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We investigate the photodissociation, geminate recombination and relaxation dynamics in
size-selected,l- Ar,, 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 dissociatedi; or recombined ] - Ar;, 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. 1897 American Institute of Physics.
[S0021-960627)03917-2

I. INTRODUCTION ters of 10—20 atoms would be ineffective at caging the pho-
tofragments and inducing recombination. However, photoex-
Studies of photofragmentation of simple solute chro-citation experiments o, in clusters of even fairly weakly
mophores in molecular clusters can in principle provide arinteracting CQ molecules have detected coherent relaxation
understanding of the most elementary dynamical excite@f I, to the ground electronic state within a few pico-
state chemical processes in the simplest model of condensgdcond$’ This relaxation time scale is strongly cluster size
phase solvation conditions which can be probed in microdependent and quite different from the vibrational relaxation
scopic detail with experimental methods. These limited siz@&imescales of the corresponding neutral species in liquids
systems are also ideally suited to detailed investigation usinghat are usually about two orders of magnitude lorf§er.
new advanced theoretical and computational methods for The subject of this article is thus to explore how excited
treating electronically excited state chemical reaction dystate electrostatic solute/solvent interactions cause the na-
namics. This paper thus reports the first application of thesgcent photofragments to be spatially trapped or “caged.” To
new simulation methods® to the study of photoexcited re- this end we will develop an understanding of the electroni-
actions in cluster systems which have been probed in microeally nonadiabatic processes which cause these caged photo-
scopic detail in recent experiments. fragments to geminately recombine producing vibrationally
In recent years, several groups have applied ultrafaséxcited starting material. Subsequent vibrational relaxation
spectroscopic techniques to investigate cluster fragmentaf these recombined molecular clusters deposits excess vi-
tion,~*° the competition between fragmentation andprational energy into the surroundings producing partial or
ionization}**? and photoinitiated chemical reactions in total evaporation of solvent atoms from the cluster.
clusters’****"**The more recent experiments involve the  This sequential process of photodissociation, geminate
use of both photofragmentati#h?* and ultrafast pump-probe recombination and vibrational relaxation has also been ex-
technique&?* and have been applied to investigate the X amined for [ in liquids®~3 as well as in a wide range of
(X=1,Br) photodissociation and cage recombination dynamother systems, including both diatomic molecules and more
ics in size selected X S, (S=Ar,CO,) ionic molecular complicated polyatomic systems. The most widely investi-
clusters?®:2425 gated of all such systems is the photodissociation and gemi-
I, exhibits a strong absorption spectrum correspondingate recombination of,lin the condensed phase, for which
to an electronic excitation from the bouid 23.;,,, ground  solute/solvent interactions are dominated by the short range
state to the repulsivA’, ?I1,,,, excited staté® (see Fig. 3 repulsive part of the potential. In recent wbRwe showed
In the gas phase, photoexcitation of this transition at 720-how semiempirical diatomics-in-molecul&3IM) electronic
790 nm produces recoiling | and Iphotofragments with a  structure techniques could be implemented for giving a reli-
kinetic energy release 0f-0.5 eV?’ Due to this large able description of the potential energy surfa@ESS in-
amount of excess energy and the repulsive nature of the exolved in the process of relaxation and how to combine them
cited state potential one might think that a single, partiallywith nonadiabatic molecular dynami@&D) methods to pro-
complete solvation shell expected with small molecular clusvide a detailed description of the dynamics of photodissocia-
tion and geminate recombination of ih liquids and solids.
dpresent address: Department of Chemistry, University of California, In our DIM Hamiltonian model the solvent interactions
Berkeley, CA 94720. that caused caging and recombination of the neujraldre
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primarily short-range, collisional and repulsive in nature. Atinclude spin-orbit couplings using the proper PES for the

high solvent densities recombination was thus achieved witlh, diatomic fragment.

only a few collisions between the recoiling photofragments  The paper is organized as follows. In Sec. Il A we first

and the solvent. Thus, electrostatic solute/solvent interacsutline our approach to modelling the photoexcitation of the

tions were not important in the relaxation processes. Thal, - Ar; cluster systems. Next, in Sec. Il B, we summarize the

system, however, provided an excellent test of our nonadianethod we employ for obtaining initial minimim energy

batic molecular dynamics techniques since there are detailestructures and the equilibrium properties of size selected pre-

experimental studies of the real time dynamics for both thecursor clusters. Section Il C outlines our calculation of the

gas and condensed phase systé&hig 4 model Hamiltonian for these ionic molecular clusters, and
In this paper, we extend our semiempirical electronicSec. Il D describes our approximate computation of quanti-

structure calculations of PESs and the couplings among thetties necessary for the propagation of the nonadiabatic MD

to address the role of electrostatic interactions on condenseatjuations of motion. A summary of experimental observa-

phase reaction dynamics. We report nonadiabatic MD simutions is given in Sec. Il A and a detailed comparison be-

lations of the photofragmentation dynamics and geminate retween the results of our calculations and the experimental

combination in size selected 1Ar,, ionic molecular clusters findings is presented in Sec. Ill B. The paper is concluded in

and compare our results with recent photofragmentation exsec. V.

periments by Vorsat al?® In these experimental studies the

individ_ual parent clus'_cers were excited at specific laser frey \\=THoDS

guencies and the caging fraction and the average loss of sol-

vent molecules as function of cluster size and excitation en&- Simulation of photofragmentation experiments

ergy were determined. We explore the effectiveness of the The approach we employ for simulating photofragmen-
Ar solvent to cage photodissociated &nd induce recombi- tation experiments involves first generating equilibrium con-
nation of the chromophore through different reaction path‘figurations of the ground statg {Ar; ionic molecular clus-
ways, and explore the details of energy flow between thgers for which the experimental pump frequencies are
solvent and the solute as a function of cluster size. The rolgzagonant with the energy difference between the graXind
of many-body long range interactions in nonadiabatic dy-state and thé\’ state. Ensembles of 18 trajectories are first
namics that might be of primary importance for many othergqyilibrated for about 10 ps at 40 K and each individual
reactions in solution where strong electrostatic interaction%ajectory is started from the undistorted minimum energy
between the solvent and an ionic solute might dominate thgtrycture obtained according to the method described in Sec.
dynamics of the reaction are also studied. Il B. Each of these ground state equilibrated trajectories is
Comparison between previous theoretical studies and eXnen evolved adiabatically in thé state until the pump reso-
periments is uncertain since simulations were restricted tQance condition at 790 nm is achieved. These pump resonant
vibrational relaxation on the ground stéte!? whereas the configurations are used as independent initial conditions for
experimental results depend on both electronic and vibragertical photoexcitation to thé’ state leaving all coordi-
tional relaxation. Furthermore, the only study to have treateghates and velocities unchanged. The electronic expansion co-
the distortion effects in an entirely self-consistent mannekficient vectors are set to the appropriate initial unit vectors
approximated the solvent by a continum motfeDther MD  for the relevant photoexcitation in each ensemble member
calculations have modeled the recombination dynamics ofnd nonadiabatic MD methods coupled with the semiempir-
Br, in clusters of argon and CQusing pairwise additive jcal DIIS excited state electronic structure techniques pre-
potentials and a variable charge method for modeling localsented later in Sec. Il C are used to evolve the photoexcited
ization of the excess charge on one of the bromine atoms @ihsemble of surface hopping trajectories in a manner consis-
large internuclear separatiofis™® A one-hole model has tent with the coherent propagated dynamical mixed state
been devised to treat the interaction of the six lowest elecg|ectronic wave function for each trajectory. We follow these
tronic states of J with an arbitrary charge distribution and nponadiabatic trajectories for 45 ps after photoexcitation. Ex-
has been used to investigate mechanisms for nonadiabafizrimental studies on cluster systems have revealed that elec-
relaxation of electronically excited lin a CGO; cluster, with  tronic relaxation takes place in a few picoseconds and as we
the effects of the COmolecules approximated by a uniform sha|l see this electronic relaxation is strongly coupled to
electric field parallel to the molecular axis of I*2 cluster evaporation so trajectories of 45 ps duration should
Reliable calculations face the d|ff|CU|ty of mOdeling the be |ong enough to see much of the expected cluster relax-
system of open-shell species undergoing excited state nongtion dynamics. We shall discuss longer time relaxation phe-
diabatic dynamics with highly anisotropic many-body long nomena which these short trajectories cannot address later

range interaction potentials that have significant spin-orbityhen we compare our results with experiment.
coupling contributions. In this paper we simulate the nona-

diabatic dynamics of electronically excited lopen-shell

species using surface hopping nonadiabatic MD methGds
with a model Hamiltonian gained from diatomics in ionic
systems(DIIS) where we explicitly model the anisotropic Minimum energy structures are obtained with a classical
and self consistent many-body nature of the interactions aniID simulation scheme analogous to other methods investi-

B. Minimum energy structures and equilibrium
properties
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FIG. 1. Contributions to potential energy of minimum energy structures of
I5 - Ar, (5=<n=18) clusters. Energy per Ar expressed in unitegf(83.26
cm™1): total energy (diamonds, electrostatic polarization energg+),

. ) . . FIG. 2. Minimum energy structures of 1Ar,, 6<n<17, the two larger
Ar— Ar interaction energysquares and Ar—| interaction energy x).

diameter atoms embedded in the cluster are Jhmoblecule.

gated in previous studies of equilibrium properties of similarthat the total potential energy is dominated by the negative
cluster system&*3~*®|nitial configurations are chosen after €lectrostatic contribution which is the sum of the charge-
the system is equlibrated at 150 K for more than 20 ps. Ainduced dipole, and induced dipole-induced dipole interac-
this initial temperature the system can not be trapped in afions. This electrostatic term gets smaller per particle as the
unfavorable structure because the rms bond fluctuations esluster size is increased due to the competition between the
ceed ~0.1 A, which is the usual criterion for cluster negative charge-induced dipole interactions and the positive
melting*® induced dipole-induced dipole interactions. Also these terms
Complete annealing of this randomly chosen configuraseparately get smaller per particle with increasing cluster size
tion requires the use of several “thermalization/equilibra-since the dipoles induced in atoms added to the cluster which
tion/quenching” cycles, where the thermalization and equili-are further from the solvated charge are smaller.
bration phases are performed at 50 K. The equations of mo- Generally the short range interactions are not as impor-
tion for advancing the positions and velocities in the quenchtant as the above long range electrostatic terms and they
ing phase of the dynamics are taken to be follow completely different trends. The short range Ar—I in-
. . teractions in these equilibrium ground state configurations
mr=F=or, (2.9 give an almost constant contribution per particle while the
whereF are the forces in the ground state calculated accordAr—Ar Lennard-Jones interactions become slightly more
ing to Eqg.(2.25 from the DIIS eigenvectors. These equa- negative with increasing cluster size as a result of increasing
tions of motion(Eq. (2.1)) are integrated using the following coordination numbers of the solvent atoms as these small

results: clusters grow toward bulk coordination conditions. The rela-
2 tive magnitudes of the electrostatic and short range interac-
" .. h i find here show the similar trends with cluster size to
rn+1:rn+rnh+[Fn_'yrn]%y (2-2) tions we fin

those reported by Amar and Perera who use a very different
h model to explore related molecular anion cluster sys-
I:n+1: I.’n"' [Fn— ')’I;n]_a (2.3 tems?*344
m Minimum energy structures of the various size argon
where we use a value for the friction constant9 a.u., and clusters solvating the, | anion obtained using the optimiza-
the integration time step = 2.5 fs. We use an ensemble of tion methods described above for the ground state potential
randomly sampled initial geometries to start these optimizasurfaces calculated using the DIIS methods outlined in the
tion runs and typically about 30% of these initial trajectoriesfollowing subsection are presented in Fig. 2. The underlying
find the global minimum after just a few iterations of the equilibrium structure of the,l solvation shell in these small
above proceedure. to intermediate size argon clusters is best understood in
Figure 1 presents the energies of the lowest minimunterms of forming a cylindrical stack of staggered hexagonal
energy structures expressed as energy divided by number dhgs of argon atoms around thg lanion. The first ring
solvent particles. The most significant feature in this plot ispacks around the center of the bond and subsequent rings
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TABLE I. Molecular orbitals of § .

Caseaorb EA+Ef
Case c type Case c type wave function or{) — stype Ka kg kg (eV)
X, IN2{13-DI9)+19)3- 2} ’S i 1.32 252 063  3.06
N2{|39I9)+ (932}
A N2{3-2I9-1913-2  “Mga 03 130 073 306
1n2{3319-19)139)}
A3y W2{3-DI9-1913-2} T 0.10 182 073 306
1N2{|3319)-19)39)}
a2 W2(13-3I9+1913-3) e (10x10%) 280 069 3.06
N2{|3)I9)+[9)39)}
a'\3, IN2{|3919) +19)] 22} My (LOX10°%) 330 09 212
N2{3- IS +19)3- 2}
B. % 1N2{|219)-19)122)} T (LOX10T) 445 09 212

N2{3- 919~ 93— 2}

pack around the ends of the molecule. Finally individual

argon atoms pack onto the ends of the molecule, capping the P(t)= ; Tii®;, (2.5

end rings. The =13 atom cluster shows a completed central

ring and a single completed capped end structure. From Figvhere the expansion coefficients,;, are the DIM eigen-

