2 potential energy minima with different basis sets for three
different N,-N, orientations.®

aug-cc-pVDZ aug-cc-pVTZ aug-cc-pvVQZ CBS

BSSEP Ro Vo Ry Vo Ro Vo Vo
Parallel

Nocorr 358 —054 351 —-049 356 041 —0.36

Corr 369 027 362 —-032 360 033 034

Perpendicular

Nocorr 348  —055 345 —-0.52 347 -044  —-0.39

Corr 362 022 358 —034 353 -035 -0.35
Linear

Nocorr  3.61 —-0.29 3.6l -0.25 367 -0.16 —0.10

Corr 384 —-0.09 3.81 -0.09 379 -0.09 —-0.09

“Values of Ry and V; are listed in A and keal/mol, respectively.
bCalculations are with and without a BSSE correction.

where n is the cardinal number of the basis set. The results
are presented in Table I. For MP2 theory, CBS intermolecular
energies are expected to be less accurate than those obtained
with the aug-cc-pVTZ basis set.3%%7

The three N,-N, intermolecular potential energy curves
calculated with MP2/ aug-cc-pVTZ (Figure 1) were used to
develop an analytic N,-N, intermolecular potential. This lat-
ter potential is written as a sum of two-body interactions be-
tween the N-atoms of the two molecules and the parameters
for these interactions were determined by simultaneously fit-
ting the three MP2 potential energy curves using a genetic
algorithm.”> A modified Buckingham two-body potential of
the form

c D
V = Aexp(—Br) + o + s 3)
gave accurate fits to ab initio potential energy curves in previ-
ous work,%”-8%-93 but it did not give a good fit for three N,-N,
potential energy curves. To add more flexibility to Eq. (3), the
following two-body potential was used for the fitting:

Cc n D
(r+coy  +d"

allowing b, ¢, and d to take any value from negative
to positive. With this function an overall good fit to the
MP2/aug-cc-pVTZ potential curves was obtained as shown in
Figure 1. The fitted parameters are listed in Table II. The
MP2 Vy, Ry values for the top curve (parallel orientation)
and middle curve (perpendicular orientation) in Figure 1
are —0.32 keal/mol, 3.62 A and —0.34 kcal/mol, 3.58 A, re-

V = Aexp[—B(r +b)] + 4)
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spectively. The respective Vj, Ry values for the fitted curves
are —0.19 kcal/mol, 3.80 A and —0.14 kcal/mol, 3.70 A. For
the bottom curve (linear orientation), the interaction is purely
repulsive. The repulsive regions of the potential energy curves
are fit quite well for energies corresponding to those for a N,
bath at 298 K, for which the average N, 4 N collision energy
is ~0.9 kcal/mol

2. N,-CgFg potential

Because of the “electronic” size of the N,-CgFg system,
it is of interest to determine if a smaller molecular system
may be used to model the N,-C¢Fg intermolecular interac-
tion. The C-atom hybridization for Cg¢Fg is sp2 and the same
as that for C,F4, however the C—-C bond order for CgFy is
smaller. As a “test” of this latter difference, intermolecular
potentials were calculated and compared for a Ne-atom inter-
acting with CF4 and C,F,. Potential energy curves were cal-
culated for the Ne-atom: (1) approaching the C-atom of CF,
backside along a C-F bond axis and approaching a C-atom
of C,F, perpendicular to the plane of C,Fy, i.e., Ne-C curves;
and (2) approaching a F-atom directly along the C—F bond of
CF, and C,F,, i.e., Ne-F curves. For the Ne-C curves Vj, Ry
are —0.152 kcal/mol, 3.52 A and —0.190 kcal/mol, 3.43 A for
CF, and C,F,, respectively. For the Ne-F curves the respec-
tive Vy, Ry are —0.103 kcal/mol, 3.12 A and —0.109 kcal/mol,
3.11 A. The differences between the interaction energies of
Ne to CF; and C,F,4 are small, indicating that C,F4 may be
used to model Cg¢Fg in the N,-CgF¢ intermolecular potential
without a substantial loss of accuracy.

For an initial determination of the N,-CgFg intermolecu-
lar potential, MP2/aug-cc-pVTZ potential energy curves were
calculated for the three orientations shown in Figure 2. An ex-
cellent fit to these curves is obtained with a sum of F-N and C-
N two-body potentials given by Eq. (3) and the fitted parame-
ters are given in Table II for PES1. The MP2 V,, (kcal/mol), R,
(A) values for the top, middle, and bottom curves are —1.04,
3.28, —0.27, 3.21, and —0.95, 3.37, respectively. In compar-
ison, the fitted curves give respective values of —1.07, 3.31,
—0.19, 3.20, and —1.12, 3.33. Overall, the fit to these three
curves is quite good for PES1.

