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Nonadiabatic molecular dynamics simulations of the photofragmentation
and geminate recombination dynamics in size-selected I 2

2
–Arn cluster

ions
V. S. Batistaa) and D. F. Coker
Department of Chemistry, Boston University, 590 Commonwealth Avenue, Boston, Massachusetts 02215

~Received 12 December 1996; accepted 29 January 1997!

We investigate the photodissociation, geminate recombination and relaxation dynamics in
size-selected I2

2
•Arn cluster ions using a coupled quantum-classical molecular dynamics method

and a model Hamiltonian gained from diatomics-in-ionic systems. We calculate photofragmentation
yields of various charged product clusters of the dissociated I2

•Ar f or recombined I2
2
•Ar f 8 forms

as a function of precursor cluster size and find almost quantitative agreement with experimental
results. The trends in photofragmentation are explained in terms of various participating
electronically nonadiabatic channels coupled with vibrational relaxation on these different surfaces.
We also explore the role of long range electrostatic interactions and underlying precursor cluster
geometry on the photofragmentation dynamics. ©1997 American Institute of Physics.
@S0021-9606~97!03917-2#
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I. INTRODUCTION

Studies of photofragmentation of simple solute ch
mophores in molecular clusters can in principle provide
understanding of the most elementary dynamical exc
state chemical processes in the simplest model of conde
phase solvation conditions which can be probed in mic
scopic detail with experimental methods. These limited s
systems are also ideally suited to detailed investigation u
new advanced theoretical and computational methods
treating electronically excited state chemical reaction
namics. This paper thus reports the first application of th
new simulation methods1–6 to the study of photoexcited re
actions in cluster systems which have been probed in mi
scopic detail in recent experiments.

In recent years, several groups have applied ultra
spectroscopic techniques to investigate cluster fragme
tion,7–10 the competition between fragmentation a
ionization,11,12 and photoinitiated chemical reactions
clusters.7,11,13–19The more recent experiments involve th
use of both photofragmentation20,21and ultrafast pump-probe
techniques22,23 and have been applied to investigate the X2

2

(X5I,Br) photodissociation and cage recombination dyna
ics in size selected X2

2
•Sn (S5Ar,CO2) ionic molecular

clusters.20,24,25

I2
2 exhibits a strong absorption spectrum correspond

to an electronic excitation from the boundX, 2Su,1/2
1 ground

state to the repulsiveA8, 2Pg,1/2 excited state26 ~see Fig. 3!.
In the gas phase, photoexcitation of this transition at 72
790 nm produces recoiling I and I2 photofragments with a
kinetic energy release of;0.5 eV.27 Due to this large
amount of excess energy and the repulsive nature of the
cited state potential one might think that a single, partia
complete solvation shell expected with small molecular cl

a!Present address: Department of Chemistry, University of Califor
Berkeley, CA 94720.
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ters of 10–20 atoms would be ineffective at caging the p
tofragments and inducing recombination. However, photo
citation experiments on I2

2 in clusters of even fairly weakly
interacting CO2 molecules have detected coherent relaxat
of I2

2 to the ground electronic state within a few pic
seconds.27 This relaxation time scale is strongly cluster si
dependent and quite different from the vibrational relaxat
timescales of the corresponding neutral species in liqu
that are usually about two orders of magnitude longer.28

The subject of this article is thus to explore how excit
state electrostatic solute/solvent interactions cause the
scent photofragments to be spatially trapped or ‘‘caged.’’
this end we will develop an understanding of the electro
cally nonadiabatic processes which cause these caged p
fragments to geminately recombine producing vibrationa
excited starting material. Subsequent vibrational relaxat
of these recombined molecular clusters deposits excess
brational energy into the surroundings producing partial
total evaporation of solvent atoms from the cluster.

This sequential process of photodissociation, gemin
recombination and vibrational relaxation has also been
amined for I2

2 in liquids29–34 as well as in a wide range o
other systems, including both diatomic molecules and m
complicated polyatomic systems. The most widely inves
gated of all such systems is the photodissociation and ge
nate recombination of I2 in the condensed phase, for whic
solute/solvent interactions are dominated by the short ra
repulsive part of the potential. In recent work6,35 we showed
how semiempirical diatomics-in-molecules~DIM ! electronic
structure techniques could be implemented for giving a r
able description of the potential energy surfaces~PESs! in-
volved in the process of relaxation and how to combine th
with nonadiabatic molecular dynamics~MD! methods to pro-
vide a detailed description of the dynamics of photodissoc
tion and geminate recombination of I2 in liquids and solids.

In our DIM Hamiltonian model the solvent interaction
that caused caging and recombination of the neutral I2 were
,

06(17)/7102/15/$10.00 © 1997 American Institute of Physics
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primarily short-range, collisional and repulsive in nature.
high solvent densities recombination was thus achieved w
only a few collisions between the recoiling photofragme
and the solvent. Thus, electrostatic solute/solvent inte
tions were not important in the relaxation processes. T
system, however, provided an excellent test of our nona
batic molecular dynamics techniques since there are deta
experimental studies of the real time dynamics for both
gas and condensed phase systems.28,36–40

In this paper, we extend our semiempirical electro
structure calculations of PESs and the couplings among t
to address the role of electrostatic interactions on conden
phase reaction dynamics. We report nonadiabatic MD sim
lations of the photofragmentation dynamics and geminate
combination in size selected I2

2
•Arn ionic molecular clusters

and compare our results with recent photofragmentation
periments by Vorsaet al.25 In these experimental studies th
individual parent clusters were excited at specific laser
quencies and the caging fraction and the average loss of
vent molecules as function of cluster size and excitation
ergy were determined. We explore the effectiveness of
Ar solvent to cage photodissociated I2

2 and induce recombi-
nation of the chromophore through different reaction pa
ways, and explore the details of energy flow between
solvent and the solute as a function of cluster size. The
of many-body long range interactions in nonadiabatic
namics that might be of primary importance for many oth
reactions in solution where strong electrostatic interacti
between the solvent and an ionic solute might dominate
dynamics of the reaction are also studied.

Comparison between previous theoretical studies and
periments is uncertain since simulations were restricted
vibrational relaxation on the ground state,41,42 whereas the
experimental results depend on both electronic and vib
tional relaxation. Furthermore, the only study to have trea
the distortion effects in an entirely self-consistent man
approximated the solvent by a continum model.42 Other MD
calculations have modeled the recombination dynamics
Br2

2 in clusters of argon and CO2 using pairwise additive
potentials and a variable charge method for modeling lo
ization of the excess charge on one of the bromine atom
large internuclear separations.43–45 A one-hole model has
been devised to treat the interaction of the six lowest e
tronic states of I2

2 with an arbitrary charge distribution an
has been used to investigate mechanisms for nonadia
relaxation of electronically excited I2

2 in a CO2 cluster, with
the effects of the CO2 molecules approximated by a uniform
electric field parallel to the molecular axis of I2

2 .42

Reliable calculations face the difficulty of modeling th
system of open-shell species undergoing excited state n
diabatic dynamics with highly anisotropic many-body lo
range interaction potentials that have significant spin-o
coupling contributions. In this paper we simulate the no
diabatic dynamics of electronically excited I2

2 open-shell
species using surface hopping nonadiabatic MD method1–6

with a model Hamiltonian gained from diatomics in ion
systems~DIIS! where we explicitly model the anisotropi
and self consistent many-body nature of the interactions
J. Chem. Phys., Vol. 106
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include spin-orbit couplings using the proper PES for t
I2
2 diatomic fragment.

The paper is organized as follows. In Sec. II A we fir
outline our approach to modelling the photoexcitation of t
I2
2
•Ar i cluster systems. Next, in Sec. II B, we summarize

method we employ for obtaining initial minimim energ
structures and the equilibrium properties of size selected
cursor clusters. Section II C outlines our calculation of t
model Hamiltonian for these ionic molecular clusters, a
Sec. II D describes our approximate computation of qua
ties necessary for the propagation of the nonadiabatic
equations of motion. A summary of experimental obser
tions is given in Sec. III A and a detailed comparison b
tween the results of our calculations and the experime
findings is presented in Sec. III B. The paper is concluded
Sec. IV.

II. METHODS

A. Simulation of photofragmentation experiments

The approach we employ for simulating photofragme
tation experiments involves first generating equilibrium co
figurations of the ground state I2

2
•Ar i ionic molecular clus-

ters for which the experimental pump frequencies
resonant with the energy difference between the grounX
state and theA8 state. Ensembles of 18 trajectories are fi
equilibrated for about 10 ps at 40 K and each individu
trajectory is started from the undistorted minimum ener
structure obtained according to the method described in S
II B. Each of these ground state equilibrated trajectories
then evolved adiabatically in theX state until the pump reso
nance condition at 790 nm is achieved. These pump reso
configurations are used as independent initial conditions
vertical photoexcitation to theA8 state leaving all coordi-
nates and velocities unchanged. The electronic expansion
efficient vectors are set to the appropriate initial unit vect
for the relevant photoexcitation in each ensemble mem
and nonadiabatic MD methods coupled with the semiem
ical DIIS excited state electronic structure techniques p
sented later in Sec. II C are used to evolve the photoexc
ensemble of surface hopping trajectories in a manner con
tent with the coherent propagated dynamical mixed s
electronic wave function for each trajectory. We follow the
nonadiabatic trajectories for 45 ps after photoexcitation. E
perimental studies on cluster systems have revealed that
tronic relaxation takes place in a few picoseconds and as
shall see this electronic relaxation is strongly coupled
cluster evaporation so trajectories of 45 ps duration sho
be long enough to see much of the expected cluster re
ation dynamics. We shall discuss longer time relaxation p
nomena which these short trajectories cannot address
when we compare our results with experiment.

B. Minimum energy structures and equilibrium
properties

Minimum energy structures are obtained with a classi
MD simulation scheme analogous to other methods inve
, No. 17, 1 May 1997

AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp



la
r
A
a
e
r

ra
ra
ili
m
ch

r
a-
g

of
iza
ies
e

um
er
t i

tive
e-
ac-
the
the
itive
ms
size
hich

or-
they
n-
ns
he
re
ing
mall
la-
rac-
to
rent
ys-

on
-
ntial
the
ing
ll
in

nal

s

o

7104 V. S. Batista and D. F. Coker: Nonadiabatic molecular dynamics simulations

Do
gated in previous studies of equilibrium properties of simi
cluster systems.20,43–45Initial configurations are chosen afte
the system is equlibrated at 150 K for more than 20 ps.
this initial temperature the system can not be trapped in
unfavorable structure because the rms bond fluctuations
ceed ;0.1 Å, which is the usual criterion for cluste
melting.46

Complete annealing of this randomly chosen configu
tion requires the use of several ‘‘thermalization/equilib
tion/quenching’’ cycles, where the thermalization and equ
bration phases are performed at 50 K. The equations of
tion for advancing the positions and velocities in the quen
ing phase of the dynamics are taken to be

mr̈5F2g ṙ , ~2.1!

whereF are the forces in the ground state calculated acco
ing to Eq. ~2.25! from the DIIS eigenvectors. These equ
tions of motion~Eq. ~2.1!! are integrated using the followin
results:

rn115rn1 ṙnh1@Fn2g ṙn#
h2

2m
, ~2.2!

ṙn115 ṙn1@Fn2g ṙn#
h

m
, ~2.3!

where we use a value for the friction constantg59 a.u., and
the integration time step ish52.5 fs. We use an ensemble
randomly sampled initial geometries to start these optim
tion runs and typically about 30% of these initial trajector
find the global minimum after just a few iterations of th
above proceedure.

Figure 1 presents the energies of the lowest minim
energy structures expressed as energy divided by numb
solvent particles. The most significant feature in this plo

FIG. 1. Contributions to potential energy of minimum energy structures
I2
2
•Arn (5<n<18) clusters. Energy per Ar expressed in units ofeAr ~83.26

cm21): total energy ~diamonds!, electrostatic polarization energy~1!,
Ar2Ar interaction energy~squares!, and Ar2I interaction energy~3!.
J. Chem. Phys., Vol. 106
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that the total potential energy is dominated by the nega
electrostatic contribution which is the sum of the charg
induced dipole, and induced dipole-induced dipole inter
tions. This electrostatic term gets smaller per particle as
cluster size is increased due to the competition between
negative charge-induced dipole interactions and the pos
induced dipole-induced dipole interactions. Also these ter
separately get smaller per particle with increasing cluster
since the dipoles induced in atoms added to the cluster w
are further from the solvated charge are smaller.

Generally the short range interactions are not as imp
tant as the above long range electrostatic terms and
follow completely different trends. The short range Ar– I i
teractions in these equilibrium ground state configuratio
give an almost constant contribution per particle while t
Ar–Ar Lennard-Jones interactions become slightly mo
negative with increasing cluster size as a result of increas
coordination numbers of the solvent atoms as these s
clusters grow toward bulk coordination conditions. The re
tive magnitudes of the electrostatic and short range inte
tions we find here show the similar trends with cluster size
those reported by Amar and Perera who use a very diffe
model to explore related molecular anion cluster s
tems.43,44

Minimum energy structures of the various size arg
clusters solvating the I2

2 anion obtained using the optimiza
tion methods described above for the ground state pote
surfaces calculated using the DIIS methods outlined in
following subsection are presented in Fig. 2. The underly
equilibrium structure of the I2

2 solvation shell in these sma
to intermediate size argon clusters is best understood
terms of forming a cylindrical stack of staggered hexago
rings of argon atoms around the I2

2 anion. The first ring
packs around the center of the I2

2 bond and subsequent ring

f

FIG. 2. Minimum energy structures of I2
2
•Arn , 6<n<17, the two larger

diameter atoms embedded in the cluster are the I2
2 molecule.
, No. 17, 1 May 1997
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TABLE I. Molecular orbitals of I2
2 .

Case c type Case c type wave function
Case a or b
orV 2 s type kA kR kB

EAI1EI*
~eV!

X,
1
2u 1/A2$u 322

1
2&uS&1uS&u 322

1
2&%

2Su,1/2
1 1.32 2.52 0.63 3.06

1/A2$u 32
1
2&uS&1uS&u 32

1
2&%

A,
3
2g 1/A2$u 322

3
2&uS&2uS&u 322

3
2&%

2Pg,3/2 0.30 1.30 0.73 3.06

1/A2$u 32
3
2&uS&2uS&u 32

3
2&%

A8,
1
2g 1/A2$u 322

1
2&uS&2uS&u 322

1
2&%

2Pg,1/2 0.10 1.82 0.73 3.06

1/A2$u 32
1
2&uS&2uS&u 32

1
2&%

a,
3
2u 1/A2$u 322

3
2&uS&1uS&u 322

3
2&%

2Pu,3/2 (1.031025) 2.80 0.69 3.06

1/A2$u 32
3
2&uS&1uS&u 32

3
2&%

a8,
1
2u 1/A2$u 12

1
2&uS&1uS&u 12

1
2&%

2Pu,1/2 (1.031025) 3.30 0.9 2.12

1/A2$u 122
1
2&uS&1uS&u 122

1
2&%

B,
1
2g 1/A2$u 12

1
2&uS&2uS&u 12

1
2&%

2Sg,1/2
1 (1.031025) 4.45 0.9 2.12

1/A2$u 122
1
2&uS&2uS&u 122

1
2&%
t
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pack around the ends of the I2
2 molecule. Finally individual

argon atoms pack onto the ends of the molecule, capping
end rings. Thei513 atom cluster shows a completed cent
ring and a single completed capped end structure. From
1 we see that thisi513 cluster is slightly more stable than i
neighboring clusters since the completed rings optimize
Ar–Ar van der Waals interactions. As we move to larg
clusters we see the second capping structure around the
end of the molecule being established. For smaller clus
we see competition between the formation of an incomp
central ring and a partial terminal cap structure.

C. Model Hamiltonian for I 2
2
–Arn

In this subsection we present the calculation of all po
atomic electronic states participating in the dynamics of
laxation and the couplings among the different surfaces
determine the rate of nonradiative electronic transitions.
implement the DIIS method where the polyatomic Ham
tonian is written as a sum of a DIM Hamiltonian and a p
turbation term that introduces the induction energy wh
accounts for the self-consistent many-body nature of
electric field responsible for polarization. This method h
been successfully investigated in studies of halogen at
embedded in rare gas clusters47,48 and in our recent calcula
tions of ion-pair states of I2 in rare gas matrices.35

We expand the time dependent electronic wave func
of the polyatomic system,C(t), in terms of a canonical se
of valence bond ~VB! adiabatic state wave functions
fk(t),

C~ t !5(
k
ak~ t !fk~ t !, ~2.4!

and we write the VB wave functions,fk(t), in terms of
diabatic polyatomic basis functions~pbf’s!, F j ,
J. Chem. Phys., Vol. 106
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fk~ t !5(
j

Gk jF j , ~2.5!

where the expansion coefficients,Gk j , are the DIM eigen-
vectors. The pbf’s, written as linear combinations of simp
products of atomic functions~spaf’s!, are products of atomic
and diatomic functions and are assumed to be eigenfunct
of their respective atomic and diatomic Hamiltonians w
eigenvalues equal to experimental energies. The argon a
and I2 ions are restricted to be in their ground states and
represent them by single1S0 functions since they haveS
symmetry closed shells. The I atoms haveP-symmetry open
shells and are represented with2P functions.

The diabatic polyatomic basis functions,F j , are written
as antisymmetrized products ofS-symmetrical functions of
the N argon atoms andz ( j ) group functions of the iodide
molecule,

F j5Âz~ j !)
i51

N

us~ i !&, ~2.6!

where the indexj indicates the electronic state of I2
2 . The

zero overlap of atomic orbitals approximation~ZOAO!, al-
lows us to omit the antisymmetrization operator,Â, render-
ing the polyatomic wave function as a simple product
atomic and diatomic group functions. The error arising fro
this approximation is proportional to the square of the ov
lap integrals and has been shown to be small in DIM cal
lations on halogen atoms in nobel gases.48

Our basis set for the isolated I2
2 iodide molecule includes

the six low-lying Hund’s case~c! molecular states,

z~ j !5~X1/2,u ,A3/2,g ,A1/2,g8 ,a3/2,u ,a1/2,u8 ,B1/2,g!,

arising from the I2(1S0)1I( 2P3/2,1/2) configurations. These
states are presented in Table I distributed in two blocks
cording to their different dissociation limits, and these g
, No. 17, 1 May 1997
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phase curves are displayed in Fig. 3. They are class
among different symmetry species not only according to c
~c! type classification but also according to case~a!, ~b! or
V2s type. The latter has a well defined meaning only
fairly small internuclear separations,R, while the case~c!
classification is applicable for largeR values and is impor-
tant for dissociation product correlations. In the first colum
of Table I we identify electronic states according to the va
of the projection of the total angular momentum in the dire
tion of the bond,V5uM (a)1M (b)u. In the second column o
the table we summarize expressions for the diatomic w
functions,z ( j ). Any of these functions may be expressed
the linear combination

z~ j !5c1uJj
~a!M j

~a!&uS~b!&1c2uS~a!&uJj
~b!M j

~b!&, ~2.7!

which is written in the basis set of spaf’s,xm,n , defined as

xm,n5uS&uJ~n!M ~n!&,

J~n!53/2,1/2, ~2.8!

M ~n!52J~n!,2J~n!11, . . . ,J~n!,

wherem enumerates the differentuJ(n)M (n)& states of I atom
n in the total angular momentum representation~coupled
representation!, J5L1S andM is the projection ofJ in the
direction of the bond. States withV different from zero are
double degenerate. Each degenerate state corresponds
of the two possible orientations for the projection of the to
angular momentum in the direction of the bond. Con
quently the 6 Hund’s case~c! molecular states form a bas
set of 12 states including degeneracies.

The energy levels of the system are obtained now in
usual way by forming the Hamiltonian matrix of order 1
312.

Due to the lack of interatomic~atomic-diatomic! elec-
tron permutations in the polyatomic functions~ZOAO ver-

FIG. 3. Gas phase I2
2 potential energy surfaces calculated as described.

ground state for the neutral I2 species is also shown.
J. Chem. Phys., Vol. 106
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sion of Eq. ~2.6!!, the Hamiltonian of the system can b
partitioned into interatomic and atomic terms according t49

Ĥ5(
K

(
L.K

H ~KL !2n(
K

H ~K !, ~2.9!

whereH (K) is the Hamiltonian operator of atomK and con-
tains all kinetic energy operators and intraatomic poten
energy terms that depend solely on the position of atomK
and on the coordinates of those electrons initially assigne
this atom. Similarly,H (KL) is the Hamiltonian operator ap
propriate for the diatomic fragmentKL.

The diatomic fragment Hamiltonian for I2
2 is constructed

from potential energy curves for states listed in Table
which are presented in Fig 3 and approximated by gas ph
Morse functions50

VI
2
25D I

2
2@22e~2b I2

2~R2Re,I2
2!!

1e~22b I2
2~R2Re,I2

2!!#2~EAI1EI* !, ~2.10!

where parameterskA , kB , kR andEAI1EI* are presented in
columns 4–7 of Table I.EI* is the energy of the particula
excited state of I relative to the ground state,EAI is the
electron affinity of I and the relationships between the ne
tive ion properties and the neutral properties are
follows:51,50

D I
2
25D I2S kAkBD , ~2.11!

whereD I2
51.58 eV is the spectroscopic bond dissociati

energy of the neutral I2 molecule,

Re,I
2
25

ln~kB /kA!

kBb I2

1Re,I2
, ~2.12!

where Morse parameters for the neutral I2 molecule are
b I2

51.84 Å21 andRe,I2
52.67 Å, and

b I
2
25kBb I2

. ~2.13!

These DIM basis states are taken as a diabatic basis
we assume that intramolecular coupling of states with
same symmetry is small compared to intermolecular c
pling introduced by the solvent.

The H I( j )Ar( i ) Hamiltonian is written in the referenc
frame of the diatomic fragment I( j )Ar( i ) in terms of Ar–I
potentials of the usualS, P andP̄ orientations as describe
in Ref. 52. These potentials are constructed using the MM
~Morse–Morse-switching function–van der Waals! potential
forms from Ref. 53 for the X 1/2, I 3/2 and II 1/2 potential
The X 1/2 and I 3/2 states correlate with the2P3/21

1S0 as-
ymptote, while the II 1/2 correlates with2P1/21

1S0. 1/2 and
3/2 following X, I, and II are theV quantum numbers wher
V is the projection of the total electronic angular momentu
along the molecular axis. In this paper we follow the co
vention presented in our previous papers6,35 where vectorS
is in the reference frame of the diatomic fragment orien
along theRi j vector,P is perpendicular toS and located in
the plane formed byRi j and thex axis while P̄ is perpen-
e

, No. 17, 1 May 1997
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dicular to this plane~see Fig. 2 of Ref. 6!. The Hamiltonian

H I( j )Ar( i ) is then expressed in the coupled representat
uJM&, according to a sequence of transformations analog
to those presented in Eqs.~2.6!–~2.12! of Ref. 6.

The Ar–I2 pair interactions are modeled by potentia
constructed with the same short range interaction Ham
tonian presented above for the Ar–I fragment, supplemen
with a long range attraction dominated by a21/r 4 polariza-
tion term as detailed later in this subsection.

Thes-ground state rare gas atoms interact according
Lennard-Jones potential withe583.26 cm21 and s
53.405 Å.

The total Hamiltonian is written as the direct sum ov
all diatomic-fragment Hamiltonians as follows:

H5H ~ I2
2

!11̂2^ S (
k51

n

H I~a!Ar~k!
11̂6^ (

k51

n

VI2Ar~k!D
1S (

k51

n

H I~b!Ar~k!
11̂6^ (

k51

n

VI2Ar~k!D ^ 1̂2

11̂12^ (
i51

n21

(
j. i

n

VAr~ i !Ar~ j !, ~2.14!

where 1̂n is the n3n unit matrix, and the constant mono
atomic contribution appearing in Eq.~2.9! is omitted. The
energy of the system is calculated relative to the energy
infinitely separated species in the ground state:

E`5EI[ 2P3/2]
1EI2[ 1S0]

1(
j51

N

EAr . ~2.15!

As presented above, the diatomic termsH (ArI2) and
H (II2) include the energy of polarization of neutral Ar and
atoms by the charged I2 anion. However, in order to tak
account of the self- consistent many-body nature of the e
tric field responsible for polarization we determine the e
ergy of polarization in the electrostatic approximation se
rating it as a special perturbation termhn ,

48,54,55

Hmn,mn5^cm,nuĤucm,n&

5(
i

(
j. i

VAr~ i !Ar~ j !

1(
j

@ṼI2Ar j
1ṼIJ~n!M ~n!I2#1hn , ~2.16!

where the diagonal Hamiltonian matrix elementsHmn,mn in
Eq. ~2.16! are written in the basis set of spaf’scm,n defined
according to the following expression:

cm,n5xm,n)
i51

N

us~ i !&, ~2.17!

in which iodine atomn is the neutral open-shell species.
We approximatehn by the classical expression for th

energy of polarization as follows56–58
J. Chem. Phys., Vol. 106
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hn5(
j

m j

Rj I2

Rj I2
3 1(

j
(
i. j

m j•T i j •m i1(
j

m j•m j

2a j
.

~2.18!

In Eq. ~2.16! Ṽ is defined as

Ṽ5V1
C4

R4 , ~2.19!

whereC4 is expressed in terms of the atomic polarizabil
of the neutral atom,a, and the charge of the ion,q, as

C45
1

2
q2a. ~2.20!

For the calculation ofhn we consider atoms as nonove
lapping polarizable spheres and compute the induced di
momentsm j self-consistently according to the followin
equation:

mk5akF2
RkI2

RkI2
3 2(

jÞk
T jk•m j G ~2.21!

whereT jk are the components of the dipole-dipole intera
tion tensor given by

Tjk52
3

r 5F x22r 2/3 xy xz

xy y22r 2/3 yz

xz yz z22r 2/3
G , ~2.22!

where r is the interatomic distance with Cartesian comp
nentsx, y, andz. The repulsive part of the Ar–I interactio
is sufficiently steep so that geometries where this attrac
polarization interaction diverges are never reached.

For each nuclear configuration we solve the system
equations defined by Eq.~2.21!, compute the energy of po
larization according to Eq.~2.18! and calculate the poly-
atomic energies by a simple diagonalization procedure
quiring no electronic integral evaluations. The DIIS eige
vectors Ḡk j found by this diagonalization procedure defin
the VB wave functions of the system according to the f
lowing equation:

fk~ t !5(
j51

12

Ḡk jc j , ~2.23!

where indexj abreviates the pair of indicesmn presented in
Eq. ~2.16!.

Potential energy curves calculated using the DIIS
proach detailed above for a typical I2

2
•Ar17 cluster sampled

from our ensemble of resonant initial configurations are p
sented in Fig. 4. These surfaces are computed by pulling
two iodine atoms apart symmetrically keeping the I2

2 center
of mass position and bond orientation fixed at their init
values. For the solid curves the two capping argon atom
the ends of the I2

2 molecule are moved apart in the same w
thus as the two iodine fragments are pulled apart each si
capping argon atom at either end of the I2

2 follows its iodine
atom out as the bond is extended. All the other argon ato
which form the completed and partially completed rings s
rounding the I2

2 bond are held fixed. For the dashed curv
, No. 17, 1 May 1997
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on the other hand, all the argon atoms including the tw
capping atoms are held fixed as the I2

2 bond is extended.
These two different bond extension schemes approximate
caging environment expected in the cluster~solid curve! in
which the capping atoms are blasted off the cluster as
I2
2 bond is extended and in the frozen matrix~fixed capping
atoms!. Also overlayed on this figure is theA8 state pump
excitation energy, and the point where this excitation ener
intersects the cluster like curves at around 7–7.5 Å indica
the expected turning point for the classical motion of th
excited bond extension over these cluster surfaces.

FIG. 4. Potential energy surfaces of I2
2
•Ar17 as functions of I2

2 bond length
computed using the DIIS Hamiltonian with I2

2 center of mass position and
bond orientation fixed at their initial values. For the solid curves the e
capping atoms are moved out with the iodine fragments modelling clus
boundary conditions. Dashed curves show results computed with the c
ping atoms held fixed modelling rigid condensed phase boundary con
tions.

FIG. 5. Ground state potential energy surface obtained for I2
2
•Ar6 ionic

molecular cluster system with the six Ar atoms in a ring configuratio
around the molecular axis. Surface is displayed as a function of ring co
dinate along the molecular axis and I2

2 bond length.
J. Chem. Phys., Vol. 106

wnloaded¬08¬May¬2001¬to¬130.132.58.224.¬Redistribution¬subject¬to¬
o

he

e

y
s

Figure 5 shows the ground state potential surface ca
lated using the DIIS model for an artificial I2

2
•Ar6 cluster ion

in which six argon atoms are located in a ring configurat
of radius 4 Å around the molecular axis of the I2

2 molecule.
The surface is plotted as a function of shifting the solve
ring along the I2

2 bond axis relative to its center of mass, f
different I2

2 bond lengths. From this figure we see that f
short I2

2 bond lengths the minimum energy configuratio
have the ring of argon atoms located in between the tw
atoms, while for longer I2

2 bond lengths minimum energ
configurations have the ring located near one or the oth
atom. These features of the ground state PES can be un
stood in terms of the excess charge distribution of the m
ecule that goes from one equally shared between the tw
near the equilibrium bond length to a charge stabilized by
surrounding solvent on one or the other I atom at lar
internuclear separations.

D. Computation of approximate nonadiabatic
coupling vectors, adiabatic forces and the adiabatic
basis set propagator with DIIS

The nonadiabatic MD methods which we use to evo
the excited state dynamics of these cluster systems have
presented in detail elsewhere.1–6 The adiabatic forces and
nonadiabatic coupling vectorsDmn needed to implemen
these methods are computed in terms of the DIIS eigenv
tors and diabatic Hamiltonian matrix elements using the f
lowing approximate results:6,35

Dmn'2
( i( j Ḡmi* Ḡn j¹R^F i uHuF j&

~em2en!
, ~2.24!

¹Rek'(
i

(
j

Ḡki* Ḡk j¹R^F i uHuF j&, ~2.25!

where we have ignored terms like^¹RF i uHuF j& since the
pbf’s F i are intended to reflect only gradual distortions
they vary slowly with nuclear configuration. These sam
ideas have proved very valuable for describing low-ene
molecular collision processes49 ~and Refs. 20, 24, 29, and 3
therein!.

As an independent test of the approximations underly
the above result~the slow variation of the pbf’s with nuclea
coordinates! we have computed the forces by finite diffe
ence estimation using variation of the DIIS eigenvalues a
find that the force obtained from Eq.~2.25! is very accurate
for typical fluid configurations.

The gradients of the DIIS Hamiltonian matrix elemen
in the pbf basis set in Eq.~2.25! or Eq. ~2.24! are most
conveniently computed using finite difference, although th
can be computed exactly as indicated above by differen
ing the necessary transformation matrices and the empi
potential energy matrices. For every interacting pair a n
set of matrices and the necessary derivatives need to be
puted and multiplied. We find that a three point finite diffe
ence approach is accurate and comparable in computat
expense, and much easier to code for general applicati

d
er
p-
i-

r-
, No. 17, 1 May 1997
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However, the gradient of the polarization term,¹Rhn , is
calculated analytically according the following expression

]hn

]Rp
52mpF ]Enp

]Rp
2(

jÞp

]T jp

]Rp
m j G , ~2.26!

]hn

]Rc
52(

j
m j

]Ec j

]Rc
, ~2.27!

whereRp andRc represent the coordinates of the dipoles a
the charge, respectively.

The final quantity we need to implement the surfa
hopping nonadiabatic algorithm is the electronic subsys
propagator which we compute in terms of the DIIS eigenv
tors and eigenvaluesen as described in Ref. 6 according t

Tno~ t1d,t !'expF2 id

2\
~en~ t1d!1eo~ t !!G(

i
Gni* ~ t

1d!Goi~ t !. ~2.28!

III. RESULTS

A. General overview of experimental observations

In the experiments of Vorsaet al.,25 photoexcitation of
I2
2 in argon clusters, I2

2
•Ar i ~where there arei argon atoms

solvating the I2
2 in the initially prepared unexcited cluste

0< i<27), leads to various charged fragmentation produ
which are detected using mass spectrometry:

~1! The I2
2 molecular anion can dissociate in the clust

loosing an I radical, and evaporating argon solvent ato
yielding detectable I2•Ar f photofragments;

~2! Alternatively, for large enough clusters, the dissociat
fragments of the I2

2 ion can be effectively caged by th
surrounding cluster atoms, lose some of their excitat
energy and recombine to form a stable, possibly exc
molecular anion.

In the latter case the caging interactions that give rise
energy loss from the excited I2

2 result in evaporation of ar
gon solvent atoms giving detectable I2

2
•Ar f 8 fragments.

Vorsaet al.analyze their experimental results in terms of t
excess excitation energy being deposited into the surrou
ing solvent and resulting in evaporation of atoms from
cluster. Their analysis gives a mean binding energy
evaporated solvent atom and correlates well with the prod
photofragment size distributions they observe.

Depending on the excitation energy, and the prepa
initial cluster size,i , different charged product photofrag
ment distributionsP( f ) are observed. For example, with
790 nm excitation which takes the I2

2 from its ground
X, 2Su,1/2

1 state to the excitedA8, 2Pg,1/2 state in the
Franck–Condon region, the experiments reveal that for p
cursor clusters with less thani;10 argon atoms solvating
the I2

2 ion, solvent caging is ineffective and we see on
dissociated photofragments of the form I2

•Ar f where the
distribution of final cluster sizes,P( f ), covers the range from
f;0 to f; i /2, i.e., as many as half the argon atoms in
J. Chem. Phys., Vol. 106

wnloaded¬08¬May¬2001¬to¬130.132.58.224.¬Redistribution¬subject¬to¬
:

d

m
-

ts

,
s

n
d

o

d-
e
r
ct

d

e-

e

precursor cluster can be evporated during dissociation. H
ever, the average charged product photofragment under t
dissociative conditions is I2

•Ar ~i.e., f;1).
As the precursor cluster size is increased beyondi;10

argon atoms, the I2
•Ar f product channel closes down rap

idly and by abouti;16 the only photofragments observe
involve the recombined molecular anion and are of the fo
I2
2
•Ar f 8. In the transitional precursor cluster size range b

tweeni510 and 16 argon atoms we see a mixture of dis
ciated (I2•Ar f) and recombined (I2

2
•Ar f 8) photofragments.

In this precursor size range, the dissociated photofragm
product distribution splits into two subdistributions: A sma
cluster band in which the I2 is solvated byf50, 1, 2 or 3
argon atoms, the dominant average cluster being I2

•Ar in-
dependent of precursor cluster size, and a larger cluster b
( f55, 6 or 7! whose major component is the I2

•Ar6 cluster
but the average cluster size in this band scales linearly w
precursor size.

The recombined product (I2
2
•Ar f 8) photofragment size

distributions for precursor cluster sizesi.10 show charac-
teristic bimodal shapes with a persistent peak atf 850, and a
band of peaks whose mean size shifts linearly to larger
minal recombined clusters as the precursor cluster sizei is
increased. Vorsaet al. interpret these two distinct classes
recombined photofragments as arising from two different
combination pathways, as follows.

~a! The photofragments of the dissociated I2
2 molecule

are effectively caged by the solvating cluster so that th
recombine into the groundX, 2Su,1/2

1 electronic state with a
large amount of residual vibrational excitation. As this r
combined ground state molecular anion vibrationally rela
its excess energy is dumped efficiently into the surround
cluster resulting in all the argon atoms of the intermedi
size precursor clusters being evaporated and giving ris
the strong peak atf 850 in the recombined photofragmen
size distribution.

~b! Alternatively, Vorsaet al. argue that the recombina
tion can either occur with significant rearrangement of
cluster producing a metastable solvent separated ground
configuration, or the I2

2 can recombine into an excited ele
tronic state. Both these recombination pathways resul
evaporation of argon atoms. However, because some of
excess energy is still tied up in either electronic excitation
in the metastable solvent separated ground state config
tion, not all the argon atoms are evaporated. This result
the distribution of larger recombined photofragments
these intermediate precursor clusters.

B. Detailed comparison of calculations and
experimental results

As outlined in Sec. II A, for reasons of economy w
have used only 18 trajectories in our nonadiabatic MD
sembles for these cluster systems. These trajectories ha
be followed for relatively long times to reach their equilib
rium sizes after photoexcitation, and a broad range of p
cursor cluster sizes had to be surveyed. In our previous s
ies of photodissociation of I2 in liquid and solid rare gases

35
, No. 17, 1 May 1997
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we averaged our results over four different ensembles, e
of 18 trajectories giving a total ensemble size of 72 trajec
ries. In these studies we found that the number of trajecto
branching into the different possible nonadiabatic chann
and the general qualitative features of the results comp
for the full ensemble were reliably represented by each s
ensemble of only 18 trajectories. We thus believe that
cluster results presented here for these relatively small
sembles give a reliable qualitative overview of cluster ph
todissocitation processes. Calculation of precise details
the size distributions etc., would require larger ensem
sizes and are beyond the scope of these survey studies

In Sec. II B we described the underlying equilibriu
structure of the I2

2 solvation shell for the small to intermed
ate size argon clusters predicted by our DIIS ground s
potential surface. In an attempt to develop an understan
of how these underlying precursor cluster structures in
ence the photofragmentation dynamics and ultimately
product photofragment size distributions observed exp
mentally, in Fig. 6 we display the I—I bond length histories
for various ensembles of 18 nonadiabatic MD trajectories
the i511, 12 and 13 atom precursor cluster systems.
initial configurations were sampled from equilibrium grou

FIG. 6. I—I bond length histories for various ensembles of 18 nonadiab
MD trajectories for thei5 11, 12 and 13 precursor cluster systems.
J. Chem. Phys., Vol. 106
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state distributions atT540 K. The initial energy gap be
tween theX andA8 states of the different ensemble membe
for each cluster size is resonant with the 790 nm pump pu
At t50 all members of a given ensemble are excited to
A8 electronic state and the ensuing many-body nonadiab
dynamics is followed using surface hopping methods.

The most striking feature evident from the trajectori
displayed in Fig. 6 is that as the precursor cluster size
increased fromi511 to i513 argon atoms, trajectories i
which the two iodine fragments simply separate ballistica
on the repulsive excited electronic state are prominent for
i511 atom precursor cluster, while they are not observe
all for the i513 atom cluster or for any precursor cluste
larger than this~see Fig. 9!. On the other hand, precurso
clusters smaller thani511 all exhibit the ballistic dissocia
tion channel in which the I atoms simply fly apart large
unperturbed by the surrounding cluster. The dissociation
namics of these smaller clusters is dominated by this beh
ior.

The reason for this extreme sensitivity of the trajector
to precursor cluster size in this range is apparently due to
relative stability of clusters with a hexagonal ring of arg
atoms around the I—I bond compared to clusters which d
not exhibit this structural motif. From Fig. 2 we see that t
equilibrium geometry of thei511 atom cluster has an in
complete ring of only 5 argon atoms about the I—I bond
while the cap of this cluster also has an incomplete 5 me
bered ring topped by a single atom. When we increase
cluster size toi512 and 13 argon atoms~or larger than this!
we complete the 6 membered ring around the I—I bond giv-
ing a very stable solvating structure. As the two iodine fra
ments fly apart after electronic excitation in thei513 atom
precursor cluster, for example, this symmetrical ring str
ture remains intact. The charges on the departing iodine f
ments polarize this stable ring leading to symmetrical lo
range attractive forces which cause all the I—I bond trajec-
tories for this precursor cluster size to show a broad dis
bution of turning points at between;8.5 Å and;14 Å ~see
Fig. 6!. The stable central ring thus acts as an attractor wh
initiates the recombination of the molecular anion. For t
i511 atom precursor cluster, on the other hand, when
excited iodine fragments leave the cluster on the first bo
extension the 5 membered bond ring is more often dest
lized and the remaining cluster of solvent breaks apart le
ing no center for attraction of the separating iodine fragme
which simply dissociate.

Since even partially completed ring structures show
underlying hexagonal shape in the minimum energy clus
geometries shown in Fig. 2, unfinished rings with only
atoms have very open, half completed hexagonal structu
When the I2

2 flies apart after photoexcitation and the iodin
fragments leave the smaller clusters which show these o
structural features, the unstable half completed rings w
break apart, fragmenting the solvent cluster so there will
no attractor site to nucleate I2

2 recombination. As soon as w
have a ring structure in the cluster which is beyond h
complete, with say 5 atoms, the additional atom seems to
able to partially stabilize the ring so that it can remain inta

ic
, No. 17, 1 May 1997
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after initial photofragmentation of the I2
2 and can thus be

partially effective in nucleating recombination of the I2
2 frag-

ments. From Fig. 2 we see that the first cluster which sho
a 5 member or more, over half complete hexagonal r
structure is thei510 atom precursor cluster and we belie
that this is the reason that this is the first cluster which sho
detectable I2

2 recombination fragments in both the expe
ments and in our calculations.

From the bond length trajectories of thei512 and 13
atom precursor clusters in Fig. 6 we see that the return of
iodine fragments can result in I2

2 recombination character
ized by the highly oscillatory bond length trajectories,
alternatively as the iodine fragments return to the cluste
some of the solvent atoms have been dislodged, the reco
iodine fragments may collide with these displaced solv
atoms which destroys the solvent cluster resulting in the
dine fragments dissociating permanently.

For our trajectories which show effective recombinati
and persistant oscillation of the I2

2 bond length at long times
we see two distinctively different types of possible vibr
tional motion characterized by different frequencies, am
tudes and equilibrium bond lengths. These different vib
tional motions result from recombination either into t
groundX electronic state of the cluster which, as we see
Fig. 6, is characterized by a higher frequency and sho
equilibrium bond length (RX

eq;3.25 Å!, or recombination
into the excitedA state and from Fig. 4 this surface is boun
in the cluster, and it is characterized by a lower vibratio
frequency and its equilibrium I—I separation is nearly 0.5 Å
longer than in the cluster ground state withRA

eq;3.75 Å. The
trajectories for thei513 atom cluster displayed in Fig.
show examples of recombination which yields vibrationa
hot recombined I2

2 molecules in which the electronic excita
tion is converted into large amplitude vibrational motion
the electronic ground state as well as smaller amplitude
brations whose equilibrium bond length is characteristic
recombination into the excitedA state of the cluster. In ad
dition we see a trajectory which recombines into the grou
state and loses a large amount of vibrational excitation p
sumably through efficient coupling to translational motion
the argon atoms which could be kicked off the cluster at h
speeds.

Clearly the precise amount of branching into these d
ferent types of photoproduct channels as a function of p
cursor cluster size will be very sensitive to the accurate tr
ment of the dissociation dynamics of these clusters. T
prediction of terminal product distributions for these pho
fragmentation reactions in clusters provides a very string
test for our nonadiabatic dynamics methodologies and
interaction potentials obtained from our DIIS calculations.
Figs. 7 and 8 we thus present a detailed comparison of
photofragment product distributions for thei513 precursor
cluster. Due to the partial capping, discussed earlier,
cluster is in the transitional precursor size range and thu
photofragment distribution shows a particularly rich array
varied product channels. Even with our ensembles of only
trajectories the product distributions for the I2

2
•Ar f 8 frag-
J. Chem. Phys., Vol. 106
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mentation channel~see Fig. 8! obtained from our calcula-
tions are in remarkably good qualitative agreement with
experimental results. We do not have the statistics to res
the I2•Ar f channel~see Fig. 7! into the various possible
photofragments as only 5 of our trajectories actually disso
ated this way but the relative proportion of this channel co
pared to the recombination pathway is well reproduced
we do see evidence of the split distribution observed exp
mentally for these channels.

In Fig. 9 we present similar bond length trajectory plo
for larger precursor cluster sizes,i515, 17 and 19 argon
atoms. There are two related features to note when com
ing these larger cluster results with those presented in Fi
for the smaller clustersi511, 12 and 13: First, we see tha
the trajectories which dissociate after being attracted bac
the cluster and colliding with displaced solvent atoms rapi
drop out of our ensemble over this larger cluster size ra
and only represent about 10% of trajectories ati517 and
they are completely absent by thei519 argon atom cluster
This indicates that the argon atoms around the body of

FIG. 7. Histogram of them/e5127-based ionic photofragments~uncaged!
I2•Ar f from I2

2
•Ar13 precursor cluster after photoexcitation atl5790 nm.

The upper graph displays experimental values while the lower graph sh
nonadiabatic MD simulation results.
, No. 17, 1 May 1997
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cluster are held in place more rigidly for these larger prec
sor clusters and are thus less able to be dislodged as a r
of the first I2

2 bond extension.
The second intriguing feature evident when compar

these trajectory plots for the various clusters is the dram
effect precursor cluster size has on the attractive interact
responsible for turning the trajectories around and bring
the iodine fragments back toward the solvent cluster and p
sible recombination. We see the mean turning points v
from about 14 Å for thei511 atom cluster to only about 7 Å
for the i519 precursor cluster. It is evident from the traje
tories that these smaller bond excursions in the larger, m
stable and more strongly attractive clusters decrease the
scale for recombination by about a factor of 3 being roug
10 ps before the first characteristic bound vibrations for
i513 atom cluster and considerably less than 5 ps for
i519 precursor cluster. As the number of tightly localiz
charge induced dipoles in the more rigidly held atoms of
larger clusters increases, the attractions responsible
the recombination also increase significantly. Pump-pr
experiments24 for I2

2 in CO2 clusters indicate longer absorp

FIG. 8. Same as Fig. 7 but form/e5254-based recombined ionic photo
fragments I2

2
•Ar f 8.
J. Chem. Phys., Vol. 106
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tion recovery times (;10230 ps! than those we see abov
for our calculations in argon clusters. It would be interesti
to see if this prediction is verified in dynamical experimen
on argon clusters. The CO2 experiments do show the sam
sigmoidal decreasing trend in recovery time with increas
cluster size apparent from our results in argon clusters.

In Fig. 10 we present our calculated recombined fra
ment distributions which exhibit the characteristic bimod
evolution with precursor cluster size similar to that observ
in the experiments. This bimodal distribution, with its stro
peak atf 850 and group of fragmentation peaks whose a
erage size increases linearly with precursor cluster size
close agreement with the experimental results presente
Vorsaet al.,25 results due to the two different nonadiaba
recombination channels evident in the bond length traject
plots discussed earlier. When the I2

2 recombines rapidly into
its groundX electronic state and exhibits high frequenc
large amplitude vibrational motion, the excess excitation
ergy in this vibrational motion can be efficiently coupled in
evaporation of solvent atoms as the highly vibrationally e

FIG. 9. I–I bond length histories for various ensembles of 18 nonadiab
MD trajectories of thei515, 17 and 19 precursor cluster systems.
, No. 17, 1 May 1997
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cited molecular anion attempts to undergo vibrational rel
ation. For these intermediate size clusters this vibrationa
laxation can lead to evaporation of all the solvent ato
giving the strong peak atf 850. Recombination into the ex
citedA electronic state, on the other hand, leaves a subs
tial part of the photon energy locked up in electronic exci
tion thus these recombined electronically excited trajecto
exhibit smaller amplitude, lower frequency vibrations whi
are ineffective at coupling energy into evaporation of solv
atoms from the cluster. This recombination channel th
gives rise to the group of larger product cluster bands wh
shift with increasing precursor cluster size due to the fact
there are simply more atoms to start with and the sa
relatively small, amount of excited state vibrational energy
unload into evaporation.

We follow the experimental workers25 and summarize
the results of our calculations by plotting the percentage p
tofragment yields of I2•Ar f ~‘‘uncaged’’!, bare I2

2

~‘‘caged’’, and recombined into the groundX electronic
state! and I2

2
•Ar f 8 ~so-called ‘‘solvent separated,’’ which w

interpret as recombination into the excitedA electronic
state!. A comparison of our calculated component yiel
with those obtained from experiments is presented in Fig.

FIG. 10. Histograms of the recombined ionic photofragments I2
2
•Ar f 8 for

precursor clusters I2
2
•Ar i ( i5 11, 13 and 15! after photoexcitation at

l5790 nm. This plot exhibits the two classes ofm/e5254-based photo-
products also observed in experiments. The average separation betwe
two distributions increases with the cluster size.
J. Chem. Phys., Vol. 106
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Considering the approximations underlying our nonadiab
MD methods and our semiempirical DIIS calculations of t
excited electronic state surfaces, combined with the sm
ensemble sizes used in these studies, the agreement be
the calculated and experimental photofragment yields is
markable.

The sudden closing of the I2
•Ar f uncaged channel is

well represented in our calculations, and except for the f
that this photoproduct persists in small yields out to ab
i517, our calculated trends are in almost quantitative agr
ment with experiment. The growing in of the caged I2

2 pho-
toproduct yield abovei510 is also in nearly quantitative
agreement with the experimental curve up to the precu
cluster size ofi515. Even the peak ati512 and the small
drop at i513 are well described in our calculations. Th
calculations predict too much caged photoproduct fori.15
but our calculated results never deviate from the experim
tal curves by more than 10%. The establishment of
I2
2
•Ar f 8, solvent separated~excited state recombined! photo-

product is also extremely will represented in our calculatio
which correctly predict even the oscillatory trend with i
creasing precursor cluster size. The yield of excited s
recombined product is slightly underestimated in our cal
lations, but again it never deviates from the experimen
results by more than 10%.

The branching of trajectories into theX or A states, and
thus the photofragment yields of the different product clu
ters in these experiments, is directly controlled by the el
tronic nonadiabatic dynamics of these excited state syste
This branching is sensitive to the details of the electro
coupling between the states, and the speed with which
classical nuclear coordinates move through the coupling

the

FIG. 11. Comparison of calculated and experimental normalized branc
ratios for the three distinct photoproduct channels: I2

•Ar f ~uncaged!, 1

symbols~expt.! and triangles~calc.!, bare I2
2 ~caged, and recombined into

the ground X electronic state!, squares~expt.! and stars~calc.!, and
I2
2
•Ar f 8 ~caged, and recombined into the excitedA electronic state!, dia-

monds~expt.! and crosses~calc.!.
, No. 17, 1 May 1997
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gions. The fact that our calculated yields of the differe
photofragments are so close to the experimental results gi
this sensitivity gives us confidence in our methodology.

As a final comparison with experiment, in Fig. 12 w
plot an even more demanding quantity, the average num
of argon atoms evaporated from the cluster as a function
precursor size for the different product channels. The cu
for the I2•Ar f photoproduct thus represents the number
atoms that do not bind to the iodide ion after the I2

2 molecu-
lar anion dissociates and breaks apart the cluster. This
particularly challenging quantity to calculate and our resu
are in extraordinary agreement with experiment.

For intermediate size clusters out toi520 the ground
state recombination channel leads to evaporation of all
cluster atoms as a result of vibrational relaxation and e
cient energy transfer to the solvent. Abovei520 the experi-
ments indicate that the vibrational relaxation is completed
unevaporated solvent atoms begin to remain attached to
vibrationally relaxed I2

2 , and the number of evaporated a
oms begins to level off at about 22. We begin to see eviden
of this effective vibrational relaxation in our calculations b
i519 as some of our ensemble members still have an ar
atom attached to the I2

2 ion after 45 ps.
For the final excitedA state recombination channel we

see that our calculations predict that there are too few arg
atoms being evaporated from the cluster~only ;7) com-
pared with experimental results (;9). This difference could
be due to the fact that because the excited state surfac
particularly shallow the relaxation on this surface is ve
slow and our 45 ps trajectories are not long enough to see
the evaporation that takes place at longer times in the exp
ments. We also ignore the possibility of fluorescence fro
these recombined electronically excited clusters in our cal
lations. If clusters do indeed equilibrate on theA state sur-
face as a result of early evaporation of cluster atoms th

FIG. 12. Average number of Ar atoms evaporated for the uncaged in d
monds ~expt.! and crosses~calc.!; caged recombined into theX state in
squares~expt.! and stars~calc.!; and recombined into the excitedA state in
plus signs~expt.! and triangles~calc.!.
J. Chem. Phys., Vol. 106
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because of the longer bond length shift in the minimum
the excited state relative to the ground state apparent in
cluster potential curves of Fig. 4, radiative relaxation of t
I2
2
•Ar f 8 cluster will leave the I2

2 slightly vibrationally hot on
the ground electronic state, thus more atoms may be ev
rated after radiative relaxation, giving evaporation results
closer agreement with experiment. Indeed assuming
Franck–Condon photodeexcitation from the minimum of t
excited clusterA state shown in Fig. 4 indicates that the
would be roughly;0.15 eV excess vibrational excitatio
after dropping to the ground state due to the displacemen
the equilibrium positions of these surfaces. The subsequ
evaporation of two more cluster atoms after fluorescenc
thus consistent with the roughly;70 meV binding energy
per atom estimated from the experimental studies.25

IV. CONCLUSIONS

In order to address the role of electrostatic interactio
on the dynamics of chemical reactions in cluster syste
DIIS methods were combined with a nonadiabatic surfa
hopping algorithm in simulations of ultrafast pump photoe
citation experiments on the photodissociation, geminate
combination and vibrational relaxation of I2

2 in size selected
I2
2
•Arn ionic molecular clusters. For reasons of economy,

ensemble sizes used in these calculations are fairly small
we could realistically only run the calculations out to rel
tively short times compared to flight times of the expe
ments. Despite these limitations we believe our results
meaningful and our calculated photofragment yields of d
ferent ionic products are found to compare remarkably w
with recent experiments by Vorsaet al. on this system.

Our nonadiabatic MD simulations showed that the d
namics of relaxation of both the chromophore and the s
vent are intimately coupled. The various potential surface
the chromophore that participate in the dynamics of rel
ation are coupled by the presence of the surrounding
ticles. These couplings generate electronic relaxation of
chromophore into excited nuclear vibrational states of low
lying electronic surfaces and the excess kinetic energy of
chromophore thus generated is absorbed by the sol
which undergoes partial or total evaporation from the clus
The dynamics of photodissociation and geminate recomb
tion in I2

2
•Arn ionic molecular clusters exhibited strong clu

ter size dependence in the range 10<n<15 and recombina-
tion times decrease with increasing cluster size, in agreem
with general experimental findings.20,24 Comparing our cal-
culations in argon with the experiments in CO2 we predict
that recombination dynamics is roughly a factor of 2–3 tim
faster in argon than in CO2 and more experimental and the
oretical work is necessary to verify and understand th
differences.

The branching ratios and the photofragment yields of
different product clusters obtained from our nonadiaba
MD simulation methods coupled to DIIS electronic structu
calculations are in almost quantitative agreement with
perimental results and provide important documentation
the ability of these computational techniques to simulate

a-
, No. 17, 1 May 1997
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detailed the influence of the solvent on the dynamics
chemical reactions in condensed phase like environmen

The electronically nonadiabatic recombination dynam
which is ultimately responsible for branching into differe
photofragment products and controls the amount of clu
evaporation is driven by long range charge-induced dip
interactions in these clusters. In the traditional solution ph
interpretation of these recombination phenomenon the t
caging is usually understood to describe the very sh
ranged repulsive interactions that the dissociating fragm
are subject to as they collide with the unrelenting mass
surrounding solvent atoms and recoil off the walls of th
solvent cage to again find one another and possibly rec
bine as a result of energy loss during these early solv
collisions.

The picture of the caging phenomenon we find in the
charged chromophore cluster systems is dramatically dif
ent: The short range interactions are only active for a flee
moment as the two capping argon atoms at the ends of
cluster recoil with high velocities after suffering almost im
pulsive collisions with the ballistic iodine fragments. Due
the large mass difference between the iodine and argon
oms, the iodine fragments still have momentum and conti
to move outward from the cluster but their speeds are gre
reduced and are now less than the escape velocity neede
the strong attractive charge-induced dipole forces which
erate at larger distances in these systems. Provided th
maining cluster has not broken up too much as a result of
initial departure of the iodine fragments, the largest piece
the remaining cluster, with the biggest induced dipole, m
then act as a long range attractor for the iodine fragme
which may subsequently find one another in the region
this cluster and recombine through various nonadiab
channels. In these clusters the short range interactions
thus only active to slow the escaping photofragments so
long range forces can drag them back together.

As the cluster size is increased toward the bulk phas
contrast, we expect that deep within a large cluster the l
range forces provide little more than an over all backgrou
off set to the total energy which changes slowly as we m
through the bulk. The more traditional view of photofra
ment caging dictated by the rapidly changing short range
of the potential again emerges. Long range interactions m
be important for recombination processes in intermed
size clusters if the chromophore finds itself near the surf
of the cluster. In a future publication59 we will explore these
different roles of long and short range interactions and th
effects on ultrafast pump-probe signals from photodissoc
ing I2

2 in both the liquid and solid phases.
The final point to reiterate here is that our simulatio

reveal that when the precursor cluster is large and st
enough to promote recombination of the iodine fragments
observe reformation of the I2

2 bond via two different chan-
nels: The I2

2 molecule can either recombine into the grou
electronic state in which case it can be highly vibrationa
excited and the subsequent vibrational relaxation can re
in evaporation of many cluster atoms. Alternatively the2

2

may initially recombine into the excitedA state in which low
J. Chem. Phys., Vol. 106
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frequency motions are ineffective at coupling energy in
solvent atom evaporation giving rise to larger recombin
clusters which may also survive radiative deexcitation
longer times. In this excited electronic state of the ent
cluster, analysis of recombined configurations reveals
there is a tendency for argon atoms to group about the re
of the bond but we do not see excited state configurati
that could realistically be described as solvent separate25

Similarly we do not see evidence of metastable recombi
configurations in the ground electronic state which invo
solvent separation in these small to intermediate size c
ters.

ACKNOWLEDGMENTS

We gratefully acknowledge financial support for th
work from the National Science Foundation~Grants No.
CHE-9058348 and No. CHE-9521793!, the Petroleum Re-
search Fund administered by the American Chemical Soc
~Grant No. 27995-AC6! and a generous allocation of supe
computer time from Boston University’s center for Scienti
Computing and Visualization.

1J. C. Tully, J. Chem. Phys.93, 1061~1990!.
2S. Hammes-Schiffer and J. C. Tully, J. Chem. Phys.101, 4657~1994!.
3D. F. Coker, inComputer Simulation in Chemical Physics, edited by M. P.
Allen and D. J. Tildesley~Kluwer, Dordrecht, 1993!, pp. 315–377.

4H. S. Mei and D. F. Coker, J. Chem. Phys.104, 4755~1996!.
5D. F. Coker and L. Xiao, J. Chem. Phys.102, 496 ~1995!.
6V. S. Batista and D. F. Coker, J. Chem. Phys.105, 4033~1996!.
7J. M. Farrar, inCurrent Topics in Ion Chemistry and Physics, edited by C.
Y. Ng and I. Powis~Wiley, New York, 1992!.

8T. Baumert, C. Rottgerman, C. Rothenfusser, T. Thalweiser, V. We
and G. Gerber, Phys. Rev. Lett.69, 1512~1992!.

9J. J. Breen, D. M. Willberg, M. Gutman, and A. H. Zewail, J. Phys. Che
93, 9180~1990!.

10C. A. Schmuttenmaer, J. Qian, S. G. Donnelly, M. J. DeLuca, D.
Varley, L.A. DeLouise, R. J. D. Miller, and J. M. Farrar, J. Phys. Che
97, 3077~1993!.

11J. Steadman, E. W. Fournier, and J. A. Syage, Appl. Opt.29, 4962~1990!.
12S. Wei, J. Purnell, S. Buzza, R. J. Stanley, and A. W. Castleman, J
Chem. Phys.97, 9480~1992!.

13I. R. Sims, M. Gruebele, E. D. Potter, and A. H. Zewail, J. Chem. Ph
97, 4127~1992!.

14M. Gruebele, I. R. Sims, E. D. Potter, and A. H. Zewail, J. Chem. Ph
95, 7763~1991!.

15N. F. Scherer, L. R. Khundkar, R. B. Bernstein, and A. H. Zewail,
Chem. Phys.87, 1451~1987!.

16S. I. Ionov, G. A. Brucker, C. Jacques, L. Valachovic, and C. Wittig,
Chem. Phys.97, 9486~1992!.

17J. J. Breen, L. W. Peng, D. M. Willberg, A. Heikal, P. Cong, and A.
Zewail, J. Chem. Phys.92, 805 ~1990!.

18M. F. Hineman, G. A. Brucker, D. F. Kelly, and E. R. Bernstein, J. Che
Phys.97, 3341~1992!.

19J. A. Ayala, W. E. Wentworth, and E. C. M. Chen, J. Phys. Chem.85, 768
~1981!.

20J. M. Papanikolas, J. R. Gord, N. E. Levinger, D. Ray, V. Vorsa, and
C. Lineberger, J. Phys. Chem.95, 8028~1991!.

21M. L. Alexander, M. A. Johnson, N. E. Levinger, and W. C. Lineberger
Chem. Phys.88, 6200~1988!.

22D. Ray, N. E. Levinger, J. M. Papnikolas, and W. C. Lineberger, J. Ch
Phys.91, 6533~1989!.

23J. M. Papanikolas, V. Vorsa, M. E. Nadal, P. J. Campagnola, and W
Lineberger, J. Chem. Phys.97, 7002~1992!.

24J. M. Papanikolas, V. Vorsa, M. E. Nadal, P. J. Campagnola, H.
Buchenau, and W. C. Lineberger, J. Chem. Phys.99, 8733~1993!.
, No. 17, 1 May 1997

AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp



ge

or

ys

da

eil, J.

n,

J.
-

7116 V. S. Batista and D. F. Coker: Nonadiabatic molecular dynamics simulations

Do
25V. Vorsa, P. J. Campagnola, S. Nandi, M. Larsson, and W. C. Lineber
J. Chem. Phys.105, 2298~1996!.

26C. J. Delbecq, W. Hayes, and P. H. Yuster, Phys. Rev.121, 1043~1961!.
27J. M. Papanikolas, V. Vorsa, M. E. Nadal, P. J. Campagnola, J. R. G
and W. C. Lineberger, J. Chem. Phys.97, 7002~1992!.

28A. L. Harris, J. K. Brown, and C. B. Harris, Ann. Rev. Chem.39, 341
~1988!.

29A. E. Johnson, N. E. Levinger, and P. F. Barbara, J. Phys. Chem.96, 7841
~1992!.

30D. A. V. Kliner, J. C. Alfano, and P. F. Barbara, J. Chem. Phys.98, 5375
~1993!.

31P. K. Walhout, J. C. Alfano, K. A. M. Thakur, and P. F. Barbara, J. Ph
Chem.99, 7568~1995!.

32U. Banin, A. Waldam, and S. Ruhman, J. Chem. Phys.96, 2416~1992!.
33I. Benjamin, U. Banion, and S. Ruhman, J. Chem. Phys.98, 8337~1993!.
34U. Banin and S. Ruhman, J. Chem. Phys.99, 9318~1993!.
35V. S. Batista and D. F. Coker, J. Chem. Phys.106, 6923~1997!.
36R. M. Bowman, M. Dantus, and A. H. Zewail, Chem. Phys. Lett.161, 297

~1989!.
37N. F. Scherer, L. D. Ziegler, and G. R. Fleming, J. Chem. Phys.96, 5544

~1992!.
38N. F. Scherer, D. M. Jonas, and G. R. Fleming, J. Chem. Phys.99, 153

~1993!.
39Z. Li, R. Zadoyan, V. A. Apkarian, and C. C. Martens, J. Phys. Chem.99,
7453 ~1995!.

40R. Zadoyan, M. Sterling, and V. A. Apkarian, J. Chem. Soc. Fara
Trans.92, 1821~1996!.

41J. M. Papanikolas, P. E. Maslen, and R. Parson, J. Chem. Phys.102, 2452
~1995!.
J. Chem. Phys., Vol. 106

wnloaded¬08¬May¬2001¬to¬130.132.58.224.¬Redistribution¬subject¬to¬
r,

d,

.

y

42P. E. Maslen, J. M. Papanikolas, J. Faeder, R. Parson, and S. V. On
Phys. Chem.96, 7841~1992!.

43F. G. Amar and L. Perera, Z. Phys. D20, 173 ~1991!.
44L. Perera and F. G. Amar, J. Chem. Phys90, 7354~1989!.
45F. G. Amar and B. J. Berne, J. Phys. Chem.88, 6720~1984!.
46R. S. Berry, T. L. Beck, H. L. Davis, and J. Jellinek, Adv. Chem. Phys.70,
75 ~1988!.

47D.L. Huestis and N.E. Schlotter, J. Chem. Phys.69, 3100~1969!.
48I. Last and T. F. George, J. Chem. Phys.87, 1183~1987!.
49J. C. Tully, inSemiempirical Methods of Electronic Structure Calculatio
Part A: Techniques, edited by G. A. Segal~Plenum, New York, 1977!.

50E. C. M. Chen and W. E. Wentworth, J. Phys. Chem.89, 4099~1985!.
51J. A. Ayala, W. E. Wentworth, and E. C. M. Chen, J. Phys. Chem.85, 768

~1981!.
52C. H. Becker, P. Casavecchia, and Y. T. Lee, J. Chem. Phys.70, 5477

~1979!.
53Y. Zhao, I Yourshaw, G. Reiser, C. C. Arnold, and D. M. Neumark,
Chem. Phys.101, 6538 ~1994!. MMSV potential contructed from equa
tions ~1!,~2!,~4!–~6! and parameters presented in Table VII.

54I. Last and T. F. George, J. Chem. Phys.86, 3787~1987!.
55I. Last and T. F. George, J. Chem. Phys.89, 3071~1988!.
56E. L. Pollock and B. J. Alder, Phys. Rev. Lett.41, 903 ~1978!.
57C. J. F. Bottcher, inTheory of Electric Polarization, edited by Z. B.
Maksic ~Elsevier, Amsterdam, 1952!.

58J. Applequist, J. R. Carl, and K.-K. Fung, J. Am. Chem. Soc.94, 2953
~1972!.

59V. S. Batista and D. F. Coker, J. Chem. Phys.~to be submitted!.
, No. 17, 1 May 1997

AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp


