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We report the photochemistry of (OGSkluster ions following 395 nmn(=2-28) and 790 nm
(n=2-4) excitation. In marked contrast to (§Q , extensive bond breaking and rearrangement is
observed. Three types of ionic products are identifigdC&9),, S (OCS,/OCS, (OCY_1, and
(OCS), . Forn<16, 395 nm dissociation is dominated by-Based fragments, supporting the
theoretical prediction of a cluster core withCg, (OCS), dimer structure and covalent C—C and
S-S bonds. A shift in the branching ratio in favor of-Based products is observed near 16,
consistent with an opening of the photodissociation pathway of O&fe-based clusters. These
monomer-based cluster ions may coexist with the dimer-based clusters over a ramgduf
electron detachment completely dominates photodissociation as long as their vertical electron
detachment energy, increasing with addition of each solvent molecule, is less then the photon
energy. An (OCS) conformer ofC, symmetry with a covalent C—C bond is believed to be
responsible for 790 nm dissociation of (OGS)yielding primarily OCS products. The yield of
OCS’, and thus the importance of tl@& form of (OCS), cluster core, decreases with increasing

n, perhaps due to more favorable solvation of @ form of (OCS), and/or a solvent-induced
increase in the rate of interconversion of conformers. The (QQG8pducts observed in 395 nm
photodissociation of the largen&7) clusters are attributed to photofragment caging. Formation
and dissociation mechanisms of clusters with different core types are discussed. The photochemical
properties of (OCS) are compared to those of the isovalent (zOand (CS),, species. ©1998
American Institute of Physic§S0021-96008)01628-9

I. INTRODUCTION Although electron photodetachment spectroscopy is an
) ) B B B important tool in experimental determination of structure,
Studies of the isovalent (G, , (OCS),, and (C9)n  complimentary photodissociation studies are invaluable for
clusters raise important issues of structure, solvation, ang characterization of cluster structural and photochemical
photochemical properties of cluster anions. While 60 roperties. For example, the similar 2.54 eV photoelectron
and (Cg), have been the subject of —severalg,o.n2 of (Cs)); and CS were interpreted as implying

experimentd~® and theoreticdl®1*?studies, much less is that the observed (G species is composed of a CS
known about (OCS) . One fundamental question regarding monomer “solvated” by a neutral GS However, recent

D e e oo O htocetachment specka (€S), ,n-1-6, cbtancd ata
g photon energy of 4.66 eV, indicated existence of covalent

moieties®81°-2! photoelectron spectroscopic studies of" . " . . o
b b cyclic anions. Further evidence for cyclic (§$ anions is

(CO,),, reveal sharp discontinuities in the vertical detach- ) . - .
ment (nenerg)(VDE) betweem=6 and 7 and again between provided by the observation of,8, products in the photo-
ddissociation of (C§, ., n=2-4 clusters. Finally, elec-

n=13 and 14'° These discontinuities have been attribute , nN=e=a
to “core switching”: a transformation of the charged cluster tronic structure calculations indicate that the lowest energy

core from a delocalized-charge covalent ({£D structure conf|gurat|08r1200f (C9, has a covalent structure @,

for n<6 to CQ, for 7<n<13, and back to (CgQ, for symmetry”® o _
n>13. Fleischman and Jordan predicted, based on electronic [N contrast, the only anionic products observed in UV
structure calculations, that the global minimum of (£  Photodissociation of (C§), clusters were smaller (G}
corresponds to @,q symmetry structure with the excess ions?! consistent with breaking only the weakest C—C bond
charge equally partitioned between the two.Qevieties’®  in the covalenD,4 (CO,); cluster core? For 308 nm pho-
The (CO,), —CO, core switching in (C@, atn=6 was tons, the photodissociation sets inrat 13, with no photo-
attributed® to a more favorable solvation of the monomer dissociation being observed for the (9@ and smaller
anion, compared to the covalent dimer. The reverse switchlusters:? For (CQ) 43, electron photodetachment accounts
occurring betweem= 13 and 14 accommodatethe dimer-  for about 80% of the photodestruction, but for (§Q and
based “magic number” structure of (G,. the larger clusters, photodissociation dominates and occurs
with a much larger yield than in (Cf;.? The sudden
dpermanent address: Department of Chemistry, University of Pittsburghi,ncrease in the photodissociation yieldrat 14 can be un-
Pittsburgh, PA 15260. derstood as follows. The (G, , n<13 clusters have
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VDEs below the 4.0 eV photon energy and electron photodl. EXPERIMENT

detachment is the dominant photodestruction process.

Switching of the core from CP to (CQ,), atn=14 is A detailed description of the ion beam apparatus has
accompanied by a sharp increase in the Vit (CO,) 14, been given elsewhefé.The (OCS), clusters are formed by
VDE=~4.5 eV],® causing the electron detachment channel tcattachment of slow secondary electrons to neutral OCS clus-
close and leaving only the slower dissociation channel acced€'s |r(1) al (glectronqmpgct ionized pulseD-Hz) supersonic
sible. Although most (C§)1 clusters are expected to have I8t (5%—7% of OCS in Ay, with subsequent nucleation
CO;, cores® a small fraction may have (G cores, and around the negatively charged céfdnitial cluster ion mass

these may be responsible for the obsehfgohotodissocia- selection is achieved in a W|Ie.y-Mc-Lar.en TOF mass spec-
tion trometer, whereas mass analysis of ionic fragments is carried

. _ out utilizing a second, reflectron mass spectrometer tilted at a
The greater stability of the (C, chromophore to pho- 9 P

q h q hat of Cds th ib| small angle with respect to the primary ion beam axis. The
todetachment, compare_ to t_ a_t of £0s thus responsible reflected fragments are detected with a microchannel plate
for the 308 nm photodissociation of the (@, n>13,

) 5 A > (MCP) detector. The ion signal is amplified and sent to a

clusters. Our theoretical studf@s”of (OCS), and (CS),  yransient digitizer for averaging and subsequent transfer to a

have revealed that, as in (X , the most stable forms of computer. The precursor ion signal is simultaneously moni-

the dimer anions are charge delocalized with VDEs muchored with another MCP detector positioned directly behind

larger than those of the monomer anions solvated by onghe reflectron.

neutral molecule. Consequently, in all three systems, dimer- The fundamental or frequency-doubled output of a

based clusters are expected to be more active in photodissQuanta-Ray PDL-1 dye laser pumped with the second har-

ciation at visible and near-UV wavelengths, compared to thenonic of a Quanta-Ray DCR-3 Nd:YAG laser was used as a

monomer-based clusters, which are more susceptible to eleseurce of the 790 and 395 nm radiatiGgn10-ns pulse dura-

tron photodetachment. Both photoelectron spectroscopic arttbn; ~5 and 0.7 mJ/pulse at 790 and 395 nm, respectjvely

photodissociation studies are therefore necessary for ad-e fragment TOF mass spectra were recorded by averaging

equate characterization of the photochemical properties dfetween 3000 and 10 000 laser shots. Subsequently, the mass

(CO,), , (OCS), , and (CS),, . spectrum peaks were integrated and the relative yields of
We report the photodissociation dynamics of (OCS) different products were determined. The ionic productfs of

cluster ions following 395 and 790 nm excitation. Using tan-Metastable decay of precursor clusters were observed in the

dem time-of-flight(TOF) mass spectrometry, three types of same way in the absence of laser radiation.

ionic products are identified: ;%0CS,, S (OCS,/

OCS, (0OC9Yi-_1, and (OCS) . This rich variety of photo-

products is consistent with the predicteexistence of dif-

ferent (OCS) conformers. The abundance of disulfur com- |, rResuLTs

pounds among the photodissociation products points toward o

a covalent ring structure of the dimer anion cluster core witt*: Parent distribution and metastable decay of

C-C and S-S bonding. In the experiments\at 395 nm, (OCS), clusters

the branching ratio shifts from favoring the $ased prod- The distribution of (OCS) clusters in the primary ion

ucts to S-based products for cluster sizas=16. This is beam displays no noticeable discontinuities over the cluster

attributed to an opening of the photodissociation pathway oize range studiedn(=2-28). The (OCS), n=3 clusters

OCS -based clusters. These clusters may coexist witteXhibit metastable decay forming (OG§R<k<n) frag-

dimer-based clusters over a rangencind become active in Ments, but metastable decay of (O&S3§ not observed. The

photodissociation only when their VDESs, boosted by increas©@CS  monomer anion is not observed in the primary ion

ing solvation, exceed the photon energy. An (O£ Spn- beam, nor is it formed by metastable decay of larger clusters.

former of C, symmetry with a covalent C—C bor@analo- ?I'h(;se obsITrvations suggest that th.e (Q]CSDJSEEI’S, at least
gous to theD,q structure of (CQ), ,'° is believed to be in the smalin range, are best described (@CS), (OCS,_,

. . I with strongly bound dimer cores, and/or that OCS un-
responsible for the 790 nm dissociation of small (OCS) . .
clusters yielding OCS products. The (OC hotodisso- stable with respect to autodetachmfire., EA(OCS)<0].

y 9 P ' ® P The number of OCS molecules lost by metastable decay

C|at_|on products from I_argern(??) _clusters observed fol- is surprisingly large and cannot be attributed simply to the

lowing 395 nm excitation are attributed to phomfragmem“temperature” of the cluster ion. For large (OCSKluster

caging. ions (n>10), metastable decay fragments corresponding to
Section Il gives a brief description of the experiment, ihe |oss of up to as many as six OCS molecules were ob-

followed by the presentation of the experimental results inserved. For comparison, metastable decay; 6DCS), clus-

Sec. lll. The discussion in Sec. IV address@} structure  tersin the same ion bearis a very minor process. One

and formation and dissociation mechanisms of covalenpossime explanation for the enhanced decay of (QCiS)

(OCS), , and (2) the photodissociation channels for the that some of these cluster ions are formed in metastable elec-

(OCS), clusters. Concluding remarks are presented in Sedronically excited state€ and that the energy release into the

V. cluster occurs slowly.
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FIG. 1. lonic fragment mass spectrum following 395 nm excitation of

(OCS),,. The broadened (OCS)and (OCS} peaks correspond to meta- FIG. 3. Channel-specific average number of OCS moid#@sn 395 nm

stable decay products that appear even without laser radiation. photofragments of (OC§)as a function of the parent cluster size.
B. Photodissociation of  (OCS),, clusters at 395 nm than S products® Also intriguing is the behavior of the
(3.14 eV) (OCS), channel, which is a minor pathway for (OGS)

A representative photofragment mass spectrum obtaineglusters withn=2 andn=7-20 but is absent fon=3-6.
by irradiating (OCS}, at 395 nm is shown in Fig. 1. Three This contrasts sharply with (G, photodissociation, where
progressions of anionic photoproducts spaced by 60 a.m.@nly (COy), , k<n clusters were observédther observa-
(OCS maskare clearly discernable. The corresponding prodtions pertaining to the (OCg) channel include the follow-
uct classes are,%0CS,, S (OCSy, and (OCS) . All ing: (1) The photodissociation of (OCg)gives an OCS
products observed in the photodissociation of (QCS8lus- ~ product (yield=8%), aspecies not present in the primary
ters (1=2-28) fall into one of these progressions. ion beam and not produced by metastable dec¢ay;Be-

Figure 2 displays the combined fractional yield of all tweenn=7 and 16, the yield of (OCg) fragments grows
products of each classummed ovek) versus the parent monotonically, as is characteristic of caging. fFor 16, the
cluster size ). Due to limited fragment mass resolution, the Yield of (OCS), fragments decreases as does the importance
(OCS), and S(OCS,_, products, spaced by 4 a.m.u., of the S (OC9y channel. In contrast, the Schannel be-
could not be resolved for parent clusters with-20. The  comes increasingly important for these larger clusters.
mass peaks corresponding to the third(GCS,, channel The S (OCSy products can also be ascribed to an
separated from their neighbors by 28 a.m.u., are well reOCS, (OCSy_; structure, where the OGScore is a co-
solved even fom>20; the fractional yield of this channel Vvalently bound anion, isovalent to GOor NO;. Moreover,
was determined up to=28. the (OCS) products can correspond to either OCS8r

The abundance of,30CS), products over a wide range (OCS), cores solvated byk-1) or (k—2) OCS mol-
of parent (OCS) clusters suggests strong chemical interac-ecules, respectively. Figure 3, displaying the average num-
tion between sulfur atoms within the cluster, arguing in favorbers of OCS moietiegk) in photoproducts versus, helps to
of a covalently bound (OCS$) cluster core. Interestingly, discriminate between these possibilities. First, there exists a
photodissociation of (C$, , n=2-4 results in S, rather  plateau atk)=1 in the S (OCS,/OCS, (OCY; channel

in the range oh=4-8. In fact, S(OCS/OCS, is the only
fragment in this channel in 395 nm photodissociation of

074" é’(ocls,)k ' ' (OCS), with n=4-6. This indicates an extraordinary sta-
06 4 ’f : . PO bility of the k=1 product, consistent with covalent OCS
e structure. The S product(i.e., k=0) is only observed in the
z 0.5 1 j 0CS, (0CS)s - photodissociation of (OCSg)and (OCS}) (see inset in Fig.
=04 /’-, * \& s rocs; Los 2). Second, when the (OCS)channel reopens at=7, its
5 | ;’O’CS . e 7\"._,_0 loa (k) vs n dependence starts out along tl§ =2 line (see
g% 16 SO A_;'\ﬂ\ \oocs, | | Fig. 3), suggesting that (OCS), not OCS,, is the core of
02 | 'B/A"’ S g s 19 these products.
<. © ~
_ /4y {00
0.1 A (OCS),(A/ 2 3 4 5 ) o _
\ v C. Photodissociation of (OCS);, clusters at 790 nm
0.0 LR Ans T T ‘ ‘ ‘ T (1.57 eV)
2 6 10 14 18 22 26 30
Parent cluster size (1) At 790 nm the photodissociation cross section decreases

FIG. 2. Fractional yields of SOCS,, S (OCS,/OCS, (0CS and rapidly with cluster size. For (OCS$), the cross section was
- 2 ko K k=11 . :

(OCS), products(summed ovek) in 395 nm dissociation of (OC§)clus- eSt_Imated to b873 .t0 4 times smaller than that for (OEC’S)
ters versus parent cluster sizelnset illustrates the competition between s While for (OCS), it drops by roughly another factor of 3
and OCS$ in the smalln region. compared to (OCS). This trend continues for (OCS).
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S s, (@) 395 nm (@) C,, 2B2
ocs™ 0oCs, AE=-0.59eV
0oCs™ (b) 790 nm
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FIG. 4. Photofragment mass spectra obtained in photodissociation of o ) o
(OCS), at (a) 395 nm andb) 790 nm. FIG. 6. Equilibrium geometries of (OCS) optlmlzgd at the
MP2/6-31+G(d) level of theory.(a) C,, structure corresponding to the glo-

bal potential minimum of (OCS) with a 2B, symmetry electronic wave

Fi 4 th hotof t t function. The C—C and S-S bond orders are 1 and 0.5, respectibgly,
Igure 4 compares the photoiragment mass spectra o tructure corresponding to %\ symmetry electronic wave function and a

tained in photodissociation of (OCg8)at 395 and 790 nm. c-c bond order of 0.5. Bond lengths and angles are in Angstroms and
Figure 5 summarizes fractional yields of different 790 nmdegrees, respectively. Also shown are the enerdiés relative to the

dissociation channels for=2—4. At 790 nm, photodissocia- 10CS+0OCS™ asymptote(harmonic zero-point vibration energy corrections

. — . . . determined at the HF/6-31G* level are includef Anion (a) can be viewed
tion of (OCS)Z results predomlnantly n prOdUCtIOI‘l of as arising from electron capture by covalently bound (QQS), equilib-

OCS’ (see Fig. 4. For larger (OCS) clusters, the fractional  rium geometry with a doubly excitedwith respect to van der Waals dimer
yield of OCS™ decreases$see Fig. 5 No S is produced at electronic configuration. Aniorib) arises from electron attachment to van

790 nm from either (OCS) or larger parent clusters. Com- der Waals dimer of OCS. Adapted from Ref. 22.
bining this observation with the measurable vyield of
S (OCS/OCS, (see Fig. 3, we conclude as before that
“S~-based” products wittk=1 have an OCg, rather than
an S, ionic core.

Moreover, the great abundance of (®CS), photodissocia-
tion products suggests a strong chemical interaction between
sulfur atoms within the cluster core.

IV. DISCUSSION A. (OCS); cluster core
The following experimental observations suggest that, ai, (OCS) 5 structure
least in the smalh range, (OCS) clusters have strongly
bound (OCS) cores:(1) The (OCS), distribution in the ion
beam starts at=2, and OCS is not formed either in the ion
source or by metastable decay of (OGS)usters, although
it is observed as a photodissociation prod2};Despite the
metastable decay of (OCS)(n=3), no decay is observed
for (OCS), ; (3) (OCS), is a preferred 395 nm fragment in

the (OCS} channel once it reopens at=7 (see Fig. 3

We have investigated, at the MP2 level of theory the
electronic structure of different conformers of the (OES)
anion?? The two most stable covalently bound structures
of (OCS), are reproduced in Fig. 6. TH&,, structure[Fig.
6(a)] corresponds to the global potential minimum of
(OCS), with a 2B, symmetry electronic wave function and
is predicted to lie~0.6 eV below the OCS+OCS dissocia-
tion limit (corrected for the harmonic zero-point vibrational
energy. The 2.78 A S—S bond length in tH&, (OCS),

1.0 , } anion corresponds to a bond order of 0.5. The calculations
—O— S, and $,(0CS) indicate that the’B, (OCS), anion is both 0.3 eV more
08 A\\ -4 0CS, stable than the OCSOCS ion-molecule complex and
- S LA ocs ~0.1 eV more stable than the covaled} form shown in
2 06 Fig. 6(b).?? Given the small energy gap between @g and
E C, forms of (OCS} , coexistence of both conformers in the
% 04 ion beam is quite possible. Th€, form of (OCS),
E (?A electronic symmetryis analogous to the most stable
0z structure of (CQ), that hasD,q symmetry'® the corre-
’ spondingC,, form of (CQ,), lies higher in energy?
00 Figure 7 displays relevant potential energy curves of