A test of the PES1 analytic potential energy function was
made using MP2/aug-cc-pVTZ to calculate the potential en-
ergy curve for the bottom orientation in Figure 3, which was
compared with the potential energy curve given for this ori-
entation by PES1. The MP2 V}, (kcal/mol), Ry (A) values are
—0.72, 3.48, in comparison to —1.60, 3.40 for PES1. The dif-
ference in Vj is substantial and 0.88 kcal/mol. Thus, though

TABLE II. Parameters for the N»-N; and N;-CgFg intermolecular potentials fit to MP2/aug-cc-pVTZ calculations.?

Interaction A B b C c D d n m
N-NP 13454.28 4.514701 0.02306411 —214.8792 —0.5683582 11305.30 —0.2905575 6 9
C-N (PES1)¢ 45854.13 3.199410 —6702.036 7
C-N (PES2) P 99569.69 4.495995 —0.2239541 —51703.28 2.696324 99087.81 0.8693999 7 10
F-N (PES1) ¢ 212209.9 4.668711 —54.90112 . 1067.110 . 7 10
F-N (PES2) © 854509.8 4.212151 0.5417893 —19432.07 3.931211 78636.53 3.078181 6 9

aUnits of the parameters are A in kcal/mol, B in A=!, C in kcal A" /mol, ¢ in A, D in keal A™ /mol, d in A.

PFit with Eq. (4).
°Fit with Eq. (3).
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FIG. 2. C,F4-N; interaction potential energy for three different orientations.
The ab initio curves are calculated at the MP2/aug-cc-pVTZ level of theory,
whereas the analytic curves are generated by fitting the ab initio potential
to the two-body potentials in Eq. (3) with the parameters listed in Table II
for PES1. The right-hand side panels are for lower energies in the potential
energy curves and fit by PES1.

PES| fits the three potential energy curves in Figure 2, it does
not fit this latter potential energy curve.

A quite good fit to all four potential energy curves in
Figure 3 is found with a sum of the two-body potentials in
Eq. (3), but an even better fit is obtained using Eq. (4) for the
two-body potentials. The parameters are listed in Table I and
identified as PES2. The fit is illustrated in Figure 3. As shown
below in Sec. IV D, PES1 and this more accurate PES2 give
statistically the same N, + C¢Fg intermolecular energy trans-
fer dynamics.
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FIG. 3. C;F4-N; interaction potential energy for four different orientations.
The ab initio curves are calculated at the MP2/aug-cc-pVTZ level of theory,
whereas the analytic curves are generated by fitting the ab initio potential
to the two-body potentials in Eq. (4) with the parameters listed in Table 11
for PES2. The right-hand side panels are for lower energies in the potential
energy curves and fit by PES2.
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FIG. 4. Angle averaged C¢Fs-N, interaction potential for the PES2 two-
body potential in Table II. R is the CgF¢ 4+ N, center-of-mass separation.
For the top curve (a) both C¢Fg and N; are randomly rotated about their Eu-
ler angles. For the bottom curve (b) each random orientation is Boltzmann
weighted by the orientation’s CgFg-N» intermolecular potential.

To determine the collisional energy transfer efficiency, a
standard approach is to represent the intermolecular poten-
tial between the collision partners by an “average” Lennard-
Jones potential.® An average interaction between N, and C¢Fg
was calculated as a function of their center of mass separa-
tion between 2 and 13 A. Two approaches were used to deter-
mine this average N, + C¢Fg interaction potential. For one,
an average potential was calculated for each separation by
averaging over random orientations of N, and C¢Fg,”* with-
out any weighting of the interaction potential energy. The
resulting potential using the PES2 parameters is shown in
Figure 4(a). The respective Lennard-Jones parameters for
o and e are 5.12 A and 250 K (—0.497 kcal/mol). For
comparison, PES1 gives these parameters as 5.07 A and
282 K (—0.560 kcal/mol), for this averaging. Though the
simulations are not performed under equilibrium conditions,
for comparison with the above potential an interaction poten-
tial was calculated by weighting each random orientation by
the Boltzmann term exp[—V (orient)/kpT] for its potential
V (orient).” This weighting emphasizes the most attractive N,
+ CFg interactions and its potential energy curve is given in
Figure 4(b) for PES2; the o and ¢ parameters are 2.95 A and
908 K (—1.80 kcal/mol). The curve in Figure 4(a), without
this Boltzmann weighting, is based on an approach similar to
that used by Bernshtein and Oref for Ar + C¢He.}

lll. SIMULATION METHODOLOGY
A. Initial conditions for CgFg, and solvent preparation

