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We present the first nonempirically calculated spectroscopic constants for the recently ob3erved
Chem. Phys105, 2167(1996] ground X 23*) and excited A II) states of SFAr. Our best
results yield D,=694 cm!, R,=3.662A, and w,=38.7cm?! for the ground andD,
=1967 cm}, R,=3.169 A, andw,=99.1 cm! for the excited state. The calculat@l’'s are

within the error bars of the experimentally determined one for the ground state favoring the low end
and underestimate the corresponding one for the excited state by about 7%. The equilibrium
separationgR,'s) for the two states have not been experimentally determined, however our results
accurately reproduce the estimated shiff., between the two states. The interaction is mainly
electrostatic for the ground state for which the contribution of dynamic electron correlation was
found to be more important than for the excited state. 198 American Institute of Physics.
[S0021-960628)01301-4

I. INTRODUCTION for the excitedA °I1; states by about 1000 crh(or 409 as

well as theshift in the equilibrium separation between the

Clusters of noble gas atoms serve as prototype SyStenEﬁoundX 25 ., andA 211, excited states by 0.15 khe em-

in modeling solvation phenomena. Metal atoms embedded iBiricaI calculations predicthR,=0.35A vs 0.5@:0.05 A
H [ EE] e . . .

these clusters function as “chromophores” used 10 probgyetermined experimentallyTo this end our study aims in
their optical properties. The potential energy surfa@¥5S$  mplementing the experimental data by producing accurate
of the metal atom-noble gas diatomic molecules are of pargsential energy curves for the ground and the excited states
ticular importance since they represent the cornerstones If srar towards our long term research effort to param-
the parametrization of interaction potentials used to study thgyj;e interaction potentials in order to study the energetic
energetic and dynamlcal properties _of the larger (_:Iuéters. and dynamical properties of the $Ar),, clusters’ In Sec. Il

Recently, Luler and Velegrak?i have studied the e il describe the theoretical approach outlining the de-
photofragmentation spectrum of the"&r complex in the 45 of our calculations. The results for the ground and the
418-448 nm wavelength region. They observed vibrationalpgeryed excited state will be presented in Sec. Iil together
progressions which they attributed to transitions from the, i 5 discussion of the qualitative differences in the bond-

2 H H 2
X 221/2 electronic ground state to the excitéd”lly;; and  jng for the two states. Final conclusions will be summarized
A “lI3, states. From the experimental studies it was possible,"gac v

to deduce the harmonic frequencias.] and anharmonici-
ties (wexe) Of the X 23, andA 2I1; states but not the cor-
responding equilibrium separation®d). Furthermore, the
experimental data allowed determination of the dissociation Previous theoretical studieby Bauschlicher, Partridge,
energies with respect to the corresponding asymptotes arignd Langhoff on metal noble-gas positive ionsM (M
ing from the S¥(52Sy;,) and SF(52Py, 32 limits with er-  =Li, Na, K, Mg, Sc, Ti, Mn, Fe, Co, Cu, Yhave accounted
ror bars of the order of 250 cm which amount to 30% for for an excellent overview of the bonding in these systems.
the X 23, and 10% for the’ll, states, respectively. It These authors have elaborated on the importance of the rare
should be noted that, to the best of our knowledge, the onlgas atom basis set in accurately describing its polarizability,
available theoretical results for this system prior to this studya requirement arising from the predominantly electrostatic
were obtained using pseudopotential modlelhich, how- interaction in these systems with the leading term being the
ever, differ significantly with respect to the experimentalone corresponding to the charge-induced dipole. They have
data as noted by lder and Velegrakié,ln particular, the also noted the possibility of charge donation from the ligand
empirical calculations underestimate the dissociation energfrare gas atomto the metal depending on the difference
between the metal and ligand ionization potentiédRs).
JElectronic mail: ssxantheas@pnl.gov However, for the system at hand, the large differe'nce be-
bAlso at Department of Chemistry, University of Crete, 711 10 Heraklion, tWeen the Ar and Sr IPEL5.77 and 5.692 eV, respectively
Crete, Greece. suggests that this is most probably unlikely.

II. THEORETICAL BACKGROUND
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TABLE I. Calculated spectroscopic constants for &3 * andA 2I1 states of StAr and comparison with
available experimental data. MCSCF-1, MCSCF-2, and MCSCF-3 denote active spaces™ (5 ¢fhs),
(17e”/9 orbs), and (1& /12 orbs), respectivelysee text ExperimentaD, values were extracted according
t0 De=D+ we/2— wex /4.

