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We investigate the structure and decay of (OCS)n
2 cluster ions (n52 –4) using photoelectron

imaging spectroscopy. The results indicate the coexistence of isomers with OCS2 and covalently
bound (OCS)2

2 cluster cores. A several-fold decrease in the relative abundance of the dimer-based
species is observed for n53 and 4 compared to n52. The OCS2(OCS)n21 cluster ions undergo
direct photodetachment similar to OCS2

•H2O, while (OCS)2
2(OCS)n22 exhibits both direct

electron detachment and cluster decomposition via ionic fragmentation and autodetachment. The
autodetachment originates from either the excited states of the parent cluster or internally excited
anionic fragments. It is described using a statistical model of thermionic emission, which assumes
rapid thermalization of the excitation energy. A decrease in the relative autodetachment yield in the
trimer and tetramer cluster ions, compared to the covalent dimer, is attributed to competition with
ionic fragmentation. © 2003 American Institute of Physics. @DOI: 10.1063/1.1569915#
I. INTRODUCTION

Gas-phase clusters are ideal for studies of chemical in-
teractions and reaction dynamics at the molecular level. De-
spite their ~sub!nanoscale size, they retain some characteris-
tics of the bulk media, in particular the coupled behavior of
the constituents. The transition between the gas-phase and
bulk properties of matter has been the subject of extensive
research1 centered about one recurring question: how much
matter is needed for physical laws associated with bulk ma-
terials to be applicable?2

We describe photoelectron imaging experiments, in
which both the molecular and ‘‘bulk’’ properties are manifest
in the single-photon excitation of small cluster anions of car-
bonyl sulfide. The photoelectron images unveil the coexist-
ence of the OCS2(OCS)n21 and (OCS)2

2(OCS)n22 iso-
mers and shed light on the electronic structure and excited-
state dynamics of the latter species. The results show that the
applicability of the bulk description to gas-phase systems is
determined by the details of the electronic structure, rather
than merely the size of the microscopic object.

The (OCS)n
2 cluster anions exhibit rich and largely un-

explored photochemistry.3 While the isovalent (CO2)n
2 and

(CS2)n
2 clusters have been the subject of many

experimental4–22 and theoretical17,20,21,23,24studies, only one
previous experiment investigated the interaction of (OCS)n

2

with light.3 Since cluster reactivity25 and dynamics are
largely determined by the ionic core, a fundamental question
regarding all three of the above cluster families is whether
the excess electron is localized on a single monomer or
shared between two ~or more! monomer
moieties.1,13,14,17–20,23,24 The charge localization or sharing
lead to different electronic and structural isomers, which
have been observed for (CO2)n

2 and (CS2)n
2,18,19,22 and

hypothesized for (OCS)n
2.3 For example, the (CO2)n

2 pho-
toelectron spectra reveal discontinuities in the dependence of
the vertical detachment energy ~VDE! on cluster size.14,18
9190021-9606/2003/118(20)/9192/9/$20.00 
These were attributed to cluster core switching between the
covalently bound (CO2)2

2 and CO2
2 monomer anions. The

electronic structure calculations of Fleischman and Jordan
predicted that the (CO2)2

2 global minimum corresponds to a
D2d symmetry structure with the excess electron shared be-
tween the two CO2 groups.23 However, due to the more ef-
fective solvation of the monomer anion, the CO2

2-based
clusters are more stable in the range of n57 –13.14,18

Isolated OCS2 is believed to be metastable,26,27 but the
addition of solvent molecules—e.g., H2O or OCS—yields a
stable cluster anion.3,26,28The monohydrated anion was pre-
dicted to have a straightforward electrostatically bound
OCS2

•H2O structure,26,28 while replacing water with OCS
gives way to the electrostatically and covalently bound iso-
mers described as OCS2

•OCS and (OCS)2
2. The two types

of the dimer species differ not only in their geometric struc-
tures, but also in the electronic configurations, and hence are
viewed as both structural and electronic isomers.3,29 At least
two covalent (OCS)2

2 species were predicted
theoretically.3,29 The most stable has an equilibrium structure
of C2v symmetry with the C–C and S–S bonds of the orders
of 1 and 1/2, respectively, and anumber of low-lying excited
states. The existence of the covalent dimer anion and its
solvated species was indirectly indicated in (OCS)n

2

photofragmentation.3 The significant yield of S2
2 and

S2
2-based fragments was attributed to the breakup of a chro-

mophore, in which two sulfur atoms are bound by covalent
interaction.

The photofragmentation and photodetachment studies
complement each other, exploring competing reaction path-
ways. Due to the low thresholds for both detachment and
dissociation, the competition between electron emission and
fragmentation plays an important role in (OCS)n

2. In some
of the fragmentation channels, autodetaching products may
be formed, while, on the other hand, the parent autodetach-
ment ~AD! itself can be safely assumed to be dissociative.
2 © 2003 American Institute of Physics
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Thus the excited-state decay ties the ionic fragmentation and
AD into an entangled knot of a decomposition reaction,
which involves several competing pathways potentially lead-
ing to the same final products.

In two recent papers,30,31 we reported photoelectron im-
aging studies of the homogeneous and heterogeneous solva-
tion of OCS2 by OCS or H2O. We discussed two electron-
emission mechanisms apparent in (OCS)2

2 at 800, 530, and
400 nm: direct photodetachment and AD.31 On the other
hand, only the direct detachment was observed for OCS2

•H2O.30 Since the highest-occupied molecular orbital
~HOMO! and hence the detachment dynamics of OCS2

•OCS are expected to resemble those of OCS2
•H2O, we

used the comparison of the (OCS)2
2 and OCS2

•H2O results
to single out the signatures of OCS2

•OCS and identify the
contributions of the covalent dimer.31

The AD originating from photoexcited (OCS)2
2 ~or its

ionic fragments! was described31 as a cluster analog of ther-
mionic emission ~TE!, an effect usually associated with bulk
materials.32 It was suggested that the applicability of the bulk
description depended on the availability of low-lying yet
strongly mixed excited states.31 The bulk TE model assumes
that efficient electron–phonon couplings lead to rapid ther-
malization of the excitation energy among the electronic and
nuclear degrees of freedom.32,33

Analogs of TE have been previously seen in the gas
phase—for example, in fullerenes.33,34 The gas-phase mani-
festations of TE include a thermal electron kinetic energy
~eKE! distribution, the delayed and consequently isotropic
nature of the electron emission.33 In contrast, direct photode-
tachment is fast and in general anisotropic. Concerning nega-
tive ions, the Neumark group described TE in the multipho-
ton detachment of C4

2, C6
2, and C8

2.35 Baguenard et al.
observed this effect in the ultraviolet photodetachment of
carbon36 and tungsten32 cluster anions.

The (OCS)n
2 clusters described here present special in-

terest, because their decay involves acute competition be-
tween autodetachment and fragmentation. In this work, we
exploit the crucial advantages of imaging37 to obtain evi-
dence of the existence and dynamics of excited anionic states
of (OCS)n

2. Imaging is ideally suited to detection of both
slow and fast photoelectrons, which is important for the si-
multaneous observation of autodetachment and direct photo-
detachment. The photoelectron angular distributions are also
easily visualized, helping elucidate the emission mecha-
nisms.

We expand our initial report31 on (OCS)2
2 to include

(OCS)n
2 clusters up to n54. In addition, the range of pho-

ton energies is extended to include 267 nm, where higher-
energy transitions, not seen previously, are observed. We ex-
plore the variations in the relative abundances of the
OCS2(OCS)n21 and (OCS)2

2(OCS)n22 isomers under the
conditions of stepwise solvation and the competition be-
tween AD and ionic fragmentation.

The next section describes the experimental apparatus
used in this study. Section II I presents the results, followed
by the model and analysis details given in Sec. IV. Section V
discusses the implications of the results, focusing on the co-
existence of the dimer- and monomer-anion-based clusters
and the competition of decay mechanisms. A summary of the
paper is given in Sec. VI.

II. EXPERIMENTAL APPARATUS

The experiments are carried out using a negative-ion
photoelectron imaging apparatus, whose detailed description
is given elsewhere.22,26,38In brief, it consists of a pulsed ion
source, a time-of-flight ~TOF! ion mass-spectrometer, and a
photoelectron imaging assembly.

The (OCS)n
2 cluster ions are formed as described

previously,3,26 using published cluster–ion techniques.39 The
ions are generated in an electron-impact ionized pulsed su-
personic expansion of a 7% mixture of OCS in Ar. They are
pulse extracted through a 4-mm-diam orifice into a 1.7-m-
FIG. 1. Photoelectron images of (OCS)2 – 4
2 and

OCS2
•H2O recorded at 800, 530, 400, and 267 nm.

The images are shown on arbitrary velocity and inten-
sity scales ~see Figs. 2–4 for quantitative information!.
Arrows indicate the contributions of autodetachment
~AD! and direct detachment bands I, II , and III.
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long Wiley–McLaren TOF mass spectrometer, where they
are accelerated to a kinetic energy of about 2.3 keV. The ion
beam is steered and focused using electrostatic deflectors and
an Einzel lens, and referenced to ground potential, without
affecting the kinetic energy, using a fast potential switch.40

After passing through two differentially pumped regions, the
ions enter the detection chamber with a base pressure of
;331029 torr.

