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Ab initio calculations on SCI, and low-lying cationic states of SCI3:
Franck-Condon simulation of the UV photoelectron spectrum of SCi,
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Geometry optimization calculations were carried out on the X 'A, state of SCI, and the X *B,, A *B,,

B 2Al, C 2A1, D 2A2, and E 232 states of SCI3 at the restricted-spin coupled-cluster single-double
plus perturbative triple excitation [RCCSD(T)] level with basis sets of up to the augmented
correlation-consistent polarized quintuple-zeta [aug-cc-pV(5+d)Z] quality. Effects of core electron
correlation, basis set extension to the complete basis set limit, and relativistic contributions on
computed minimum-energy geometrical parameters and/or relative electronic energies were also

investigated. RCCSD(T) potential energy functions (PEFs) were calculated for the X 'A, state of
SCl, and the low-lying states of SCI; listed above employing the aug-cc-pV(5+d)Z basis set.
Anharmonic vibrational wave functions of these neutral and cationic states of SCl,, and
Franck-Condon (FC) factors of the lowest four one-electron allowed neutral photoionizations were
computed employing the RCCSD(T)/aug-cc-pV(5+d)Z PEFs. Calculated FC factors with
allowance for the Duschinsky rotation and anharmonicity were used to simulate the first four
photoelectron (PE) bands of SCl,. The agreement between simulated and observed He 1 PE spectra
reported by Colton et al. [J. Electron Spectrosc. Relat. Phenom. 3, 345 (1974)] and Solouki et al.
[Chem. Phys. Lett. 26, 20 (1974)] is excellent. However, our FC spectral simulations indicate that
the first observed vibrational component in the first PE band of SCl, is a “hot” band arising from the
SCIP? ’B,(0,0,0) —SCLX 'A,(1,0,0) ionization. Consequently, the experimental adiabatic
ionization energy of SCl, is revised to 9.55+0.01 eV, in excellent agreement with results obtained

from state-of-the-art ab initio calculations in this work. © 2006 American Institute of Physics.

[DOLI: 10.1063/1.2202734]

I. INTRODUCTION

Recently we have published state-of-the-art ab initio cal-
culations on the X 'A, state of SF, and the X ’B,, A A,
B’B,, C’B,, D?A,, and E A, states of SF}." In this study,'
the Franck-Condon (FC) spectral simulations of the photo-
electron (PE) bands, arising from ionizations from the X 'A |
state of SF, to the one-electron allowed X zBl, C 232, D 2Al,

and E 2A2 states of SF;, were also presented, and compared
with the only available experimental He1 PE spectrum of
SF2.2 As a continuation of our ongoing research program of
combined ab initio/FC studies on electronic spectra of small
molecules,” we report in the present article a similar com-
putational investigation on the related He I PE spectrum of
SCl,. Two experimental studies® on the He 1 PE spectrum of
SCl, were published in 1974. Similar to the available experi-
mental He 1 PE spectrum of SF2,2 the first PE band of SCl,
was observed with resolved vibrational structure.*” The ver-
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tical ionization energy (VIE) of the first PE band of SCI,
arising from the ionization from the X 'A, state of SCI, to the

X 2B, state of SCI} was measured to be 9.70 and 9.67 eV by
Colton and Rabalais,® and Solouki ef al.’ respectively. [Note
that the two He I studies™ have employed different symme-
try axis systems for the SCI, molecule and hence the b; and
b, irreducible representations are swapped. Here, for the sake
of consistency, we have used the axis system of Solouki et
al’ throughout, and the ground state of SCI} is then the

X 2B, state (not the X 2B, state as used by Colton and Rabal-
ais)]. These VIE values correspond to the positions of the
fourth vibrational component of the first PE band observed in
the two He 1 PE studies.>’ In addition, the adiabatic ioniza-
tion energy (AIE) of SCl, was given to be 9.49 eV by Colton
and Rabalais® and it corresponds to the position of the first
identifiable vibrational component of the first PE band. Al-
though Solouki et al’ did not give the AIE value of SCl,
explicitly in their work, it can be evaluated to be 9.45 eV,
using the reported vibrational spacing of 530+30 cm™! and
assuming that the first observable vibrational component cor-
responds to the SCIZX B (0,0,0) —SCLX 'A,(0,0,0) ion-
ization. These AIE values of SCI, obtained from Hel PE

