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We report product distributions from the photodissociation,of@CS), (n = 1—26) cluster ions at 790 and

395 nm and discuss implications concerning the structure of these clusters. The experimental results are
paralleled by a theoretical investigation of (OCS), structures. The 790 and 395 nm transitions 4n |
access dissociative excited states that correlate withrthel(?Ps;) and I~ + 1*(2Py,) products, respectively.
Photoabsorption by,T(OCS), clusters at 790 nm results in “uncaged(@CS) and “caged” 4 (OCS)
fragments. The 395 nm excitation leads, in general, to three distinct pathways: @i¥dociation on the

I~ + I*(?Py) spin—orbit excited asymptote, competing with the solvent-induced-spibit relaxation of

I*(?Pyy) followed by either (2)4~ dissociation on thel+ 1(?Ps2) asymptote or (3),I recombination. Pathways

1 and 2 result in a bimodal distribution of the uncageDICS) fragments that energetically correlate with

the two spir-orbit states of the escaping | atom. The-Il- caging efficiency is determined as a function

of the number of solvent OCS molecules at both excitation wavelengths studied. At 790 nm, 100% caging
of I,” is achieved fom > 17. For 395 nm excitation, addition of the 17th OCS molecule,t¢ACS)¢

results in a steplike increase in the caging efficiency from 0.25 to 0.68. These results suggest that the first
solvent shell around:t is comprised of 17 OCS molecules. Results of theoretical calculations of the lowest-
energy b (OCS), cluster structures support this conclusion. The roles of different dominant electrostatic
moments of OCS and GOn defining the }~(OCS), and L~ (COy), cluster structures are discussed, based on
comparison of the photofragment distributions.

. Introduction 2 ; . ! L !

The dramatic effects of solvation on the outcomes and rates k
of chemical reactions have motivated many experimental and
theoretical studies of reactions in solutions and clusters. A topic &2*

2,172

of particular interest is the solvent-induced recombination, or
“caging” of photofragment$:2> While many groups have
studied caging in high-pressure gases, matrices, and liquids, the
microscopic details of the reaction in these environments are aldl,,

often obscured by the multitude of local solvent configurations 4T

and inherent inability of resolving separate product channels. 0 i —

Our group has emphasized the gas-phase dynamics of dihalogen I(?P,) + 1
anion recombination in various size-selected clusters. The
cluster-ion approach allows the capability not only to select (and
systematically vary!) the initial solvation conditions but also to

I'CPp) + T

2
a Il

Energy (eV)

mass analyze the final ionic produéftsin this respect, clusters -1 4 VX3, B

offer a unique, well-characterized and controlled environment T T T T T

for studies of solvation and intermolecular interactiéhs? 3 4 5 6 7 8
The photodissociation of,T presents an important model I-I bond length (&)

case. The electronic structure gf is represented by six doubly  Figure 1. I,~ potentials calculated by Faeder ef@lThe ab initio
degenerate electronic states lying energetically lower than thepotentials have been scafédo match the experimentab well
ground state of neutra).?83° The scaled potential energy curves depth?>3° Arrows indicate the transitions studied in this work. The upper
corresponding to the ionic states are shown in Figufé 42 and lower case prefixes in the eIe(_:t_ronic state labels correspond to
The ground state obT has a well depth of 1.01 €¥43and in aIIowecti_ ar:d forbidden optical transitions from the ground (X) state,
a simple molecular orbital picture corresponds to a bond order respeciively.

of ,. Upon solvation, the charge of 1 leads to relatively following photodissociation in the visibtenear-IR wavelength
strong electrostatic interactions with adjacent solvent molecules, range?6-30:32.33.4547 Kondow and co-workers examined col-
while the weakness of the bond allows the solvent to dramati- lisions of L=(COy), cluster ions with solid surfaces and observed

cally perturb the electronic structure of the i the wedge effect: the solvent GOnolecules sandwiched
In addition to the studies of1 recombination dynamics in  between the surface and the Waist in a collision split thea™
liguid water and alcohols by Barbara and co-worké&rd?2 our bond#8-51 Several recent studies provided theoretical back-

group has extensively studied the caging ¢f In clusters ground for understanding the dissociation and recombination
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processe&l11385254 parson and co-workers examinegl | On the other hand, the theoretical study of Bone revealed a
embedded in various clustét$854and described this system number of bound (OC%yan der Waals structures with binding
in terms of an intramolecular Marcus the&r§éframework. In energies of as much as 78 mé&V These large binding energies
their analysis, the photofragmentation and caging processes aresuggest that solventolvent interactions can contribute con-
mediated by the coupling of electronic states with differential structively to the average energy of solvent binding to the
charge character that is caused by the interaction with the cluster.
solvent!1:3854 They have shown that differential solvation of We therefore expect the solvent in the smalles{@CS),
electronic states can lead to isoenergetic curve-crossing regionselusters to be bound around the chromophore in a chatigele

In this paper, we report the photodissociation and caging of orientation, with the sulfur ends pointing toward the waist of
I2~ in OCS clusters. This work complements our studies of |,~. As the number of solvent molecules increases, the most
I2~ in CO,,26728:32.3343N,0 30 and AP8-2clusters, allowing for  energetically favorable structures must accommodate both the
a comparison of the effects of isovalent solvents with differing solvent-solute and solvertsolvent interactions. We begin the
electrostatic properties on the dissociation and recombination quantitative analysis of the1(OCS}), structures by examining

dynamics. In all previous studies, thé A&l — X 2=ty 12 the interaction within the ((OCS) complex using the first-
transition centered near 750 Af%“2was utilized to promote  principles theoretical methods. The analysis is then extended
the photodissociation of1, yielding the I + 1(?Ps/) products. to the b~ (OCS) complex. Finally, we incorporate these results

Here, the same electronic transition, indicated by an arrow in into an effective Hamiltonian treatment of the structure of larger
Figure 1, is employed to induce the photodissociation and cagingclusters.
of I~ embedded in the OCS solvent. Additionally, we utilize A. First-Principles Characterization of the | ~---OCS and
395 nm photodissociation 0f (OCS), whereby }~ is excited | ,-...0CS Interactions. The first-principles calculations were
via the B2x"g 1/ = X 227,11, transitiorf®"5%to a repulsive  carried out with Gaussian 9using spin-restricted Becke’s
state correlating with theI+ 1*(2Py;) dissociation limit, as three-parameter, hybrid density functional meffodith the
also shown in Figure 1. Our measurement of the translational correjation functional of Lee, Yang, and P&B3LYP). The
energy release in 395 nm photodissociation of baréndicates  pasjs set used for iodine was based on the effective core
exclusive production of the*_H— 1*(2P1s2) _products. W_ithin_a pseudopotential (ECP) developed by Hay and Wazttmbined
cluster, however, solvent-induced spiorbit relaxation is  with a doubleg valence basis set (LanL2DZ). Following the
possible, resulting in three distinct reaction pathways including recommendation of Glukhovtsev, Pross, and Radfowe added
the dissociation on botlt I+ (*Py 3 asymptotes, as well as  yncontracted s and p diffuse functions (exponents 0.0569 and
the recombination (caging) of the'lchromophore. Competi- 0330, respectively) and d and f polarization functions (expo-
tion between the three near-UV fragmentation channels providespents 0.292 and 0.441, respectively). As for OCS, special
a delicate probe. of the solvent-induced couplings between gtention was paid to the adequate description of its electrostatic
different electronic states of 1. properties. For the O, C, and S centers, we employed the all-
The organization of this paper is as follows. Section Il electron correlation consistent aug-cc-pVDZ basis sets of
describes the theoretical simulations of the(OCS), cluster Dunning?*73 which at the B3LYP level of theory resulted in

structures. A brief description of the cluster ion source and g calculated OCS dipole moment of 0.73 D, consistent with
the tandem time-of-flight mass spectrometer apparatus is giventhe experiment?

in section 1ll. In section IV the results of photofragmentation The IF(OCS) complex has a linear-+-SCO global minimum
experiments on,I (OCS}), at 790 and 395 nm are presented. q,cyre. A small bend in OCS is expected at the nonlinear

Section V presents a discussion of the dissociation and cagingyeometries. However, the effect of the OCS bend is not
dynamics with an emphasis on the structural implications for qjonificant (see below), and most of the calculations were carried
the L~ (OCS), cluster ions.  Section VI contains a summary of . for rigid OCS frozen at the optimized linear geometry of
results and conclusions. the isolated molecule. This simplification allowed us to take

advantage of cylindrical symmetry, reducing the problem to two
II. Structure of I 2"(OCS), Cluster lons coordinates: the distan@from the OCS center of mass to |

Electrostatic interactions of the charged cluster core with OCS @nd the angle) between the SCO anB vectors ¢ = 180°
are dominated by the chargdipole ((OCS)~ 0.7 D)? corresponds to the linear+-SCO structure).
interaction. This is in contrast with the (COy), clusters, where Figure 2 shows the calculated potential energy surface (PES)
the absence of a permanent dipole moment and the 5 times largefor the interaction of rigid OCS with™. The numerical data
quadrupole moment of GOmply that the chargequadrupole describing this surface can be found on-line in the Supporting
interaction determines the cluster structtf&2 Additionally, Information to this paper. The features of th€@CS) PES
the fact that carbon dioxide forms dry ice, while carbonyl sulfide agree well with intuitive expectations. The global potential
does not, implies weaker interaction within the OCS solvent minimum corresponds to the linear-t-SCO charge dipole
shell itself, compared to the case of the CsDell. bound geometry with an -9 distance of 3.6 A and a