The experiments modeled in these simulations are those
in which HFB is electronically excited to S; with 266 nm
excitation and then undergoes a radiationless transition to
So, preparing “hot” HFB with 107.4 kcal/mol vibrational
energy.* For the trajectory initial conditions, this energy was
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added to HFB using classical microcanonical normal mode
sampling”® as implemented in the VENUS chemical dynam-
ics package.”” The initial translational and rotational energies
of HFB are chosen from their thermal distributions at 298 K.
Energy transfer from this excited HFB molecule is stud-
ied in the presence of a “bath” of N, molecules. Because of
the weak coupling of N, vibration with N, rotation and trans-
lation, the dynamics of the bath is not ergodic on the time
scale of a standard molecular dynamics (MD) simulation.”®
Such a simulation, with scaling of the velocities to attain the
desired temperature, will not give an equilibrium distribution.
Thus, the following scheme was used to fully equilibrate the
bath. The sampling begins by placing the N, molecules uni-
formly in a cubic box with periodic boundary conditions and
placing the HFB molecule, with its initial conditions, in the
middle of the box. The box size is determined by the number
of N, molecules and the bath density (see below). The Boltz-
mann probability distribution of the N, potential energy

P(Ar) o exp(—kAr?2kgT) 5)

is sampled for each N, molecule to determine its bond length;
i.e., here k is the force constant, and Ar is the displacement of
the bond from equilibrium. The average N, potential energy
resulting from this sampling is kz7/2. The one-dimensional
velocity distribution is then sampled for v,, vy, and v, of each
N-atom of the N, bath. This sampling adds on average, to the
N, bath molecules, 3kg7/2 to center of mass translation, kgT
to rotation, and kg7/2 to vibrational kinetic energy.

A MD simulation®® is then performed for the N, solvent
system for approximately 90 ps in a stagewise manner and
with HFB fixed with its initial conditions in the middle of a
cubic box. Since HFB is kept rigid for this equilibration, the
potential energy is Vi, + V,.c.r, + V,.n,; see Eq. (1). The
coordinates and velocities of HFB are not altered during the
equilibration. Each stage of the equilibration is divided into
two parts — sampling and monitoring. For the sampling part,
the trajectory is calculated with 2000 integration steps and the
Vy, Vy, and v, components of the N-atom velocities were re-
sampled every 5 integration steps. For the monitoring part of
this trajectory, also integrated with 2000 steps, the velocities
of the N-atoms are not re-sampled and energy conservation is
important. The properties of the solvent bath monitored in the
second part are its temperature, radial distribution function,”
and vibrational, rotational, and center-of-mass translational
energies. The final configuration of the solvent molecules at
the end of each stage of the equilibration is saved and the next
stage is started from that configuration with a larger integra-
tion step size (Atr). The step size is increased in this manner
as long as the total energy of the solvent is conserved during
the monitoring part of the equilibration. The larger step size
provides an equilibration stage with a longer total integration
time. The same step size is used to calculate the trajectories
for C¢Fg energy transfer to the Nj bath. The temperature of
the N, bath is determined from

muv;
3LRT/2=) —*L, (6)
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where L is the number of N atoms, R is the gas law constant,
m is the mass of a N atom, v; is the velocity of the ith N atom,
and the summation on the rhs extends from i = 1 to L.

Thermal equilibration of N; solvent is completed when
the average temperature of the solvent is 298 K and the sol-
vent has a proper radial distribution function.”® The temper-
ature was found to converge quite rapidly, but more equili-
bration steps were required to converge the radial distribu-
tion function. The resulting initial condition for the bath had
a 298 K temperature, the correct radial distribution function,
and the correct average thermal translational, rotational, and
vibrational energies of 3kg7/2, kgT, and kg T, respectively, for
the N, molecules.

For each simulation an ensemble of trajectories was cal-
culated with random initial conditions. The initial conditions
for the first trajectory in the ensemble were chosen as de-
scribed above. For the remaining trajectories HFB had ran-
dom initial conditions as specified by the microcanonical en-
semble. To select random initial conditions for the solvent
molecules the following procedure was used. After equilibra-
tion of the first trajectory in the ensemble (see above) it was
integrated for an additional 6 ps period of time and up to 8 sets
of configurations and velocities for the solvent were saved at
random time intervals. Each of these configurations was used
to select solvent initial conditions for trajectories in groups of
12. The initial conditions for each of these trajectories were
further randomized by holding HFB rigid and equilibrating
the N, bath for 12 ps. Thus, each trajectory in the ensemble
had random initial conditions for HFB and the N, bath.

The heating of the N, solvent as energy is transfered from
“hot” HFB depends on the number of N, molecules, i.e., the
relative HFB and N, densities. Figure 5 shows temperature
profiles based on single trajectory calculations with a fixed
bath density of 324 kg/m? (283 atm) but varying the number
of bath molecules as 69, 182, 400, and 1000 and varying the
size of the box. It is seen that for 69 bath molecules the fi-
nal system temperature at 100 ps is 460 K, whereas 1000 bath
molecules approximately conserves the system temperature at

500 : ; , . '

450 —_

~

N

N

=

400

1
0 25 50 75 100
time (ps)

FIG. 5. Temperature profiles of single trajectory calculations, with different
numbers of bath molecules, at a fixed bath density of 324 kg/m>. The density
is kept constant by varying the size of the “simulation box.” The black, red,
green, and blue curves are obtained from 69, 182, 400, and 1000 N, bath
molecules, respectively.
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310 K. Thus, for the 1000 molecules bath, during the simula-
tion the system temperature remains within 5% of the initial
298 K temperature. If the bath density is changed by vary-
ing the number of solvent molecules, but keeping the same
box size, there will be substantial heating of the bath at low
density.

There is substantial interest in studying heating of the sol-
vent bath, but for the work presented here the interest is in
studying energy transfer to a bath which remains at the initial
temperature. As discussed above, to a quite good approxima-
tion this is accomplished with a bath of 1000 N, molecules.
The solvent systems for the current study were prepared in
a cubic box with N, densities of 810, 324, 201, 80, and
40 kg/m?, for which the corresponding length of the box is
38.8, 52.6, 61.6, 83.7, and 105.4 A, respectively. In order
to obtain the desired density, the size of the box was varied
keeping the number (1000) of bath molecules the same. The
pressure for the highest and lowest densities, i.e., 810 and
40kg/m3, are 707 and 35 atm at the 298 K simulation tem-
perature.

Average energy transfer dynamics were obtained by cal-
culating 96 trajectories for each density. To obtain the same
final HFB energy from the simulations, for each N, density, it
was necessary to run the trajectories for a longer time at the
lower densities, i.e., there a fewer N, 4+ C¢Fg collisions as the
density is lowered. For the present study the simulation times
are 312 ps for 40 kg/m?, 182 ps for 80 kg/m?, 133 ps for 201
kg/m?, 116 ps for 324 kg/m?, and 70 ps for 810 kg/m?, each
with an integration time step of 0.006 ps. These times lead
to a final total HFB energy of ~28 kcal/mol. This energy is
slightly higher than the HFB average energy of 20.6 kcal/mol,
which results if the initial 1886 kcal/mol total energy of HFB
and the N, bath is statistically equilibrated between all the de-
grees of freedom. In addition to the HFB energy, the transla-
tional, rotational, and vibrational energies of the N, bath were
also followed versus time.

B. Analyses of the simulation results

As described in Sec. 1V, for each density the average en-
ergy of HFB versus time (E(¢)), is fit quite well by the bi-
exponential expression

(E(1)) = [E(0) — E(c0)]
x Lfrexp(—=kit)+ fr exp(—kat)]+E(00)  (7)

with fi + f> = 1; i.e., see fittings and results given in the next
section. As the solvent density is lowered, the energy trans-
fer dynamics enters the independent, single collision limit
where the energy transfer rate constant becomes proportional
to pressure.

If (E(¥)) in Eq. (7) is differentiated with respect to the
time, one obtains the average energy transfer per unit time for
the value of (E(7)). If the independent single collision limit
is considered and this d(E(7))/dt is divided by the number of
collisions per unit time, i.e., the collision frequency w, one
obtains the average energy transfer per collision, i.e.,

(AE.) =[d (E@®) /di] /. ®)
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For a single exponential in Eq. (7) and for the r = 0O limit,
Eq. (8) becomes [E(0)-E(0c0)]k = -(AE.)w, so that k is pro-
portional to pressure (density), i.e.,

k=Cxp, 9

where k is the energy transfer rate constant, p is the density
of the bath, and C is the proportionality constant and indepen-
dent of p in the low density limit. For the current simulations,
the first component of the bi-exponential dominates at short
times and the independent single collision limit was deter-
mined by densities for which k; is proportional to the density.
However, as discussed in Sec. IV, k is found to be also pro-
portional to the density in this limiting regime.

The collision frequency for each density is calculated us-
ing the formula

8RT

w=n0’[M] | ———
TT L Cs Fs—N,

Q. (10)

which in convenient units may be written as'%

w(s™") = 4.415 x 10°0? p(T 1)~ 7Q5 5, (11)

where [M] is the number density of the system, o is the col-
lision diameter in A, p is the pressure (Torr), T is the tem-
perature (K), w is in atomic mass units, and €27 , is collision
integral taken as'®

A C E

;,2 = (T*)B + eDT* + eFT* * (12)

In Eq. (12), T* = kgT/e, where kg is the Boltzmann constant
and ¢ is the intermolecular well depth, and the constants are
A = 1.16145, B = 0.14874, C = 0.52487, D = 0.77320,
E =2.16178, and F = 2.43787.

Two approaches were used to determine the collision fre-
quency. For the “experimental” @ approach the values taken
for o and ¢ are 4.97 A and 163 K, respectively, obtained
from the relations o = (o¢sr, + on,)/2 and & = /eciFEN,>
where the oc,r,, On,, €csF,» and ey, values are those used
previously>* to interpret experiments. For the ab initio @ ap-
proach, two models were used to determine an average ab
initio potential energy curve as discussed in Sec. II B 2 and
shown in Figure 4. Figure 4(a) gives the orientation aver-
aged N, + CgFg potential for which, ¢ = 5.12 A and ¢
= 250 K. For the potential curve in Figure 4(b), each ran-
dom orientation is Boltzmann weighted by its potential, and
o =295 A and & = 908 K. One often considers a collision
diameter, which equals o times the square root of 3 ,. The
resulting experimental collision diameter is 5.47 A and this
collision diameter is 6.16 A and 4.85 A for the ab initio po-
tential curves in Figures 4(a) and 4(b), respectively. The ab
initio collision diameter for Figure 4(a) potential is larger than
the experimental value as a result of the ab initio ¢ of 250 K
as compared to the experimental ¢ of 163 K. For the ab initio
potential in Figure 4(b) with Boltzmann weighting, including
the collision integral Q3 , significantly increases the collision
diameter from 2.95 A to 4.85 A as a result of the potential’s
large ¢ of 908 K.
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FIG. 6. Energy of HFB versus time, averaged over 96 trajectories, for Np
bath densities of 810, 324, 201, 80, and 40 kg/m3. There are 1000 N
molecules in the bath.

IV. RESULTS AND DISCUSSION
A. Energy transfer parameters and limiting density

In Figure 6, the average energy of HFB versus time,
(E(1)), for 96 trajectories is presented for each of the densities.
The (E(r)) are excellently fit by Eq. (7), and the fitting param-
eters fi.f2, k1,k», and E(oco) are listed in Table III. For each
density, (E(f)) is highly non-exponential, with the weight of
the large rate constant component apparently decreasing with
decrease in density. Using k; = C;p, as shown in Eq. (9), the
C;’s for each density are also listed in Table III and are plotted
versus density in Figure 7. The constants C; and C, become
nearly independent of density between p of 80 and 40 kg/m?
(particularly C)), and for the following analyses 40 kg/m?
is taken to represent the independent, single collision limit.
For this density, the “experimental” collision frequency is
w = 0.41 x 102 s~! (see Sec. III B) and the mean free path
for C¢Fg in N, is 12.5 A. For comparison with the latter, the
experimental o is 5.47 A.

For the initial conditions “hot” HFB contains
107.4 kcal/mol vibrational energy, but only a 298 K
Boltzmann distribution of rotational energy. It is of interest to
determine if energy is transferred to HFB rotation as HFB is
vibrationally relaxed. Analyses show that such HFB V—R is
unimportant. The average 298 K rotational energy of HFB is
~0.90 kcal/mol and during the simulation the HFB rotational
energy never becomes significantly larger than this value.

TABLE III. Parameters for fits to (E(7)) for different bath densities.*

p (kg/m®)® E(co) i) ky k2 C C

40 222 0.256 0.744 0.0277 0.00810 0.000692 0.000202
80 25.5 0.279 0.730 0.0542 0.0154 0.000678 0.000192
201 27.2 0.278 0.722 0.0967 0.0274 0.000482 0.000136
324 27.4 0388 0.612 0.149 0.0321 0.000460 0.0000987
810 26.6 0.458 0.542 0.291 0.0421 0.000360 0.0000519

4The fits are to Eq. (7). The sum of f; and f; is set to unity in the fitting, and the k’s are
in unit of ps~!. C| and C; are calculated by k;/p and ky/p, respectively (see Eq. (9)).
The pressures for the lowest and highest densities of 40 and 810 kg/m? are 35 and
707 atm, respectively.
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FIG. 7. Cj and C, as computed from Eqs. (7) and (9) for the (E(#)) of the
different N, bath densities in Figure 6.

Nevertheless, it is of interest that the small amount of V—R
for HFB depends on the N, bath density. For the 810 kg/m?
simulations (E,,,) of HFB never exceeds 1.5 kcal/mol, while
for the 201 kg/m? simulations (E,,) becomes as large as
~1.9 kcal/mol within 0-10 ps time interval. For the 40 kg/m?
simulations (E,,;) becomes ~2.4 kcal/mol at ~50 ps and then
decreases.

