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Low lying electronic states of rare gas—oxide anions: Photoelectron
spectroscopy of complexes of O ~ with Ar, Kr, Xe, and N
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The negative ion photoelectron spectra of the oxide anion complex&gORg=Ar, Kr, and Xe,

and O N, have been recorded. In each spectrum, two partially resolved peaks were observed, their
relative intensities varying with source conditions. These peaks were assigned to photodetachment
transitions from thés, ground state and unresolvéH s, 1, low-lying excited states of the anion.

From our data we find dissociation energies and bond lengths fof3hand %I anion states.
Periodic trends in the bond length and dissociation energy are examined and compared to those in
the isoelectronic neutral halogen rare gas systems and the effect of anisotropy in the interatomic
potential and relative interaction strength is examined. From our data we find that the dissociation
energies in the anion system are much larger but thatXhéll splitting is significantly lower. In
addition to the diatomic clusters, we report the photoelectron spectra of th&,0,_5 and

O™ Xe,-,_3 clusters and tabulate the vertical detachment energies and peak widths. From a
comparison of the energetics and peak broadening we are able to make a determination of the
general structure of the=2 andn=3 clusters. ©2002 American Institute of Physics.
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I. INTRODUCTION clusters of BF and I, and xenon clusters of | have also

The weak interaction between closed shell neutral spe?€en éxamined by ZEKE and partially discriminated thresh-
cies has been investigated extensively over the past decad@d photodetachment experimersThe ion-induced dipole
These efforts have produced a large body of experimentéﬂteracnon in closed shell ion-neutral complexes is stronger
and theoretical literature extending from the relatively simplethan van der Waals but, like the van der Waals interaction, is
interatomic to atom—molecule, intermolecular, and multi-nonbonding. Here we present the 488 nm negative ion pho-
body systems. The nature of the weak interaction betweefpelectron spectra of dimers of the type Rg, where Rg is
open and closed shell species lies between that of a nonbon@-'So rare gas atom or nonreactiv& , molecule. The inter-
ing closed shell interaction and the covalent bonding of oper&ction in this case is between an open shell anion and a
shell atoms or radicals. Compared to the current high level o¢losed shell neutral and represents a further step in interac-
understanding for closed shell systems, investigations dfion strength for weakly bound systems. The most apparent
open shell complexes are still in an early stage of developdifference between open and closed shell systemteether
ment. This is partly due to the experimental difficulties inion or neutral is that open shell systems have spin and in
generating stable molecular beams of atomic and moleculanany cases orbital angular momentum. The implications for
radicals in sufficient intensity as well as the theoretical com-anion complexes are unique in that while closed shell anions
plexities involved. Nonetheless, significant strides have beedo not generally support stable excited electronic states, open
made in a number of areas, in particular metal atdmjo-  shell anions may have spin orbit states that lie below the
gen atom, and small molecular radfcahre gas complexes. ground state neutral potential. For example, the electron af-
An additional example of a weak interaction that is strongeffinity (EA) of the oxygen atom is 1.461 eV and the spin-orbit
than van der Waals is that between ions and neutrals. Theplitting between the 02P3,2’1,2 states is only 21.961
photodetachment of halogen anion rare gas complexes umeV®~*!In addition to spin orbit splitting, the spatial degen-
dertaken by Neumark and co-workers neatly encompassegacy ofm, levels in the open shell species is removed upon
both of these systems. In a series of zero electron kinetifhteraction with the closed shell partner. Hence, additional
energy(ZEKE) spectroscopy studies these investigators havgow-lying states are produced due to the anisotropy of the
found spectroscopic constants for the closed shell anion angteraction. Relative peak intensities in the photodetachment
the corresponding open shell neutral states for rare gas dif open shell anions will therefore depend upon the thermal
atomic complexes of Cl, Br, and I".>~® Larger argon population of low-lying excited anion states as well as the
branching ratios for the respective aniemeutral photode-
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spin orbit splitting, have been well characterized by Hotopln this manner the six lowest states of the rare gas oxides
and co-workerS. Subsequent threshold detachment byassociated with the GP, 110)+Rg(1so) asymptotes for Rg
Lineberger and co-workers determined thé Gpin orbit =He, Ne, Ar, Kr, and X& were characterized. A subsequent
splitting to greater precision, and is currently the most accustudy found this information for the oxide complexes of H
rate value for this quantit}’ In O"Rg complexes, collinear and CH,.?® With the neutral states well characterized, nega-
and perpendicular orientations of the singly occupied oxygetive ion photoelectron spectroscopy is able to provide infor-
anion 2 orbital produce two electronic states,andll in mation on the energetics of the anion complex.
Hund’s casea representation. This representation is justified  The only prior experimental information for oxide anion
in the oxygen anion complexes by the small Gpin orbit  rare gas complexes is from ion mobility studies of @3
splitting relative to the ion-induced dipole electrostatic inter-and a photoelectron study of “@wr,_;_ 5434 performed by
action and is discussed in the interpretation section. Yhe our group®® In addition to fits of the OHe ion mobility
state minimizes electron—electron repulsion and is thelata’>*an ab initio calculation of the OAr potential has
ground state of ORg. With both orientation and spin orbit been carried out by SheeffThese unpublished results pro-
effects taken into account, the interaction of the(€P,,,)  vided welcomed theoretical guidance during the analysis of
atomic anion with a rare gas atom results in three electronighe experimental data reported here. Since then, an aqditional
states, thé3,, ground state and low-lyingll,, 1, excited  theoretical study of OAr has been performed by Chalasin
states. The?3,, and °[ly, state dissociate to the ski and co-workers, who successfully modeled theAD
O (?Pg,) + Rg asymptote. Théll,,, state dissociates to the photoelectron spectrum reported here using a combated
o*(2p3,2)+Rg asymptote. In a like manner, the three Spininitio atoms-in-molecule approaéﬁ.That work is summa-
orbit states of the dPZ,l,O) atom lead to six states in the rized in their recent review/. These investigators shared with
neutral oxygen rare gas complex. Hence, 488 nm photoddIs their recent results for @Kr, which are discussed in their
tachment of ORg accesses 18 photodetachment transitiongccompanying papéf.
between states associated with the (8P3,1)+Rg and In our experiment the oxide anion complexes, Ry
O(®P, 1 0+ Rg asymptotes(Detachment to neutral oxygen (Rg=Ar, Kr, Xe, and Ny) were produced and photodetached.
s and’D states is well outside of the 488 nm photon rahge. Their negative ion photoelectron spectra were recorded un-
First observed in 1946, the characteristic green emissiof€r varying source conditions and are shown in the results
in discharges in mixtures of £and xenof? was determined section. Each of the photoelectron spectra contain two de-
to be oxyger'S—'D emission perturbed by association with tachment features whose relative intensity varied with source
rare gas? Subsequent interest in excimer lasing in the 1970&0nditions. This indicates that the transitions are dependent
motivated many of the experimental studies of the neutratPon the thermal population of excited states of the anion
oxygen—rare gas systertfs;*® and since that time, the po- and the two pgaks have been assigned to photodeta}chment
tential curves of the neutral oxygen—rare gas complexes haJ&m 322_1/2 anion ground state and unresol\f.dﬂlwyl,zspm
been studied theoretically by a number of investigatdré: ~ Orbit ¢x0|ted states of the anion. The vertical detachment
Examination of the ground state )+ Rg(*S) potential energles(VDEs_)_of thg spectral featu_res have l_)een mggsured
curves was important to this effort because quenching 0_{;md the transitions mvolyed are dlscusse_zd in d_etall in _the
O(*D) to the OFP) ground state by collision with rare gas Nterpretation section. Using these data with the information
depletes the lower laser levi#lAs a consequence, these in- 0N the corresponding neutral potentials of Aquilanti and
vestigators were most interested in the short-range repulsive?-Workers,” dissociation energies of the anion complexes
part of the OPP)+Rg(*S) potential, where curve crossing &€ calculated and compared to theory. W!thgg\sastance from
with the O¢D)+Rg('S) potential occurs, and neglected or theoretical calculations of the @\r potential; the bond
treated lightly the van der Waals interaction. lengths of the OKr and O Xe complexes are estimated. In

More recently the OfP)+Rg('S) potential has been addition to the periodic trends that form the bulk of this
explored in detail by Aquilanti and co-worké?sas part of examination, the photoelectron spectra of the cluster series
their efforts in examining the anisotropy of the interaction© Kfn=2-s and O Xe,_,_s were also recorded. A consis-
between open shell atoms and rare gas atoms and nonredght trend in peak broadening is observed over the Kr, Xe,
tive molecule€*~2 In these experiments, absolute integral and, the previously published, Ar clusters. The broadening

cross sections were measured as a function of beam velociljEd Will be discussed in light of the solvation energies mea-
for the scattering of open shell atoms with rare gases o ured with .c,tonS|derat|on of the possible packing structures
nonreactive closed shell molecules. These results were and®’ the additional rare gas solvent.

lyzed to express the electrostatic interaction as a sphericalll,
Vq, and anisotropicy,, component. These are related to the ™
Y and I1 potentials by simple linear combinationg, Negative ion photoelectron spectroscopy is conducted by
=1/3(Vy+2Vy) andV,=5/3(Vs—Vy). Morse parameters crossing a fixed frequency laser with a mass selected beam of
for the spherical part of the interaction were determined frormegative ions under field-free and collision-free conditions.
the glory pattern. Parameters for the anisotropic interactiohe energy required to photodetach an electron is equal to
were found from the overall behavior of the cross sections athe difference between the photon energy and the kinetic
well as dampening of the glory amplitudes. This method deenergy carried away by the departing electron. The beamline
scribes most accurately the van der Waals portion of th@nd photoelectron spectrometer used in this experiment have
potential, finding well shape, depth, and equilibrium radiusbeen described in detail previoush/° Briefly, anions are

EXPERIMENTAL METHOD
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extracted from the ionized expansion of a supersonic sourcef our pick-up source. This indicates that the pick-up gas is
accelerated to 500 eV, and mass selected by a Wien filteentrained in the expansion beyond the clustering region in
The beam of mass selected negative ions is crossed with tHint of the nozzle. The advantage of using the pick-up line
488 nm output of an intracavity argon ion laser. A small solidin lieu of a seeded gas expansion is that one can prepare
angle of detached electrons is collected into a hemisphericapecies in the jet that you could not otherwise make, either
electron energy analyzer run at a constant 5 eV pass enerdyecause the two gaseous feedstocks are reactive, because
The electron energy resolution of this spectrometer is 2%hey would form competing cluster series, or because they
meV and was calibrated to the known EA of'&! would increase the beam and/or plasma electron temperature.
For these experiments the expansion source was run with
a 12-17um diameter nozzle typically backed with 2—7 atm
of argon (either seeded with 5%-10% Kr, Xe,,Nr just
neaj. The stagnation chamber of the source was cooled tQ|. RESULTS
~—70°C by recirculating methanol through a cooling bath
(usually dry ice and acetohend then through the cooling The negative ion photoelectron spectra of Ry (Rg
jacket of the source. The background pressure ranged from Ar,Kr,Xe) and O N, were taken with source conditions
8x 10 ° to 1x 10 “ Torr in the source chamber.,l® was characterized rather generally as hot, warm, and cold, and are
introduced near the expansion region through a small diampresented in Fig. 1. The most noticeable feature about these
eter copper “pick-up” line located 1-3 mm above the nozzlespectra is the presence of two photodetachment peaks.
and 2 mm downstream. Some portion ofionized in the Barely resolved in OAr, the spacing between the peaks
plasma forming O and NO which clustered with the ex- increases with the periodicity of the rare gas until they are
pansion gas(Little clustering of NO onto these sub-ions quite distinct in O Xe. By varying source conditions, stag-
was observed even though® interacts more strongly with nation chamber temperature, backing pressure, and filament
ions than any of the rare gases examifiedVe have found emission current and bias, we were able to alter the relative
modest self-clustering of the pick-up gas to be characteristimtensities of the peaks, indicating that they result from de-
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FIG. 2. Photodetachment relationships for transitions from a weakly bound
anion rare gas complex to the corresponding neutral, -ARGRg.

or to the dissociation energy of the neutral complex, and the

tachment from different anion states. These peaks have be&(}liabatic electron affinitAEA) of the oxygen rare gas
complex as follows:

labeledX andA, denoting the ground and excited anion state

respectively. VDE=Dg s rot+ EAy+ Vi R=R 1
Photodetachment is a vertical process that accesses the 0A-Rg N ViR eA Ry @

neutral potentialVy.g(R) at the geometry of the anion VDE=D +AEAN. ro+ Vi.ro( R=R ). (2)

Vn.r(R=Re a.rg). Peaks in the photoelectron spectra of ON-Rg NRoT INRe AR

weakly bound complexeswhich have low-energy vibra- Neutral complexes have broad wells with depths an or-

tional modegy may be broadened by unresolved Franck—der of magnitude smaller than their respective anion com-
Condon vibrational progressions in the neutral as well aplexes. Under these conditions, wiby y.rq and Vy.gg(R
transitions from populated anion vibrational levels. In addi-=R¢ o.rg) Neglected in the above equations, the measured
tion, broadening may occur due to bound-free transitions t&/DE is a good approximation to the adiabatic electron affin-
the continuum region of the neutral. The electron bindingity of the neutral complex, Eq2), and the solvation energy,
energy at peak maximum is defined as the anion verticaBE=VDE—EA,, is a reasonable approximation to the anion
detachment energyWVDE) for that feature. These are re- well depth, Eq.(1).

ported in Table | along with the solvation ener¢yE), the Examination of the spectra in Fig. 1 and the VDEs in
peak shift from the detachment energy of free @he  Table | reveal that while th&X and A features both move to
atomic oxygen electron affinify and the peak spacing be- progressively tighter electron binding energy with periodic-
tween theX andA features. A schematic of the photodetach-ity, the X feature does so at a greater rétee VDEs of theX
ment relationships is shown in Fig. 2. With the zero of theand A peaks shift by 0.206 and 0.128 eV, respectively, for
potential energy placed at the ground state neutral separat&t=Ar—Xe). In Fig. 3 a plot of VDE versus solvent polar-
atom limit, Viy.rg(R=Re a.rg) IS pOsitive or negative de- izability demonstrates that this interaction is roughly linear
pending on whether detachment of the anion accesses tlier both features.

continuum or the bound portion of the neutral curve. In this  The different amount of broadening for these two fea-
way the VDE may be related to the dissociation energy of théures with periodicity is also readily apparent. Broadening in
anion complex and the electron affinity of the oxygen atomthe A feature remains essentially constant for Ar, Kr, and Xe

TABLE |. VDEs of the X and A peaks in the photoelectron spectra of Rjy. The solvation energies were
determined from the spectral shift the detachment energy of ®E=VDE(O™ Rg)— EA(O™). Peak widths
were determined by fitting to Gaussians. VDE error barszafemeV.

VDE S.E. AVDE(X—A) FWHM

(eV) (ev) (ev) (eV)
O Ar X 1.562 0.097 0.038 0.068
A 1.524 0.059 0.086
O Kr X 1.625 0.160 0.060 0.089
A 1.565 0.100 0.087
O Xe X 1.768 0.303 0.116 0.114
A 1.652 0.187 0.086
O™N, X 1.666 0.201 0.097 0.099
A 1.569 0.104 0.072
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and has a large increase to 0.114 eV FWHM for the xenon
complex. In Fig. 4 the spectra have been shifted and overlaifiG. 5. photoelectron spectra of the Rg,_; s cluster series, RgAr, Kr,
for both theX and A feature so that the broadening may be Xe.
easily compared.

In addition to the diatomic anions, the larger clusters,

Electron Kinetic Energy (eV)

magnified. In neutral oxygen rare gas complexes the disper-

O Xe,-»_z and O Kr,-,_s5, were also produced and pho- . “%. o . .
todetached. Their spectra are shown in Fig. 5 along with thSion interaction is weak enough that the six states associated
' ' with the OfP,;0+Rg(*Sy) asymptotes span approxi-

previously published OAr,-;_s spectra for comparison. As v th giff he th :
expected, the VDEs increase with increasing solvation b};nateyt e same energy difference as the three atomic oxy-

rare gas, but in successively smaller increments. The VDEgeTI Zplntr?rbflt S:ﬁte%?[' For exzm[t)k;:, in Eetﬁ the dlﬁerggtce n
and FWHM are reported in Table Il. It is interesting that the We!! depths for 2 ground state and the upperm

spectral width significantly decreases aftet 2 for all three state is only 6.5 meV. In ArQ this difference is only 2.9 meV.

series. Aftem=2 the peaks undergo a moderate decrease iﬁ:onsequently, the splitting between the ground and upper-
width with increased cluster size most state in the neutral complexes are only 2.9-6.5 meV

. _3 .
In synopsis, the trends to be noticed from the data argrester;:\anhthe atOmeC (f)xygéﬁ’g,l Pi’ d'f.ff]fenﬁ? of 28-1h
that the strength of the interactigthe splitting between the meV, while the number of energy levels within this range has

X and theA featuré and the broadening of thé peak both increased from three to six. At the 25 meV resolution em-
dramatically increase with the periodicity, and hence the poployed here, these states would not be resolved. If the inter-

larizability, of the solvent atom. action strength remains re_la_\tively weak in the anion com-
plexes, the anion state splitting should also be small. In this
case, the most noticeable difference between the photoelec-
tron spectra of the oxide anion complexes and free oxygen
Both dispersion and ion-induced dipole forces dependanion would be an overall shift to higher electron binding
upon the polarizability of the rare gas partner, hence welknergy proportional to the rare gas polarizability, with some
depths are greatest for the xenon and shallowest for the arg@mall peak broadening due to the few meV increase in level
complexes. For open shell species the anisotropy in the paspacing in both the anion and neutral states. This is essen-
tential also increases with the interaction strength. As notetially the “chromophore” argument used with success in a
earlier, the spatial degeneracy of the atorRistates is re- great humber of ion solvation studies, including the photo-
moved upon interaction with the rare gas. As the interactiorelectron study of OAr,_;_,¢34performed by this group?
strength increases the perturbation of the atomic structure idowever, unlike the single 37 meV FWHM peak observed in

IV. ANALYSIS AND DISCUSSION
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TABLE II. Vertical detachment energies and peak widths for the cluster anion seriés, 0, _5, O Kr,—;_s,
and O Xe,-;_3, under cold source conditions. VDE error bars ar® meV.

O™ Ar, O™ Kr, O™ Xe,

VDE FWHM VDE FWHM VDE FWHM
n (ev) (ev) (ev) (ev) (ev) (ev)
1 1.562 0.069 (1.6092 (0.1102 (1.7522 (0.1722
2 1.648 0.072 1.753 0.108 1.985 0.178
3 1.717 0.061 1.858 0.087 2.019 0.138
4 1.778 0.059 1.945 0.084
5 1.828 0.058 2.019 0.073

&The “cold” spectra of then=1 clusters of OKr and O Xe were fit to a single asymmetric Gaussian to
produce an average VDE and FWHM to facilitate comparison to the unresnlv@dspectra.

the photoelectron spectrum of free @t 25 meV resolution, ing reported in Table L, AVDE=0.038¢eV, to the anion
the O Kr and O Xe spectra contain two partially resolved 23 —2I1I state splitting. Sheehy’s calculation of the & po-
peaks separated by 60 and 116 meV, respectively. Since thential curves finds &% —2I1 splitting of 0.033 eV, consistent
neutral states are more closely spaced than our instrumentaith the photoelectron spectrum, and bond lengig?3.)
resolution, these peaks correspond to detachment frors3.0 A and R,(?I1)=3.4 A The recent calculations of
ground and excited states of the anion, a conclusion corthe O Ar potential by Chalasinski and co-workétsre con-
firmed by the source-dependent nature of their relative intensistent with these unpublished calculations and both sets of
sities. TheX andA peaks have been assigned to photodetachvalues are included in Table Il for comparison. Aquilanti’s
ment transitions from théS ground state and unresolved neutral curve for the OAr ground state has a well depth,
21]3,211,2excited states, respectively. Increasing the electronie=10.4 meV atR,=3.45 A, and crosses the zero of the po-
temperature of the anion complexes by varying source cortential ato=3.05 A 23 This neutral curve has an energy dif-
ditions also allowed us to discern the spacing between théerence, AVor{Re 0-rg) =5 MmeV, between the two anion
O Ar states. The OAr X andIl states are separated by 38 bond lengths from Ref. 35. When this is subtracted from the
meV, a spacing only slightly larger than our FWHM for pho- peak spacing in the photoelectron spectrum, BY.we find
todetachment of free Q Thus, the two peaks were not ap- a 2% —2I1 anion splitting of 0.033 eV, in excellent agreement
parent in the OAr spectra until thdl state became signifi- with Sheehy’s calculated result for this quantity. Note that
cantly populated. While broadening of the chromophore peakhe calculatedS, anion bond length is close to the neutral
had been noted in the previous @r,_; ,534Study, these zero of the potential and thdl bond length is somewhat
spectra were acquired at the coldest possible source condihorter than the neutral equilibrium bond length. The elec-
tions to maximize production of argon clustering and henceron configuration of the oxygen anion in ti#&l state is

transitions from thé&ll state remained unresolved. pipf,pi, and, with a filled O 2p orbital directed toward the
rare gas, is a predominantly a closed shell interaction. In
A. O"Ar contrast, the singly occupied @p orbital lies along the

bond axis in the’S state and is a true open shell—closed
shell interaction. Therefore, it is not surprising that #ié

- anion state has a longer bond than fBeanion state. What
indicates that photodetachment from both theand the?Il might seem counter-intuitive is that the @r 2T bond

anion states accesses the relatively flat well region of th?ength is only a litle shorter than the neutral OAr bond
neutral. Note, however, that neutral complexes have shallow
broad potentials in the region of their wells, and the two

anion states could have significantly different bond IengthsTABLE I, Potential parameters for CRg, Rg= ArKr Xe
and both access the neutral where the slope of the potential IS ' ' T
small. Using Eq(1) to take the difference in VDE between 2y 2]

the two anion states and noting that the difference between_

Examination of Fig. 4 shows only small peak broadening
in the X andA peak in O Ar relative to that of free O. This

the well depths is equal to tH& —2I1 anion state splitting, Do (&V) re &) Do (meV) re &)
the peak spacing we measure is a sum of the aftor’l1 O Ar (97) =0 (6;1) 338
. ; ; ; s 02 100 3.0 6 3.3
Ztrate astptlggrl\gl]\l gr;?] it:r? l;jcl)frflzrle;:et r:r; the neutral potential en [P [97.68 (3013 [66.03 [3.408
gy gths, O Kr 147-160 3.05-3.16 113 3.50
~ B =23 _2[] 4+ B [P [158.43 [2.963 [114.43 [3.329
AVDEo ry2x)-0-rgm = >~ T+ Vord Re.0-ry2x) O Xe 238-303 2.98-3.26 205 3.61

_VOR9< Re’o_ Rg(ZH))- (3) ®Results from M. Fajardo’s preliminary calculatio(Ref. 35.
The narrowness of th¥ and A features in OAr indicates  °Calculated results for OAr and O Kr (Ref. 38.

; All other numbers determined from the photoelectron data for the anion
thatVOR Re,o— .Rg) is small for det?Chment from both tHE ._complexes reported here using AquilantiRef. 23 scattering data for the
and the“ll anion states. The difference between them is neutral ground stat2,2) potential curves as described in the interpretation

smaller still. This allows us to assign most of the peak spac-section.
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though the ion-induced dipole interaction is substantiallysociation energy of 0.113 eV for the ®r °I1 state, Eq(1).
stronger than the dispersion interaction. With a solvation enThis result for the OKr 211 state is consistent with the cal-
ergy of 0.059 eV the OAr Il state has a dissociation en- culations of Chalasinski and co-workers who find a dissocia-
ergy approximately six times that of the neutral; however, th&jon energy of 0.109 eV and a bond length of 3.359 A for the
size of the atomic oxygen anion is significantly larger thano~Kr 211 state. Similarly, using Aquilanti’s neutral curve for
the neutral oxygen atom. For the @r 11 state the strength the ground state OXe potentiale=17.30 meV, R,

of the ion induced dipole versus the dispersion interaction is=of 3.69 A, ando=3.26 A) gives the O Xe?Il state a
just sufficient to counter the increased size of the&@ion.  pond length of 3.61 A. At this bond length neutral OXe has
These competing effects have been noted in ZEKE studies @f potential energy of-17 meV that when subtracted from

Ar, Kr, and Xe complexes of Cl, Br~, and I',*®where the  the solvation energy gives a dissociation energy of 0.204 eV.
closed shell anion-rare gas interaction is similar to the

closed shell nature of thdl state in O Ar. These investi-
gations find that the difference in bond length between anion
and ground state neutral is very small, for all of the halogerC. 2 states of O ~Kr and O ~Xe

anion rare gas systems studied, though the anion complexes As noted, calculations consistent with our data find a

have significantly deeper wells. .bond length for the OAr 23 state close to the zero of the

The good agreement between the measured peak SPaCGiential of the OAr neutral. Because thdeature in O Kr

and the calculated splitting indicate that Sheehy’s calculal-s broader than this feature in @, and broader still in

tionsﬁgi\{e a good accpunt of the gnisotropy of the interactiorbf)(e’ the bond length of thé> states in these complexes
of O™ with argon, which preferentially shortens the bond andshould be shorter relative to their respective neutrals than

degpens the well of théz grgund state. In the discyssion that found in the OAr 23 state. Thus, the zero of the po-
W@'Ch follows, conclusions will be drawn by comparing the tential of the respective neutrals are upper bounds fof¥he
O Kr qnd O Xe spectra to the O_Ar photoelectrog5 SPeC-  .nion bond lengthsRy(O~ Kr 25) < (OKr)=3.16 A and
trum 2\éwth reference to the potential curves of &> and R.(O Xe?3)=(OXe)=3.26 A. Photodetachment from
ORg: anions with bond lengths shorter than the neutral zero of the
potential accesses the repulsive wall of the neutral. Conse-
quently,Vy(R)=0 in Eqg.(1) and the solvation energy of the
peak is greater than the dissociation energy of the anion
In the spectra of OKr and O Xe, the A peak remains state. Therefore the upper bound to the dissociation energy of
as narrow as that observed in the & spectrum(note that the 23 state is 0.160 eV in OKr and 0.303 eV in O Xe.
broadening at the base is due to vibrational excitation of the A lower limit for the 2% bond lengths and dissociation
anion. Since the manifold of neutral ORg states span arenergies can be determined from the vertical detachment en-
energy range close to that of the atomic oxygen spin orbiergies reported here by noting that thRe—2I1 splitting is
states, broadening in significant excess to that observed iexpected to get larger as the polarizability of the rare gas
the photoelectron spectrum of free Ghould be due to un- increases. Thus the 0.33 eV @r23-?[1 splitting is a
resolved weak mode Franck—Condon and/or bound-freeower limit for the O Kr and O Xe 23 -2I1 splitting. Adding
transitions. The small peak broadening for photodetachmerthis to the?ll dissociation energies gives a lower limit for
from the?Il states of OKr and O Xe, similar to that ob- the?3 dissociation energies of 0.146 and 0.238 eV ink®d
served in the spectrum of @\, indicates that they each and O Xe, respectively. The difference between the solva-
have a similar relationship to their respective neutral potention energy for theX feature and the lower limit of théS
tials, i.e., the anion bond lengths are close to the neutradissociation energy is the upper limit to the neutral potential
equilibrium bond length. The small broadening observed imaccessed by photodetachment of the anj@E—Dgarg

B. 2TI states of O “Kr and O ~Xe

photoelectron spectra for tHél states of OKr and O Xe =Vn(R) from Eg. (1)]. The maximum height of the repul-
is, as in O Ar, consistent with the ZEKE results for the sive wall of the neutral that may be accessed by photodetach-
halogen anion rare gas closed shell interaction. ment corresponds to the lower limit for the anion bond

When photodetachment accesses the bound region of thength and is 0.160-0.1460.014 eV and 0.303-0.238
neutral, as is the case heféy(R)<O0 in Eq. (1) and the =0.067 meV for detachment from th& states of OKr
solvation energy is less than the dissociation energy of thand O Xe, respectively. Using equations for the ground state
anion state. Therefore the solvation energy we find is a loweneutral potentials from Ref. 23 the minimum bond length are
bound to the dissociation energy of thd states, 0.100 and found to be Ry (O Kr?3)==3.05A and R,(O Xe?3)
0.187 eV in O Kr and O Xe, respectively. Using informa- ==2.98 A.
tion for the ground state OKr potential from Ref. 28 In summary, the OKr 23 state is found to have an equi-
=13.1 meV,R,=3.57 A, ando=3.16 A), and assuming a librium bond length, 3.05 AR.=<3.16 A, and dissociation
proportionally similar relationship between anion and neutraknergy, 0.146 e¥¢D,<0.160 eV. The’S state of O Xe is
bond length as found in QAr, gives the OKr?Il state a found to have an equilibrium bond length, 2.98R,
bond length of 3.5 A. At this bond length neutral OKr has a<3.26 A, and a dissociation energy, 0.238<M,
potential energy of-13 meV, found using Eqg4), (7), and  <0.303 eV. Note that while the value of the neutral potential
(8) from Ref. 23. Subtracting/(R)=—13 meV from the accessed by photodetachment was derived from the vertical
solvation energy for this photodetachment peak gives a disdetachment energies reported here, the determination of the
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bond lengths at that potential depended upon the accuracy ekpected for an ion-induced dipole interaction, the peak

the repulsive wall of the neutrals reported in Ref. 23. Thespacing in ORg is smaller than the 155 meV FX& 211

determination of the anion dissociation energies was derivedplitting (AVDE=116 meV is an upper limit to the

primarily from the vertical detachment energies. O~ Xe23 —2I1 splitting and the width of th& peak indicates
that it is significantly smaller than thisTherefore, we can
conclude that while the interaction is stronger inRy than

D. Nature of the 2% and 2II interaction F-Rg, the degree of anisotropy in the potential is smaller.

a’he bond length trend also supports this conclusion. As dis-

lengths for a given rare gas complex requires consideratio ?:rii’ttZi r?gzgasf C%ngpls?rﬁz Ofélrl:grr;;e ig?}g::ggge SBZ(:]V(;'
of the competing effects of increased anion size versus ing! 9 9 P ‘

2 - . -
creased interaction strength, a consideration of bond Iengtﬂgnhgths :)f.the 1 stat.(tehs,tr:/vhere_ tz? _gnte;atchtmn IS mostlfy
across a periodic rare gas seri@hether anionic or neutral spherical, increase wi € periodicity of Ih€ rare gas for

must account for both the increased size and the increasé’%_hhhalogen S};;ter?s. The tbond_le?ﬁ]ths ?f %tﬁelstgtes,
polarizability of the rare gas partner. In neutral closed shelV1ich are sensitive o anisotropy In the potential, decrease

systems, where the interaction strength is relatively low, th 'tth ple”de'C'z o;erfthe r(]alnt!re He.E]xtﬁ ssrlesk;‘otr fluorltnhe,
increased polarizability of the larger rare gases is not suffi- ut only from Ar=A€ for chiorin€, wi € drop between the

cient to offset the increase in atomic radii and the net eﬁeckrypton and xenon complexes being _half an“ angstrom ?r
is that the bond length increases with periodi&ftyn open more. For the complexes of rare gas with the “halogenlike

shell systems the anisotropy of the interaction makes thes ygzen anion th'.s effect is wgaker SF'"' .T.he bon9 Ienzgths for
relationships less straightforward. the “Il states increase with periodicityR.(O™ Ar,~II)

— — 2 — — 2
Neutral fluorine and chlorine rare gas complexes are iso-_3'4'£\‘ R(O Kr?I)=35A, ~and R,(O Xe’I)

electronic with O'Rg and have been well characterized by=3.61 A, as expected for a mostly spherical interaction. The

scattering studies over the periodic series from He tG%¢8. Eg:(sjta:i?gih;or?:e\t/cfazt ir?::?;zss:inzogvveevretrﬁerer;nnzg g?f:';’glg/(e
In both the fluorine and chlorine systems tRH bond e T '
lengths increase with rare gas periodicity, behavior similar tcﬁe(g_f(‘r’ é):z'%g" 3 gé(Ao X{yf'zzt_h'g.o_s.lltlf&, an_d
that observed in the rare gas—rare gas complexes. In contra ,( €°%)=2.98-3. - ALTIISTANIS TesUull, Increasing
bond length trends of th&, states, where the bonding has a ond Ien_gth_f_or théX. states with rare gas periodicity, seems
strong anisotropic component, vary from one halogen systerﬁoumer"mu't've' For _the neu-tral halogen_—rgre gas com-
to another. In the fluorine—rare gas series, where the aniso'?—lexes the eﬁec-t of anisotropy n the po_tent!al 'S more appar-
ropy is very strong, bond lengths of tRE states decrease ent when the intermolecular interaction is strongee.,

over the periodic series from He to Xe, behavior counter tQF_Rg Versus QI—R)gSo, one might expect that the stronger
that observed in th&lT states and in closed shell systems. In|on—|nduced dipole interactions would show greater effects

the chlorine—rare gas system, however, where the anisotroéﬂan their isoelectronic-induced counterparts. However, in

is weaker, bond lengths of tR& states increase from helium is case, the weaker anisotropy observed IrRQ is a con-
to argon and have a small decrease between argon and kr

equence of the strong nature of the ion-induced dipole in-
ton, followed by a substantial drop in bond length betweer)-/\PeraCtion' The strength of the ion-induced dipole interaction
the krypton and xenon complexes.

is such that both th8S and?II states fall under a Hund’s
The anisotropy in the halogen rare gas systems that leadgSed description and because thé Oatomic anion is not a
to a deeper well and shorter bond for #% states has been

stable gas phase species the potential curves for these ionic
related to two phenomena: the formation of an incipient co

states lie at too high of an energy to stabilize theRg 2>
valent bond due to the one electron contact with the rare ga§,tate to an appreciable degree. The effect of anisotropy in the
and ionic character due to the mixing of relatively low lying

potential of O Rg is manifested predominantly by the dif-
ionic potentials oS symmetry. For the halogen complexes ference in stability for one and two electron contact rather
stabilization by charge transfer is a significant factor in the

than a difference in ionic versus covalent or molecular versus
increased stability of théS state due to the large positive separated at(_)m nature: This system thergfore Is an ideal case
electron affinity of the halogen atom. This is particularly where the difference in intermolecular interaction due to

evident in the FXe potential. The van der Waals interactior?Pe"N Shell versus closed shell nature may be examined with-

strength approaches that of the fluorine atom spin orbit interUt & corresponding charge transfer contribution.
action and the two states straddle the transition between a
separated atom Hund'’s casand a molecular Hund’s case
descriptiore® In the case of the FXAT states the interaction
remains weak enough that the well region of the potential In the diatomic O Rg clusters, the solvation energies of
remains in the Hund’s case region. However, due to the theX andA peaks approximate the interaction strength of the
increased stabilization due to charge transfer the $Xe 23 and?II anion states and hence the interaction strength of
state has a dramatic increase in well depth relative tdlthe the rare gas with the open‘Qpi versus the closed pr(
stateg(161.8 versus 6.8 meland falls well within a Hund’s and 2p§ atomic orbitals. Thesequentialsolvation energy in
casea descriptior?® cluster series is simply the difference in VDE for adjacent
Though the dissociation energies of the Rg?s, and  clusters and reflects the stabilization of the negative charge
2I1 anion states are significantly greater than in F-Rg, as iby additional solvent rare gas as well as the attractive inter-

Just as an examination of neutral versus anion bon

E.O"Rg,-1-5
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actions between solvent molecules. For small cluster ionture is supported by the drop in peak width for the3
where the charge is largely exposed and where the solvertusters, after which the FWHM continues to decrease but at
interaction with the ion is an order of magnitude greater thara moderate pace.

the solvent—solvent interaction, electron stabilization will be

the dominar_lt contrib_ution to cluster s'FabiIity. Therefore, if V. CONCLUSIONS

the sequential solvation energy for adjacent clusters is sig-

nificantly larger than the solvation energy of tHd state in We have recorded the 488 nm photoelectron spectra of
the dimer, then it is reasonable to conclude that the additiondP™ Rg, where RerAr, Kr, Xe, and O N,, as well as the
solvent rare gas molecule is bonding with the opgn @r-  larger clusters OKr,_;_s and O Xe,_;_s. Unlike the

bital. The solvation energy for tha peak in O Ar is 0.059  single unresolved peak observed in the spectrum of free O
eV. The sequential solvation energy for the &, cluster is  at 25 meV resolution, the photoelectron spectra of the oxide
0.086 eV. Similarly, the solvation energy for thepeak in ~ anion rare gas diatomics have two distinct photoelectron
O Kr is 0.100 eV while the sequential solvation energy for peaks. The relative intensities of these peaks were found to
the O Kr, cluster is 0.131 eV from thé3 state. In both Vvary greatly with source conditions and hence were assigned
cases the solvation energy upon the addition of a second raf@ the ground and low-lying excited states of the anion, the
gas is~0.030 eV greater than tHél closed shell interaction °= and’Il states, respectively. These states result from the
in the diatomic. When one additionally considers that theiSotropic interaction between the open shell &P/
effect of an interaction diminishes with increasing clustersub-ion and the rare gas that lifts the degeneracy of the
size as the charge interacts with a greater number of solve@fomic oxygen P orbitals. We find solvation energies and
molecules, it is clear that a closed shell interaction cannot beeak splittings from the vertical detachment energies we
responsible for the large sequential solvation energy obteasure, which are reasonable approximations to the disso-
served for then=2 clusters. Addition of a second rare gas Ciation energies and state splittings for #% and?II anion
atom to the ®? orbital of the?S and the?Il diatomic states ~States. By examining the spegtral_broadening evident in the
leads to two cluster geometries in the Ry, trimer. The  Photoelectron spectra and using information on the neutr_al
O~ 2p! orbital is bonded to the rare gas in tRE diatomic ~ CUrves accessed during photodetachment we are able to im-

state, therefore the addition of a second rare gas to thefOve upon these numbers. These results are compared to
O~ 2p! orbital leads to an open shell linear &g, structure. calc;ulated results WhICh are found to be ponS|stent with ex-
The O 2p? orbital is nonbonding in théll diatomic state periment. The ver_tlcal d_etachm_ent_ energies of _both fe_zatl_Jres
(the rare gas bonds to thep?, or 2p§ atomic orbitaly. The ~ MOve to progress_lvely tighter binding energy with periodic-
addition of a rare gas to the @p? orbital of the?Il di- ' the peak assigned to i state doing so at a much

atomic leads to an open shell perpendicular geometry in thdreater r_ate. This is related to the open sheI_I nature of this
subsequent cluster trimer. Note that the open shell perperfiate Which reduces electron—electron repulsion.

dicular structure can also be formed by addition of a rare gas

atom to a filled orbital of théS diatomic state. The linear ACKNOWLEDGMENTS
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