Since the charge in,t is equally partitioned between the dissociation energy of 220 meV. The secondary charge
two | atoms, a single OCS molecule is expected to bind near quadrupole interaction results in a shelflike region of the PES
the waist of = with the positively charged S atom pointing near the T-shaped geometr§ ¢ 90°) characteristic of the
toward the 4~ center of mass. In largep1(OCS), clusters, charge-quadrupole bound complexes such &&I0,)" ¢ and
solvent-solvent interactions must be taken into account. In 17(N20).”* The interaction energy in this shelflike region was
the limit of weak solventsolvent interactions, they could be calculated to be about 67 meV, and the “barrier” separating
considered as a perturbation to the sokgelvent binding. In  this region of the PES from the chargeipole global minimum
this approach, the dominant solvent binding to the cluster core at & = 0° was found to be negligibly smal1 meV).
orients neighboring OCS molecules in a complete solvent shell  Similar calculation® on I-(CQO,) predicted a T-shapedt,)
nearly parallel to each other, causing dipetgpole repulsion, equilibrium geometry of the complex, characterized by-a@|
which is estimated to be-1 eV at a separation of 2.4 &:64 distance of 3.65 A and an OCO bend of 174.3he adiabatic
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Figure 2. 17---SCO potential energy surface calculated using the spin-restricted B3LYP method. OCS is frozen at its linear equilibrium geometry.
The zero of energy corresponds todnd OCS at infinite separatioR. is the distance from the OCS center of masstoflis the angle between

theR vector and the SCO axi# (= 180 corresponds to the linear-+-SCO geometry). Color version of this figure (Figure 2S) and the numerical
data for the potential energy surface can be found on-line in the Supporting Information section of the Web edition of this publication.

binding energy of C@to I~ is calculated to be 149 meV. use this Hamiltonian, with the parameters defined below, to run
However, thevertical electron detachment energy (VDE) of molecular dynamics simulations on the ground electronic state
I7(COy) is calculated to be larger than the electron detachment of the solute with cycles of heating and cooling followed by a
energy of bare1 by 175 meV. This is in excellent agreement quasi-Newton optimization to determine the structures,of |

with the 172 meV shift in the photoelectron spectrumd0;) clustered to up to 17 OCS molecules. The solvent electrostatics
relative to that of bare], observed by Neumark and co- are represented by point charges placed along the internuclear
workers’* The substantial difference between thgQO,) axis. The polarizability of OCS is represented by a single site

complex binding energy and its VDE is due to the significant at the center of mass with different polarizabilities parallel and
OCO bend within the complex. To the contrary, the effect of perpendicular to the internuclear axis. In ionic systems, we
OCS bending in the T-shaped configuration of th¢ACS) expect the long-range interactions to dominate the interaction
complex is predicted to be much smaller. Relaxing the OCS potential; we therefore approximate the short-range interactions
bending angle neat ~ 90° leads to additional stabilization of  with state-independent ateratom Lennard-Jones potentials.
just~1 meV at an optimized OCS bending angle of 17the Electron transfer from,I to the solvent was not allowed in
bending of OCS is nullified at the linear equilibrium geometry the electrostatic model. The validity of this assumption is
of the "(OCS) complex. Therefore, electron transfer from the corroborated by the ab initio calculations on(®@CS) and
anion to the solvent appears to be unimportant {©CS). I,~(OCS) in section Il.A. We assign a three-point charge model
Selective calculations on thg (OCS) complex indicated that ~ for OCS by solving a system of linear equations for the charge,
the interaction of OCS with,t" is qualitatively similar to that dipole, and quadrupole moments of OCS, which are 0, 0.7152
in I7(OCS), dominated by the chargdipole interaction. The D, and—0.79 D A, respectivel§° The resulting charges on
most favorable binding site for OCS corresponds to the T-shapedthe O, C, and S atoms are0.0766, 0.0382, and 0.0385 au,
(Cz) structure bound by 137 meV, with the S end of OCS respectively. We note that this is an overly simple method for
pointing toward the waist of;” and an S-1,~ center-of-mass  selecting point charges, and we do not expect it to accurately
distance of 3.7 A. TheI(OCS) PES was found to be nearly describe the OCS charge distribution. The molecular polariz-
flat with respect to small shifts in the position of OCS along ability, o. = 5.21 A3, and the polarizability anisotropy,= 4.67
the L~ bond, as the;” and OCS axes were kept perpendicular. A38° were used to determine the parallel and perpendicular
The calculated binding energy of the linear—[()~---SCO polarizabilities of 8.32 and 3.65%respectively.
structure at an optimized-g distance of 3.8 A is 114 meV. The short-range interactions are accounted for with atom
B. Model Hamiltonian Determination of the 1,7(OCS), atom Lennard-Jones potentials. Parameters for ‘©08S
Cluster Structures. For larger 5~ (OCS) clusters, the ener-  interactions were taken from simulations of liquid O8SThe
getically favorable structures must accommodate both the|.--S parameters were chosen so that the total interaction
solvent-solute and solventsolvent interactions. We employ  potential of +--OCS reproduces the geometry and energy of
methods developed by Faeder et’al® to study the structures  the dipole bound minimum of the ab initio calculation described
of larger clusters. The publication of full details of the above. The+-O and t--C parameters were selected to create
simulation of the 4-(OCS}) structures will be forthcoming; in  a repulsive potential as lapproaches the O end of OCS and to
this paper, we give only a brief qualitative description of the match the ab initio energy of the T-shaped configuration. While
technique and present a few preliminary results. the resulting model potential for thet-OCS complex quali-
The Hamiltonian for the interaction between the solute and tatively agrees with main features of the ab initio potential
solvent is a sum of long-range electrostatic and polarization shown in Figure 2, some differences between the two potentials
terms and short-range dispersion and repulsion interactions. We(to be discussed in a future publication) dictate caution in
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1,(0CS); E
I,(0CS),
interactions in CQ On the other hand, the ring structure of
1,(0CS) I,-(OCS), shown in Figure 3, accentuates the strength of the
- 17 solvent-solute interactions and the fact that solvent is bound
more strongly near the waist of 1than near its ends.
[ll. Experimental Section
A detailed description of the ion beam apparatus has been
given elsewher& The L= (OCS), cluster ions were formed