As discussed in Sec. III A, for each of the N, bath den-
sities the simulations were continued until the average to-
tal energy of HFB (i.e., translation, rotation, and vibration)
attained a constant limiting value of ~28 kcal/mol. This
energy is slightly higher than the HFB average energy of
20.6 kcal/mol, which results if the initial total energy of the
N, bath and HFB molecule of 1886 kcal/mol is statistically
equilibrated between all the N, bath and HFB degrees of free-
dom. The resulting equilibrated N, bath temperature is 314 K,
consistent with the simulations as discussed in Sec. IIT A.

As shown in Table III, the fitted E(oco) values vary from
22.2 kcal/mol for p = 40 kg/m* to 27.4 kcal/mol for p
= 324 kg/m>. The former is only 1.6 kcal/mol larger than
the value of 20.6 kcal/mol when the HFB/N,-bath system be-
comes fully equilibrated at long time. If Eq. (7) was an ex-
act representation of the HFB energy relaxation dynamics,
the fitted E(oco) values would equal 20.6 kcal/mol, and appar-
ently Eq. (7) is the best representation of these dynamics for
the lowest density simulations. That the fitted E(oco) values
are larger than the fully equilibrated value of 20.6 kcal/mol
indicates that, in representing the long time decay of (E(r))
to 20.6 kcal/mol, at least one additional exponential is re-
quired in Eq. (7) to fit The (E()) to the # = oo limit time. The
need for additional exponentials and relaxation parameters in
Eq. (7), to fit (E(?)) for the complete time domain is consid-
ered in the summary.

B. Energy transfer dynamics to the N, bath

The energy transfer from the vibrationally excited HFB
molecule may be used to increase the translational, rotational,
and vibrational energies of the N, bath molecules. For each
of the bath densities, within statistical uncertainties, there is
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FIG. 8. The change in the total (a) translational and (b) rotational energies of
the N, bath, averaged over 96 trajectories. Results are illustrated for the bath
densities of 201 and 810 kg/m>. There are 1000 N, molecules in the bath.

no energy transfer to N, vibration during the simulations,
and the vibrational energy transferred from HFB is used to
increase the translational and rotational energies of the N,
molecules. This is illustrated in Figure 8 where the increase
of the average translational and rotational energies of the Nj
bath are plotted versus time (up to 130 ps) for the simulations
with bath densities of 201 and 810 kg/m?. As discussed in
Sec. III A, these respective simulations are integrated to 133
and 70 ps to attain the approximate “equilibrated” HFB en-
ergy of ~28 kcal/mol. The final (E ;) is ~1.5 times larger
than (E,,) for each of the densities as expected for equili-
bration of the energy between N, translation and rotation. In
addition, there are no significant, discernible, statistical differ-
ences in the relative transfer of energy to N, translation and
rotation versus time.

C. Average energy transfer per collision (AE;)

Using Eq. (8) and (E(¢)) in Figure 6 and the collision fre-
quency w, the average energy transferred from HFB per col-
lision as a function of (E) may be determined. The resulting
plot of (AE,) versus (E) is given in Figure 9(a) for each of the
densities using the experimental collision frequency which
includes the collision integral €27, as discussed above in
Sec. III B. Given in Figure 9(b) is the analogous (AE,) versus
(E) plot for the orientation averaged ab initio potential with-
out Boltzmann weighting. It is of interest that (AE,) calcu-
lated in this manner increases for a fixed (E) as the density
approaches that for the independent, single collision limit.
As expected from model analyses of experiments,®> (AE.)
approaches zero as (E) becomes small. (AE,) is a compos-
ite of energy transfer from and to HFB, i.e., (AE 4"y and
(AE*), respectively. At large (E), (AE.4°"") dominates. At
long times, when equilibrium is attained, the magnitudes of
(AE vy and (AE."?) become the same and (AE.) equals
zZero.
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FIG. 9. Average energy transfer per collision for each N, bath density using
two sets of L-J parameters: (a) L-J parameters from the literature;>* and (b) L-
J parameters for the angle averaged C¢Fg-N; interaction potential presented
in the top graph of Figure 4.

From the discussion above, the p = 40 kg/m3 den-
sity simulation is a good representation of the single col-
lision limit. For this density, the value of (AE.) at (E)
= 85.8 kcal/mol is 1.74 kcal/mol from Figure 9(a) which
uses the experimental collision frequency®* and in excel-
lent agreement with the gas-phase experimental value of
1.60 kcal/mol.>* From Figure 9(b), based on the orientation
averaged ab initio potential (AE,) is 1.37 kcal/mol for (E)
= 85.8 kcal/mol. If Boltzmann-weighting is included with the
orientation averaging, and the collision integral is included to
determine the collision frequency (Sec. III B), (AE,) becomes
2.14 kcal/mol at this (E).

It is of interest to consider which of the two approaches
is more appropriate for determining the N, 4 Cg¢F¢ aver-
age intermolecular potential energy curve (i.e., Figures 4(a)
and 4(b)) and the resulting collision frequency. The approach
without Boltzmann weighting is similar to that used in previ-
ous work by Bernshtein and Oref® and expected to be more
representative of the actual collision dynamics. The Boltz-
mann weighting assumes thermal equilibrium, so that the col-
lisions preferentially sample the strongest N, + CgFg attrac-
tive interactions. In contrast to such a model, the N, + C¢F¢
collisions were direct without trapping and thermalization in
the N, + Cg¢Fg potential energy minimum.

D. Effect of No-C¢Fg intermolecular potential

As discussed in Sec. I B 2, two analytic functions were
fit for the N,-CgF¢ intermolecular potential, PES1 and PES2.
PES| is fit to three N, 4+ CgFg intermolecular potential energy
curves, while PES?2 is fit to four. PES2 is considered more ac-
curate and was used for the simulations. However, the energy
transfer dynamics, e.g., (E(f)) was found to be statistically the
same for PES1 and PES2, and this is shown in Figure 10 for
p =324 kg/m? simulation. Of interest is to determine the level
of accuracy required for the N,-CgFg intermolecular potential
to obtain accurate energy transfer dynamics. This has been
considered in previous collisional energy transfer studies'’!
and it is a possible topic to investigate in future studies of
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FIG. 10. Comparison of the energy of HFB versus time, averaged over
96 trajectories, for the PES1 and PES2 models of the C¢Fe¢-N> intermolecular
potential. Simulation results are for a N bath density of 324 kg/m> and 1000
molecules in the bath.

N, + C¢Fg collisions and related systems of collisional en-
ergy transfer.

E. Analysis of the trajectory sample size

For the above simulations, 96 trajectories were calcu-
lated for each density to obtain average results. Of interest is
whether meaningful results could be obtained with a smaller
trajectory sample size. This was investigated for p = 40 kg/m?
simulations. The 96 trajectories were split into two groups of
48 each and into four groups of 24 each. For each group the
average energy of HFB versus time, (E(f)), was calculated.
The resulting plots are shown in Figure 11, when they are
compared with each other and with the plot for the 96 tra-
jectories. To quantitatively access the differences in the (E(?))
each was fit with the bi-exponential in Eq. (7), and the re-
sults are given in Table IV. For the two groups of 48 tra-
jectories, the fitted parameters are similar to the values for
96 trajectory ensemble. The four groups, of 24 trajectories

100 p=40kg/m’ __ N =48

traj

<E> of C()F6 (kcal/mol)

| |
0 50 100 150 200

time (ps)

FIG. 11. Average energy of HFB versus time, averaged over: 96 trajectories
(black); two ensembles of 48 trajectories; and four ensembles of 24 trajecto-
ries. Results are for a N bath density of 40 kg/m® and 1000 molecules in the
bath.
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TABLE IV. Parameters for fits to (E(r)) for different simulation ensemble
sizes.?

No. Trajs.? E(00) f) f, ki ko

96 222 0.256 0.744 0.0277 0.00810
48 24.1 0.253 0.747 0.0260 0.00854
48 23.1 0.279 0.721 0.0283 0.00869
24 212 0.240 0.760 0.0270 0.00802
24 27.4 0.230 0.770 0.0258 0.00959
24 26.1 0.201 0.799 0.0278 0.00955
24 21.4 0.296 0.704 0.0288 0.00877

2The simulations are for the 40 kg/m*® density. The fits are to Eq. (7). The sum of f; and
f» is set to unity in the fitting, and the k’s are in unit of ps~"

The results for the 96 trajectory ensemble are from Table III. For the 48 and 24 trajec-
tory ensembles, the 96 trajectory ensemble is split into two and four groups, respectively.

each, show more variability in the fitted parameters, but over-
all they display the same energy transfer dynamics and each
give semi-quantitative results. This analysis indicates that, for
the simulation model used here, meaningful intermolecular
energy transfer dynamics may be obtained with a relatively
small sample size. The most likely reason for this finding is
the extensive averaging resulting from the collisions of HFB
with the N, bath. In a traditional trajectory simulation of
intermolecular energy transfer, collisions are considered be-
tween the vibrationally excited molecules and a single bath
model.'>"'® A large ensemble of trajectories is then required
to obtain a meaningful average over random initial conditions
for the collision partners.

