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We repot the formation of heterogene@iOCS—wate cluste aniors [ (OCS),(H,0), ]~ (n=1n
+k=2), of which OCS -H,O is the mod interestiry specis in view of the nea absene of
unhydrated OCS  in the sane ion source The presene of OCS -H,O indicates tha the
intra-cluste formation of OCS™ does occu as pait of the [ (OCS),(H,0), ]~ formation mechanism.
In this light, the nea absene of unhydratel OCS™ aniors points towards their metastal# nature,
while the abundane of the hydratel aniorsis attributel to the stabilizing effect of hydration These
conclusiors are supporté by the resuls of an extensie theoreticé investigation of the adiabatic
electra affinity (EA) of OCS We concluck that the EA of OCS is eithe negatie or essentially
zera The beg estimaé base on the Gaussiar8 theowy calculation puts the EA at —0.059+0.061
eV. A study of the structue ard enegetics of OCS™ - H,O predict the existene of four structural
isomers Using the coupled-clustetheory, we find tha the mog stabk structue is stabilized by

0.543 eV relative to the separatd OCS +H,O limit.
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I. INTRODUCTION

Solvatian is known to hawe a dramatc effect on the en-
ergetic and structuréd properties of gas-phasanions Particu-
larly interestirg are the case in which the corresponding
neutra molecuk has no electra affinity, yet the anian can be
stabilizel and studied within a cluste. The strorg ion—
neutra interactiors lower the enagy of the cluste anion
relative to the neutrd stae and can even lead to the forma-
tion of new chemicé bonds.

Importart case in point are the (CO,),, and (OCS),
cluste anions One fundamenth question regardirg these
clusters as well as the isovalert (CS;), , is whethe the
exces electra is localized on a single monome or shared
betwea two (or more monome moieties'~® The closed-
shel CO, molecuk has no electra affinity,’® and CO, isnot
stabk as an isolated speciesSmal amouns of CO, can be
observel in the gas phag unde certan ion source
conditions>®!! as the metastat# anion owes its limited ex-
istene@ (<100 us)1%123to the potentia barrig separatig its
bert equilibrium from the linear region of the adiabatt po-
tential which correspond to the autodetache state On the
othe hand since the early work of Klots ard Comptort*it is
known tha homogeneosi(CO,), cluste aniors can be pre-
parel by low-enegy electron attachmenh to neutral
clusters>"15% |t is als known tha the exces electron
localizes on a single CO, molecuk only within the cluster
size range from n=7 to 13, while in smalle (n<6) and
larger (n>13) clustes the dimer structue of the anionic
core predictel by Fleischma ard Jordaf is favored®* Thus,
the CO, anion exiss within a cluste only if certan solvent
coordination requiremers are met In othe casesa molecu-

dAuthor to whom correspondere shoutl be addressedElectront mail:
sanov@u.arizona.edu

0021-9606/2002/116(5)/1920/10/$19.00

1920

© 20 American Institute of Physics.

lar rearrangemerfollowing the electro attachmenleads to
the formation of a new chemicé bord and a more stable
dimer anion core® Smal anionic clustes of CS,(n<4)
haw also been shown to hawe adimer core structure? 26
even thouch CS, has positive electra affinity®?"?8and the
coexistene of isomes with the dimer and monome anion
cores has nat been ruled out®

While (CGO,),, ard (CS;),, hawe bee the subjet of sev-
erd experimenta"14-% ard theoretical’®?®studies much
less is known abot the aniors of carbony sulfide®?%2 |n
severd importarn respectsthe molecula and cluste anions
of OCS bridge the gep betwea the enegetic and structural
properties of (CO,),, ard (CS,), . Yet even sudh fundamen-
tal propery, as the value of adiabatt electran affinity (EA)
of OCS has remainel unclea. As with CO, ard CS;, an
experimentemeasuremenis complicatel by the significant
mismatd betwea the equilibrium geometris of the neutral
ard the anion While for CO, (EA=-06 eV)!® ard CS,
(EA=0.9-1.0 eV)1%?" 4 leag the sign of the EA presers no
doubt even suth qualitative certainy is not availabe for
OCS Since the properties of OCS are intermedia¢ between
thoe of CO, ard CS;, its EA is close to zerqg making its
carefd determinatia crucid for a descriptia of the stability
ard othe properties of carbony sulfide anions.

The only experimentameasuremenof the EA of OCS
reportal in the literature places it at 0.46+0.2 eV.192° How-
eva, this resut is difficult to reconcie with the observed
absene of the OCS monome aniors in the (OCS),
family.® It is also inconsisten with the theoretich study by
Gutser et al., who predictal the EA to be —0.22 eV at the
CCSOT) level? In this publication we reinforce the indi-
red experimenthevidene tha OCS™ is metastableln ad-
dition, we repot the mog extensie to-dat theoretichinves-
tigation of the EA of OCS which leads us to conclude with
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guantifiabk confidencetha the EA is eithe slightly nega-
tive or essentialf zero.

The absene of OCS' in the (OCS), ion bean is only
an indired indication tha OCS has no electra affinity. The
appearaneof OCS™ fragmens (with a lifetime =5 us) re-
sulting from the photodissociatio of (OCS), is another
piece of the puzzle? suggestig a metastat# (rathe than
unstablé natue of OCS . The® observatios are inconclu-
sive becaus the absene of the monomes in the (OCS),
ion bean could also be explainal by the mechanim of for-
mation of (OCS), clustes rathe than the OCS™ enegetics.

The likely mechanim of (OCS), formation involves
the attachmenof slow electrors to neutrd clustes of OCS,
followed by the cluste cooling® via the loss of solvert mol-
ecules and subsequetrgrowth of a solvert shel viathe long-
range ion—neutra interactiors in the supersord expansiorr:
An isolatel OCS molecuk could not captue an electron
evan if it had sightly positive adiabatt EA, becaus of the
geomety differen@ betwea the linear OCS ard bert OCS™
equilibria Since ther is clea evidene of the existene of
the covalenty bourd (OCS), cluste core? it is possibe that
the formation of smal (OCS), cluste ions always involves
a molecula rearrangemeneadirg to the stabke dimer core.
In this case the monome OCS aniors would not be
formed becaus the solvert loss stoys at the dimer level, not
becaus OCS' is unstable.

The structur# properties of cluste ions can chang dra-
matically with the addition of heterogeneaisolvert mol-
ecules For example the hydratel (CO,), clustes are cha-
acterizel by the coexistene of electronc isomes with the
CO, ard (CO,), cluste cores:' contray to the homoge-
neows (CO,), cluste ions in which only the dimer core
structue was detectd in the 2<n<5 size range>* This
effect of heterogeneausolvatian opers away for preparing
the monome aniors within smal heterogeneauiclusters.

In this pape, we repot for the first time the forma-
tion of heterogeneous OCS-water cluster anions
[(OCS)(H,0), ]~ . We focus mainly on the monohydrated
monome anion (n=k=1), whos structue is describd as
OCS ‘H,0. Its presence indicates that the
[(OCS),(H,0), ]~ dynamic do lead to the intra-cluste for-
mation of the OCS™ monomers In this light, the nea ab-
sene of the unhydrate OCS™ aniors producel viathe same
mechanim canna be explainel by the dimer core formation
ard points towards the instability of OCS™ in the absene of
the stabilizing effect of hydration.

The detaik of the experimenthand theoretich methods
employael in this study are given in Sec Il. The experimental
resuls are presentd in Sec Ill. In Sec IV, we repot a the-
oreticd investigatian of the adiabatt EA of OCS followed
by astudy of OCS - H,O structue and eneggetics Sectio V
summarizs the conclusios and outlines the future experi-
menta directions.

II. EXPERIMENTAL AND COMPUTATIONAL METHODS
A. Experimenta | setup

The experimens were carried out during the initial test-
ing of the ion delivetly componerg of a new negative-ion
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photoelectra imaging spectromete The complet detaik of
the apparata will be given in forthcomirg publications In
brief, the apparata consiss of a pulsed ion source a time-
of-flight (TOF) ion mass-spectromateand a photoelectron
imaging assemby. Only the first two componerg are used in
the presenm study.

The ion sour@ and the mass-spectromateonfom to
the stae of art develope by Linebeger and co-workers®132
The negatiwe ions are formed and cooled in an electron-
impad ionized pulsel supersori expansior’* A room-
temperatue mixture of 7% OCS in Ar with trace amoun of
wate is expandd into the ion sour@ chambe (bas pressure
of <10 ®Torr) throuch a pulsel supersora valve (General
Valve Series 9) operatél with abackirg pressue of 1.5 atm
at a repetition rate of 50 Hz. The home-buit driver for the
valve is basel on the circuit desig provided by Kukolich.3
About 1 to 2 mm from the 500 um diameter nozzle orifice
the expansia is crossé with a well controlled ~100 uA
bean of electrors from ahome-buit 1 keV electran gun The
1 keV electrors ionize the expansion giving rise to slow
seconday electronswhich in tumn attad to the neutra clus-
ters ard thus the negatie ions are formed.

About 15 cm downstrean from the nozzle the anions
are pulse-extracte into the 1.7 mlong Wiley—McLaren TOF
mas spectromete®® The repelle plate is driven by a 10 ns
rise—fall-time high-voltage pulse generato (modd PVM-
421Q Directed Enagy, Inc.). The amplituce of the extraction
pulse is adjusta for optimum Wiley—McLaren focusing the
typicd value being abou —600 V. The ions pas throuch a4
mm diamete orifice in the groundel electrode servirg as a
partition betwea the soure@ chambe and the red of the
instrumentand ente the acceleratia stack where auniform
electrcc field from ten eveny space electrods accelerates
them to the 1950 V bean potential.

The bean of acceleratd ionsis steere and focusel us-
ing electrostat deflectos and an Einzd lens The ions are
referencd from the origind 1950 V bean potentid down to
the grourd potentid without affecting their kinetic enegy
using a fas Johnson-typ potentid switch3® The switch is a
60 cm long, 7.5 cm diamete stainles stee tube with ape-
tures at both ends driven by a 25 ns rise—fall-time high-
voltage pulse generato (modd PVX-414Q Directed Enegy,
Inc.). Theions of interes ente the tube whileit isat 1950 V.
Once the ions are insidg the tubes potentid is droppel to 0
V, with the ions experiencig no field from the switch at any
time. The delay of the potentid switch trigger relative to the
ion extraction pulse controk the mas range of the ions that
pas throudh the switch unabatedwhile the physica length
of the tube determine the width of the working mas range.

After passig throuch two more differentialy pumped
regiors and a series of aperturesthe ions ente the detection
chambe with a bag pressue of which rises ~3
% 10~ ° Torr, rising slightly during the experimentwhen the
gat valve connectirg the detectisn chambe with the reg of
the instrumen is opened The ions are detectd at the tem-
pord and spatid focus of the mass-spectromateusing a
Chevra type dud microchannk plate (MCP) detecto (25
mmdiam plateg from Burle, Inc. Before impactirg the de-
tecta, the ions are post-acceleratkby additiond 1 kV, in-
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creasirngy their kinetic enagy to >3 kV. The electrors formed
inside the MCPs (bias 700-800 V per plate are collectal by
a metd anock biasa by additiond 200 V. The signd from
the anock riding on top of a high-voltage pedesthis capaci-
tively coupled down to the grourd potentia] amplified by a
100 MHz, 100x amplifier (Phillips Scientifig, and averaged
(typically, for 512 cycles at a time) using a 300 MHz, 2.5
Gsamples/secaldigital oscillosco (Tektronkx TDS 3032.
The anion TOF specta are convert@ into mas spectra
by first relying on the calibration of the mas spectrometer
basel on the known experimenthparametersThe exad as-
signmer is achievel by choosimy pairs of prominer peaks
with unambiguos preliminay assignmentsard adjusting
the flight-time to mas conversim parametes to satisy the
chosa time-mas pairs.

B. Computationa | details

The calculatiors are carried out with the GAUSSIAN 98
suite of programs>® employirg a range of ab initio ard hy-
brid Hartree—Fod densiy functiond theoly (DFT) methods
with two classs of bass sets The split-valene set of Pople
with addel diffuse and polarizatiom functiors [6-31
+G(d,p), 6-311+G(d,p), ard otherd, and the augmented
correlation-consistdnbass ses of Dunning (aug-cc-pVXZ,
where X=D, T, Q, for double triple, and quadrupleé). The
new G3large bass sd [an improved versi:m of 6-311
+G(3df,2p) with modified polarization functiong®’ was
also usa in some calculations.

The ab initio calculatiors were carried out using several
method accountig for electran correlation the Maller—
Plesse perturbatio theory,*® the coupled-clustetheory,3%4°
and the nonvariation& quadratt configuration interaction
(Cl) method*! The Maller—Plesse correlation enggy cor-
rection was computel to the second?™** third,***° and
fourth®® ordes (MP2, MP3, ard MP4, respectively. The
fourth-orde Mgller—Plessé calculatiors were complee with
single double triple, and quadrupé substitutiols (MP4-
SDTQ). The coupled-clustetheoly and quadraté Cl calcu-
lations included single and doubk excitations with triple
excitatiors treatel perturbative}, where indicatad [CCSD,
CCSOT), ard QCISD(T)].414~49

The EA of OCS was al® determine using the
Gaussiar2 (G2)*° ard Gaussiar8 (G3) composie theories
using a series of ab initio calculatiors plus empiricial
corrections’’ The principd reasm why the Gaussia theo-
ries are attractiwe for this study is that their performane in
calculatirg the totd enegies and EAs has bea thoroughly
testal on the set of experimenth dat known as the
G2/975? ard G3/99° teg sets The availability of pub-
lished teg dafa statisticS’°? enable us to assigy meaningful
margins of trug to the computel EA values The G3 theory
perforns well for smal system&’*?ard thus its application
to OCS is justified The final G2 and G3 enggies are effec-
tively at the QCISD(T) levd with the 6-311+ G(3df) and
G3 large bass sets respectivey,®”*° with the high-levé ac-
curag achievel at significanty lower computationk cost
then tha of a dired calculation.

The computationh stes comprisirg the G2 and G3
methods were carried out with GAUSSIAN 98 ard the neces-
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saly enggy correctiors were combinal to yield the totd en-
ergies of OCS ard OCS™ at 0 K, referral to as the G2 and
G3 enegies?’ The neutra OCS molecuk isin the G2/97 test
set®” Howeve, to the beg of our knowledge the G3 enagy
of OCS™ has nat been calculat@ previousy. Since the zero-
point vibrationd eneagy is included in the G2 and G3 ene-
gies the correspondig adiabatt EAs were directly dete-
mined as the differene betwe@ the Gn enegies of the
neutrd and the anion.

The DFT was chosa for its computationh efficiengy,
which is particularyy important for the cluste ion calcula-
tions as well as for its tradk recod in predictirg electron
affinities>* The specifc DFT method usel in this study are
BLYP, B3LYP, and mPW1PW. The first two employ the
1988 functionaf® and the three-parameter exchange
functionaP® of Becke respective}, in conjunction with the
correlation functiond of Lee Young ard Par®’ The
mPW1PW methal is basel on Barore and Adamds Becke-
style one-paramete hybrid functiond with modified
Perdev—Wang exchang and correlation and improved long-
range behavio.>®

The spin-unrestrictd method were usal for open-shell
systems while spin-restrictd calculatiors were carried out
in the closed-shel cases By default only the outea-shell
electrors were included in the correlation calculationsHow-
eva, in severacasea (identified by the “full " keyword, full
correlation calculatiors were carried out in orde to quantify
the effect of including the inner-shel electronsFor geometry
optimizations the Berny algorithn?® was usel by default In
calculatiors on sone cluste ion conformatiors involving
rathe flat potentid enegy surfaces the conversim was
achieva using the modified GDIIS methal (geomety by
dired inversia in the iterative subspacg®®

lll. EXPERIMENTAL RESULTS

Figure 1 shows the negative ion mas specta obtained
with the OCS-Ar precurso containirg atrace of wate. The
specta in Figs 1(a)—1(c) were recordel at differert delays
betwea the ion extraction pulse and the potentid switch
trigger. 11.8 13.6 and 26.6 us, respectively. In each case,
the focusirg was optimized for the particula mas range.
The magnifia spectrun in Fig. 1(a) was optimized for the
S~ anions it demonstratethe accurag of our calibration.
The mog prominert S~ pe correspond to the 325~ iso-
tope with the largeg satellie pe assignd to 3*S™ (natural
abundance of 95.026 and 4.21% respectively.?® Signal
due to %3S~ 0.759%° is alo discernable.

The mog inten peals in both Figs 1(a) ard 1(b) cor-
respom to S, . Sinae asingle precurso molecuk contains
only one sulfur atom the S, aniors mug be formed from
clustes of OCS Therris no ambiguily in assigniig this peak
to S, (m=64), rathe than OCS (m=60). Our confidence
is reinforced by the satellie pe&k at m=66, assignd to
325335~ whos relative intensiy is in agreemenwith the
expecte abundane ratio of 32S**S™ and®2S; (0.08.

We obsene almog no signd at m= 60, correspondig to
OCS . The barely measuratd m= 60 signd was found to be
dependenon the supersord expansio conditiors ard par-
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FIG. 1. Negatiwe ion mas specta obtainel with the OCS-Ar precursor
containirg atrace amourn of wate. The magnified (X10) spectain (a) and
(b) correspod to experimenthconditiors optimized for the S~ and OCS™

anions respective). The latter shows the beg OCS™ signd tha could be
achievel in the experiment The ion peals in (a) ard (b) labeled in accao-

dane with the correspondig anion mass (in a.m.u) are assigné as follows:

66=°25%3"; 76=CS, ; 80=0C*s -H,0; 82=S, -H,0; 92=0CS, ;

124=S, -OCS 132=0CS - (H,0),; 150=0CS - (H,0)s. In (c), the top
of the three comis abowe the mas spectrum indicates the ped positiors for

the (OCS), cluste aniors (n=4-10). The two lower comks correspod to

the monohydratd (OCS), -H,O ard doubly hydratel (OCS), - (H,0),

cluste ions respective).

ticularly on the position of the 1 keV electra1 bean relative
to the nozzle The magnified spectrun in Fig. 1(b) was re-
corded unde the conditiors optimized for the formation of
OCS  ard represert the bes OCS™ signd tha could be
achieved In mog caseswithout speci# efforts to optimize
this signal no OCS™ could be discernd at all, while other
ion peals remain@ robust.

On the othe hand ther is an intene progressia of
peals correspondig to [OCSH,0),]~ with k from 1 to at
leag 5. In Figs 1(a) and 1(b), the peals correspondig to
OCS  hydratal by one two, and three wate molecules are
labela explicitly, while peals 132 and 150 correspod to
0OCS (H,0), and OCS (H,0)5, respective). Carefu ex-
aminatio of the spectrun reveas that all OCS (H,O), ion
peals are followed by satellie isotope peals with relative
intensities characteristi of aniors containirg one sulfur
atom.

Since one wate molecuk does nat bind an electron®-%°
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the k=1 cluste is describe as OCS - H,0. For k>1, the
guestian of electran localization is open but by analogy with
CO, - (H,0),, " it is reasonald to assure tha the
electran islocalized on the OCS™ cluste core In view of the
insignificat OCS™ signal the efficient formation of the
OCS (H,0), cluste ions is quite revealing In particula, it
is remarkabé tha the OCS - H,O pe& is one of the most
intense peals in the spectrum while the seemingy simpler
OCS anim is barel observe at all.

Anothe inten® pe& in Fig. 1(b), followed by a series of
satellie peals characteristi of a compourd with two sulfur
atoms correspond to the (OCS), anion Linebege and
co-workes argudl tha it isnot an OCS - OCS cluste, but a
covalenty bourd dime anion whose structue has little in
comma with the OCS™ monome.® Therefore the (OCS),
anin shed little light on the structue of hydrated
OCS (H,0), anions Howeve, the questio of whethe the
(OCS), (H,0) cluste ions posses monome or dimer an-
ion cores is open.

Figure 1(c) shows a mas spectrin optimized for
heavieg cluste ions The shap onse of the signd in the
vicinity of 200 a.m.u is due to the truncatio of the spectrum
by the potentid switch The spectrum has prominen progres-
siors of peals correspondig to [ (OCS),(H,O),]~ with n
=3-10 ard k=0-2. The cluste ions with k>2 are most
likely presemas well, but reman unresolve due to the over-
lap with othea peaks.

The structue of [ (OCS),(H,0), ]~ (n=2k=1) cluster
ions is not obvious ard will be testal in the future by pho-
toelectra imaging spectroscop For k=2 and particularly
for larger k, hydration of the electran canna be ruled out.
Although we tentativey descrile thes clustes as hydrated
aniors of OCS sone may correspod to (H,0), , addition-
ally solvatel by OCS molecules It is possibk tha these
clustes presere the dimer core structue of unhydrated
(OCS), , predicta for n< 16° but we also canna discount
the possibility that the solvation enggetics in
(OCS), (H,0) shift in favor of the OCS™ monome cluster
core.

To summarie the experimenthresults the OCS™ anions
are formed extremey inefficiently in an electron-impation-
ized OCS—-Ar expansion Nonethelessthe hydratal cluster
anions including in particula OCS -H,O, are produced
readily and in abundance, as well as the larger
[(OCS)(H,0),]™ cluste ions Inthe nex Section we com-
bine thes observatios with theoretic evidene tha OCS
has no electran affinity and discus the stabilization of meta-
stabk OCS™ by gas pha® hydration as the effect respon-
sible for the stability of the OCS (H,0), clusters.

IV. THEORETICAL RESULTS AND DISCUSSION
A. Adiabati c electro n affinit y of OCS

The definition of adiabatt EA as the enegy difference
betwea the lowest-enegy states of the neutrd and the anion
become ambiguow if the calculatel EA turns out negative.
A negative EA implies that the relaxel neutrd specie lies
lower in enagy than the correspondig anian (e.g, CO, vs
CGO, ). Howeve, it immediatey follows that in sud acase
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FIG. 2. The relaxel diabatt potentid enegy curves of OCS (curwe I: filled
circles, OCS™ (curve II: open circles bold line), and S™- CO (curwve IlI:
open symbols thin line), calculatel along the bendirg coordinaé at the
CC9D theow levd with the 6-31+ G(d) bass set Curve | alo corresponds
to the OCS+ e~ detached-electrostate In the S™ - CO anion—neutrd com-
plex (curwve lIl), the typicd C-S distane is in the 3.2-3.7 A range The
horizontd lines abow the OCS and OCS potentid minima indicate the
grourd stat eneagies correctel for the ZPE.

the mod stabk anionic stak is a relaxal neutrd molecule
plus a free electron (e7), and therefore the truly adiabatic

EA is not negative but zerq or—it is said—nonexistent.

Accordingly, a calculation within the Born—Oppenheimer
limit samplirg the entire coordinaé spa® and employirg a
sufficiently large bass s& mud yield an EA approaching
zera Unfortunatey, this conclusian tells little abou the
structue of the metastat# anion of interest It does show,
howeve, tha it is importart to clarify wha is mean by
reportirg negatie values of adiabatt EA.

We begh our investigatia of the EA of OCS by explar-
ing the OCS and OCS™ bendirg potentias with relatively
inexpensie calculations Figure 2 shows portiors of the
OCS and OCS™ potentid enegy curves calculatel along the
bendirg coordinaé using the CCPD theoy with the 6-31
+G(d) bass set For eadr OCS angle the CO ard CS
bondlengtls in both the neutra ard the anion were optimized
to yield the relaxeal potentid enegy curves The three curves
in Fig. 2 correspod to the following diabatt states (1) the
neutrd OCS molecuk or the OCS+e~ (detached-electron
state (II) the OCS™ molecula anion ard (lll) the S™---CO
anion—neutrd comple (correspondig to C-S distancs of
3.2-3.7 A). The horizonta lines abowe the OCS ard OCS~
potentid minima indicat the ground-sta eneggies corrected
for the zero-point vibrationd enegy (ZPE). The relaxed
OCS has lower enggy than OCS', indicating tha the EA,
definal as the differen@ betweea the two potentid minima,
is negative.

The crossimy betwea curves | ard I, correspondig to
the diabatt OCS+e~ and OCS™ statesdefines the adiabatic
grourd stak of the anionic system which has an electron-
bourd (OCS") arnd free-electra charactes to the left and to
the right of the I/Il crossirg point in Fig. 2, respectivel.
There is apotentid barrie on the adiabatt bendirg poten-
tial, separatig the bert OCS™ equilibrium from the more
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enggetically favorabk linear OCS+e™ system If OCS is
formed within the potentid well correspondig to the
electron-boud state it isisolatel from the paitt of the poten-
tial enagy surfae where the autodetachmenwould occu.
The barria separatig the OCS armd OCS+e™ equilibriais
estimatel to be highea than the I/l intersectimn point at
£/ 0CS=152.3 in Fig. 2, becaus this point in fact corre-
sponda to two differert geometris of the neutrd and the
anion (Reo=1.171A, Rcs=1.587A for the neutraj Reo
=1.216A, Rcs=1.68BA for the anion. The metastable
OCS stat may explan the observatio of minor quantities
of OCS in the presemn experiment as well as the OCS™
fragmens in the (OCS), photodissociationwhich were
found to be stabk on a >5 us time scalé.

Defining the EA as the enagy differen@ betwea the
neutrd stat and the electron-boud OCS™ state the EA of
OCS was calculatel at severhab initio and DFT theoly lev-
els, employirg a variety of bass sets Excef wher single-
point calculatiors are indicated the geometris of OCS and
OCS were optimized at the indicated theory level. The re-
sults of the ab initio and composie theory calculatiors are
summarizd in Table |. The EA values determineé by Gutsev
et al.?® are alo included For comparison Tablke |1 lists the
EAs determineé by severd DFT methods.

The optimized geometris and vibrationd frequencies
determine at selecte theory levels are given in Table III,
alorg with the zero-poirt vibrationd enegies and AZPE cor-
rectiors to the EA (AZPE is definal as the differene@ be-
tween the ZPEs of OCS ard OCS ). The EA of OCS cor-
rected for the ZPEs is obtaine by addirg AZPE to the
purely electront EA values listed in Tables | and II. While
AZPE varies slightly with the theol levd ard bass set the
rounded-éf correction AZPE=0.07 €V, consistehwith most
calculationsis sufficiert for this discussion.

Sone of the resuls for the EA, including the AZPE cor-
rection are summarizé in a grapht form in Fig. 3. Our
stratey in selectirg data for this plot has been to choo® the
resuls obtainal with the largeg bass se for ead type of
calculations The ab initio resuls are arrangé in the general
orde of increasimg the levd of electra correlation All ab
initio method predid tha the adiabatt EA is eithe negative
or essentiall zera The largeg in magnitue: negatiwe values
of EA are predictel by MP2. While almog always remaining
negative the absolue magnituek of the EA tendsto decrease,
approachig zerq as the correlation effects beyord the
second-ordeperturbatio theoly are included The bass sets
of Dunnirg (open circles in Fig. 3) terd to yield highe (less
negative EA values than the bass ses of Popk (filled
circles.

Speci consideratia is given to the G3 theow value of
EA=—0.09 eV. Not surprisingy, the largeg correctio for
the EA within the G3 calculation comes from the inclusion
of diffuse bass functions underscorig their importane for
propa modelirg of the electront structue of OCS . The
totd eneagy correction for diffuse functiors AE(+) is
—0.03099 hartres for the anion compare to —0.08840
hartres for the neutral increasiiy the calculatel EA by
0.615 eV.

The known ted statistic for the G2 and G3 theories are
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TABLE |. Calculatel values of the electra affinity of OCS excludirg the

zero-poir vibrationd enegy correctiors (AZPE), exceft where noted.

TABLE Il. Calculatel DFT values of the electra affinity of OCS exclud-

Hydrated anions of OCS

ing the zero-poin vibrationd eneagy correctiors (AZPE).

1925

EA, eV EA, eV
Method Bask set (excludirg AZPE) Method Bass set (excludirg AZPE)

HF 6-31+G(d) —0.209 BLYP 6-31+G(d) 0.065
6-311+G(3df) —0.394 6-311+ G(d) 0.021

MP2 6-31+ G(d) —0.510 aug-cc-pvVDZ 0.074
aug-cc-pVDZ —0.31% aug-cc-pVTZ —0.020
aug-cc-pVTZ —0.339 aug-cc-pvQZ —-0.033

MP2 (full) aug-cc-pVDZ —0.33¢ B3LYP 6-31+ G(d) 0.226

MP3 (full) aug-cc-pvVDZ —0.10¢ 6-311+G(d) 0.164

MP4-SDTQ 6-31+G(d) —0.459 6-311+ G(3df) 0.059

MP4-SDTQ (full) aug-cc-pvVDZ —0.239 G3lage 0.061

CCSD 6-31+ G(d) —-0.211 aug-cc-pvVDZ 0.208
6-311+ G(d) —0.284 aug-cc-pVTZ 0.103
6-311+G(2df) —0.203 aug-cc-pvQZz 0.085
aug-cc-pVDZ —0.035 mPW1PW91 6-31+ G(d) 0.170
aug-cc-pVTZ —0.059 6-311+ G(d) 0.104

CCSD (full) 6-31+G(d) —0.237 6-311+ G(3df) -0.003
6-311+ G(d) —0.295 aug-cc-pVDZ 0.149
aug-cc-pvDZ —0.058 aug-cc-pvTZ 0.041

CCSD(T) 6-311+G(d) —0.342 aug-cc-pvVQZ -0.147
6-311+ G(3df) —0.298
aug-cc-pvVDZ —0.071

CCSD(T) G3lage

MP2 —0.439 from positive to negatie as the bask sd is expandd from

MP3 021 doubk to quadruple¢ (see Table

MP4-SDTQ 0336 oubk to quadruple¢ (see Tal e

ccsD —0.162 Tschumpe ard Schaefe estimate averag absolue er-

ccsoT) —0.190 rors of 0.25 and 0.18 eV for the EAs of triatomics predicted

QCISD(T) 6-31+G(d) —0.276 using the B3LY P ard BLY P methods respective).>* Scaling
6-311+G(d) e thee avera@ values by a facta of 1.4, for a highe confi-

c . - augcepvbz —0.067 dene levd similar to the abowe G3 and G2 analyseswe

omposite theories (incl. ZPE): X . :

Gaussiart (G1) —0.107 arrive at the following margins of trus for sone of our DFT

Gaussiar2 (G2) —0.098' resuls (including the AZPE correction$. EA=0.13+0.35 eV

Gaussiars (G3) —0.05¢' for the B3LYP calculatiors with both the 6-311+ G(3df)

3From Gutse et al. (Ref. 28).

PFrom single-poin calculatiors at the geometrie optimized at the
MP2/6-31+ G(d) level.

“From single-poir calculatiors at the geometrie optimized at the CCSD/
aug-cc-pVLIX level.

9YIncludes the AZPE correction.

usel here to arrive at meaningfli trug margins for the cal-
culated values of EA. The averag absolué deviatian of the
G3 electra affinities from the experimenth daia has been
determine to be 1.00 kcal/mol or 43 meV, compare to 1.41
kcal/mol or 61 meV for the predecessoG2 theor.®” More
importantly, 62% of the EAs calculatel using the G3 method
fall within 1.0 kcal/md of the experimenthvalues for the
G2/97 ted sa specieswhile 76% fall within 1.4 kcal/mol
(61 meV).3” For G2, similar measure are 55% within 1.4
kcal/md of the experimeih and 76% within 2.0 kcal/md (87
meV).%’ Basel on thes assessments/e assig the following
magins of trugt (with estimate 76% confidenceg for the EA
of OCS calculatel here using the G3 and G2 theories EA
=—0.059+0.06L eV for G3 and —0.095+0.087 eV for G2.
Contray to the ab initio methodsthe DFT calculations
with moderate-sig bass set yield positive values of the
adiabatt EA of OCS Howeve, the calculatel EA decreases
consistenyf as the size of the bass sé is increased For
example the mPW1PW9l metha employel with Dun-
ning's bask ses predict the values of EA tha rever® sign

ard G3lage bass ses amd 0.09+0.25 eV for the
BLYP/6-311+ G(d) result.

The margins of trug for the G2, G3, BLYP, and B3LYP
calculatiors are indicatel as errar bars in Fig. 3. Given the
large margins estimate for DFT, there is no discrepancy
betwea the G3 and G2 predictiors on the one hand ard the
DFT resuls on the othe. The G3 ard G2 values are also
consisteh with mog coupled-cluste and quadrupé CI
theoly results We thus conclude tha the EA of OCSis either
slightly negative or zera In the strict adiabatt sense our
overal conclusia is that OCS has no electra affinity.

This conclusim is in disagreemenwith the 1975 colli-
siond detachmenh measurementwhich placel the EA of
OCS at 0.46+0.2 eV.2° Howeve, the preponderareof the-
oreticd evidence corroboratd by the indired experimental
observationsindicates tha the EA cannad be substantially
positive Even so the metastald OCS aniors can be
formed via adynamt proces involving a favorabk (benj
geomety, as in the ca® of (OCS), dissociationwhere the
parert dimer anion has two covalenty joined bert OCS
moieties’

B. Structur e and energetic s of OCS™-H,0

Given the nonexisteh EA of OCS the corresponding
aniors exig in the stable hydratel form due to the additional
stabilization resulting from the strorg ion—neutra interac-



1926 J. Chem. Phys., Vol. 116, No. 5, 1 February 2002

Surber, Ananthavel, and Sanov

TABLE Ill. Calculatel equilibrium geometris ard vibrationd frequencis of OCS ard OCS'.

HF CCSD CCSD ccsnT) B3LYP

6-31G(d) 6-31+ G(d) 6-311+ G(d) G3lage G3lage
Neutrd OCS
Reo, A 1.1314 1.1670 1.1557 1.1598 1.1555
Res, A 15723 15703 1.5683 1.5675 1.5616
w,, cm™* 794 884 888 880
w,, cm* 508 493 505 530
w3, cm™? 2059 2118 2137 2112
ZPE eV 0.239¢ 0.2472 0.2501 0.2512
OCS Anion
Reo, A 1.1869 1.2175 1.2074 1.2103 1.2058
Res, A 1.7318 1.7116 1.7103 1.7067 1.7013
£0CS ° 135.12 135.69 135.69 136.69 136.98
w,, cm? 676 740 735 703
wy, cm~? 463 498 500 487
w3, cm™t 1717 1712 1718 1684
ZPE, eV 0.177? 0.1829 0.1831 0.1782
AZPE, eV 0.06% 0.064 0.067 0.073

The experimenthvalues for OCS are Reo=1.15@ A, Reg=1.564 A, ard vibrationd frequencis 875.3,

524.4 ard 20937 cm™* (Ref. 76).

bThe HF/6-31G(d) frequencis ard ZPEs are scal@ by a factar of 0.8929 Othes are unscaled.

tions between OCS™ ard H,0. The experimenindicates that
the addition of one wate molecuk is sufficiert to offset the
negatie value of the EA. Thisis nat surprising considering
the smal absolué values of the negatie EA predicted
above.

We determiné theoreticaly the structures of four
OCS - H,0 isomers which are shown in Fig. 4. The four
structurs were first obtainel from a B3LYP/6-311+
+G(d,p) geomety optimizatian (the correspondig struc-
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FIG. 3. Sone of the resuls for the adiabatt EA of OCS including the
AZPE correction Open ard filled circles Resuls obtainel with the aug-
mental correlation consisteh bass ses of Dunning and the split valence
bask ses of Pople respectivel. The errar bars for the G2, G3, BLYP, and
B3LY Presuls are determiné as describé in the text The BLYP resut was
obtainel with the 6-311+ G(d) bask set while both the 6-311+ G(3df)

ard G3large bask set yielded the B3LY P value shown Othe dat points
are as follows: 1—MP2/6-31+G(d); 2—MP2/aug-cc-pVTZ;
3—MP3Full)/aug-cc-pVDZ 4—MP4|(Full)|/6-31+ G(d); 5—MP4(Full)/

aug-cc-pvVDZ; 6—CCSD/6311+G(2df);
8—CCSOT)/6-311+ G(d); 9—CCSOT)/G3lage 10—CCSOT)/aug-cc-
pVDZ; 11—QCISD(T)/6-311+ G(d); 12—QCISOT)/aug-cc-pVDZ 13—
BLYP/aug-cc-pVQZ 14—B3YP/aug-cc-pVQZ 15—mPWLPW91/631
+G(3df); 16—mPW1PW91l/aug-cc-pVQZ.

7—CCSD/aug-cc-pVTZ;

turd and enagetic parametes are given in italics in Fig. 4)
ard then re-optimizel at the CCD levd with the 6-31
+G(d) bass sé (plain font in Fig. 4). In addition the most
stabk structue [Fig. 4(A)] was optimized at the CCD level
with the 6-311+ +G(d,p) bask s (bold in Fig. 4) ard the
mPW1PWO9L DFT levd with the aug-cc-pVE bask (italics
in parenthesein Fig. 4). Only the mog importart intermo-
lecular parametes are given in Fig. 4, while Table 1V lists
the complet se of parametes and the harmonc vibrational
frequencis of the ground-stea structue [Fig. 4(A)], as de-
termined from the CCSD/6 311+ + G(d,p) calculation.

All structure are characterizé by the exces electron
localized on OCS ard all four hawe plana equilibrium ge-
ometries They correspod to true potentid minima, as veri-
fied by their red harmont vibrationd frequenciesCare was
taken to determire all possibé structurd isomes by starting
the optimizatian from differert initial configurations The
initial intermolecula coordinats for the optimizatiors were
chosa to be analogos to the three isomes predictel for
CO, - H,0, which are One of the C,, symmety with two
equivalen electrostatt O—H ““bonds’ and two Cg structure-
swith single O-H “bonds; one ead in the cis and trans
configuratios of the danglig H atan with respet to
CO, .™"3 Considerirg the reduce symmety of OCS’, five
differert structures might be expecte for OCS -H,O: An
isome with the electrostatt O—H and S—H bonds in addi-
tion to two trans ard two cis structure with danglirg hydro-
gen atoms one ead on the oxygen and sulfur sides of
OCS . Howeva, one of the sulfur-side structure proved to
be a sadde point on the potentiad leadirg to the globd mini-
mum [Fig. 4(A)], and thus only four isomes corresponding
to true potentid minima were found.

The importart enggetic paramete describirg the rela-
tive stability of the cluste is the hydration enegy AE;,
defined here as the electronc enegy (excludirg the ZPE) of
OCS -H,0 relative to the separatd OCS™ + H,O limit. The
calculate values of AEy, are indicated in Fig. 4, alorng with
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@ AE,=-0.531 AE, = -0.549

1
—0.555 —0.554 1543
) VDE = 2.23 VDE =232 1567 ()
1.82 1.89 @ @

FIG. 4. The equilibrium structure of four OCS - H,0 isomers The relative
hydration enagies AE,, and VDEs are given in eV, while the intermolecular
structurd parametes are in Angstrons and degreesThe indicatel values of
AE,;, are the purely electronc (excludirg the ZPE correction hydration
enegies defina as the enegy of OCS - H,O relative to the sun of the
separatéd OCS™ ard H,O enegies The enegetic and structur& parameters
are determine from the following calculations listed first (italics)—
B3LYP/6-311+ +G(d,p); listed secom (plain font)—CCSD/6 31+ G(d).
For the lowest-enggy structue (A), the parametes listed third (bold) are
from CCSD/6311+ + G(d,p), ard thos listed lagt (italics in parentheses
are at the mPW1PW91/aug-cc-pVZ level.

Hydrated anions of OCS 1927

the predictal verticd detachmenhenegies (VDE) for each
isome. In particula, for the mog stabk isome (structueA),

AE,=—0.637eV at the CCSD/6311+ + G(d,p) level The

correspondig AZPE correction found using the frequencies
in Table IV, is 0.0% eV, ard thus structue A is stabilizel by

0.543 eV relative to the separaté OCS +H,O limit. This

value isin line with the typicd stabilization expecte for an

ion—dipole interactin (~0.6 eV)’*"® ard similar to the sta-
bilization enegy observe for CO, hydrates™

C. Compariso n of the hydrate d anions
of CO,, OCS, and CS,

The resuls allow for a comparisa of the hydratian of
the isovalert CO, , OCS’, ard CS, anions with OCS”
bridging the gap betwea the othe two.

For CO, (EA=-06 eV),'° the unhydratel anion is
metastableand it takes at leag two H,O molecules for the
efficiert formation of hydratel CO, in an electron-impact
source i.e, the smalle$ hydratel clustg anion formed
in abundance under conditions similar to ours is
CO, (H,0),.*"In Sec Il , we showe that the correspond-
ing minimum numbe of wate molecules in the hydratian of
OCS isreducel to one Finally, the CS, anion requires no
externé stabilization as the EA of CS, isin the 0.9-1.0 eV
range'®?’

Anothe paralld can be drawn for the hydratian of the
correspondig dimer anions where a similar trend of the
diminishing requiral hydratian is observedindeed although

TABLE IV. Equilibrium parametes and unscale harmong vibrationd frequencie of OCS - H,O (ground-
stak structue A shown in Fig. 4) calculatel at the CCD levd with the 6-311+ + G(d,p) bass set.

Vibrationd modes and harmonc frequencies

Structurd parameters Approximae description of the mode
(A ard degrees Symmetry dominar character cm !
C-02 1.211 a’ 102
C-S 1.707
a’ 107
02-C-S 135.5
a’ 159
S-H2 2.557
H2-S-C 84.0 a” H,O twisting out of plare (H atoms 328
moving up/down in opposie directions
01-H2 0.966
O1-H1 0.964 a’ In-plare rocking motion of H,O relative 338
to OCS
H1-01-H2 99.1
O1-H2-S 146.6 a’ OCS bending 512
02-H1 2.133 a” H,O0 tilting out of plare (both H moving 618
synchronousi up or down)
a' CS stretch 748
a’ CO stretcl 1700
a' H,O bendind 1745
a’ H,O symmetrc stretch 3802
a' H,O antisymmetig stretct 3860

#For comparisonthe CCSD/6311+ G(d) bendirg frequ

unscalegl
1

PThe correspondig frequeng in free OCS™ is 735 cm %,
“The correspondig frequeng in free OCS™ is 1718 cm™™.

9The CCSD/6 311+ + G(d,p) bendirg frequeng in free

eny in free OCS™ is 500 cm ! (all frequencis are

1
H,0 is 1656 cm ™1,

®The CCSD/6311+ + G(d,p) symmetrt strett frequeny in free H,O is 38% cm™2.
The CCSD/6311+ + G(d,p) antisymmetrd strett frequeng in free H,O is 3997 cm .
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(CO,), can be formed?**its abundane is smal compared

to the (CO,), - H,O cluste anion!! Thus one wate mol-
ecuke is needd to stabiliz effectively (CO,), , while
(OCS), ard (CS,), are both stabke and abundan in the
isolated form.2° Thes observatios can be summarize in an
empiricd 3-2-1 rule: For the efficiert formation of stable
X, (H,0) cluste ions (X=CO,, OCS or CS,) with n=1,
the totd numbe of molecules (n+k) mug be at leag 3, 2,
ard 1, respectivey.

V. SUMMARY AND FUTURE DIRECTIONS

In summay, we observe the efficiert formation of the
[(OCS)K(H,0) ] (n=1n+k=2) cluste ions of which
OCS -H,0 is the mog interestiny specis in view of the
nea absene of the seemingy simpler OCS™ in the saneion
source The presene of the monohydratd anion is attributed
to the stabilization of OCS™ by hydraticn ard serves as un-
ambiguos prod tha the intra-cluste formation of OCS™
monomes is a patt of the [ (OCS),(H,0), ]~ dynamics In
this light, the inefficiert formation of unhydratel OCS™ is
attributed to the nonexisteh adiabatt electro affinity of
OCS asindicatad by theoretichcalculationsThe photoelec-
tron imaging experimentscurrentl in progres in our labo-
ratory, will provide insights into the enegetics ard electronic
structue of the hydratel aniors of OCS.
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