_ o by attachment of slow secondary electrons to neutral clusters
Figure 3. Calculated minimum-energy structures of(OCS), n= 5 an electron-impact ionized supersonic jet, with subsequent
5, 11, and 17. The two columns show the same structures as V'eWEdnucIeation around the negatively charged cdreThe gas

along the axes perpendicular (left) and parallel (right) to théobnd. . . -
Structures shown correspond to selected isomers out of many nearlySaMPle was prepared by passing-ars6 OCS in Ar mixture

isoenergetic solvent configurations. While the general manner of solvent through a reservoir containing crystalline iodine, heated to 50
packing about the,t (five-membered ring formation) is reproduced °C to increase the iodine vapor pressure. The resulting gas
in all low-energy isomers, local structural details, such as the relative mixture was expanded through a pulsed (30 Hz) supersonic
orientation of neighboring OCS molecules, may vary. Color version yalve at a stagnation pressure of 1.5 atm. A continuous electron
Offth's figure (F.'guref BhS) Ca% bg. foundf ?]r."“”ebl'.” the Supporting  peam (1 keV,~700 uA) intersected the expansion-5 mm
Information section of the Web edition of this publication. downstream from the valve orifice. The precursor ion mass
interpreting the quantitative parameters of the(OCS), selection was achieved in a WileMcLaren TOF mass
structures reported here. In particular, bending about the linearspectrometer. The dominant ions in the primary beam were
[~+++SCO minimum is too facile in the model potential. the L7(OCS) and (OCS)~ clusters. The distribution of
Additionally, the binding energy of th€,, 1,~(OCS) structure 127 (OCS), clusters in the primary ion beam displays a single
predicted by the model is 230 meV, considerably larger than “magic number” corresponding te1(OCS)1: this mass peak
determined from the electronic structure calculation. Param- is typically a factor of 2 more intense thag (OCS), and
etrizing the p~+--SCO interaction potential is difficult because 12~ (OCS).. No other noticeable discontinuities were observed
very little is known about either the potential itself or the over the cluster size range studigd £ 1—-26). Metastable
interactions among the various fragments. To the best of our decay of the 7~ (OCS), cluster ions was not observed, and the
knowledge, the ab initio calculations presented above representparent ion internal temperature is believed to be similar to the
all that is known about the }--SCO potential. ~50 K estimatef for 1,7(COy),. At this temperature,
Using this model to determine minimum-energy structures embedded in the cluster is predominantly in the ground
of 1,7(OCS), some of which are shown in Figure 3, we find Vibrational state (115 cnt vibrational frequency), and the
that OCS molecules arrange themselves first about the waist ofcluster can be considered softf* Mass analysis of ionic
I,~ with the sulfur atoms, nearest the solute, about 3.6 A from fragments was carried out utilizing a second, reflectron mass
the L~ center of mass. The solvent molecules are tilted at about spectrometép-8¢ tilted at a small angle with respect to the
117 toward one another, rather than pointing radially outward, primary ion beam axis. The reflected ionic fragments were
as seen in theT(OCSY) structure in Figure 3. In theT(OCS) detected at the spatial focus of the reflectron with a microchannel
cluster ion, five OCS molecules complete a ring arousd | plate (MCP) detector. The ion signal was amplified and sent
Additional OCS molecules form a second ring around one end to a transient digitizer for averaging and subsequent transfer to
of the solute, and then a single OCS molecule fills the axial @ computer. The precursor ion signal was simultaneously
site, completing the half-shelp1(OCS); structure shown in monitored with another MCP detector positioned directly behind
Figure 3. The other side is filled in the same fashion, the reflectron.
completing the first solvent shell at= 17. The fundamental or frequency-doubled output of a Quanta-
In contrast, for 4 (CO,), clusters the dominant charge Ray PDL-1 dye laser pumped with the second harmonic of a
quadrupole interactions result in G@olecules lying flat with Quanta-Ray DCR-3 Nd:YAG laser was used as a source of the
respect tod~. Using a similar modei®””we have shown that 790 and 395 nm radiation<(10 ns pulse duration$5 and 0.7
in small clusters C@molecules pack together on one side of mJ/pulse at 790 and 395 nm, respectively). The fragment ion
the b~ core rather than forming a ring;f°as shown in Figure  spectra correspond to those ionic fragments produced during
4 for 1,7 (COy)s (compare to the,i (OCS) structure in Figure the flight time from the photoabsorption region to the second
3). The packing of C@tends to increase the number of pairwise mass spectrometer,10us. Fragmentation taking longer would
interactions within the solvent shell, taking advantage of the not be detected. The fragment ion TOF mass spectra were

L, (CO,)s

Figure 4. Calculated lowest-energy structure ef(ICO,)s as viewed
along axes perpendicular (left) and parallel (right) to thie Bond.
Adapted from ref 11. Color version of this figure (Figure 4S) can be
found on-line in the Supporting Information section of the Web edition
of this publication.

more favorable, compared to the case of OCS, sotveoivent
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Figure 5. Probabilities of 3~ recombination (caging) in.t(OCS), Figure 6. Average numbers of OCS solvent molecules lost in
clusters following photoexcitation at 790 and 395 nm as functions of |,~(OCS), photofragmentation via the caged and uncaged channels
the parent cluster size. plotted as functions of the parent cluster size.
recorded by averaging between 3000 and 10 OQO laser shots. {OCS), +1(P,;)  T(OCS), +T*CP,,)
Subsequently, the mass spectrum peaks were integrated, and — | | : | , |
the relative yields of different products were determined. 2z 3 4 5 6 7 8 9
Carbonyl sulfide and its neutral clusters are transparent at both = 1,(0CS)
790 and 395 nni’~8 leaving b~ as the active chromophore in g ,__72—“‘—‘
the L=(OCS), cluster ions at these wavelengths. gjoo 2 3 =k
=
IV. Experimental Results =
A. Near-IR (1.57 eV) Photofragmentation of L= (OCS),
Cluster lons. The photodissociation o§1(OCS), clusters leads LSV
(in general) to two types of ionic fragments: (1) “caged” 300 400 500 600

I,-(OCS) products and (2) “uncaged™ (OCS) products. In Fragment mass (a.m.u.)
both channels, the excess excitation energy is removed from
the cluster by ejectingn(— k) solvent OCS molecules.

In 790 nm photodissociation of1, only the I + [(2Psy)
dissociation channel is energetically accessible, corresponding(see Figure 1) at 395 nm in barg”lleads exclusively to
to a translational energy release of 560 meV. The fraction of dissociation on the spirorbit excited = + I*(2Py,) asymptote
caged fragments observed in 790 nm photodissociation of with a translational energy release of 1.2 eV. Our measurement
I27(OCS), cluster ions is plotted in Figure 5 as a function of of the translational energy release did not reveal any 395 nm
the parent cluster size& No caged products are observed for photodissociation products of1formed on the ground+

Figure 7. Representative ionic photofragment mass-spectrum obtained
in 395 nm photodissociation 0§ 1(OCS)..

parent clusters witln < 3. For larger 4~ (OCS), cluster ions, I(2P3/2) spin—orbit asymptote. However, in the presence of the
the caging fraction increases monotonically until reaching a solvent, dissociation on both= 1+ 1(2Py.3) spin—orbit
plateau ah = 11—14, followed by a steplike increase @at= asymptotes is observed for some cluster sizes. We also observe
15. Complete caging is observed for parent clusters with caging on the ground-statg Ipotential energy surface, which

17. The size K) distributions of both types of 790 nm  must also be preceded by+* | relaxation. Thus, three classes
photoproductgi.e., b~ (OCS) and b= (OCS)} are either bell- of photofragments are observed in the near-UV photodissocia-

shaped (for larger parent clusters) or bell-shaped but truncatedtion of I,"(OCS),: the uncagedi(OCS) fragments formed on
atk = 0 (for smaller parent clusters), consistent with participa- both - + 1(2Py239 spin—orbit asymptotes and the caged
tion of single energetic pathways in both the dissociation and |,~(OCS} products.

recombination processes. The typical width ofkkaistribution For example, Figure 7 shows the photofragment mass
in both caged and uncaged product channels is fwhi5— spectrum obtained following 395 nm photodissociation of
2. I,~(OCS),. The existence of two uncaged pathways is manifest

The average number of solvent molecules lost by the cluster, in the bimodal sizek) distribution of the 1(OCS) products,
[ — kL] provides information about the sum of average solvent as compared to a single-mode distribution of the caged
binding energy and translational energy release. This averagel,~(OCS) fragments. A bimodal distribution is not observed
is plotted in Figure 6 as a function of the parent cluster size. for parent clusters witn < 7, for which the distribution of
The curve corresponding to the caged channel levels oif7ad uncaged products is narrow, spanning a range of about three
solvent molecules lost. Assuming that the recombination takes solvent molecules. For parent clusters with 8 the width of
place on the ground state ob~| this asymptotic value the uncaged product distribution increases gradually, until a
corresponds to the average number of the solvent moleculesbimodal distribution emerges at~ 10. The maxima of the
that must be ejected from the cluster in order to dissipate the two parts of the T(OCS) product distribution are separated by
energy of the photon (1.57 eV). From this value, we estimate Ak ~ 4, corresponding energetically to @1 eV energy
that the loss of each solvent molecule stabilizes the cluster by difference between the two uncaged channels, consistent with
~210 meV. the 0.93 eV spirorbit splitting in iodine. The largek-

B. Near-UV (3.14 eV) Photofragmentation of }~(OCS), I~(OCS) products are thus energetically consistent with dis-
Cluster lons. Excitation of the B?X*g 1/,<— X 22, 1o transition sociation on the upper spitorbit asymptote, while the smaller
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uncaged products result from dissociation on the ground-spin
orbit asymptote. ForlI(OCS),and larger parent clusters, the
I~ + 1(?P3;p) part of the bimodal distribution accounts, on
average, for about 10% of the total uncaged product yield.
The fraction of caged fragments observed following 395 nm
excitation is plotted in Figure 5 as a function of the parent cluster
sizen; it is compared with the corresponding curve for 790 nm
excitation. The onset of 395 nm caging is observed &t 8.
Although complete caging is not achieved upnte= 26, the
largest precursor studigtaging probability in 4 (OCS)s is
0.98, recombination is the dominant reaction pathway for
parent clusters witlm > 17. A prominent feature of the 395
nm caging probability curve is the plateau mt= 12—-16
followed by a steplike increase in cagingrat= 17. Notably,
n= 17 is the smallest parent cluster size for which 100% caging
is observed at 790 nm.

V. Discussion

The loss of about seven solvent molecules in the 790 nm
“caged” channel is energetically consistent with recombination
on the ground electronic state of |followed by complete
vibrational relaxation. The asymptotic value@f— k[~ 7.4

Nandi et al.
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Figure 8. Comparison of4~ caging probabilities (plotted as functions
of the parent cluster size) in the (CO,), and L (OCS), clusters

following 790 nm photoexcitation.

solvent cage. The increase in caging upon addition of the 17th
solvent molecule is probably due to a steric effect: as predicted
in section Il, the 17th molecule occupies the site at an end of
I,~, closing the last collision-free escape route for theH |
dissociation fragments. The presence of solvent on the |

(see Figure 6) obtained for large precursor clusters correspondsiissociation coordinate also increases the likelihood of nona-
to ~210 meV of excess energy being removed from the cluster diabatic quenching of I*, a prerequisite for 395 nm caging.
by each solvent molecule lost. Since the energy loss per solvent One intriguing feature of theZT(OCS)] cluster structures

is a sum of the solvent binding energy to the cluster and the

discussed in section Il is the formation of five-membered solvent

translational energy release, the above estimate is an uppefings around the chromophore (see Figure 3). The first ring of

bound of the average binding energy of OCS to laggédCS),
clusters. For evaporative processes, calculations of Eng&lking
predict a kinetic release of ¥20% of the binding energy,
corresponding to about 210 meV in the present case.

five OCS molecules is formed around the waist.0f followed

by a second ring closer to one of the ends of | The 11th
solvent molecule, “capping” one end of the cluster, then
supplements the two rings. The arrangement of solvent in

Therefore, assuming an evaporative solvent loss mechanismj,-(OCS); (see Figure 3) can therefore be regarded as a half-

the average binding energy can be estimatedlat0—190 meV
per OCS molecule.

