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Three rare-gas halide (RgX anions, KrBr, XeBr—, and KrCI", and the corresponding neutral,
open-shell van der Waals complexes are studied with anion zero electron kinetic energy
spectroscopy. The spectra for each system reveal well-resolved progressions in the low frequency
vibrations of the anion and one or more of the three neutral electronic states accessed by
photodetachment, providing a detailed spectroscopic probe of the Rghd Rg—X interaction
potentials. In the case of KrBr transitions to all three of the “covalent” neutral electronic states

(the X1/2, 13/2, andll 1/2 states were observed. For XeBr transitions to theX1/2 andll1/2

neutral states were observed. For KrCbnly the X1/2 state could be studied. From our data, we
construct model potentials for the anion and each observed neutral state, and these are compared
with other experimental and theoretical potentials. 1@98 American Institute of Physics.
[S0021-960€08)01037-X

I. INTRODUCTION semiempiricai®** models. The equilibrium geometry and

o ~well depth of XeBr have recently been calculated in a high
The characterization of the forces between weakly interjg,e| quantum chemistry calculatidh.

acting species has attracted a great deal of experimental and The rare gas—halogefRgX) complexes are important
t_heoretical attention in recent years. T_he interaction POtent . thair use in excimer lasers, in which lasing takes place
tials between closed shell neutral species have been Chara&étween electronically excited, strongly bound charge trans-

terized in considerable detail as a result of this effdrt. fer states and the repulsive wall of the weakly bound cova-

However, less is known about the interactions between ope%nt ground state¥ Excimer emission has also provided

and closed shell atoms, or about those between ions an L )
Spectroscopic information on the charge transfer and cova-

involving the latter two types of interactions. We report the?em states. In the cases of KrBr and KrCl emission from the

. . RgX charge transfer states to the ground stdte B— X
results of studies of the rare gas—halide atom complexeg d is broad and relativel tructurddas is tvpical of
KrBr~, XeBr~, and KrCI" using anion zero electron kinetic ang 1s broad and relatively unstructureuas 1s typical o

energy (ZEKE) spectroscopy. In these experiments we ob-bound-free transitions. However, recent emission studies of

tain spectroscopic information on both the neutral and nega}-he B—X band in XeBr reveal extensive vibrational

6,17
tively charged complex and derive accurate potentials f0§tructure1. The covalent states of rare gas—halogen neu-

both the anion and neutral species. This work is a continua@S have also been probed in a series of scattering experi-
tion of our earlier ZEKE studies of the ArBr Krl~, and  Ments. Information on the RgX species studied here comes

Arl~ complexe?;“ and is part of an ongoing effort to obtain from differential cross-section crossed molecular beam ex-

ZEKE spectra of the complete series of rare gas halides. Periments of Lee and co-workef$which yielded potentials
The rare gas halide (Rg¥ species are of interest be- for the KrBr and XeBr complexes, and from integral cross-
cause the Rg—X interaction potentials determine the trans- Section measurements by Aquilanti and co-workéreho
port properties of halide ions in rare gases; these are impoflave characterized the potential of KrCl.
tant in understanding p|asmas and gas discharges_ Accurate The neutral interactions are of interest also because they
interaction potentials are also crucial in studies of ion clus-are simple examples of open shell—-closed shell interactions.
ters of the type X(Rg),, which serve as protypical systems The effect of spin—orbit coupling on the rare gas—halogen
for understanding many-body effects in ion clustet€Our  interaction potentials has been discussed at length by Aqui-
spectra provide a direct spectroscopic probe of RgKions.  lanti and Haberland®* The two spin—orbit states of tr&®
Prior to the work reported here, the only experimental resultdalogen atom interact with the rare gas to give rise to three
on the KrBr, XeBr~, and KrCI" anions came from ion molecular electronic states. The lowf®y, state is split by
mobility studies>’ from which potentials can be obtained by the electrostatic interaction into two components, corre-
iterative fitting or direct inversion. Interaction potentials hadsponding toQ)=1/2 (the X1/2 state, in the notation used
also been derived within the framework of theorefléand  here andQ =3/2 (the 13/2 statg, where() is the projection
of the total electronic angular momentum along the internu-

dCurrent address: Agfa, Abt. FT-EO, Tegernseer Landstr. 161, 81534 MugIear axis. The Upp_e%Pllz halogen state gives rise to the
nich, Germany. 111/2(Q2=1/2) state in the complex.
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Anion ZEKE spectroscopy of rare gas halides probes thgollinear time-of-flight mass spectrometer. The Kr@sults
van der Waals well region of the covalent states; thiswere obtained using an additional skimmer in the source
complements earlier studies of emission from excimer stateghamber placed very close to the beam v&R/€he clusters
Our experiments also complement the scattering experimentgparate according to mass, and the species of interest is
because, whereas the scattering cross-sections contain infafradiated with a pulse from an excimer-pumped dye laser
mation about th@bsolutevalues of the bond length and well (Lambda Physik operating at a repetition rate of 30 Hz.
depths of the complexes, the ZEKE spectra are sensitive onlxfter a 200-500 ns delay, the electrons are extracted coaxi-
to therelative differences between the anion and neutral po-ally with the ion beam using a pulsed electric field and de-
tentials. However, in the ZEKE spectra one can observe Vitected approximatgll m away with a microchannel plate
brationally resolved photodetachment transitions to the varidetector. The electrons are detected in a 35—-100 ns gate, so
ous neutral electronic states, whereas in the crossed beafiat as the laser wavelength is scanned, only electrons with
experiments the contributions of th€l/2 andl3/2 states to  nearly zero kinetic energy relative to the anion packet are
the experimental signal are not clearly separated and must Ristected. The resulting spectral resolution is about 1-2'cm
extracted by an appropriate data inversion procedure. AlsGor atomic anions. The peaks observed in this work are
in the crossed beam experiments involving Br or | atoms, thgomewhat broader because of unresolved rotational structure.
111/2 electronic state arising from the uppé;, spin—orbit In order to study theX1/2 and|3/2 states, DMQ laser
state of the halogen atom is generally not probed because tige was used for KrBr and XeBr and PTP dye was used for
population of this state is negligible. In the ZEKE experi- KrCl. The laser pulse energy was about 20 mJ/pulse for KrBr
ments, well-resolved spectra of thel/2 states of the KrBr  and XeBr, and about 3—10 mJ/pulse for KrCl. These spectra
and XeBr systems are seen, and accurate potentials can @ere averaged over 1000-2000 laser shots/point. For the
derived for these states for the first time. 111/2 states of KrBr and XeBr, light from Rhodamine 640

The anion potentials derived here are a significant imdye was frequency-doubled with a KDP crystal, yielding la-
provement over previously available potentials. While ourser pulse energies of2—4 mJ/pulse. Spectra for thel/2
ground state potentials for KrBr and XeBr are essentially thestates were averaged over about 8000 laser shots per point.
same as those derived from scattering and excimer emissiqn all cases, the electron signal was normalized to the ion
experiments, our excited states potentials represent improveignal and to the laser pulse energy. When using DMQ and
ments over previous work, particularly for thiel/2 state. In  pTp dyes, the laser wavelength was calibrated using a
the case of KrCl, our spectra confirm the neutral potentialfFe—Ne hollow cathode lamp. An iodine cell was used to
previously deduced from the scattering experiments. calibrate the fundamental wavelength when Rhodamine 640

This article is organized as follows: In Sec. Il we de- dye was frequency doubled. The spectra were smoothed with
scribe the experimental setup for anion production andy five-point, second-order Savitzky—Golay algoritffm,

ZEKE spectroscopy. In Sec. Ill we present the ZEKE spectravhich had a negligible effect on the relative peak intensities.
of KrBr~, XeBr~, and KrCI", and assign the observed elec-

tronic and vibrational structure. Section IV deals with the
construction of model potentials for fitting the vibrational
structure and rotational contours of the ZEKE spectra. FiA. KrBr

nally, we compare our potentials with other experimental and The ZEKE spectra of KrBF are shown in Fig. 1. We

theoretical results in Sec. V. observe two band systems, shown in Fig&) Jand 1b),
separated by approximately the spin—orbit constant of Br
(3685 cmY). The lower energy band system in Figajl
ZEKE spectroscopy was originally developed by Mt results from transitions to th¥1/2 andl 3/2 states, and the
Dethlefs et al. for photoionization of neutral®2* It was  higher energy system in Fig(H) is due to thd|1/2 state.
first applied to the study of anions by Neumark and  Assignment of the vibrational and electronic features in
co-workers® The anion ZEKE apparatus used here has beefig. 1 is facilitated by our earlier studies of the ArlArBr~,
described in detail elsewhet&.?® A brief description fol- and Krl~ spectr& Specifically, the anion vibrational fre-
lows. guencies are expected to be considerably larger than the neu-
KrBr~ and XeBr anions are produced by expanding atral frequencies, and this enables one to distinguish among
mixture of 0.2% CECIBr/10%—30% Kr(or Xe)/balance He the three types of neutralanion vibrational transitions
into vacuum through a 0.5 mm aperture in a pulsed valvé v’ —v") that contribute to the spectra: vibrational progres-
(General Valve Corp. The expansion is crossed near thesions in the neutral originating from a single anion vibra-
pulsed valve wi a 1 keV electron beam produced with a tional levelv’, Av=0 sequence band transitions from a se-
thoria-coated iridium filamenElectron Technology Halide  ries of vibrational levels of the anion, amtv+0 hot band
anions are produced by dissociative attachment and othéransitions from vibrationally excited anion levels.
secondary processes, and clusters form as the supersonic ex- Figure Xa) is dominated by one peak, labelédwith a
pansion cools. KrCl anions are produced by passing theset of smaller peaks;, b;, andc,, spaced by about 15
Kr/He mixture over a reservoir containing G@it room tem-  cm ! toward lower energy. A second, weaker progression is
perature. Backing pressures were typically 20—80 psi. seen at higher energies than pdakith a characteristic peak
The anions pass through a skimmer into a differentiallyspacing of 20 cm'. We assign pealt to the origin (0—0
pumped region and are accelerated to 1 ke\wiatl m transition from the anion to th€1/2 state. Peaks,, b,, and

lll. RESULTS

Il. EXPERIMENT
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LA I R B BB B R TABLE I. Peak assignmentsv(—v") for KrBr~ ZEKE spectra(Fig. 1).

