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principles: Comparison with experiment
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We present the first nonempirically calculated spectroscopic constants for the recently observed @J.
Chem. Phys. 105, 2167 ~1996!# ground (X 2 S 1 ) and excited (A 2 P) states of Sr1Ar. Our best
results yield D e 5694 cm21, R e 53.662 Å, and v e 538.7 cm21 for the ground and D e
51967 cm21, R e 53.169 Å, and v e 599.1 cm21 for the excited state. The calculated D e ’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
separations ~R e ’s! for the two states have not been experimentally determined, however our results
accurately reproduce the estimated shift, DR e , 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. © 1998 American Institute of Physics.
@S0021-9606~98!01301-4#

I. INTRODUCTION

Clusters of noble gas atoms serve as prototype systems
in modeling solvation phenomena. Metal atoms embedded in
these clusters function as ‘‘chromophores’’ used to probe
their optical properties. The potential energy surfaces ~PESs!
of the metal atom-noble gas diatomic molecules are of particular importance since they represent the cornerstones in
the parametrization of interaction potentials used to study the
energetic and dynamical properties of the larger clusters.1
Recently, Lüder and Velegrakis2 have studied the
photofragmentation spectrum of the Sr1Ar complex in the
418–448 nm wavelength region. They observed vibrational
progressions which they attributed to transitions from the
X 2 S 1/2 electronic ground state to the excited A 2 P 1/2 and
A 2 P 3/2 states. From the experimental studies it was possible
to deduce the harmonic frequencies ( v e ) and anharmonicities ( v e x e ) of the X 2 S 1/2 and A 2 P i states but not the corresponding equilibrium separations (R e ). Furthermore, the
experimental data allowed determination of the dissociation
energies with respect to the corresponding asymptotes arising from the Sr1(5 2 S 1/2) and Sr1(5 2 P 1/2,3/2) limits with error bars of the order of 250 cm21 which amount to 30% for
the X 2 S 1/2 and 10% for the 2 P 1 states, respectively. It
should be noted that, to the best of our knowledge, the only
available theoretical results for this system prior to this study
were obtained using pseudopotential models3 which, however, differ significantly with respect to the experimental
data as noted by Lüder and Velegrakis.2 In particular, the
empirical calculations underestimate the dissociation energy
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for the excited A 2 P i states by about 1000 cm21 ~or 40%! as
well as the shift in the equilibrium separation between the
ground X 2 S 1/2 and A 2 P i excited states by 0.15 Å ~the empirical calculations predict DR e 50.35 Å vs 0.5060.05 Å
determined experimentally!. To this end our study aims in
complementing the experimental data by producing accurate
potential energy curves for the ground and the excited states
of Sr1Ar towards our long term research effort to parametrize interaction potentials in order to study the energetic
and dynamical properties of the Sr1~Ar!n clusters.4 In Sec. II
we will describe the theoretical approach outlining the details of our calculations. The results for the ground and the
observed excited state will be presented in Sec. III together
with a discussion of the qualitative differences in the bonding for the two states. Final conclusions will be summarized
in Sec. IV.
II. THEORETICAL BACKGROUND

Previous theoretical studies5 by Bauschlicher, Partridge,
and Langhoff on metal noble-gas positive ions M1Ar ~M
5Li, Na, K, Mg, Sc, Ti, Mn, Fe, Co, Cu, V! have accounted
for an excellent overview of the bonding in these systems.
These authors have elaborated on the importance of the rare
gas atom basis set in accurately describing its polarizability,
a requirement arising from the predominantly electrostatic
interaction in these systems with the leading term being the
one corresponding to the charge-induced dipole. They have
also noted the possibility of charge donation from the ligand
~rare gas atom! to the metal depending on the difference
between the metal and ligand ionization potentials ~IPs!.
However, for the system at hand, the large difference between the Ar and Sr IPs ~15.77 and 5.692 eV, respectively6!
suggests that this is most probably unlikely.
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TABLE I. Calculated spectroscopic constants for the X 2 S 1 and A 2 P states of Sr1Ar and comparison with
available experimental data. MCSCF-1, MCSCF-2, and MCSCF-3 denote active spaces of (9e 2 /5 orbs),
(17e 2 /9 orbs), and (17e 2 /12 orbs), respectively ~see text!. Experimental D e values were extracted according
to D e 5D 0 1 v e /22 v e x e /4.

Level of theory
icMRCI/MCSCF-1
icMRCI1Q/MCSCF-1
RCCSD~T!/9e 2
MCSCF-2
icMRCI/MCSCF-2
icMRCI1Q/MCSCF-2
RCCSD~T!/17e 2
MCSCF-3
icMRCI/MCSCF-3
icMRCI1Q/MCSCF-3
Experiment
MCSCF-3
icMRCI/MCSCF-3
icMRCI1Q/MCSCF-3
Experiment

De
(cm21)

Re
~Å!

