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We repot the photoelectra imaging stud/ of molecula and clusteg aniors CS,” and
OCS (H;0);, at 800, 529, and 400 nm, compariry the resuls for the hydratel OCS™ cluste ions
to CS,” . The photoelectra angula distributiors are interpretel qualitatively using group theow in
the framewok of the one-electronelectric-dipok approximationsThe enggetics of OCS (H,0); ,
are compare to the theoreticé predictions The verticd detachmehenegies of OCS -H,O and
OCS (H,0), are determiné to be 2.07+0.07 and 2.53+0.07 eV, respectivgl. An indirect
estimae of the adiabatt electra affinity of OCS yields a value of —0.04 eV. © 2002 American

Institute of Physics [DOI: 10.1063/1.1467916

Photoelectro imaging affords effective opportunities for
the studies of negatie ions complementig photoelectron
spectroscopywith a heightend emphass on the electronic
wave functions The imaging approat has been successfully
applied to mary neutrad systemsfor which the simultaneous
observatio of photoelectra enggy specta ard enegy-
resolvel photoelectra angula distributiors (PAD) was
shown to be instrumenté&in the studies of chemica structure,
as well as time-resolvel dynamics>® Howeve, almog no
imaging studies were reportel for molecula anions?

We preseh the first photoelectra imaging study of
CS,” amd OCS (H,0); , ard take sters towards developing
a practica approab to interpretirg the photoelectra images
for molecula ard cluste anions We show tha becaus of
convenieth symmety, the PADs in the ca® of CS,” are easy
to interpret at leag qualitativel, providing a startirg point
for the studies of more complex systems sud as
OCS (H,0)4 ,.

By investigatirg the hydratel clusters we also aim to
unrave the properties of OCS . The adiabatt electro af-
finity (EA) of OCS has long eludel accura¢ experimental
determination while the theol predics tha it is slightly
negative>® In accod with this prediction OCS™ is not
formed effectively in our ion source We are able howeve,
to study this anion stabilized by intermolecula interactions
within smal gas-phas clusters using CS,” as a reference
point for interpretirg the results.

The experimers are carried out with the new negative-
ion photoelectra imaging apparatusconsistirg of a pulsed
ion sour@ and mass-spectromatalescribe elsewheré,and
a photoelectra imaging assemhl.” CS, ™ is formed by sec-
onday electran attachmeh in an electron-impat ionized
pulsal supersorg expansio of room-temperat carban di-
sulfide at ambien vapa pressue seedd in 3 atm of Ar. The
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hydratel aniors of carbony sulfide are formed as described
previousy,® using OCS seedd in Ar with trace amoun of
wate.

The electrors detachd from mass-selecténegative ions
are detecte in the direction perpendiculato the ion beam,
using the imaging methal of Chandle and Houstof in the
velocity-mappig modification of Parke and Eppink® The
40 mm dia. microchannkplate (MCP) detecto with a phos-
pha screa (Burle, Inc.) is mountel at the end of a 15 cm
long electran flight tube and monitored using a CCD camera
(Rope Scientifig. To discriminae agains noise the MCPs
are operaté in a pulsed-bia mode The velocity-ma focus-
ing was optimized and the electra kinetic enegy (eKE)
calibratim was determiné using the atomic photodetach-
mert transitiors in | .

The experimerdg are carried out using the amplified
Ti:Sapphire-base femtosecod lase systen from Spectra
Physies (1 mJ, 100 fs pulses. The 800 nm measurements
usal a portion (~200 uJ/pulse of the unfocussed fundamen-
tal output The 529 nm radiation (30-50 uJ/pulse was gen-
eratal by sum-frequeng mixing the signd outpu of the op-
tical paramete amplifier with the fundamenth radiation.
The 400 nm light was generatd by frequency-doublig a
portion of the fundamenthin the Supe Tripler femtosecond
harmonis generato (Supe Optronics Inc.), giving ~120
pdlpulse The 529 and 400 nm beans were mildly focused
with a 2 mfocal-lengh lens positiona 1.3 m before the
interactian region The polarization axis was always parallel
to the imaging detecto plane.