The ions are detected at the end of the flight tube using a
dual microchannel plate ~MCP! detector with a metal anode
~Burle, Inc.!. The resulting mass spectrum26 is used to iden-
tify the size-selected clusters and adjust the experiment tim-
ing to overlap laser pulses with the desired species. The pho-
toelectrons are detected in the direction perpendicular to the
ion beam, using the imaging method of Chandler and
Houston37 in the velocity-mapping implementation of
Eppink and Parker.41 The 40-mm-diam MCP detector with a
phosphor screen ~Burle, Inc.! is mounted at the end of a
15-cm-long electron flight tube and monitored using a CCD
camera ~CoolSnap, Roper Scientific!. The images are aver-
aged for 1 –53104 experimental cycles. To discriminate
against noise, the MCPs are operated in apulsed-bias mode:
the total bias across the two plates, normally kept at 1.0–1.2
kV, is pulsed to 1.8 kV for a 300-ns window within which
the arrival of the photoelectrons is expected. The velocity-
map focusing was optimized and the eKE calibration was
determined using the detachment transitions in I2 at 267
nm.22

The laser radiation is produced by an amplified Ti:sap-
phire laser system from Spectra Physics ~1 mJ, 100-fs
pulses!. The 800-nm measurements use aportion ~;200 mJ/
pulse! of the unfocused fundamental output. The 530-nm ra-
diation ~30–50 mJ/pulse! is generated by sum-frequenc
mixing the output of the optical parametric amplifier with the
fundamental. The 400- and 267-nm light is produced by fre-
quency doubling or tripling a portion of the fundamental in
the Super Tripler harmonics generator ~Super Optronics!,
giving 120 or 40 mJ/pulse, respectively. The 530-, 400-, a
267-nm beams were mildly focused with a 2-m focal-length
lens, positioned 1.3 m before the interaction region. The po-
larization axis was always arranged parallel to the imaging
detector plane. The single-photon nature of the observed
transitions was verified using the signal power dependence.

III. RESULTS

Figure 1 gives an overview of the results for (OCS)n
2,

n52 –4. For all three cluster sizes, the images were recorded
at 800, 530, 400, and 267 nm, with the laser polarization
vertical in the plane of all images. The 800-, 530-, and
400-nm images obtained previously in the photodetachmen
of OCS2

•H2O are also shown for comparison.30 Despite the
overall differences between the homogeneous and heteroge-
neous cluster anions, the higher-eKE parts of (OCS)n

2 im-
ages resemble those of OCS2

•H2O at all wavelengths for
which the comparison is available. To the contrary, the mid-
and low-eKE parts are qualitatively different. In particular,
we note the central spots in the (OCS)n

2 images, which are
not present in the OCS2

•H2O results and neither were they
seen for OCS2(H2O)2 .30
The images are analyzed using the inverse Abel
transformation,42 from which the velocity and angular distri-
butions were obtained. The Abel inversion and subsequent
integration of the transformed images was carried out using
the basis set expansion ~BASEX! method of Reisler and
co-workers.43 The velocity distributions P(v) are converted
into photoelectron energy spectra P(«) («[eKE) according
to the straightforward relation

P~«!5P~v !dv/d«}P~v !/v. ~1!

The P(«) and P(v) distributions obtained for (OCS)n
2, n

52, 3, and 4, are shown in Figs. 2, 3, and 4, respectively.
Traditionally, photoelectron spectra are analyzed in the en-
ergy domain, and thus the velocity spectra in the left col-
umns of Figs. 2–4 may appear redundant. However, imaging
experiments provide velocity rather than energy maps of the
detachment process. We find it important to model the results
in the velocity domain inherent in imaging, for two reasons:
~i! the information seen in velocity spectra is not always
clear in the energy spectra, particularly for slow electrons;

FIG. 2. Experimental and simulated (OCS)2
2 photoelectron spectra in the

energy and velocity domains ~left and right columns, respectively!. The
experimental spectra ~thin lines with apparent noise! are derived from the
corresponding images in Fig. 1. The simulated spectra are shown by bold
lines with the individual transitions ~AD and bands I, II , and III ! indicated
by the thin curves, correspondingly labeled. The dashed curves in ~a!–~c!
@P(«) column, this figure only# are fits @Eq. ~5!# to the OCS2

•H2O spectra
~not shown!.
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~ii ! the experimental resolution ~defined as Dv) is constant in
the velocity domain, making the statistical analysis of the
data more favorable there than in the energy domain.

Both P(«) and P(v) reflect a reduction of information
provided by the experiment. Imaging allows discernment of
transitions that are unresolved in the spectra. For example,
the 400-nm (OCS)2

2 spectra in Fig. 2~c! appear to consist of
only two bands, while the corresponding image in Fig. 1
clearly reveals three transitions.

IV. ANALYSIS

Examination of the images reveals the contributions of
two electron-emission mechanisms. The isotropic spots at
image centers correspond to indirect decay via delayed elec-
tron emission ~autodetachment!, while the anisotropic bands
at higher eKEs are associated with direct detachment transi-
tions. The signals at image centers cannot be attributed to
direct detachment bands ~e.g., low-energy wings of bands
with VDE.hn), because, uncharacteristic of direct photod
tachment, the central spots appear in images independent of
the wavelength.

We model the results with simulated spectra accounting
for both the indirect and direct mechanisms. First, the AD
bands are modeled using the delayed thermionic emission

FIG. 3. Experimental and model spectra for (OCS)3
2. See Fig. 2 caption

for further details. The P(v) distributions in ~b! and ~c! are magnified 53
and 103, respectively, to highlight the autodetachment components.
-

formalism,33 as employed by Baguenard et al.32,36 Our core
assumption is that the available energy is distributed statisti-
cally among all product degrees of freedom. Despite the
competition between AD and ionic fragmentation, the TE
model is applicable to the final product distributions ~i.e., the
photoelectron spectra!, provided the statistical assumption is
valid at all decay stages. Second, the direct detachment tran-
sitions are described using a simplified Franck–Condon
model.