X 2 S 1 state
326
3.953
363
3.894
380
3.870
139
4.479
554
3.732
655
3.664
705
3.628
264
4.228
620
3.709
694
3.662
8286244
n/a
A 2 P state
1126
3.275
1814
3.183
1967
3.169
23636232 ( 2 P 1/2)
n/a
26366256 ( 2 P 3/2)

The potential energy curves for the ground (X 2 S 1 ) and
the excited (A 2 P) states of Sr1Ar arise from the interaction
of Ar( 1 S) with electrons in the 5s and 5p orbitals of Sr1,
respectively. The A 2 P state is the second one of that symmetry, the lower one arising from the interaction of Ar with
the 4d electrons of Sr1 which lie energetically between the
5s and 5p and produce a manifold of states ( 2 ( , 2 P, 2 D)
which, however, have not been observed experimentally for
Sr1Ar but they have been observed for Ca1Ar. 7 For the
ground (X 2 S 1 ) state, the calculations were performed at
the coupled cluster level of theory including single and
double excitations with a perturbative estimation8 of the
triple excitations @RCCSD~T!# from a restricted Hartree-Fock
~RHF! reference wave function. In addition, we considered
the internally contracted multi reference single and double
excitation configuration interaction (icMRCI) method9 from
a multi configuration self-consistent field ~MCSCF! wave
function. We have chosen two active spaces in the MCSCF
calculations, one including the Ar(3s,3p) with the Sr(5s)
electrons ~MCSCF-1: 9e 2 /5 orbitals! the other the
Ar(3s,3p) with the Sr(4s,4p,5s) electrons ~MCSCF-2:
17e 2 /9 orbitals!. The number of internally contracted/
uncontracted configuration space functions ~CSFs! are
7896/26020 and 25946/155658 in the icMRCI for the two
active spaces, respectively. The RCCSD~T! calculations corresponding to the two previous active spaces are denoted as
RCCSD~T!/9e 2 and RCCSD~T!/17e 2 . We finally considered a larger active space ~MCSCF-3: 17e 2 /12 orbitals! in
order to incorporate the states that arise from the (4d) and
(5p) orbitals of Sr. For the calculations with the last active
space we have performed a four-state averaged MCSCF calculation ~15128 CSFs! with equal weights for the ground
state, the 2 S and 2 D states coming from the Sr1(4d) orbitals
and the B 2 S 1 state arising from the Sr1(4p) orbitals and

ve
(cm21)

v ex e
(cm21)

23.8
25.9
27.0
14.8
32.9
37.5
39.9
18.8
35.2
38.7
49.5

0.19
0.31
0.31
0.43
0.44
0.64
0.67
0.25
0.64
0.72
0.75

79.1
95.8
99.1
120.860.5 ( 2 P 1/2)
122.060.5 ( 2 P 3/2)

1.68
1.61
1.57
1.6760.04 ( 2 P 1/2)
1.6060.04 ( 2 P 3/2)

subsequently successive projected icMRCI calculations for
four states. It should be noted that the potential energy surface of the B 2 S 1 state is needed in order to parametrize10
classical interaction potentials for the triatomic Sr1~Ar!2 system; results regarding the B 2 S 1 state obtained from these
calculations will be reported in subsequent publications together with the potential development.4 The states of P symmetry were obtained by a similar procedure, viz, a two-state
average MCSCF ~14204 CSFs! and subsequent projected
icMRCI calculations for two states. The corresponding number of internally contracted CSFs in the icMRCI is 2140732
for the l50 and 2122179 for the l51 states out of about 135
million uncontracted. In the icMRCI calculations the ‘‘1Q’’
designation denotes the multi reference analog11 of the
Davidson correction12 that provides an estimate of higherthan-double excitations from the MCSCF active space.
For the Sr atom we used the quasi-relativistic effective
core potential ~ECP! from the Stuttgart group13 ~28 core
electrons! in conjunction with the (6s6 p5d) valence set contracted to @ 4s4 p2d # for the remaining electrons. This ECP/
valence set combination yields a second IP of 10.80 eV for
Sr at the CCSD~T! level of theory ~compared to 11.03 eV
experimentally6! and a 5 2 S25 2 P excitation of 2.93 eV for
Sr1 ~compared to the averaged spin-orbit value6 of 2.99 eV!.
For Ar we used the doubly augmented correlation-consistent
polarized valence double zeta ~d-aug-cc-pVDZ! basis set.14
This consists of the regular aug-cc-pVDZ set15 augmented
with one additional diffuse function of each symmetry
(s,p,d) whose exponents are determined in an eventempered fashion. The d-aug-cc-pVDZ set produces 11.05
a.u. for the polarizability of Ar at the CCSD~T! level of
theory, a value very close to the basis set limit of 11.19 a.u.
We computed the potential energy curves using the en-
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FIG. 1. Calculated potential energy curves for the X 2 S 1 and A 2 P states
of Sr1Ar at the icMRCI/MCSCF-3 level of theory.