Figures 1(a)—1(c) show the images obtainel in the pho-
todetachmenof CS,” at 400, 529 and 800 nm, with the
lase polarizatian verticd in the image plane Figures 1(d)—
1(f) display the two-dimensionhcuts throuch the respective
three-dimensioravelocity distributions reconstructé from
the images using the Abel inversion!® The experimenthim-
ages whete transformel using anew fitting procedue devel-
opel by Reisle ard co-workerst* The methal relies on the

© 2002 American Institute of Physics
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CS, photoelectron images

Abel inversions

FIG. 1. (a)—(c) Photoelectrn images recordel in the photodetachmenof
CS,” at (a) 400 (b) 529 ard (c) 800 nm. (d)—(f) Two-dimensionh cuts
(including the cylindricd symmety axis) throudh the respectie three-
dimensioné velocity distributions reconstructd as describé in the text.
The images are shown on arbitray velocity scales (see Fig. 2 for quantita-
tive information. The lase polarizatio is vertical.

expansio of the raw image with a large bass sd of func-
tions tha are the analyticd Abel transforns of narrow
Gaussia functions The latter constitue the bass se for the
reconstructd image.

The images gradualy zoam in on the transitian struc-
ture the rings correspondig to the vibrationd levels of the
neutrd emeage at 800 nm due to the improved absolue en-
ergy resolution at smal eKEs Although the rings are appa-
ert in the raw image in Fig. 1(c), they are mog clea in the
reconstructd image in Fig. 1(f).

Figure 2(a) shows the photoelectra specta extracted
from the dat@ in Fig. 1. The specta are plotted versts elec-
tron binding enegy, eBE=hv—eKE, allowing for direct
comparisa of all data The progressia of peals in the 800
nm spectrun is assignd to transitiors from the bert ground
stak of CS,” to the excited bendirg vibrationd levels of
CS,, whos equilibrium geomety is linea. The peals are
eveny spacedwith an averag spacimg of 415+10cm %, in
goad agreemenwith Oakes et al.,'> who observel an ave-
ageinterva of 430 cm L. Our intervd is also consistenwith
anothe experimentdf and a theoretical determinatios of
the bendirg vibrationd frequeny in neutra CS, (397 and
408 cm™ 2, respectively.

An importart finding is revealel by examinirg the
enggy-dependenPADs. Even the visud examinatio of the
800 nm images in Figs. 1(c) and 1(f) reveas tha the outer
vibrationd rings are more anisotrop¢ than the inner ones.
The values of the anisotroy parameterg,** characterizing
the PADs within individud rings, are plotted in Fig. 2(b).
The increag in B with eKE is attributed to the increasing
contributian of highe-l waves compare to the isotropic s
wave dominatirg the nea-threshotl detachment.

The observe PADs are understod as follows.” Consid-
ering the detachmenin the molecula frame (MF) within the
one-electronelectric-dipok approximationswe require that
the direa produd of the irreducibke representationof the
bourd and free electran orbitals ard the dipole operato is
invariart unde the symmety operatios of the molecular
anian point groy (C,,). After determinirg the allowed sym-
metries of the free-electro waves it is conveniemnto expand
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FIG. 2. (a) Photoelectrn enagy specta obtainal from the CS,” images
shown in Fig. 1. (b) Enegy-dependenanisotroly parameter, determined
by fitting the PADs within the individud vibrationd rings in the 800 nm
image [Fig. 1(c)].

their angula pars in terms of sphericd harmonics Follow-
ing the approab of Redl et al.,'® we then make afurther
approximatim (beg justified nea threshold,'® considering
only the waves with the smalle$ angula momentun quan-
tum numbes | allowed for ead transition.

Since the highest-occupig@ molecula orbitd (HOMO)
of CS,™ isof a; symmety, the detachmentransition has the
following allowed componerg (the MF symmety of the
transitian dipole momentu is given in parenthesgs

(a;) a;—aq, with Ma ICo, where C, isthe CS,™ sym-
metry axis;

(b;) a;—bq, with Mo, L CS,” plane;

(by) a;—b,, with Mo, L Co within the CS, plane.

The transition amplituce is proportiona to the cosire of the
angk betwee the respectiveu (MF-fixed) and the laser po-
larization axis denote& her as the laboratoy frame (LF) z
axis. Settirg z to be verticd within the page the following
three types of anion orientatiors contribue the mog to the
abowe transitions:

-

@

whete the bert frame of CS,™ is indicatel by the bold line
[in (by), the anion plare 1 z], while the meanimg of the
dashd contous is explainal belon. The sketché orienta-
tions provide optimum alignmen of correspondingus and
contribue the mog to the respectie transitions In (1.a,),
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FIG. 3. (a)—(c) Photoelectrn images recordel in the photodetachmetnof

OCS -H,0 at (a) 400, (b) 529 ard (c) 800 nm. (d), (e) photoelectron
images of OCS (H,0), at 400 ard 529 nm, respectivel. The images are
shown on arbitray velocity scales (see Fig. 4 for quantitative information.

The lase polarizatian is vertical (f) The HOMO of the mog stabk structure
of OCS -H,0.

Ma, Iz, while my, , m, L Z; thus this orientation yields only
a, waves The correspondig smallestt componehis an iso-
tropic s wave followed by a p, wave In (1b,), only b,
waves are producedwith the smallestt componehbeing ap
wave directed alorng the MF-fixed b, axis which for this
orientation coincides with the LF z axis Finally, in (1.b,),
M, llz and the smallest- wave is also p, in the LF. The an-
gular properties of the smallestt waves are indicated in (1)
by the dashé contours.

In every ca shown in (1), the MF can be rotated about
the LF z axis as well as reflectal in the xy plane giving rise
to othea orientatiors yielding the sane waves as above.
Thes orientatiors are of course specia) as they yield waves
of just one symmety. Quantitative analyss calls for integrat-
ing | |2 over all possibé orientations with the free-electron

function ¢ accounting for the superposition of all allowed

waves.

Examinirg (1), it is noted tha the dominarn wave con-
tributions are eithe isotropic or hawe maximum amplitudes
along the lase polarization axis z Integratirg |¢|? from
thes contributiors only, yields a PAD peakirg along the LF
z axis, qualitatively correspondig to 8>0. All other orien-
tatiors are intermedia¢ betwea the abowe and not expected
to chang this conclusion.

At smal eKEs the cross sectim for eathh wave scales
approximatef in accordane with the Wigner law.® Thus,
the relative weight of the isotropic s wawe is expectéd to
increae for slowe electronslowering the degres of the an-
isotropy with decreasig eKE, in agreemehwith the trend
sea in Fig. 2(b).

The 800 nm PAD integratel over all eKEs is characte

ized by 8=0.68+0.02, while the corresponding values de-

rived from the 529 ard 400 nm images are 0.73+0.10 and
0.60*+0.04 respectivel. For the latter two, the enagy spec-
tra pek at eKE=1.1 ard 1.8 eV, respective}, and the pa-
ticipation of | >1 wavesin the detachmenproces cannad be
neglected.

Figures 3(a)—3(c) shav the images obtainel in the de-
tachmen of OCS -H,O at 400, 529, ard 800 nm, respec-
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FIG. 4. Filled symbols Photoelectrn enagy specta obtainel from the
OCS - H,0imagesin Figs 3(a)—3(c). Open symbols photoelectra spectra
for OCS - (H,0),, from Figs 3(d) and 3(e). Differert symbd types corre-
spord to differert wavelengthsas labeled Solid lines Simulatel photoelec-
tron specta obtainel as describé in the text, yielding VDE=2.07+0.07
ard 2.53+0.07 eV for OCS -H,O ard OCS - (H,0),, respective.

tively, while Figs 3(d) ard 3(e) display the images of
OCS (H,0), at 400 ard 529 nm. The weg 800 nm image
observe for OCS (H,0), is nat shown Comparée to
CS,”, the lack of vibrationd ring structue in the
OCS (H,0), ;imagesis due to the dissociatie natuse of the
cluste ion photodetachmeni he anisotroly parametes ob-
tainad by fitting the OCS™ - H,O PADs are practicaly inde-
penden of enegy: 8=1.13+0.06, 1.20-0.06, and 1.16
+0.05 at 400, 529 ard 800 nm, respective}. This is prob-
ably a consequereof the highly integratel natue on these
PADs, arising from awide enegy range ard differert struc-
turd isomers For OCS (H,0),, 8=1.06=0.07 and 0.99
+0.06 at 400 and 529 nm, respectivey.

Excep for the lack of vibrationd rings the images of
OCS (H,0), , are overal similar to those of CS,™, consis-
tert with the qualitative similarity of the half-filled HOMOs
inOCS (H,0);,amd CS,”. TheOCS ard CS,” PADsare
expecte to be similar, as the respectie paren orbitals are
quite similar. The resuls thus indicat tha one or two water
molecules do not alter greatly the OCS™ HOMO. Supporting
this conclusion the calculatel HOMO of OCS -H,0 is
shown in Fig. 3(f).

Since one wate molecuk does not bind an electront’
the OCS™ - H,O structue of the monohydratd clusteg anion
isexpectedFor [OCqH,0),], awata-dimer anionic core
is conceivablebut the similarity of the images in Figs 3(d)
ard 3(e) to thosx of OCS™ - H,0 [Figs 3(a)—3(c)] favors the
OCS (H,0), structure in paralld with CO, ™ (H,0),.8

Additiond structurd information is revealel by the pho-
toelectran enagy specta shown in Fig. 4. The filled and
open symbok represenOCS - H,O and OCS™ - (H,0),, re-
spectivey, while the differert symbad types correspod to
differert wavelengthsas labeled The OCS -H,O 400 nm
spectrun peals at 1.87+-0.06eV, in agreemen with the
VDE of 1.89 eV, predictal for the mog stabke OCS -H,0O
isome, basel on CCSD/6311+ +G(d,p) calculations’
Howeve, the Frankk—Condm envelog in the photoelectron
spectrum is overlad with the electronc cros section
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a(eKE), which is why the observel maximum position var-

ies with phota enegy, as sea in Fig. 4. Thus the spectral
maximum does not correspod directly to the anion VDE.

Accountirg for this effect, the solid lines in Fig. 4 indicate
the specta simulatel by superimposig the Fran&k—Condon
envelog (assumd Gaussiah with o(eKE), obtained by
modelirg the superpositia of 1=0, 1, and 2 waves disre-
gardirg all others’ Neglectirg the long-rang interactia be-
tween the electron ard neutrd OCS H,0O, the scalirg of the
partid cross sectiors was approximate by the Wigner law.'®

The consisteh modelirg of the 400, 529 ard 800 nm

OCS -H,0 photoelectra specta yields a VDE of 2.07
+0.07 eV, which is 0.18 eV larger than the theoretich pre-
diction.

This resut has implicatiors for the EA of OCS At the
CCSD/6311+ G(d) level, the adiabatt EA was predictel to
be —0.217 eV.® Assumirg tha the coupled-cluste theory
underestimatethe EA of OCS by the sane errar as the VDE
of OCS -H,0, the EA can be estimate as the CCD pre-
diction (—0.217 eV) plusthe 0.18 €V correction basel on the
measuremerof VDE, giving —0.04 eV. This is the first es-
timate of the evasive nea-zemo EA of OCS derived (albeit
indirectly) using an experimenth measurementlt is in re-
markabk agreemenwith the higha-levd theoreticé predic-
tion of —0.059+0.06L eV obtainal using the Gaussian-3
theory.®

Modeling the 400 and 529 nm photoelectra specta of
OCS (H,0), with the same parametes as above excep for
VDE, (solid lines in Fig. 4) yields a VDE value of 2.53
+0.07 eV. Thus the addition of a secon watea molecule
increass the VDE by 0.46 eV, consistetwith the 0.52 eV
increag in VDE from CO,™ - H,O to CO, ™ (H,0),,* given
the larger size of OCS™ compare to CO, ™.

In summay, we hawe demonstrate the utility of photo-
electran imaging for the studies of molecula and cluste an-
ions on the exampls of CS,” ard OCS (H,0);,. Since
unhydratel OCS  was not studiad directly, the resuls for
OCS (H,0), , are compare to CS,”. The adiabatt EA of
OCS is estimatel at —0.04 eV, while the VDEs of OCS”
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-H,O and OCS (H,0), are determineé to be 2.07+0.07
ard 2.53+0.07 eV, respectivgl. The time-resolve experi-
mens on (OCS),” (now in progress will probe the meta-
stabk OCS™ fragment$® of cluste dissociationand provide
further insights into the structue and dynamics.
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