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C, D, and E Electronic States of the S@" lon Studied Using Multiconfiguration
Second-Order Perturbation Theory

Introduction

The sulfur dioxide ion (S@") plays an important role in
atmospheric chemistdyNumerous experimental studies have
been devoted to the SOion, including photoelectron spec-
troscopy?- electron impact ionizatiof photoionizatior?,® pho-
todissociation spectroscopyand photofragment excitation
spectroscopy.Three bands were observed in the photoelectron
spectra (see ref 2 and references therein). The X state gf SO
is in the first band and the A and B states are in the second ban
In a recent workof ours we have suggested assignments of the
X, A, and B states to the?A, 12B,, and £A; states, respectively,
based on our calculations using multiconfiguration second-order
perturbation theory and contracted atomic natural orbital basis
sets. The third band in the spectra is at least 2.5 eV higher in
energy than the second bahdnd the C, D, and E states of
SO," were observed in the third band. In the present theoretical
work we explore the C, D, and E states of the,S@n.
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For exploring the C, D, and E states of the S@n, eight excited states of SQ 2%A;, 3?A;, 2°B,, 3B,

1°B;, 2°B,, 3By, and ZA,, have been studied using the complete active-space self-consistent field (CASSCF)
and multiconfiguration second-order perturbation theory (CASPT2) methods in conjunction with two contracted
atomic natural orbital basis sets, S[6s4p3d1f]/O[5s3p2d1f] (ANO-L) and S[4s3p2d]/O[3s2pld] (ANO-S) (the
1?A,, 1°B,, and PA, states were previously studied and assigned to the X, A, and B states, respectively).
Equilibrium geometries and theg and v, vibrational frequencies for the eight excited states were predicted

at the CASSCF/ANO-L level. For the eight states, the CASPT2/ANO-L adiabatic excitation efigrgnd

vertical excitation energyl() values were calculated using the CASSCF/ANO-L geometries, and the CASPT2/
ANO-L relative energy T) values to XA; were calculated at the S@nolecular geometry. The CASPT2/
ANO-L Ty ordering is: #Bj, 22B;, 2%A,, 2°A1, 3A1, 2°B,, 3?B,, and 3B; (in increasing order of energy),

and five of these states have shake-up ionization character. We assign the observed C, D, and E states of
SOt to 12B,, 2°A4, and ZB,, respectively, and the three calculated states have primary ionization character
at the molecular geometry. The CASPT2/ANOFL values and the CASSCF/ANO-ly and v, values for

1°B; and ZA; are in good agreement with the experimenfal 1, and v, values for the C and D states,
respectively. The CASPT2/ANO-I, value and the CASSCF/ANO-k; and v, values for 2B, are in
reasonable agreement with the experimefgad, andv, values for the E state, respectively. For preliminarily
exploring the potential energy surfaces (PESSs), potential energy curves (PECs) of the eight excited states, as
functions of the OSO bond angle, were calculated at the CASPT2/ANO-S level, and then in the CASSCF/
ANO-L PESs of #B; and 2A; we found other minimum energy geometries which have lower CASPT2/
ANO-L energies than the “equilibrium geometries” of the respective states. However, these geometries are
far away from the FranckCondon regions for the ground-state molecule and ion. For preliminarily exploring
dissociation processes of §Qa Jacobi coordinate syste@cymmetry) was adopted and dissociation potential
energy curves (DPECs) for the 24 and 1-8A"" states were calculated at the CASPT2/ANO-S level. The
calculations indicate that théA', 22A", ?A’, 12A"", 22A"", and 3A"" DPECs converge to the first dissociation

limit [SO™ (X2IT) + O (Py)]. By considering the correlation relations of t@gstates with theC,, states and

our assignments for the C, D, and E states, we conclude that, among the C, D, and E states, only two directly
correlate to the first dissociation limit.

The experimental adiabatic ionization potential (AIP) values
for the X, C, D, and E states of S were reported to be 12.35,
15.90, 16.34, and 16.51 eV by Wang et%and similar values
were reported by Holland et &lThe adiabatic excitation energy
(To) values for the S@ ion are considered to be equal to the
differences between the AIP values for excited states and the
AIP value for the ground state, and therefore the (experimental)
To values for the C, D, and E states of SGre 3.55, 3.99, and
d4-16 eV, respectively, evaluated using the AIP values of Wang
et al2 Experimental geometric parameters for the C, D, and E
states are not available. Several groups reported their observed
vibrational frequencies for the; and v» modes in the C, D,
and E states (they did not report frequency values for:the
mode). For the C state, the experimentaind v, values were
observed to be 767 and 409 chby Thomas et al.and 806
| and 381 cm* by Holland et al3 respectively. For the D state,

the experimental;, andv, values were observed to be 955 and
411 cntl, respectively, by Thomas et dl.and recently, a

