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Zero electron kinetic energy spectroscopy of the ArCl ~ anion
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Zero electron kinetic energfZ EKE) spectroscopy has been utilized to study tPer3>Cl~ anion

and theX1/2,13/2 andll 1/2 electronic states of neutral ArCl. Well-resolved progressions in the
low-frequency vibrations of the anion and the neutral complexes are observed in the ZEKE spectra.
From our spectroscopic data we construct model potential functions for the anion and three neutral
states. This yields refined values for the neutral state splittings and the first accurate experimental
ArCI~ anion potential. Absolute uncertainties fB,, and € in all potentials are estimated to be
+0.08 A and+0.6 meV, respectively. €1999 American Institute of Physics.
[S0021-960609)01819-X]

I. INTRODUCTION surrounding solvent in these systems can provide valuable
. . clues for the understanding of photophysical properties and

) Over the last decadgs substantial experimental .and. the?éactivity of ions in solution, matrices, and crystals. RgX
retical effort has been directed toward the characterization of ;o4 ction potentials also have important practical applica-

the poten'\t;lal enfrgyf function betwgen vrv1eall<ly 'me,racuggtions, as they determine the transport properties of halide
species. Many key features governing the interaction beg,,q iy rare gases, and are, for instance, needed to describe
tween closed-shell neutral atoms and molecules are therefobt?ocesseS occurring in plasmas and discharges

‘2 . . . _ . . .
no;/_v welila utnderstooéi. Hov;evler, |3f0rhmﬁltlon on the m':e{_ As far as the ArCTI anion is concerned, the only experi-
actions between open- and closed-shell Species 15 re"’“\'ehﬁental information available so far is from ion mobility

scarce, and the same holds for the intermolecular forces b?ﬁeasuremenf%‘ In addition. three differenab initio calcu-

tween ions and neutrals. Infrared action spectroscopy hqg\tions have been performed, one employing second-order

b.een.ut|I|z§d_to investigate hlg[]G frequency |mramolecuIarmany_body perturbation theoMBPT2) with an extended
vibrations in ion-neutral clusters® but the region of low

I > . """ basis set of approximate natural orbit&sNOs),'®> another
fr(_aquency vibrations characteristic of ion-neutral blndlngone utilizing second-order Mgller—Plesset perturbation
still remains largely unexplored.

In the domain of negatively charged species, anion Zertheory(MPZ) and extended basis séwwith and without bond

; 16 ; .
electron kinetic energyZEKE) spectroscopyhas been very ?UnCtIOhS, and the third one at the. CCS7D T level of
. . . Foupled cluster theorgaug-cc-pVQZ basis sgt’ These data
successful in characterizing such low-frequency vibrationa

modes in weak anion-neutral interactions. We have demona-lre complemented by potentials deduced from several theo-

; ; - 8-23 it P
strated this in several studies, in which we reported ZEKEretICaI and(semijempirical models?** Additional experi

. 10 : mental data as provided by our present ZEKE study are
spectra for selected diatorfiic®and polyatomic rare gas ha- therefore highly desirable, especially as benchmarks for fur-
lide clusters (RgX™).*2Here we extend our investigations gnly » €SP y

to the ArCI- anion. ther theoretical studies.

ZEKE spectroscopy of the RgXdiatomics yields accu- The neutral RgX complexes accessed by photodetach-

rate anion and neutral two-body potentials. The anion potenr—’m:;;rlllt r?;tg;: an;ﬁg r?;(laoafr? ;Lmte_ltﬁféebif;ﬁa:: (terlleect?gﬁi'::-
tials are needed as a reliable basis to assess quantitatively tﬁlg . 9 .
tates arise from the interaction between fiie halogen

\ . 7S
structure, energetics and dynamics of larger halide . .
clusterd~*3as well as the importance of many-body effects®i0M and the rare gas, as schematically shown for ArCl in

in these and related speciéd2Charged RgX~ clusters can Fig. 12?5 The electrostatic interaction between the two at-
be seen as the simplest model systems of microsolvatio ms splits the lowefPy, state into two components arising

Knowledge of the interactions between the ionic core and th fom the two possible prOJGCt.IOHS of the totgl electronic an-
gular momentum{) along the internuclear axi§) = 1/2 (the