—_ 1 Energies are in ci.
2 a
5 State Peak Position Relative energy Assignment
2 1 27 602.9 0 0-0
= a, 27 588.4 -14.5 11
] 4 X172 by 27576.2 ~26.7 22
a - c 27 561.0 ~41.9 3-3
E 2 27657.0 0 e-0
N a, 27678.4 21.4 0
: A il Wien- - b, 27 695.3 38.3 20
27500 27600 27700 27800 13/ c, 27710.7 53.7 30
Energy (cm-1) ) d, 27723.0 66.0 4-0
e, 276417 -153 11
f, 27619.0 -38.0 0—1
AL AL (shouldey
0 3 b 3 313217 0 0-0
£ a, as 313435 218 0
p ! bs 31363.2 415 20
g 1172 Cs 31380.6 58.9 30
= ds 313983 76.6 40
] e 312845 -37.2 0—1
R fa 312747 ~47.0 12
« e
w 3
z s
AR A e m o R
31200 31300 31400 31500 B. XeBr
Energy (cm™) The ZEKE spectra of XeBrare shown in Figs. (@) and

FIG. 1. Experimental and simulated ZEKE spectra of KrBifhe solid 2(b). Our assignment of the peaks proceeds in a fashion simi-

lines are the experimental spectra, and the dotted lines are the spectra ckr to the assignment of the KrBr spectrum. Again there are
culated from the model potentials described in the té®tX1/2 andl3/2
states(halogen aton?P,;, asymptotg (b) 111/2 state(halogen atontP,,
asymptotg T L L B

1

a

c, are assigned tddv=0 sequence band transitions from
vibrationally excited anion states, i.e., the 1-1, 2-2, and 3-3
transitions. The dominance &fv=_0 transitions shows that
the anion geometry is very similar to the neutkd/2 state
geometry.

Peak2, the lowest energy member of the second pro- f
gression, is assigned to the 0—0 transition to ItB& state. R R IR I e e o
This assignment is made in part because it gives the best fit 27800 27900 28000
to a model potentialsee Sec. IY. Peaksa,, b,, c,, andd, Energy (cm-)
are assigned to thev(—0) vibrational progression with’
=1-4 originating from the anion”=0 level. The extent of AN R LA AR RS RARRAN
this progression indicates that th&/2 state bond length is b
significantly shifted from the anion geometry. Peek is
assigned to the 1-1 sequence band of 812 state. Peak,,

38.0 cmi ! to the red of peak is assigned to thé3/2 0-1
hot band transition, plus several overlapping bands from the
X1/2 state.

In the I11/2 state spectrum, Fig.(d), we see the pro-
gression3, az, bs, c3, andds, with a characteristic spacing RAE
of about 20 cm*, and a smaller pealeg, 37.2 cm* below Lt
peak3. We assign peal to the 0-0 transition to thd 1/2 31500 31600 31700 31800
state, and the series;, bs, c3, d; to the ' —0) progres- Energy (cm-)
sion withv’' =1-4. Peale; corresponds to the 0—1 hot band

transition, and gives an accurate value for the anion vibraf!G. 2. Experimental and simulated ZEKE spectra of XeBThe solid

tional frequenc lines are the experimental spectra, and the dotted lines are the spectra cal-
q Y. " . culated from the model potentials described in the te)tX1/2 state(halo-

The complete set of peak positions and assignments igen atom?P,,, asymptote The 13/2 state cannot be seefi) I11/2 state

given in Table 1. (halogen aton?P,,, asymptoté

ZEKE Signal (Arb. Units)

ZEKE Signal (Arb. Units)
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TABLE II. Peak assignments for XeBrZEKE spectra(Fig. 2). Energies IRRRRRERRR [T IRARRARREE IRRARRERRR T
are in cm'L. —_ 1
2
State Peak Position Relative energy Assignment 5
g8
1 27 890.0 0 6-0 a
a, 27916.5 26.5 10 ; 2
b, 27 940.2 50.2 20 c j
x1/2 ¢ 27873.0 -17.0 11 a
dy 27 855.1 —34.9 22 w
e 27841.9 —48.1 33 & h,
3 31623.6 0 0-0 N anaA A Ao
3.3 31 647.6 24.0 10 A i viaa1g Lis g1 000y Lot aaas | I L
bs 31667.1 43.5 2.0 2950 29600 29700 29800 29900
12 Cq 31687.5 63.9 3-0 Energy (cm-)
ds 31704.7 81.1 40 _ _
e, 317198 96.2 50 FIG. 3. Experimental and simulated ZEKE spectrum ofXi¢2 statghalo-
s 31583.2 —40.4 0—1 gen atom?P,, asymptotg of KrCl~. The solid line is the experimental
9 315398 838 0—2 spectrum, and the dotted line is the spectrum calculated from the model

potentials described in the text.

29 cm ! for the X1/2 state. We were not able to observe the
two band systems separated approximately by the Br spini3/2 state or thel 1/2 state for this system. The peak posi-
orbit constant. The lower energy system in Figg)2s domi-  tions and assignments are shown in Table IIl.
nated by a single peak, with a set of peaks;, d;, ande;
spaced at-17 cmi * intervals toward lower energy. We also IV. ANALYSIS
observe a pair of small peaks, andb;, 26.5 and 50.2 cit
to the blue of peald, respectively. As above we assign peak
1 to the origin transition to thX1/2 state, and the peaks,

d;, ande; to the sequence bands 1-1, 2—-2, and 3-3, respe
tively. Peaksa; andb; correspond to the 1-0 and 2-0 tran-

sitions, and are consistent within 2.5 chwith the peak respectively’3? The larger electron affinities for the com-

spacings calculated from the spectroscopic constants dEtepgl'exes show that the RgXdissociation energies are greater

m|r1.ed' by Telllyghwsen and co-wquers in their EXCIMET1han the RgX dissociation energies, and that XeBrmore
emission study! As above, the dominance of the 0-0 tran_- strongly bound than KrBr. Also, from the vibrational as-
esignments in Tables I-11l we directly obtain vibrational fre-
quencies for the anion and neutral states.