This estimate is larger than the one derived from ab initio
calculations (140 meV), but smaller than the 230 meV value

solvent shell structure. The1(OCS); cluster corresponds to

a prominent “magic number” in the primary (OCS), mass
spectrum, supporting the structure model discussed in section
[I. The buildup of the first solvent shell continues with the

obtained using the model Hamiltonian treatment (see sectionformation of the third five-membered solvent ring at the other
II). However, the above theoretical estimates were obtained end of b~. Remarkably, the addition of the 12th OCS molecule

for the binding of a single OCS molecule tp land may not

to the half-shell structure of1(OCS) 1 appears to be unfavor-

be representative of the solvent binding energy to a large cluster.able, since the,I (OCS), peak in the primary mass spectrum

Moreover, the solvent loss energetics in thig ©CS), clusters
are strikingly similar to those observed far (CO,), (upper
bound of the solvent binding energy 250 meV), despite the
structural differences between the two types of cluster ions,
raising the possibility that a solvent loss mechanism differing
from statistical evaporation may play a role. Time-resolved

is typically about a factor of 2 less intense than(DCS);.
Since no “magic numbers” corresponding to the completion of
individual five-membered solvent rings [i.e.o " (OCS},
I,7(OCS), and b~ (OCS)g] could be discerned in the primary
mass spectrum, these structures are apparently not significantly
more stable than their neighbors.

studies of transient dynamics in the OCS solvent cage indicated Despite the different nature of the dominant solvesilute

that nonstatistical solvent dynamics persist fed0 ps?
Impulsive ejection of solvent molecules during this nonstatistical
epoch in the evolution of the excited cluster may result in an
increased overall kinetic release to the solvent.

The theoretical simulations in section Il indicate that 17 OCS
molecules make up one complete solvent shell aropmdrhis
finding is consistent with several experimental observations.
First, in the case of 790 nm photodissociation, 17 OCS
molecules comprise the smallest solvent shell for which
complete recombination of the chromophore is observed.

and solventsolvent interactions in the1(OCS), and b~ (COy),
clusters, the 790 nm photofragmentation results are remarkably
similar. For comparison, the 790 nm caging probabilities for
I,7(OCS) and b~ (COy), are plotted in Figure 8. Complete 790
nm caging in 3~ (COy), is observed fon = 16° This result

is consistent with the first solvent shell closingret= 16—17,

as predicted by Monte Carlo simulatio$®s’:79.92 Similar to
[,~(OCS), but contrary to the JAr, clusters?®3® molecular
dynamics simulations revealed no recombination on the weakly
bound first excited Al s state in 7 (CO,)ntt The onset of

Second, in the 395 nm photodissociation, the caging probability 790 nm caging in 47 (OCS), at n = 3 leads to additional

increases abruptly from 0.25 for= 16 to 0.68 forn = 17.
The sharp increase in 395 nm caginghat 17 is preceded by
a plateau between = 12 and 16 (see Figure 5). Although

inferences about the OCS packing around the chromophore.
Fewer OCS molecules are needed to retard the escaping
fragments and induce caging than are required in the case of

less pronounced, this plateau is also apparent in 790 nmCO, (see Figure 8), perhaps due to the longer range of charge
photodissociation. Thus, in the intermediate cluster size rangedipole interactions in,~(OCS), compared to chargeguadru-

additional OCS molecules do not result in a notably stronger

pole interactions ina (COy)n.
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The energy of 395 nm photons is above the adiabatic dynamics?4460.9394|n the isolated anion, the excess charge is
threshold (2.55 eV) for the electron detachment frgm IWhile shared equally between the two atoms. An asymmetric solvent
the electron photodetachment fropm(OCS), clusters (withn environment polarizes the solute, causing the charge to localize
> 2) is energetically impossible due to additional stabilization preferentially on a single atom. The direction of this polarization
of the anion by solvation, electron transfer to the solvent is state-dependent, however. In the ground state and in' the a
following 395 nm photoexcitation is energetically allowed. and A states the charge tends to localize on the more solvated
However, since no photochemistry characteristic of the nega- atom (“normal” charge flow), while in the B, 'Aand a states
tively charged OCS clustéithas been observed, we conclude the charge moves away from the solvent (“anomalous” charge
that the electron transfer does not occur. Possible reasons fofflow).!38 As a result of the more favorable (shorter-range)
the absence of the electron transfer are (1) the large amount ofelectrostatic interaction of the excess charge with the solvent,
energy (1 eV) required (in excess of thg-Iphotodetachment ~ “normal” states are shifted downward in energy by an asym-
energy) to attach the electron tolinear OCS molecule; (2) metric solvent environment, and this shift increases with
significant solvent rearrangement required to accommodateincreasing internuclear separation in.| In contrast, “anoma-
electrostatic interaction with the relocated charge, also increasinglous” states are shifted to higher energy. The magnitude of
the vertical excitation energy required for the electron transfer; these shifts can be a significant fraction of the solvation energy,
and finally, (3) the absence of solvent pairs with the relative ~0.2 eV per sobent molecule Therefore, the “normal” and
arrangement favoring the formation of covalently bound (QCS) “anomalous” states that are separated by an energy gaf of
dimer anions which have been shd#ftto be the core of some €V in the isolated molecule can become degenerate in the cluster
(OCS),~ cluster ions. The electron transfer to the solvent may of even a moderate size, providing a pathway for rapid
be possible at higher excitation energies. nonadiabatic transitions.

A new finding in this work is the detection of solvent-induced ~ Recent nonadiabatic molecular dynamics simulafibssg-
nonadiabatic spirorbit quenching of iodine following 395 nm  gest that, following 395 nm excitation of the<B X transition
photodissociation ofl. It results in the bimodal size distribu- N I27, the first step in the relaxation process is a nonadiabatic
tion of uncaged fragments and the appearance of caged productdransition to the “normal” sstate, followed by a solvent-induced
A bimodal distribution of uncaged products is clearly observed {transition to the “anomalous” ‘Aor a states correlating with
for parent y~(OCS), with n ~ 10 and larger, although both the ground spirrorbit state of the | atom. This latter transition
uncaged channels are probably present for smaller clusters adecomes nearly resonant within a cluster because the opposing
well, as intimated by the broadening of the uncaged product Solvation shifts between the two types of states compensate for
distribution starting fromn ~ 7. The latter parent size the 1 eV gap between the ground and spirbit excited states
approximately coincides with the observed onset of caging. Of |- Alternatively, the electronic quenching may result from
Caging at 395 nm is a two-step process: nonadiabatic couplinginternal conversion within an I(OCgyan der Waals complex.
to a lower t-+I~ electronic state, correlating with the) + This mechanism is similar to the one proposed by McDonald
I- dissociation asymptote (see Figure 1), followed by recom- €t al. for the spir-orbit relaxation of Br<¢Py;) within the Br
bination and vibrational relaxation. While the observed percent- |2 Complex, occurring on a time scale 660 ps?>9°
age of uncaged fragments formed on the lower -spirbit
asymptote never exceeds 15% of the total yield ¢DICS) VI. Conclusions
products, a nearly 100% caging is observed for the largest parent
clusters. For the largest(OCS), clusters studied at 395 nm
the average caged product loses more than 13 solvent molecule
consistent with an asymptotic value of 7.4 solvent molecules

lost following 790 nm photofragmentation, but suggests a clusters withn = 17. This is consistent with the theoretical

somewhat larger solvent kinetic energy release. prediction of the first complete solvent shell arousdformed

The observation of a bimodadd-distribution of IF(OCS) by 17 OCS molecules.
products indicates that the spiorbit relaxation of I* proceeds The photodissociation 0t(OCS), at 395 nm promotes the
via a nonradiative mechanism, since thé eV of the spin- chromophore to an excited repulsive state correlating with the
orbit excitation energy of iodine is removed from the cluster |- I*(2Py;) dissociation asymptote and results in three
via the loss of additional solvent molecules. It is likely that competing reaction pathways: (1) direct dissociation on the |
the cquplmg. between. different-tI~ electronic states, Ieadlng. + I*(2Py,5) asymptote; (2) spirorbit quenching of I* followed
to spm.—orblt relaxation, takes place at large interatomic -y dissociation on the |+ I(2P5) asymptote, releasing nearly
separations, where the solvent-induced perturbation of the 1" ey more energy than the first pathway; (3) sporbit
electronic structure of,I" is expected to b.e.r.nost significant. quenching of I* followed by the recombination of | ultimately
We cannot completely rule out the possibility that the + terminating on the ground electronic state. The existence of
solvent interaction leads to 395 nm excitation of admixtures of the two uncaged pathways is demonstrated by the bimodal size
electronic states correlating with both spiorbit asymptotes,  gistribution of the t(OCS) products. For smaller parent

In summary, we reported the near-IR and near-UV photo-
fragmentation of the, (OCS), clusters. Following the pho-

Soexcitation of $~ via the near-IR absorption band, complete
recombination (caging) of the chromophore is observed in

as a result of state mixing in the Franekondon region.  clysters (i < 16), pathway 1 is the dominant fragmentation
However, since even at its maximum near 790 nm the excitation channel. A sharp shift in the fragmentation pattern is observed
cross section of thet states correlating with the?Rz;;) channel betweem = 16 and 17, where chromophore recombination, or

is much smaller than that of the 395 nmB X transition, the Caging’ becomes the dominant reaction pathway Since the
importance of state miXing in the near-UV excitation is eXpeCted cluster size where this Change occurs Corresponds to the
to be negligible. predicted size of the first complete solvent shell around &

One possible mechanism for the solvent-induced-sprbit likely interpretation is that the 17th OCS molecule “caps” the
relaxation is suggested by theoretical studies of the electroniccluster, closing the last collisionless escape route for the
structure of solvatecdb and nonadiabatic molecular-dynamics dissociation fragment. This leads to an increased effectiveness
simulations of the photofragmentation and recombination of nonadiabatic coupling to the lower spinrbit asymptote,
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which is a prerequisite for caging. A remarkable result is that
the caging and, therefore, the quenching probabilities approac
unity in the largest clusters studied [e.g:, (IOCS)yg].

Future experiments will investigate the dependence of-spin
orbit relaxation on the nature of the solvent (for example,
comparing OCS and G2 Ultrafast pump-probe experiments
will elucidate the dynamical effects and time scales of this
progress.
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