ergies of 14–17 internuclear separations around the minimum. A Dunham analysis16 was used to extract the equilibrium bond length (R e ), the dissociation energy (D e ), the
harmonic frequency ( v e ), and the anharmonicity ( v e x e ).
The largest difference between the calculated energies and
those predicted by the fit was 1026 hartree (0.22 cm21). The
dissociation limit for the separated atoms was calculated using the supermolecule approach at the icMRCI ~the energy is
computed at an internuclear separation of 100a 0 ! and the
sum of the separated atoms at the RCCSD~T! levels of
theory, respectively. All calculations were performed using
the MOLPRO program suite.17
III. RESULTS AND DISCUSSION

The results of our calculations are listed in Table I; the
potential energy curves for the two states are shown in Fig.
1. For the ground X 2 S 1 state, dynamic electron correlation
results in a contraction of R e by almost 0.8 Å with a fivefold
increase in the corresponding D e . The effect of correlation
of the Sr(4s,4p) electrons is also large as is evident from the
difference between both the icMRCI (1Q) with the
MCSCF-1 and MCSCF-2 active spaces and the RCCSD~T!
9e 2 /17e 2 results. It amounts to a contraction of 0.24 Å for
R e and an increase of 326 cm21 for D e at the RCCSD~T!
level of theory. The effect on R e is similar at the icMRCI
level of theory ~0.22 Å!, although the differential effect on
D e is only 70% of that at the RCCSD~T! level. The 1Q
correction seems, however, to compensate for the yielding
differential correlation effects of 0.23 Å and 298 cm21 for R e
and D e , respectively, values that are closer to the ones obtained at the RCCSD~T! level of theory. The largest
@RCCSD~T!/17e 2 and icMRCI1Q/MCSCF-3# calculations

FIG. 2. Area around the two minima to indicate the contraction of R e for the
A 2 P state with respect to the ground state.

for the ground state yield dissociation energies within
11 cm21 of each other, both lying within the experimental
error favoring the lower end. The corresponding harmonic
frequencies are within 1 cm21 of each other, both ;10 cm21
smaller than the experiment. In addition, the predicted R e
values between the two methods are within 0.034 Å of each
other. For the ground state the interaction is mainly electrostatic as indicated by the magnitude of the charge-induced
dipole term V5q 2 a /2R 4 which yields 78% of D e ~a is the
dipole polarizability of Ar!.
For the A 2 P excited state we compute a dissociation
energy (D e ) of 1126 cm21 at the MCSCF and 1814 cm21 at
the icMRCI levels of theory; the 1Q correction increases
our estimate to 1967 cm21. The effect of dynamic electron
correlation for the A 2 P state is important, although not to
the degree observed for the ground state. For instance, the
ratio of the CASSCF to icMRCI1Q D e ’s is 0.38 for the
ground and 0.57 for the excited state. Furthermore, the calculated R e is 3.183 Å at the icMRCI level of theory, decreasing to 3.169 Å when the 1Q correction is taken into
account. Our estimated shift in the corresponding R e ’s between the ground and the A 2 P excited state ~cf. Fig. 2! is
therefore 0.526 Å (icMRCI) and 0.493 Å (icMRCI1Q), in
excellent agreement with the experimentally2 estimated
value of DR e 50.5060.05 Å. Our best estimate for the har-
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monic frequency of the excited state is 20 cm21 lower than
the one determined experimentally. Furthermore, the calculated T e is 22 532 cm21 in good agreement with the value of
22 287 cm21 deduced from the measured n 00 and the experimental zero-point energies for the two states. The fact that
the excited 2 P state is more strongly bound and has a shorter
R e than the ground 2 S state is expected as the orientation of
the p orbital of Sr perpendicular to the intermolecular axis
allows a closer approach of the Ar atom.
IV. CONCLUSIONS

In this study we present, to the best of our knowledge,
the first nonempirical calculations for the ground and the first
observed excited state of Sr1Ar. Our calculations produce a
dissociation energy for the ground state that is within the
experimental error bar favoring the lower end while underestimating the one for the excited state by about 7%; they
also accurately reproduce the observed contraction of the
equilibrium separation in the excited state with respect to the
ground state. Our results are in much better agreement with
the available experimental data for this system than the results of previous empirical calculations.3 To this end our calculations complement the available experimental data for
this system by providing accurate equilibrium distances
~R e ’s! and potential energy curves for the two states, information which will be used to parametrize interaction potentials in subsequent studies.4
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Pulay, M. Shültz, H. Stoll, A. J. Stone, P. R. Taylor, and T. Thorsteinsson.
For the RCCSD~T! implementation in MOLPRO see P. J. Knowles, C.
Hampel, and H.-J. Werner, J. Chem. Phys. 99, 5219 ~1993!.
1
2

J. Chem. Phys., Vol. 108, No. 1, 1 January 1998

Downloaded 19 Dec 2002 to 139.91.254.18. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp

