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A chemical dynamics simulation was performed to model experiments [N. A. &Vedt J. Chem.
Phys.145 014308 (2016)] in which benzene molecules are vibrationally excited to 148.1 kcal/mol
within a Nx-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
CsHs molecules to the bath. The simulations nd that @0 ’ s and 1 atm pressure there are four
different nal temperatures for §Hg and the bath. Blvibration is not excited and remains at the
original bath temperature of 300 K. Rotation and translation degrees of freedom of baitiul KHe

in the bath are excited to a nal temperature @40 K. Energy transfer from the excited;ids
molecules is more ef cient to vibration of thegB¢ bath than its rotation and translation degrees of
freedom, and the nal vibrational temperature of thgHg bath is 453 K, if the average energy of
each GHg vibration mode is assumed to BF. There is no vibrational equilibration betweegHg

and the GHg bath molecules. When the simulations are terminated, the vibrational temperatures of
the GHg and GHg bath molecules are537 K and 453 K, respectively. An important question

is the time scale for complete energy equilibration of thelg and N and GHg bath system. At

1 atm and 300 K, the experimental V-T (vibration-translation) relaxation time §as N10 4 s. The
simulation time was too short for equilibrium to be attained, and the time for complete equilibration
of CgHg Vibration with translation, rotation, and vibration of the bath was not determihgalished

by AIP Publishinghttps://doi.org/10.1063/1.5043139

I. INTRODUCTION The statistical model for energy transfer to the bath is

L . that all the degrees of freedom have equivalent probabilities
Understanding intermolecular energy transfer is impor- o .
. ; . for receiving energy, given angular momentum and center

tant for numerous chemical processes, including atmospheric, ; . .
: . ! . . of mass translation constraints. This is also known as the

and combustion chemistry and chemical reactions in solu-

tion.1™ These dynamics are widely investigated by study-phase space theory (PST) maidef for product energy par-

: X o titioning in chemical reactions. Different statistical models
ing the efciency of energy transfer from a vibrationally

. ; have been proposed for intermolecular energy transfer, each
excited molecule to a much colder atomic or molecular bath\'/vith speci ¢ assumptions reqarding the dearees of freedom
The parameter often determined is the average energy trr:mlz?]-V v pd23'24 It ftp n r?] d thgt n intg rmediate need
fer iEE.i per collision of the excited molecule to the bath olved: S often assume ata ermediate needs

molecules. Also of interest, e.g., for understanding turbu- ;(:a?iztrg;:n;%;;t\gegg ;he ;XC:;[:tde aﬂgvss\tzrm;ﬁﬁg:zhf:gf
lence®’ is the relative importance of energy transfer to particu- pprop ' ’

lar translational, rotational, and vibrational degrees of freedong o' 9Y transfer in collisions with organic surfaces have shown

of the bath. Time scales for energy transfer are important foPhat statistical-like intermolecular energy transfer may occur

understanding turbulence. The time scaleforenergytransferE\gn;t‘rnﬂ'rﬁfgtégg'es'ons and without formation of a collision
molecular vibrational modes may determine whether molec- € : . . L
In recent work, a uni ed protocol for simulating liquid

ular energy transfer is able to couple with acoustic modes .
that cause turbulence to occur in hypersonic boundary |ay'9‘”d gas phase intermolecular energy transfer was deveéfoped

ers/ There have been several experimental studies of sucﬂnd appli;dztgo t_)Oth yibrational!y excitedks and azulen.e in.
dynamics, in which pathways for transfer of energy to bath® Ne Path; Snbranonally excited propyl benzen?icatlon In
molecules C®,1011 H,01216 HOD 1719 and DCPO were & helium bath® and cold GFg in a warmer N bath3! Here,
investigated. 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
a)Author to whom correspondence should be addressed: bill.hase@ttu.edu within a No-benzene bath.
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Il. EXPERIMENTS AND SIMULATION METHOD