Autodetachment. In the TE model applied to negative
ions, the eKE distribution of the emitted electrons is approxi-
mated by Klots’ formula32,33,44

PTE~«!}«1/2exp~2«/kBTTE!. ~2!

It assumes a completely statistical emission process within
the constraints of the detailed balance principle. The pre-
Boltzmann factor reflects the cross-section scaling due to the
effect of the centrifugal barrier, and TTE describes the effec-
tive temperature of the emission spectrum. Under the condi-
tion of thermal equilibrium, TTE corresponds to the microca-
nonical ‘‘daughter’’ temperature of the remaining neutral
cluster. This temperature should not be confused with Klots’
‘‘isokinetic’’ or emission temperature, controlling the decay
rate.33 Following the thermalization of the excitation energy

FIG. 4. Experimental and model spectra for (OCS)4
2. See Fig. 2 caption

for further details. The P(v) distributions in ~b! and ~c! are magnified 53
and 103, respectively, to highlight the autodetachment components.



t

l

9196 J. Chem. Phys., Vol. 118, No. 20, 22 May 2003 E. Surber and A. Sanov
(hn), TTE is determined by the microcanonical temperature
of the parent cluster corrected for the energy required for
emitting an electron, i.e., the adiabatic electron affinity
~EA!:32,36

TTE'T01~hn2EA!/Cv . ~3!

Here T0 is the cluster temperature prior to the photon absorp-
tion, which we take as ;70 K,39 and Cv is the microcanoni-
cal heat capacity.45 For an ensemble of N atoms—i.e., (3N
26) internal degrees of freedom—in a high-temperature
harmonic approximation Cv is given by32,45

Cv5~3N27!kB . ~4!

This definition differs from canonical heat capacity by one
unit of kB . The microcanonical temperature of an isolated
cluster describes the average energetic content of an indi-
vidual degree of freedom, determined by its couplings with
the remaining (3N27) oscillators.45

The (OCS)n
2 cluster ions have avariety of modes, not

all of which are necessarily equally active in the energy ran-
domization. This can be further complicated by competition
with ionic fragmentation. If the electronic-vibrational energy
exchange is incomplete on the autodetachment time scale,33

one could factor in an effective number of degrees of free-
dom and use it as an adjustable parameter to fit the data.
However, we found no need to deviate from the high-
temperature microcanonical limi t defined by Eq. ~4!. The mi-
crocanonical heat capacity was calculated using this equation
with N56, 9, and 12 for (OCS)2

2, (OCS)3
2, and

(OCS)4
2, respectively. While the agreement with the experi-

ment does not prove that the decay process is completely
statistical, the data do not provide evidence of deviations
from the statistical model.

The EAs corresponding to the formation of covalent
(OCS)2

2 and its clustered species are not known. As an
estimate, we compared the calculated energy of the C2v sym-
metry dimer anion3 to the combined energy of two relaxed
OCS molecules, as the detachment of (OCS)2

2 can be as-
sumed to be dissociative. The previous study3 of (OCS)2

2

employed second-order Møller–Plesset perturbation theory
with the 6-311G~d! basis set. However, this method per-
forms poorly in predicting the EA of the OCS monomer.
Based on more recent results,26 we chose a minimal-cost
density-functional approach that works well for OCS. In cal-
culations using GAUSSIAN 98,46 the B3LYP method was used
with the 6-311G~d! and aug-cc-pVDZ basis sets. The results
predict the covalent (OCS)2

2 anion to lie 1.01 and 0.98 eV,
respectively, lower in energy than two OCS molecules ~ex-
cluding the zero-point vibrational energy correction!. The
latter value was adapted as (OCS)2

2 EA in Eq. ~3!. Account-
ing for stepwise solvation, the EAs corresponding to
(OCS)3

2 and (OCS)4
2 were taken to be 1.25 and 1.5 eV,

respectively. The assumed increments correspond to the typi-
cal binding energy of OCS in small cluster anions.47

The TTE values calculated according to Eqs. ~3! and ~4!
for different cluster sizes and excitation wavelengths are
summarized in Table I. These temperatures describe the eKE
distributions of the emitted electrons. The high-temperature
assumption made in the preceding discussion concerns the
significantly higher temperatures of the excited parent clus-
ters, which can be estimated using Eq. ~3! without the EA
term. Besides, the lowest parent and TE temperatures corre-
spond to the measurements in which only a minor AD com-
ponent is observed, providing no basis for more careful mod-
eling of the emission process.

The TTE values from Table I were used with Eq. ~2! to
model theAD bands in the photoelectron spectra. Their con-
tributions are shown in Figs. 2–4.

