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In this paper we report on constant energy molecular dynamics (MD) simulations of nuclear dynamics of
benzene-Ar and benzeneAr, (n = 2—7) clusters, utilizing the ab initio intermolecular potential of benzene

Ar. The dissociation dynamics of benzengr resulting from a nonselective excitation of the intermolecular
modes exhibits an excess energy dependence which can be accounted for in terms oftRaRiggerger
Kasset-Marcus (RRKM) statistical theory. The time-resolved isomerization dynamics of berfi2epand

rigid nonrigid isomerization of benzend\r,, (n = 2—7) was investigated. The intracluster vibrational energy
redistribution (ICVR) in benzeneAr from an intramolecular vibration to the intermolecular modes is inefficient

on the nanosecond time scale for all of the (one quantum or two quanta) vibrational excitation of each mode.
The mode selectivity of the ICVR and its linear dependence on the excess vibrational energy were established.
The vibrational predissociation (VP) times for single-mode excitations of berzenare also slow on the
nanosecond time scale-22 ns), in accord with experimental data. The retardation of ICVR and VP of
benzene-Ar reflects the bottleneck effect for intracluster vibrational energy flow, due to the considerable
frequency mismatch between the high-frequency vibrational modes of benzenet(2—-2955 cnm?) and

the low-frequency van der Waals vibrational modes= 26 and 40 cm?).

1. Introduction vibrational energy redistribution (ICVR), which involves vi-
brational energy flow from the intramolecular vibrational modes
to the intermolecular vibrational van der Waals (vdW) mdges.

In addition, cluster isomerization (for smat) between well-
characterized isoméi% 74 is expected, and global cluster
isomerization (for largen) exhibits rigid—nonrigid cluster
“melting”.”>"7* IVR and ICVR dynamics has been investigated
experimenataly3-57 the experimental information on isomer-
ization dynamics is meager, while quite extensive simulation
data&? 29496874 gre available.

The structure, energies, vibrational level structure, electronic
vibrational spectroscopy, and dynamics of molecular clusters
are of considerable interest, as these clusters constitute finite
systems whose size and number of vibrational degrees of
freedom can be gradually changednd which allow for
separation of time scales for nuclear motforA wealth of
information has been gathered for-\R, heteroclusters, which
consist of a small molecule (M= HF, Cb, 1,)*1* or large
molecule (M = benzene, anthracene, tetracene, perylene, ) o ) ] o
carbazole’p~50 bound to a rare gas atom (R He, Ne, Ar, Kr, (2) Dissociative I_DrocessesWhen the V|brat|ona_l excitation
Xe). Regarding M-R, clusters (M= aromatic molecule), with energy of both the intramolecular modes and the intermolecular
which we shall be concerned in this work, there have been both Vibrational modes exceed the-MR binding energy, vibrational

extensive studies for numerous syst&ém¥ and detailed in-
depth studies of a few prototypical ones, e.g., the benzene
Ar, (n =1, 2) cluster$9-57 High-resolution spectroscopy has

predissociation (VP) of the cluster is energetically favored.

The early studies of the VP of the He-I, cluster constituted
the first clear case of VP in molecular dynamics. Since then,

rendered precise information on the structure, binding energies,extensive experimental and theoretical studies have been
spectral shifts, and intermolecular vibrational nuclear performed=1475-78 on the VP of halogen moleculeare gas
excitations?9~%¢  Photoelectroff-21:3+3349 and ZEKE® spec- atom clusters. Perhaps the most interesting feature of the VP
troscopy provided information on the ionization potentials of of these systems is their nonstatistical dynarits.The VP
M—R clusters. These spectroscopic studies were supplementedifetimes cannot be accounted for in terms of the statistical

by theoretical modelin§ for M—R,, clusters and extensive ab
initio calculation§®-52 of the potential energy surfaces of the
benzene-Ar cluster. The intramolecular dynamics of-NR,
and of (halogen molecule)R, clusters falls into two categories:
(1) Nondissociative ProcessesThese pertain to intramo-
lecular vibrational energy redistribution (IVR) and to intracluster

* Address correspondence to this author.
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Rice—RamspergerKassel-Marcus (RRKM) theory® The
intracluster vibrational energy flow from the vibrationally
excited halogen molecule to the van der Waals bond is
constrained by the considerable frequency mismatch between
the molecular and the van der Waals boés.Regarding the
nuclear dynamics of MR, clusters, experimental studies were
conducted on the VP of benzenar, 3 difluorobenzene Ar,%°
fluorotoluene-Ar,%” pyrazine-Ar,8! anthracene Ar,%* and tet-
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racene-R, (R = Ar, Xe)®® clusters. For the benzendr cluster In this paper we address some issues pertaining to the nuclear
in the § (*B2y) electronically excited state, Stephenson and dynamics of the benzerér and benzeneAr, (n = 2—7)
Rice®3 found that the VP lifetimes are surprisingly long, being clusters. For classical molecular dynamics (MD) simulations
in the range of 56100 ns. The VP lifetimes of thp-difluo- of the benzeneAr cluster ab initio intermolecular potentt&i62
robenzeneAr in the § state were found by Parmenter efal.  (expressed in terms of superposition of ateaom potentials)

to be in the range of 2200 ns, exhibiting a marked mode was used. The same potential was utilized for MD simulations
selectivity. The VP lifetimes of several vibrations in the S  of benzene-Ar,, (n = 2—7)57%0 The benzene intramolecular
state of aminotetrazireAr were found by Levy et dl! to be nuclear motion was described using standard progfa#i3.he