(OCS), and (OCS), constrained t€,, symmetry?” These
curves were obtained by scanning the C—C distance, while
relaxing all other degrees of freedofaubject to theC,,

FIG. 5. Fractional yields of photofragmentsummed ovek) in 790 nm  constrain 2> While the?B, minimum in Fig. 7 is the global
dissociation of (OCS) clusters versus parent cluster size minimum for (OCS} , the 2A; C,, minimum is a saddle

Parent cluster size (n)
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35 {0 ' ' ' 3 of S—S interaction on this surfaé®?? Therefore, dissocia-
30 4 i tion is likely to rely on nonadiabatic mixing of the optically
bright A, state with other low-lying electronic states.
2.5 A 4
5 2.0 1 1 B. Dissociation pathways of (OCS),, clusters,
9,5 ] 2<n<16
e 104 i 1. Photochemistries of OCS~, C,(OCS); , and
C,,(OCS); cluster cores
0.5 A E
Unlike S, -based products, Scould arise from photodis-
0.0 7 | sociation of OCS-based clusters. For smai| clusters with

10 s 20 25 130 35 OCS™ cores are unlikely to be important, because OCS
monomers are not observed in the ion beam and the
OCS (0OCS ion-molecule complex is predicted to be 0.3 eV
FIG. 7. Potential energy scans of relevant low-lying electronic states ofess stable than the covale(hgv dimer?z Moreover, electron
(OCS), and (OCS}, constrained tdC,, symmetry, with respect to C-C  gatachment would likely be the only photodestruction path-

bond length, while relaxing all other degrees of freed@ubject toC,,
constraint. vdwW A, denotes the van der Waals state of (OGIDE A, way of small OCS-based clusters, because the VDE of

corresponds to covalently bound cyclic (OGSith electronic configura-  these clusters is small compared to the photon engeay,
tion doubly excited with respect to van der Waals complex. Down arrowsthe predicted VDE of OCSOCS is 1.2 e\/_|_22 A comple-
indicate formation of théB, and?A; dimer anions by direct electron at- mentary 790 nm pump—probe experiment on (Opﬁ)d

tachment to DE'A; and vdWA; (OCS),, respectively. Curved dashed . . . =
arrow indicates the formation 8B, (OCS), by internal conversion from not reveal any S signal resulting from photodissociation of

the 2A, state, following electron capture by van der Waals (OCResults OCS_, the major RhOtoprOdléCt of (OCg)at 790 nm. EX.'
of MP2/6-31+G(d) calculations adapted from Ref. 22. periments on (C§),, clusterd®*°have also shown that dis-

sociation cannot compete with electron detachment if the
. o o photon energy exceeds the anion VDE and that )C@lus-
point, unstable to twisting to th€, geometry shown in Fig. ters with CG cores are inactive in UV photodissociation.

C-C bond length (A)

6(b). There are several other low-lying states of (OLS) Coexistence of theC, and C,, covalent forms of
not shown in Fig. 77 which could be responsible for the (OCS); is likely because of their small energy separation.
observed metastable decay of (OGSN>2. Due to the largé3.35 e\) VDE predicted? for the C,,(?B))
(OCS), anion, photodissociation is expected to be the major
2. C,(%B,) (OCS); formation and dissociation photodestruction pathway for (OGSklusters with covalent
mechanisms C,, cores at both 395 and 790 nm. The calculated VDE of

— . 22 . . - -
Electron attachment to a van der Waals cluster of OCSC2 (OCS), is 2.9 eV.” it is expected to increase with each

X 9 - additional OCS molecule, gradually shifting the 395 nm
Z?euclflo(x.rfcggn:f) rr?a:ho%%zz(o'?‘)thfgrzrg OE(O(;':.)(Z)”' Egéethe. (3.14 eV} photodestruction balance in favor of dissociation.
roni \guratl 2 vz ANl SSI" since the C—C bond is the weakest in e(OCS), anion,

tates a more elaborate formation mechanism. This anion hEBCS is likely to be the major photodissociation product

an electronic conﬁ_guratlo_n consistent Wlth elgctron attach:l_he decrease in OCSyield with increasingn for small
ment to a neutral dimer with an electronic configuration dou-

