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The anion zero electron kinetic ener@BEKE) spectra of the van der Waals clusters, 4r~ and

Ar,4~ have been measured, and partially discriminated threshold photodetackiri2TiP
experiments have been performed on fr~ and A_;d . The experiments yield size-dependent
adiabatic electron affinitie€EAs) and electronic state splittings of the halogen atom in the neutral
clusters formed by photodetachment. These results are compared with simulated annealing
calculations using model potentials for the anion and neutral clusters, making use of the neutral and
anion pair potentials determined from previous work on the diatomic rare gas—halide atom
complexeqdY. Zhao, I. Yourshaw, G. Reiser, C. C. Arnold, and D. M. Neumark, J. Chem. Phys.
101, 6538(19949]. A simple first-order degenerate perturbation theory mpdelG. Lawrence and

V. A. Apkarian, J. Chem. Phyd.01, 1820(1994] of the neutral cluster potentials was found to
agree well with the size-dependent splitting of the haldjdy, state observed in the ZEKE spectra.
However, the binding energies calculated from the pair potentials alone were found to be
inconsistent with the experimental electron affinities, and it was necessary to include various
nonadditive terms in the simulated annealing calculations to obtain reasonable agreement with
experiment. Many-body induction in the anion clusters was found to be the dominant nonadditive
effect. The exchange quadrupole effect—i.e., the interaction of the exchange induced electron
charge distribution distortion among argon atoms with the halide charge—was also found to be
important. This comparison between experiment and theory provides a sensitive probe of the
importance of nonadditive effects in weakly bound clusters.1996 American Institute of Physics.
[S0021-960606)01426-2

. INTRODUCTION Vmany—bod)/:Vpair+Vnonadd
In most studies of weakly interacting atoms or mol- N
ecules, pairwise additivity of the potentials is assumed. =Vpairt Ek Vi (ri 1 )+
<)<

Given pair potentialsy;; , between atoms andj, the pair-
wise additive approximation to the total potentialMfinter-

acting atoms is + 2 V|Jk AT e er). 2
i<j<k--
N
Vpair= 2 Vij(|ri— (1) Nonadditive effects are believed to play a significant role
1<]

in determining the properties of bulk matter. For example,

the binding energies of rare gas solidée, Ar, Kr and Xe
Herer; andr; represent the positions of atornandj. If the ~ measured experimentally are about 7—-10 % smaller than the
atoms had closed valence shells, and if no deformation of thbinding energies calculated from accurate pair potentials.
atomic charge distributions were induced by the interactions-However, there has been some controversy about the precise
then pairwise additivity would hold exacthtHowever, if the  nature of the nonadditive effects involvédFurthermore, it
deformation of the charge distributions due to the inter-is in general difficult to extract detailed information about
atomic interactionge.g., dispersion, induction, or exchaige nonadditive effects from measurements of bulk propetties.
is considered, the assumption of pairwise additivity breaks Cluster studies represent an alternative approach to learn
down?! This assumption can also break down if one of theabout nonadditive effects. By probing the spectroscopy
atoms has an open valence shell. Then it is necessary @nd/or energetics of a cluster as a function of its size, and
consider the electronic states of the open-shell atom whichomparing the results with predictions based on additive
arise from the simultaneous presence of all the other atoméprces alone, one can obtain considerable insight into the
The potential energy surfaces of these states cannot, in gewarious nonadditive components of the interaction poteftial.
eral, be obtained by simply adding the pair potentials in theTo this end, we present in this article the anion zero electron
sense of Eq(1). In either case it is necessary to extend Eq.kinetic energy(ZEKE) spectra of the Ar Br~ and Ar,_1~
(1) to include nonadditive, or many-body, effects: van der Waals clusters and partially discriminated threshold
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photodetachmen®PDTP spectra of A;_Br~ and Ai_;d .  experimental spectrum. It is desirable, therefore, to measure
We also present the results of calculations with model potenexperimentally the binding energidBES of clusters, be-
tials involving various nonadditive terms, in an effort to un- cause BEs can be readily obtained from many-body model
derstand the experimentally observed electron affinitiepotentials by simple methods. Moreover, there is generally
(EAs) and electronic structure. Our results probe nonadditivean intuitive connection between a particular nonadditive term
effects in both the cluster anion and the open-shell neutradnd the cluster binding energy, in the sense that one can
cluster resulting from photodetachment. This work is an exusually predict by inspection if the binding energy will in-
tension of our previous ZEKE study of the diatomic rarecrease or decrease when a given many-body term is added to
gas—halide atom complexXeand previous ZEKE work on a model potential. However, in most cases, BEs of clusters
the I"CO, complex® cannot be directly obtained from experimental spectra. Ex-

In order to extract information on many-body effects ceptions include the pump—probe experiments of Janda and
from experimental studies of clusters, the pair potentialco-workers on Ar_Cl, [Ref. 13a)] and HeBj [Ref. 13b)]
must be known more accurately than the magnitude of theand the stimulated emission pumping experiments on the
many-body effect. Furthermore, the experiment must providearbazole—Ar system by Leutwyler and co-work¥¥s.
information about the “true” potential that can be compared  Anion photoelectron spectroscofES of clusters has
with the results of calculations with model additive and non-proved useful in providing more direct information about the
additive potentials. This information may consist of spectro-relative binding energies of anion and neutral clusters. It also
scopically measured vibrational frequencies, rotational conhas the advantage of mass selectivity. Examples include the
stants, etc. In this case, accurate dynamical calculations amork of Markovichet al. on X" (H,0), (X" =CI~, Br, and
needed to extract this information from the model potentiald ~ ),'® Bowen and co-workers on QAr,,,*® and Arnoldet al.
for comparison with experiment. Alternatively, some experi-on X (CGO,),, and X (N,0),.}” The theoretical calculations
ments allow a more direct measurement of the cluster bindef Berkowitz and co-workef§ in conjunction with the PES
ing energies, in which case comparison with model potenspectra of Markovictet al!® have demonstrated the impor-
tials is much more straightforward. tance of nonadditive inductive effects in BH,0),, clusters.

Nonadditive effects can affect the rotational, vibrational, However, there are two problems with trying to extract
and electronic spectroscopy of a cluster. Much of the recenhformation on nonadditive forces from these studies. First,
interest in this field has focused on high resolution spectrosthe pair potentials for the relevant neutral and ionic species
copy of van der Waals clusters. For example, pure rotatiomre not in general known very accurately; this is particularly
spectra of NeKr and NeXe have been observed using Fou- true for clusters involving molecular solvents. Second, the
rier transform microwave spectroscopyhe structural in-  resolution of conventional anion PES is typically in the range
formation and nuclear hyperfine coupling constants deteref 80 cm ! (Ref. 17 to 400 cm ! (Ref. 15, depending on
mined from these spectra show evidence of nonadditivitythe type of energy analyzer used. Because of this limited
There have also been a number of near and far infrared studesolution, anion PES experiments can only be sensitive to
ies of molecular chromophores in rare gas clustéin  the largest nonadditive effects, such as inductive effects in
many cases it is difficult to extract meaningful information the anion clusters.
about many-body forces from spectroscopic studies because The anion ZEKE technique used in the present experi-
the intermolecular pair potentials are often not well enoughments on AgBr~ and Ar, |~ combines the advantage of mass
characterized, in that the uncertainty in the pair potentials iselectivity with much higher resolutiofca. 2—3 cm? for
comparable to the magnitude of the many-body effectsatomic systemsthan PES experiments. This resolution al-
There has, however, been recent experimental and theoretidalvs accurate measurement of electron affinities, as well as
progress in determining intermolecular pair potentials accuspectroscopic observation of the electronic structure of the
rately enough to learn about three-body interactions in thaeutral ApX clusters. The Ar—X and Ar—X pair potentials
Ar,HCI [Refs. 3, 8, 9, and X@8)] Ar,HF [Refs. 7, 9, and are known accurately from our previous work on the di-
10(c)], and ArDCI [Refs. 3 and 1()] systems. In work atomic specie$.Thus, by employing simulated annealing
more closely related to the results presented here, the eleprocedures to determine the binding energies and neutral
tronic spectroscopy of ArHg clusters has been studied electronic structure from model potentials, we can directly
with multiphoton ionizatiort! and Ar,Ba clusters have been compare our experimental results with the pairwise additive
studied by laser induced fluorescefteOnly the Ar,_JHg  predictions and explore the effects of various many-body
study was mass-selective. From this work, progress has be@orrections to the additive potentials. From this comparison,
made in identifying “nonadditive” effects in the excited we can obtain a detailed picture of nonadditive effects in
electronic state of these clusters with open-shellAr, X~ and A, X clusters.
chromophores!*? This article is organized as follows. In Sec. Il we briefly

It is challenging to extract information on nonadditive describe the experimental apparatus and techniques. In Sec.
effects from direct spectroscopic measurements such as thoBg we present the anion ZEKE and PDTP spectra, determine
mentioned above. Even when mass selectivity can be olthe experimental EAs, assign the electronic structure ob-
tained, nontrivial dynamical calculations are needed to exserved in the ZEKE spectra, and briefly discuss the observed
tract the vibrational and rotational structure information fromvibrational structure. In Sec. IV, we describe the methods
a many-body model potential in order to compare it with theand present the results of calculations of the cluster EAs and
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neutral electronic structure from model additive and nonadtational structure. For the systems studied in this article, the
ditive potential, and compare them with the experimentabbserved peaks were at least 8 ¢rwide [full width at half
results. In Sec. V, we summarize, considering what we camaximum(FWHM)].

and cannot conclude about many-body interactions on the In the PDTP modé® there is no delay between the
basis of our results and suggest future avenues for expetiaser pulse and electron extraction, retaining only spatial fil-
mental and theoretical research. tering as in the ‘“steradiancy detector” first described by
Baer, Peatman, and Schfdgnd Spohret al?? This results

in some discrimination against electrons with energies
greater than about 150 crhand leads to peaks about 200