in the range 2.516 ns, also exhibiting mode selectivity. Thus intramolecular force field is anharmonic, with stretching and
the VP dynamics of these large-M\r clusters is slow, occurring  bending terms being harmonic, and only torsional dihedral terms
on the 2-200 ns time scale, manifesting the frequency mismatch are anharmoni€®8* We focus on the following issues: (1) the
between the intramolecular modes and the intermolecular vdW exploration of the dissociation dynamics of the benzefe
modes. In contrast to the long nanosecond VP lifetimes of cluster following the nonselective excitation of the vdW modes
benzen® and of p-difluorobenzeneAr,%® the VP of p- and the excess vibrational energy dependence of the rate; (2)
fluorotoluene is much faster, occurring in the time scale800 the isomerization dynamics of |@) — (2/|0) side crossing
ps8” and reflecting the mediating role of the low-frequency between the isomers of benzen&r,; (3) rigid—nonrigid
internal rotational modes of G+n IVR and VP? For a cluster isomerization of the benzen@r, (n = 2—7) clusters; (4)

containing very large molecules, i.e., anthraceAe the VP intracluster ICVR in benzenr€Ar, establishing the time scale,
dynamics in the §(*B,y) electronically excited state is consider- the mode selectivity of these processes, and its dependence on
ably faster than for the corresponding benzene putlifluo- the excess vibrational energy; (5) VP of benzeAe under
robenzene clusters, being in the time domain of2600 psé* mode-selective excitation of single vibrational modes, establish-
IVR, ICVR, and VP in M-R, clusters are intimately ing the slow &22 ns) time scale of these processes; (6) the
related®3-67.81 relation between ICVR and VP in the benzewe cluster.

In the bare isolated aromatic molecule only IVR occurs, with

the time scales depending on the excess vibrational energy anc?. Methods
the density of vibrational staté%82 For low frequencies no
IVR takes place; for higher frequency modes Fermi resonances
may be exhibited, while for high vibrational excitations
picosecond IVR lifetimes prevail, e.gs,20 ps for the 1380 crt
frequency of anthracerfé. ICVR can occur from low-frequency
intramolecular vibrational modes below the IVR onset, in view U=—- B(— - —) (1)
of the very low vibrational frequencies of the intermolecular R
vibrational modes. In a MR cluster where the aromatic
molecule M is vibrationally excited by; quanta (of frequency ~ Rin eq 1 is the interatomic €Ar or H—Ar distance, andh\—C
w1), VP can occur parallel to ICVR or sequentially with it. are the parameters summarized in ref 85a, ang 13.305.
Similarly, IVR may occur prior to ICVR and to VP and IVR, Experimental geometry of the benzene molecule was considered
ICVR, and VP may prevail sequentially. One may also consider (Rcc = 1.406 A,Rci=1.08 A,a. = 12¢°). The ab initio MP2
back-transfer (BT) from a vdW mode to benzene modes. The potential energy surface was generated with the 6GY
general scheme for the dynamics is 7s4p2d basis s&¥:51.62 Formula 1 was also used for the Ar

Ar interaction, and the respective parameters were adjusted to

2.1. Intermolecular Potential. The benzeneAr interaction
was described by the ab initio potentfalvhich was fitted to
the following form of atom-atom interactions:

[}: R ) yield the same minimum distance and well depth as that obtained
IVR/M ;YR e A VP from the 6-12 Lennard-Jones potent#&P Ar—Ar parameters
R (Z e "J . are also given in ref 85a. From ref 59 it is evident that this
M (vh %) ar BT ‘ ’ ICVR M\ vikTi) " Ar (@ potential reproduces well the ab initio values of the energy and
ICVR A geometry not only for the sandwich structures but also for the

planar structures of the benzem#r cluster. The largest
deviation (about 0.1 kcal/mol) occurred for tkkg, structure.
We thus expect that the potential (1) will produce the cluster
vP isomer relative energies with accuracy comparable to the ab
initio MP2/6-314+-G*/7s4p2d treatment. The question now arises
where{v} ,{v'j}, and{v"j} are the occupation numbers of the about the accuracy of this potential because it is clear that the
intramolecular modes (with frequencigs j}) and{v,} are the theoretical level used is not high enough. It was shown
occupation numbers of the intermolecular vdW modes (with previously® that passing from MP2 to CCSD(T) level and
frequencieq w,}). increasing the AO basis set from 6-BG*/7s4p2d to 4s3p2d1f/
The direct VP involves coupling to the dissociative con- 2s1p/6s5p3d2flg leads to only marginal change of the global
tinuum. The sequential ICVRVP process involves the vibra-  minimum stabilization energy (from 351 to 337 cih The
tional excitation of the vdW bond (via ICVR) above its close agreement between these two values provides evidence
dissociation energAE (i.e., S v.hw, > AE) and subsequent  for the reliability of the intermolecular potential evaluated at
dissociation. The sequential ICVR/P process was proposed the MP2/6-3%G*/7s4p2d level. (The actual potential used for
on the basis of coupled channel calculations for the VP of the MD simulations yields, for the global minimum of benzene
p-difluorobenzeneAr cluster3® Several discussions of these Ar, a stabilization energy of 393 crh  This value comes from
mechanisms on the basis of experimental data were profdd@d.  MP2 calculation with enlarged Ar basis set.) Another argument
Intriguing questions remain open concerning the mode selectiv- supporting the quality of this potential comes from refs 51 and
ity of VP, the role of IVR and ICVR, and the basic mechanisms 56, where this potential was successfully used for the final
of VP. assignment of experimental vibrational frequencies of the