The experimental procedure for the experiments modele
here has been described in detail previodélyaser excita-

tion at 193 nm, i.e., 148.1 kcal/mol, is used to excite benzene

molecules in the bath by &% S, transition. $ then under-

goesrapid internal conversion to form the vibrationally excited

ground state &, with small amounts of intersystem cross-
ing (5%) and uorescence (29%% Benzene formed in the
S, state, by this laser excitation, has a lifetime @f0 fs for
internal conversion toS and $ . Internal conversion of the
resulting vibrationally excited;S statesto & occurred within
5-10 ps33

Temperature changes for theddenzene bath depend on
the fraction of GHg molecules excited by the laser excitation
and the percentage o§8g molecules in the bath. The)Mota-
tional temperature is probed by adding a small fraction of N

to the bath and using laser induced uorescence to determin

the NO rotational energy level populations. Energy transfe
probabilities from @GHg to N, and NO rotation are expected
to be very similar so that the NO rotational temperature rep
resents that for N Here GHg is a laser excited benzene
molecule with 148.1 kcal/mol of vibration energy and 300 K
translation and rotation energies.

N2/N2, CsHe/CsHg, and N/CgHg intermolecular poten-

tials are required for the simulations. The potentials are

written as sums of 2-body potentials. The/N, potential
used for the simulations was described previod§hlhe
CsHg/CgHg intermolecular potential is represented by the
Optimized Potentials for Liquid Simulations (OPLS) moéfél.
The OPLS global minimum for the benzene dimer has
T-shaped geometry with a binding energy of 2.32 kcal/fol,

whereas a recent CCSD(T)/CBS calculation predicts a sim

ilar geometry and a binding energy of 2.84 kcal/rffolAn
experimental study gives2.9 kcal/mol¥” The OPLS poten-

tial gives an overall good description of the benzene-benzen

interaction. The MWCgHg 2-body potentials are written
as
V(r) = A exp( Br)+C="+D=™, Q)

The values of the parametefs B, C, D, n, andm for the

a
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the smaller GHg molecule as compared tosEs and a very
amall percentage of g in the bath, the binary/single colli-
sion limiting density is expected to be achieved at 40 Kgim

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 simulationg/~3! A vibrational energy of 148.1 kcal/mol

was rst added to the one excitedsBgs molecule to model
the experimental 193 nm laser excitation. This energy was

added randomly with classical microcanonical normal mode
sampling3®3® as implemented in a modi ed versiéh of

the general chemical dynamics computer code VENUS.
Translational and rotational energies for 300 K were then

dded to vibrationally exciteddElg . With initial conditions
1‘90r CsHg chosen, the next step was to equilibrate the bath
round GHg by placing it at the center of the simulation
ox with its coordinates and momenta xed. A MD simu-
lation was then performed to thermally equilibrate the 190

N> molecules and remaining 968 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 N and GHg bath molecules was veri-
ed. Initially, the average center-of-mass translation energy
for each N and GHg molecule is RT/2 = 0.89 kcal/mol, the
average rotational energy of each Bnd GHg molecule is

RT = 0.60 kcal/mol and RT/2 = 0.89 kcal/mol, respectively,
and the average vibration energy of &hd each mode of¢Eg

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 gHg and the N/CgHg bath, a
téajectory was then calculated for 2400 ps to study intermolec-
ular energy transfer fromgEBg 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
N, + CgFg intermolecular energy transféf,48 trajectories

N,/CsHg C—N and H—N interactions were assumed to be thegave statistically the same result as found for 96 trajectories.

same as those for the azulene + BCS-MP2 potentig?
and are, respectively, 21 476.80 kcal/mol, 3.229 244 A
1411.447 kcal A/mol, 13 298.14 kcal A/mol, 7, and 10 for
the C—N interactions and 18 694.06 kcal/mol, 3.705 68%, A
2591.526 kcal A/mol, 4584.946 kcal &/mol, 8, and 11 for
the H-N interactions.