Zero electron kinetic energ@EKE) spectroscopy was cm ! wide in the present case. However, the thresholds, and
first developed for photoionization of neutrals by Mg hence the electron affinities, can be determined more accu-
Dethlefs, Sander, and Schidgnd applied to negative ion rately than this, to within approximately50 cn *. Because
photodetachment by Neumark and co-work&rghe experi- nearly all of the electrons are collected, this mode of opera-
mental apparatus has been described in detail elsewheretion has the advantage of much higher sensitivity than the
Briefly, Ar, X~ clusters are produced by expanding a mixtureZEKE mode.
of approximately 0.1-0.5 %. Fred@F,l or CF,C1Br, PCR The ZEKE spectra were averaged over several thousand
Co) in a ca. 75% argon/25% helium mixture through alaser shots per point taken in several separate scans. The
pulsed valve(General Valve Series)vith a 0.5-mm-diam PDTP spectra were averaged over 300—1000 laser shots per
orifice. Backing pressures are typ|ca||y 60-80 ps| The ex.pOint. All spectra were normalized to the ion signal and laser
pansion is crossed vhita 1 keV electron beam. Halide anions POWer.
are formed by dissociative attachment of low energy second- NO obvious “magic numbers” were seen in the mass
ary electrons and undergo clustering in the continuum flowspectra. The ion signal smoothly decreased in intensity with
region of the free expansion. The molecular beam is colliincreasing cluster size in the mass spectra of both thBrAr
mated with a skimmer, accelerated to 1 keV, and massand Apl™ clusters.
selected wih a 1 m long collinear time-of-flight mass
spectrometef®®?! The mass-selected ions then enter a dif-
ferentially pumped detection region and are irradiated with g||. RESULTS
pulse from an excimer pumped dye lageambda Physik
For the ground states of ArBBQ, PBBO, Exalite 398, QUI,
and DMQ laser dyesExciton) were used. For the Ar4 The ZEKE spectra of ABr~ and ApBr~ are shown in
excited state scans rhodamine 610 dye was frequendyig. 1, along with the spectrum of the diatomic ArBcom-
doubled with a potassium dihydrogen phosph&teP) crys-  plex, reproduced from Ref. 4. ZEKE spectra of AriAr,l
tal. For the AfBr clusters, DMQ and PTP dyes were usedand A~ are displayed in Fig. 2. All the spectra have two
for the ground states; rhodamine 640 was doubled with &ets of features, separated by approximately the spin—orbit
KDP crystal for the excited state ArBr spectra. The power splitting of the halogen atoms: 3685 cmfor Br and
of the undoubled light was typically 7—20 mJ per pulse at the7603.15 cm? for 1.>> We assign the lower energy set of
interaction region. The frequency-doubled laser power wageatures to electronic states arising from the grodRg,
about 2 mJ per pulse. The laser wavelength was calibratestate of the halogen atom and the higher energy features to
from 337 to 400 nm with the Ne lines observed by the op-?P,,, asymptotic states. The ground state manifolds of the
togalvanic effect in a Fe—Ne hollow cathode lamp. The fun-Ar,_4 clusters are dominated by two sharp, intense peaks,
damental wavelength of the frequency-doubled light wadabeled X and |, separated by about 40-65 ¢h In the
calibrated in the region 600—640 nm with an iodine absorpAr,_4Br spectra, both features are also present, but pesk
tion cell. less intense and distinct than in the,Aspectra.

Two modes of electron detection were used in the In the previous work on the diatomic speéi¢ise corre-
present studies: the high resolution ZEKE mode, and theponding features were assigned to the origins of the two
lower resolution partially discriminated threshold photode-electronic states that correlate to the halogeg, asymp-
tachment(PDTP mode. In the ZEKE mode, the photode- tote, referred to as th&3 (j,=3 Q=3 andl3 (j,=3 Q
tached electrons are extracted collinearly by a wéak5 =3 states, in Hund’s case) notation?* The feature labeled
V/cm) electric field after a 300—500 ns delay and deflected tdl 3 in the diatomic spectra was assigned to the origin of the
an off-axis microchannel detector. Detection is gated to pro}l 5 state(j ,=3, Q=3), which correlates to the halogéR,,
vide temporal filtering. A series of a apertures between the@symptote. We expect an analogous set of three doubly de-
detachment point and detector provide spatial discriminationgenerate electronic states to be present in the polyatomic
This combination of spatial and temporal filtering discrimi- clusters. The lowefP,, halogen state is split into two dou-
nates against high energy electrons, so that as the laser wau#y degenerate states by the weak interaction with the argon
length is scanned, only photoelectrons with nearly zero kiatoms. We refer to these states as ¥eand| states, by
netic energy are detected. The resolution of the instrument ignalogy with the diatomic case, dropping tiedesignation,
about 2—3 cri? for atomic system&® However, in the spec- as this is no longer a good quantum number in the poly-
tra of molecules, the peaks are broadened by unresolved ratomic case. Note that here theX‘state” always refers to

Il. EXPERIMENT

A. Ar,_3 17 and Ar,_3Br~
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indicate the neutral electronic state origins.
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FIG. 2. ZEKE spectra ofa) Arl~, (b) Ar,l~, and(c) Arsl™. The arrows
indicate the neutral electronic state origins.

the lowest energy state at the equilibrium geometry regardArBr~.* The peaks to the red and blue of the Il state origin

less of the symmetry of the cluster.

may similarly be understood as sequence-band or hot-band

The X andll state origins are blue shifted relative to the transitions, and transitions to vibrationally excited neutral

corresponding atomic lines by several hundred tnThe

states, respectively.

blue shift increases as the number of argon atoms increases. The spectrum of ABr~ [Fig. 1(c)] appears even more
This demonstrates that the anionic clusters are more stronglyongested. There is a distinct peak 20 ¢rto the blue of the

bound than the neutral species.

X state origin, in addition to numerous poorly resolved fea-

In the Ar,Br~ spectrunfFig. 1(b)] we see some partially tures. Again there appears to be an extended unresolved pro-

resolved peaks to the red and blue of tKestate origin.
There is also a long “tail” to the blue of thk state origin.

gression to the blue of thestate-origin. Thel state has two
prominent peaks, separated by 14 ¢mplus some other

We attribute all these features to transitions to or from vibraindistinct peaks to the blue. It is not clear which of the two
tionally excited states. Based on our previous interpretatiopeaks is in fact thél state origin.

of the diatomic ArBr spectruntf' it is likely that the features

In the case of Al ~ [Fig. 2(b)], the vibrational structure

to the red of theX state origin are due to hot-band or is somewhat less well resolved than that inByw . There is
sequence-band transitions from vibrationally excited aniora clear feature 11 cnt to the red of theX state origin, as

states. Likewise, the features to the blue of ¥hstate origin

well as some poorly resolved structure between the origins of

may be transitions to vibrationally excited neutral groundthe X and| states. There is a tail to the blue of thestate

states and/or hot-band transitions to thetate. The vibra-

origin. The spectrum of thél state is rather sparse, with

tional progressions are not as well resolved as in the disome peaks 10—30 ¢ to the red of the origin due to
atomic spectra. The observed structure is probably due teequence or hot bands, and a slight shoulder to the blue. The
many overlapping transitions involving more than one vibra-lack of any extended progression indicates that the arlion—
tional mode. This spectral congestion appears to be morstate transition is quite vertical.

severe to the blue of thiestate origin, possibly indicating a

The spectrum of Ajl™ [Fig. 2(c)] shows clearer vibra-

larger geometry change between thatate and the anion tional resolution than At~. There are two peaks spaced by
than between theX state and the anion, as was seen in8 and 32 cm to the blue of theX state origin. However, the
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Electron Signal

lw tween theX and| states appears to decrease. Although the
P I I N —— exact splitting is difficult to discern from the Ar spectrum,
26500 27000 27500 28000 it appears in this case that the-1 splitting again decreases
Laser Wavenumber (cm-1) somewhat from Agl. However, the splitting appears to in-
crease again in the Arspectrum, in which the two states are
FIG. 5. PDTP spectra of Ar,d . better resolved than in the QArspectrum.

We attempted to observe ZEKE spectra ofglArand
o larger clusters, but obtained only unstructured spectra with
sequence-band structure to the red of the origin is not reng reproducible features.
solved. Thell state of Agl displays three distinct peaks, 7,
17, and 24 cm? to the blue of the origin, as well as some
less distinct _sequence-ban(_j strl_Jcture to the red. . C. Partially discriminated threshold photodetachment
The partially resolved vibrational structure seen in thesgpectra

spectra is of considerable interest and will be considered fur- ] ) ) o
ther in future publications. In this article, we are primarily ~ Because of the increasing spectral congestion with in-

concerned with the accurate electron affinities and state splifé@aBingselustensizearadhediiiculysehpraducing sufficient

tings yielded by these spectra. pitantitiesiaf jasgeiclusiaie withiloUvasakres; it was not pos-

sibilectoopertorm the pdiziils experiment on clusters with 7

B Ar, |- in the case of Afl~, andn>3 for Ar,Br™. In the PDTP
il mode of operation it is possible to work with much smaller

_ The ZEKE spoglra pae flshaiClHSIRER Bl nois, sHaniiierdfanionsukecayse aearbnalhed ihie photoelectrons
Fig. 3. For theseggm:smrgnwgiegtggledcﬂnbrn&h,eamé%y@n ar@easatbardetachment threshold are collected. Therefore, only
nHEg—3 Te—oti= re—PBTP—experiment—was—performed for ,ABr and
Il state origin Ay_y

asymptoti¢ states—=n-the=Aj-spectrumfFig—Sa-the S
gins of theX and| electroniEAtateRGrerigistinct! FHABENN  Argdbxd .
Spectrum[Fig. 3(b)] @he pgakzg_qrresponding to the.state The PDTP specdra of ALQarSBéBégcribed below. We demonstrate that the expe
origin is quite broadiand tHestatzappears as an4amesaved 37.8(2.3 31132.3(1.6 3702.7(3.9)
shoulder. The stateZalso dppgéafs3@latively lesy iMepSdthan53.1(5.95 31427.8(2.2) 3705.4(3.7)
in the Ar,_j spectrag. Bas%698ﬁ6ﬂ3§é))profile of f§i25eHbufer, 64823 31702.8(2.2 3708.2(3.7)
I 4 28 266 (50 _t
we can only estimatg the EQ&% gb)of thetate origin tg+20
cm ™. 6  28778{50)
The spectra of 2yl ared 0&gl5pFig. 3(c) and 3d)] are
more congested. The po3dRighPs58F theand | state origins
can be estimated, & indfCAteHIY the arrows in the figures,
but it is not possiglesiehSUSEEEL AMAI P IQALLHRIG WDFARARAT, Phys. Ret0,/8698(1989.
structure. As weQE frsorefhdaic Taérghes\egpacation Be-Std. 4671949, Vol. 1.
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TABLE Il. Experimental adiabatic electron affinities, excited state origins, and electronic state splittings for
Ar,l. All energies are in cm'. Uncertainties are given in parentheses.
EA (X state
n origin) | state origin Ay Il state origin Ay
0 24673.8 32276.8° 7603.18
1 24888.3(3.0 24 925.5(1.5 37.2(2.2 32512.6(2.2) 7624.3(3.7
2 25100.9(3.0 25152.9(3.0 52.0(3.4 32731.2(2.2) 7630.3(3.7
3 25303.0(3.0 25 368.0(4.5 65.0(5.1) 32936.4(2.2 7633.4(3.7
4 25502.2(3.0 25571(10) 69 (10
5 25 702 (10) 25 762(10) 60 (14)
6 25907 (15) 25 950(15) 43(2))
7 26 083 (15) 26 163(10) 60 (18
8 26 247 (50)
9 26 413 (50
10 26 582(50)
11 26 753(50)
12 26 904 (50)
13 27 079(50)
14 27 226(50)
15 27 375(50)
16 27 488(50)
17 27 617(50)
18 27 717(50)
19 27 794(50)
®H. Hotop and W. C. Lineberger, J. Phys. Chem. Ref. Data731(1985.
®C. E. Moore,Atomic Energy Leve)<Circ. Natl. Bur. Std. 4671949, Vol. 1.
A. Pair potentials
The pair potential of the ArBr neutral has been deter-
mined in scattering experiments by Lee and co-workeérs.
The scattering experiments characterized only the neutral Il State
X% andl £ state potentials. Our previous ZEKE restitis the X(Pyp) +n Ar
ArBr complex provided further refinement of the potential of &
Ref. 27, as well as information on the neutthf state and —
anion potentials. In the case of Arl, scattering results are not oy
available, so the ZEKE spectrum is the only source of infor- A
mation on the Arl diatomic potentials. A
The neutral Ar—X potentials are of the Morse—Morse- " > N
switching function—van der Waal@MSV) form. The re- 4 X Sate |{ State KCPyp) + 1 AT
duced form of this potential, witk=r/r,, and f(x)=V(r)/ Z:L
i A
€, is 2 ¥ wy S (,)*01 l
f(x)=e?Pr170—2ef117%  0<x<1 3 wT)x EA(X)
=?P170 2617 0=My(x), 1<x<X; =
=SWX)M,(X) +[1—SW(X) JW(X), X3<X<X, Ani X +nAr
non - EA(Ar,X) b—

== Cerie_ C8rX78§W(X)7

where € is the well depthr,, is the bond length, and the

switching function is given by

1
SW(X)= > cos

m(X—Xq) .