* Corresponding author. E-mail: mbhuangl@gscas.ac.cn. smallerv, value of 240 cm was reported by Zhang et @For
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TABLE 1: Previous Assignments for the C, D, and E States O
of the SO,* lon2
C D E

Hillier et al. (ref 10, RHF) 2B, 2, 2B, R

Wang et al. (ref 2, exptl) 2B, 2 2B,

Holland et al. (ref 3, exptl) B, 2Aq B,

Dujardin and Leach. (ref 5, exptl) B, 2Aq B, B

Thomaset al. (ref 7, exptl) By B, O r S

Zhang et al. (ref 8, exptl) 2A, 2B, 2B,

Figure 1. Jacobi coordinate system for the 8QGon used in the
dissociation potential energy curve calculations (taed6 parameters

@ Molecular orbitals (in increasing order of energy) for the ground- >SOLe ’
being fixed at the values of 1.4489 A and 226espectively).

state S@molecule obtained in the HF/6-315(d) calculations: ...(5%
(3k2)? (6a)® (4h2)” (7a)® (2b1)? (5be)? (129)? (8a)” (3b1)° (9a)° (10a)°....
[I. Calculation Details

We calculated in total 11 electronic states of the;S@n,

the E state, the experimentalandv, values were observed to  and they are as follows: the three lowest lying states in each
be 960 and 444 cni, respectively, by Holland et &l. of the Ay (X2A1, 2°A4, and 3A,), B, (12B,, 2°B,, and 3B)),

Different assignments for the C, D, and E states of the'SO  andB; (1°B;, 2?B;, and 3B;) symmetries and the two lowest
ion were suggested by different groups, and in Table 1 are listedlying states in thé\, symmetry (A, and ZA,). In the present
the previous assignments suggested by six research grousLo work, we will mainly study the eight high-lying electronic states
In most of the experimental papeéfé°the C, D, and E states  of the SQ* ion: 22A,, 3A4, 2°B,, 3B, 1B;, 22B,, 3?B4, and
were assigned to the @By, (2)?A1, and (1¥B; states (€B,, 22A, (we call them as “the eight excited states” in the rest part
D?A;, and EB;), respectively. Hillier and Saundéfssug- of the present paper).
gested the &;, D?A;, and BB, assignments on the basis of The CASSCF and CASPT2 calculations were carried out
their restricted HartreeFock (RHF) calculations. Thomas et using the MOLCAS 5.2 quantum-chemistry softwé&Vith a
al’” questioned the assignment of?A) and proposed the = CASSCF wave function constituting the reference function the
assignments of @; and [’B,. Zhang et af suggested an  CASPT2 calculations were performed to compute the first-order
assignment of BB; and possible assignments ofAG and wave function and the second-order energy in the full-Cl space.
E?B,, based on their photofragment excitation spectrum experi- In the calculations, we used two contracted atomic natural orbital
ments. In the present theoretical work, we will try to assign the (ANO) basis set$’~1° S[6s4p3d1f]/O[5s3p2d1f] and S[4s3p2d]/
C, D, and E states of the $Oion on the basis of calcula-  O[3s2pld], denoted as ANO-L and ANO-S, respectively.
tions using multiconfiguration second-order perturbation  The equilibrium geometries for the 11 states were predicted
theory. by performing the CASSCF/ANO-L geometry optimization

Dynamic studies ®1indicate that the C, D, and E states of calculations, and the; and v, vibrational frequencies in these
the SQ™ ion could predissociate to the first product limit, SO  states were calculated at the CASSCF/ANO-L level. The
(X2IT) + O (°Py). However, the predissociation mechanisms calculated geometries and frequencies for t#a:X1?B,, and
are not clear. Dujardin and Leatbuggested couplings of the  1?A, states were already presented in our previous fapased
C2B, and BB, states (see the assignments presented in refs 2,0n the CASPT2/ANO-L energy values for théAq state and
3, and 5) to repulsivéB, and?B; states, respectively, in the for the eight excited states calculated at the respective CASSCF/
predissociation processes, and Zhang ésalgested coupling  ANO-L optimized geometries, we obtained the CASPT2/ANO-
of the DB, state (see the assignment presented in ref 8) to aL//CASSCF/ANO-L adiabatic excitation energiof values for
repulsive?A, state in the predissociation process. The sugges- the eight excited states. Based on the CASPT2/ANO-L energy
tions of these experimental groups imply that there may exist values for the XA; state and for the eight excited states
more states in the energy region of the third band. In the presentcalculated at the CASSCF/ANO-L geometry§—0) = 1.439
theoretical work, we will preliminarily explore the dissociation A and JOSO= 127.7] of the X2A; state? we obtained the
mechanisms. CASPT2/ANO-L//CASSCF/ANO-L vertical excitation energy