M (Zv,”;, ‘“J~~- Ar (zv h‘DJ

i
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benzene-Ar complex. We can conclude by stating that absolute  2.3. Isomerization Rates Calculations.First Passage Time
and relative accuracy of the ab initio potential is satisfactory Calculations. The effective isomerization rate can be calculated
and it is clearly better then the accuracy yielded by any empirical as reciprocal mean first passage ti##€2 The mean value of
potential. In order to make extensive calculations (of melting the first passage timdg;} for i = 1...nsimulations is
and isomerization) more efficient, we used the exponent of
=13.0ineq 1. The respective paramet&+sC were modified
to get the same well depth for the benzede minimum. GU=-H (4)
The character of stationary points (minimum, saddle point) ni=
on the energy surface was unambiguously determined by and the effective rate constantET.
performing the harmonic vibrational analysis. If all the frequen-
cies are positive, then the stationary point corresponds to a
minimum; if some of the frequencies are imaginary, then the
stationary point is a saddle point. For benzeAe the potential
used yields two identical minima (Ar atom is located on the C
axes of the .b.enzene, 3'5.6 A above and be'OW the ring) and SIXtemperature which is identified as the cluster melting temper-
planar transition states with Ar between two adjacent hydrogens. ature. Similarly also the standard deviation (of the average Ar
2.2. Molecular Dynamics. Two kinds of MD S|mula}t|ons Ar distances changes rather abruptly at the melting
for benzene-Ar,, (n = 1-7) were perfomed, assuming the temperaturé869.72 74
ben;ene molecule is rigid (without internal vibrations) and  ghort-time constant energy MD simulations with rigid
nonrigid. . . benzene (quaternions) starting from structure equilibrated at
2.2.1. Rigid Benzene MDConstant energy MD trajectories  different temperatures were performed to study the internal
tor®”in the quaternion space assuming that the benzene moleculgyerage temperature was calculated for each value of total
is rigid (i.e. free to rotate and translate but without intramolecular energy together with the standard deviations (of the average
vibrations). This method was used for isomerization and Ar—Ar distances. The time step was 2.5 fs; the total length of
melting point calculations. In most cases a 2.5 fs time step the simulation was 1.25 ns for each temperature.
was used; it has been shown previobtigat very similar results 2.5. ICVR and Vibrational Predissociation. A classical
were obtained with shorter time steps of 0.5 or 1.0 fs. The mgdel of ICVR and vibrational predissociation was considered.
MD runs for each cluster were started from the global minimum. The AMBER 3.33 potential for benzene was modified first with
Each run consisted of four steps: (i) generation of initial the aim of reproducing the experimental benzene vibrational
velocities and removing 6 degrees of freedom so that the C|U3terfrequencies of Goodman et &l. The force constants for all
does not rotate and translate; (i) equilibration, a short simulation gihedral torsions were changed from 5.3 to 15.3 kcal/mol. No
(10° steps) with temperature scaling of the velocities; (iii) short jmproper torsions were used. This leads to an increase in the
time (25 ps) constant energy simulation to test the attainmentjprational frequency of the out-of-plane benzene modes. For
of required temperature; (iv) constant energy sampling (in order example, the lowest vibrational frequency moved from 236 to
to determine the relative abundances of various isomers of the402 cntl. Other features of the potential were found satisfac-
cluster, rather long sampling-(L00 ns) was carried out). An  tory. Note that a similar change was introduced in the newer
important characteristic of the cluster under study is the ygrsion of the AMBER force fiel@4® Using that potential for
temperature; for rigid benzene simulations the temperature wasthe intramolecular part and our ab initio intermolecular potential

n

2.4. Melting Temperature Calculations. Rigid—nonrigid
transitions of clusters can be investigated using MD
simulations’%-7® The temperature dependence of the internal
(total) energy (the caloric curve) of clusters which are character-
ized by a separated global minimfhreveals a step at a

evaluated as for the intermolecular part, normal vectors of the benzeke
system were calculated. At the beginning of the simulation the
_ 2E, cluster was equilibrated with half-quanta excitations in all the
T= 3Kk, Ny, @ intermolecular vdW modes to simulate the zero point energy

conditions. After equilibration one selected normal mode of
benzene was excited using an algorithm similar to that of Raff.
One quantum was used for all modes with a frequency higher
than 900 cm?, and two quanta were used for all modes with a
frequency lower than 900 crh. During the simulations the
Ar “flying average” kinetic energy and “flying average”
benzene-Ar distance (average over 5 ps) were calculated and
reported.

A time step of 1 fs was used to describe the benzene internal
vibrations properly. The simulations were 5 ns long. Ten
trajectories were averaged for each normal mode excitation.

whereEy is the kinetic energy of the clustéda, is the number
of argons in the cluster (17), andk; is the Boltzmann constant.
From the total number of the degrees of freed@Nx¢ + 6)
we subtracted six for the overall rotation and translation.
2.2.2. Nonrigid Benzene MDTo model vibrational predis-
sociation of benzeneAr, clusters, nonrigid benzene molecule
(i.e. free to rotate and translate in space with internal vibrations)
constant energy MD simulations are required. AMBERS3.0
and AMBER 4.6 programs were employed to accomplish the
task. A time step of 1 fs was used in most cases to describe
the vibrations correctly.

o o ) 3. Dissociation and Isomerization Dynamics
Modified definition of temperature is needed:

3.1. Benzene-Argon Dissociation. First passage time

2E (FPT) calculations were performed to study benzehecluster
. S— 3) dissociation. At 20 K, 1000 isolated benzerf clusters were
ky(3N,, 1 30) equilibrated, followed by a “nonselective” excitation of the van

der Waals modes (done by scaling up the velocities). Short-
where from the total number of K&, + 36) degrees of freedom  time (100-400 ps) constant energy molecular dynamic runs with
we subtracted 6 degrees of freedom for the cluster rotation andrigid benzene were performed. The excitation was designed
translation. so that the total energy of the cluster was the same for all the
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TABLE 1: Reciprocal Mean First Passage Times#p[3! for ;