De Re We WeXe
Level of theory (cm™ R (cm™h (cm™
X 257 state
icMRCI/MCSCF-1 326 3.953 23.8 0.19
icMRCI+Q/MCSCF-1 363 3.894 25.9 0.31
RCCSOT)/9%™ 380 3.870 27.0 0.31
MCSCEF-2 139 4.479 14.8 0.43
icMRCI/MCSCF-2 554 3.732 329 0.44
icMRCI+ Q/MCSCF-2 655 3.664 37.5 0.64
RCCSOT)/17e™ 705 3.628 39.9 0.67
MCSCEF-3 264 4.228 18.8 0.25
icMRCI/MCSCF-3 620 3.709 35.2 0.64
icMRCI+ Q/MCSCF-3 694 3.662 38.7 0.72
Experiment 828244 n/a 49.5 0.75
A 211 state
MCSCEF-3 1126 3.275 79.1 1.68
icMRCI/MCSCF-3 1814 3.183 95.8 1.61
icMRCI+ Q/MCSCF-3 1967 3.169 99.1 1.57
Experiment 2362232 () n/a 120.8-0.5 (I,) 1.67+0.04 I,y
2636+ 256 (I1,) 122.0+0.5 (ll,,) 1.60+0.04 (1)

The potential energy curves for the ground{= ") and  subsequently successive projecieMRCI calculations for
the excited A *II) states of SFAr arise from the interaction  four states. It should be noted that the potential energy sur-
of Ar(*S) with electrons in the § and 5 orbitals of S, face of theB 25+ state is needed in order to parametifze
respectively. TheA “II state is the second one of that sym- cjassical interaction potentials for the triatomic’ Gr), sys-
metry, the lower one arisi_ng from the int_eraction of Ar with tem: results regarding the 23 * state obtained from these
the 4d electrons of St which lie energetically between the cacylations will be reported in subsequent publications to-

5s and % and produce a manifold of State%ﬂ*_ZH'ZA) gether with the potential developmétithe states ofI sym-
WTCh’ however, have not been observed expgnmentally fanetry were obtained by a similar procedure, viz, a two-state
SrAr but 2the+y have been obseryed for Ga.” For the average MCSCH14204 CSFps and subsequent projected
ground X °37) state, the calculat|on§ were performed 8licMRCI calculations for two states. The corresponding num-
the coupled cluster level of theory including single andber of internally contracted CSFs in theMRCI is 2140732

Sr?ulslgxcei)t(ggggggscglstg'g] ?r?)rx??:svt?icfesct;EZ?tcrxge-tlr:]gck for thel =0 and 2122179 for the=1 states out of about 135
P million uncontracted. In thecMRCI calculations the 4+ Q”

RHF) reference wave function. In ition, w nsider . . )

(RHF) reference wave functiol addition, we conside eddeS|gnat|on denotes the multi reference andHoof the

the internally contracted multi reference single and doubhsi3 i tio? that id timate of hiah

excitation configuration interactiondMRCI) method from thaVI dsonblcorreqtl i a:c pro:/rll e"a gg(;:s |m?e ot higher-

a multi configuration self-consistent fieldMCSCPH wave an-double excitations from [he - active space.
E For the Sr atom we used the quasi-relativistic effective

function. We have chosen two active spaces in the MCSC )
calculations, one including the AréBp) with the Sr(%)  SOTe potential(ECP from the Stuttgart groug (28 core
electrons (MCSCF-1: @ /5 orbitaly the other the electrongin conjunction with the (66p5d) valence set con-

Ar(3s,3p) with the Sr(4,4p,5s) electrons (MCSCF-2: tracted to[ 4s4p2d] for the remaining electrons. This ECP/
17e7/9 orbitald. The number of internally contracted/ Valence set combination yields a second IP of 10.80 eV for
uncontracted configuration space functiof€SF9 are ST at the CCSIN) level of theory(compared to 11.03 eV
7896/26020 and 25946/155658 in theMRCI for the two  experimentallf) and a $S—52P excitation of 2.93 eV for
active spaces, respectively. The RC@BPDcalculations cor-  SI* (compared to the averaged spin-orbit v&log2.99 eV).
responding to the two previous active spaces are denoted &8 Ar we used the doubly augmented correlation-consistent
RCCSOT)/9e~ and RCCSDT)/17e". We finally consid- Polarized valence double zete-aug-cc-pvDZ basis set!'
ered a larger active spa¢®ICSCF-3: 127 /12 orbitalg in  This consists of the regular aug-cc-pVDZ ‘Seaugmented
order to incorporate the states that arise from the)(dnd ~ Wwith one additional diffuse function of each symmetry
(5p) orbitals of Sr. For the calculations with the last active (S,p,d) whose exponents are determined in an even-
space we have performed a four-state averaged MCSCF cdempered fashion. The d-aug-cc-pVDZ set produces 11.05
culation (15128 CSFswith equal weights for the ground a.u. for the polarizability of Ar at the CCSD) level of
state, thé>, and?A states coming from the $¢4d) orbitals  theory, a value very close to the basis set limit of 11.19 a.u.
and theB 23" state arising from the $(4p) orbitals and We computed the potential energy curves using the en-
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FIG. 1. Calculated potential energy curves for }é3 " andA 211 states
of Sr*Ar at theicMRCI/MCSCF-3 level of theory. 500
1 M 1 L (] i 1 (]
ergies of 14-17 internuclear separations around the_ mini- 5 6 " 8 9 10 1
mum. A Dunham analysi§ was used to extract the equilib- RSrH-Ar)
. . .. 7 -Ar), a.u.
rium bond length R,), the dissociation energyD(,), the vrat

harmonic freq.uency ), and the anharmonlcnya(e)(e). FIG. 2. Area around the two minima to indicate the contractioRgfor the
The largest difference between the calculated energies angdzr; ¢i-ie with respect to the ground state.

those predicted by the fit was 19 hartree (0.22 cmt). The

dissociation limit for the separated atoms was calculated us-

ing the supermolecule approach at tb®RCI (the energy is

computed at an internuclear separation of df)0and the for the ground state yield dissociation energies within
sum of the separated atoms at the RCCBDlevels of 11 cmi ! of each other, both lying within the experimental

theory, respectively. All calculations were performed usingerror favoring the lower end. The corresponding harmonic
the MOLPRO program suité’ frequencies are within 1 cit of each other, both-10 cmi?

smaller than the experiment. In addition, the predicied
Ill. RESULTS AND DISCUSSION values between the two method_s are vv_|th|n 0.03_4 A of each
other. For the ground state the interaction is mainly electro-
The results of our calculations are listed in Table I; thestatic as indicated by the magnitude of the charge-induced
potential energy curves for the two states are shown in Figdipole termV=g?a/2R* which yields 78% oD, (« is the
1. For the grounK 23" state, dynamic electron correlation dipole polarizability of Aj.
results in a contraction d®, by almost 0.8 A with a fivefold For the A 2I1 excited state we compute a dissociation
increase in the correspondig,. The effect of correlation

energy D) of 1126 cmi ! at the MCSCF and 1814 cm at
of the Sr(4,4p) electrons is also large as is evident from thethe icMRCI levels of theory; thet+ Q correction increases

difference between both thécMRCI (+Q) with the our estimate to 1967 cit. The effect of dynamic electron
MCSCF-1 and MCSCF-2 active spaces and the RC@$D correlation for theA °II state is important, although not to
9e /17e results. It amounts to a contraction of 0.24 A for the degree observed for the ground state. For instance, the
R. and an increase of 326 crhfor D, at the RCCSDT)  ratio of the CASSCF tacMRCI+Q Dg's is 0.38 for the
level of theory. The effect ok, is similar at theicMRCI ground and 0.57 for the excited state. Furthermore, the cal-
level of theory(0.22 A), although the differential effect on culatedR, is 3.183 A at theicMRCI level of theory, de-

D, is only 70% of that at the RCCSD) level. The +Q creasing to 3.169 A when the Q correction is taken into
correction seems, however, to compensate for the yieldingccount. Our estimateshift in the correspondindR.’'s be-
differential correlation effects of 0.23 A and 298 chfor R,  tween the ground and th& ?I1 excited state(cf. Fig. 2 is
andD,, respectively, values that are closer to the ones obtherefore 0.526 AicMRCI) and 0.493 A (cMRCI+Q), in
tained at the RCCSO) level of theory. The largest excellent agreement with the experimentallgstimated
[RCCSOT)/17e~ andicMRCI+ Q/MCSCF-3 calculations  value of AR,=0.50+ 0.05 A. Our best estimate for the har-
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