To gain further insight into these complexes, we con-
struct model potentials for the anion and neutral RgX com-

plexes to simulate the experimental ZEKE spectra. The spec-

For each of the three species, the energy of degklds
an accurate electron affinity: 27 6@3 cm™* for KrBr,
27 8903) for XeBr, and 29 728) cm ! for KrCl. These
Galues are larger than the corresponding electron affinities of
Br and Cl, which are 27129.170 and 29 138.3 ¢m

close to that of theX1/2 state. However, in contrast to the
KrBr~ spectrum, transitions to the/2 state are not seen in
Fig. 2(a).

The more congestet 1/2 state spectrum in Fig.(1d
reveals two vibrational progressions. Pe&sas, b, C3,
d;, ande; are spaced by 20 cml toward higher energy,
peaksS, f3, and g; are spaced by about 42 (‘;ﬁqtoward TABLE lll. Peak assignments for KrCIZEKE spectrun{Fig. 3). Energies
lower energy Based on this change in peak spacing peal?ée in cm'L. Assignments in parentheses contribute less than 20% of the

. . .. ' tptal peak intensity. The assignment listed first contributes the most peak
3—e; are assigned to a progression arising from the grounqﬁtensity_
anion vibrational state with the origin at peakPeakd ; and
g; are assigned to the 0—1 and 0-2 hot band transitions, State Peak Position Relative energy Assignment

respectively. 1 297245 0 o 0
The XeBr peak positions and assignments are given in (21)
Table Il. a, 29753.3 28.8 0
3—1

b, 29 784.2 59.7 20

C. KrClI ¢ 29698.1 -26.4 -1
The ZEKE spectrum of KrCl is shown in Fig. 3. The Eg:g
largest peak, labelet] is assigned to the origin transition to  x1/2 d, 29673.9 -50.6 22
the X1/2 state. Peaks, c,, d,, e;, andf, are spaced ap- (01
proximately 26 cm® toward lower energy. The latter four & 296454 791 33
peaks are assigned fov=0 sequence band transitions, with f1 296213 ~1032 (;k ‘2‘
additional contributions from the hot band transitions listed o 29 601.6 1229 ]: 3
in Table lll. Also, peaksy; andh; can be assigned to the 3 4
overlapping hot band transitions given in Table Ill. The par- hy 29575.4 —-149.1 2-4
tially resolved peaks; and b; to the blue of peakl are 45

assigned to they —0) progression, yielding a frequency of
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tra are fit by choosing model anion and neutral potentialsatom, and an effective number of electroNs,characteristic
and calculating the Franck—Condon factors, which, assumingf each atomN is empirically determined from the like-atom
a Boltzmann distribution for the anion vibrational popula- Cg4 coefficients’®*~38In the case of the halide atoms, the val-
tion, are used to produce a simulated spectrum to be comies ofN are assumed to be the same as those of the isoelec-
pared with the experimental spectrum. The potential paramironic rare gas atoms.
eters and vibrational temperature are then adjusted in a trial- In calculating the dispersion coefficients for the neutral
and-error fashion to produce the best agreement between tiRgX complexes one must account for the open shell nature
experimental and simulated spectra. The vibrational eigenef the halogen atoms which results in anisotropic polarizabil-
values are calculated from the potentials using a discretiéties. The anisotropy of the dipole polarizability has been
variable representation procedtirdased on a basis set of calculated for the Cl atom, neglecting spin—orbit effects, to
Morse potential eigenfunctiorié. be 14% relative to the average over Ml states® The

We use the flexible, piecewise Morse—Morse-switchinghalogen in thes state of a RgX complex, with the unpaired
function-van der Waal$MMSV) potential form. This is the electron oriented along the internuclear axis, has a smaller
same potential form used by Lee and co-workers for the Rg>polarizability and smaller dispersion interaction than in the
neutral potentiaf€ and in our previous worf.For the neu- II state, where the unpaired electron is perpendicular to the
tral, this potential has the reduced form, with(x) axis. Bartolottiet al*° have calculated the anisotropy of the
=V(R)/e andx=R/R,: quadrupole polarizability of the Cl atom. However, in this
calculation the value given for the quadrupole polarizability

e?P1170) —2eh1(170) 0<x<1 - :
28,(1-%) s (1_X)’_ _ of the Ar atom is 18% higher than the accurate value of
F(x) = eet =287 =My (X), I<x<x, Thakkaret al** Therefore, the Cl quadrupole polarizabilities
SV\(X)'Y'Gz(X)JF[%; SWX)JW(X), X3 <X<Xp have been scaled down by this amount. This gives an anisot-
—CarX "= CgX ™ "=W(X), Xp<X<0, ropy of 16% fora,. Because the anisotropy af; of Br has
@ not been calculated, it was assumed to be the same as that of
where the switching function is given by Cl. Likewise, because calculations @f are not available for
1 ( ) Br, these were estimated using the “hydrogenic relation-
m(X—X [T : .42
SW(x) = > | cos x Xl) i1 2 ship” discussed by Sastsdt al.:
27 A1
ag=1.5703?, @)
and
c c where both polarizabilities are in atomic units. The anisot-
Cer 6 8 (3)  ropy of @g was also assumed to be the same for Br as for Cl.

SRy T eRy, To find the dispersion coefficients for states including spin—

Here, e is the potential well depth and,, is the bond length. orbit effects, we note that tH&/2 state has purH character,
while at long range thX1/2 state is a mixture of 2/3 and

Cs is the induced dipole-induced dipole dispersion coeffi-
cient, andCy represents the induced dipole-induced quadru/3 11 character, and thél 1/2 state has 1/& and 2/311

l . . . .
pole dispersion coefficient. Higher dispersion terms are necharactef” We assume that these mixing coefficients are

glected, as is the small induction term, varying Rs® constant for all regions of the potential where dispersion

arising from the halogen permanent quadrupole moment. plays a role[i.g., X?)_(l in Eq. (1)]. )
The anion potentials are of the same form, except that The polarizabilities and effective numbers of electrons
the dispersion terms are replaced by used here can be found in Table IV. T8Bg and Cg coeffi-

cients for the various interactions are given with the other

f(X)=—BsuX *=BgX °=W(X), Xp=x<= (4)  potential parameters, discussed below, in Tables V-VII. The
with Ce values are fairly close to those of Lee and co-work&rs,
but theCg coefficients are in general larger because Lee and
B, Be co-workers approximate@g with the values from the iso-
B4f:€_r\>;4n' Bﬁf:?ﬁ&] ) electronic rare gas pairs. Because the ZEKE spectra are not

sensitive to the very long range part of the potental, Bg,
Cg, andCg were kept fixed at the calculated values during
1 the fitting procedures.
Bs=5 9ag®, Be=30%af%+C. (6) Since the ZEKE spectra do not give information about
the absolute values afandR,,, we have used results from
Here,q is the halide charge anB, is the coefficient of the previous experiments to guide our choice of these param-
dominant term in the long range RgXpotential, reflecting eters. For KrBr, we fixR,, and € of the X1/2 state at the
the dipole induced in the rare gas atom by the halide chargealues determined in the scattering experiments of Lee and
The By term arises from quadrupole induction and dipoleco-workers'® For KrCl the values determined by Aquilanti
dispersion termwffg and ag‘g are the dipole and quadrupole and co-workers for th&1/2 state are used.For XeBr, R,
polarizabilities of the rare gas, respectively. ande are taken from th&1/2 state potential of Tellinghuisen
The dispersion coefficient8g andCg are estimated us- and co-workers®1”which they obtained by combining their
ing the formulas of Koutselost al*® These formulas involve vibrationally resolvedB1/2— X1/2 emission spectrum with
the dipole and quadrupole polarizabilities of each interactinghe repulsive wall of the potential of Lee and co-work¥¥s.

and
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TABLE IV. Dipole and quadrupole polarizabilities and effective numbers of - _ X |
electrons used to calculate dispersion and induction coefficients. In atomic €= €x— Ax-1 wot @o, ©)
unis. €11= ex+Ag— Ax_j — wp+ g (10
Cor;‘zz‘:?;ding where voo(X1/2) is the origin of theX1/2 state,wd", },
Atom spinless state g aq N etc., represent zero point energies, EA is the electrop .aff|n|ty
of the halogen atomAy_, is the X1/2—13/2 state splitting
o z 13.3 20 4.z (betweenv=0 levely, and Ay_,, is the X1/2—111/2 state
1| 15.3 84.9 4.7 splitting.
s g7 ap 6.2 Oncee is fixed for thel 3/2,111/2 and anion stateR, is
Br 18. 131 ' found for these potentials by first adjustify, of the anion
n 21.8 1548 6.2 to best reproduce the observed peak intensities oXth@
o 28.1 5.404 state portion of the spectrum. Whe®y, is known for the
Br- 364 6.309 anion,Ry, for thel 3/2 andll 1/2 states can then also be found
Kr 16.79 99.296 6.309 by means of the Franck—Condon simulation.
Xe 27.16 22329 7.253 For KrBr the initial values of thex1/2 and|3/2 state

Reforonce 39 potential parameter8;, B,, X1, andx, were taken to be the
bValues from Ref. 40, scaled by a factor of 0.822 as explained in the text.S8M€ as Lee's valué§ The 8, parameter was kept fixed at
“Reference 36. the initial value because of the observation by Lee and co-
dDerived from the spherically averaged value given in Ref. 36, assuming thgyorkers that the slope of the repulsive part of the potential,

same anisotropy for Br as for Cl. . . . .
“Calculated fromey of Br using the “hydrogenic relationship,=1.570 with this 5, value, agrees well with the slope determined

32 given in Ref. 42. from analysis of the excimer emissiﬂ_ﬁ‘ﬂ'he remaining pa-
fCalculated from theS, values of the corresponding isoelectronic rare gasesfametersB,, x;, andx, were then adjusted to reproduce the
from Ref. 37, using the Slater—Kirkwood formulsee, e.g., Ref. 38 peak spacings seen in the ZEKE spectra.

“Reference 37. In the case of XeBr, th@,, 3, x;, andx, parameters
Reference 41. . .

iCalculated from the, values from Ref. 37. of the X1/2 state were adjusted to best fit the Rydberg—

Klein—Rees(RKR) turning points determined by Telling-
huisen and co-worker€. With this potential form, it was

The emission spectrum independently provides a more prd0ssible to reproduce the RKR turing point energies to
cise well depthe than could be determined from the scatter-Within 3.5 cm = The vibrational spacings for the first nine
ing experiments alone: Clevenger and Tellinghuisen cite alfVels of the resulting MMSV potential are within 0.2 ch
uncertainty of 0.8% for their value o, significantly more  Of those .calculated frqm Tellinghuisen’s spectroscopic con-
precise than the uncertainty cited for the scattering result§tants, with the exception of the=0 tov=1 spacing, which
(~5%). However, the uncertainty iR, is essentially the differed by 0.4 cm~. This level of agreement was judged to
same as in Lee’s potentié-10%). be sufficient for the purposes of this work. Because of the
To determinee for the anions and the remaining elec- &ccuracy of the Tellinghuisen potential, no adjustments were
tronic states we then use the relationships implied by Fig. 4made to thex1/2 state MMSV parameters during the fitting

namely: procedure.
an X For KrCl, the shape of th&1/2 state potential was esti-
€an= Voo X1/2) + wg + ex— wg — EA, (8  mated by choosing the MMSV parameters to reproduce the

TABLE V. MMSV potential parameters for KrBr and KrBr and zero point energiesog) and fundamental
vibrational frequenciesi(;) calculated from the potentials. Term valu€g are referenced to anion ground
vibrational state. Estimated uncertainties are given in parentheses.

X1/2 13/2 11/2 Anion
Ty (K) of 68.0 (4.0 68.0 (4.0) 45.0 (3.0

anion
To (cm™h) 27 602.9(2.0 27 657.0(4.0 31321.7(2.0 0

wg (cm™h) 125 11.7 12.4 19.2

vor (cm™Y) 23.8 21.4 22.8 37.2

€ (meV) 19.9 (1.0 13.1 (0.9 15.7 (1.0) 79.5 (1.0)
Rm (A) 3.90 (0.30 4.15 (0.30 4.03 (0.30 3.85 (0.30
B 5.70 (0.40 7.20 (0.50 7.00 (0.50 4.62 (0.30
Ba 6.72 (0.30 8.00 (0.30 7.20 (0.30 4.62 (0.20
X1 1.02 (0.09 1.05 (0.06) 1.05 (0.09 1.04 (0.06
Xp 1.70 (0.20 1.65 (0.10 1.85 (0.20 1.50 (0.10
Ce (eV A®) 86.6 (13.0 92.7 (14.0 89.6 (13.0
Cg (eV A®) 740.0 (220.0 801.0 (240.0 771.0 (230.0
B, (eV A% 17.91 (2.70

Bg (eV AS) 165.0 (41.0




J. Chem. Phys., Vol. 109, No. 13, 1 October 1998 Yourshaw et al. 5253

TABLE VI. MMSV potential parameters for XeBr and XeBr and zero  TABLE VII. MMSV potential parameters for KrCl and KrC| and zero

point energies o) and fundamental vibrational frequencies,{) calcu- point energies ¢,) and fundamental vibrational frequencies,{) calcu-
lated from the potentials. Term valudg are referenced to anion ground lated from the potentials. Term valudg are referenced to anion ground
vibrational state. Estimated uncertainties are given in parentheses. vibrational state. Estimated uncertainties are given in parentheses.
X1/2 11/2 Anion X1/2 Anion

Ty (K) of 70.0 (4.0 90.0 (5.0 Tup (K) of 210.0 (10.0

anion anion

To (cm™) 27 890.0(2.0 31623.6(4.0 0 To (cm™) 29724.5(2.0 0

o (cm™h) 12.3 12.6 21.3 wg (cm™h) 16.0 29.3

vor (cm™h) 24.1 23.1 42.1 vor (cm™h) 29.9 55.5

€ (meV) 31.53(0.25 25.52(0.74  126.92(0.50 € (meV) 22.01 (1.00 95.7 (1.0

R (A) 3.82(0.19 4.00 (0.22 3.81 (0.21) Ry (A) 3.75 (0.10 3.83(0.10

B1 4.35 (0.30 6.42 (0.45 3.50 (0.25 B 5.49 (0.40 5.70 (0.50

B> 7.41 (0.30 7.00 (0.28 5.30 (0.2) B> 5.70 (0.20 4.40 (0.20

X1 1.01 (0.09 1.03 (0.0 1.03 (0.09 X1 1.30 (0.08 1.30 (0.0

X, 2.00 (0.24 1.60 (0.19 1.60 (0.19 Xa 1.90 (0.20 2.50 (0.20

Ce (eV A9) 129.0 (19.0 133.0 (20.0 Cs (eV A®) 60.8 (9.1)

Cg (eV A®) 1270.0(380.0 1320.0(400.0 Cg (eV A®) 473.0(71.0

B, (eV A% 28.98 (4.30 B, (eV A% 17.91 (2.70

Bg (eV AS) 271.0 (68.0 Bg (eV AS) 138.0 (35.0

X1/2 state potential of Aquilanti and co-workéfswho used  metric ZEKE instrumental line shape. The intensity of the

a different representation of the potentials. This was noyEKE electron signall(E), due to an individual line is rep-
modified during the fitting because of the absence of suffiresented by

cient detail in the ZEKE spectrum. Therefore, in the KrCl 3
simulation only the anion parameters are adjusted. a( E- EO) +b( E- EO)

Once the potentials are established by the Franck— r r E~E
Condon fitting procedure, a rotational simulation is per-  |(g)= —Eoq\? [E—Eq\* -0
formed to fit the observed asymmetric peak shapes. In this 1"'0( T ) + ( T )
procedure, a set of rotational lines are calculated for each
vibrational band, and these are convoluted with the asym- 0. E<Eo 11

with a=4.3, b=0.19, c=4.2, andd=2.3, and whereE
A —E, is the energy above the thresholgly, of the line in
Rg ('S) + X (P,,) cm %, and[ is the full width at half-maximun{FWHM) in

cm L. The line shape parameters are obtained by a nonlinear
least-squares fit to the ZEKE spectra of BiThis form dif-

fers from that used previoushand is a more accurate rep-
resentation of the true ZEKE line shape. Readers are referred
to our previous work for further details of the rotational
fitting procedure. As in previous work, the rotational tem-
perature was assumed to be 40 K.

The simulated spectra are shown as dotted lines super-
imposed on the experimental spectra in Figs. 1-3. The best-
fit potential parameters are given in Tables V-VII, and the
potentials are plotted in Fig. 5. For the KrBand XeBr
spectra, the anion vibrational temperature for the/2 state
differs slightly from the lower energy stdg because the
spectra were taken with different source conditions.

Fitting the XeBr and KrCl spectra is fairly straightfor-
ward, because the peak assignments are readily apparent by
inspection of the spectra. However, for KrBr the fitting pro-
cedure is used as an aid in assigning spectral features, since
not all of the assignments are obvious from the spectra. Spe-

cifically, although the assignments of thd/2 state features
> are straightforward, the location of the origin of 82 state
is not obvious upon initial inspection. As mentioned in Sec.
FIG. 4. Schematic potential energy level diagram, showing the energetitl:” A, peqk 2 of Fig. 1(a) is 6_155|_gned 0 thés/2 Orlgln be-
relations among the atomic and molecular anion and neutral electroni&@US€ this allows the best fit with the model potential. Also,
states. this assignment gives a value of tkd/2—13/2 state split-

Energy

Internuclear Distance
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KrBr XeBr KrCl ings in the ZEKE spectra. As mentioned abojge,was not
U L adjusted, in order to retain agreement with the repulsive wall
or slope from emission studies. For thg/2 state of KrBr, the
] bond length is somewhat longer and the well depth a bit

.20 . .
| nz2 shallower than Lee’s values. The differenceRp values is

well within the stated 10% uncertainty, but the difference in
€ is just outside this range at 12%.

Our XeBr X1/2 state potential is more or less identical
with that determined by Clevenger and Tellinghui$édif-
fering only because of the limitations of the MMSV potential
form, and was not varied during the fit because of the much
higher relative accuracy of the emission results. The few
features of the XeBK1/2 state observed in the ZEKE spec-
trum (the progression/’=0,1,2—1"=0, i.e., peaksl, a,,
and b, in Fig. 2) are consistent with the emission results
within our experimental uncertainty.

Our X1/2 state potential for KrCl is essentially identical
to the integral cross-section potenttaidiffering only in the
choice of potential form. This is because the ZEKE spectra
do not contain enough information to significantly improve

Potential Energy (meV)

-100 4 F - . on the potential obtained from the scattering experiments.
We obtain significantly more new information about the
-120 |- 1r B 1 anion potentials. The trends in anion binding energies are
similar to those seen in our previous stidyhe larger bind-

A I B SIS I ing energy for XeBF compared to KrBF is due to the larger

polarizability of Xe, and the larger binding energy of KrCl

vs KrBr~ results from the smalleR,, and stronger charge-
polarizability attraction in KrCI. For all three anions, the
FIG. 5. Plots of model potentials for the RgX anion and observed neutrachange inR,,, upon photodetachment to te/2 state is very
states detgrmingd fr%rln the ZEKE spectra, using the MMSV potential Pagmall, even though the anion binding energy is considerably
rameters given in Tables V-Vl larger. Apparently the larger radius of the halide in the an-
ions compensates for the stronger binding energy.

ting, Ay_,, of 54.1 cm®. This is somewhat larger than In Table VIII, we compare the potential paramet&s
Ay_, for ArBr, 37.8 cnmi'L? a result expected due to the @nde of the anions from the present study with other values

stronger Kr—Br interaction. On the other hand, if pegk from the literature, all of which have been derived through
were chosen as thé/2 state originAy_, would essentially ~ less direct means. It can be seen that the literature values are
be the same as in ArBr, contrary to expectation. This furthefluite scattered. In comparing our results with the results of
corroborates our choice of pe@kas thel 3/2 state origin.  Kirkpatrick and Viehland, who obtained potentials via di-
The method for estimating the uncertainties of the potenf€ct inversion of ion mobility data, we find our well depths
tial parameters is discussed at length in our earlier Work.are systematically shallower and our bond lengths systemati-
Here, we present these estimated uncertainties along with ti§&lly longer. However, except for the XeBwell depth, our
potential parameters in Tables V—VII. The anion and neutravalues lie within or close to the 10% uncertainties cited by
potentials are plotted in Fig. 5. It should be remembered thahose authors. Similar discrepancies with other ZEKE poten-
the uncertainties ir andR,, are expected to be fairly rigor- tials were explored in a recent paper by Kirkpatrick and
ous, whereas the uncertainties given for the other potentidfiehland, in which they used the ZEKE potentiaisf Arl -
parameters represent lower bounds on the true uncertaintie¥)d ArBr~ to simulate ion mobilitie$® They found that the
because a complete multivariate analysis of the correlationdEKE Arl™ potential satisfactorily reproduced the mobility
among these parameters was not performed. data, despite significant differences Ry, and € from the
potentials obtained by direct inversion of mobility data.
However, the agreement for ArBrwas not as good. The
authors cite the relative insensitivity of the mobility data to
In this section we discuss our results for the neutral andvell depth to explain these findings.
anion RgX potentials and compare them to previously pub-  Potentials derived from the earlier mobility results of
lished potentials. The neutral potentials presented here do ndtcDaniel and co-workePsor KrBr~ and XeBF are slightly
differ greatly from earlier potentials. For the KrBi1/2 state, closer to ours, but show the same sign and order of magni-
of course e andR,, are the same as those from Lee’s stifly, tude deviations ire andR,,. The electron gas calculations of
because these were not adjusted in our fitting procedure. OWaldman and Gorddragain give systematically larger well
values of3,, X,, andx, differ somewhat from Lee’s values depths than ours, although the bond lengths are in reasonable
and result in an improved match with the vibrational spac-agreement. The recergb initio calculation by Schider

V. DISCUSSION
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TABLE VIII. Comparison of ZEKE-determined anion potentials with literature potentials. Uncertainties are
given in parentheses as reported in each work cited, if available.

KrBr~ XeBr~ KrCl~

e (meV) R (A) € (meV) Ry (A) e (meV) Rm (A)
Presentwork  79.51.00 3.85(0.30  126.92(0.50 3.81 (0.2) 95.7 (1.0 3.83(0.10
lon mobilities 87.1 3.73 145 3.62
lon mobilitie® 88.7 (8.9 3.579 169(17) 3.397 102(10) 3.448
Electron gas 93 3.76 159 3.64
Electron ga$ 115 3.48
Empiricaf 98 3.99 142 4.10 105 3.85
Empiricaf 90.1 3.91 130 4.02 954 3.79
Semiempiricdl  92.5 3.70 167 3.62 107 3.55
Semiempiricdl  75.1 3.87 99.9 4.05
Semiempiricél 85 3.79 146 3.74 108 3.53
Ab initiod 104 4.01

®Reference 6.

bReference 7.

‘Reference 9.

“Reference 8.

®Reference 12.

fEmpirical method of Ref. 12 modified as explained in the text.
9Reference 35.

"Reference 10.

Reference 11.

IReference 14.

et al!* yields a shallow potential with a longer bond length ing other halide—rare gas interactions; this will be tested in
than is found experimentally. ongoing studies of similar species.

The results of Pirani and co-workers in Table VIII are Recent simulations by Zefrbn Xe,Br and XgBr~ clus-
obtained by very simple formulas based on empirical polarters predict that anion photodetachment will lead to rapid
izability correlations’” Comparison to the ZEKE potentials fragmentation of the neutral cluster, because photodetach-
show discrepancies greater than our experimental uncertaifjent accesses the repulsive wall of the XeBr potential. How-

ties, except forRy, of KrBr~ and KrCl'. Because of the gy, these simulations use the parameters of Kirkpatrick and
simplicity of this method, and its usefulness for predicting\jiohiand for XeBr~ and a XeBr potential with a longd®,,

new potentials, it is of interest tq “recalibrate” these pola_lr- than that given in Table VI. This results in a very large
izability correlat_|o_n formulas using the current and earherincrease in the equilibrium bond length upon photodetach-
ZEKE results. Fitting thes andRr, parameters of the cur_rent ment, 0.770 A, whereas our potentials indicate that the neu-
Ztnu(;jﬁr?nd alsg those of the previous work on KrArBr-, tral X1/2 state and anion have essentially identical bond
we obtain lengths. The use of more accurate pair potentials should
aiP+ of® therefore have a significant effect on this aspect of the cluster
ooos A (12 simulations.
Finally, we should remark on the apparent absence of the
13/2 state in the XeBr and KrCI" ZEKE spectra, and the
and much lower intensity of this state relative to thé&/2 state in
ag the KrBr~ ZEKE spectrum. Examination of these and our
e=4380¥ (1+p) meV (13 previous results on Arl, ArBr~, and Krl~ shows an overall
m trend in which thel 3/2 transition is weaker for smaller ha-
with lides and larger rare gas atoms. Such an effect can arise if the
g overall photodetachment transition dipole to tI3#2 state is
- 213 32 (14)  smaller. Alternatively, since the ZEKE experiment is only
[1+(2a)/ag)*" g sensitive to those photoelectrons ejected with orbital angular
Here the anion and neutral polarizabilities,andag, arein  momentum =0 the diminished intensity of thk3/2 state
A% andR,, is in A. The numerical coefficients in Eq&l2)  could result if theswave partial detachment cross section
and (13) differ somewhat from Pirani’s values, 1.767 and near threshold were smaller than for th&/2 state. Prelimi-
520012 which were obtained usingandR,, for the Li*t~He  nary result§* in which the photoelectron spectrum and
and Li"—Ne interaction potentials as references. The resultZEKE spectrum of Xel are compared indicate that the tran-
using our parameters are given in Table VIII; a significantsition moments to the two Xel states are similar, and that the
improvement is obtained, although agreement is certainly nat-wave partial cross section is smaller for near threshold de-
perfect. Equation$12) and(13) should be useful in predict- tachment to thé3/2 state of Xel.

Ry=1.725

a ap

1+ =
p

p
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