Direct photodetachment. The direct photodetachmen
transitions are characterized in general by anisotropic angu-
lar distributions and nonthermal eKE distributions. We
model the spectral profile of each of the observed direct de-
tachment bands with

P~«!5A«,11/2exp@2~hn2«2«0!2/w2#, ~5!

where (hn2«) is the electron binding energy~eBE!. This
equation involves two approximations. First, a Gaussian
Franck–Condon profile is assumed, with «0 corresponding to
the VDE and w defining the width. Second, the electronic
cross-section scaling is approximated by the pre-Gaussian
factor in the form of the Wigner law,48 assuming an effective
free-electron angular momentum quantum number ,. This
factor is most important for slow electrons, for which the
Wigner law is best justified. The coefficient A is proportional
~among other factors! to the population of the species re-
sponsible for the transition. The variations in A for different
transitions as functions of n can be used to gain qualitative
insights into the changes in isomer abundances under step-
wise solvation.

Except for very slow electrons, , is not as critical in
modeling energy spectra as it is for angular distributions.49,50

Instead of considering the effects of wave interference
~nearly impossible in the case of not-well-known electronic
structure!, we used the dominant , values based on angular
anisotropy. In Fig. 1, bands I and II exhibit angular distribu-
tions with markedly positive anisotropy parameters,49,50

characteristic of pz partial waves ~where z is the laser polar-
ization axis!. The b.0 type of transition I is evident in al
images, consistent with the detachment from the OCS2

HOMO, previously discussed in the context of photoelectron
imaging of OCS2

•H2O.30 The b.0 character of band II is
best seen in the 400-nm (OCS)2

2 image. Thus we used ,51
in modeling bands I and II , while the nearly isotropic band
II I was described by ,50.

The contributions of bands I, II , and II I modeled with
Eq. ~5! are shown in Figs. 2–4. The sum of all bands, in-
cluding AD, yields the total simulated spectra shown by bold
lines. The only parameter adjusted for AD was its intensity.
The low-eKE parts of the spectra, where AD is most impor-

TABLE I. TE temperatures ~in K! calculated with Eq. ~3!.

l ~nm! (OCS)2
2 (OCS)3

2 (OCS)4
2

800 674 246 91
530 1508 704 407
400 2311 1146 712
267 3942 2043 1331
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tant, are best viewed in the velocity domain. For the direct
bands, A, «0 , and w were adjusted for agreement with the
experiment. Discrepancies at the high-eKE tails of the spec-
tra are attributed to the uncorrected backgrounds ~propor-
tional to the integration area, increasing for faster electrons
and minimally affecting the slow ones! and edge-related ar-
tifacts in the images. The contributions of different transi-
tions to the photoelectron images are marked in Fig. 1, while
the optimum values of «0 and w are summarized in Table II.
The VDE values for different transitions in a given cluster,
which are also summarized in Table II , were estimated by
averaging «0 determined at different wavelengths.

V. DISCUSSION

Band assignments. The VDEs associated with the direct
detachment bands increase by 0.2–0.3 eV with the addition
of each solvent molecule ~see Table II !. The increase is con-
sistent with the typical binding energy of OCS to a nega-
tively charged cluster core.3,47

Band I is consistent with the OCS2(OCS)n21 structure
of the anions responsible for these parts of the images. This
can be seen by comparing band I to the OCS2

•H2O images
recorded at the same wavelengths ~Fig. 1!. In addition, the
spectral profiles of band I in Figs. 2~a!–2~c! @P(«) columns
only# can be compared to the dashed curves representing the
fits with Eq. ~5! to the OCS2

•H2O spectra ~not shown!.30,31

The VDE of band I in (OCS)2
2 is 1.87 eV, compared to

VDE52.07 eV for OCS2
•H2O.30 The mismatch is in line

with the difference in solvent binding energies expected for
OCS and H2O @;0.3 eV ~Refs. 3 and 47! and 0.5–0.6 eV
~Refs. 51 and 52!, respectively#. The similarity of the spectra
and angular distributions of band I in (OCS)2

2 and OCS2

•H2O suggests that the structure of the (OCS)2
2 species

responsible is likely to be similar to that of OCS2
•H2O. In

the latter case, the electrons are ejected from the OCS2

HOMO.26 Therefore, we attribute band I in (OCS)2
2 to an

electrostatically bound isomer described as OCS2
•OCS and

the nature of this band is similar to that observed in the
photodetachment of OCS2

•H2O.

TABLE II . Optimal «0 and w values for direct detachment bands in
(OCS)n

2 modeled with Eq. ~5!. Values are listed in eV in the format «0(w).
The VDEs are obtained by averaging «0 for different wavelengths. Param-
eters for OCS2

•H2O ~from Ref. 30! are given for comparison.

l ~nm! (OCS)2
2 (OCS)3

2 (OCS)4
2 OCS2

•H2O

Band I
800 1.87 ~0.45! 2.15 ~0.43! 2.5 ~0.48! 2.07 ~0.50!
530 1.85 ~0.52! 2.15 ~0.50! 2.4 ~0.48! 2.08 ~0.50!
400 1.87 ~0.55! 2.20 ~0.50! 2.4 ~0.48! 2.07 ~0.54!
267 1.87 ~0.55! 2.10 ~0.55! 2.3 ~0.55!
VDE 1.87 2.15 2.4 2.07

Band II
400 3.40 ~0.75! 3.70 ~0.75! 3.95 ~0.75!
267 3.40 ~0.70! 3.75 ~0.70! 3.95 ~0.70!
VDE 3.40 3.73 3.95

Band III
267 3.80 ~0.45! 4.15 ~0.35! 4.40 ~0.40!
VDE 3.80 4.15 4.40
The significant presence of OCS2
•OCS implies stability

of this cluster anion. Given that unsolvated OCS2 is meta-
stable and not formed efficiently in our ion source,26 the
stability of OCS2

•OCS indicates that the EA of OCS is only
slightly negative, with its absolute value not exceeding the
stabilization energy by one OCS molecule. This observation
alone brackets the EA of OCS between approximately 20.3
eV and zero, consistent with the recent indirect estimate of
20.04 eV.30

On the other hand, the AD bands indicate the pre-
sence of (OCS)2

2, as well as (OCS)3,4
2 species with differ-

ent properties. Since no analog of this signal was
seen in OCS2(H2O)1,2 images,30 the monomer-based
OCS2(OCS)1 – 3 clusters are unlikely to be responsible for
the AD components of the images. Given the lack of anisot-
ropy and considering that the spots appear at (OCS)2

2 im-
age centers at all wavelengths studied, these bands are attrib-
uted to an indirect process involving excited anionic states of
the covalent dimer, which are not available in OCS2

•OCS or
OCS2

•H2O. In the trimer and tetramer, the same excited
states of the (OCS)2

2 cluster core are involved. While the
involvement of the excited states leaves no doubt, the AD
electrons can originate either from these states directly or
from the internally excited products of anionic fragmentation
that (OCS)n

2 is known to undergo,3 or from any intermedi-
ate configuration.

The existence of the excited states is consistent with the
theoretical study of (OCS)2

2, which predicted several low-
lying states of the covalent anion of C2v symmetry.3,29 It is
also consistent with the known photochemistry of (OCS)n

2,
for which the covalent (OCS)2

2 cluster core is believed to
be responsible.3

Band II , seen in (OCS)n
2 at 400 and 267 nm, is as-

signed to direct photodetachment of covalent (OCS)2
2. Just

asAD, this band was not seen in OCS2(H2O)1 – 2.30 ItsVDE
of 3.4 eV is close to the 3.35 eV prediction for the covalent
C2v form of (OCS)2

2.3,29 It is noteworthy that a similar
2.7-eV band in the photoelectron spectrum of (CS2)2

2 was
attributed to a covalent C2S4

2 anion of C2v symmetry.19

Band II I observed at 267 nm cannot be assigned unam-
biguously to any single transition. First, in the energy range
where this band is observed we expect several direct detach-
ment transitions from solvated OCS2 accessing the excited
states of neutral OCS. For comparison, in 267-nm photode-
tachment of CS2

2 the transitions to the a 3B2 , b 3A2 , and
A 1A2 neutral states were observed in the range of eBE
53.3–4.1 eV.19,38 These transitions exhibit either distinctly
negative or slightly negative anisotropy,38 consistent with
band II I in (OCS)2 – 4

2. Thus, we tentatively assign this band
to the analogous neutral states formed in the photodetach-
ment of OCS2(OCS)1 – 3. In addition, contributions from
several singlet and triplet neutral states29 accessed in the
photodetachment of covalent (OCS)2

2 are possible in the
same energy range.

Coexistence of isomers. It was previously argued3 that
the relative abundances of the OCS2- and (OCS)2

2-based
clusters may change with cluster size, reminiscent of the core
switching14,18 in (CO2)n

2 and isomer coexistence19 in
(CS2)n

2. In this work, the relative intensities of the bands
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assigned to OCS2(OCS)n21 ~bands I and III ! and
(OCS)2

2(OCS)n22 ~AD, band II , and possibly part of band
III ! shed light on coexistence of the (OCS)n

2 isomers.
The ambiguity in band II I assignment leads us to ex-

clude it from this analysis. The AD band also cannot be
compared directly to bands I and II , because of the different
mechanisms and competition processes involved. Some in-
sight into the changes in isomer abundances with n can be
gained by comparing the A factors @Eq. ~5!# for bands I and
II for clusters of different size. For example, at 400 nm, the
I/I I ratio, defined as

I/I I~n!5
AI~n!/AII~n!