Benzene-Ar Dissociation at Different Total Energies oE of — T T T T 1 T
the Cluster »’
OE? (cm™) @ot (ps Y OE2 (cm™h) ot (psh) I
100 0.0707 25 0.0243 80k
50 0.0384 10 0.0115
aTotal energy above the dissociation limit. m
T T T 'I:.\ '35 | ///
10 fry ,/
8 5 K
$ £ .
& 08f x K
B £ /
g v 40 | /
S 06 1! J
i
o ul -1 r ’
= 04 | = ==100cm i ,
-qé | ~~=-50¢cm™ //
2 ——25¢cm™ 451 N
2 0Zpfi 10em? ] //'
% ; M L N 1 N 1 1 N 1
& 00 8 40 35 30 25 20 -5
0 100 200 300 400 In (SE/(AE+SE))
time (ps) Figure 2. RRK fit (cf. eq 5) for the benzeneAr dissociation rates.
Figure 1. Time dependent number of dissociated species of berzene ———7—— :

Ar for various excess energies above the dissociation limit. w000 L
runs. The cluster was considered dissociated if the distance of
the argon from the center of mass of the cluster exceeded 7 A.
Calculations were performed for four different values of the
total energies dE) above the dissociation limitAE = 393
cmY). Results are given in Table 1zp0? value is decreasing
with decreasing total energy. The time dependence of the
number of dissociated species for the excess energies of Table
1 are shown in Figure 1.

Following the simple statistical rate model of RieBam-
sperget-Kassel (RRK) for dissociation the rate constant
[#p[0! depends on relative excess energy by

800

600 |-

400

200 -

Number of isomerization processes

_ O0E -1
K=ARET 6E) ®) 0
H . . L. 0 . 100 200 300 400
whereA is a frequency factoAE = 393 cnlis the dissociation time (ps)

energy OE is the excess internal energy abaVe, andy is the
number of vibrational vdW degrees of freedom. The linear
In(k) dependence on relative excess energy (Figure 2) obeys
the RRKM relation. From linear regression we obtaimee TABLE 2: Reciprocal Mean First Passage Timesz3! and
1.85andA =2.1x 10" s™L Itis well-known that the RRKM Rate Constantsk; and k, from Exponential Fits for the
theory does not reproduce the experimental results of a Benzene-Ar, Isomerization Evaluated for Different Total

Figure 3. Time dependence of the number of isomerization processes
of benzene-Ar..

unimolecular reaction rate with being equal to the number of Energies

vibrational degrees of freedomy fis usually taken as-;v/2], total energy (cm?) ki (psY) ke(ps?) msd  GO'(ps?)

as is the case with benzenAr dissociation. The low value of —400 0.01582 0.009 0.000 6 0.025

the frequency factor is characteristic of the low-frequency vdwW —450 0.00745 0.00419 0.0001 0.009 8

motion. —500 0.00129 0.00077 0.00023 0.001 42
3.2. Benzene-Ar; Isomerization Rates Calculations. The aMean square deviation.

benzene Ar; cluster possesses two minima, a global witfi)1
structure and a local with (@) structure (see above and refs 57 3.3. Benzene-Ar;(1]1) and (20) Isomers Time Evolution.
and 100), and an isomerization process (called also intercon-The time evolution of the (1) and (20) isomer populations

version) can occu® The benzeneAr; isomerization ratét(3! was also calculated in the energy range fre#00 to —500
was determined using the first passage time calculations donecm™! (where the zero energy corresponds to the dissociation
in the same manner as in the case of benzéralissociation limit benzene-Ar, — benzenet Ar + Ar). The ensemble of

calculation. The simulations were started from the global 1000 trajectories (400 trajectories in the case oftd€0 cnr?
minimum and continued until the first interconversion to the energy run) was simulated using 1000 different starting condi-
(2/0) isomer occurred. The time dependencies of the numbertions at the same total energy. Simulations started from the
of interconversions within the specified time are shown in Figure (1]1) structure and the population of thg@Risomer increased

3 and Table 2. until reaching saturation (cf. Figure 4). The calculations were
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Figure 4. Time dependent isomer populations of benzeAg, for
different total energies.

performed for three different cluster total energiest00,—450,

and —500 cntl. The equilibrium populations seem to be
independent on the total energy (temperature) of the cluster,
which is in agreement with previous time averaged §at#?
Even in the case of the total energy ef500 cntl, the
populations are similar to those at higher energies. This
simulation is too short to reveal that fact; from the kinetic fit
(see next paragraph), we get for the ratio of the equilibrium
populations of the two isomers [[]/[(2]0)] the value of 0.597,
which gives the (1) equilibrium population of 37.4%. These
results are in excellent agreement with previous estimates

obtained using time averaging instead of ensemble averag-

ing,5"1%showing that populations of (@) and (11) structures

were about 63 and 37%, respectively. Higher population of

the (20) structure was explained by the entropy contribution.
A kinetic modeling of the isomerization was performed for a

k1
(1)< 210)

first-order reactions scheme. The monoexponential decay of
the time ) dependence of the ) population was fitted to
obtain the optimak; andk; rate constants

k2
(IO = ) + (1

k + K

k2
— ~(ketkot
o + kz)e ©)

The time evolutions of the populations as well as the kinetic
fits are shown in Figure 4. The evaluated rate constants are

summarized in Table 2. There are some differences between

[#0% and k; mainly in the case of the total energy 6400
cm~! when thez(G! value is slightly overestimated. Fast “back-
hopping” from (20) to (11), which is not considered in the
FPT calculation (mainly important for high-energy simulations),
and statistical error are responsible for this difference.
Similarly to in the case of benzenér dissociation, the RRK
statistical theory was applied to the benzeAe, isomerization
dynamics (cf. Figure 5). The isomerization barrigy = 220
cm~! was estimated using quenching simulation. We used

n-1 Es\n1
k= A(é—E) = A(l - _B)
Ey

E; + OE
where Ey is vibrational excitation andE is the vibrational
excess energy above the isomerization barrier. Using a linear
fit of k (cf. Figure 5), we have foung = 4.57 and a frequency

@)

Vacek et al.
35 =
=k, from evolution o
-4.04 - -7
x FPT <15 )
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Figure 5. RRK fit (cf. eq 7) for the benzenreAr, isomerization rates.
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Figure 7. TemperatureT/K) dependence of standard deviatianén
units of angstroms) of the average-A&r distances for one-sided and
two-sided isomers of benzendwrs.

factor A = 7.6 x 10* s71 for the time evolution simulation
andy = 5.07 andA = 9.8 x 10! s1 for FPT calculation.

3.4. Cluster Melting. Temperature dependence of the
internal energies and the standard deviatioraf the average
Ar—Ar distances for different isomers of benzerfer, (n = 2,

3, 7) clusters are shown in Figures 8. The melting temper-
ature decreases with an increasing number of argons in the
system. For the benzerér, the melting point is around 50

K, while it is around 30 K for benzeneAr;. At the caloric
curve of the benzeneAr, isomers, the (®) one is positioned
higher in the energy. At the melting temperature the two curves
join together. In the case of benzenr, the melting temper-
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Figure 8. Caloric curve of benzereAr; isomer. The (J0) dependence
corresponds to the one-sided conformer.
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o (in units of angstroms) of the average-A4r distances for the one-
sided isomer of benzendr.

ature marks the onset of |()) < (2|0) interconversions. For
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followed by VP. For the sequential ICVRVP process the VP
process can be accomplished provided that the energy of the
vdW modes (excited via cluster IVR) exceeds the binding energy
AE = 393 cn1! of the Ar atom to the benzene molecule; i.e.,
AE/Eq = 7, whereEp = 53 cnmtis the ZPE of the vdW modes.
For an Ar atom with the total energyE the kinetic energy is

Ex = (2/13)(AE/2) = (7/3)Eg = 130 cntl. (We rather report

on Ar atom kinetic energy, noting that the normal mode
projection procedure of R&ff cannot be used for calculations
of this nonrigid system.) Since the benzewe potential is
very anharmonic, the VP is expected to occur at lower Ar kinetic
energy therE, = (2/3) AE/2 ~ 130 cnTl.

The three basic mechanisms of VP can prevail sequentially,
in reverse (scheme I) and/or simultaneously in parallel. MD
simulations of the VP process of benzei#g following a mode-
specific vibrational excitation in benzene will incorporate all
these channels. It is, however, interesting to investigate first
the processes of IVR and then turn to the sequential IEVR
VP process.

4.2. IVR in the Benzene Molecule.Intramolecular IVR in

the isolated benzene molecule was investigated using the
anharmonic force fieR# with the harmonic stretching and
bending terms and anharmonic torsional dihedral terms. VR
in benzene was simulated following the vibrational excitation
of each of the benzene vibrational modes. This force field is
admittedly oversimplified, not containing diagonal and off-
diagonal in-plane cubic and quartic terms. The diagonal terms
will only modify the vibrational frequencies; however, the in-
plane anharmonic nondiagonal terms will affect the IVR
dynamics. Thus, our results for the efficiency of IVR dynamics
using our anharmonic force field constitute lower limits for the
intramolecular dynamics. IVR in benzene induced by high
(10 000 cn?) vibrational excitations was studied by Guan and
Thompsort%2 In contrast to the work of Guan and Thomp-

temperatures below the melting point the probability of side Son;°’we are interested in IVR dynamics at low (single mode)
Crossing or interconversion is quite low. The frequent side to Vibrational excitations. All nondegenerate modes and one mode

side crossing above the melting point temperature is responsiblefor each degenerate vibration were studied. The excess energy

for the o change”1% In all cases the break in thecurve is
sharp. The caloric curves for= 2, 3, and 5 are smooth and
featureless. For the benzen&r; cluster possessing the|(J

was one vibrational quantum for each mode with energy above
900 cnt! and two vibrational quanta for each mode with energy
below 900 cm™. IVR was specified by the populatidp(t) of

structure there is a jump on the caloric curve (cf. Figure 8) due the initially excited mode. The characteristic timgs for IVR

to large separation between theéQjrglobal minimum and the
entropically more stable bridged|({33) minima having one Ar

was characterized by(rjyr) =1/eand is presented in Table 3.
In Table 3 we also present the modes populated during the IVR

in the benzene p|ane and three Ar atoms on both sides ofprocess, which involve the initially excited mode and other

benzené®
4. Intracluster Dynamics of Vibrational Predissociation of
Benzene-Ar

4.1. Mechanisms of VP. The vibrational predissociation
(section 2.5) of the benzené\r cluster following mode-

specific excitation of a single vibrational mode of the benzene

modes effectively coupled to it. These results reveal a marked
mode selectivity of the IVR. The IVR dynamics falls into the
following categories:

() “Inactive” modes exhibiting no IVR on the 10 ns time
scale. These involve the 1059 (g 1332 (Ay), 1727 (By),
and 2955 (B,) modes.

(i) Modes characterized by slow IVR, witlyr on the

molecule was studied. According to scheme | of section 1 we nanosecond time scale as wellagr > 5 ns. The initially

have to distinguish three routes of VP.
(A) Direct VP. This involves direct coupling between the

excited mode in this class is coupled to a small number of modes
(Table 3). The majority of the benzene modes fall in this

benzene vibrational modes and the dissociative continuum of category (Table 3).
the vdW mode. Such a mechanism prevails on the case of VP (i) Modes characterized by medium- or high-speed IVR

of diatomic moleculerare gas vdW molecule: 7578
(B) VP Mediated by IVRIn this mechanism intramolecular

coupled with only a few modes. Sometimes the number of
strongly coupled modes is less than three. Then, of course,

IVR in the large molecule precedes direct VP. As in mechanism average excitation energy in the originally excited mode never
I resonance coupling between intramolecular modes (now decreases belo®/e E being the initial excitation. This is the
accessible by IVR) to the continuum of the vdW mode results case of strongly coupled modes 63%djEand 659 (Bg) (cf.

in VP.
(C) VP Mediated by ICVRSequential transfer of vibrational

Figure 10a-c). Class iii coupling usually occurs for modes
with energies close to each other (within 10%). In some cases,

energy from the intramolecular modes to the vdW modes is however, we can also see overtone coupling, as in the case of
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TABLE 3: IVR Dynamics in Benzene for the

Mode-Selective Excitation of Different Vibrational Modes,
Calculated Benzene Harmonic Frequenciesgyr(1/e) Data,
and Specification of the Modes Involved in IVR (See Also

Figure 10a—c)

vibrational mode (cmt)

modes involved

Vacek et al.

(one-quantum or two-quanta) vibrational excitations. During
5 ns long runs the changes in the kinetic energy of the vdwW
modes following excitation of the majority of the benzene modes
are small; i.e.Ex(t = 5ns)E% < 1.2. In several caseS(t)/

EY% slightly decreases after 200 ps, reflecting minor effects of
back-transfer of vibrational energy from the vdW mode to the

and symmetry mode no. zive(1/e} in IVR® ring modes. In some cases (e.g., thg 53 cnT! mode) the
402/B¢ 20 >5000 20 Ar kinetic energy even decreases unphysically slightly below
ggg;gﬁgc 1g >gggg 5130'1% 11 the ZPE level. Some of the benzene vibrational modes are more
665/A2?f 11 ~5000 5: 10: 1 efficient for intracluster ICVR. These are thegdut-of-plane
880/E.f 6 35 many modes (1177 and 659 ci), the By in-plane-mode (1141
917/A4 2 1870 many cmY), the A, out-of-plane mode (1729 cm), and the Aq
976/&, 18 >5000 18 in-plane mode (917 cm) (see Table 4). Even for these most
1059/B,, 13 13 (no IVR) efficient modes, i.e., the 8 (659 cnt?), By, (1141 cn1l), and
ﬁg%ag 13 igggg ?3 9.19.15.5 Bag (1177 cnml) vibrationsEy(t = 5nsE% does not exceed 1.4
1141/8523 15 450 13” 9’, 19” 15” 5 —-15 and. the IC\{R efficiency is very onv. .
1177/Byq 4 2000 18,13,09,19,15,5 Further information on ICVR (and possibly VP) was inferred
1332/Ay 3 3 (no IVR) from the time dependence of the average benzémelistances.
1496/B, 17 >5000 17,1,7 The time dependent average benzeAedistances and the Ar
1720/kq 8 >5000 8 kinetic energies induced by one-quantum excitation (two quanta
%g%g—’“ ig ~5000 11?3 (no IVR) in the case of the B 659 cnT! mode) are presented in Figure
2950/,51: 1 15 many l; for these modes_, which have the highest ICVR rate. The_se
2953/Byq 7 20  many distances and kinetic energies usually increase up to saturation.
2955/R, 12 12 (no IVR) Only in the case of energy transfer from the,But-of-plane

a Characteristic time for IVR in picosecondsModes (labeled by
their numbers) which are excited after 5 Atnitial excitation of two
guanta was used for all modes with frequency below 900'cine
quantum was used for higher frequency modes. No intramolecular ZPE Saturation (Figures 1113).

excitation was applied.

mode (1177 cml) does the benzereAr distance continue
monotonously for the whole simulation (see Figure 11). The
average Ar kinetic energy for this mode increases up to

For the most ICVR efficient B, vibrational mode (1177
cm1) we tested also how the ICVR depends on the excess

mode 17 (1496 cmt, Ey) being coupled to modes 1 and 7, vibrational energy. The results are shown in Figures 12 and
having energy close to a 1Bvertone. Note, that there is no 13 for excitations of this mode by 0.5, 1, 2, and 4 quanta. In
coupling to mode 12 (2955 cm, By), although it has almost  this case 22 ns simulations were performed. As expected, the
the same vibrational frequency. Overtone coupling is seen alsoenergy transfer is increasing linearly (see insert to Figure 13)
in the case of mode 880 crh(Eyg), cf. Figure 10. This mode  with increasing excitation energy in the mode. Concurrently,
belongs, however, also to class iv (see later) being coupled tofor the By (1177 cntl) mode the time dependent benzeife
a high number of modes. Modes of class iii form groups, and distance (Figure 12) increases slowly for one-quantum vibra-
members of such a group are coupled to all other members. tional excitation, while for four-quanta vibrational excitation
(iv) Modes characterized by fast IVR. These initially excited the distance increases linearly at long times, indicating the
modes are coupled to a large number of modes (Table 3). Thesepossibility of VP. The same simulation was performed for the
involve the 880 (&), 1141 (By), 2950 (Ay), and 2953 (k) second By (659 cntl) mode. The transfer from this mode is
modes. saturated after 1 ns for both two-quanta and four-quanta
On the basis of general arguments of intermolecular dynamicsexcitations (see Figure 14) and does not reveal any indication
in a bound level structure, we expect that the initially excited for dissociation.
modes characterized by fast IVR (class iv) correspond to strong Mode selectivity of the slow ICVR is exhibited in the
coupling with the modes involved in the IVR. In spite of the benzene-Ar cluster, i.e., the benzene,Bout-of-plane (1177
intrinsic limitations of these conclusions, which depend on the cm™ and 659 cm?) vibrations being most efficient. The rate
details of the force field used by us for benzene, the conclusion of ICVR is not related to the magnitude of the vibrational
regarding mode specificity of IVR is general. It will be quantum, the energy rich modes being absolutely inefficient in
interesting to explore the interrelationship between IVR with ICVR. We also cannot infer that the low-frequency intramo-
the (nonreactive) ICVR and with the (reactive) VP. lecular energy modes are not more effective; e.g., the lowest
4.3. ICVR in Benzene-Ar. We have simulated the ICVR  frequency Bk, (402 cntl) benzene vibrational mode is also
following vibrational excitation of each of the benzene vibra- inefficient.
tional modes. All the nondegenerate modes and one mode for We were not able to establish a correlation between the
each degenerate vibration were studied. The excess energy wasfficiency of the (slow) ICVR (Table 4) in benzendr and
one vibrational quantum for each mode with energy above 900 the efficiency of IVR inside benzene (Table 3). Two out of
cm! and two vibrational quanta for each mode below 900tm  the three most effective modes for ICVR, which are character-
ICVR to the vdW modes was specified by the time dependence ized by the shortest values ofyr (1.25) and by the largest
of Ex(t)/E%, i.e., the Ar atom kinetic energi(t) at timet values ofE(t = 5 ns)E% correspond to class iii of IVR (for
relative to its initial ZPE valueE% (cf. Table 4). A rough the Byg (659 cnml) and By (1177 cnTt) modes), and only the
estimate of the characteristic initial time of ICVR was provided By, (1141 cn1?) relatively efficient ICVR mode corresponds
by 7icvr (1.25) for the (initial) increase of the Ar kinetic energy to class iv of IVR. In general, the IVR process for the majority
by a numerical factor of 1.25 above its initial value (cf. Table of the benzene modes (classes ii and iii), which exhibits (Table
4). From results presented in Table 4 it can be concluded that3) nanosecond and sub-nanosecond values\ga{l1(e), is
intracluster ICVR in benzeneAr is extremely inefficient on considerably faster than the ICVR process which is ineffective
the nanosecond time scale for all of the benzene mode-specificon the 10 ns time scale (Table 4).
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Figure 10. (a (top left), b (top right), c (bottom) Level diagram and IVR efficiency in the benzéwecluster. Levels correspond to vibrational
frequencies of the modes. The initial excitation of two quanta was used for all modes with frequency below §0@nhenquantum was used for

higher frequency modes. No intramolecular ZPE excitation was applied. Asterisk stand for fast IVR modes. Dotted level lines correspond to overtone
levels (in the sense of natural multiples of the fundamental vibrational frequencies). Overtone levels are shown to explain coupling between such
modes where one frequency is close to a natural multiple of the other mode frequency (overtone coupling). Numbers in brackets, referring to
efficiency of IVR and ICVR channels, show the percentage of energy transferred from the initially excited mode to the final mode after 5 ns.

4.4. VP Dynamics. Our simulations of the VP dynamics there is no correlation between VP and IVR. For the majority
of benzene-Ar (Figures 1114 ) clearly indicate that for one-  of the benzene modes which exhibit nanosecond (classes ii and
guantum excitation for modes above 900¢rand two-quanta iii) or sub-nanosecond (class iv) IVR do not induce effective
excitations for modes lower than 900 chthe VP is slow on VP on this time scale. Thirdly, the ICVR process is so
the 10 ns time scale. Three negative results emerge from theineffective that it cannot induce VP on the 10 ns time scale.
search for VP on the 10 ns time scale. Firstly, the low kinetic On the harmonic intermolecular potential surface VP mediated
energies of the Ar atoms (see Figure 13) preclude the directby ICVR (mechanism C) can be realized wHesE% > 7. Our
VP mechanism (A). Our calculations (with the limitations of ~simulations of the &, (1177 cnm!) mode excited by four quanta
the intramolecular force field, which was discussed in section on an ab initio anharmonic surface showed, however, that VP
4.2) also indicate that the VP mediated by IVR (mechanism B) can occur as soon d&/E% > 3.2 (see Figure 13 and later in

is inefficient. Secondly, as for

the case of ICVR (section 4.3), this section). The results simulated with one or two-quanta
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TABLE 4: Intracluster ICVR Efficiency in Benzene —Ar for Different Benzene Modes, Calculated Benzene Harmonic
Frequencies, the Values of (Initial)zicyr (1.25), and the Kinetic Energy ChangeE,O/EY% (t = 200 ps, 400 ps, and 5 ns)

vibrational mode (cmt)

and symmetry Ticvr(1.250 Ex(200 ps)E%P Ex(400ps)EY P Ex(5ns)E%°
402/By,° >5000 1.00 1.00 0.90
633/Ex° >5000 1.02 1.02 0.75
659/By,° 150 1.30 1.41 1.41
665/A0,° 2500 1.06 1.14 1.14
880/E >5000 1.06 1.06 0.90
917/Ang 400 1.06 1.25 1.25
976/, >5000 1.10 1.18 1.14
1059/B,, >5000 1.06 1.10 0.90
1106/By4 >5000 1.06 1.06 1.00
1114/, >5000 0.98 1.00 0.82
1141/By, 200 1.25 1.35 1.45
1177/Byg 400 1.14 1.25 1.53
1332/A 250 1.18 1.14 1.18
1496/R, >5000 1.06 1.14 1.18
1720/Byq4 400 1.18 1.25 1.14
172718y, 180 1.25 1.18 1.06
2949/R, >5000 1.06 1.14 1.10
2950/A4 >5000 1.06 1.14 0.94
2953/By >5000 1.10 1.18 0.86
2955/B, >5000 1.10 1.14 1.14

a|n picoseconds? Ar atom kinetic energy changgy andE% = 53 cnt! represent the Ar atom kinetic energy and the Ar atom ZPE, respectively.

¢ See footnote ¢ in Table 3.
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Figure 11. Dependence of the average benzeAedistance on time

Figure 12. Dependence of the average benzeAedistance on time

after excitation of the most VP efficient benzene vibrational modes. 2, and 4 quanta.

excitation (Table 4) give for all the modé&s/E% < 1.5 (fort

a relatively effective VP on the nanosecond time scale. Our
= 5 ns), precluding mechanism C on the basis of energy only simulations which resulted in VP (on the time scale of

after excitation of benzene vibrational modg,BL177cm?) by 0.5, 1,

constraints. We thus conclude that, for all the single vibrational <22 ns for excess vibrational energy excitation<ef800 cnt?)
excitations of benzenreAr, all three basic mechanisms (scheme were those for the most ICVR efficient B (1177 cnr?)

1), i.e., the direct route A, the IVR mediated route B, and the vibrationally excited mode by four quanta (see Figure 12). From
ICVR mediated route C, are slow>Q@0 ns). Regarding 15 trajectories which were simulated, 13 lead to dissociation.
mechanisms A and B, which involve resonant coupling to the The average dissociation time is 6:84.1 ns. Simultaneously
energy continuum, we expect these mechanisms to be slow onwith this slow VP process ICVR induced isomerization, e.g.,
the basis of the energy gap law for V77 What is interesting side crossing, occurs in the benzere cluster. The mean first

is the extreme inefficiency of the ICVR mediated VP channel passage time for side crossing following four-quanta excitation
(mechanism C and scheme 1), which we shall now further of the By (1177 cnt') mode was 1.03t 0.37 ns, reflecting
address. again the slow ICVR in the system.

The inefficient intracluster ICVR in the benzenAr cluster The major conclusion emerging from our simulations of
on the nanosecond time scale following excitation by one intracluster ICVR and VP dynamics of the benzeie cluster
vibrational quantum of any of the vibrational modes of benzene is that both processes are very slow on the nanosecond time
precludes the VP route C (induced by one-quantum excitation scale. This slow intracluster vibrational energy flow and VP
in the 10 ns time domain). Our simulations showed no VP from for all of the benzene intramolecular vibrational modes is
any single-mode excitation of benzen&r for t < 22 ns, attributed to a considerable frequency mismatch between the
excluding both sequential and direct VP processes under theséigh-frequency vibrational modes of benzene= 402—2955
vibrational excitation conditions. Only the excitation of very cm™1, Table 4) and the low-frequency vdW vibrational modes
high vibrational states of an ICVR efficient mode can result in of the benzeneAr cluster @ = 26, 40 cnt?, Table 1). The
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bottleneck effect for the intracluster vibrational energy trans-
fer37® makes both intracluster ICVR and consequently also
ICVR mediated VP inefficient and slow on the nanosecond time
scale.

From our results for ICVR it is apparent that a single-quantum
excitation of each of the vibrational modes of benzeAewill
result in ICVR withE; > AE and VP only on the long time
scale of>20 ns. This conclusion concurs with the results of

the experimental study by Stephenson and Rice of the VP

dynamics of the §'B,,) electronically-vibrationally excited
state of benzeneAr,% where the characteristic VP times for

all the optically accessible vibrational states are in the range

=50—100 ns. This slow VP (and IVR) reflects the bottleneck
effect for intracluster vibrational energy flow in benzerfr.
How can the VP dynamics of a large (organic molectule)
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frequencies of the aromatic molecule. This will be the situation
of the VP of the anthracenéAr clustef* and other clusters of
polycyclic aromatic molecules with rare gas atdfria the §
state. For the anthracene; SAr cluster low intramolecular
frequencies will facilitate vibrational energy flow into the vdW
modes and VP. Indeed, the experimental results of Zewalil et
al% for the anthracene (B-Ar cluster reveal VP lifetimes in
the range of 2086500 ps. The lowest vibrational frequency of
anthracene, which was spectroscopically identified in the S
state, is the 209 cm Bsg out-of-plane vibratiot? Preliminary
simulations of the VP dynamics of the anthraceng)<{@&r
cluster were performed with the lowest frequency vibrational
energy mode being 108 crth This lowest frequency mode
corresponds to out-of-plane deformation of the three aromatic
rings, resulting in a slow large-amplitude motion of the middle
aromatic ring above which the Ar atom is located. The effective
coupling between the intramolecular motion and the Ar atom
motion is insured. Most important, the low intramolecular
frequency allows for good frequency matching between the
intramolecular and the VP modes. In our preliminary simulation
the 108 cm* mode was excited by four vibrational quanta, with
excess energy exceeding the dissociation limit. The VP time
simulated for this excitations is 10 ps, exceeding the corre-
sponding lifetimes for the benzendér cluster by more than 3
orders of magnitude. Of course, there are other significant
differences between benzene and anthracene beside the lowest
frequency: different mass and momentum ratios in dissociation,
higher density of states in anthracene, and hence faster IVR
and ICVR and much more anisotropic intermolecular potential.
These also contribute to faster VP dynamics of anthracéme
clusters. We believe, though, that the 3 order difference in
magnitudes of the lifetimes is mainly due to the observed strong
coupling between the lowest energy out of plane mode of
anthracene and the intermolecular stretching mode. Further
studies of intramolecular and intracluster vibrational energy flow
in large (aromatic molecule)rare gas) clusters will contribute

to elucidation of central issues of intramolecular dynamics.
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