V. SUMMARY

In this work, molecular dynamics simulations are re-
ported for the study of collisional energy transfer dynamics
for a highly excited HFB molecule in a N, bath. The simu-
lations are performed with one HFB molecule in a periodic
“box” of N molecules. By varying the size of the box and/or
number of N, molecules, the simulation may be performed
for either the liquid or gas phase. Electronic structure calcula-
tions were performed at the MP2/aug-cc-pVTZ level of theory
to determine N;-N, and N,-C¢Fg intermolecular potentials for
the simulations, which were represented by sums of two-body
potentials. The N, 4 CgFg collisional energy transfer dynam-
ics were found to be insensitive to fine details of the N,-CgFg
intermolecular potential.

The extent of heating of the bath, as HFB relaxes, is de-
termined by the number of N, molecules in the bath. For
a simulation to compare with experiment, with “hot” HFB
initially containing 107.4 kcal/mol of vibrational energy, the
temperature is preserved within 5% of the 298 K initial
temperature with a bath of 1000 N, molecules. For the
~100-300 ps simulations and all bath densities, energy trans-
fer from HFB is to N, rotation and translation with no en-
ergy transfer to N; vibration. In addition, there is negligible
transfer of energy from HFB vibration to HFB rotation. Ap-
parently, the simulations could be performed with the N; vi-
bration “frozen” and removed from the simulation degrees of
freedom.
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For all densities the average total energy of HFB as a
function of time from the simulations, (E(f)), is accurately fit
by the bi-exponential expression in Eq. (7), with the long-
time equilibrated energy E(oo) treated as a fitting parame-
ter. At a density of 40 kg/m?, the simulation system attains
the single collision gas-phase model and the collisional de-
activation rate constant is directly proportional to the density.
In this collision limit, the average energy transferred per unit
time, d[(E(¢))]/dt, may be divided by the collision frequency w
to obtain the average energy transferred per collision (AE,).
With the collision frequency used to interpret experiments, the
resulting (AE.) is 1.74 kcal/mol at (E) = 85.8 kcal/mol and
in excellent agreement with experiment.>*

The simulations were extended for ~100-300 ps and un-
til (E(r)) was ~28 kcal/mol, which is higher than the fully
equilibrated HFB energy of 20.6 kcal/mol. The fitted E(co)
values for the simulations, listed in Table III, are larger than
this long time, fully equilibrated value. For a complete rep-
resentation of (E(?)), extended to long times, an additional
exponential(s) will be needed for Eq. (7) with a smaller re-
laxation rate constant(s). The time required to attain a fully
equilibrated HFB molecule in the N, bath is an interesting
and important question. A related issue is equilibration of the
N, translational, rotational, and vibrational energies. No en-
ergy is transferred to N, vibration as HFB is relaxed during
the simulations, and equilibration of N, vibration with N, ro-
tation and translation is expected to occur on a much longer
time scale than that for the ~100-300 ps simulations.

For the current study there is only a well defined, sin-
gle HFB energy at the beginning of the simulation; i.e.,
107.4 kcal/mol. As HFB relaxes within the N, bath, it ac-
quires a distribution of energy, whose average is (E(f)). Thus,
for each time, the energy transfer and (AE,) is for an energy
distribution, which contrasts with previous studies® 16-103-105
for which (AE.) was determined for fixed energies. It is of
interest that for the current study no more than 96 trajecto-
ries are required to study energy transfer for this distribution
as it evolves in time. In previous work,!>192-1% Schatz and
co-workers!® have performed somewhat similar simulations
of ensemble-averaged intermolecular energy transfer.

For the decay of (E(f)), the slope d[(E(f))]/dt decreases
with decrease in (E(f)), and the corresponding value of (AE,)
also decreases. Thus, energy transfer from HFB is predicted to
become less efficient as (E(z)) is lowered. Such an effect has
been observed for relaxation of pyrazine, where changing the
pyrazine internal energy by 7%, from 37 900 to 40 600 cm™!,
changes the energy transfer probability by a factor of 3.4> A
strong energy dependence for (AE,) was also found in fixed
energy simulations by Schatz and co-workers'®!193-105 and
Bernshtein and Oref,® and also in ensemble average simula-
tions by Schatz and co-workers.!> 192719 Ap increased vibra-
tional density of states is expected to increase the efficiency
of energy transfer,* which is consistent with a decrease in
(AE.) as (E(1)) is lowered and the density is decreased. At
very low (E(?)) energy transfer is expected to become quite
inefficient and, with the low state density, may become vibra-
tional state dependent. An interesting question is if there is an
approximate high energy limiting value of (AE,). For the cur-
rent study, where (AE,) corresponds to a distribution of HFB
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energies, the role of the HFB density of states on the energy
transfer will involve a convolution of AE, for the different
HFB energies in the distribution.

In future work, it will be possible to calculate (E(7))
and the corresponding (AE,) for a series of energized and
bath molecules, and relate the efficiency of collisional energy
transfer to the energized molecules’ densities of states and
properties of the deactivating bath molecules and their inter-
molecular potentials with the energized molecules.
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