X1/2 state or ‘X" state) andQ)=3/2 (the13/2 or “1” state).
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A vides a short overview of the setup used for the ArZEKE
Ar (1S} + CI (2P,,) experiment. In Sec. Ill we present our experimental spectra
¥ and complete assignments of the observed transitions. Sec-
m tion IV focuses on the construction of model potentials for
vt"o; " fitting the vibrational and rotational peak contours of the
T Ar (1S,) + CI (2P,,) ZEKE spectra. A comparison of our potentials with the

available literature data can be found in Sec. V. The precise
potential functions obtained in this paper will be used in a

forthcoming publication to elucidate the influence of many-

body effects in larger ACI™ clusters®®

lAr('so)+cr sy IIl. EXPERIMENT

Vool X1/2) Detailed descriptions of the anion zero electron kinetic

energy(ZEKE) spectrometer can be found elsewhett:*3
Here we focus on the specific details relevant to our study.
ArCl™ anions are generated by passing argon over, Gl
0°C), which is then expanded into vacuum through a 0.5 mm
aperture in a pulsed valv@&eneral Valve Series)9with a
typical backing pressure of 60—100 psig.
> The resulting free jet is crossed/la 1 keV electron
beam. Negative ions are formed by dissociative attachment
FIG. 1. Schematic diagram of potential energy levels involved in the pho-(and other secondary processesnd undergo clustering in
todetachment of the rare gas halide ArCIThe energgtic relations among the continuum flow region of the expansion. The anion clus-
f:3;‘;22;'501”gfTﬁ;e\f;r'%rui”é%;gt?t?egesﬁgagzliclt{fg'_c states are shown. FoL ions formed during these processes are cooled as the ex-
pansion progresses. They subsequently pass through a setup
of two skimmers into a differentially pumped region. As in
pulsive wall of the weakly bound covalent ground states. Theour Xe,|~ studies:®*? the additional second skimmer in the
most widely known examples are XeCl, KrF, and ArF. source chamber appears to produce additional cooling, and
Early studies on ArCl include the observation of vacuumwe find a substantial enhancement in the yield of the larger
UV emission resulting from reactions of metastable argorclusters.
atoms with C} and CC}.?%?" These measurements, however,  The clusters are then accelerated to 1 ke\d iatl m
yielded only very limited information on the ArCl electronic collinear time-of-flight mass spectrometer, where they sepa-
states involved in this process. Very detailed information orrate according to their mass. After entering the detector re-
theX1/2,13/2, andll 1/2 potential curves of ArCl came from gion the“°Ar®®Cl~ anions(subsequently denoted “ArCl)
absolute elastic total cross-sectidrCS) measurements with are photodetached by an excimer-pumped dye ldsenbda
magnetic selection of the chlorine atoms carried out by Ag-Physik FL3002. As in our work on Xgl~ (Refs. 10, 12a
uilanti and co-workeré® More recently, coupled cluster cal- weak dc field of—15 mV/cm is applied across the electron
culations by Naumkin and McCo@ft(CCSD-T with aug-cc-  detachment region at all times; this field, which is antiparal-
pVTZ and aug-cc-pVQZ basis sg¢tss well as Burcket al?®  lel to the ion beam propagation direction, slightly decelerates
[CCSOT) with an aug-cc-pVTZ basis set including bond electrons in the laboratory frame.
functiond yielded potential functions similar to Aquilanti’s; After a delay of 400—-500 ns the photodetached electrons
but both predicted a larg&—II splitting which was outside are extracted collinearly by a weak pulsed field of 4 V/cm
the cited uncertainty limits of the scattering study. On theand deflected to an off-axis microchannel detedton away
other hand, absolute total cross sections calculated on badi®m the extraction region. Temporal filtering is achieved by
of the CCSDT) potentials of Burclet al. could not ad- gating the electron detection. Moreover, an arrangement of
equately describe the position and shape of the experimentapertures between the photodetachment point and the detec-
ArCl glory structures. Additional experimentally determined tor provides spatial discrimination. This combination of spa-
potential functions for the different ArCl neutral states aretial and temporal filtering effectively discriminates against
therefore needed. high energy electrons, so that as the laser wavelength is
Our ZEKE experiments provide a comprehensive viewscanned, only threshold photoelectrons with almost zero ki-
of the ArCI™) anion and neutraX, |, andll potentials. The netic energy are detected. Addition of the weak dc field is
ability to probe the anion is particularly important due to thefound to enhance the amount of ZEKE electrons by roughly
absence of experimental spectroscopic information. Aniora factor of 3, with no degradation of the spectral resolution
ZEKE spectroscopy is also particularly sensitive to the neuof 1-2 cm ! for atomic anions® The peaks observed in this
tral state splittings, and this will allow us to show that, e.g.,study are broader due to the unresolved rotational envelopes.
the X—I splitting in ArCl is indeed larger than the one ex- The experiment is operated at 30 Hz. For studyingXhe
tracted from the scattering study. I, and Il states PTP dyéExciton is used with a typical
The paper has been organized as follows: Sec. Il proenergy of 3—30 mJ/pulse. The ZEKE spectra are normalized