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

The simulation reported here was performed to modefollowing, T = 300 K. The average initial energies are as fol-

experiments in which gHg constitutes 5% of the bath and
10% of the GHg molecules are excited. Since;lds is an

appreciable component of the bath and a signi cant fractior= 53.6 kcal/mol andE;: + Egans = 90

lows: GsHg , Evip = 148.1 kcal/mol andE,o; + Eyans = 3RT
1.8 kcal/mol; 90 N bath molecules,E,i, = 90RT
2.5RT

of CgHg is excited, there is appreciable heating of the bathF 134.1 kcal/mol; and 9 §Hg bath molecule%,i, =9 30RT
in the experiments. To represent these experiments, a sine160.9 kcal/mol ando; + Efans=9 3RT = 16.1 kcal/mol.
ulation model was used in which the bath consists of 190Vith these initial energies and the total number of degrees of

N, and 10 GHg molecules, with 1 @Hg molecule vibra-
tionally excited. To achieve the binary/single collision limit for

freedom, the temperature for the completely equilibrated sys-
temis 402 K. If Ny vibration remains un-equilibrated at 300 K,

comparison with experiments, the bath density was chosen dmut translation and rotation offNind translation, rotation, and
40 kg/n? or 32.5 atm which was found to be the binary/single vibration of all 10 benzene molecules are equilibrated, their

collision limiting density for GFs + N, simulations?”28 For

equilibrated temperature is 418 K.
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lll. SIMULATION RESULTS Sec.lV), and if each @Hg vibration mode is assumed to have
the same energy, the energy of eagtHg vibration mode

The properties determined from the simulation are as fOI_increased from an averadeT value of 0.60 kcal/mol to

lows: (1) the center-of-mass translation and rqtatpnal ENETIES0 9 keal/mol for the 9 bath molecules and 48 trajectories.
of the Nb and GHg bath molecules, and the vibrational ener- - .
: The nal energy of the vibration modes corresponds to a
gies of the GHg bath molecules and (2) the energy af-Gg
. e temperature of 453 K.
versus time. Plotted versus time in Flgare the average center- oo .
: . : The average energy of vibrationally excitegHg versus
of-mass translation and rotational energies of,aaNd GHg . L2 27 ) :
time FE(t)i is given in Fig.2. As found for previous simu-

molecule and the average energy eflbration and the aver- . 7.30 o o
age energy of a §Hg vibration mode. Each of the 30586 ll:iflg:j)nenztiig? as shown in Fig2, FE()i is well t by the

vibration modes may have a speci ¢ average energy, depen-
dent on its frequency and symmetry. However, this was notE(t)i = [E(0) E(1)][fexp( kit) + f2exp( kat)]+ E(1),
analyzed for the current simulation, but considered in Béc. 2)
Consistent with previous simulatioR&?° there is negligible
energy transfer to plvibration. The center-of-mass translation
and rotation energies of the;Mnolecules increase with time,
via V! R/T (vibration to rotation and translation) energy
transfer. When the trajectories are terminated at 2400 ps, ti%(ll) = 23.4 keal/molf, = 0.901,f2 = 0.089 k; = 0.00133
average center-of-mass translational and rotation energies Bf -+ @ndkz=0.000799 ps'. Atthe end of the simulation, the
N, have increased by0.1 and 0.07 kcal/mol, respectively. 1@l average energy of the &g molecule is 34 kcal/mol.
The initial ratio between the Ntranslation and rotation ener- Of this energy, both translation and rotation atekcal/mol,
giesis 1.5,and with the above increases in these energies, th2"esponding to a temperature 40 K, which is the same

ratio remained at 1.5. Thus, energy transfer tgNranslation as the nal translatmn-rotgtlon temperature of the Ahd i
and rotation follows the equipartition principle. At the con- C6He bath molecules. As discussed above, the temperature is

clusion of the trajectories, the average thanslation-rotation 402 K for fully equilibrated GHg  with the No—CgHg bath.
temperature is 340 K. The 402 K total energy of §Hs is 26.4 kcal/mol and

Rotational and translational energy transfer to taelC signi cantly smaller than the nal simulation total energy

bath molecules is in accord with the above energy transfe?f 34 kcal/mol. The nal GHe vibrational energy of
to the N bath. Shown in Figl are the average center-of- 32 kcal/mol corresponds to a temperature 687 K, in con-

mass translation, rotation, and vibration mode energies Ot(asr: tor:he vibrational ltemper_ature 053 K for thf GHs
a GsHs bath molecule versus time. At the conclusion of Path. The average total energies @He and a single €Hg

the trajectories, the average translation and rotation enefath molecule versustime are compared in Bigsiven in the
gies of the molecule are statistically the same as the avefuPPlementary materialre the average translation, rotation,

age N translation energy, with an averagegH translation- and per mode vibration energies of aHe mqlecule ver-
rotation temperature 0f340 K. However, unlike bl there is sus time and the average translation and rotation energies of a
V1V (vibration to vibration) energy transfer tas8s, which CgHg bath molecule versus time. There is a short time increase

is more important than ¥ R/T. The energy of eachcEig in th_e rotat_ional energy of the_645|6 _molecule, as seen for a
vibration mode was not determined in the simulation (seegr?é'gus simulation of gFs vibrational relaxation in a b
ath:
The average energy transfer per collisidBEci from
CeHe is found fromhE(t)i and given by

wheref, + f, = 1, E(0) andE(1 ) are the initial and nal
energies of gHg , andk; andk; are the rate constants. The
values for these tting parameters dE€0) = 149.9 kcal/mol,

1.6 — bath-C H, — -
I I Erm i
14} - .
L vib 4 T
1 T I |
121= ] g1 @
+ — g —_ S!mulallun
1 — = --- Fit
i <
08 e & 100 .
s . A
0o T § sol i
L | L | L | L
pal o T ‘ B 0 500 1000 1500 2000 2500
B bath—Nz time (ps)
= r 1 0.5 T T T T T
S = "f ]
g 1.2_— __ g 04} ®) -
s L _ 3 03[ .
e EaN
] 020 .
rﬁl 0.8 - %u ol
| i §i= n
\ A ~“ " .“"M* V2 L 1
0.6 fiett — 0 | L | L | |
N T T 0 50 100 150 200
0 500 1000 1500 2000 2500 <E> (kcal/mol)

time (ps)
FIG. 2. (a) Average energy of the vibrationally excitegHg molecule ver-
FIG. 1. Plotted versus time are the average center-of-mass translation amsdis time,lE(t)i. The tis with Eq. (2). (b) Average energy transfer from
rotational energies of afNand GHg molecule and the average energy of N CgHg  per collision with the bathtEE¢i from Eq. (3), versus the average
vibration and a @Hg vibration mode, for the BfCgHg bath molecules. energy of GHg , IEi.
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FIG. 3. Average total energies versus time of a vibrationally excitgtdsC FIG. 4. Temperature of the bath versus collision number for the current sim-
molecule and a gHg bath molecule. ulation with 190 N and 10 GHg molecules and one of thesBg molecules
vibrationally excited. Results averaged over 48 trajectories. Comparison is
made with the bath temperature obtained from experim&ntsctions of
h Ei = [de(t)i:dt]:! ’ (3) tl\(l;(tand GHg in the bath and excitation of Elg are described in the
where diE(t)i/dt is the energy transfer per unit time ahd
is the collision frequency in 4. FEE.i includes all colli- 10% of GHs is vibrationally excited, but the experimen-
sions, both those that transfer energy from and &eC. tal percentage is 10%—30%. The Kbtational temperature
The collision frequency is a sum of the collision frequenciesincrease is 130 K in the experiments and32 K in the sim-
for CgHg colliding with the Nb and GHg bath molecules ulation. Apparently, more gHs molecules are vibrationally
and is excited in the experiments than the percentage used for the
simulation.
P =1 (CeHe No)+! (CeHe  CoHe). () Given in Fig.5 are the plots oh E.i versusEi obtained
The collision frequency for each bath component may bdrom experimeng? which may be compared with the simu-
expressed a5 =! p P, whereP is the pressure of the lation. A t to experimental results is given forT = 130 K,
bath gas, i.e., 31.0 atm and 1.5 atm for &hd GHsg, respec-  where the initial and nal bath temperatures were 300 and
tively. With parameters used to interpret experiméftsp is 430 K, respectively. Temperature dependent parameters for
1.14 10" and 1.74 10 atm! s ! for N, and GHs, tsto T of 130-310 K data sets were used to extrapolate
respectively. The resulting value bfis 3.79 102 s 1 for  the curve parameters to obtain & = 0 K curve for an initial
the simulations reported here. bath temperature of 300 K, which is also shown in Bigt is
From Eq.(3), FEE.i is plotted versus the average energy Seen that the curve obtained from the classical microcanonical
of CgHg , IEi, in Fig. 2. At the initiation of the trajectory ~sampling of GHs and 190 N + 9 CgHe molecules in the
simulation, withrEi = 149.9 kcal/moltEE.i has its largest bath, for which T 32K, is in good agreement with experi-
value of 0.45 kcal/mol. When the simulation was terminatednents and remains between the experimental curvesTaf
at 2400 pshEE.i = 0.02 kcal/mol. Once gHg attains equi- 0 and 130 K. For the experimental curvasEci is larger for
librium with the bathHEE.i equals zero, since energy transfer
from and to the initially excited benzene molecule becomes 300 ——