bly excited (DE) with respect to that of the van der Waals ((:(rl(;ii}r; ﬁmsfrzz(séebg;qrégzi?nn:r-zjiger:jh?loné;)af:ltjhsete?se-
dimer (vdwW *A; in Fig. 7).2°%2 This doubly excited, co- gimp 2 :

valently bound (OCS) molecule has &, equilibrium ge- possibly due to more fayorable splvatlon Gk, (_OCS)Z
ometry and is chemically analogous to elusive dioxetanedifind/or a solvent-induced increase in the rate of internal con-

i 2 2

one (GO,).?’ It can be viewed as arising from association of version from theC, “A to the C;, “B, state of the (OCS)
two 3A’ excited OCS molecules into a singlet dimer. Al- core.
though the’B, C,, anion could result from electron capture _
by the metastable doubly excited neutral dimers, which could Sz (OCS)« products
be present in our source, the dominant formation mechanism This channel is the main experimental indication of a
of C,,(?B,) (OCS), is likely to involve electron attachment covalent-ring dimer structure of the cluster core. It is intrigu-
to van der Waals clusters, followed by internal conversion tdng that photodissociation of small (@§ clusters yields
the C,,(%B,) state(see Fig. 7. C.S, products® while photodissociation of the (0CH)

The transition dipole moments connecting %@, and  clusters results in Sbased products. Figure 8 presents a
low-lying excited states of (OC$), calculated® using the  diagram, based on results of MP2/6-3®(d) calculations’®
CIS/6-31+G(d) method?® suggest that the strongest transi- which highlights the energetics @f,, (OCS), dissociation.
tion is 2A;—2B,, whose oscillator strength of 0.24 is over 2 The alternative gD, +S, channel, analogous to the
orders of magnitude greater than those of the other low-lying,S, +S, channel in (C§),, lies 2.4 eV above the
transitions. Although this makes thé, 2B, transition the ~2CO+S, pathway and is energetically inaccessible at the
prime candidate for initiating the observed photochemistry395 nm photon energy.
direct dissociation on théA; surface cannot account for In the case of larger (OCS$) clusters, some of the
S, -based products, a consequence of the nonbonding natugs -based products may result from secondary chemical re-
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34A .
O N O Con Okl @ +CO
’ 125eV 2C0+S,
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FIG. 8. Energetics o?B, (OCS), dissociation, based on results of
MP2/6-31+G(d) calculations. Harmonic zero-point vibrational energy cor-
rections, derived from HF/6-31G(d) frequency calculations, are included.

actions of S, produced as a primary photoproduct, with

solvent OCS. An analogous photoinduced chemical reaction

producing $ has been observed in (OGSyan der Waals
clusters?®

3. OCS; (0CS),—, and S™(OCS), products

The calculated threshold for production of 8om C,,
(0OCSs), , 1.57 eV, is very close to the 790 nm photon e
ergy. In contrast, the OGS-CO product channel is pre-
dicted to lie only 0.37 eV above th&B, ground state of
(OCS), (see Fig. 8 Experimental evidence in favor of the
OCS, (OC9Yy._; structure rather than the 80C9) structure
includes the following:(1) preferential formation of OCS
(i.e., k=1) over a broad range of parent cluster sizeas
seen in Fig. 3, an@2) an observation of OCSin 790 nm
dissociation of (OCS), and the absence of an $roduct.

In order for OCS to be formed from theC,, (OCS),
species, the C—C bond and one of the C—S bonds must
fractured, leaving the remaining OCS group and the S ato
in a relative arrangement consistent with the @G8ucture
(see Fig. 8 However, at the wavelengths used the QCS
complex would be unstable to breakup to eitherr®CS or

S, +CO. In the absence of solvent molecules, the excess

energy of OC$ can only be transferred to the CO fragment;
in the trimer and larger (OCS$) clusters stabilization can
occur via ejection of solvent molecules.

Further insight into the OCSbreakup dynamics is pro-
vided by our brief study of OCS photodissociatior® At
395 nm, the only observed ionic fragment is, ®ut both S
and S are produced in equal yield at 790 nm. Therefore, S

n_
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4. (OCS), products

The (OCS) , k=2 products in (OCS), n=7 disso-
ciation at 395 nm could derive from caging of photofrag-
ments. However, OCSobserved in 395 nm dissociation of
(OCS), and in dissociation of small (OCgS)clusters at 790
nm must derive from dissociation of the (OGSkluster
core. The absence of (OGS)products at 395 nm in the
parent size range=3-6, where $(OC9) is the dominant
dissociation channel, suggests that OGS$ not produced in
dissociation ofC,,(?B,) (OCS), at this wavelength. The
most likely origin of OCS in 790-nm dissociation of
(OCS), , n=2-4, is from theC, form of (OCS), cluster
core, while the $ and OC$ products derive from clusters
with the C,, dimer core. The population of (OCS)clusters
with C, (OCS), cores in the ion beam apparently decreases
with n, leading to a decrease in the total 790 nm dissociation
yield, manifested mainly as a drop in the OC&hannel.

C. Photochemistry of larger (OCS),, clusters (n=16):
Closure of the photodetachment channel or core
switching?

As has been demonstrated for (g clusters’® solva-

tion can shift the energetics in favor of a different type of
cluster core. More favorable solvation of the smalleom-
pared to the dimermonomer anion may lower the overall
energy of OCS-based clusters and result in their coexist-
ence with (OCS)-based clusters over a range mfwith
gradual population shift in favor of the former. On the other
hand, the monomer-based clusters remain inactive in photo-
dissociation until solvation boosts the VDE above the photon
energy, closing the electron detachment channel in favor of
dissociation. A combination of these effects is likely respon-
sible for the change in the (OCS)fragmentation pattern
aroundn= 16, manifested as an abrupt decrease in the yield
of S,-based products, and a rise in"®C9, or
OCS, (0C9y_, fragments(see Fig. 2

Given the calculatéd 1.2-eV VDE for the OCS(OCS

ki)%n-molecule complex and assuming that each additional sol-

vent molecule increases the VDE by0.2 eV, we find that

"the VDE of OCS -based (OCY) clusters should exceed the

395-nm photon energ{3.14 e\j for n>12. Therefore, the
observed shift in fragmentation pattern is not necessarily in-
dicative of (OCS, —OCS" core switching occurring near
n=16; rather, it may signify a closing of the electron detach-
ment channel and an opening of the dissociation pathway for
the OCS-based clusters. In the (G} clusters conformer
coexistence is apparently limited to a single cluster $rze.
However, the present results suggest that for (QCdifer-

ent structural forms of the clusters can coexist over a broad
range ofn.

is likely the dominant breakup product of an isolated higthV CONCLUSIONS

excited OC$ intermediate. Competition between &nd §

fragments may ensue as the excess energy is partially trans- In summary, we have investigated the photodissociation
ferred to the solvent. A larger solvent shell may stabilize theof (OCS), clusters at 395 nmn=2-28) and 790 nm
OCS, intermediate as a final product. This mechanism iS(n=2-4). Three classes of ionic photoproducts are identi-

consistent with the disappearance of @oducts at 395 nm
for n>3, accompanied by a rise in thg &nd OCS yields
(see Fig. 2.

fied: S, (OC9y, S (OCS,/OCS, (0OCYy_,, and (OCS) .
Such a rich variety of products is in sharp contrast with the
photodissociation of isovalent (G} , which yields exclu-



1270 J. Chem. Phys., Vol. 109, No. 4, 22 July 1998 Sanov et al.

Sive|y (COZ); (k< n) fra_gmentsl_v2 The g_based fragments “M. J. DeLuca, B. Niu, and M. A. Johnson, J. Chem. PH38. 5857
represent the dominant 395 nm dissociation pathway of, (1988.

_ . . 5T. Tsukuda, M. A. Johnson, and T. Nagata, Chem. Phys. Ré8, 429
(0CS),, n=3-16, strongly supporting the theoretical (1997.

predictiorf? of a covalent cyclic structure of (OCs)cluster st Tsukuda, T. Hirose, and T. Nagata, Chem. Phys. 28, 179(1997).

core. K. H. Bowen and J. G. Eaton, ifihe Structure of Small Molecules and
The OCS produced in (OCS) (n=2-4) dissociation lons edited by R. Naaman and Z. Vag@tlenum, New York, 1988 p.

at 790 nm likely results from theC, covalent form of 147; C. B. Freidhoff, Ph.D. dissertation, Johns Hopkins University, 1987.

_ . : 8K. Hiraoka, S. Fujimaki, G. Aruga, and S. Yamabe, J. Physlaind
(OCS), cluster core, analogous in electronic structure and 4o 1';%%89% dima ruga, an amabe yslandon

geometry to theD,y dimer® core of (CQ), clusters ¢ g Kiots and R. N. Compton, J. Chem. Phgg, 1779(1977.
(2<n<7 andn>13).*°® The importance of th€, form of  °C. E. Kiots and R. N. Compton, J. Chem. Phg, 1636(1978.

the (OCS}) cluster core decreases with cluster size, prob-"M. Knapp, D. Kreisle, O. Echt, K. Sattler, and E. Recknagel, Surf. Sci.
ably due to more favorable solvation 6§, (OCS2— and/or 156 313(1985.

- - - - . 12M. Knapp, O. Echt, D. Kreisle, T. D. Mark, and E. Recknagel, Chem.
a solvent-induced increase in the rate of internal conversion Phys. Lett 126 225(1986.

from the C, ®A to the C,, °B, form of the (OCS) core. 135 Stamatovic, K. Leiter, W. Ritter, K. Stephan, and T. D. Mark, J. Chem.
The (OCS}) products of larger (OCS) clusters (=7) ob- Phys.83, 2942(1985.

served upon 395 nm irradiation are attributed to photofrag**H. Langosh and H. Haberland, Z. Phys.2D243 (1986
ment caging. 15T, Kondow and K. Mitsuke, J. Chem. Phy&3, 2612(1985.

. 16T, Kondow, J. Phys. Chen@1, 1307(1987.
For larger clusters, more favorable solvation of they "\ oo "y "\iisike. T. Kondow, and K. Kuchitsu, J. Chem. PIg.

monomer anion results in coexistence of the OC&hd 243 (1991).

(OCS), -based (OCS) clusters over a range of with a 8T, Kraft, M. W. Ruf, and H. Hotop, Z. Phys. D4, 179 (1989.

gradual population shift in favor of the former. The '°S. H. Fleischman and K. D. Jordan, J. Phys. Ch@in.1300(1987.
monomer-based clusters remain inactive in photodissociationA- Sanov, W. C. Lineberger, and K. D. Jordan, J. Phys. Chem02
as long as the VDE is below the photon energy. The shift irblis?ls(]g:s?léman and K. H. Bowen, J. Phys. Cheif, 12 911(1996
the fragmentation pattern in favor of the ®ased products 225" sanoy, w. C. Lineberger, and K. D. Jordén preparation '
occurring aroundn=16 signifies the solvent-induced in- 2\, E. Nadal, P. D. Kleiber, and W. C. Lineberger, J. Chem. PhgS,
crease in the VDE, closing the detachment pathway and 504 (1996.

opening the dissociation channel of the OG@Sased clusters. 24M. A. Johnson :?md W._ C. Lineberger, Trechniques for the Study_ of lon
Photoelectron spectroscopic studies, currently under way ino'ecule Reactionsedited by J. M. Farrar and J. W. Saundévéley,

. . New York, 1988, p. 591.
our laboratory, should yield more complete understanding ofsg Nandi, A. Sanov, and W. C. Linebergén preparation

structure and photochemistry of (OGSEluster ions. 26\, J. Frisch, G. W. Trucks, H. B. Schlegal, P. M. W. Gill, B. G. Johnson,
M. A. Robb, J. R. Cheeseman, T. Kieth, G. A. Petersson, J. A. Montgom-
ACKNOWLEDGMENTS ery, K. Raghavachari, M. A. Al-Laham, V. G. Zakrewski, J. V. Ortiz, J. B.

Foresman, J. Cioslowski, B. B. Stefanov, A. Nanayakkara, M. Challa-
This work is supported by the National Science Founda- combe, C. Y. Peng, P. Y. Ayala, W. Chen, M. W. Wong, J. L. Andres, E.

tion (Grant Nos. CHE97-03486 and PHY95-1215M0d the S. Replogle, R. Gomperts, R. L. Martin, D. J. Fox, J. S. Binkley, D. J.

Air Force Office of Scientific ReseardAASERT progran. Defrees, J. Baker, J. P. Stewart, M. Head-Gordon, C. Gonzalez, and J. A.
L . Pople,caussian 94 Rev. E.1(Gaussian, Inc., Pittsburgh, PA, 1994
K.D.J. acknowledges the support of a Visiting Fellowship atz7), "\, Rauhut, L. J. Bollyky, B. G. Roberts, M. Loy, R. H. Whitman, A.
JILA. V. lannotta, A. M. Semsel, and R. A. Clarke, J. Am. Chem. 886515
(1967).
M. L. Alexander, M. A. Johnson, N. E. Levinger, and W. C. Lineberger, ~>J- B. Foresman, M. Head-Gordon, P. J. A,, and M. J. Frisch, J. Phys.
Phys. Rev. Lett57, 976 (1986. Chem.96, 135(1992.

2)\. L. Alexander, Ph.D. thesis, University of Colorado at Boulder, 1987. *’N. Sivakumar, G. E. Hall, P. L. Houston, J. W. Hepburn, and I. Burak, J.
3T. Maeyama, T. Oikawa, T. Tsumura, and N. Mikami, J. Chem. Phys. Chem. Phys88, 3692(1988.
108 1368(1998. 30A, Sanov and W. C. Lineberger, unpublished results.