Internuclear Distance
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IN/2 state

normalized ZEKE electron signal
normalized ZEKE electron signal

FIG. 2. Experimental and simulaté8Ar®>Cl~ ZEKE spectra for thex1/2 FIG. 3. Experimental and simulatéBAr3°Cl~ ZEKE spectra for thel 1/2

and 13/2 states iP5, asymptote Solid lines, experimental data; dotted state ¢P,;, asymptote Solid line, experimental data; dotted line, best fit

lines, best fit spectral simulation based on MSV model potentials, see texspectral simulation based on MSV model potentials, as described in text. For

Peaksl and g—e, are due to th& state and peakdand 3—e, belong to the ~ complete assignments of featur@sind a—g; see Table |I.

| state; see Table | for complete assignments of all features. The two insets

on the left and on the right show magnifications of the experimental and

simulated spectra in the corresponding energy regions. nent observed in this stuyland single hot band transitions
(Av#0). These occur at lower energy than the 0-0 transi-
tion.

to the ion signal and laser power, and averaged over 2000— The spectrum in Fig. 2 is dominated by pehkand a

4000 laser shots per point. Absolute vacuum wavelengths argumber of smaller peaks, denoted adae;, of decreasing

obtained by calibration of the dye laser either with a New

Focus 7711 Fizeau wavelength met&rand| state$ or a

TABLE I. Peak assignments for the transitions betweerf#Ae*>Cl~ anion
Fe/Ne hollow cathode lam@l state. g

and the corresponding neutrdll/2, 13/2, andll 1/2 stateqFigs. 2 and 3
All energies are in cmt. The assignment listed first contributes the most to
the peak intensity. Assignments in parentheses are additional transitions

Ill. ZEKE SPECTRA AND ASSIGNMENTS needed to account for at least two-thirds of the total peak intensity.
As is already clear from the remarks in the introduction v’ (neutral)—v”(anion)
and Fig. 1, we expect to observe two band systems separated Peak Position  Relative energy assignment
by approximately the spin—orbit constant of atomic chlorine 1 29516.7 0.0 0-0
(882.4cm'=109.40 meV)%® The lower energy band sys- a 29495.9 -20.8 11
tem is shown in Fig. 2, and results from transitions to the b 29474.0 —42.7 22
X1/2 and13/2 states. The higher energy system in Fig. 3 is & 29450.0 —66.7 1=2 (33)
due to thell 1/2 state. Spectral simulation$ec. I\V) are o 29428.2 885 2-3 (see also 3
: : 29 405.0 -111.7 34 (1-3)

included in both figures as dotted lines, and a compilation of '
the assignments for all transitions are given in Table I. 2 29553.3 0.0 6-0

The vibrational frequency of ArClis expected to be 2 33 gigé _jgg; i:g (see also g
. : 3 . .
considerably Iz_irger than the frequenmes_ for the th_ree n_eutra 20599.8 1465 2.0
ArCl states. Different types of neutralanion transitions in ¢, 29614.6 +61.3 3.0
the spectra can therefore be distinguished. First, there are, 296234 +70.1 4—-0
Lo A . :
v!brat!onal progres;s!ona —v"” in which a series of. n_eutral 30432.9 0.0 0-0
vibrational I.eveISU is pppulgted by transitions originating 4, (shouldey ~ 30428.6 —43 21
from the anion ground vibrational staté=0. Transitions of b, 30412.7 -20.2 1—1
this type to neutral levels with’>0 occur at higher ener- ¢ 30379.9 —-53.0 01
gies than the 0—0 transition. There are also transitions origi-% 30360.6 —72.3 -2
nating from excited anion levels which can be further di- & 304595 266 1=0
. g. . . f3 (shouldey 30481.1 +48.2 2—0
vided into sequence bands witbnstantAv from a series of g (shouidey  30502.6 +69.7 3.0

anion vibrational levelsfv =0 and—1 are the most promi-
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intensity appear toward lower ener¢see also the left inset expected. From the vibrational assignments in Table | we
in the same figune We assign peal to the origin (0-0 can also deduce frequencies for the anion and the three neu-
transition from the anion to thX state. The peaks;ac, are  tral states. For a more detailed description of the binding
nearly equally spaced, by roughly 21 chand are assigned properties in the different ArCl species, it is necessary to
to Av=0 sequence band transitions from vibrationally ex-construct flexible model potentials for the anion and neutral
cited anion states, i.e., the 1-1 to 3-3 transitions. Pgak complexes from which the ZEKE spectra can be simulated.
also shows a contribution from the 1-2 transition which to-The potentials, fitting procedure, and results are described
gether with peaks dand g (2-3 and 3—#is part of the below.