1 we see that this= 13 cluster is slightly more stable than its Vectors. The pbf's, written as linear combinations of simple
neighboring clusters since the completed rings optimize th@roducts of atomic functionspaf's, are products of atomic
Ar—Ar van der Waals interactions. As we move to Iargera”d diatomic functions and are assumed to be eigenfunctions
clusters we see the second capping structure around the otHdr their respective atomic and diatomic Hamiltonians with
end of the molecule being established. For smaller cluster8igenvalues equal to experimental energies. The argon atoms
we see competition between the formation of an incompleté‘nd I” ions are restricted to be in their ground states and we

central ring and a partial terminal cap structure. represent them by singléS, functions since they have
symmetry closed shells. The | atoms h&symmetry open

shells and are represented with functions.
The diabatic polyatomic basis functionB; , are written
as antisymmetrized products 8symmetrical functions of

In this subsection we present the calculation of all poly-ihe N argon atoms and!) group functions of the iodide
atomic electronic states participating in the dynamics of rey,glecule

laxation and the couplings among the different surfaces that

determine the rate of nonradiative electronic transitions. We . N .

implement the DIIS method where the polyatomic Hamil- q’i:Af(”iﬂl V), 2.6

tonian is written as a sum of a DIM Hamiltonian and a per-

turbation term that introduces the induction energy whichwhere the index indicates the electronic state of | The

accounts for the self-consistent many-body nature of th@ero overlap of atomic orbitals approximati¢AOAO), al-

electric field responsible for polarization. This method hasiows us to omit the antisymmetrization operatAr, render-

been successfully investigated in studies of halogen atomgsg the polyatomic wave function as a simple product of

embedded in rare gas clust&r® and in our recent calcula- atomic and diatomic group functions. The error arising from

tions of ion-pair states oflin rare gas matrice®. this approximation is proportional to the square of the over-
We expand the time dependent electronic wave functioriap integrals and has been shown to be small in DIM calcu-

of the polyatomic systemy(t), in terms of a canonical set lations on halogen atoms in nobel ga&es.

C. Model Hamiltonian for I 5 -Ar,

of valence bond(VB) adiabatic state wave functions, Our basis set for the isolated lodide molecule includes
o (1), the six low-lying Hund’s caséc) molecular states,
\I’(t) — E ak(t) ¢)k(t)! (24) é’(j): (X1/2,u lA3/2,g !AZ;./Z,g va3/2,u 1a1/2,u ’81/2,9)1
k

arising from the T(*Sp) +1(?P321/9 configurations. These
and we write the VB wave functionsp,(t), in terms of states are presented in Table | distributed in two blocks ac-
diabatic polyatomic basis functioripbf’s), ®;, cording to their different dissociation limits, and these gas
J. Chem. Phys., Vol. 106, No. 17, 1 May 1997
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phase curves are displayed in Fig. 3. They are classifiedion of Eq.(2.6)), the Hamiltonian of the system can be
among different symmetry species not only according to caspartitioned into interatomic and atomic terms accordirftj to
(c) type classification but also according to cdag (b) or

Q) —s type. The latter has a well defined meaning only for Q:E 2 H(KL)—nE H), (2.9
fairly small internuclear separationR, while the case(c) K L>K K

classification is applicable for largR values and is impor- \\hara H(K) is the Hamiltonian operator of ato# and con-

tant for dissociation product correlations. In the first columnins all kinetic energy operators and intraatomic potential
of Table | we identify electronic states according to the valueenergy terms that depend solely on the position of atom

of the projection of_the (t;))tal a?bg)]ular momentum in the diréc-5nq on the coordinates of those electrons initially assigned to
tion of the bond 2 =M@ +M®/|. In the second column of i 4iom. Similarly,HXY) is the Hamiltonian operator ap-

the table we summarize expressions for the diatomic WavBropriate for the diatomic fragmeitL.
functions, (. Any of these functions may be expressed by

: Yk The diatomic fragment Hamiltonian foj lis constructed
the linear combination

from potential energy curves for states listed in Table I,
(D =y IPM@Y| SO 4 ¢, | S@Y IO M P, (2.77  Which are presented in Fig 3 and approximated by gas phase
b b Morse functiong’
which is written in the basis set of spaf’g,, ,, defined as

Xmn= |S>|J(H)M(n>>-
JM=3/2,1/2, (2.9

VIZ’ — DIZ’[ —2e(=Bi;(R=Re, 1))
+e(728,(R-Re )] — (EA+ EF), (2.10

where parametets,, kg, kg andEA, +E[ are presented in
MM=—J3M —gMW+1,... 30, columns 4-7 of Table IE} is the energy of the particular
excited state of | relative to the ground staked, is the
electron affinity of | and the relationships between the nega-
tive ion properties and the neutral properties are as

follows:>1°0

wherem enumerates the differeni™M (") states of | atom
n in the total angular momentum representati@oupled
representation J=L +S andM is the projection of] in the
direction of the bond. States wid different from zero are
double degenerate. Each degenerate state corresponds to one A
of the two possible orientations for the projection of the total ~ D> = D|2<k—) , (2.11
angular momentum in the direction of the bond. Conse- B
quently the 6 Hund’s cas@) molecular states form a basis WhereD,2=l.58 eV is the spectroscopic bond dissociation
set of 12 states including degeneracies. energy of the neutrakImolecule,
The energy levels of the system are obtained now in the
usual way by forming the Hamiltonian matrix of order 12 — In(kg /Ka)
x12. ol kepi,
Due to the lack of interatomi¢atomic-diatomi¢ elec-
tron permutations in the polyatomic functiof8OAO ver-

Re,, (2.12

where Morse parameters for the neutral rholecule are
B,=1.84 At andR,,=2.67 A, and

B, =kspi, (2.13
1 Energy(eV) These DIM basis states are taken as a diabatic basis and
we assume that intramolecular coupling of states with the
B =31 1Py + 10B),) same symmetry is small compared to intermolecular cou-
o

pling introduced by the solvent.

The H'”A" Hamiltonian is written in the reference
1 frame of the diatomic fragmenflAr(") in terms of Ar—I
potentials of the usudl, IT andII orientations as described
in Ref. 52. These potentials are constructed using the MMSV
(Morse—Morse-switching function—van der Wagtetential
10By) + I(S) | forms from Ref. 53 for the X 1/2, | 3/2 and Il 1/2 potentials.
The X 1/2 and | 3/2 states correlate with tHe;,+ 1S, as-
ymptote, while the Il 1/2 correlates wiftP,+1S,. 1/2 and
] 3/2 following X, I, and Il are th&) quantum numbers where
Q) is the projection of the total electronic angular momentum
along the molecular axis. In this paper we follow the con-
vention presented in our previous paperavhere vectord,
is in the reference frame of the diatomic fragment oriented
FIG. 3. Gas phasg Ipotential energy surfaces calculated as described. Thealong theR;; vector,II is perpendicular t& and located in
ground state for the neutrag) species is also shown. the plane formed bPij and thex axis whileTI is perpen-

X 153 (1)

I1(Bp) + T(Sy) |

X 21 (2)

5 ' L L ' . ) )
2 25 3 35 4 45 5 55 6

[I-II"Bond Length(3)
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dicular to this plandsee Fig. 2 of Ref. 6 The Hamiltonian K
HIPAY s then expressed in the coupled representation, E /“LJ R B +$ E i Tij Mi+; 2.
|JM), according to a sequence of transformations analogous it ] (2.18
to those presented in EgR.6)—(2.12 of Ref. 6.

