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Effects of solvation and core switching on the photoelectron angular
distributions from (CO,),” and (CO,), -H,O
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Photoelectron images are recorded in the photodetachment of two series of cluster anions,
(CO),, , N=4-9 and (CQ),, -H,O, n=2-7, with linearly polarized 400 nm light. The
energetics of the observed photodetachment bands compare well with previous studies, showing
evidence for switching between two anionic core structures: The G@onomer and covalent
(CO,), dimer anions. The systematic study of photoelectron angular distribufiRi3s) sheds

light on the electronic structure of the different core anions and indicates that solvation by several
CO, molecules and/or one water molecule has only moderate effect on the excess-electron orbitals.
The observed PAD character is reconciled with the symmetry properties of the parent molecular
orbitals. The most intriguing result concerns the PADs showing remarkable similarities between the
monomer and dimer anion cluster-core types. This observation is explained by treating the
highest-occupied molecular orbital of the covalent dimer anion as a linear combination of two
spatially separated monomeric orbitals. Z004 American Institute of Physics.
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I. INTRODUCTION structures are descrbed as fL£8CS),.; and
OCS (OCS),_;, respectively. In clusters of the second
Photoelectron spectroscdmdloyvs the study of notonly  type, the electron occupies a molecular orbitslO) of a
the electronic structure of negative ions and neutral molggyalently bound dimer anion and the corresponding cluster
ecules, but also the intermolecular interactions. Experimentsirctures are described as @S (CS),., and
on cluster anions examine the molecular-level interaction§0(3s)z—(OCS)n_2 respectively.
implicated in the chemistry of condensed environments, ef-  Electron detachment from different core isomers in
fectively4bridgir?g th_e gap between the gas and condenseetsz)n— was shown to give rise to distinct PABdn par-
phases™* The imaging approacif to photoelectron spec- icylar, 400 nm photodetachment from the monomer and
troscopy, recently implemented for molecular and clustefimer core isomers yielded PADs characterized by the an-
anions;™" adds an extra dimension to these studies. In additsotropy parameter§g) of opposite signs. This case is an
tion to increased detection efficiency for low kinetic energynequivocal example of the combined angular and energy
electrons, the three-dimensioqal velqcity dis.tribution of thegomain observations yielding clearly distinguishable signa-
photoelectrons can be determined with relative ease. Photgyres of different cluster types. In addition to the direct de-
electron images unravel signatures of the molecular orbitalgychment transitions, the (g5~ and (OCS)~ cluster an-
(MOs) from which detachment takes place and so informajong giso exhibit autodetachme#@D), which was attributed
tion is provided about both the energy and structure of thgy the corresponding dimer-based isonfefs!24In agree-
electron orbitals of the parent anion. _ ment with this assignment, no AD was observed from the
In the work presented here, we pursue a detailed study Qf,onomer anions of OCS clustered with one or two water
the photodetachment of carbon—dioxide cluster anions with g,qjeculed.
special emphasis on the photoelectron angular distributions e (CS),” and (OCS)~ clusters belong to the same
. . . . - n
(PADs). The focus of this investigation is the effect of inter- jgqyalent family as (C¢), . Photoelectron spectroscopy of
molecular interactions implicated in solvation and covalen CO,).” and (CQ), - H,O revealed evidence for different
bonding on the electronic structure and related properties nioni?: core struc'?ures within these clusters as sl
the cluster anions in question. This work complements oufohnson and co-workers noticed a discontinuity in the trend
recent photoelectron imaging studies of ;S , N=1-4, ¢ \ertical detachment energy/DE) as a function of the
(O_CS%? 4 n=2-4, and OCS(H;0),, n=1 1o 2 cluster (co,) - cluster size: A steady increase in VDE is observed
anions.” " The previous experiments corroborated the pastomn=2 to 5. but VDE forn= 7 is 0.65 eV lower than that
evidence**?for the existence of different types of core an- t5; n—5_4 pronounced effect ascribed to cluster core
ion species within the (G$, and (OCS) " clusters. In gyitching®® For (CQy),~, there is evidence of coexistence

clusters of the first type, the excess electron resides on & tyo electronic isomers which possibly undergo
single C$ or OCS moiety and thus the corresponding clusterniarconversion?2°21 Theoretical work®-2223 supports the

contention that (C¢), , n=2-5 clusters comprise of a
dElectronic mail: sanov@u.arizona.edu covalently bound dimer anion core solvated by the remaining
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neutral molecules: (C9, (CO,),_». Forn>6, the cluster gion with a typical base pressure of 3%80 °Torr. Mass
core switches to a monomer anion solvated hy-(L) neu-  selection is ensured by ion detection using a dual microchan-
tral CO, molecules. A similar picture emerges in (97  nel plate(MCP) detector(Burle, Inc) situated at the very end
-H,O, where the coexistence of different core types is seenf the apparatus.
for n=2-4, followed by an apparent switch to just one type  The ion beam is crossed with the frequency doubled out-
(the monomer aniorfor n>4.1%18Calculations indicate that put beam from an amplified Ti:Sapphire laser syst@pec-
there are several close lying structures associated with the$& Physics, Ing.producing 1 mJ, 100 fs pulses at 800 nm.
isomers, but they all are either dimer or monomer b&3&dl. Frequency doubling a portion of the fundamental output us-
In 1988, Johnson’s group carried out several qualitativéng a BBO crystal produces 400 nm radiation at 120/
determinations of the angular anisotropy of the electrongulse. The linearly polarized laser beam is mildly focussed
ejected from (CQ),,” clusters and noted that the PADs were using a 2 mfocal length lens positionee 1.3 m before the
always strongly skewed along the laser polarization vector. laser beam crosses the ion beam.
Recently, we performed a systematic imaging study of this  Photoelectron detection takes place in the direction per-
cluster system. Our preliminary reptirtdocumented and pendicular to the ion and laser beams. A 40 mm diameter
quantified the striking similarity of the PADs originating MCP detector with a P47 phosphor scre@urle, Inc) is
from the solvated monomer and dimer anions of ,Gfdd  mounted at the end of an internaflymetal shielded electron
offered an explanation of this effect. The analysis was basetlight tube. Images are obtained from the phosphor screen
on the linear-combination-of-molecular-orbitdl<CMO) de-  using a CCD camergRoper Scientific, Ing.and are typi-
scription of the dimer anion’s highest-occupied molecularcally averaged for 1-8 10* experimental cycles. To dis-
orbital (HOMO), combined with the dual-source interference criminate against experimental background, the potential dif-
picture of the detachment procédsThe objective of the ference across the two imaging MCPs, normally maintained
current study is to characterize the effects of solvationat 1.0-1.2 kV, is pulsed up to 1.8 kV for a 200 ns window
(mono hydration, and core switching on the PADs from thetimed to coincide with the arrival of the photoelectrons.
cluster anions of carbon dioxide. This task has twofold im-
portance. First, it provides experimental evidence of the lo-
calization of the excess electron to a small region of a IargeP" RESULTS AND ANALYSIS
cluster. Second, knowledge of the PADs from the monohy-  The 400 nm photoelectron images of (§Q and

drated clusters is an important step in understanding how t.hGCOZ)n_ -H,0 are shown in Fig. 1. They correspond to two-
structure 240f the excess electron changes upon increasingmensional projections of the three-dimensional distribu-
hydration: _ . _ . tions of the emitted electrons onto the plane of the detector.
The paper is organized as follows. A brief description ofthe electron detachment process is cylindrically symmetric
the salient points of the experimental arrangement in the nex;ith respect to the laser polarization direction, defined as the
section is followed by presentation of the images resumngaboratory-frama axis (vertical axis in the plane of all im-
from 400 nm photodetachment from a range of cluster aniongges_ The kinetic energy and angular distributions of the
in the (CQ), and (CQ), -H,O series. The electron ki- photoelectrons are reconstructed using the BAsis-Set EXpan-

netic energy(eKE) distributions are shown to be in good sjon (BASEX) inverse-Abel transform method developed by
agreement with previous work. The PADs are characterizeghe Reisler group?

and interpreted in terms of the core anion structures and elec-  ypon inspection of Fig. 1, strong similarities are appar-

tron orbitals making use of quantum chemical calculationent petween the images in the two series. In particular, all
and the previously proposes&p model of negative-ion paps peak in the vertical direction, along the laser polariza-
photodetachmerit® Finally, a brief discussion is made of the tion axis. The spot seen at the center of the §0-H,0
remarkable similarity in the PADs for GOcluster anions  jmage is unusual in that it is laser-independent and can pos-

with different cluster cores. sibly be attributed to field-detachment of metastable cluster
anions. We have also observed this phenomenon in
Il EXPERIMENT CO, (H,0)1,.2* In the current work, analysis of the

(CO,), -H,O image is carried out after subtraction of the

The experimental apparatus is described in detailaser-independent signénarkedii in Fig. 1), yielding the
elsewheré.In brief, it employs the ion generation and massphoto-induced imagémarkedi in Fig. 1).
analysis techniques of Lineberger and co-workérf§which
are combined with a velocity mappétimaging scheme for
detection of the photoelectrons. To a certain extent, the relative abundance of a particular

The (CQ), and (CQ), -H,O clusters are formed by cluster core-typgespecially in the case of mixed clusters
expansion of undried CQat a stagnation pressure of 0—20 depends upon the ion source conditions. Since discussion of
psig through a pulse@0 Hz) nozzle(General Valve Series the PADs(Sec. IV) will be based upon the structural conclu-
9) into a region with a base pressure of £0orr (rising to  sions drawn in earlier studies, it is important to verify that
2X 10 °Torr when the valve is operatedThe supersonic the major structural trends involved in our measurements are
expansion is crossed wita 1 keV electron beam and the the same. At a qualitative level, the evidence for core switch-
anions are pulse extracted into a Wiley—McLaren time-of-ing is easy to see from the size of the images. The imaging
flight mass spectrometét.The ions enter the detection re- conditions (most pertinently the electron lens voltaged

A. Photoelectron spectra
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— —. TABLE I. The VDE and FWHM valuegin eV) for bands | and Il, corre-
n (CO2)n (COZ)n HZO & sponding to cluster anions with monom@) and dimer(ll) cores, respec-

tively, used to fit the photoelectron energy specte:this work (spectra
obtained from the images in Fig);1b) from Ref. 15;(c) from Ref. 18.

(CC)Z)n (Coz)n7 : HZO

Core VDE FWHM VDE FWHM
n type @ @® @ ® @ @© @ (©

l 341 339 121 1.30

2 | 220 214 092 0.97
3 l 354 349 113 1.30

| 238 238 093 0.97
4 Il 296 296 100 096 371 371 116 130

| 263 263 1.03 0.97
5 Il 3.25 325 1.07 1.06

| 277 277 107 111
6 1l 3.40 340 0.73 0.73

| 249 249 098 098 294 292 1.02 0.99
7 | 262 262 097 092 3.04 0.92
8 | 280 273 092 0.92
9 | 292 280 092 0.87

sections for the corresponding transitions. The imaging tech-
nique allows efficient detection of low energy electrons, for
which threshold effects are important. These effects are ac-
counted for by the approximate scaling factor éREn-
cluded in Eqg. (1), which reflects a Wigner-type near-
threshold behavior for partial waves with the orbital angular
momentum quantum numbet=0. More restrictive near-
threshold scaling of higher-order waves is neglected in the
model described by Ed1).

. o . The VDE and FWHM fitting parameters for bands | and
FIG. 1. Electron detachment images of carbon—dioxide cluster anions. Thﬁ ized in Table I. wh h d with
left-hand column represents the nonhydrated series, while the right-han are summarize m_ able o W ere_ they are compare Wlt_
column represents the monohydrated series. The laser wavelength is 400 rifi€ values reported in earlier studies. A good agreement is
and the laser polarization direction is vertical in the figure plane. Thepbserved, the only difference between the analysis in this

(CGy), -H,O image shows a laser-independent feature at the center. Th%tudy and previous work being the use of the é’REcaIing
photo-induced imagé) is shown below the experimental image after sub- factor in Eq (1)

traction of the laser-independent signal)( All images were acquired using
the same electron imaging lens voltages and are shown to scale.

B. Angular distributions

The PADs resulting from the one-photon detachment us-
are the same for all images shown in Fig. 1. Despite this, inng linearly polarized radiation can be described by the an-
the (CQ),~ series the image fan=6 covers a larger por- isotropy parameteg,®*~32which is, in general, energy de-
tion of the detector than that for=5. The presence of faster pendent. This dependence may complicate comparison
electrons suggests a lower detachment threshold for theetween different species, but meaningful insights can be
larger-size cluster. The same behavior is seen in th@ained by examining the variations |8 across a chosen
(CO,),, -H,0O series between=3 and 4. energy range. Figure 2 shows plots of energy-dependent

Photoelectron energy spectra extracted from the image®r representative monomer and dimer based, nonhydrated
were fitted by a sum of contributions accounting for detach-and hydrated cluster anions studied. In all cagdis, signifi-
ment transitions from two different specits:’18 cantly positive and contained within a rather narrow range.

_ 1/2 2012
P(eKE) =eKE'4A, exd — (eBE-VDE,)“/w;] V. DISCUSSION

_ _ 212
A exil — (eBE-VDE,) w1}, @ The images in Fig. 1 yield energy-domain fitting param-

where eBE=hv—eKE is the electron binding energy, and  eters that are very close to those reported in earlier wotk.

w,, are the half-width parameters of the Gaussians used tbhus it is reasonable to base discussion of the observed
describe the Franck—Condon profiles of the individual bandsPADs upon previously described cluster anion core struc-
These parameters are related to the full widths at halftures.

maxima (FWHM) as FWHM=2(In2)¥3w. The pre- There are two important comparisons to be made in the
exponential factorg\, and A, are proportional to the popu- series of photoelectron images presented. The first is be-
lations of the respective core ions, as well as the crosswveen the PADs corresponding to monomer versus dimer
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el @ CO,%(CO,), 161 ) €O (COY,sHO study, coefficientsA; and A, in Eq. (1) are to a good ap-

. -EA}A-A.A g f - % . proximation proportional to the abundance; qf the monomer
1.2—“AAA . o™t L [t and dimer cores, respectively. Thg/A, ratio is found to
o equal 0.19 forn=2 and 0.02 forn=3. Thus, in both the
B o o present work and that of Tsukua al. the major core spe-

cies in the (CQ), -H,0, n=2, 3 clusters is the dimer and
hence the data in Fig.(@ correspond mainly to the dimer-

041 041 anion core. Again, the dimer-based structures in the main
show slightly lowerg values, but both the monomer and
0 ‘ ‘ 0 ‘ ‘ ‘ ! dimer-based data overlap within one standard deviation over
0.3 0.5 0.7 0.9 1.1 0.3 0.5 0.7 0.9 1.1 .
the entire energy range.
(©)  (€0,),(COy), 4 d  (CO,),(CO,), 'H0 The similarity of the PADs emanating from the dimer
161 pe® 161 . and monomer based clusters in both the (GO and
cas by . % s et (COy),, -H,O series is perhaps the most intriguing result of
12 _Aﬁ_ sl= " 121° : l this study. In direct photodetachment, the PAD relates to the
s " " o structure of the parent MO, which is of particular interest for
Pos 08{ ° a systems involving two or more electronic isomers. Given the

different types of the ionic cores and HOMOs involved in the
04 041 monomer and dimer based clusters, one intuitively expects
these fundamental structural differences to be reflected in the
0 ‘ ‘ ‘ ‘ ‘ PADs. Yet, despite the core switching, the images resulting
0.3 0.5 0.7 0.9 11 03 0.5 0.7 0.9 1.1 from all clusters in both the (C9, , n=4-9 and
eKE/eV eKE/eV (COy), -H,O, N=2-7 series indicate similar PADsee
FIG. 2. The anisotropy parametgras a function of eKE(@) (CO,), ", the Fig. 1). This observation is particularly significant in view of
nonhydrated monomer-based cluster aniof: n=7, A n=8. (b)  the recent results for isovalent (§S , where the dimer
(COp), -H,O monohydrated monomer-based cluster anidsn=5, A anq monomer based clusters give rise to markedly different
n=6.(c) (COy), , nonhydrated dimer-based cluster aniolsn=4, A =4 photoelectron imag¥sThis discrepancy must be
n=5. (d) (CO,), -H,O monohydrated dimer-based cluster aniollsn ) : - .
=2, A n=3. The error bars shown represent one standard deviation for &nderstood in terms of fundamental differences in the geo-
given dataset. metric and/or electronic structures of the dimer anions of
CO, and CS.

The following discussion of the PADs originating from
based clusters. This comparison sheds light on the electronff® monomer and dimer anion cores of (§0 and
structures of the different cluster cores. The second is belCO2)n -H20O consists of two parts. First, we discuss the
tween the hydrated and nonhydrated cluster anions, higrfiudlitative nature of the observed angular distributions, mak-

lighting the possible differences between the effects of hying use of the symmetry of the orbitals initially containing
dration and solvation by carbon dioxide. the detached electrons. Second, we analyze the PADs from

Figure 2 shows that for a given cluster-core type fhe the monomer and dimer anion cores within the framework of
values at a given eKE are very similar, regardless of clusteRn LCMO description of the dimer anion HOMO and a dual-
size. This is particularly clear for the monomer-based clusSource interference picture of the photodetached electron
ters where(for examplé the values fom=7 and 8(nonhy- ~ Waves.
drated, as well as fon=5 and 6(hydrated lie close to one _ _
another. For dimer-based clusters),/ the valuesifedd and 5 1. Paraliel nature of the CO = and (CO_),” PADs
(nonhydratey] as well as fon=2 and 3(hydrated are also The >0 PAD character can be understood using the
within one standard deviation for a given eKE. s& p model, which considers symmetry of the free electron
waves allowed in the electric—dipole approximation. A de-
tailed description of the model is given elsewh&mcom-

Comparison between monomer and dimer baseganied by step-by-step applications to several molecular and
(C0O,),~ clusters can be made by examining Fige)2nd  cluster aniong:®!* In brief, the photo-detached electron
2(c), respectively. The anisotropy values are generallywave symmetry is determined under the molecular-orbital
slightly lower for the dimer-based clusters, but the differenceand electric—dipole approximations. The symmetry con-
is well within the standard deviations of the two datasets. straint combined with a chosen orientation of the anion dic-

The corresponding comparison is less straightforward irtates the partial wave composition of the free-electron wave
the hydrated series, where the lowemembers are com- function in the laboratory framé.F). A further approxima-
prised of mixtures of the dimer and monomer basedion neglects the components with the angular momentum
isomerst® Still, Fig. 2(b) represents the monomer-basedquantum numbe>1, limiting the discussion ts and p
clusters CQ (CO,)4-H,O and CQ (CO,)s5-H,O. Con-  partial waves onlyhence the name of the mogléMhesand
cerning the data in Fig.(#), the relative intensities of the p waves determined by this procedure repeated for a small
monomer to dimer cores far=2 and 3 were reported by number of principal orientations of the anion are used to
Tsukudaet al. as 0.11 and 0.08 respectivéfyin the current  determine the PAD character.

_ 0

A. Monomer vs dimer based clusters
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In the cluster anions considered here the excess electrafe two CQ groups is reduced to 75° due to the ionic
is localized on the monomer or dimer core. Consequently, ihydrogen-bonding interaction of the water molecule with the
is the core anion symmetry that is relevant to the PADs obdimer anior?® reducing its symmetry t&€,. Similarly, the
tained. Our initial discussion will assume that although thedimer structure in Fig. ®.2) experiences a hydration-
symmetry of the monomer or dimer anion core can be alterethduced closing of the OCO angle, leading to symmetry
by solvation/hydration, their overall structures remain largelychange fromD,4 to C,,. In each case the dimer anion
unchanged. Later, we will explore the validity of this as- HOMO still conforms to the totally symmetric representation
sumption. of the respective point group. Of the,4, C,, and C,,

For the monomer-based clusters, the relevant core aniogases, tha& p description of the detachment process is least
symmetry isC,,. The s& p description of CQ photode- ambiguous for theC,, group, where the free electron can be
tachment follows closely the GS case, discussed in detail shown to include mixtures af andp waves, the latter polar-
elsewheré. As with CS,”, the HOMO containing the un- ized predominantly along.® Now consider that in all dimer
paired electron in CQ belongs to thé\; symmetry species. anion structures discuss¢tthe unperturbed,y, as well as
Considering electric—dipole transitions from the HOMO, the hydratedC, and C,, structureg the detachment occurs
three final-state symmetries are allowed for the photodefrom essentially the same HOMO. While the orbital is sub-
tached electronA;, B;, andB,. These symmetry species ject to solvent perturbations, their effect on its overall shape
are defined in the molecular fran&lF). The relative ampli- is not too great and the resulting PADs should be similar.
tudes depend on the orientation of the anion with respect t&ince thes& p analysis in theC,, case unambiguously indi-
the laser field vector, defined in the LF. As showncates a PAD peaking along tlzeaxis, similar outcomes are
previously? under the¢<1 approximation thed;, B;, and  expected in detachment from the (§9 HOMO, regard-

B, symmetry waves correspond povaves polarized prefer- less of the detailed cluster structure. Thus, positive photo-
entially in thez direction coinciding with the laser polariza- electron anisotropy is to be expected for all dimer-based
tion, in addition to ans wave allowed only under thé; (COy),, and (CQ), -H,O clusters studied.

wave symmetry. These components overlap to give the final

PAD pattern peaking along

A similar approach can be applied to the covalent dimer?- Direct comparison of the CO ;= and (CO,),” PADs
anion. Fleischman and Jordan predicted that this anion has"9 the LCMO approximation
D,q symmetry structure with two bent GQ@inits linked by a The application of thes& p model outlined above helps
covalent(order of 1/2 C—C bond’? This structure and the understand the parallel nature of the detachment process
corresponding HOMO are shown in Fig(a3l). While the  from both the monomer and dimer-based (&GO and
initial prediction was based on a HF/6-8G calculation, the  (CO,),” -H,O cluster anions. However, this analysis does
covalent dimer anion structure was later re-optimized bynot explain the strikingjuantitativesimilarity between thes
Saeki et al. at a higher MP2/6-31G* and MP2/aug-cc- values in the photodetachment from the £Cand covalent
pVDZ levels and no deviation fronD,4 symmetry was (CO,), cluster cores. The model gives merely an indication
observed? of the direction in which the PAD is expected to peak in each

Since theD,4 dimer HOMO corresponds to th#, irre-  case, without embarking on direct comparison of the two
ducible representation, the allowed free-electron wave symqualitatively different core anion species. We now adopt a
metries areB, and E, depending on the orientation of the new approach, which allows for such comparison. The fol-
anion relative to the laser polarization axis. TBe waves lowing discussion employs the conceptual framework out-
emanate from anion orientations with nonzero projections ofined briefly in the previous discussithof the differing
the C—C bond axis on the LFaxis. In thes andp limit, the  electronic and structural properties of covalent ¢S and
B, waves expand gs waves polarized along the C—C bond (CO,), .
axis and predominantly along theaxis in the LF. TheE We turn again to the (C9,  HOMO shown in Fig.
symmetry waves are emitted from anions with nonzero per3(a.l). The orbital can be viewed as a combination of two
pendicular components of the C—C bond axis with respect tgpatially separated monomer—anion HOMOSs, as sketched in
z. Again,swaves are not allowed, while the relevgnvaves  Fig. 3@.2. The LCMO (linear combination of molecular or-
are polarized perpendicular to the C—C bond. In the LF theskitals) formalisnt>3 allows the electron detachment to be
p waves may be polarized both in thelirection and perpen- thought of as a process emanating from two separated cen-
dicular to it, making the predictions of the model less clearters, each emitting waves characteristic of individual mono-
compared the monomer anio4, symmetry case. To ar- mer units. As seen in Figs(l81) and 3b.2), the core anion
rive at more definitive conclusions supporting the parallelHOMO in larger dimer-based clusters can be approximated
nature of the photodetachment process inhg dimer an-  in the same manner.
ion one must evaluate the transition dipole matrix elements Interference of waves emitted from two centers depends
corresponding to differer waves. on the differential distance from each center along a given

The need for these calculations can be bypassed by coulirection in the far-field limit, as well as the initial phase
sidering the dimer anion structure within monohydrated clusangle between the partial waves. The latter is subject to the
ters. As discussed below, the (&@ core within these constraints on the overall symmetry of the photodetached
clusters is distorted from it®,4 symmetry. For example, in electron wave function. A discussion of the symmetry restric-
the structure shown in Fig(B.1) the torsional angle between tions in the dual-center framework is given in our previous
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The insensitivity of the PADs to monohydration is simi-
lar to its insensitivity to stepwise solvation by €CBoth are
supported by calculations of the HOMO structure under dif-
fering solvation conditions.

In previous work, Saeket al. extended their theoretical
[second-order Moller—PlessétiP2)] study to (CQ), , n
=3-6 clusters by employing a smaller 6-31G basis set
(compared to the 6-38G* basis used by the authors for the
dimer anion.?° In these calculations, the dimer core geom-
etry changed to a plana@pproximately D, structure sol-
vated by the remainingpn—2 molecules. Intrigued by the
change of core—anion symmetry froByny to D,,, Saeki
et al. re-optimized the geometry fom=3 using the
6-31+G* basis set and found that the inclusion of diffuse
functions “restored” the predicted dimer—anion structure to
the D,y symmetry(slightly distorted by solvationcharacter-

FIG. 3. Molecular-orbital plots representing the dimer-based cluster-aniofistic of the unsolvated dimer anion. Monohydrated cluster

HOMOs. (a.]) Isolated (CQ), D,4q symmetry covalent dimer anioa.2
LCMO representation of the dimer—anion HOMO shown(@nl) as a su-
perposition of two spatially separated monomeric orbitébsl) Lowest-
energy (CQ), -H,O structure, in which the core dimer—anion is distorted
from D,4 to C, symmetry by the bridging kO group.(b.2) The (CQ),"~
-H,0 structure with HO in the end position. Geometriéshown next to the
HOMO for each specigsare taken from Ref. 23 and correspond to the
potential minima calculated at the MP2 level of theory with the 6-Gt
basis set. The structures (a.1), (b.1), and(b.2) are shown as viewed from
two different directions: Perpendicular and along to C—C bond @ajsleft
and right corners of each frame, respectiyely

report*

separation between the two monomer gro(#8 A) is small

geometries were also determined at the MP2/6-G1 level

for (CO,), -H,0, n=1,22® For n=1, three potential
minima were found; the corresponding structures are shown
in Fig. 4b). All are planar, with theC,, structure[Fig.
4(b.1)] being the most stable. Six different structures were
found for monohydrated (C{Q, , of which two correspond

to covalent dimer anion clustered with,@ [Fig. 3(b)] and

the remainder are monomer anion baEi. 4(c)]. Again,

the dimer-based structures are found to be the most stable
and the one where the water molecule bridges the two ends
of the dimer aniorjFig. 3b.1)] has the lowest energy of the

For the current discussion it suffices to note that theWo.

Since the size of the basis set appears to be critical in

compared to the de Broglie wavelength of the emitted elecdetermining the core anion symmetry, we investigated the
trons calculated in the far field. This wavelength can be esstructures and the HOMOs for (GR)~, n=2-4 after ge-

timated, for example, as 14.6 A at ekB.7 eV(correspond-
ing to the middle of the relevant eKE rang&hus, the PAD

ometry re-optimization at the MP2/6-335G* level, using
the structures determined by Saekial?®?® as starting

arises from interference of waves emitted from two almostoints for our calculation¥> We find that the dimer core

overlapping(on the electron-wavelength scakenters. Un-

anion in the most stable (G~ cluster retains an approxi-

der these conditions, the experimental observations ar@ate D,y geometry when the larger basis set is used. Yet

dominated by waves emitted with similar initial phagesn-
structive interferenge while the waves interfering destruc-
tively are suppressed. In this framework, the PADs for,CO

(CO,), has an approximatelyD,, lowest-energy core
structure, in agreement with the trend towards nedrly,
core geometries indicated by Saeki's restfltslowever, the

and (CQ), can be compared directly and are expected tcconclusions derived in the previous part of this section using
be similar as the free-electron wave function is roughly athe LCMO dual-source interference approach are unaffected
sum of the in-phase components emitted from two monomepy the ambiguity between tHe,, andD,4 geometries of the

units.

B. Effects of solvation and monohydration

core anion, because the dimer—anion HOMO can be repre-
sented as a combination of the same two monomer—anion
orbitals in either case.

Comparing the data in the left and right columns of Fig. The orbitals obtained are shown in Figs. 3 and 4 for the
2 sheds light on the effect of adding one water molecule talimer and monomer-based cluster anions, respectively. Ex-
the monomer and dimer based cluster anions. Bhalues amining the monomer-based structures, it is apparent that
for hydrated and nonhydrated clusters are similar for a givesolvation with one molecule of water, carbon dioxide, or
eKE. Although the hydrated species tend to give slightlyindeed both, makes little difference to the shape of the
lower values than the nonhydrated species, the differencddOMO. The symmetry of the dimer anidirig. 3a.1)] is
are within one standard deviation. The similarity indicatesaltered due to structural distortion induced by the water mol-
that the addition of one water molecule causes little perturecule and in the structure shown in Figb2®) there is a
bation of the shape of the HOMO of the ionic cluster core.slight localization of the negative charge toward the water-
This observation contrasts the preliminary findings of oursolvated end of the (C,™ unit. However, these are small
ongoing studies, where increasing the number ¢DHinol-  effects and the HOMO remains essentially the same. Hence,
ecules hydrating the CO anion has a pronounced effect on the similarities of the PADs from monohydrated and nonhy-
the PAD, causing the anisotropy to diminih. drated cluster anions with similar cores are not surprising.
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(a) CO,-CO, a moderate effect on structure of the excess electron within
T ~ == ~ the clusters. Likewise, the presence of a single water mol-
® Q\u : o [@J} QQ i [@“J ? ecule makes little difference in this respect. The most intrigu-
d! & é ! E ing result is that the PADs obtained from clusters with dif-
@) W @) ferent ionic core types show striking similarities. These
OO T : : findings are supported by theoretical calculations and mod-
() €0, 3,0 eling the photodetachment from the covalent dimer anion
- - _u_'mm Q‘ using an LCMO description of the parent anion HOMO
@I“ Qv Q@ v ] B coupled with a dual-source wave interference model.
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