(Av=—1) sequence band with a characteristic spacing of

about 22 cm?. The large intensity of thé&X—anion 0—0
transition and the absence®f-0 neutral progressions origi-
nating from the anion”=0 level indicates that the equilib- We use a piecewise Morse-switching function-van der
rium bond lengths of the anion and the state are very Waals(MSV) potential to fit our spectra. For neutral ArCl,
similar, as seen in all our previous studies on RgX the reduced form of this potenti@ith f(x)=V(R)/e and

A. Potential functions

specie$ 10 X=R/Ry] is
Spec_tral featu_r_es in Fig. 2 above 2_9 540 ¢rare due_ to f(x)= 2P0 _2efl-X=M(x), 0<x=<Xy,
| 3/2—anion transitions. In the upper right half of the figure,
a second inset has been included, which shows a magnifica- =SWX)M(X)+[1-=SWX)JW(X), X;<X<Xj,
tion of this part of the experimental spectrum and the corre- — Cax b= CaxP=W(X), Xp<x<o. o

sponding spectral simulation. Peaksb,...e, form a vibra-
tional progression in thé state, with peal? assigned as the Note that this form is different from our previous work, as
0-0 transition and the latter four peaks@s0 transitions we found it sufficient to use only a single Morse function
with v’ =1-4 (spaced by roughly 23 cnf). The extent of (parameterB) to describe the well region and the repulsive
this progression indicates that the bond length ofltsiate is  wall, in contrast to the more elaborate MMSV function used
significantly different from that of the anion, in apparent earlier®-1°35The switching function is calculated via
contrast to theX state. Moreover, the overall intensity of the

. 4 1 m(X—Xq)
| band is much lower than expected from the simulated SWx)=~|cos—— +1], 2)
Franck—Condon factors alottenly about 30% of th& state 2 (X2 —=X1)
intensity as estimated from the spectral simulatjofi$iis is  and the reduced dispersion coefficiefts are given by
most likely due to differens-wave partial detachment cross
sections near threshold for detachment toXhand| states, C :& :&
as was already observed in our study of X&f Ry Y eRY

_The ll state spectruntFig. 3) is dominated by peaB \yhere ¢ is the potential well depth an®,, represents the
which we assign to the 0-0 transition. Additional assign-gq,ijiprium bond lengtffposition of the potential minimuin
men_ts rely on the spectral simulation descrlb_ed below. Th s is the induced dipole-induced dipole dispersion coeffi-
partially rgslolved peaks3cand_d; left of the dip at about  gient andc, represents the corresponding coefficient for the
30400 cm* belong to theAv=—1 sequence ban®-1, i qced dipole-induced quadrupole interaction. We adopt the

1-2). Peak g therefore yields an estimate for the anion vi- g e form for the ArCl anion potential, the only exception
brational frequency of about 53 ¢rh The structure to the being that the dispersion terms are replaced by

blue of the origin(peaks g-gs) is due to a vibrational pro-
gression in the neutrab( —0, with v’ =1-3). The simula- f(X)=—BaX "= Bgx *=W(X), Xp=x<o0, (4)
tion shows that the additional peak between peaksid &  \yith
must be due to experimental noise, as no other transitions
can be present in this energy region. The resolution of the B :ﬂ :& 5)
ZEKE spectrum for photodetachment to thel/2 state is T ERYT T RS
lower than for theX and| states, because the power of the

S ; and
dye laser fundamental in this wavelength region was much
lower, and therefore the delay between photodetachment and B,=3q2a4(Ar), Bg= %qzaq(Al’)-l- Cs. (6)

electrqn extraction was slight_ly reduced_to qchieve acceptHere’q is the chloride charge anB, represents the coeffi-
able S'_%nal rates. This regult; na Z.EKE I|r.1eW|th of roughlycient of the leading term in the long range ArQpotential,
12 cni™, due to poorer discrimination against higher energyreflecting the dipole induced in the argon atom by the chlo-

electrons. Nonetheless, some vibrational structure is seen. ride anion By is made up of quadrupole induction and dipole
dispersion termsagy(Ar) and aq(Ar) are the dipole and
quadrupole polarizabilities of the argon atom, respectively,
From peakl in Fig. 2 we directly obtain the accurate as given in Table II.

electron affinity of 29516 #2.0cmt for ArCl~. This The dispersion coefficient€g and Cg for the neutral
value is larger than the corresponding electron affinity forArCl X1/2, 13/2, andll1/2 states were estimated as pre-
atomic chlorine of 29 138.59 cnt (Ref. 34 and shows that scribed in our earlier publicatiohand the necessary param-
the ArCI™ dissociation energy is greater than that of ArCl, aseters are also listed in Tablefi-**The C4 parameter for the

)

IV. ANALYSIS
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TABLE II. Dipole and quadrupole polarizabilities and effective numbers of |ess for the latter potential. The uncertainties in the reference
electrons used to calculate dispersion and induction coefficients fof ArCl values fore and R, are 0.6 meV and 0.08 A, respectively.

Interactions. These values are considerably smaller than the uncertainties
Corresponding spinless in the reference parameters used in our previous ZEKE
Atom state of ArCl neutral g (a3  aq (a) N studiesS® with the exception of Xel, where additional in-
Cl s 139 739 47 formation from ZEKE speptra .Of Iarger }{Ie* clusters al-
- 159 86.4 4% lowed us to determin®, with high precision->?
Ar 11.08' 52.78 5.¢

*Reference 36; the spherically averaged valuejs 14.63 a.u.
bValues from Ref. 37 rescaled by a factor of 0.8368: The spherically averB, Fitting procedure
agedagy(Cl) from Ref. 37 is known to be too high so it was rescaled by a

factor aq(Ar, Ref. 38)/aq(Ar, Ref. 37). This is slightly different from our We used a discrete variable representati@®VR)
prescription in Ref. 9, where(Ar) from Ref. 41 instead of Ref. 38 was proceduré3 based on a basis set of Morse potential
used for rescaling. eigenfunction¥ to determine the vibrational eigenvalues and

‘Reference 40. : . .
dReference 39, wave functions for the anion and neutral potentials. Once

*Reference 38. this was done, Franck—Condon factors were calculated, as-
suming a Boltzmann distribution for the population of the
anion vibrational levels. These were used to produce a simu-

ArCl~ anion was taken fromab initio calculations” All Cs  |ated vibrational stick spectrum. Finally, a set of rotational

andCg dispersion coefficients can be found together with theines was calculated for each vibrational band, and these

other potential parameters in Table Ill. The ZEKE spectraines were convoluted with the ZEKE instrumental line

were not sensitive to the very long range part of the potenshape to fit the observed asymmetric peak shapes; see Refs. 8

tial. ThereforeB,, Bg, Cg, andCg were not changed during and 9 for more details.

the fitting procedure. The well depth of the 3/2 state potential was kept con-

Unfortunately we cannot independently extract informa-stant. Then the well depths for the remaining states were

tion on the equilibrium bond length for any of the potentials, determined by using the following relationships implied by
because we are not able to resolve any rotational structurgig, 1:

due to our limited experimental resoluti¢z1 cm 1). Simi-
lar pr_o_blems occur for the well depth because we are only €an= Voo X1/2) + 02"+ €, — w:)+AX—I —EA(CI), @
sensitive to the differences between two electronic states. An
external reference potential is therefore needed to determine

N X
the absoluteposition and well depth of one of our potential ex= &~ wotAxtwg, ®)
curves. The bond lengths and well depths of the remaining N
potentials can then be determined with higtative preci- €= exTAsd Cl)—Ax_jj —wg+wg . 9

sion.

In our previous studies; andR,, for the X1/2 state were  vyo(X1/2) represents the origin of thel/2 state,wgn,w'o,
fixed based on either scattering or emission spectroscopy retfc. are zero point energies, E2l) andA Cl) are the elec-
sults. Here we use the position and well depth of the ArCltron affinity and the spin—orbit splitting of the chlorine atom,
13/2 state from Aquilanti’s scattering stuéybecause this respectivelyAy_, is the X1/2-13/2 state splittingbetween
potential is also in very good agreement with the most recerthe v’ =0 level9, and Ay_,, denotes thex1/2-111/2 state
CCSDT) potential of Burclet al,?® althoughe is 0.3 meV  splitting.

TABLE lIl. MSV potential parameters and deduced spectroscopic constant®Aoi°Cl and “°Ar35CI~. Term valuesT, are referenced to the anion
vibrational ground statewy=zero point energyyy,=fundamental vibrational frequency. Assumed anion temperature in the spectral simulations for
X1/2)3/2(111/2), T,;,=110(120) K andT,,=80(60) K. Estimated fit uncertainties for potential parametersgiven in parentheses.

X1/2 13/2 111/2 Anion
To (cm™Y) 29516.7(2.0) 29553.3(2.0) 30432.9(3.0 0
wo (cm™} 17.78 14.48 15.65 29.23
vor (cm™?) 31.86 25.23 27.16 53.09
€ (meV)? 16.77 (0.2, 0.6 11.42 (0.2, 0.6 12.10(0.2,0.6 64.87 (0.2, 0.6
R ()2 3.73(0.02, 0.08 3.96 (0.02,0.08 3.87 (0.02,0.08 3.71 (0.02, 0.08
B 6.21 (0.50 6.57 (0.50 6.73 (0.50 5.30 (0.50
X1 1.000 (0.05 1.050 (0.05 1.110 (0.05 1.025 (0.05
X, 2.660 (0.15 1.454 (0.15 1.582 (0.19 1.260 (0.15
Ce (eV A9) 43.4 (6.5 46.3 (7.0 44.9 (6.7
Cs (eV A9) 308.3(92.5 333.6(100.1 320.9 (96.3 e
B, (eV A% 11.8 (1.9
Bg (evAG) 98.1 (24.5

8First number in parentheses is the uncertainty estimated from the fit of the ZEKE data, whereas the second number represents a possible absolute shift for all
potentials(in the samedirection due to uncertainties in thi8/2 reference potential from scattering déRef. 25.
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07
-10 1 FIG. 5. Comparison of ArCIX1/2, 13/2, and111/2 neutral potentials.
-20 o Dashed lines, elastic TCS data from scattering experiments with magnetic
-30 selection of chlorine atom&Ref. 25; dotted lines, CCS) results from
-40 Ref. 29(aug-cc-pVTZ basis set including bond functignsolid lines, anion
-50 ZEKE spectroscopythis work). All potential curves are referred to the
-60 same asymptote. For characteristic potential quantities, see Table IV.
-70
3
C. Best fit
FIG. 4. Best fit MSV model potentials for the ArClanion and neutral The best fit potentials are shown in Fig. 4. Note that the

X1/2,13/2, andll 1/2 states. Anion asymptote f&— set oE=0, so the anargy scale in the plot for thé, I, andll states is magnified
X and| states asymptotically converge toward the chlorine electron affinity

[3612.726 meMRef. 34] and thell state asymptote approaches the sum of compared to the anion potential. The anion poter_1tial is about
the chlorine electron affinity and the chlorine spin—orbit splitting @ factor of 4 deeper than thé¢state. For all potential curves

[Aso(Cl)=109.40 meV(Ref. 25]. Note also the two breaks on the energy the vibrational levels contributing to observed transitions in
axis. Vibrational_states involved in‘transitio(TEabIe )) contributing to ob- the spectra of Figs. 2 and 3 have been marked by short
served feqtures in the spectra of Figs. 2 and 3 are marked by short dashesdaétlsheS on the side of the repulsi I d bered
the repulsive wall of each state. pulsive walls and numbere
(compare Table)l The locations of the turning points corre-
sponding to the highest energy levels contributing to spectral
transitions allow us to estimate that the ZEKE ArClanion,
X, I, andll state potentials should be well defined over the

Once all well depths were fixed, the potential parametersntervalsR=3.4-4.6 A, 3.4-4.9 A, 3.6-6.1 A, and 3.5-5.3
Rm, B, X1, andx; of the anionX, andll state potentials, the A respectively, corresponding to 42%, 73%, 91%, and 82%
ZEKE linewidth, and the vibrational and rotational tempera-of the classical potential well depth.
ture of the anion were iteratively adjusted in a trial-and-error  Table 11l contains the best fit parameters of the potentials
fashion to produce the best agreement between the expefhcluding estimated uncertainties. The corresponding spec-
mental and simulated ZEKE spectra. From our spectral fitgral simulations have already been included in Figs. 2 and 3
we deduced vibrational and rotational temperature§ \@f  as dotted lines and discussed in Sec. Ill. Because the param-
=110(120) K andT,,=80(60) K for theX andI(ll) states etersB, and Bg (Cs and Cg) for the anion(neutra) are
in good agreement with the results from our earlier studies ogstablished within-15% to +30% from either experimental
other RgX diatomics®*° During the fitting procedure it or ab initio data(Sec. IV A), the behavior of our model po-
was found necessary to increase the steepness df3fBe tentials at largeR should also be realistic. The AfrCZEKE
repulsive wall slightly(relative to the original shape of the spectra are however not sensitive to the higher energy region
TCS potential to reproduce the vibrational spacings in the of the repulsive wall at short range. As in our previous stud-
13/2 state ZEKE spectrurFig. 2). The anion potential was ies, all the potentials can shift together within the uncertain-
constructed first to fit thé3/2—anion band. Then, the po- ties of the reference values used Ry, ande¢; these are also
tentials for theX and Il states were determined by fitting tabulated in Table IlI.
their respective bands.

The present fits were subjected to the additional reaso
able constraint that the three neutral potentials should yie
an (almos} constantA (R).244>#€The spin—orbit splitting A comparison of the ZEKE potentials for the ArCl neu-
for our best set of potential parameters obtained this wayral X, I, andll states with the scattering potentials from Ref.
deviates by less than 1% relative to the value for atomi@5 and theab initio potentials from Ref. 2QCCSIO(T) using
chlorine for allR values larger than the zero crossing point ofan aug-cc-pVTZ basis set with bond functidms shown in
the X state potential. A constad,(R) could not be reached Fig. 5. Characteristic quantities are tabulated in Table IV.
without accepting a substantially worse fit quality. Note that we have not included the CCSD-T results of

I’g. DISCUSSION
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TABLE 1V. Comparison of equilibrium bond length®,, and well depths TABLE V. Characteristic quantities of the ZEKE ArClanion potential

for ArCl neutral interactions from different studies. compared to literature potentials.
TCS ccsoT)P ZEKE Source € (meV) R (A)
R (A) X1/2 3.78(0.08 3.68 3.73 Present work 64.9 (0.6 3.71 (0.08
13/2 3.96 (0.08 3.97 3.96 lon mobilitied 103.7 3.14
111/2 3.89(0.08 3.87 3.87 Universal interaction potentidls 100.1 3.31
MBPT2cp (extended ANO basis 9ét 58.8 3.73
€ (meV) X1/2 14.9(0.7) 15.5 16.8 CCSD-T (aug-cc-pVQZ basis st 59.1 3.71
1312 11.4(0.6 11.1 11.4 Extended Tang—Toennies molel 64.2 3.75
11/2 12.8(0.6 125 121 Unified perturbative approagh 63.7 3.65
- — —— Polarizability correlatiors 76 3.77
®Reference 2%cited uncertaintie$+) are given in parentheses Modified polarizability correlatioris 70 3.68
PAb initio calculations from Ref. 29 using an aug-cc-pVTZ basis set with Modified elect thed
bond functions(values extracted from Tang—Toennies-type fits to the cal- odiied e'ectron gas theadry
culated points for th& andII states. method | 92 3.39
method Il 87 343
method Ill 79 3.49

Naumkin et al2® because their aug-cc-pVTZ and aug-cc- aUncert‘ainties inR;,, and e estimated from thd 3/2 state TCS reference
PQTZ basis sets appear to perform slightly worse than thos@"etfee?te'ﬁ'cgfﬁef' 25.

29 .
of Burcl et al: °Reference 22.

All three sets of potentials exhibit the same well-known¢Counterpoise corrected values from Ref. 15.

trends for the bond lengths and well depths as already ofBSSE corrected values from Ref. 17.

. References 20 and 21.
served in other RgX systems, nameR,(X)<Rn(I1) SReference 19,
<Ry(l) and e(l)<e(ll)<e(X). The X state has predomi- hreference 23.
nantly 3, character at short range. In this case the unpaireths h, but using modified constants from Ref. 9.
electron of the chlorine atom is directed along the Ar—C|'Reference 18.
internuclear axis. In contrast, thestate is a purél state and
the Il state has predominanthf character, i.e., the orienta-
tion of the unpaired electron is perpendicular to the internutial. In contrast, for the T-shaped Artonfiguration, where
clear axis. Aquilantet al. explained the greater stabilization the interaction is dominated by the ArQl state, good agree-
of the X state relative to thdl state in rare gas halogen ment between the theoretical model and experiment is found.
systems by charge transfer due to configuration interaction Concluding the remarks on the ArQX state potential,
between the lower lying neutral and higher lying ionic we find its bond length to be 0.05 A shorter than Aquilanti’s,
(Rg*X ™) molecular states of the same symméft§’On the  though 0.05 A larger than in the coupled cluster calculations
other hand, theb initio study by Burclet al. indicates that of Ref. 29. Note also that the lower part of the repulsive wall
minimization of exchange repulsion is the key factor for theof the ZEKE X state potential is somewhat steeper than both
stronger binding in th&, state of ArCl(and also NeCl and the TCS and CCSQ@) potentials(Fig. 5).
HeCl).?° We now consider the ArCl anion potential obtained

For thel state, as mentioned above, our valuesRgy  from our ZEKE experiments. The anion well depth is four to
and e were fixed at Aquilanti’s values. Table IV and Fig. 5 six times larger than that of the neutral states because of the
show that oull state is slightly shallower than the TCS and much stronger attraction due to the leading charge-induced
CCSIOT) potentials, butR,, is essentially identical for all dipole term and the additional charge-induced quadrupole
three potentials. More substantial differences are found focontribution[Eq. (5)]. Ry, is slightly increased upon photo-
the X1/2 state, where our ZEKE study yields a deeper welldetachment to th& state by+0.02 A (Table Ill). The simi-
than the TCS and CCSD) potentials. Aquilanti’'s data re- larity of the bond length for the anion aristates is char-
sult in aX—I spliting of 25.9 cm? (including zero point  acteristic for all rare gas halide pairs studied so far, although
energie whereas from the spacing of peakand?2 in the  in most cases a very slight shorteningRyf, upon photode-
ZEKE spectrum of Fig. 2 one directly obtains 36.6 ©m tachment was observ&d'®12For comparison with previous
(Table ). Note that the splitting we obtain is independent of studies of the ArCl system, we have summarized available
the choice of the reference potential. It therefore appears th&,, and € data in Table V. Selected potential curves from
the scattering study underestimates hdl splitting. different sources are compared in Fig. 6.

Our conclusion that Aquilanti' state potential is too The only other experimental information comes from ion
shallow results from our choice of Aquilantil8/2 potential  mobility data** which yield a substantially larger well depth
as the reference. There is additional if somewhat indirecand a considerably shorter equilibrium bond length, far out-
evidence that suggests this conclusion is correct. A comparside the uncertainty limits of the ZEKE data. Large devia-
son between recent differential scattering cross-section datans of the same sign and magnitude between ZEKE poten-
for the ArCl, complex® and theoretical ArGlresult$® ob-  tials and ion mobility data were also found for all other
tained from a model based on Aquilanti's diatomic ArCl systems studied so f&r%124%This seems to point toward
potentials shows that the calculations underestimate the esystematic errors in the ion mobility data inversion proce-
perimental well depth for the linear ArCl-CI configura- dure. Note that the values predicted by the “universal inter-
tion, which is mainly influenced by the ArQl state poten- action potential model?? in Table V likely suffer from the
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0 ey g VI. CONCLUSIONS
E ) ZEKE spectroscopy of th&Ar3*Cl~ anion was used to
0F ArCl" anion characterize the anion and neutral potentials involved in the
20E photodetachment of this diatomic rare gas halide cluster. A
> simulation of the ZEKE spectra for th€1/2,13/2, andil 1/2
g -30 - states accessed by the photodetachment process allowed an
~ 10 _ assignment of all features in the spectra. We extracted model
> O MBPT2cp E potentials for the anionX1/2, 13/2, andll11/2 states in-
-50 F B cosbT 3 volved, which defined theelative positions and shapes of alll
E e =S |- ETT fit | (original model) | . . . : :
E 0.YS e ETT fit Il to MBPT2cp | 3 electronic states in the Franck—Condon region with high ac-
eo¥ . —— ZEKE 3 curacy.
70 L e . External experimental information on one of the four
3 4 5 6 potential curves was necessary to pinpoint afsolutepo-
R/ A sition of all potentials. For this purpose we used Aquilanti’'s

FIG. 6. Comparison of ArCl anion potentialsO, counterpoise corrected 13/2 Stat? potentlal _from elastic tqtal cross—sectloln measure-
MBPT2 points from Ref. 13extended ANO basis Seill, BSSE corected  MeNts with magnetic state selection of the chlorine atom.
CCSD-T points from Ref. 17aug-cc-pVQZ basis sgtdashed line, original  Due to the precision of this potential and its good agreement
“Extended Tang—ToennieéETT) model” from Refs. 20 and 21; dotted  \yith results from coupled cluster calculatidhsve estimate

line, fit to MBPT2 points on basis of the modified ETT modekfs. 50 and L. .
51); solid line, anion ZEKE spectroscopighis work). For characteristic the uncertainties of all our potentials to be abct.08 A

potential quantities see Table V. (Ry) and £0.6 meV (e).
The ZEKE data are fully consistent with tHeand I

state potentials from the scattering aal initio studies.
However, our analysis yielded a deepestate potential well
. ) which suggests that the scattering study slightly underesti-
same problems as their short-range part is also based on theyteq thes—IT splitting. We obtain the first accurate experi-
ion mobility data. mental potential for the ArClanion, which is in good agree-

Three differen@b initio calculations are available in the ent withab initio results and several model potentials but
case of ArCI; The MBPT2(Ref. 19 and CCSD-T(Ref. 19 5t with the potential from ion mobility data.

studies(using extended ANO and aug-cc-pVQZ basis sets,  Characteristic quantities like the equilibrium bond length
respectively yield very similar result§Fig. 6), and are also R, and well depthe for all our ArCI™) anion and neutral
in agreement with a single-point MP2 calculati@mploy-  potentials are consistent with trends observed in our previous
ing an extended basis set with bond functijofts the mini-  7EKE studies of other rare gas halide<® In the ZEKE
mum of the anion welt® They are very close to the ZEKE gpectra, we found the intensity of thetate relative to thi
results forRy, but predict a somewhat smallefTable V). I state to be smaller than expected. As in our earlier study of
additional uncertainties introduced by the necessary correcke|~ this is probably due to pronounced differences in the
tion for basis set superposition errors are kept in mind, botk;.\yave partial detachment cross sections to both stites.
calculations appear to be in very good agreement with the  very recently, we have also obtained results for larger
ZEKE potential. Ar,Cl~ clusters up ton=15. The analysis of this data on
Several models to predict ion-neutral interactions haveyasis of the diatomic potentials obtained from the current
been published. We found the “Extended Tang—Toenniestudy will be presented in a forthcoming publication to as-
model (ETT)” by Ahlrichs et al?>*' to perform exception- sess the importance of nonadditive effects in these poly-
ally well, as it shows almost complete agreement with theatomic complexeg’
ZEKE potential(Fig. 6). A recently introduced modification
of the ETT model®*! based on parameters of the MBPT2 ACcKNOWLEDGMENTS
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