The Ar—I~ pair interactions are modeled by potentials In EQ. (2.16 V is defined as
constructed with the same short range interaction Hamil-

tonian presented above for the Ar—I| fragment, supplemented V=V+ —¢ (2.19
R

with a long range attraction dominated by-dl/r* polariza-

tion term as detailed later in this subsection. whereC, is expressed in terms of the atomic polarizability

The s-ground state rare gas atoms interact according to af the neutral atom¢, and the charge of the ion, as
Lennard-Jones potential withe=83.26 cm?! and o

1
=3.405 A. Ci,== QPa. (2.20
The total Hamiltonian is written as the direct sum over 2
all diatomic-fragment Hamiltonians as follows: For the calculation ofy,, we consider atoms as nonover-
n n lapping polarizable spheres and compute the induced dipole
H=H('2_>+12® E H|<a>Ar<k>+i6®E v A moments u; self-consistently according to the following
k=1 k=1 equation:
En: HYAY L] e En: v A e] M= R kM (2.2
k=1 T 2 Rkl e Tik
n-1 n e where T, are the components of the dipole-dipole interac-
+i,e > > vatal (2.14)  tion tensor given by
=1 j>i
i x2—r?/3 Xy Xz
where 1, is the nXn unit matrix, and the constant mono- To—— 3 Xy V—r23 yz (2.22
atomic contribution appearing in Eq2.9 is omitted. The Ik r° 3 2 ’ '
energy of the system is calculated relative to the energy of Xz yz —r3
infinitely separated species in the ground state: wherer is the interatomic distance with Cartesian compo-
N nentsx, y, andz. The repulsive part of the Ar—I interaction
is sufficiently steep so that geometries where this attractive
E..=Eyzp,+Ei-15+ > Ear (2.15 y steep 9

polarization interaction diverges are never reached.
B For each nuclear configuration we solve the system of

As presented above, the diatomic teri$*" ) and  equations defined by Eq2.21), compute the energy of po-
H") include the energy of polarization of neutral Ar and | larization according to Eq(2.18 and calculate the poly-
atoms by the charged lanion. However, in order to take atomic energies by a simple diagonalization procedure re-
account of the self- consistent many-body nature of the elecjuiring no electronic integral evaluations. The DIIS eigen-
tric field responsible for polarization we determine the en-vectorsI'y; found by this diagonalization procedure define
ergy of polarization in the electrostatic approximation sepathe VB wave functions of the system according to the fol-
rating it as a special perturbation tergy , #8545 lowing equation:

12

Hmn,mn:<¢m,n||:||‘/’m,n> ()= 2 F_kjwj , (2.23
i=1
—E 2 V arhAr(i where index abreviates the pair of indicaan presented in
Rk Eq. (2.16.
~ ~ Potential energy curves calculated using the DIIS ap-
+; [Vieag Vigayo =14 7, (216 proach detailed above for a typicgl JAr;; cluster sampled

from our ensemble of resonant initial configurations are pre-
where the diagonal Hamiltonian matrix elemehtg,, n, in sented in Fig. 4. These surfaces are computed by pulling the
Eq. (2.16) are written in the basis set of spafls, , defined  two iodine atoms apart symmetrically keeping thecenter
according to the following expression: of mass position and bond orientation fixed at their initial
values. For the solid curves the two capping argon atoms at
B H 0 the ends of the,] molecule are moved apart in the same way
m n_Xm,ni:l ), (217 thus as the two iodine fragments are pulled apart each single
capping argon atom at either end of tefbllows its iodine
in which iodine atomn is the neutral open-shell species.  atom out as the bond is extended. All the other argon atoms
We approximater, by the classical expression for the which form the completed and partially completed rings sur-
energy of polarization as follow%>8 rounding the J bond are held fixed. For the dashed curves,

J. Chem. Phys., Vol. 106, No. 17, 1 May 1997
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Energy(eV) Figure 5 shows the ground state potential surface calcu-
lated using the DIIS model for an artificig] | Arg cluster ion

in which six argon atoms are located in a ring configuration
of radius 4 A around the molecular axis of thg molecule.
The surface is plotted as a function of shifting the solvent
ring along the J bond axis relative to its center of mass, for
different I, bond lengths. From this figure we see that for
short |, bond lengths the minimum energy configurations
have the ring of argon atoms located in between the two |
atoms, while for longer;l bond lengths minimum energy
configurations have the ring located near one or the other |
¥ atom. These features of the ground state PES can be under-
stood in terms of the excess charge distribution of the mol-
1 ecule that goes from one equally shared between the two |
near the equilibrium bond length to a charge stabilized by the
55— : : : : ; . . s surrounding solvent on one or the other | atom at larger

35 4 4.5 5 55 6 6.5 7 7.5 8 . .
~ internuclear separations.
[I-1]"Bond Length(3)

-2

-25

szagzene®®” " I(zﬂ/z) + I'(lso) |

I (21:);/2) + I-(lso)

-4.5

FIG. 4. Potential energy surfaces gf-Ary; as functions ofJ bond length ] ) ) )

computed using the DIIS Hamiltonian wit}J Icenter of mass position and D. Computation of approximate nonadiabatic

bond orientation fixed at their initial values. For the solid curves the endcoupling vectors, adiabatic forces and the adiabatic

capping atoms are moved out with the iodine fragments modelling clustepasis set propagator with DIIS

boundary conditions. Dashed curves show results computed with the cap-

ping atoms held fixed modelling rigid condensed phase boundary condi- The nonadiabatic MD methods which we use to evolve

tions. the excited state dynamics of these cluster systems have been
presented in detail elsewhef@ The adiabatic forces and

on the other hand, all the argon atoms including the twononadiabatic coupling VeCtO@m” needed to implement

capping atoms are held fixed as the bond is extended. these methods_are co_mpu_ted In terms of the D”.S elgenvec-

These two different bond extension schemes approximate t ars and d|aba_t|c Hamllton|?5n matrix elements using the fol-

caging environment expected in the clusteolid curve in owing approximate results:

which the capping atoms are blasted off the cluster as the EizjﬁniﬁjVR<¢i|H|@j>

I, bond is extended and in the frozen matfiixed capping Dy~ — (e , (2.249
atoms. Also overlayed on this figure is th&’' state pump mo-n

excitation energy, and the point where this excitation energy —

intersects the cluster like curves at around 7—7.5 A indicates VRfk*Z 2 TiTGVR(Pi[H| D)), (2.29
the expected turning point for the classical motion of the :

excited bond extension over these cluster surfaces. where we have ignored terms liK& g®;|H|®;) since the

pbf's &, are intended to reflect only gradual distortions so
they vary slowly with nuclear configuration. These same
ideas have proved very valuable for describing low-energy
molecular collision process&gand Refs. 20, 24, 29, and 32
therein.