It is known that the CASSCF (complete active space self- (Ty) values for the eight excited states. Based on the CASPT2/
consistent field)® and CASPT2 (multiconfiguration second-order ANO-L energy values for the 3 state and for the eight ex-

perturbation theory}1®> methods are effective for theoretical

cited states calculated at the experimental geom&({$-{O)

studies of excited electronic states of molecules. We have = 1.432 A and0OSO = 119.5] of the ground-state SO

studied 11 electronic states of the S8Oon by using the
CASSCF and CASPT2 methadt a previous papet,we

molecule?® we obtained the CASPT2/ANO-L relative energy
(denoted ag,') values of the eight excited states to thgAX

reported our calculation results on the three lowest lying states state of the ion.

of the SQT ion, 12A4, 12B,, and BA,, and the results indicate

The PECs of the 11 stateB([10SO), as functions of the

that the three states correspond to the X state in the first bandOSO bond angle (ranging from 6@ 18C) were calculated at
and the A and B states in the second band, respectively. In thethe CASPT2/ANOS level, and in the curve calculations th&©S
present paper, we report the results for the eight higher lying bond length value was fixed at 1.4489 A, which is the bond
electronic states, including the predicted equilibrium geometries, length value in the CASSCF/ANO-S-optimized geometry for
vibrational frequencies, adiabatic and vertical excitation energies, the X?A; state. The XA;, 1°B,, and 2A, PECs were already
and potential energy curves (PECs) as functions of the OSOgiven in our previous paper.

bond angle and dissociation potential energy curves (DPECs) In exploring dissociation processes of the ;SQon in
calculated using a Jacobi coordinate system. On the basis ofdifferent electronic states to the product consisting of the SO
our calculation results, we will assign the C, D, and E states of (SO) and O (O) species, a Jacobi coordinate system shown in
the SQ" ion and discuss some aspects of dissociation of the Figure 1 was adopted to appropriately treat variations of the
C, D, and E states. potential energies when one of the twe S bonds is elongated
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TABLE 2: Geometries? and the »; and », Vibrational Frequencies for the Eight Excited States of the S@" lon Predicted at the
CASSCF/ANO-L Level

frequencies (cm')

state r (5-0) (A) JOSO (deg) V1 U2 experimental frequencies (ci)

1°B; 1.593 109.2 788 370 CP: vy, 767 (782, 816, 807), 409 (363, 375)
2°B; 1.609 94.1 822 570 C¢ v, 806;0,, 381

22A, 1.626 95.8 822 375 D P 21, ~955; 0, ~411

22A4 1.533 118.4 908 374 D —yp, ~240

3PA; 1.564 108.1 1213 431 ES v1, 960;v,, 444

2B, 1.557 101.0 994 377

3B, 1.551 108.7 1216 429

3%B; 1.589 110.7 728 332

21n the text we refer to these optimized geometries as predicted “equilibrium geomet$est. Table 2 in ref 7 Reference 3¢ Reference 8.

TABLE 3: CASPT2/ANO-L Adiabatic ( To) and Vertical (T,) Excitation Energies of the Eight Excited States of the S@ lon
Calculated Using the CASSCF/ANO-L Optimized Geometries and the CASPT2/ANO-L Relative Energied (') Calculated at the
Experimental Geometry of the Ground-State SQ Molecule, Together with the Most Important Configurations (MICs) in the
CASSCF Wave Functions Represented as the lonized States of the Ground-State S@olecule

To (eV)
state MIC calcd expt! state MIG T/P(eV) state MIG T.°(eV)
X?A;  (8a)t 0.00° X?A;  (8a)t 000  X%A; (8a)! 0.00°
178,  (2by)? 356 C:355 1B; (2b)t 3.96 PB;  (8a)2(3byt 4.09
2B, (5bp)2(3by)l 3.59 A, (7Ta)t 411 2B;  (2b)? 411
22A,  (8a)!(5b)!(3by)t 3.82 2B,  (8a)2(3by* 4.19 ZA;  (7a)t 437
2A;  (Ta)t 390 D:399 2B, (4t 4.22 2B, (4b)? 451
FA; (la) ™t (5b) ' (3by)t  4.03 ZA;  (8ar) " (Sky) " (3by)* 4.97 ZA2  (8a)* (5hp) ! (3by)* 4.94
2B,  (8a) ' (la) ' (3m)* 440 E: 416 B, (8a) ' (la) ()’ 5.42 3B, (8a) ' (la)t (3by! 5.59
B,  (4b)t 4.99 3A; (la) ™ (Sky) " (3b)* 6.04 3A;  (la) ' (Shy) ™ (3by)* 6.55
F¥B,  (8a) 2 (3hy)! 5.25 3B, (5by)2(3by)! 6.32 3B, (5by)2(3by)! 6.92

a For the electron configuration of the ground-state, 3®lecule; see the text or the footnote for Table® Calculated at the experimental
geometry f(S—0) = 1.432 A anddOSO= 119.5] of the ground-state SOmolecule; see ref 20.Calculated at the CASSCF/ANO-L geometry
[r(S—0) = 1.439 A anddOSO = 127.7] of the X?A; state of the S ion; see ref 99 Evaluated using the experimental adiabatic ionization
potential data reported in ref 2The CASPT2/ANO-L energy is-547.55403 au’. The CASPT2/ANO-L energy is-547.54409 au.