2

1.

1

Xp< X< 00, (6)

() N

The reduced dimensionless coefficieftg andCg, are re-

lated to the usual dispersion coefficiedg and Cg by

co=S8 o oCo
6“_er§’ 8r_€l’§1'

Bond Coordinates

(8 FIG. 6. Schematic energy level diagram of the, Ar anion and AgX

neutral electronic states.
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TABLE Ill. MMSYV pair potential parameters of argon halides.

Arl ArBr

X3 13 '3 Anion X3 13 '3 Anion
€ (meV) 18.8 13.9 16.0 45.8 16.5 11.5 14.0 54.4
rm (A) 3.95 4.18 4.11 4.07 3.73 3.94 3.89 3.78
B 7.15 7.25 6.90 5.70 6.80 7.72 6.70 5.10
B> 6.18 6.30 6.40 4.45 6.50 7.10 6.35 4.45
Xq 1.01 1.04 1.04 1.08 1.02 1.012 1.01 1.065
Xz 1.62 1.62 1.64 1.62 1.59 1.63 1.58 1.66
Cs (eV AY 98.4 98.4 98.4 65.2 70.2 68.8
Cq (eV A®) 715 715 715 379 379 379
B, (eV A% 12.8 12.5
B (eV A% 162 120.5

The anion potentials have the same form, except that théhe absolute uncertainties of, and e for the anion and the
van der Waals portion is replaced by a function includingother neutral states are of about the same order. However, the
charge-induced dipolé ~#) and charge-induced quadrupole relative uncertainties i ,, and e between the anion and neu-
and dispersiorir ) terms: tral are significantly smaller than this. For example, because

_ _a 6 the uncertainty in the EA obtained from the ZEKE spectrum

F00==BaxX "= Berx P=W0),  xp=x<e © g3 cm 2, the differencee,— ey is known with about this
with same uncertaintySee Eq(2)]. Similarly, the relative uncer-
tainties inr,, are found to be about 1-2 9.04—0.08 A,

B B
B4r=—i, B6r:_?3- (10 based on the fit to the ZEKE spectra.
€m €m For Arl, for which scattering experiments have not been

Further details about the construction of the Ar—Br and Ar—Iperformed, modified versions of the polarizability correlation
pair potentials are given in Ref. 4. formulas of Pirani and co-workeéfswere used to estimate,

The MMSV potential parameters used in this work areande for thell ; state of Arl, as described in Ref. 4. Then the
given in Table Ill. Some of the parameters used here havéemaining neutral and anion potentials were adjusted to fit
been modified slightly from those published previouskhe  the ZEKE spectrum. The estimataisoluteuncertainties in
reason for this is that in the previous work, the well depths of » and e of Arl are =18 cmi * for e and £0.2 A for r,.
the three neutral electronic states and the anion were relatddowever, the same considerations about riklative uncer-
to each other using the relationships implied by Fig. 6, withtainties among the anion and neutral states also apply for
the zero point energies used in these relations assumed to Bé&l. The relative uncertainties ie andr , are =3 cm ' and
equal to half of the observed vibrational fundamental fre-+0.04—0.08 A, respectively.
quencies. A slightly more accurate procedure, used to obtain TO model the Ar—Ar pair interaction, the accurate
the parameters in Table IIl, is to calculate the actual zerdiartree—Fock dispersiofHFD-B2) potential of Aziz and
point energies from the model potentials. The well depthSlamai® was used. For this potential,=3.7565 A and
parameters are then iteratively adjusted in order to satisfg=99.5465 cm™. For the detailed form and other parameters
Egs.(3)—(5), as well as to fit the observed spectra. The wellof this well-known potential, see Ref. 29.

depths obtained in this way differ from those given previ-  The pairwise additive approximations to the,Br—and
ously by no more than 2—3 ¢m, which is within the uncer- Ar,l~ binding energies were found by minimizing the addi-
tainties stated in Ref. 4. tive potentials, using the simulated annealing procedure to be

It is important here to consider the uncertainties in thedescribed below, from
pair potential parameters. In the case of the ArBr potentials, . _ MIN(V ax+ V arar) (11)
the scattering experiments provide information on the abso-  ° AT T AR
lute values of the well depths and bond lengths for ¥je ~ With  Vax=ZVig(lri=ro), and Vaa=Zi;Vj(ri—rj)),
state. On the other hand, the ZEKE spectra, although quit¢here the sums run over the Ar atoms,is an Ar atom
Sensitive to tha‘e'a‘[ive bond |engths and We” depths be_ position, ando iS the ha.hde pOSitiOI’]. The Calculation Of the
tween the anion and neutral states, are not very sensitive fegutral potentials is more complex because of the open-shell
the absolutevalues of these parameters. Therefore, the Nature of the halogen atom and is discussed in Sec. IV E.
and e parameters for th& 3 state of ArBr were fixed at the
values of Lee and co-workeféThe parameters for the anion
and remaining neutral states were then adjusted to be consi
tent with the relations implied by Fig. 6, as well as to repro-  We use a simple molecular dynamics simulated anneal-
duce the ZEKE spectrum. The uncertaintiesrip and e  ing procedure to determine the minimum energy cluster ge-
stated in Ref. 27 are-0.2 A and+9 cm™%, respectively, so ometries. The simulated annealing program used here was

8. Simulated annealing method

J. Chem. Phys., Vol. 105, No. 2, 8 July 1996



Yourshaw, Zhao, and Neumark: Many-body effects in clusters 359

adapted from a molecular dynamics program written by Li
and co-workers? The procedure used is as follows:

(1) Random initial atomic positions are generated. The
initial positions lie within a 6—-15 A box, depending on the
size of the cluster, and are subject to the constraint that no
two atoms may be closer than a certain cutoff distance, usu-
ally 3.5 A. The latter condition ensures that the cluster starts
out in an attractive region of the potential surface so that
dissociation does not occur.

(2) The classical equations of motion are solved for
about 5 ps, using a Gear predictor—corrector algorithm
started with a 16 step Runge—Kutta algoritffhiThe step
size is 5 fs.

(3) Kinetic energy is removed by rescaling the atomic
velocities. When starting with random positions, the kinetic
energy is removed very quickly, so that the velocities and
kinetic energies are essentially reset to zero with each rescal-
ing. This rapid guenching was found to be necessary to pre-
vent evaporation.

(4) Steps(2) and (3) are repeated until a minimum is
found. This typically requires 100—250 ps.

(5) Beginning with the minimum configuration found by
the above procedure, kinetic energy is added, constrained so
that the translational energy of the cluster center of mass and
its angular momentum are zero. To prevent evaporation, the
initial kinetic energy was usually set to not more than 25—
33 % of the total well depth. Then steg®) and (3) are

repeated, but with kinetic energy removed much more gradu- . B _ _
a”y7 by rescaling the velocities by a fac%r FIG. 7. Minimum energy structures of Arnd~ clusters found using pair-

wise additive potentials.
1/2
Tscale KEtarg
1+ -1
KE,y

Toonst each of the Bl—6 single-mode vibrational Schdinger

every 5 ps. Hereg,is the time between rescalingg,niS  equations was solved using a simple one-dimensional dis-
a time constantypically 50 or 100 p§ KE,, is the average crete variable representatioBVR) procedure:**~*¢The to-
kinetic energy, and Ki is a target kinetic energy, set to a ta| zero point energy was then obtained by adding up the
very small value in order to find a minimum. The entire single-mode values. In this way, the anharmonicity of the
procedure typically requires 5-10 ns. potential is approximately accounted for, although interac-
(5Finally, the minimum energy configuration is located tions between normal modes are neglected. The zero point
more precisely using a simple gradient minimizationenergy calculation was limited to the portion of the potential
routine® in the vicinity of the minimum structure, so that any split-
The entire annealing procedure was repeated 5-20 timafgs due to tunneling are not reproduced.
for each cluster to ensure that the global minimum was
found. In this process, low-lying local minima were often
also found. In order to locate higher-lying local minima, an
interval of 250 fs or less between rescaling steps is used in  The minimum energy geometries found using pairwise
steps(2)—(4), to prevent equilibration of the cluster as ki- additive potentials for Ar ;4 are shown in Fig. 7. Similar

D. Anion minimum energy geometries

netic energy is removed. structures were found for ArgBr~. The calculated anion
binding energies and zero point energies are given in Tables
IV and V.

C. Zero point energy calculation For Ar,_gX~ (X=Br or ), there is only one minimum, in

Once the minimum energy configurations and classicalvhich all atoms are in contact with each other. Linear
binding energies are found, it is necessary to know the zer@Ar,X ™) or planar(Ar;X™~) geometries are not stable with
point energies in order to use Eq8)—(5). The model po- additive potentials.
tentials are analytical functions of the nuclear Cartesian co- In the minimum energy structures of larger clusters
ordinates, allowing the zero point energies to be estimated b§Ar,l~, 4<n=<17, and AfBr~, 4<n<9), all the Ar atoms
the following procedure. The normal coordinates of the clus-contact the central halide atom. This type of structure is en-
ters were found in terms of linear combinations of Cartesiarergetically favorable because each Ar=Xbond” is about
displacement coordinates, using standard technitfliesen  four times stronger than an Ar—Ar “bond.” For X, one
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TABLE V. Results of calculations with pairwise additive 81~ anion potentials, and “matrix-additive”
Ar,Br neutral potentials. All energies are in chn

=}

a X | Il
€a @o € @p € @g Ay € @o Ay EAada

0 0 0 0 0 0 0 0 0 3685  27129.2
438.8  20.7 133.1 15.6 92.8 135 382 112.9 13.4 3703.0 27429.8
977.1 56.8 3494 423 2954 450 56.6 319.6 446 3717.1 277423

16149 1074 6626 851 5999 89.6 67.3 628.7 88.6 37224 28059.2
2260.0 157.8 977.3 1276 916.6 135.2 684 945.0 1329 3722.6 28382
2911.3 207.5 1293.6 168.7 1243.7 1811 623 1267.3 1764 3719.0 28708
3659.7 2675 1696.2 211.7 1677.2 2485 558 1686.0 230.0 3713.6 29037
4318.6 3155 20429 268.9 2001.2 289.7 625 20148 2729 3717.1 29358
5069.8 371.1 2465.0 3158 24139 3371 724 24324 323.6 37254 29679
5815.2 421.3 2880.0 360.3 2807.1 375.7 882 2837.7 370.1 3737.1 30003

©oOoO~NOUS~WNEO

&C. E. Moore,Atomic Energy Level<irc. Natl. Bur. Std. 4671949, Vol. 1.
bC. Blondel, P. Cacciani, C. Delsart, and R. Trainham, Phys. Re40,/8698(1989.

local minimum isomer is seefCs, point group which has

one Ar atom in contact with the other three argons but not . . -

with the halide. In Ajl™, its energy is about 200 cm usuqlly differs in energy from the global minimum by ap-

higher than that of the global minimum. The analogousproxmmwly_the energy of one or more Ar—_Xbonds.

Ar,Br~ isomer lies 256 cm® above the global minimum. F(_)r Ayl ; fare gas atoms continue to fit around the ha-

These energy differences correspond approximately to on!éde without 5|g_n|f|cant crowding up tn=1_5. Atn=16 there

Ar—X~ “bond.” Ar X~ has two local minima with approxi- IS some crowding, so th,at the Ar—bontnbunon o the po-

mately the same separations from the global minimum as iﬁenual is reduced. '% constitutes a "closed s_olvent.

the ArX" clusters. shell (at 0 K). It consists of a capped pentagonal bipyramid
Tr?e clusters with &n<17 show two types of local structure Dsy,), with the axial Ar atoms significantly further

minima. In one type, the Ar atoms are all in contact with thefrorn the h"?l“de thap the others. Subsequent Ar ato[ns are

halide—as in the global minimum—but have fewer Ar—Ar added outside the first solvent shell. In the case QBAT,

“bonds.” These typically differ in energy from the global we did not observe the closing of the solvent shell since we

minimum by approximately the magnitude of an Ar—Ar did not perform calculations fan=9.

“bond,” i.e., about 100 cm?. The other type, seen already E. Neutral open-shell potentials

for n<6, are structures in which one or more Ar atoms are

not in direct contact with the halide. This type of isomer Bgcause of the anisotropy of the_ open—shell- halogen
atom in the neutral clusters, the potentials cannot in general

TABLE V. Results of calculations with pairwise additive Ar anion potentials, and “matrix-additive” Af
neutral potentials. All energies are in ¢

n € wh €x o € wh Ay € g Ay EAaqq
0 0 0 0 0 0 0 0 0 0 7603.85 24673.3
1 369.4 17.3 151.6 14.6 112.1 12.3 37.2 129.0 13.2 7624.4 24888.3
2 838.4 51.0 385.4 41.2 332.0 424 545 355.5 42.4 7634.3 25116.5
3 1406.8 984 7181 832 653.1 858 67.6 6825 854 7640.9 25346.8
4 1982.0 145.8 10515 125.1 986.0 130.1 70.5 1016.3 128.7 7642.0 25583
5 2562.3 192.7 1385.6 165.8 13285 1749 66.2 1355.1 171.3 7639.2 25823
6 3229.2 2494 1799.2 208.3 1767.6 233.9 57.3 1782.7 2225 7633.8 26062
7 3815.2 295.3 2151.3 257.8 21125 279.6 60.6 2126.9 264.3 7634.0 26300
8 4469.2 3435 2569.3 3004 --- 26530
9 5094.8 379.9 2963.2 334.7 - 26760

10 5731.8 436.9 3369.0 390.0 --- 26990

11 6366.8 476.1 3764.8 428.1 --- 27227

12 7044.3 539.6 4199.3 4839 - 27463

13 7796.7 586.8 4706.4 5304 --- 27707

14 8519.3 645.1 5159.0 5728 --- 27961

15 9280.6 710.5 5686.6 641.6 --- 28198

16 9914.3 777.5 6143.3 693.7 - 28360

17 10561.3 850.4 6589.0 770.0 --- 28565

18 11102.2 913.0 7061.3 804.9 --- 28606

19 11648.0 979.3 7498.0 880.8 --- 28725

&C. E. Moore,Atomic Energy Leve|<Circ. Natl. Bur. Std. 4671949, Vol. 1.
PH. Hotop and W. C. Lineberger, J. Phys. Chem. Ref. Data731 (1985.
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be obtained by simply adding the Ar—X pair potentials. This A

is clear from the observed spectra. For example, in the di- H':; [Vo(r,Ri) +Va(r,R)Pa(T- R ]+ Hso. (13

atomic Arl molecule anX-I spliting of 37 cm? is

observed. If the potentials were simply additive, one would In the diatomic caséone Ar atom, the expectation values of

predict anX—| splitting of 74 cm* for Ar,l. The observed these two expansion coefficientgy(R) andV,(R), can be

Ax_, in Ar,l is 52 cm % The simple additive prediction is shown, using the relations given by Haberl&hand Aqui-

well outside experimental uncertainty. lanti et al,*® to be related to the spectroscopic diatom poten-
This “nonadditivity” of the open—shal}lﬂ potentials has tials by

been discussed by Lawrence and Apkariamhose expla- 1

nation we follow here. The nonadditivity can most easily be Vo(R)= 3 Vig(RIFVIE(R) +Vin3(R)]. (14

understood if we momentarily neglect the effect of spin—and

orbit coupling. In this case there are two electronic states of 5

the diatomic complex corresponding to the two possible ori- Va(R)=3Vx3(R)+V, 3(R) =2V §(R)]. (15)

entations of the singly occupied haloggrorbital relative to  Here, the zero for each potential is set at the potential asymp-

the argon atori!*® A °% state arises when the singly occu- tote. (2P, , for V, 3, and?Ps, for Vy1 andV,, 1). In deriving

pied p orbital lies along the internuclear axis, and a doublyyhese equations it is assumed that the spin—orbit conatant

degenergte’-ﬂ state _correspond; to the smgly_occuppd is independent oR.

orbital lying perpendicular to the internuclear axis. However,  \vith some effort, one can show that for a cluster with

if the cluster contains additional Ar atom4,is no longer a many Ar atoms, the perturbation Hamiltonisii is given by
good quantum number if the polyatomic cluster is not linear.; g«g matrix3742

Consider, for example, the case of,AfThe singly occupied
halogenp orbital will not, in general, lie either parallel or
perpendicular to either of the Ar—I internuclear axes. There-
fore the Ar—I interaction potentials in Alrwill not be the ) » o ]
same as the potentials of either #ior 2IT diatomic states, WhereM(R) is a 6x6 Hermitian matrix involving the argon
but—in the first approximation—may be considered to bedtom coordinates. The detailed form of the matrix has
linear combinations of the diatomic potentials. Thus, in orde€en _given, In th_e|ijJ> b"j‘s'_s’ by Lawrence and

to obtain the potentials of Arand larger open-shell clusters APkarian" Diagonalization ofH" yields three doubly de-
from the diatomic potentials, our concept of pairwise addi-9enerate eigenvalues, corresponding to the potentials of the
tivity must be extendedto include this mixing of the di- X!, andll states.

atomic electronic states. We describe how this is done in N our implementation, an analytical form for the eigen-
more detail below. values was found using the Maple V program. This allowed

A simple first-order perturbation theory treatment of thet€ €igenvalues to be calculated approximately 10 times
interaction of an open-shell atom with several closed-shelf2ster than by numerical diagonalization and saved consider-
(rare gapatoms in terms of the diatomic potentials has beerfPIe computer time. The potentialé  , are then referred
developed by various workef8-** These methods have to their own asymptotes by addirg to the X and | state
been used to study open-shell atoms in rare gas matriceBotentials, and subtractirigh from thell state potential. The
clusters, and on surfac&s®”43-450ur implementation here total potential of the cluster is then obtained by adding the
most closely resembles that of Lawrence and Apkatfan, Ar—Ar potentials in a pairwise fashion. The well depths are
who studied the emission spectra of | atoms in Xe and Kfound by minimizing these potentials using the simulated
matrices. The theory is briefly as follows. annealing and gradient minimization procedures described in

The Ar,—X interaction is modeled by an effective poten- Sec. IV B. For theX state, for example,
tial depending on the rare gas coordinates and on the coor-

H'=§ Vo(R) - 1+ V(R -M(Ry), (16)

. . : ) =min(Va x+V , 1
dinates of the “hole” in the singly occupied halog@nor- x (VarxtVaar) 7
bital in an arbitrary space-fixed frame: with Vs, the same as in Ed11).
There are several assumptions implicit in this treatment
H' = 2 Var x(F,R)+Hso. (12) of the o.pen—.shell poltentlals. First, the basis set is limiteg to
K n orbitals; excited orbitals of the halogen or rare gas atoms are

not included. Thus, many-body effects due to polarization of

Here, the sum is over the rare gas atomis the coordinate the halogen atom or charge transfer are neglected. Also, we
of the “hole,” R are the rare gas coordinates relative to theassume that the spin—orbit constants independent of the
halogen nucleus, andisp is the spin—orbit interaction internuclear separations, as well as independent of the num-
Hamiltonian. ber of rare gas atoms in the cluster. To verify the former

The potentialV x is then expanded in Legendre poly- assumptionA was calculated as a function & for ArBr
nomials inf-R,. We are ultimately interested in the matrix and Arl, using the relations given by Haberlahdnd Aqui-
elements ofH’ in a p-orbital basis, and only the first two lanti et al,*® and the three diatomic potential energy curves
even terms of the expansion contribute to these. Hence, weetermined from the ZEKE spectra. The calculatedoes
write not vary more than 1 me\0.1% for Arl and not by more
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FIG. 8. Comparison of experimental and calculated state splittings for () Ar,Br and(b) Ar,l. Solid circles: experimental. Open circles: calculated
(@) Ar,Brand(b) Ar,l. Solid circles: experimental. Open squares: calculated g5 described in Sec. IV E.
as described in Sec. IVE.

intuition. This seems to be due to the steep repulsive wall of
than 5 meV(1%) for ArBr for R greater than the zero cross- thel  diatomic state, which causes the antisymmetric modes
ing point. The assumption that is independent of the num- to be more steeply curved in thethan in theX state. The
ber of argon atoms is more questionable, as we will seeesultis an increase ifiy_, over what would be calculated if
below. the zero point energies were neglected.

The above method of calculating the adiabatic potential We can compare th¥—| splittings calculated using Eq.
surfaces was used directly in the simulated annealing procé3) with the experimental results without reference to the
dure for the smaller clustel®=6). For the larger clusters, anion potential. This comparison is shown in Fig. 8. In the
the annealing was first performed using the anion potentialsases where the two states are well resolved, the agreement
described above, and then the system was allowed to relaxith experiment is quite satisfactory.

(to optimize the geometjyon each of the neutral surfaces. In Forn=2 and 3 the splitting between théandll states
most cases, the anion and neutral have approximately thmay also be compared with experiment using &), as
same global minimum configurations. There are some excepshown in Fig. 9. For both Ar Br [Fig. Ya)] and Ar,_4 [Fig.
tions. For instance, the global minimum isomer of the9(b)], the theoreticalAy_,, is greater than the experimental
ArsBr~ anion has all five of the Ar atoms in contact with the value by about 5-15 cnt. The agreement is somewhat
Br~ atom, but this geometry corresponds to a local minimumworse for Ap_gBr than for Ar,_4. This discrepancy could

of the neutralX state surface. In such cases, the neutral miniinean that the atomic spin—orbit splittidgis not indepen-
mum corresponding to the anion global minimum was al-dent of the number of Ar atoms, as was assumed above. It is
ways used to compute the “adiabatic” EAs and neutral elecknown that the spin—orbit splitting of atoms in rare gas ma-
tronic state splittings. trices is different from that of the free atoms. For example,

The results of the calculation of the neutral binding en-Lawrence and Apkarian found that the | atom spin—orbit
ergies, zero point energieAy_,, andAy_,, are presented in splitting is decreased by about 3% or 5% in Xe or Kr matri-
Tables IV and V, for As_gBr and Ar,_,d, respectively. Itis  ces, respectively’ We observe a smaller decrease/ofin
interesting to note that for aii>>1, the zero point energy of the small clusters studied here: about 0.06—0.1 % in Ar
the | state is greater than that of thé state, contrary to and 0.3-0.4 % in Ar_JBr.
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the pairwise additive mode{a) EA as a function oh. Solid circles: experi-
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calculated and experimental EAs plotted as a functiom.offhe shaded

shaded region represents the experimental uncertainty. The error bars reRgion represents the experimental uncertainty. The error bars represent the

resent the uncertainty in the calculated EAs.

uncertainties in the calculated EAs.