As an independent test of the approximations underlying
the above resulithe slow variation of the pbf's with nuclear
coordinates we have computed the forces by finite differ-
ence estimation using variation of the DIIS eigenvalues and
find that the force obtained from E(R.25 is very accurate
for typical fluid configurations.

The gradients of the DIIS Hamiltonian matrix elements
in the pbf basis set in Eq2.295 or Eq. (2.24 are most

Energy(eV)

3 -

-3.5

-4.5

» conveniently computed using finite difference, although they
ing ¢ o 3 can be computed exactly as indicated above by differentiat-
°°rd.¢4) “’“'30“ ing the necessary transformation matrices and the empirical

potential energy matrices. For every interacting pair a new
FIG. 5. Ground state potential . btained JoRt, oni set of matrices and the necessary derivatives need to be com-
. O. round state potential energy surface obtainea joRAlg Ionic T . . e . _
molecular cluster system with the six Ar atoms in a ring configuration pUted and mu“'?"ed' We find that a three p0|'nt finite dlff?r
around the molecular axis. Surface is displayed as a function of ring coor€NCE approach is accurate and comparable in computational
dinate along the molecular axis ang bond length. expense, and much easier to code for general applications.
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However, the gradient of the polarization terfWig7,, is  Precursor cluster can be evporated during dissociation. How-
calculated analytically according the following expressions: €ver, the average charged product photofragment under these
dissociative conditions is|- Ar (i.e., f~1).
dnn Enp ITip As the precursor cluster size is increased beyiond0
(7_Rp__“9 IRy, =t R i (2.26 argon atoms, thel- Ar; product channel closes down rap-
idly and by abouti ~16 the only photofragments observed
I JIEq; involve the recombined molecular anion and are of the form
IR, = _2,-: ”ia_Rc’ (2.27) I, - Arg.. In the transitional precursor cluster size range be-
tweeni=10 and 16 argon atoms we see a mixture of disso-
whereR, andR, represent the coordinates of the dipoles ancciated (I -Ar¢) and recombined ¢I-Ar) photofragments.
the charge, respectively. In this precursor size range, the dissociated photofragment
The final quantity we need to implement the surfaceproduct distribution splits into two subdistributions: A small
hopping nonadiabatic algorithm is the electronic subsystergluster band in which the I is solvated byf=0, 1, 2 or 3
propagator which we compute in terms of the DIIS eigenvecargon atoms, the dominant average cluster beingAf in-
tors and eigenvalues, as described in Ref. 6 according to: dependent of precursor cluster size, and a larger cluster band
(f=5, 6 or 7 whose major component is the lArg cluster
_is R . .
Tno(t+5,t)wexp{ﬁ(en(t+ 8)+ ey(1)) EI It Elrgctﬂ;asgrv(sair;ge cluster size in this band scales linearly with
The recombined product {} Ar¢,) photofragment size
+ )l gi(t). (2.28  distributions for precursor cluster sizes 10 show charac-
teristic bimodal shapes with a persistent peak’at0, and a
IIl. RESULTS band of peaks whose mean size shifts linearly to larger ter-
minal recombined clusters as the precursor cluster isize
increased. Vorseat al. interpret these two distinct classes of
In the experiments of Vorsat al,? photoexcitation of recombined photofragments as arising from two different re-
I, in argon clusters,;l- Ar; (where there aré argon atoms combination pathways, as follows.
solvating the J in the initially prepared unexcited cluster, (@ The photofragments of the dissociated tholecule
0=<i=<27), leads to various charged fragmentation productsire effectively caged by the solvating cluster so that they
which are detected using mass spectrometry: recombine into the groun, 2 ,/, electronic state with a
large amount of residual vibrational excitation. As this re-
combined ground state molecular anion vibrationally relaxes
fts excess energy is dumped efficiently into the surrounding
cluster resulting in all the argon atoms of the intermediate
size precursor clusters being evaporated and giving rise to

fragments of thel ion can be effectively caged by the the strong peak at’ =0 in the recombined photofragment
surrounding cluster atoms, lose some of their excitatio%ize distribution

energy and recombine to form a stable, possibly excite (b) Alternatively, Vorsaet al. argue that the recombina-

molecular anion. tion can either occur with significant rearrangement of the

In the latter case the caging interactions that give rise teluster producing a metastable solvent separated ground state
energy loss from the excited Iresult in evaporation of ar- configuration, or the,l can recombine into an excited elec-
gon solvent atoms giving detectablg -Ar;, fragments. tronic state. Both these recombination pathways result in
Vorsaet al. analyze their experimental results in terms of theevaporation of argon atoms. However, because some of the
excess excitation energy being deposited into the surroundxcess energy is still tied up in either electronic excitation, or
ing solvent and resulting in evaporation of atoms from thein the metastable solvent separated ground state configura-
cluster. Their analysis gives a mean binding energy petion, not all the argon atoms are evaporated. This results in
evaporated solvent atom and correlates well with the produdhe distribution of larger recombined photofragments for
photofragment size distributions they observe. these intermediate precursor clusters.

Depending on the excitation energy, and the prepared
initial cluster size,i, different charged product photofrag-
ment distributionsP(f) are observed. For example, with a
790 nm excitation which takes the, Ifrom its ground
X, ZEIM state to the excitedA’, ZHgyl,z state in the As outlined in Sec. Il A, for reasons of economy we
Franck—Condon region, the experiments reveal that for prehave used only 18 trajectories in our nonadiabatic MD en-
cursor clusters with less than-10 argon atoms solvating sembles for these cluster systems. These trajectories had to
the |, ion, solvent caging is ineffective and we see onlybe followed for relatively long times to reach their equilib-
dissociated photofragments of the form-Ar; where the rium sizes after photoexcitation, and a broad range of pre-
distribution of final cluster size®(f), covers the range from cursor cluster sizes had to be surveyed. In our previous stud-
f~0 tof~i/2, i.e., as many as half the argon atoms in theies of photodissociation of lin liquid and solid rare gas&s

A. General overview of experimental observations

(1) The L, molecular anion can dissociate in the cluster,

yielding detectable- Ar; photofragments;
(2) Alternatively, for large enough clusters, the dissociating

B. Detailed comparison of calculations and
experimental results
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state distributions af =40 K. The initial energy gap be-
tween theX andA’ states of the different ensemble members
for each cluster size is resonant with the 790 nm pump pulse.
At t=0 all members of a given ensemble are excited to the
A’ electronic state and the ensuing many-body nonadiabatic
dynamics is followed using surface hopping methods.

The most striking feature evident from the trajectories
displayed in Fig. 6 is that as the precursor cluster size is
increased from =11 toi=13 argon atoms, trajectories in
which the two iodine fragments simply separate ballistically
on the repulsive excited electronic state are prominent for the
i =11 atom precursor cluster, while they are not observed at
all for thei=13 atom cluster or for any precursor clusters
larger than this(see Fig. 9. On the other hand, precursor
clusters smaller than=11 all exhibit the ballistic dissocia-
tion channel in which the | atoms simply fly apart largely
unperturbed by the surrounding cluster. The dissociation dy-
namics of these smaller clusters is dominated by this behav-
ior.

The reason for this extreme sensitivity of the trajectories
to precursor cluster size in this range is apparently due to the
relative stability of clusters with a hexagonal ring of argon
atoms around the-H bond compared to clusters which do
not exhibit this structural motif. From Fig. 2 we see that the
equilibrium geometry of the=11 atom cluster has an in-
complete ring of only 5 argon atoms about thellbond
while the cap of this cluster also has an incomplete 5 mem-
bered ring topped by a single atom. When we increase the
cluster size ta =12 and 13 argon atonisr larger than this
we complete the 6 membered ring around thd bond giv-
ing a very stable solvating structure. As the two iodine frag-
FIG. 6. I—I bond length histories for various ensembles of 18 nonadiabaticmentS fly apart after electronic exqtatlon n the 13_ atom
MD trajectories for thé = 11, 12 and 13 precursor cluster systems. precursor cluster, for example, this symmetrical ring struc-

ture remains intact. The charges on the departing iodine frag-

ments polarize this stable ring leading to symmetrical long
we averaged our results over four different ensembles, eadlange attractive forces which cause all thellbond trajec-
of 18 trajectories giving a total ensemble size of 72 trajectotories for this precursor cluster size to show a broad distri-
ries. In these studies we found that the number of trajectorieution of turning points at between8.5 A and~ 14 A (see
branching into the different possible nonadiabatic channeldrig. 6). The stable central ring thus acts as an attractor which
and the general qualitative features of the results computeiditiates the recombination of the molecular anion. For the
for the full ensemble were reliably represented by each sub—=11 atom precursor cluster, on the other hand, when the
ensemble of only 18 trajectories. We thus believe that ouexcited iodine fragments leave the cluster on the first bond
cluster results presented here for these relatively small erextension the 5 membered bond ring is more often destabi-
sembles give a reliable qualitative overview of cluster phodized and the remaining cluster of solvent breaks apart leav-
todissocitation processes. Calculation of precise details dhg no center for attraction of the separating iodine fragments
the size distributions etc., would require larger ensemblevhich simply dissociate.
sizes and are beyond the scope of these survey studies. Since even partially completed ring structures show the

In Sec. Il B we described the underlying equilibrium underlying hexagonal shape in the minimum energy cluster
structure of theJ solvation shell for the small to intermedi- geometries shown in Fig. 2, unfinished rings with only 4
ate size argon clusters predicted by our DIIS ground statatoms have very open, half completed hexagonal structures.
potential surface. In an attempt to develop an understanding/hen the J flies apart after photoexcitation and the iodine
of how these underlying precursor cluster structures influfragments leave the smaller clusters which show these open
ence the photofragmentation dynamics and ultimately thetructural features, the unstable half completed rings will
product photofragment size distributions observed experibreak apart, fragmenting the solvent cluster so there will be
mentally, in Fig. 6 we display the-+H bond length histories no attractor site to nucleatg recombination. As soon as we
for various ensembles of 18 nonadiabatic MD trajectories ohave a ring structure in the cluster which is beyond half
thei=11, 12 and 13 atom precursor cluster systems. Theomplete, with say 5 atoms, the additional atom seems to be
initial configurations were sampled from equilibrium ground able to partially stabilize the ring so that it can remain intact

I; Bond Length (&)

I; Bond Length (3)

Bond Length ()

Q\p,
N

I;
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after initial photofragmentation of the, land can thus be Photofragment Yield (%)

partially effective in nucleating recombination of thefrag- % - - - T - - -
ments. From Fig. 2 we see that the first cluster which shows
a 5 member or more, over half complete hexagonal ring
structure is the =10 atom precursor cluster and we believe
that this is the reason that this is the first cluster which shows
detectable J recombination fragments in both the experi-
ments and in our calculations.

From the bond length trajectories of the12 and 13
atom precursor clusters in Fig. 6 we see that the return of the |
iodine fragments can result i Irecombination character-
ized by the highly oscillatory bond length trajectories, or
alternatively as the iodine fragments return to the cluster, if s} ‘
some of the solvent atoms have been dislodged, the recoiling
iodine fragments may collide with these displaced solvent | I I '
atoms which destroys the solvent cluster resulting in the io- .
dine fragments dissociating permanently.

For our trajectories which show effective recombination
and persistant oscillation of thg Ibond length at long times =}
we see two distinctively different types of possible vibra-
tional motion characterized by different frequencies, ampli-
tudes and equilibrium bond lengths. These different vibra- [
tional motions result from recombination either into the
groundX electronic state of the cluster which, as we see in wl
Fig. 6, is characterized by a higher frequency and shorter
equilibrium bond length R$*~3.25 A), or recombination
into the excitedA state and from Fig. 4 this surface is bound |
in the cluster, and it is characterized by a lower vibrational
frequency and its equilibrium-+l separation is nearly 0.5 A
longer than in the cluster ground state WRff~3.75 A. The o
trajectories for thei =13 atom cluster displayed in Fig. 6
show examples of recombination which yields vibrationally
hOt rgcombmed; .m0|eCUIeS in W.h'Ch th? el(?Ctron'C e.XC'ta' FIG. 7. Histogram of then/e=127-based ionic photofragmeriisncagel
tion is converted into large amplitude vibrational motion on|-. ar, from I, - Ar,, precursor cluster after photoexcitation)at 790 nm.
the electronic ground state as well as smaller amplitude viThe upper graph displays experimental values while the lower graph shows
brations whose equilibrium bond length is characteristic offonadiabatic MD simulation results.
recombination into the excited state of the cluster. In ad-