in the course of the dissociation. The distan@nd angled in T,/, E(0OSO) PECsE(R) DPECs, and electronic states at the

the Jacobi coordinate system (see Figure 1) were fixed at thelinear geometry, the state-averaging technique was used, and

values of 1.4489 A (see the last paragraph) anc 12&pec- the averaging includes all the states of interest for a given

tively, and the DPECSE(R), were calculated as functions of symmetry of theC,,, Cs, or D2, group. In all the CASPT2

the parameter R (see Figure 1) at the CASPT2/ANO-S level. calculations the weight (denoted @3 values of the CASSCF
Electronic states of the SOion at the linear geometry with  reference functions in the first-order wave functions were larger

the S-O bond length of 1.4489 A (see above) were calculated than 0.74, unless otherwise noted.

at the CASPT2/ANO-S level. The calculations were carried out

in the Don subgroup ofDen, WhereXg™ corresponds to thég IIl. Results and Discussion
irreducible representatiof," to By, I1g to Byg + Bgg, IT, to . o
Bou + Bay, Ag t0 Ag + Big, andAy to A, + By, In Table 2 are given the CASSCF/ANO-L-optimized geom-

In our CASSCF calculations, 11 electrons were active and €tries and the CASSCF/ANO-Iy andv, frequency values for
the active space included 13 orbitals [CASSCF (11,13)]. The the eight excited states, together with the experimentahd
choice of this active space stemmed from the molecular orbital 22 Values in the C, D, and E states of theS@n. In Table 3
(MO) sequence for the ground-state S@olecule. Based on ~ are given the CASPT2/ANO-L/CASSCF/ANO-T, and Ty
has the following electronic configuration (the twelve valence States, together with the experimentalvalues for the C, D,
MOs with the occupancies given in increasing order of the MO and E states of the SOion.
energy): ... (582 (3by)? (6ay)? (4hy)? (7ay)? (2by)? (5by)? (1ay)? The CASPT2/ANO-SE(0OSO) PECs of the eight excited
(8ay)? (3by)? (9ay)° (10a)°. Our active space was formed from  States are given in Figure 2. The CASPT2/AN®&®) DPECs
the full-valence active space by deleting the, 2, and 6a of the 1-6A’ and 1-3A"" states of S@" are given in Figure 3.
MOs (the MO energy gap between;6and 4b being larger A. Equilibrium Geometries. The CASSCF/ANO-L-opti-
than 5 eV) and by adding four virtual MOs (kb 11a, and mized geometries given in Table 2 are called as the predicted
7hy) lying above the 10aMO. Labeling the orbitals within the  “equilibrium geometries” of the eight excited states of,S
C,, point group in the order ofi;aa, by, and h, this active the rest of the present paper, and these predicted “equilibrium
space is named (5143). Labeling the orbitals withinGgeoint geometries” have OSO bond angles ranging from 94al
group (in the calculations for the DPECS) in the order'airad 118.2. In section 111.D we will mention other minimum energy
a’, the active space is named (94). Labeling the orbitals within geometries in the CASSCF/ANO-L potential energy surfaces
the D2, point group (in the calculations for electronic states at (PESs) of the 2B;, 2%A;, and 3A; states, but the OSO angles
the linear geometry) in the order of,asy, by, big, bru, bog, in those geometries are too small or too large ¢)8€mpared
bs;, and &, the active space is named (23302210). In the tothe OSO angles (see above) in the geometries of the ground-
CASSCEF calculation steps of our CASPT2 calculationsTir state molecule and ion.
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-546.90 T andT, energy orderings are represented as “primary ionization
configurations” or “shake-up ionization configurations” with
respect to the electronic configuration (see section II) of the
ground-state SPmolecule, and they are given in columns 2,
6, and 9 of Table 3. Though some of the eight excited states
have different MICs in the different orderings (i.e., at the
different geometries), we could find only eight different MICs
in columns 2, 6, and 9 of Table 3, and they are three primary
and five shake-up ionization configurations. The three primary
ionization configurations involve the occupied;2Ba, and 4b
MOs of the SQ molecule, and the five shake-up ionization
configurations involve the lowest unoccupied MO {3ind one

or two of the three highest occupied MOs £5ba, and 8a) of

P
-547.10

E/a.u.

-547.15

-547.20

-547.25

60 ' 80 ' 1(I)O " 1;0 ' 1110 ' 1EISO " 180 the SQ molecule
0SO angle/degree Since the geometries of the ground-state molecule and ion
Figure 2. CASPT2/ANO-S potential energy curve§([JOSO]] for are not far different (only the OSO angle values being
the eight excited states of SO significantly different, see above), tAg’ and T, orderings are
54714 the same except thatR; and 2B, interchange in the two
54716 orderings, which implies a?2,—22B; PES crossing. The MICs
SO +0 (D) for 12B; and 2B, interchange in th&,’ andT, orderings, which
54718 : implies an #B3-22B; PES avoided-crossing. Since the equilib-
547.20 4 rium geometries of the eight excited states are quite different
547.22 from the geometries of the ground-state molecule and ion, the
s4724]  2°A" To ordering is quite different from thd,’ and T, orderings,
. sO'(’m +0(P) which implies PES crossings. In tig and T,’ orderings, the
3 MICs for 2°B; and 3B; interchange and the MICs forPB,
w and 3B; interchange, which implies?B;-3?B; and 2B,-3B;
PES avoided-crossings.

C. Assignments of the C, D, and E StatesReliable
assignment of an observed state (C, D, or E) to a calculated
state should be based on the reasonable agreements of the

T T y T y T : T ' calculatedly and frequency values with the experimental values.
Furthermore, we would think that the C, D, and E states should
Rfbohr be preferably assigned to the calculated states having primary
Figure 3. CASPT2/ANO-S dissociation potential energy cunve)] ionization character at the molecular geometry (i.e., inTijie

for the 1-6 %A’ and 1-52A" states of S@, calculated using the Jacobi

coordinate system defined in Figure 1, ordering) since they were detected in the photoelectron spectra

of the molecule3

The S-O bond lengths in the CASSCF/ANO-L geometries _ We assign the C state of the $Con to 1’B,, which is the
of the eight excited states are longer than the bond length (1.432first (the lowest-lying) state in thdo ordering of the eight
A) in the experimenta| geometry of ’[he ground_statezso eXClted states (See section II1.B or Table 3) Th|S aSS|gnment IS
molecul@® and longer than the bond length (1.439 A) in the based on the facts that the CASPT2/ANO-L//CASSCF/ANO-L
CASSCF/ANO-L geometry of the ground-state S@n .2 The To value of 3.56 eV for 4B, is very close to the experimental
0SO bond angles in the CASSCF/ANO-L geometries of the To value of 3.55 eV for the C stateand that the CASSCF/
eight excited states are smaller than the angle (21®5the ANO-L v1 and v, values of 788 and 370 cm for 1°B; are
experimental geometry of the ground-state, 8®leculé® and respectively close to the experimentaland v, values of 767
smaller than the angle (127)7in the CASSCF/ANO-L and 409 cm? (see Table 2) for the C state reported by Thomas
geometry of the ground-state $0on? In the CASSCF/ANO-L et al’ The calculatedy; and v, values are also close to the
geometries of the2B; and 2A, states the SO bonds are very  experimental values (see Table 2) reported by the other gfgups.
long (longer than 1.6 A). The deviations of the calculated frequency values from the

The CASSCF/ANO-Ly; andw, frequency values in the eight experimental values are smaller than 407énThe £B; state
excited states of SO will be compared with the experimental ~has a primary ionization character [¢2b'] at the molecular
v1 and v, values in the C, D, and E states, when we consider geometry and at its equilibrium geometry (see Table 3). Our
the assignments of the observed C, D, and E states (see below)@ssignment of the C state is the same as the assignméBt)to

B. Energy Orderings and Characters of the Eight Excited by Hillier and Saundef8 and by Thomas et al.but it is
States.The CASPT2/ANO-LT,, T/, andT, orderings for the  different from the assignment (#1) by Zhang et af.and from
eight excited states of the $Oion are given in columns 1, 5,  the assignment (t6B,) by Wang et al? Holland et al3 and
and 8, respectively, of Table 3, and apparently TgeT,’, and Dujardin and Leach.The calculatedy value (see Table 3) for
T, orderings are different. The CASPT2/ANOT, ordering of ~ 2?Bu is also very close to the experimen® value for the C
the eight excited states is the most important, and it rea®;, 1 State. However, the calculategvalue of 570 cm* for 22B, is
22B,, 22A,, 22A1, 32A,, 22B,, 3B,, 3?B; (in increasing order much larger than the experimentalvalue, and the 2B, state
of the To energy). has a shake-up ionization character at the molecular geometry

We characterize the eight excited states by checking the most[(8a1) 2 (3b,)!] and at its equilibrium geometry [(3)2 (3by)].
important configurations (MICs) in their CASSCF/ANO-L wave We assign the D state of the $Oion to 2A;, which has a
functions. The MICs for the eight excited states in TheT,, primary ionization character [(?a?] at the molecular geometry
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and at its equilibrium geometry (see Table 3). InTh@rdering
(see section 1I.B) there are théE and 2A, states between
1?B; and 2A;, but the 2B; and 2A, states have shake-up

J. Phys. Chem. A, Vol. 108, No. 33, 2008905

1.4489 A] PECs for the electronic states of the;8@n is for
preliminarily exploring the PESs. The CASPT2/ANO-S PECs
for the eight excited states are shown in Figure 2. We will first

ionization characters at the molecular geometry and at their describe correlation relations between @3¢ states and thBen,

equilibrium geometries (see Table 3). The CASPT2/ANO-L//
CASSCF/ANO-LT, value of 3.90 eV for 2A; is very close to
the experimentally value of 3.99 eV for the D stafeThe
CASSCF/ANO-L »; and v, values of 908 and 374 crh for

states at the linear geometry. Our CASPT2/ANO-S calculations
at the linear geometryr(S—0) = 1.4489 A] predict that the
224", 1211y, 201, 2541, ?Ay, 2211, and?Aq states are the seven
lowest lying states (in an increasing order of energy) 0§'SO

2°A; are, respectively, in reasonable agreement with the at the linear geometry (th&\, state was erroneously labeled

experimental; and v, values of 955 and 411 cr for the D
state observed by Thomas ef’gthe deviations being smaller
than 50 cml). Our assignment for the D state is the same as
the assignment (t8A,) by Hillier and Saunder&¥ Wang et al2
Holland et al3 and Dujardin and Leachbut it is different from

the assignment (t&B;) by Zhang et af and the assignment (to
2B,) by Thomas et al.Zhang et af recently observed & value

of 240 cn1? for the D state, which is 170 crmt smaller than
the observed, value of Thomas et dlln the CASSCF/ANO-L

(v1 andwy) frequency calculations for all the eight excited states
we have not got any frequency values smaller than 330'cm
(see Table 2). We will try to understand the experiments of
Zhang et ak in the future.

In the To ordering (see section 1I1.B), the?R,, 22B,, 3?B,,
and 3B, states follow the 2A; state, and we intend to assign
the E state of the SO ion to 2B,. Though the 2B, state has
a shake-up ionization character [(Ba (1)1 (3by)!] at its
equilibrium geometry, it has a primary ionization character
[(4bo)~1] at the molecular geometry. The CASPT2/ANO-L//
CASSCF/ANO-LTy value of 4.40 eV for 2B, is 0.24 eV larger
than the experimentdl, value of 4.16 eV for the E stateThe
CASSCF/ANO-L v, value of 994 cm? for 22B; is 34 cnr?!
larger than the experimentaj value for the E state reported
by Holland et al2 and the CASSCF/ANO-L, value of 377
cm1for 22B, is 67 cnT! smaller than the experimental value
3 (see Table 2). The deviations of 0.24 eV and 67 &fior Ty
and v,, respectively, are somewhat large. However, we think
that our calculated, and frequency values foB; are still in

2Ty in ref 9). It was already stated in our previous pdpbat

the A, state correlates witfEg" and the 2B, and PA; states
converge tdIlg. When the OSO angle value increases t0°180
the £B; and ZA; states converge toll; the B, and 2A,
states converge t4\,; and the 2B; and 3A; states converge

to 22I1,.. These three pairs of states are considered as the results
of the RennerTeller effect in the three degenerate statésI(]

2Ay, and 21I1,) at the linear geometry. ThéR, and 3B; states
correlate with thé=," and?Aq states, respectively [there should

be one more higher-lying state’) correlating with?Ag].

There are unique minima along tiEg[10SO) PECs of the
22A,, 2°B,, 3B,, and 3B; states shown in Figure 2, and the
minima are located at the OSO angle values of around,100
105, 108, and 107, which are not far from the OSO angle
values in the CASSCF/ANO-L equilibrium geometries of the
respective states given in Table 2.

Along the #B; PEC, we found three minima at the OSO
angle values of around 65around 116, and 180, implying
three minima in the 2B, PES. The minimum at the angle value
of around 110 along the PEC should correspond to the
minimum at the 2B; equilibrium geometryf(S—0) = 1.593
A and JOSO = 109.2] in the PES. By performing full-
geometry optimization calculations we found other two minima
in the CASSCF/ANO-L PES of the?B; state, one at a bent
geometry f(S—0) = 1.600 A and0OSO = 60.8] and the
other at a linear geometry(5—0) = 1.496 A anddOSO=
18C°], and the CASPT2/ANO-L energies at these two geom-
etries are slightly lower than that at the CASSCF/ANO-L

reasonable agreement with the respective experimental valuesquilibrium geometry given in Table 2. However, the OSO angle

for the E state. Our assignment of the E state 4®,4s the
same as the assignment &8y) by Hillier and Saunde?8 and
by Zhang et al8 but it is different from the assignment (%B;)
by Wang et al Holland et al2 and Dujardin and Leach.

The CASPT2/ANO-L//CASSCF/ANO-I, value of 4.03 eV
for 32A; is quite close to the experiments value for the E
state. However, the CASSCF/ANO-l3 value (see Table 2)
for 32A; is much larger than the experimentalvalue for the
E state, and the?d; state has a shake-up ionization character
[(1a)~1 (Bbp)~1 (3by)Y] at the molecular geometry and at its
equilibrium geometry. The?B, state has a primary ionization

values in these two extra geometries are far from the angle
values in the geometries of the ground-state molecule (3)19.5
and ion (127.7), and these two extra minima are far away from
the Franck-Condon regions for the ground-state molecule and
ion.

Along the Z2B; PEC, we found one minimum at the OSO
angle value of around 130We performed the CASSCF/ANO-L
full geometry optimization calculations with a trial geometry
having a bond angle of 130and we got an optimized geometry
identical to the CASSCF/ANO-L equilibrium geometry of the
22B, state, which indicates that the equilibrium geometry given

character at its equilibrium geometry, but it has a shake-up in Table 2 is the unique minimum-energy geometry in the

ionization character at the molecular geometry. THg; 3tate

CASSCF/ANO-L PES of the?B; state.

has a shake-up ionization character at the molecular geometry Along the ZA; PEC, we found three minima at the OSO

and its equilibrium geometry (having different MICs at the two
geometries). The CASPT2/ANO-L//CASSCF/ANOTy values
for 3°B, and 3B; (4.99 and 5.25 eV, respectively) are much
larger than the experiment@} value for the E state.

We also performed calculations for théMd, 4°B,, and 3A,
states. Our CASPT2/ANO-L//CASSCF/ ANOAl, calculations
indicate that the ZA; and 4B, states are higher in energy than
3?B; while the 3A; state is lower than?B; (and lower than
32B,). However, the calculate®y, value of 4.84 eV for 3A; is
much larger than the experimenfgl value for the E state.

D. Potential Energy Curves as Functions of the OSO
Angle. The purpose of computing the(CJOSO) [(S—0) =

angle values of85°, ~115°, and 180, implying three minima

in the 2A; PES. The minimum at the angle value of around
115 along the PEC should correspond to the minimum at the
22A\; equilibrium geometryf(S—0) = 1.533 A andJ0OSO=
118.#] in the PES. By performing full-geometry optimization
calculations we found other two minima in the CASSCF/ANO-L
PES of the 2A; state, one at a bent geometryg—0) = 1.617

A and0OSO= 83.2] and the other at a linear geometry$—

0) = 1.496 A andJOSO = 18C°]. The CASPT2/ANO-L
energy at the bent geometry is higher than that at the CASSCF/
ANO-L equilibrium geometry given in Table 2, while the energy
at the linear geometry is lower than that at the equilibrium
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geometry. However the linear geometry is far away from the to 12B;. Since the 3A’, 42A’, 3?A"", and 4A" states are very

Franck-Condon regions for the ground-state molecule and ion. close in energy aR = 3.0 bohr in Figure 3 (equivalent to the
Along the 3A; PEC, we found two minima at the OSO angle fact that the 2A,, 22Bo, 2°By, and ZA; states are very close in

values of around 105and around 155 The minimum at the ~ energy atdOSO = 103 in Figure 2), we are not able to

angle value of around 10%long the PEC should correspond ~determine if the 3A" state corresponds tGA; or 2°B; either

to the minimum at the 2\; equilibrium geometryf(S—0) = and if the 3A"" state corresponds tGR; or 22A; either.

1.564 A and1OSO= 108.T] in the PES. By performing full- Based on the arguments presented in the last two paragraphs,

geometry optimization calculations we found another minimum we can determine that théA; (22A), 12B; (12A), 12A, (12A"),

in the CASSCF/ANO-L PES of the?8; state at a slightly bent ~ and BB; (22A") states correlate to the first product limit, SO

geometry {(S—0) = 1.598 A andJOSO= 160.6]. However, (X?IT) + O (Py). Based on the assignments presented in our

the CASPT2/ANO-L energy at this geometry is higher than that previous and present papers, we conclude that the XAGX,

at the CASSCF/ANO-L equilibrium geometry given in Table A (A?By), B (B ?A;), and C (C?B;) states of the S@ ion

2. correlate to the first product limit. We can also say that either
Many PES crossings and PES avoided-crossings can beZ?Al or 2°B, state correlates to the first product limit and that

detected in Figure 2. We will only mention the PES avoided- €ither 2By or 2°A; state correlates to the first product limit

crossings. The 2B1-22B;, 22B,-3°B;, and 2B»-3?B, PES [both 2B; and ZA, have shake-up ionization character at the

avoided-crossings occur in the geometric regions with the 0SO Molecular geometry and at their equilibrium geometry (see Table

angle values of around 1307C°, and 88, respectively. The  3)]- We have assigned the D state of the;S@n to A, and

two 22A,-32A, PES (PEC) avoided-crossings occur at the OSO the E state to 2B,. These arguments indicate that, among the

angle values of around 10@nd 150. Interchanges of the MICs ~ C, D, and E states, only two correlate to the first product limit.

in each pair of the states were detected at the respective PES NiS fact might be already known by the experimental groups

avoided-crossing regions (at the respective OSO angle values) (those listed in Table 1) since, among theGjx states to which
E. Dissociation Potential Energy Curves. Dynamic the X, A, B, C, D, and E states were assigned, there were always

studied-511 indicate that the C, D, and E states of the, 8O four states corresponding to the’ states, though the different
ion could predissociate to the first product limit, SQ<?IT) + groups suggested the different assignments for the C, D, and E

: L tates (see Table 1).
O (Py). In the course of the dissociation the 8Gystem has S )
Cs symmetry. By using the Jacobi coordinate syste@ ( The CASPT2/ANO-S energy difference between théA2

symmetry) shown in Figure 1, the CASPT2/ANO-S DPECs, state atR = 7.2 bohr and the %A; state at the equilibrium
E(R) (r = 1.4489 A and = 120°; andR ranging from 3.0 to geometry is evaluated to be 2.6 eV, which is about 1 eV smaller

7.2 bohr), for the 18\’ and 1-BA" states of the S@ ion than the experimental d.issoc.iat.ion energy vglue«6f6 e\(.?
were calculated, and the DPECs are shown in Figure 3. TheAccurate prediction of dissociation energies is usually difficult.
CASPT?2 calculations for“A\' were not successful at sméal We note that the dissociation energy of the ground-state SO
values due to small weight values of the CASSCF reference Molecule (into SO+ O) calculated at the MRCl/cc-pVDZ level
functions. The predissociation processes are usually complicated;  WaS about 1.4 eV smaller. than the experimental value.
In the present study, we will only try to theoretically determine 1OWever, the energy separation between the two asymptote
the C,, states correlating to the first product limit. For this Product groups (see Figure 3) is evaluated to be about 2 eV,
purpose, we have to determine first tfie states which are which is .clc.)se to the experimental value betw_een the first and
related to the first product limit and then tlig, states thos€s second limits (see ref 5 and references therein).

states correlate with.

We could simply determine th&; states related to the first

product limit based on our DPEC calculations. As shown in  For exploring theC, D, and Estates of the S& ion, eight
Figure 3, the A", 22A", 3A", 12A", 22A", and 3A" DPECs excited states of SO, 22A1, 3A;1, 22B,, 32B,, 12B1, 22By, 3By,

IV. Conclusions

converge to the first product limit [SO(X2I) + O (Py)]. and 2A,, have been calculated using the CASSCF and CASPT2
According to Dujardin and Leach, combination of SQX2IT) methods in conjunction with the ANO-S and ANO-L basis sets
and O 8Py is related to six doublet states in tig symmetry: (the A4, 1°B,, and A, states were previously calculated and
three?A’ and three?A"" (the thre€?A’ states will correlate with assigned to the X, A, and B states of SQrespectively).
three?A; and/or?B; C,, states and the thre\" states with For the eight excited states, geometries were optimized and
three?B; and/or?A; C,, statesf. Our DPEC calculation results  the v, and v, vibrational frequencies were calculated at the
support the consideration of Dujardin and Leach. CASSCF/ANO-L level. The optimized geometries of the eight

The Jacobi coordinate system at RR@alue of 3.0 bohr has  excited states given in Table 2 are called “equilibrium geom-
a geometry approximately equivalent tdCa, geometry with etries”, and the OSO bond angles in these geometries range
an OSO bond angle of 103[r(S—0) = 1.4489 A]. We from 94.2° to 118.4. The CASPT2/ANO-L adiabatic excitation
performed the CASPT2/ANO-S calculations at € geometry energy o) values and vertical excitation energy,) values
[r(S—0) = 1.4489 A and1JOSO= 103] using theC,, andCs for the eight excited states were calculated using the CASSCF/
symmetries, and we tried to determine the state-to-state cor-ANO-L optimized geometries. The CASPT2/ANO-L relative
relation relations between th&, and Cs states by comparing  energy T,') values of the eight excited states téA4 were
the CASPT2/ANO-S energies of the calculatg andC; states. calculated at the experimental geometry of the ground-state SO
However, we found that, for high-lying states, there were molecule. Our calculations predict the followiig ordering
discrepancies between the energy values calculated using thdor the eight excited states:?R;, 2°By, 22A,, 22A;, A1, 2°B,,
C,, and Cs symmetries (probably due to technical problems), 32B,, and 3B; (in increasing order of energy). THg andT,’
and it would be difficult to determine state-to-state correlation orderings are quite different from tHg ordering. By checking
relations for the high-lying states which are close in energy. the most important configurations (MICs) in the CASSCF/
We can determine the following state-to-state correlation ANO-L wave functions we characterize the eight excited states
relations: 2A’ to 12B,, 22A’ to 12A4, 12A" to 12A,, and ZA" in the To, Ty, and T, orderings as primary and shake-up
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