Generally speaking, the open-shell interactions described _ _ _
in this section are nonadditive, in the sense that they are dfAS forn<17 are nearly linear as a functionwf There is a

the form of the additional terms in E¢2). However, they

slight positive curvature due to the nonadditivity of the neu-

are not true many-body effects because they can be obtaindg®l X state, and fon>17 the plot becomes flat in the case of
directly from the pair potentials, and do not introduce addi-Afal - On the other hand, the experimental EAs display a
tional interactions between the Ar atoms in contrast to theignificant negative curvature when plotted vensub Ar,l,
effects described in Sec. IV G. As pointed out by Sando andlattening out am=17 is not observed. Clearly the model

co-workers?? the open-shell potentials in the>1 clusters

potentials, as described so far, are not consistent with experi-

can be considered to be additive as matrices rather than &€nt.

scalars, and we will refer to these interactions as “matrix

additive” effects in the rest of this discussion.

F. Electron affinities calculated from additive
potentials

The adiabatic EAs calculated from E@) using the ad-
ditive anion potential$Eq. (11)] and “matrix additive” neu-

Before we consider many-body effects in the anion, let
us first rule out other possible explanations for this inconsis-
tency. We first consider the propagation of the uncertainties
in the pair potentials. The theoretical error bars shown in Fig.
10(b) and 11b) were estimated by assuming an uncertainty
of +3 cm tin the quantitye,— €, for the pair potentials, as
discussed above, and multiplying this by the number of
Ar—X nearest neighbors. The uncertainty in the Ar—Ar po-

tral potentiald Eq. (17)] are given in Tables IV and V. These tential, and that due to “relaxation” of the geometry is ne-
are compared with the experimental EAs in Fig. 10 and 11glected. The shaded areas in the figures represent the experi-

First, notice that in both Ar Br and Ar,_,d the calculated

mental uncertainties. The theoretical and experimental

EAs are significantly larger than the experimental resultsuncertainty regions show no overlap far>2. If a much

For Ar;;_,d, the calculated EAs are almost 1000 chiarger

more conservative estimate of the uncertainties is desired, we

than the experimental values. Furthermore, the calculatedan consider the individual uncertainties in the diatomic well
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depths, i.e., 9 ciTt for ArBr and ArBr , and 18 cm? for TABLE VI. Atomic dipole and quadrupole polarizabilities, effective num-
Arl and Arl~. Even in this case, the experimental and theo_bers of electrons, an@4 coefficients for Ar—Ar—X interactions.
retical error ranges overlap only for /8r and Ar,_4.

_ \ Atom a (@) C (@) N C, (eV A%
Furthermore, because the trends in the size dependence

of the observed EAs are so different from those of the cal- g[ ég‘f 16%43-111 2-57’?; o
culated EAs, it does not seem possible to modify the pair B: 20.6 6.2 83
potentials so as to simultaneously account for all the experi- |- 527 254 779 179
mental EAs. Any modification of the pair potentials would | 36.1° 6.5 129
result in the same more or less linear trend in theoretica

EAs. “R. R. Teachout ad R. T Pack, At. Da8a195 (1971).

. . bH. Coker, J. Phys. Cheng0, 2078(1976.

One might also ask whether the population of localeyandbook of Chemistry and Physicth ed.(CRC, Boca Raton, 1994
minima affects the trends in the experimental EAs. We canpp. 10-198. _
rule this out for Ap_gX, for which there is only one possible (’\QQXZI;KNS?SET{ ’:’- L. Nafa;'mz_u'uha“ff' Kd '?_- 'St’%:dl %*;]em- PPBr?STz“

P _ P . Note that we use buckingham's aefiniti V. em. yslz,
mmlmum geometry. Fon=4 and 5 the only Iocal_ minima 107(1967)] of the quadrupole polarizabilit, which is equal to half of the
give calculated EAs much lower than the experimental re-quadrupole polarizabilitye, , used by Sastt al.[See E. A. Gislason and
sult. For some of the larger clusters there may be localM. S. Rajan, Chem. Phys. Le0, 251 (1977 and references therein for
minima that would be consistent with the experimental EAs., information on the various quadrupole polarizability conventipns.

H K f he di . rtdn h . °E. A. Mason and E. W. McDanielfransport Properties of lons in Gases

owever, we know from the diatomic spectrthat the vi- (e, New York, 1988, pp. 533-534.
brational temperatures in the molecular beam are on the or-
der of 50 K. In light of this, a significant population of larger
clusters occupying local minima several hundred "&tm 46 i &
above the global minimum seems unlikely. For this reason, €/ler,” and independently by Mutd. The form of the
and because it is not possible to account for the observel§iPle-dipole potential is, for three atomsj, andk,

EAs of the small clusters with alternate minima, it is very (3 cos 6, cosd; cos b +1)

- . . _ J k

unlikely that population of local minima could be the sole  Vddd=Co 53 o3 , (18)
X . Rij RikRik
explanation for the observed trends in the EAs.

Next we consider various nonadditive terms in the po-Where 6, is the interior angle/ jik, R;; is the internuclear
tentials. distance between atomand atomj, andCq is a constant
depending only on the identities of the three ato@g.can
be calculated using semiempirical methdsr by fitting to
ab initio calculations’® However, because such results are

Nonadditive (or many-body interactions fall into three not available for the AfX or Ar,~ systems considered here,
categories: those present in both the anion and the neutralle use the approximation t&€g discussed by various
those unique to the neutral, and those unique to the anioauthors?8)50
Many-body interactions present in both anion and neutral
include dispersionAxilrod—Teller) and exchange interac- Co=3aia:a
i ions uni | PRI G ) (o (it )
tions. Interactions unique to the neutral include the “many- 7 T )T Tk
body” effects due to the open-shell nature of the halogerwhere o; and 7, are, respectively, the dipole polarizability
atom, which have already been discussed in Sec. IV Eand average excitation energy of atdbm
Many-body effects unique to the anion are those involving A simple approximation tay is, in atomic units?5
the charge on the halide atom. These include nonadditive

G. Many-body interactions

77 i+ 15+ )

(19

12
induction effects, and the interaction of the halide charge 77i:<ﬁ) ) (20)
with multipole moments caused by exchange and dispersion a;
interactions between pairs of argon atoms. HereN; is an effective number of electrons for a given atom.

The experimental observable, the EA, depends on thgypstituting Eq.(20) into Eq. (19) gives a three-body ana-
difference between the anion and neutral potenfisé® Eq.  |ogue of the Slater—Kirkwood formutafor the Cq disper-

(5)], and is therefore most sensitive to many-body effectsion coefficient. In the treatment of Koutselos and
that occur in the anion or neutral but not both. The following Mason®*@ which we follow hereN; is treated as an empiri-
discussion will show that many-body effects unique to thegg| parameter determined from the correspondihgtwo-
anion have the largest effect on the trends in electron affininody dispersion coefficient for like atoms. Furthermore, the
ties. values ofN; for the halide anions for which th€g coeffi-

We will consider each nonadditive effect in turn, incor- cients are not known are assumed to be the same as those of
porating it into our simulated annealing procedure to test ityhe corresponding isoelectronic rare gases. Some theoretical
effect on cluster energetics at the minimum energy geometryand empirical justification of the approximations involved in
this approach is given by Koutselos and Mason, who esti-
mate an uncertainty of 5%—-10 % f@, coefficients deter-

The leading term in the nonadditive dispersion energymined in this way*® The parameterl anda as well as the
the triple-dipole interaction, was first derived by Axilrod and values ofCgq calculated from Eqg19) and(20) are given in

1. Triple-dipole interaction

J. Chem. Phys., Vol. 105, No. 2, 8 July 1996



Yourshaw, Zhao, and Neumark: Many-body effects in clusters 365

Table VI. It should be noted that Eq&l8) and (19) are, small compared with our experimental uncertainties, and due
strictly speaking, valid only for atoms i states'®®°0@ |n  to the practical difficulty of accurately modeling it, it will be
extending their use t&-state halogens we are implicitly ne- neglected here.
glecting the anisotropy of the halogen atom polarizability.

The triple-dipole interaction is repulsive for near equilat-
eral geometries. In the case of Ar, V444 at the equilibrium
geometry is+8.1 cni’t, and 6.3 cm® for Ar,l. For Ar,Br~ The anion pair potentials are dominated by induction.
and ArBr, the results are 9.0 and 5.7 ch respectively. Likewise, we expect a rather large nonadditive effect to arise
The larger values for the anionic clusters are mainly due tdrom the interaction between multipole moments induced in
their greater polarizabilities. The net result, then, is a delhe rare gas atoms by the halide charge. In addition, there is
crease in the calculated EA by about 2—3 ¢ncompared nonadditivity due to the polarization of the halide atom itself.
with the additive potentials. This effect is of the same ordeBecause these effects are entirely absent in the neutral clus-
as the experimental uncertainty, but may be more significarf€s (if we neglect the relatively small inductive effects due
for larger clusters. In the calculations below on clusters witn© the permanent quadrupole moment of the neutral hajogen
n=3, only the Ar—Ar—X triple-dipole interactions are in- We expect the induction nonadditivity to have a large effect
cluded. The Ar—Ar—Ar interactions are neglected, becaus@n the EA.
we expect their energies to be nearly equal in the anion and A model for treating nonadditive effects in systems of
neutral. polarizable particles, first developed by Ves&hhas been

It has been shown that higher-multipole three-body disextended and used extensively by various workers in com-
persion terms, such as the dipole—dipole—quadrupéjggl ~ Puter simulations of solvated dio?ﬁ‘sand electrons; polar
potential, may also contribute substantially to the three-bodjiduids*® and ionic clusterd®*%¥” Our adaptation of this
dispersion energ§.To ascertain their importance here, we model is as follows.
used the formulas of Koutselos and Ma¥th for the higher Each atom is characterized by a point chatbalide
multipole coefficients, and the geometrical factors given byenly) and point dipole and quadrupole polarizabilitiéslide
Bell®? to estimateV yqq for Ar,l~ and Arl. At the equilib- gnd rare gasé:slocated at the nucleus._ We assume that th_e
rium geometries of the clusters determined with additive poinduced dipole of an atom depends linearly on the electric
tentials, we obtain approximately 4 crhfor Ar,l~ and 3 field produced by the charges and multipoles of the other
cm™! for Ar,l. The resulting 1 crm® shift in the EA is atoms via the dipole polarizabilite. We neglect the cubic
smaller than the experimental uncertainty. Therefdfg, dependence on the electric field due to the hyperpolarizabil-

and all higher multipole three-body dispersion terms werdty ¥ and all higher terms. Likewise, we consider only qua-

neglected in subsequent calculations. drupoles induced by the field gradient due to the other atoms,

characterized by the quadrupole polarizabil@y neglecting

the smaller contribution quadratic in the electric field via the

dipole—quadrupole hyperpolarizabilig;>® and higher terms.

We also neglect the damping of the polarizabilities and

charges at short range due to exchange or charge transfer.
) : - - Such effects are believed to be significant in the case of

The second type of three-body interaction that occurs gz\/drogen bonding® and in anions in ionic crystafS.How-

both anion and neutral clusters is the three-body exchan h bably | . i th Kiv bound
interaction. This is caused by the exchange induced electroﬁver’ they are probably less Important in the weakly boun

charge distortion of a pair of atoms, which alters the pair’sC usters considered herg. . .
With these assumptions, the electric field at atbns

exchange interaction with a third atom. This effect is difficult . 0

to model without recourse tab initio calculations, and has 9'V€" by

been the subject of some controvefsyAs far as we are 0 i) ) () 17D (i)

aware, such calculations are not available for the Ea :jzi (=T, qi’LTa}s r“é - §Tajﬁyeﬁj'y)' (21
Ar.Br/Ar,Br~ or Ar,l/Ar 1~ systems studied here. However,

we can get an idea of the magnitude of this effect fronaan and the electric field gradient®s

initio calculation on Ag by Chalasinski, Szczesniak, and _ - o - _

Cybulski®® For equilateral Ag at interuclear separations — E4y= > (—=TWg;+ T4, uP =410 0U). (22
close to the equilibrium Arbond length, they find the sum 17

of first and second order exchange three-body energies to li¢ere, following the notation of Buckinghaffithe subscripts
—1.5 cm'%, or about 42% of the third order dispersion non- «, B, y, and § stand for any of the Cartesian components of
additive energy(+3.6 cm%), and of opposite sign. If we a vector or tensor, and repeated Greek subscripts imply sum-
assume the exchange nonadditivity is a similar percentage ofiation over the three components. The permanent electric
the dispersion nonadditivity in the AMBr/Ar,Br~ and charge is represented loy (—1 for the halide and 0 for the
Ar,lIAr |~ systems, we would anticipate a 2—4 chmega-  rare gases andu() and©{), are components of the induced
tive contribution to the binding energies, and an approxi-dipole and quadrupole moments, respectively, at atowle
mately 1 cm?® difference between anion and neutral three-use Buckingham’s definition of the quadrupole moment as a
body exchange energies. Because this effect is expected to raceless tensdf. The multipole interaction tensors are de-

3. Induction nonadditivity

2. Three-body exchange
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fined byngﬂ)---v:VaVB'“Vv(llRij)a whereR;; is the vector Iq practice, dye to the computational “expense” of this
from atomj to atomi. The induced dipole at atoimis then !te_r_anve_: calculation, a glmpler model was emP'Oyed for the
; 0 initial simulated annealing procedure. In the simpler model,
given by’ ) ; ' ) . .
. . the interaction energy between dipoles directly induced in
ul=aEW, (23)  the rare gas atoms by the halide charges is calcufdt€te

minimum energy geometries found with the simpler model
_ _ were then optimized using the full iteratively calculated in-
0',=CiEL), (24)  duction model described above.

The results of the calculation for Ar and ApLBr~ show
that the nonadditive induction effect is indeed quite large.

and the induced quadrupoléis

where o; and C; are the dipole and quadrupole polarizabil-
ities, r tively, of atonm. The val fo and C . _
©s, Tespectively, of o @ values ofa and C used For Ar,Br~, for example V4 is 35.3 cm™. The result for

here are given in Table VI. AL | hat ler. b ¢ the | AT_X
At each time step in the simulated annealing procedure. fol 1S somewhat smaller, because of the larger Ar—

the induced moments are calculated iteratively from Eqs|.nternuclear distance. The nonadditive induction energy is

(21)—(24). At the first time step, the field and field gradient "ﬂ""ays ff‘?”d tt)otbe posttive, Shto_""('jng ”(‘jat ' d‘l’m'“a“tf b/{
due to the halide permanent charge are initially calculategi € repuision between adjacent induced muitipo esr%n eAr
from Egs. (21) and (22). Then the induced moments are atoms. The dipole term of E§27) contributes 32.7 cim to

found from Eqs(23) and(24), and substituted back into Egs. the,tht_?Lin A.%E(’jri’ and the quadrupole tter.m lcc()jntr:Eutgs d2.6 d
(21) and(22). The process is repeated until the magnitudesCm - [Nus, It does appear hecessary 1o Include the induce
adrupole effect, usually neglected in this type of simula-

of the induced moments do not change by more than one pagtu . oo .
in 1071° with successive iterations. It is found that the mo-1on: for accurate calculation of the binding energies. The
ments converge about twice as fast if the individual moment§eSUItS for the larger clusters are discussed below.

are immediately substituted into Eq21) and(22) for sub-

sequent calculations during a given iteration, rather thary Exchange and dispersion multipoles

“saved” until the next iteration. For subsequent molecular ] ) )

dynamics(MD) time steps, the algorithm is initiated with the ~ AS first described by Dick and OverhauSérthe ex-

induced moments saved from the previous MD step. Thighange repulsion between two closed-shell atoms produces a
saves some computer time. buildup of negative charge near the nuclei and a depletion of

The total induction energy is then given by eIectrqn density betvv_een_ the puclei. At large distances frqm
the pair of atoms this distortion of the electron clouds is
Vindtota™ VauTVao T Vit Vet Voot Ve (29 equivalent to a set of multipole moments, as discussed by

where the first five terms on the right-hand side are thelanser?® If the atoms are identical, the first nonvanishing
charge—dipole, charge-quadrupole, dipole—dipole, dipolemoment is a quadrupole. There is also a quadrupole, of op-
quadrupole and quadrupole—quadrupole interaction energieB0Site sign, arising from the dispersion interaction between

The final term is the energy required to create the induce@V0 atoms. At the usual van der Waals distances, the disper-
dipoles and quadrupoles, given®h§? sion contribution is somewhat smaller than the exchange

contribution®®
In the case of AfBr~ and Ar,l~, a three-body effect

then arises from the interaction of the halide charge with the
Ar, exchange/dispersion multipoles. This is another type of
many-body interaction that is present in the anionic but not
in the neutral clusters, and is therefore expected to have a
r’éignificant effect on the EA. As with induction, we expect
the interaction of the permanent quadrupole of the neutral
halogen atom with the exchange/dispersion moments to be

@y (@ (OF=10)
Mo My eaﬁeaﬁ
Vselfzz 2. + 6C. ) (26)
1 1

where the sum runs over all atoms. By using EG4)—(24)
for one of each of the dipoles and quadrupoles in 26)
and substituting the explicit expressions for the interactio
energie&® and Eq.(26) into Eq. (25), one can show that Eq.
(25) simplifies to

. negligible.
Vindtota= %Vq;ﬁ%vqe:zi ;I ai(— 3T ) In their studies of the A+HCI, —DCI, and —HF sys-
o tems, Hutson and coworkéPshave found that the interaction
+ %ngegg;}). (27)  of the exchange/dispersion quadrupole of thg @mit with

the permanent multipoles of the HX molecule is quite impor-
tant. This work was mainly concerned with the interpretation
of the vibration—rotation spectr of the clusters. However,

This equation gives the total induction energy of the cluster
However, part of this energy is already implicitly included in

the Ar—X" pair potential. In order to extract the nonadditive they also found the contribution to the binding energy to be

portion, we calculate the induction energy for each Ar—X significant. Chalasinski and oth&fshave found these con-

pair, neglecting the other Ar atoms in the cluster, using the > . .
. . S : clusions about the importance of the exchange quadrupole
same iterative method. The sum of the pair induction ener-

gies is then subtracted from E@7) to give the nonadditive effect on the A;HX potential energy surfaces to be qualita-
induction energy: tively consistent with theilab initio calculations. In recent

work more closely related to our own, Buret al. have ex-
Vind= Vind,tota~ Vind,pair- (28)  tracted information about the exchange multipole energy
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from ab initio calculations on A)CI™.%8 These authors cal- energy is then obtained from the standard expression for a
culated this effect to be-12.8 cm* near the equilibrium charge—quadrupole interactiBhHowever, because the typi-
geometry of AsCl™. In this light we expect the exchange/ cal halide—Aj distances in the clusters are on the same order
dispersion multipole contribution to the nonadditive bindingas the Ar—Ar distance, the point quadrupole representation
energies of our AfBr~ and Ar,l~ clusters also to be quite overestimates the magnitude of the interaction. The point
significant. quadrupole representation was used by Huestoal. in their
Jansen derived a simple expression for the exchangeork on Ar,—HCI and —DCI, and was found by them to
guadrupole using an effective one electron model for thesomewhat overcorrect the pairwise additive
atomic charge distributiorfS.In this approach, the electronic potential?®®® |n more recent work on ArHF, Ernesti
charge density of an atom is approximated by a singleand Hutsoh™® proposed a distributed dipole representation:

Gaussian function, The Ar, exchange charge distribution is represented by op-
6| 2 posed point dipole moments at the two Ar nuclei, parallel to

_ 2R |2 ; ; ; ; ;
pi(r)=— —re BR—1|%, (299  the internuclear axis, with magnitudes chosen to give the

same overall quadrupole moment as E8R). Ernesti and

of the nucleus of atori, andr is the position of the effective to0 the point quadrupole representation fop-ArF, but noted

electron. Then the atomic wave function is defined as that it somewhat underestimated the electric field of the true
» charge distributiod®®
()= & (30) The difficulty with both of these approaches arises from
: e the use of a multipole representation at short range. There-

fore, it seems logical to attempt a more direct calculation of
the interaction of the exchange charge distribution with the
halide charge. To do this, we form an effective charge
density—the part of the charge density that contributes to the
0 , 1 , , exchange quadrupole—by subtracting the atomic charge
Wij(r,r ):(1_—32,)1/2[‘Pi(r)‘/’1'(r )= ¢ir)e(n]. densities(29) from the charge density of the antisymme-
J (31)  trized wave function(31):

The zero-order wave function of a pair of atomsndj, is
taken to be the antisymmetrized product of the two atomi
wavefunctiongnormalized to 2

Herer andr’ are the positions of the two electrons, &g
is the overlap integral, which for like atoms with Gaussian peﬁ(r)=—|e|f |‘Pﬂ(r,r’)|2dr’—pi(r)—pj(r)
wave functions is given by

2 3
S =exp - B°R}}/2), :__ﬁzlz (w_[i’?) [e FARi—r2 4 g~ BPR; 112
]

whereR;; is the internuclear separation between the atoms.
Then, taking the expectation value of the quadrupole mo- _Ze—BZ\Rc—r\Z]_ (33
ment operator with wave functiof81), a simple expression

for the cylindrically symmetric exchange quadrupole isHereR;=3(R;+R;) is the midpoint between the two Ar nu-

found®® clei. We see that the effective charge density is the sum of
eR? [ & twq negative Gggssian chqrge d'istributions chated at the nu-
OcdR;j)=— ! ( J 2). (32  clei, and a positive Gaussian distribution, twice as large, at

2 \1-§j Rc . If we approximate the halide with a point charge at

In Jansen’s original treatment, the range paramgtevas Ro. the Coulomb interaction energy is then found td'be
estimated from the long range dispersion interactions, and

assumed to be valid for short range exchange interactions. V=S ezsizj erf(BRio) N erf( BR;o0)
ec

This method of estimating is now believed to significantly =3 1—S|2j Rio Rjo

overestimate the exchange quadrup8i®.An approach that

has been used to improve the accuracy of the model is to fit 5 erf(BRco) (34)
the one-electron functional form for the exchange quadru- Rco |

pole to the results of accurasd initio calculations, to arrive

at a more reasonable value Bf'%%° Here, we shall use the whereR;,, R;o, andR¢, are the distances of the halide from
value 8=0.936 A%, derived in this way by Hutson and the Ar nuclei and the midpoint between the nuclei, respec-
co-workerd®® from a self-consistent fiel@SCP calculation tively, andi andj run over the Ar atoms. The error functions
of the quadrupole moment of Ar in Eq. (34 can be easily evaluated using standard

The problem now arises of how to calculate the interacsubroutines? In the limit BR—x, erf(BR)—1. So at long

tion energy of the exchange quadrupole with the halideange, Eq.(34) is equivalent to the Coulomb interaction of
charge. The simplest way is to represent the exchange chartfee  halide charge with negative point charges
distribution with a point quadrupole, calculated from Eq. 5=—|e|S|2j/(1—Si2j) at the Ar nuclei, and a positive point
(32), located at the midpoint between the two Ar atoms. Thecharge,+2|4, at R..®® In order to prevent nonphysical be-
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Eq. (34) to give a more accurate value ¥f. than either the
S S B L B L B B B point quadrupole or distributed dipole representations.

The three models 0¥ are compared for AX ™ in Fig.

12. In the figure, the Ar—Ar distance is held constant at the
equilibrium value of the Aymolecule, and the Ar—Ar axis is
kept perpendicular tR,, as the halide—Ardistance is var-

ied. It can be seen that at large separations, the three models
approach each other, as expected. However, at separations
near the equilibrium structures of Ar and ALBr~, the dif-
ferences among the three models are quite significant. For
example, aRco=3.61 A, corresponding to Ar~, Eq. (34)

] givesVe.=—15.0 cm %, compared with—18.0 cm * for the

] point quadrupole model, and12.6 cm * for the distributed
dipole representation. The differences among the three mod-
els at the equilibriunR¢, of Ar,Br~ (3.28 A) are even more
pronounced. We conclude that at the interatomic distances
considered here, it is important to use an accurate represen-
tation of the exchange charge distribution to calculate In

the remainder of this work, we shall use E84) for V.

We also need to consider the multipole moments in-
duced in the rare gas atoms by dispersion. Eiimas devel-
oped a model for the dispersion induced dipole and quadru-
pole moments in terms of atomic polarizabilities and
dispersion coefficients. The average dipole moment induced
on atomi by the dispersion interaction with other like atoms
NI A I IV R B B is given by

4.0 4.5 5.0 5.5
R.(A)

V,, (ecm™)
r el oo by

NI RO

NI I

25 3.0 35

vs—c, S R ity =0 S8 (35)
H HiF Ri7] ' 2 al

FIG. 12. Comparison of three models of the exchange quadrupole—charge R

interaction in ApX~ clusters. The Gaussian range paramgtés 0.936 A, whereR;; is the unit vector pointing from atorpto atomi,

and the Ar—Ar distance is fixed at 3.7565 R, is the distance between the C.i ; ; i i ; ;
; >0 ) ; is the Ar—Ar dispersion coefficienty is the dipole polar-
halide nucleus and the Ar—Ar midpoint. Dashed line: point quadrupole. 6 P & P P

model. Dotted line: distributed dipole model. Solid line: calculated from Eq. izability, andB is the dlpolg—quac_irupole hyperpolarizability.
(34). The vertical lines represent the Ar=Band Ar—I" dimer equilibrium ~ The components of the dispersion induced quadrupole mo-

distances. ment on atom are given by
o (i) 1 CeB
havior of Eq.(34) for small values ofR, (near linear ge- 62;2'5p= _Cez % with Ce=z%, (36)
ometrieg, V. is cut off for Ar—Ar separations greater than a 7 .
certain value, typically 6.5 A. WhereTg};):VaVﬁ(l/Rij). For example, in the special case
We should discuss the approximations implicit in Eq.of two atoms lying on th& axis, the quadrupoles have cy-
(34). First, the nuclear charges are, in effect, approximatedindrical symmetry, with©}* = —Cgq/R}, and @

by Gaussian distributions with the saneparameter as the = ©,%P= — 30, Following Emesti and Hutsol?® the
atomic electron densities. Thus, effects of nuclear deshieldvalues ofC, andCq were found using th€g constant from

ing are not included in Eq.34). Second, the approximation the Aziz HFDID (Hartree—Fock dispersion individually
of the halide by a point charge will underestimate the extentdamped 1 potential?® and the ratidB/« from the calculation

of overlap effects and hence tend to slightly overestimate thef Maroulis and Bishop? We obtain C,=1252 ead and
magnitude of the interaction energy. This deficiency could be&C,=208.6 eaS. The total dispersion induced dipoles and
corrected if more were known about the charge densities ofuadrupoles are calculated from E¢35) and(36) for each

the halide atoms. Finally, and most importantly, we are stillAr atom. Then the charge—dipole interaction energyys
working within the Gaussian one-electron approximation. Aand the charge—quadrupole enerd¥,qs, are computed
single Gaussian function is known to be a rather poor apfrom the standard electrostatic formuffewe denote the
proximation to the true electron density of an at6hThis  total charge-dispersion multipole energy Migis = Vagis
problem could be overcome by using a more accurate modet Vs .-

of the Ar, charge distribution, such as the result of @m We should note that this calculation is carried out inde-
initio calculation with Gaussian type basis functions. Thependently of the nonadditive induction energy calculation
method of Gaussian multipoles developed by Wheétley described in the previous secti¢Bec. IV G 3. Therefore,
could then be used to calculate the Coulomb energy. Despitateractions between the electrostatically induced multipoles
the limitations of the present model, we nonetheless expeetnd the exchange/dispersion induced multipoles have been

J. Chem. Phys., Vol. 105, No. 2, 8 July 1996



Yourshaw, Zhao, and Neumark: Many-body effects in clusters 369

neglected. This is reasonable because the exchange/

dispersion multipoles are about an order of magnitude (a)
smaller than the charge induced multipoles, and, therefore, b . e e o o
. . . . . . ~ Or-m-—a &
the interactions of the exchange/dispersion multipoles with = b . v g
the charge are much larger than their interactions with the % -500F e 2 O
. . ~ o o
charge induced mglUpoIes. . N 2 1000k ° o o g
The charge—dipole energWyqis IS generally positive = E ° o
and about 30% as large &&.. This proportion is qualita- & -1500F o o
tively consistent with the calculations of Lacey and Byers & ; o
66 ; - ) & -2000f .
Brown®® and with the results of Ernesti and Hutstff B
Vqdis IS negative, and only about 5% as large\ag;s. For 'g -2500} ¢
example, in AgBr—, the dispersion dipole energy i56.0 EL . L C ! , ®
cm, and the dispersion quadrupole energy-i6.3 cmi . 6 1 2 3 4 5 6 7 8 9
This may be compared with the exchange charge energy of n
—20.3 cmi'L. Thus we see that the dispersion dipole makes a
nonnegligible contribution to the nonadditive energy, (b)
whereas the dispersion quadrupole could be neglected with- _ .
. g E oo o 0 0 o
out any significant loss of accuracy. ~ g3 oot S
Complete results for the larger clusters are discussed in 'g -1000F ® e f Bgog .
the next section. 2 ook e, %0 "foogpgog
> o)
29 3000F ‘e ° o
|5} F 4 . e}
5 -4000F . °,
H. Eleptron affinities calculated with many-body ob _50005_ ® . °
potentials = : . o
& -6000F ..
In order to assess the importance of the various many- @ ;0 N
body effects mentioned above, we reoptimized the minimum IR B R —— 2
energy geometries found from the simulated annealing pro- 0 3 n 10 15

cedure with the additive potentials, successively adding the
many-body terms, m_ Prder of their _relatlve magthdeS'_ FIG. 13. Calculated contributions to tixestate binding energig8E) of (a)
The first nonadditive term considered was the multipolear,Br and (b) Ar,| neutral clusters. Solid circles: total BE. Open squares:

induction energy; the anion potential was then found from Ar—Br contribution. Open circles: Ar—Ar contribution. Open diamonds:
Axilrod—Teller triple-dipole contribution.

€= min( Varx +Varar + Vind) ) (37

where the right-hand terms are the pairwise additive argonhe EAs calculated from Eq€37’), (38'), and (5) are re-
halide and argon—argon potentials, and the many-body muterred to as EA\g.ecimaistai- The binding energies calcu-
tipole induction potential. The neutral potential was identicaljated from Eqs.(37") and (38') and their components are
to that used in the calculation in Sec. IV E: shown graphically in Figs. 13 and 14.

The anion and neutral binding energies calculated from
Egs.(37), (37'), and(38), and from Eqs(37’) and(38') are
whereV,, x is the “matrix additive” X state potential de- given, along with the corresponding zero-point energies, in
scribed in Sec. IV E. We refer to the electron affinities cal- Tables Vil and VIIl. The theoretical electron affinities £A
culated from Eqs(37), (38), and(5) as EA4. EAind+ect mais @10 EAngtect mais+ar @€ given in Tables 1X

We next considered the effect of addition of the @hd X. The deviations of the theoretical EAs from the ex-

exchange—charge and multipole dispersion energies. The aRéfimental values are shown in Figs. 15 and 16.

€x=Mmin(Var x+Varar), (38)

ion binding energies are then It is important to note that the many-body terig,,
. Veer Vingis andVar®" all depend on thabsolutevalues of the
€a=MIiN(Varx +Varar + Ving+ Vect Vindis), (37)  Ar—X~ distances. Therefore, we must consider the uncer-

tainties in these terms due to the absolute uncertaing,jn

in the pair potentials, which, as mentioned in Sec. IV A, is

+0.2 A for both ArBr" and Ar . In order to estimate the

uncertainties in the many-body terms, we calculated the

changes in these terms in the,Br~ and Apl ™~ systems with

_ the Ar—Ar distance fixed at the Aequilibrium value, as the

€= MiN(Vax +Vaar + Ving+ Veet VindisT Vat o), Ar—X" distances were varied over0.2 A about the ArX
(37" equilibrium values. To estimate these uncertainties in the

larger clusters, the AK™ uncertainties were multiplied by

the number of nearest neighbor Ar—Ar pairs in contact with

and the neutral binding energies are still given by 88).
The electron affinities calculated from Eq87’), (38), and
(5) are referred to as EA ect mdis-

Finally, the Axilrod—Teller term was included in both
the anion and neutral potentials to give

ex=min(Var x+Vaar+ vaer. (38)
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TABLE VIII. Calculated Ar,I™ anion and Agl neutral X state binding en-

(a) ergies and zero point energies, including nonadditive terms. IND: nonaddi-
tive induction. EC: exchange charge. MDIS: dispersion multipole. AT:
E A a 4 Axilrod—Teller triple-dipole dispersion. Energies are in tm
= OE_ : A 5 4 § s o ° o
= . . © i oo IND+EC+MDIS
i -1000} ] o o o IND IND +EC+MDIS +AT (anion AT (neutra)
%D _20005_ * \3 ° o n € ) € o5 € oy €x wy
rfl 3 e U 1 3694 173 3694 17.3 369.4 17.3 151.6 14.6
en -3000F 6 7 2 8146 484 8252 504  817.0 492 379.0 40.6
= N a 3 13384 90.2 13699 96.0 13457 926 699.7 81.4
& -4000¢ 4 1859.9 1323 19123 1415 18715 1364 10208 122.1
/M _5000'_ ¢ 5 2378.0 171.8 2451.2 1840 2393.7 177.7 1342.6 161.6
(') i é 3' 4'1 5' é 7‘ 8' ; 6 2967.4 2219 3066.3 239.4 29859 229.2 1740.5 203.9
7 34764 2615 35958 280.9 3499.6 270.5 2080.2 251.2
n 8 4040.0 306.9 4179.8 330.7 4062.8 316.2 2482.0 292.6
9 4567.5 3445 47212 366.2 4585.0 352.0 2859.1 325.1
10 5102.2 386.5 52851 415.0 5131.7 398.9 3246.9 378.1
(b) 11 56239 423.4 5821.0 456.8 5647.2 436.2 3627.1 415.7
Wb b ; aabs b b a 12 61975 4759 6427.8 5104 6233.0 488.9 4047.9 470.3
LI 0_§§§§§§goooo° 13 6818.0 516.8 7068.8 554.8  6847.5 528.7 4533.9 513.4
= 0y ‘ e 14  7363.8 547.9 76250 593.4  7371.8 557.4 4957.0 554.8
< v ° -2000F° © o 15 8021.4 610.6 8322.8 649.3 80384 617.9 5465.2 619.4
gy 1000F " o °, fo g ° o, 16 8615.8 683.1 89732 7251 8673.8 694.6 5908.9 667.5
b E *o -4000re Pog o °o, 17 92323 763.9 9647.9 808.9 9336.7 781.2 6361.9 747.4
;f] 2000E P 6000: LI 90, °o 18 9737.0 818.1 10159.9 864.8 9840.0 836.3 6810.4 802.8
50 E Lot . feo 19 10247.0 8720 10676.5 921.2 10347.4 891.3 7254.8 855.9
£ 3 o 8000 ‘e
.S 23000F . . ® .
23} -10000F LI
1 1 [ ] PR | I | S R
2 4 6 8 10 12 14 16 18 The addition of the many-body induction term signifi-
n

cantly decreases the EA compared with the additive calcula-

FG. 14, Calculated contributions o the bind R Br- and tion. [Compare Figs. 1®) and 16a) with Figs. 10 and 11.

(b) Argl- aiiglrjl: eSoﬁgncir:cll:els(:)qzte(t)I BI(;. gpér;gszz(:gg: Arir%o:ltrial‘)r:;- EAing is closer to the eXperIrr)erjtal values .thanagﬁ\ but is

tion. Open circles: Ar—Ar contribution. Open triangles: nonadditive induc- SOMewhat overcorrected. This is clearest in thgl Alusters,

tion. Crosses: exchange charge and multipole dispersion. Open diamond#® which EA4 lies well below the experimental uncertainty

triple-dipole dispersion. region (shaded areas in Figs. 15 and) ¥6r n=6, 7 and
9-19. Thus, the Af results clearly indicate the need for
additional nonadditive terms. In the Mr clusters, the ex-

the halide. The uncertainties introduced into the calculate?€rimental and theoretical EA uncertainty regions overlap

EAs were found to be significantly larger than those due txcept forn=8 and 9, but the Efy, values are all system-

the uncertainty ine, — ey in the pair potentials. These uncer- atically lower than the experimental EAs, again suggesting

tainties are displayed as error bars in Figs. 15 and 16. that induhction effects alone decrease the electron affinity by

too much.

TABLE VII. Calculated Ar,Br~ anion and AgBr neutral X state binding o ) ] N
energies and zero point energies, including nonadditive terms. IND: nonadlABLE IX. Ar,Br electron affinities calculated with various non-additive
ditive induction. EC: exchange charge. MDIS: dispersion multipole. AT: terms. EAyy nonadditive induction term only. Efy. ec-mais Nonadditive in-

Axilrod—Teller triple-dipole dispersion. Energies are in ¢m duction, exchange charge, and multipole dispersion termgyEf\ mais+at:
induction, exchange charge, multipole dispersion, and triple-dipole disper-
IND +EC+MDIS+ sion terms. Energies are in ¢t
IND IND +EC+MDIS AT (anion AT (neutra)
N N N " n EAind EAind+ec+mdis EAind+ec+mdis+at

% %  « “ c “ x 0 271292 271292 27129.2

1 438.8 20.7 438.8 20.7 438.8 20.7 133.1 15.6 1 27 429.8 27 429.8 27 429.8

2 942.4 53.7 955.9 56.1 946.8 55.0 343.7 41.7 2 27 710.8 277219 27 718.9

3 1515.3 98.5 1555.7 105.1 1528.9 102.3 646.1 83.3 3 27 968.5 28 002.2 27 993.0

4 2081.3 142.6 2148.4 153.2 2103.9 148.8 950.0 124.7 4 28218 28 275 28 259

5 2640.9 185.0 2734.3 199.0 2672.3 193.5 12555 164.7 5 28 460 28 540 28 517

6 3273.3 236.7 3402.4 255.2 3315.3 2476 1643.6 207.8 6 28 681 28792 28761

7 3819.9 278.3 39744 300.4 38715 291.8 1978.7 2620 7 28 897 29029 28992

8 4434.4 326.4 4620.2 351.6 4494.4 341.1 2385.1 3074 8 29 088 29 249 29 205

9 5029.0 367.2 5238.7 3952 5091.0 381.9 2783.7 3496 9 29271 29 453 29 404
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TABLE X. Ar,l electron affinities calculated with various non-additive
terms. EA,q: nonadditive induction term only. EA ec:mdis: NONadditive

induction, exchange charge, and multipole dispersion terms. 3
EAingrecimdistat: INduction, exchange charge, multipole dispersion, and
triple-dipole dispersion terms. Energies are in"ém 5
n EAing EAind+ectmdis EAing+ectmdistat ;
3
0 24 673.3 24673.3 24 673.3 g
1 24 888.3 24 888.3 24 888.3 ﬁ
2 25095.4 25103.9 25102.6
3 25 286.6 253123 25308.1

4 25474 25518 25510
5 25660 25721 25708 ~
6 25828 25909 25893 &
7 25995 56 095 26 073 >l
8 26 138 26 254 26 231 ’-”
9 26 268 26400 26372 n
10 26 410 26 565 26 537 8
11 26 537 26 701 26673 F
12 26 680 26 875 26 840 =

13 26 798 27011 26 972

14 26 903 27 119 27 086

15 27 039 27 302 27248

16 27 156 27 472 27411

17 27 323 27 693 27614

18 27 336 27712 27 669

19 27 431 27811 27731

EA(Calc.) - EA(Exp.)

Inclusion of V. and V45 in the calculation brings the
theoretical EAs closer to the experimental resulf®e Figs. FiG. 15. Differences between calculated and experimental EAs fgBrAr
15(b) and 16b).] In the case of ABr, EAing:ect mdis l1€S plotted as a function ofn, including various three-body termga)
within the experimental error bars in all cases except foEAnd~EAept (0) EAngect mais ~ EAexpr (€) EAing+eor maistat — EAexpe The
Ar3Br, which is overcorrected by about 9 (—;I]n But even in shaded region rep.rese.nts the experimental uncertainty. The error bars rep-

; ) ) _resent the uncertainty in the calculated EAs.

this case, the model potential and experimental uncertainty
regions overlap. For the Al clusters, EAq+ect mdis IS OVer-
corrected by 3.8—20.1 cm for n=2-5, which is outside the
experimental error baré&he shaded region in Figs. 15 and
16). For 6=n<19, EAng.ect mais li€S Within experimental We have obtained experimental electron affinities and
uncertainties except for=13-15 anch=17. However, as in electronic structure information from the ZEKE and PDTP
the Ar,Br clusters, the theoretical and experimental uncerspectra of As_Br~ and Ar_d . We have compared these
tainty ranges overlap in all cases for Ar with electronic state splittings and EAs calculated from both

Inclusion of the Axilrod—Teller term brings the theoreti- pairwise additive and nonadditive model potentials. The fol-
cal EAs closer to experiment for the smaller clusters, butowing conclusions can be drawn from this work.
overcorrects somewhat for some of the larger clus{&se (1) The first-order degenerate perturbation theory treat-
Figs. 18c) and 16c)]. Now for the ApBr clusters ment of the open-shell neutral potentials described in Sec.
EAindect mais+at 11€S within the experimental uncertainties IV E is accurate enough to account for the-l electronic
for all cases except=9. For Ar,_, addition of the Axilrod—  state splittings observed in ARBr and Ar_4, within ex-
Teller term brings the theoretical EA closer to the experi-perimental uncertaintie$See Fig. 8 However, this model
mental result, but is still a few wavenumbers above the exsomewhat overestimates th¥—Il state splittings for
perimental error bars. Fom=5-10, 17, and 18, the Ar,_jBr and Ar_g, possibly indicating that the spin—orbit
theoretical result is within experimental uncertainties, butsplitting decreases as Ar atoms are added around the halo-
lies below the uncertainty region for=11-16 and 19. But, gen.(See Fig. 9.
again, the theoretical and experimental error bars overlap in  (2) A pairwise additive model of the anion potentials is
all cases. Thus, inclusion of the triple-dipole term appears t@ompletely inadequate to account for the experimentally
help somewhat for the smaller clusters, but, because of thmeasured EASSee Figs. 10 and 1)INonadditive effects in
uncertainties iV,,g andVee + Vs it is not possible to draw  the anion are clearly very important.
definite conclusions about the importance of the Axilrod—  (3) The many-body induction effect is the most impor-
Teller term from the present results. To do so would requirdant nonadditive effect in the anion potential. Inclusion of
more precise knowledge &, in the pair potentials. Vinq accounts for most of the discrepancy between the addi-

V. CONCLUSIONS
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clusters on the basis of our results. Furthermore, we cannot
draw any conclusions about the role of three-body exchange

E effects or higher-order multipole dispersion terms from the
;:ﬂ present work.
s Overall, this type of detailed energetic study of many-
S body effects is complementary to studies of nonadditive ef-
% fects via high resolution spectroscopy. In this type of experi-
- ment we are able to directly measure the difference between
anion and neutral binding energies, allowing a direct com-
parison of experimental observables with model potentials
- including nonadditive effects. However, due to limited reso-
E lution and uncertainties in the pair potentials this experiment
5 is not sensitive to the most subtle nonadditive effects, such as
. the triple-dipole dispersion energy. This is in contrast to the
g high resolution spectroscopic studies of the ,-AiX
s s systems:’~1% which provide precise values of molecular
i 4 6 8 10 12 14 16 18 constants. Comparison of such results with nonadditive
n model potentials is more difficult, but can in principle pro-
vide more precise information on nonadditive effects.
_ (¢) Further theoretical work needs to be done to interpret the
& : vibrational structure observed in the smaller clusters
% 505' (Ar,_Br~ and Ar_4 ) studied here. These spectra present
= Of-o-t an opportunity to test the various methods of dynamical cal-
m '502' culations that have been developed for weakly bound
g Cloof clusters’® and such studies would be welcome.
g 150, - T T In the future, we hope to observe the ZEKE spectrum of

Ar,CI™. This would allow direct comparison with the re-
cently publishedab initio study of this system by Burcl
68

FIG. 16. Differences between calculated and experimental EAs for, Ar €t @l Also, the ArCl n'el,'lt'ral CIUSFer would present a more
plotted as a function ofn, including various three-body termsa) tractable problem foab initio theorists than the larger halo-
EAing—EAexpts (B) EAing-rect mais = EAexpr (€) EAingrect mais+at ~ EAexer The gen containing clusters studied in the present work.
shaded region represents the experimental uncertainty. The error bars rep-
resent the uncertainty in the calculated EAs.
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