dition we see a trajectory which recombines into the groundnentation channelsee Fig. $ obtained from our calcula-
state and loses a large amount of vibrational excitation pregons are in remarkably good qualitative agreement with the
sumably through efficient coupling to translational motion of experimental results. We do not have the statistics to resolve
the argon atoms which could be kicked off the cluster at highpe I~ Ar; channel(see Fig. 7 into the various possible
speeds. photofragments as only 5 of our trajectories actually dissoci-
Clearly the precise amount of branching into these dif-ated this way but the relative proportion of this channel com-
ferent types of photoproduct channels as a function of prepared to the recombination pathway is well reproduced and
cursor cluster size will be very sensitive to the accurate treatyye do see evidence of the Sp||t distribution observed experi_
ment of the dissociation dynamics of these clusters. Thugentally for these channels.
prediction of terminal product distributions for these photo- In Fig. 9 we present similar bond length trajectory plots
fragmentation reactions in clusters provides a very stringenfor larger precursor cluster sizes=15, 17 and 19 argon
test for our nonadiabatic dynamics methodologies and thatoms. There are two related features to note when compar-
interaction potentials obtained from our DIIS calculations. Ining these larger cluster results with those presented in Fig. 6
Figs. 7 and 8 we thus present a detailed comparison of thfar the smaller clusters=11, 12 and 13: First, we see that
photofragment product distributions for the13 precursor the trajectories which dissociate after being attracted back to
cluster. Due to the partial capping, discussed earlier, thishe cluster and colliding with displaced solvent atoms rapidly
cluster is in the transitional precursor size range and thus itdrop out of our ensemble over this larger cluster size range
photofragment distribution shows a particularly rich array ofand only represent about 10% of trajectories atl7 and
varied product channels. Even with our ensembles of only 1&hey are completely absent by the 19 argon atom cluster.
trajectories the product distributions for the-Ar¢, frag-  This indicates that the argon atoms around the body of the

I Ar; Products Exp.

15+ b

I"Ar, Products Calc.

' s L A L '
0 1 2 3 4 5 6 7 8

Final Cluster Size (f)
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Photofragment Yield (%) 20
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FIG. 8. Same as Fig. 7 but fan/e=254-based recombined ionic photo-

fragments J - Ary.. FIG. 9. 1-1 bond length histories for various ensembles of 18 nonadiabatic
MD trajectories of thé =15, 17 and 19 precursor cluster systems.

cluster are held in place more rigidly for these larger precur-
sor clusters and are thus less able to be dislodged as a restidin recovery times 10— 30 p9 than those we see above
of the first [, bond extension. for our calculations in argon clusters. It would be interesting
The second intriguing feature evident when comparingo see if this prediction is verified in dynamical experiments
these trajectory plots for the various clusters is the dramation argon clusters. The GGexperiments do show the same
effect precursor cluster size has on the attractive interactiorsigmoidal decreasing trend in recovery time with increasing
responsible for turning the trajectories around and bringingluster size apparent from our results in argon clusters.
the iodine fragments back toward the solvent cluster and pos- In Fig. 10 we present our calculated recombined frag-
sible recombination. We see the mean turning points varynent distributions which exhibit the characteristic bimodal
from about 14 A for thé =11 atom cluster to only about 7 A evolution with precursor cluster size similar to that observed
for thei=19 precursor cluster. It is evident from the trajec- in the experiments. This bimodal distribution, with its strong
tories that these smaller bond excursions in the larger, monpeak atf’=0 and group of fragmentation peaks whose av-
stable and more strongly attractive clusters decrease the tinezage size increases linearly with precursor cluster size in
scale for recombination by about a factor of 3 being roughlyclose agreement with the experimental results presented by
10 ps before the first characteristic bound vibrations for thé/orsa et al,?® results due to the two different nonadiabatic
i=13 atom cluster and considerably less than 5 ps for theecombination channels evident in the bond length trajectory
i=19 precursor cluster. As the number of tightly localizedplots discussed earlier. When the flecombines rapidly into
charge induced dipoles in the more rigidly held atoms of thdats ground X electronic state and exhibits high frequency,
larger clusters increases, the attractions responsible fdarge amplitude vibrational motion, the excess excitation en-
the recombination also increase significantly. Pump-probergy in this vibrational motion can be efficiently coupled into
experimenté* for I, in CO, clusters indicate longer absorp- evaporation of solvent atoms as the highly vibrationally ex-
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Photofragment Yield (%)
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IE-AI‘IS FIG. 11. Comparison of calculated and experimental normalized branching
ratios for the three distinct photoproduct channels:Ar; (uncagegl +
%‘ symbols(expt) and trianglegcalc), bare | (caged, and recombined into
g the ground X electronic state squares(expt) and stars(calc), and
E 15 - Ar¢, (caged, and recombined into the excit@delectronic state dia-
g monds(expt) and crossescalc).
=
4 6 8

Considering the approximations underlying our nonadiabatic
MD methods and our semiempirical DIIS calculations of the
excited electronic state surfaces, combined with the small
FIG. 10. Histograms of the recombined ionic photofragmeftsAf, for  ensemble sizes used in these studies, the agreement between

precursor clusters,l-Ar; (i= 11, 13 and 1p after photoexcitation at the calculated and experimental photofragment yields is re-
A=790 nm. This plot exhibits the two classes rafe=254-based photo-

products also observed in experiments. The average separation between M@rkable' . B )
two distributions increases with the cluster size. The sudden closing of the I Ar; uncaged channel is

well represented in our calculations, and except for the fact

that this photoproduct persists in small yields out to about
cited molecular anion attempts to undergo vibrational relaxi =17, our calculated trends are in almost quantitative agree-
ation. For these intermediate size clusters this vibrational rement with experiment. The growing in of the cagedgho-
laxation can lead to evaporation of all the solvent atomgoproduct yield above =10 is also in nearly quantitative
giving the strong peak t'=0. Recombination into the ex- agreement with the experimental curve up to the precursor
cited A electronic state, on the other hand, leaves a substamiuster size of =15. Even the peak at=12 and the small
tial part of the photon energy locked up in electronic excita-drop ati=13 are well described in our calculations. The
tion thus these recombined electronically excited trajectoriesalculations predict too much caged photoproducti fed5
exhibit smaller amplitude, lower frequency vibrations which but our calculated results never deviate from the experimen-
are ineffective at coupling energy into evaporation of solvental curves by more than 10%. The establishment of the
atoms from the cluster. This recombination channel thus; - Ar;., solvent separate@xcited state recombingghoto-
gives rise to the group of larger product cluster bands whiclproduct is also extremely will represented in our calculations
shift with increasing precursor cluster size due to the fact thaivhich correctly predict even the oscillatory trend with in-
there are simply more atoms to start with and the samegreasing precursor cluster size. The yield of excited state
relatively small, amount of excited state vibrational energy torecombined product is slightly underestimated in our calcu-
unload into evaporation. lations, but again it never deviates from the experimental

We follow the experimental worketsand summarize results by more than 10%.

the results of our calculations by plotting the percentage pho- The branching of trajectories into théor A states, and
tofragment yields of T-Ar; (“uncaged”), bare | thus the photofragment yields of the different product clus-
(“caged”, and recombined into the groun® electronic ters in these experiments, is directly controlled by the elec-
statg and [, - Ar¢, (so-called “solvent separated,” which we tronic nonadiabatic dynamics of these excited state systems.
interpret as recombination into the excited electronic  This branching is sensitive to the details of the electronic
statg. A comparison of our calculated component yieldscoupling between the states, and the speed with which the
with those obtained from experiments is presented in Fig. 11classical nuclear coordinates move through the coupling re-

Final Cluster Size (f)
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- . , . . because of the longer bond length shift in the minimum of
the excited state relative to the ground state apparent in the
I;-Ary+ hv (790 nm) ) cluster potential curves of Fig. 4, radiative relaxation of the
20| P 1 |5 - Arg, cluster will leave the] slightly vibrationally hot on
= the ground electronic state, thus more atoms may be evapo-
/ rated after radiative relaxation, giving evaporation results in
1 closer agreement with experiment. Indeed assuming a
E{,,f Franck—Condon photodeexcitation from the minimum of the
e excited clusterA state shown in Fig. 4 indicates that there
r A gttt | would be roughly~0.15 eV excess vibrational excitation
o oaria after dropping to the ground state due to the displacement of
the equilibrium positions of these surfaces. The subsequent
evaporation of two more cluster atoms after fluorescence is
thus consistent with the roughly 70 meV binding energy

o . . s s s per atom estimated from the experimental stuéfes.
0 5 10 15 20 25 0

Initial Cluster Size (N)

<Number of Ar atoms evaporated>

IV. CONCLUSIONS
FIG. 12. Average number of Ar atoms evaporated for the uncaged in dia-

monds (expt) and crossescalc); caged recombined into th¥ state in In order to address the role of electrostatic interactions
squaregexpt) and stargcalc); and recombined into the excitédstate in ~ on the dynamics of chemical reactions in cluster systems,
plus signs(expt) and trianglegcalc). DIIS methods were combined with a nonadiabatic surface

hopping algorithm in simulations of ultrafast pump photoex-

citation experiments on the photodissociation, geminate re-
gions. The fact that our calculated yields of the differentcombination and vibrational relaxation of In size selected
photofragments are so close to the experimental results givey - Ar,, ionic molecular clusters. For reasons of economy, the
this sensitivity gives us confidence in our methodology.  ensemble sizes used in these calculations are fairly small and

As a final comparison with experiment, in Fig. 12 we we could realistically only run the calculations out to rela-
plot an even more demanding quantity, the average numbeively short times compared to flight times of the experi-
of argon atoms evaporated from the cluster as a function ahents. Despite these limitations we believe our results are
precursor size for the different product channels. The curveneaningful and our calculated photofragment yields of dif-
for the I” - Ar; photoproduct thus represents the number offerent ionic products are found to compare remarkably well
atoms that do not bind to the iodide ion after themolecu-  with recent experiments by Vors al. on this system.
lar anion dissociates and breaks apart the cluster. This is a Our nonadiabatic MD simulations showed that the dy-
particularly challenging quantity to calculate and our resultsnamics of relaxation of both the chromophore and the sol-
are in extraordinary agreement with experiment. vent are intimately coupled. The various potential surfaces of
For intermediate size clusters out ite- 20 the ground the chromophore that participate in the dynamics of relax-

state recombination channel leads to evaporation of all thation are coupled by the presence of the surrounding par-
cluster atoms as a result of vibrational relaxation and effiticles. These couplings generate electronic relaxation of the
cient energy transfer to the solvent. Abave20 the experi- chromophore into excited nuclear vibrational states of lower
ments indicate that the vibrational relaxation is completed sdying electronic surfaces and the excess kinetic energy of the
unevaporated solvent atoms begin to remain attached to trehromophore thus generated is absorbed by the solvent
vibrationally relaxed J , and the number of evaporated at- which undergoes partial or total evaporation from the cluster.
oms begins to level off at about 22. We begin to see evidenc&he dynamics of photodissociation and geminate recombina-
of this effective vibrational relaxation in our calculations by tion in I, - Ar,, ionic molecular clusters exhibited strong clus-

i =19 as some of our ensemble members still have an argaer size dependence in the range<it<15 and recombina-
atom attached to the lion after 45 ps. tion times decrease with increasing cluster size, in agreement
For the final excitedA state recombination channel we with general experimental finding$2* Comparing our cal-

see that our calculations predict that there are too few argoaulations in argon with the experiments in €@e predict
atoms being evaporated from the clusfenly ~7) com- that recombination dynamics is roughly a factor of 2—3 times
pared with experimental results-@). This difference could faster in argon than in CQOand more experimental and the-
be due to the fact that because the excited state surface asetical work is necessary to verify and understand these
particularly shallow the relaxation on this surface is verydifferences.

slow and our 45 ps trajectories are not long enough to see all The branching ratios and the photofragment yields of the
the evaporation that takes place at longer times in the experdifferent product clusters obtained from our nonadiabatic
ments. We also ignore the possibility of fluorescence fromMD simulation methods coupled to DIIS electronic structure
these recombined electronically excited clusters in our calcuealculations are in almost quantitative agreement with ex-
lations. If clusters do indeed equilibrate on tAestate sur- perimental results and provide important documentation on
face as a result of early evaporation of cluster atoms therthe ability of these computational techniques to simulate the
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detailed the influence of the solvent on the dynamics offrequency motions are ineffective at coupling energy into
chemical reactions in condensed phase like environments. solvent atom evaporation giving rise to larger recombined

The electronically nonadiabatic recombination dynamicsclusters which may also survive radiative deexcitation at
which is ultimately responsible for branching into different longer times. In this excited electronic state of the entire
photofragment products and controls the amount of clustecluster, analysis of recombined configurations reveals that
evaporation is driven by long range charge-induced dipoléhere is a tendency for argon atoms to group about the region
interactions in these clusters. In the traditional solution phasef the bond but we do not see excited state configurations
interpretation of these recombination phenomenon the terrthat could realistically be described as solvent separdted.
caging is usually understood to describe the very shorSimilarly we do not see evidence of metastable recombined
ranged repulsive interactions that the dissociating fragmentgonfigurations in the ground electronic state which involve
are subject to as they collide with the unrelenting mass osolvent separation in these small to intermediate size clus-
surrounding solvent atoms and recoil off the walls of thisters.
solvent cage to again find one another and possibly recom-
bine as a result of energy loss during these early solven
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