equivalent. [ — Current Simulation (AT = 32 K)

The simulation results may be compared with those deter- 250~ =7 Simoneral. AT= 130K 7
mined experimentally? The experiments contain a small I 7
percentage of NO in the bath.,Nind NO are expected to =~ _~ 2001 o N
have the same rotational temperature, and the rotational tem- § | 0 ]

perature of NO is determined by monitoring its rotational 1, '50[" 7 ]
level populations. The Nrotational temperature is deter- 5

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 N |
rotational temperatures may be compared by plotting the N 0 10000 20000
rotational temperature versus the number gifi§ collisions

with the bath. This plot is given in Fig4, for which the FiG.s. Average energy transfer per collisiditEci, versus the average
bath conditions are different for the experiments and simuenergy of vibrationally excited §Hs . Comparison is made between the cur-
lations. The experiments have a bath that 796 CsHg, <1% rent_simulation ang experiment._Expe_rim_entaI results are given for signi cant
NO, and 92%-99% N, while the simulations have a bath heating of the bathg T = 130 K, with a signi cant number of gHg molecules

- . ’ excited, and results for negligible heating of the b&fhi = 0 K, with few CsHg
that contains 5% gHs and 95% N. For the simulations, molecules excited. For the simulatid&T 32 K.

100 -

L | L 1 L 1 L
30000 40000 50000 60000

<E> (cmil)
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ET = 130 K than forET = 0 K. The simulatiorh Egi, for agrees with a previous chemical dynamics simulatiornsdfgC
T 32K, falls between th&T =0 and 130 K experimental + CgHpg collisions??> Resonant VIV energy transfer may
h E¢i curves. be important for this ef cient vibrational energy transfer. In
future simulations, it would be of interest to use a normal
mode Hamiltonian modé#*3 to investigate which vibrational
IV. CONCLUSION modes of excited gHg most ef ciently transfer energy to
The simulation reported here model experim&his  Vibration of unexcited gHe. Energy transfer dynamics for
which a fraction of GHg molecules in a mixed N-CgHg the current simulation extend to a time o0 ’ s for 1 atm
bath, initially at 300 K, are vibrationally excited by, $aser ~ pressure and it may be possible to extend the simulation
excitation and then underge 8 S internal conversion, fol- to longer times, to investigate the time scale for complete
lowed by intermolecular energy transfer and heating of theenergy equilibration. Energy transfer from the vibrationally
bath. The vibrationally exciteddEls molecules are identied ~excited GHgs molecules is multi-exponential, which makes
as GHs . The simulation is performed for 2.410 °s ata  kinetic analyses of the time scale for energy equilibration
pressure of 32.5 atm, which is in the binary single collisioncomplex.
limit, and corresponds to a simulation time af0 ’ s for the
same number of collisions at 1 atm pressure. The experimentSypPLEMENTARY MATERIAL
determine the M rotational temperature of the bath versus ) )
time, and the simulations and experiments may be compared S€€supplementary materigbr average translation, rota-
by considering the time dependencies of thejr ratational tion, and per mode vibration energies of gHg mc_JIecuIe _
temperatures versus the number gHg collisions with the ~ VErsus time and the average tra_nslatlon and rotation energies
bath. For the simulations, 10% o§B is vibrationally excited, ~©f & CeHe bath molecule versus time.
but the experimental percentage is unknown and approxi-
mately 10%—-30%. The Nrotational temperature increase is ACKNOWLEDGMENTS
130 K in the experiments and32 K in the simulation. This
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