AI~2!/AII~2!
, ~6!

has approximate values of 1, 6, and 4 for n52, 3, and 4,
respectively. The implication is that for (OCS)3

2 and
(OCS)4

2 the percentage of dimer-based clusters is sixfold
and fourfold smaller, respectively, than for (OCS)2

2.
Qualitatively, this trend is seen in Figs. 2~c!, 3~c!, and

4~c!: note the decrease in band II relative contributions for
n53,4 compared to n52. Similar conclusions can be drawn
from the 267-nm data as well @Figs. 2~d!, 3~d!, and 4~d!#.
However, the above figures obtained with Eq. ~6! should be
viewed as crude estimates only, because of the approxima-
tions inherent in Eq. ~5! and the disregard for changes in the
electronic cross-sections and Franck–Condon factors upon
solvation. Finally, the observed band intensity variations do
not correspond exactly to the changes in ‘‘natural’’ isomer
abundances, as these observations are likely to be affected by
the ion source conditions.

Competition of decay mechanisms. Understanding the
origin of the autodetached electrons is complicated by the
ionic fragmentation processes that excited (OCS)n

2 cluster
ions are known to undergo.3 In principle, the AD electrons
can be emitted from ~i! the excited parent cluster, ~ii ! the
internally excited anionic fragments, or ~iii ! an intermediate
state of cluster decomposition. We discuss the possible AD
pathways in the decay of covalent (OCS)2

2. In larger dimer-
based clusters, the same anion is presumed to act as achro-
mophore and cluster core controlling the decay dynamics.

If the excited (OCS)2
2 decays by autodetachment, the

process is bound to be dissociative, most likely yielding two
OCS molecules, plus an electron. In ionic fragmentation
channels, OCS2, S2

2 and OCS2
2 products were seen near

800 nm, with the addition of S2 in the vicinity of 400 nm.3

Of these, metastable OCS2 is a plausible candidate for frag-
ment AD. Given the EAs of OCS, S2 , and S @20.04 ~Ref.
30!, 1.67, and 2.1 eV, respectively# and what is known about
the (OCS)2

2 dissociation energetics,3 the adiabatic thresh-
olds for the formation of OCS2, S2

2, S2, and OCS2
2 fol-

lowed by their AD can be crudely estimated as 0.6, 2.8, 3.7,
and 2.8 eV, respectively. Hence, at 800 and 530 nm, only the
OCS2 fragment AD is possible. At 400 nm, two additional
pathways may be accessible, but given no significant in-
crease in the AD signal, we restrict the discussion to OCS2

as the most plausible source of fragment AD. At 267 nm, all
of the above ionic fragments can be formed above their re-
spective detachment thresholds, which may account for the
sharp increase in AD at 267 nm compared to other wave-
lengths.

Considering the 800–400 nm excitations, two AD path-
ways are most likely for (OCS)2

2:

@~OCS!2
2#* →

AD

~OCS!21e2→OCS1OCS1e2, ~7a!

@~OCS!2
2#* →OCS1OCS2→

AD

OCS1OCS1e2, ~7b!

where* denotes the excited parent state. The TE model of
autodetachment employed in Sec. IV does not distinguish
between these pathways. It assumes only that the energy is
divided randomly among all product degrees of freedom.
Since the final products are the same, Eqs. ~7a! and ~7b!
describe different pathways of the same decomposition reac-
tion. In astatistical regime, one cannot specify at what stage
of complex disintegration the electron leaves the nuclear
framework. However, if the ionic fragmentation were fast,
pathway ~7b! could possibly dominate. In this case, the im-
pulsive dissociation would be expected to result in nonstatis-
tical energy partitioning.

Although there is not enough information to conclu-
sively discriminate between pathways ~7a! and ~7b!, or in
fact to provide arigorous proof of the statistical nature of the
decay process, the performance of the TE model gives no
justification for invoking nonstatistical dynamics. The mul-
tiple fragmentation channels active in the decay also point
away from impulsive dissociation. Finally, recent experi-
ments on (CS2)2

2 by Mabbs et al.22 revealed no significant
reduction in AD at 400 and 530 nm, compared to (OCS)2

2.
This observation is inconsistent with the AD originating pri-
marily from the fragments, because CS2

2, the most likely
source of fragment AD in the (CS2)2

2 case, is 0.9 eV more
stable to detachment than OCS2.

We now consider the sharp drop in relativeAD intensity
from (OCS)2

2 to (OCS)3
2, followed by a less significant

decrease in (OCS)4
2. While the drop is particularly drastic

at 400 nm and longer wavelengths, it is also significant at
267 nm. There are two possible reasons for this effect: ~i! the
decrease in the relative abundance of (OCS)2

2(OCS)n22

and ~ii ! the competition of electron emission with cluster
fragmentation.

First, there is a decrease in the relative abundance of
(OCS)2

2(OCS)n22 ions for n53 and 4, compared to n
52. This is revealed in the images ~Fig. 1! and spectra ~Figs.
2–4! by the weakening intensity of band II relative to band I.
However, comparing Figs. 2~c! and 3~c!, we note that the
decrease in AD from (OCS)2

2 to (OCS)3,4
2 is more signifi-

cant than the corresponding drop in band II intensity. If the
same cluster type ~dimer based! is responsible for both AD
and band II , the isomer abundance argument is not sufficient
to describe the observed trend. The greater number of de-
grees of freedom in larger clusters, resulting in lower TE
temperatures and longer emission lifetimes, can contribute to
lowering the AD intensity, but only if the electron emission
competes with another excited-state decay mechanism.

The drop in AD intensity should be considered in the
context of changes occurring in the ionic fragmentation
channels. In (OCS)n

2 dissociation, the fractional yield of
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2

S2
2 nearly doubles for (OCS)3

2 compared to (OCS)2
2 at

both 790 and 395 nm, while the 395 nm yield of OCS2

drops from 8% to zero.3 These changes in the fragmentation
channels show that solvation affects the excited cluster decay
mechanism.

In covalent (OCS)2
2, dissociation involves the breaking

of covalent bonds. The energy barriers involved, which could
be comparable to the electron emission barrier, indirectly
contribute to making the competing process, the autodetach-
ment, more favorable. In (OCS)3,4

2, solvation increases the
electron detachment energy, while enabling cluster relaxation
by solvent evaporation. Fragmentation can thus become a
preferred decay mechanism.

For all cluster sizes studied, the relative AD intensity
increases sharply at 267 nm compared to longer wave-
lengths. This could be a consequence of two effects: ~i! a
decrease in the parent AD lifetime, favoring electron emis-
sion over ionic fragmentation, and ~ii ! an increase in
fragment–ion internal excitation, leading to a corresponding
increase in fragment AD. The congestion of low-eKE bands
at 267 nm does not allow for a careful analysis of the sepa-
rate transitions. In particular, our confidence in the assigned
TE temperatures ~Table I! and even the applicability of the
statistical description at 267 nm is not as high as at lower
photon energies.

Applicability of statistics. Finally, we comment on the
performance of the statistical TE model in describing the
autodetachment of the rather small gas-phase systems stud-
ied in this work. The agreement between the model and the
slow-electron parts of the experimental spectra is best exam-
ined in the P(v) columns of Figs. 2–4.

Although the quantitative agreement is quite remarkable,
it can be potentially misleading. Caution is necessary in in-
terpreting its significance, because the AD bands overlap
with direct detachment transitions. In addition, in some cases
the AD intensities are so low that the data allow, in fact, for
only a qualitative interpretation. Thus, for (OCS)3,4

2 at 800,
530, and 400 nm, the data indicate the presence of isotropic
slow-electron components attributed to AD. While these
weak contributions are described adequately by the statistical
model, the agreement is not a rigorous proof of the statistical
nature of the decay.

Another word of caution applies to some of the low TE
temperatures predicted by the model, such as TTE591K for
(OCS)4

2 at 800 nm ~see Table I!. Although the correspond-
ing microcanonical temperature of the excited cluster prior to
electron emission is much higher ~691 K in the above ex-
ample!, one may still question the validity of the high-
temperature harmonic assumption inherent in the model. In
addition, in the low-temperature regime, TTE is extremely
sensitive to the value of EA in Eq. ~3!. Since the electron
affinities used are approximate, only limited confidence can
be placed in the lowest TTE values in Table I. However, this
uncertainty does not affect modeling of the data: the simu-
lated spectrum in Fig. 4~a! agree well with the experiment,
because the AD is so weak that TTE could be varied over a
wide range without affecting significantly the quality of the
agreement.

Overall, we conclude that the observed spectral signa-
tures of autodetachment are consistent with the statistical
model. In those cases, when the AD component is strong—
e.g., (OCS)2

2—there is sufficient confidence in the agree-
ment between the experiment and theory to argue that the
assumptions of strong electronic–vibrational couplings and
energy redistribution are indeed applicable to the covalent
dimer ion. However, even for (OCS)2

2, there is not enough
basis for arguing the finer details of the model, such as the
exact extent of participation of different degrees of freedom
and distinguishing between the excited parent and fragment
autodetachment.

VI. SUMMARY

This study is an attempt to decipher the structure of
(OCS)n

2 cluster anions using photoelectron spectroscopy.
The employed imaging approach is key to assignment of the
observed transitions, as it allows the simultaneous examina-
tion of energy spectra and angular distributions of both fast
and slow photoelectrons.

The results provide spectroscopic evidence of the coex-
istence of electronic and structural isomers of (OCS)n

2 with
the OCS2 and covalently bound (OCS)2

2 cluster cores. The
OCS2(OCS)n21 and (OCS)2

2(OCS)n22 anions respond
differently to photoexcitation. The OCS2-based clusters ex-
hibit direct photodetachment. The dimer-based clusters can
be either photodetached directly or promoted to an excited
anionic state. The subsequent decay, in turn, involves the
competition between autodetachment and fragmentation.

The autodetachment can originate from either the ex-
cited parent clusters or internally excited anionic fragments
~or an intermediate state!. Regardless of the pathway, the
electron spectra are described successfully using a
thermionic-emission model, which assumes strong
electronic–vibrational couplings and statistical energy parti-
tioning among product degrees of freedom. The AD cross
section in the trimer and the tetramer anions decreases rela-
tive to the dimer anion. It is suggested that this effect reflects
the competition between theAD and fragmentation channels.
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