© 2006 American Institute of Physics
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TABLE I. The ranges of bond length [+(SCl) in angstrom] and bond angle [#(CISCI) in degree], and the
number of points employed in the RCCSD(T)/aug-cc-pV(5+d)Z energy scans, which were used for the fitting
of the potential energy functions (PEFs) of the different electronic states of SCl, and its cation, and the
maximum vibrational quantum numbers of the symmetric stretching (v,) and bending (v,) modes of the
harmonic basis used in the variational calculations of the anharmonic vibrational wave functions of each
electronic state and the restrictions of the maximum values of (v,+v,); see text.

Range of Range of
States r(SCI) O(CISCI) Points Max. v, Max. v, Max. (v,+v,)
XA, 1.30-2.80 61-145 123 10 15 15
X 231 1.20-2.80 65-149 122 15 20 20
A 2A1 1.16-2.45 65-160 120 10 25 25
B 232 1.27-2.70 37-130 109 25 40 40
C 2A1 1.48-2.22 107-174 88 4 8 8
D 2A2 1.27-2.70 44-148 123 12 20 20
E 232 1.45-2.40 70-134 103 5 10 10

studies™” agree very well with an AIE value of
9.45+0.03 eV derived from a later photoionization mass-
spectrometry study.lO However, in the present investigation,
it will be shown that the first vibrational component observed
in the first PE band of SCl, is actually a “hot” band, arising
from the SCI}X 2B,(0,0,0)—SCLX 'A,(1,0,0) ionization
and hence, previously reported AIE values of SCl, have to be
revised based on the present combined ab initio/FC study.
In contrast to the observed higher ionization energy (IE)
bands of SF, in the He1 PE spectrum,2 which are masked
heavily by overlapping PE bands of other species, the higher
IE bands of SCl, reported in both Refs. 8 and 9 have almost
no overlapping bands from other species. This is because
SCl, is the most stable member in the sulphur dihalide series
and can be prepared in pure form in the gas phase. However,
no resolvable vibrational structure associated with any higher
IE bands of SCI, was observed in both He1 PE studies.®’
Nevertheless, Colton and Rabalais® employed CNDO/2 and
the Mulliken-Wolfsberg-Helmholtz (MWH) calculations, and
Solouki er al.’ employed Koopmans’ theorem applied to
HF/[7s4p1d] calculations, to assign the higher IE bands ob-
served in their He I PE spectra. However, some of their as-
signments do not agree. Specifically, based on computed
VIEs, Colton and Rabalais have assigned the (b,)~! ioniza-
tion leading to a *B, cationic state to the second band of the
He 1 PE spectrum of SCl,, and the (a;)~' and (a,)”! ioniza-
tions, leading to the 2A1 and 2A2 cationic states, respectively,
both to the third PE band (see Table I of Ref. 8). However,
Solouki et al. have assigned the ()~ and (b,)~! ionizations
both to the second PE band, and the (a,)~! ionization to the
third PE band (see Table I of Ref. 9). In addition, some
assignments given in the two He 1 PE studies® for the even
higher IE bands are also different. Nevertheless, it has been
pointed out in Ref. 9 that contributions from electron corre-
lation and relaxation need not be the same for different elec-
tronic states, and hence the order of the computed VIEs
based on Koopmans’ theorem may change, if the contribu-
tions from electron correlation and relaxation are included in
the evaluation of VIEs. In view of tremendous advances in
computational quantum chemistry during the last few de-
cades, the calculations carried out over 30 years ago in the

two Hel PE studies®® have to be considered as relatively
low-level by today’s standards. In addition, the true VIE po-
sition of a PE band depends on the FC factors between the
two electronic states involved. In view of the above consid-
erations, the assignments of the higher IE bands in the He 1
PE spectrum of SCI, given in Refs. 8 and 9 based on rela-
tively low level calculations have to be considered as tenta-
tive. In the present study, we have carried out state-of-the-art
ab initio calculations on the low-lying cationic states of SCI;
and also FC calculations including anharmonicity on the four
lowest one-electron allowed photoionizations of SCI, in or-
der to confirm and/or clarify assignments of the He1 PE
spectra reported in Refs. 8 and 9.

Since the two He I PE studies®” appeared, some ab initio

calculations on the X 'A, state of SCl, have been
published.”f14 However, the only ab initio investigation on
SCI; is the modified coupled-pair functional (MCPF) calcu-
lations on the S 2p core-hole states of SCIZ.15 There is no
calculation available on any low-lying, valence cationic state
of SCIJ to our knowledge. On the experimental front, a large
number of spectroscopic studies'®™ have been carried out
on SCl,. For information on SCI}, the only experimental
studies are an x-ray PE and Auger study on the molecular
field splitting in the S 2p;,, core-ionization level of SCl;’,15
the two Hel PE studies® and the photoionization mass-
spectrometry studylo discussed above.

Il. THEORETICAL CONSIDERATIONS AND
COMPUTATIONAL DETAILS

A. Ab initio calculations

Geometry optimizations on the X 1A1 state of SCl, and
the )?zBl, Zsz, I§2Al, ézAl, D 2A2, and EZBZ states of
SCI; were carried out employing the restricted-spin coupled-
cluster single and double plus perturbative triple excitation
[RCCSD(T)] method.”>*® Three different augmented-
correlation-consistent-polarized basis sets of valence
quadruple-zeta, valence quintuple-zeta, and core-valence
quadruple-zeta quality, namely, the aug-cc-pV(Q+d)Z,
aug-cc-pV(5+d)Z and aug-cc-pwCVQZ basis sets,”' % were
used. With the first two valence basis sets, the frozen core
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approximation was applied in the RCCSD(T) calculations.
Effects of core electron correlation on computed minimum-
energy geometries and relative electronic energies (AIEs and
VIEs) were investigated using the aug-cc-pwCVQZ basis set,
where only the S 1s? and Cl 1s? electrons were frozen in the
RCCSD(T) calculations, i.e., the S 252p% and Cl 25*2p°
electrons were included in the correlation calculations in ad-
dition to valence electrons.

Contributions of basis set extension to the complete ba-
sis set (CBS) limit to the computed AIE and VIE values were
estimated™ by taking half of the differences between the
corresponding values obtained using the aug-cc-pV(5+d)Z
and aug-cc-pV(Q+d)Z basis sets. Contributions of core elec-
tron correlation to the computed AIE and VIE values were
estimated by taking the differences of the corresponding val-
ues obtained using the aug-cc-pwCVQZ basis set [including
the S 25?2p® and CI 25*2p°® electrons in the RCCSD(T) cal-
culations] and the aug-cc-pV(Q+d)Z basis set (within the
frozen core approximation). The contributions of basis size
extension and core electron correlation to the computed rela-
tive electronic energies have been assumed to be additive.

Relativistic effects, which include scalar (mass-velocity
and Darwin terms) and spin-orbit contributions, for the sec-
ond row elements, S and Cl, are not expected to be large.
Nevertheless, scalar relativistic contributions to the com-
puted AIE values have been computed explicitly by two dif-
ferent methods as implemented in the MOLPRO suite of
programs.34 First, the expectation values of the mass-velocity
and Darwin terms were calculated employing the Cowan-
Griffin operator with the Hartree-Fock wave function. Sec-
ond, relativistic self-consisting field (SCF) calculations were
carried out employing the Douglas-Kroll (DK) relativistic
one-electron integrals. In this case, the relativistic contribu-
tion was taken as the difference between the total energies
obtained from the relativistic DK calculation and the nonrel-
ativistic Hartree-Fock calculation, [E,(DK)-E,on(HF)],
employing the same basis set. The uncontracted s, p, and d
primitive functions from the aug-cc-pV(Q+d)Z basis set
were used in these relativistic calculations. Similar to the
previous ﬁndings,l’33 the results obtained employing the
above-mentioned two methods are essentially identical and
hence only one set of the results are presented below. It
should also be noted that the uncontracted s, p, and d primi-
tive functions from the cc-pV5Z-DK basis sets® for S and
Cl, which were optimized for DK calculations, have also
been employed to calculate relativistic contributions to AIEs
as described above, and the results are essentially identical to
those employing the uncontracted s, p, and d primitive func-
tions of the aug-cc-pV(Q+d)Z basis sets. However, if the
contracted form of the aug-cc-pVQZ basis sets or the cc-
pV5Z-DK basis sets of S and Cl were used, the computed
relativistic contributions obtained by using the Cowan-
Griffin operator, and from the energy difference of
[E,(DK) = E, e (HF)], differ significantly. This discrepancy
arises from employing the same contracted basis sets, which
were optimized for either HF or DF calculations, for both the
HF and DK calculations. Nevertheless, when the uncon-
tracted s, p, and d primitives of the basis sets optimized for
either HF or DK calculations were used, they are shown to
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be flexible enough for both HF and DF calculations, and
hence giving consistent results with both methods of calcu-
lating the relativistic contributions. Spin-orbit coupling ef-
fects have not been investigated, because all electronic states,
neutral and cationic, considered have C,y structures and
hence are nondegenerate states, which do not have diagonal
spin-orbit splitting. Off-diagonal spin-orbit interactions are
only significant at regions where electronic energy surfaces
of the states involved are close to each other, and they are
expected to be weak for second row elements.

Some additional single geometry complete active space
self-consisting field/multireference configuration interaction
(CASSCF/MRCI) energy calculations®®” were carried out

on the X 1A1 state of SCI, and the two lowest doublet cat-
ionic states of each of the A, B, B,, and A, symmetries of
the C,y point group. The aug-cc-pV(Q+d)Z basis set was
used and the CASSCF/MRCI calculations were performed at

the RCCSD(T) optimized geometry of the X 'A, state of
SCl, using the same basis sets. A full valence active space
was employed, and in the averaged-state CASSCF calcula-
tions, equal weights for the two lowest doublet states of each
symmetry were used. These CASSCF/MRCI calculations
give the VIEs to eight low-lying cationic states of SCI; and
hence the relative electronic energies of these cationic states
in the Franck-Condon (FC) region from the neutral ground
state.

RCCSD(T) energy scans employing the aug-cc-pV(5
+d)Z basis set were carried out on the X 'A; state of SCI,
and the X °B,, A ’B,, B’A,, C*A, D ?A,, and E *B, states of
SCI3. The ranges of bond lengths and angles, and the number
of energy points used in these energy scans are given in
Table I. These energy points were used for the fitting of the
potential energy function (PEF) of each electronic state con-
sidered (see Sec. III).

In addition to the computing vibrational frequencies by
variational calculations to be described below, employing the
RCCSD(T)/aug-cc-pV(5+d)Z PEFs just discussed, har-
monic vibrational frequencies were also calculated numeri-

cally for the X 'A, state of SCI, and the X B, state of SCI}
at their respective equilibrium geometries. These harmonic
vibrational frequency calculations were carried out at the
RCCSD(T) level with the aug-cc-pV(Q+d)Z basis set and
they gave harmonic frequencies of all three vibrational
modes (i.e., including the asymmetric stretching mode;
variational calculations of anharmonic vibrational wave
functions employing ab initio PEFs to be discussed have
considered only the symmetric stretching and bending
modes; see Sec. III). Zero-point energy correction (AZPE)
for the first AIE of SCI, (i.e., the ionization leading to the
X ?B, state of SCI3) has been made using the computed har-
monic vibrational frequencies of all three modes. AZPEs for
higher AIEs, however, have been evaluated using only the
computed fundamental frequencies of the symmetric stretch-
ing and bending modes obtained from the variational calcu-
lations using the ab initio PEFs. Based on computed vibra-
tional frequencies of all three modes for the X 'A, state of

SCl, and the X 231 state of SCI}, the difference between
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including and excluding the asymmetric stretching mode in
the evaluation of AZPE for the first AIE of SCI, is
+0.0054 eV. In this connection, it seems reasonable to as-
sume that the maximum uncertainties associated with the
neglect of the asymmetric stretching mode in the evaluation
of AZPE for higher IE bands are of the order of +0.01 eV,
and this has been included in the estimated uncertainties as-
sociated with the computed AIE, values of the higher IE
bands.

All ab initio calculations in the present work were car-
ried out using MOLPRO. ™

lll. POTENTIAL ENERGY FUNCTIONS, ANHARMONIC
VIBRATIONAL WAVE FUNCTIONS, AND
FRANCK-CONDON FACTOR CALCULATIONS

For each electronic state studied, the potential energy
function (PEF), V, was determined by fitting the following
polynomial to an appropriate number of single point energies
obtained as discussed above:

V=2 Cy(S)/(SoV + Vegm (1)

i

S, (the symmetric stretching) in the PEF is expressed in
terms of a Morse-type coordinate,”®

Sy =[1 = e ean)Teqm]/y, 2)

where r is the SCI bond length and reyy, is the equilibrium
bond length. S, (the symmetric bending) is expressed as

S,=A0+ aA& + BAS, (3)

where A6 is the displacement in the 6(CISCI) bond angle
from the corresponding equilibrium value.” The nonlinear
least squares fitting procedure,40 NL2SOL, was employed to
obtain the C;;’s, Vegm: Teqms» Oeqm» @ B, and 7y values from the
computed single point energy data. The asymmetric stretch-
ing mode has not been considered, because the observed first
band in the He 1 PE spectrum of Ref. 9 with resolved vibra-
tional structure does not show any identifiable vibrational
structure associated with the asymmetric stretching mode,
and for an ionization from a C,, molecule to a C,, cation,
this mode is only allowed in double quanta excitations.

Variational calculations, which employed the rovibronic
Hamiltonian of Watson for a nonlinear molecule*' and the
RCCSD(T)/aug-cc-pV(5+d)Z PEFs discussed above, were
carried out to obtain the anharmonic vibrational wave func-
tions and their corresponding energies (see Refs. 7 and 42 for
details). The anharmonic vibrational wave functions were ex-
pressed as linear combinations of harmonic oscillator func-
tions, h(v,,v,), where v, and v, denote the quantum num-
bers of the harmonic basis functions for the symmetric
stretching and bending modes, 1respectively.7’42 The maxi-
mum v; and v, values of the harmonic basis used, and the
restriction of the maximum magnitude of (v,+v,) imposed,
for each electronic state studied are given in Table I. The FC
factors were computed employing the anharmonic vibra-
tional wavefunctions and allowing for the Duschinsky rota-
tion, as described previously.7’42
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Four PE bands, which lead to the X 2Bl, A 2B2, C 2A1,

and D *A, states of SCI} via one-electron allowed ionization
processes, have been simulated. The relative intensity of
each vibrational component in a simulated PE band is given
by the corresponding computed anharmonic FC factor.

IV. RESULTS AND DISCUSSIONS

The coefficients of the fitted polynomials, C;; [in Eq.
(1)], the values of y and « [in Egs. (2) and (3), respectively],
and the root-mean-square (rms) deviations of the fitted PEFs
for the RCCSD(T)/aug-cc-pV(5+d)Z data points for the
X 'A, state of SCI, and the X *B,, A °B,, C?A,, and D *A,
states of SCI; are given in Table II. Ab initio results obtained
in the present study (equilibrium geometries, vibrational fre-
quencies, AIEs and VIEs) are summarized in Tables III-VI
together with available experimental and theoretical values
for comparison. Simulated PE bands of SCl, are presented in
Figs. 1-6.

A. The one-electron forbidden B2A, and E 2B, states
of SCI;

The X IA, state of SCl, has the electronic configuration
--+(11a,)*(4b,)*(8b,)*(2a,)*. Following from our previous
study on SF, and its low-lying cationic states,’ in addition to
the four cationic states of SCI} arising from ionizations of an
electron from each of the highest doubly occupied molecular
orbitals of each symmetry, we have also considered the one-
electron forbidden %A, and B, cationic states with the elec-
tronic configurations of ---(12a,)'(3b,)%(8b,)*(2a,)*> and
-++(11a,)*(3b,)*(9b,)"(2a,)?, respectively. This is because in
the case of SF;, the corresponding one-electron forbidden
cationic states, (1)2Al and (1)2B2 states, are the A 2A] and
B 232 states, respectively, which lie below the one-electron

allowed C ’B,, D ’A, and E ’A, states. However, in the case
of SCI;, the order of the low-lying electronic states obtained
here is X °B,, A°B,, B?A,, C*A,, D?A,, and E’B, (see
Tables III), which differs from that of SF} (X ’B,, A *A,,
B ZBZ, C 232, D ZAI, and E 2A2).1 For SCI?, the one-electron
forbidden cationic states are the (1)2A1 and (2)232 states,
which are the B A, and E B, states (Table III).

Considering the two lowest 232 states, the best computed
AIE, (11.73 eV) and VIE, (12.27 eV) of the one-electron

allowed A sz state are lower than those of the one-electron

forbidden E 232 state (13.23 and 13.48 eV; see Table III) by
1.50 and 1.21 eV, respectively, indicating that the electronic
energy surfaces of these two states are well separated in en-
ergy from each other in the region relevant to the PE spec-
trum of SCI,. In addition, the computed CASSCF and MRCI
wave functions of these two *B, states of SCI3 obtained from
the two-state CASSCF/MRCI calculations at the minimum-

energy geometry of the X 1A1 state of SCI, show that there is
negligible mixing between these two 232 states through con-
figuration interaction (CI) in the VIE region. Therefore, it is
safely concluded that the one-electron forbidden ionization
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TABLE II. RCCSD(T)/aug-cc-pV(5+d)Z potential energy functions (PEFs) of the X 'A | state of SCI, and the
X2B,, A’B,, C?A,, and D *A, states of SCI} (C;;’s are the coefficients of the polynomials used for the PEFs

[Eq. (1)]; see text).

Cy X'a, X 2B, A’B, C4, DA,
Cy 2.926 956 0 3.514468 0 29710429 2.580 540 0 2.607 750 6
Cy 0.1223558 0.165276 7 0.511 8592 0.243 0150 0.119 068 7
Cp 0.125268 0 0.1420.51 4 0.214 404 5 0.077 604 8 0.111562 1
Cy -8.8185146  -6.3720160 -7.298 1355 -8.761 0687  —6.1853473
Cy -0.741 1820 -0.6895744 -2.0003235 -0.479177 1 -0.747722 8
Ci, -0.5733472  -0.5863105 —1.5388335 -0.2426276  -0.559901 1
Cos —-0.031 8569 0.005 046 5 —-0.244 603 7 -0.012 1807 0.008 244 8
Cy 15.94778 8 4.603 394 1 9.228 6169 20.29 869 2 8.183 8612
Cy 1.300 714 5 0.8127396 1.807 628 4 1.008 026 5 1.447 169 6
Cos 0.082 098 4 0.075 698 1 0.396 376 5 0.012 406 5 0.079 5920
Cy 0.316 844 6 0.112903 2 0.545 040 8 -0.0807153 0.255 5782
Cis 2.096 494 6 1.306 370 3 2.1351502 0.756 303 9 2.074 0254
Cos -0.0408112 0.048 879 6 -0.163 0412 0.026 0655 —0.104 008 3
Cos 0.098 729 8 0.164 0189 -1.1327189 0.172947 5 0.151254 4
Cs -24.54293 8 —6.894 989 6 -9.3469818  -29.576 111 -9.903276 8
Ceo 35.1399720 -0.0164495 12.53 7172 36.343 016 7.386 037 4
Cy -2.3472087  -0.909 7482 0.200 976 2 -0.0999241 -1.3699586
Cy, -0.8305729  -0.6358852 -0.076 260 6 -0.9715438 -0.5239674
Cy3 -0.6617885 —1.0136603 -0.035899 6 -0.6384154  -0.4141069
Ciy -0.4951285 -0.5317588 -0.3725171 -0.4843250 —0.7239542
Cs, 0.047 725 8 0.062 287 1 1.637 687 2 0.180943 1 0.437 6412
Cy -0.0032969  -0.027089 1 2.350 580 2 0.062 585 4 0.194 8147
Cy3 -48.872623 7.929 1579 —13.483 627 —49.680 106 -4.4116394
Coy 41.541 785 7.2872619 —-7.818 5829 67.142 372 4,127 852 1
Cis 0.0359806  —3.067 5669 1.036 723 1 443778512  -3.3609613
Cyy —-1.2810419  -3.1144058 6.941 428 6 -1.6629306 —-4.6770422
Cos 0.0388251 —2.1303853 9.319 8617 -0.3236777 —1.589308 5
Cy 0.2952982  —-0.841843 1 5.542990 4 -0.5194550 -0.5580584
Cyo 0.0094203  -0.1449437 0.600 882 6 -0.1703631  -0.596702 4
a/rad™! 0.202 646 8 1.455134 8 0.775 603 7 0.1351709 0.866 4350
b% 0.0603122  -0.0229234 0.102 900 4 —-0.048 2739 0.065913 2

rms deviation/cm™! 14.0 13.5 22.0 10.9 18.0

process to the E B, state of SCI} can be ignored in the
consideration of the He 1 PE spectrum of SCl,.

Considering the one-electron forbidden B 2Al, state, the
best computed VIE (13.27 eV; Table III) is higher than that

of the one-electron allowed C 2Al state (12.51 eV) by
0.76 eV, suggesting that the electronic surfaces of these two
states could interact via CI at the intersections. However,
from the results of energy scans of the two 2A] states, the
intersections between these two 2Al states are in the regions
with 6 of values around 130° and r of values larger than
2.2 A, which are quite far away from the FC region of r
=2.01 A and #=102.6° (the minimum of the X 'A, state of
SCl,; see Table IV), and also not near the minimum of the
C A, ionic state (r,=1.98 A and 6,=116.7°; see Table V).
In addition, the one-electron forbidden B 2A1 state of SCI?,
with a large minimum-energy bond angle of ca. 150° (see
Table V), should have very poor FC factors with the X 1Al
state of SCl,, which has a computed 6, of ca. 103° (Table V).
This is reflected in the large difference of over 1.2 eV be-
tween the best computed AIE, and VIE, for the ionization
from the X 'A, state of SCI, to the B A, state of SCI, (Table

IIT). Moreover, the computed CASSCF and MRCI wave
functions of the B2A, and C’A, states of SCI} at the

minimum-energy geometry of the X 1A1 state of SCI, (i.e., at
the VIE region) obtained in the two-state CASSCF/MRCI
calculations show only very weak CI mixing between the
two 2A1 states. In addition, RCCSD(T) calculations on these
two 2A1 states at the VIE region give T'1 diagnostic values of
less than 0.029 for both states, suggesting negligible multi-
reference character. Summing up, although the one-electron

allowed C %A | state could be perturbed by the one-electron

forbidden B %A, state near regions where the electronic sur-
faces of these two A, states cross each other, the above
considerations suggest that such perturbation should be neg-
ligibly small near the FC region and hence would not be
expected to affect the He I PE spectrum of SCl,.
Summarizing, the optimized geometries, computed vi-
brational frequencies, and relative electronic energies of the
one-electron forbidden B ?A, and E ’B, states of SCI} are
included in the following subsections for the sake of com-
pleteness. However, in view of the above considerations, we



Mok et al.

J. Chem. Phys. 125, 104303 (2006)

TABLE III. Computed adiabatic (AIE) and vertical (VIE) ionization energies (in eV) of some low-lying
cationic states of SCI} obtained at different levels of calculation (see text).

AIE VIE
State, open-shell conf. RCCSD RCCSD(T) RCCSD RCCSD(T)
X 2B, (4b,)'
Aug-cc-pV(Q+d)Z 9.551 9.527 9.740 9.688
Aug-cc-pV(5+d)Z 9.567 9.544 9.755 9.706
Aug-cc-pwCVQZ 9.557 9.530 9.751 9.693
(CBS+core)* 9.556+0.012 9.720+£0.014
Relativistic” -0.016+0.002
Best AIE," 9.540+0.014
Best AIE," 9.551+0.015
Hel photoelectronb 9.49 9.70
He I (second vibrational 9.56°
component)”
He I photoelectron® 9.47° 9.67
He I (second vibrational 9.54°
component)*
Photoionization mass 9.45(3)
spectrometry®
A’B, (8by)'
Aug-cc-pV(Q+d)Z 11.766 11.694 12.311 12.197
Aug-cc-pV(5+d)Z 11.792 11.722 12.343 12.231
Aug-cc-pwCVQZ 11.787 11.709 12.338 12.216
(CBS+core) 11.751+0.029 12.27+0.04
Relativistic —-0.028+0.003
Best AIE, 11.723+0.032
Best AIE, 11.73+£0.04
Hel photoelectronb 12.24
He I photoelectron® 12.19 (a,,b,)
B 2A| (4171)0(1201)]
Aug-cc-pV(Q+d)Z 12.382 11.999 13.601 13.187
Aug-cc-pV(5+d)Z 12.413 12.035 13.638 13.227
Aug-cc-pwCVQZ 12.414 12.021 13.640 13.213
(CBS+-core) 12.075+0.040 13.27+0.05
Relativistic —-0.035+0.004
Best AIE, 12.40+0.044
Best AIE, 12.03£0.05
C2A, (1lay)!
Aug-cc-pV(Q+d)Z 12.398 12.308 12.553 12.445
Aug-cc-pV(5+d)Z 12.424 12.338 12.583 12.477
Aug-c-pwCVQZ 12.421 12.327 12.580 12.465
(CBS+core) 12.372+0.034 12.51£0.04
Relativistic —-0.010+0.001
Best AIE, 12.362+0.035
Best AIE, 12.36+0.05
He I photoelectron® 12.46 (a,,a,)
He I photoelectron® 12.19 (a;,b,)
DA, 2a))!
Aug-cc-pV(Q+d)Z 12.776 12.547 12.852 12.625
Aug-cc-pV(5+d)Z 12.812 12.586 12.890 12.664
Aug-cc-pwCVQZ 12.815 12.572 12.891 12.651
(CBS+core) 12.631+0.045 12.71£0.05
Relativistic —-0.026+0.003
Best AIE, 12.605+0.048
Best AIE, 12.60+0.06
He I photoelectron® 12.46 (a,,a,)
Hel photoclectrond 12.45
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TABLE III. (Continued.)

AIE VIE
State, open-shell conf. RCCSD RCCSD(T) RCCSD RCCSD(T)
E B, (4b))°(9b,)"
Aug-cc-pV(Q+d)Z 13.584 13.175 13.763 13.403
Aug-cc-pV(5+d)Z 13.611 13.211 13.791 13.436
Aug-cc-pwCVQZ 13.622 13.204 13.801 13.429
(CBS+core) 13.258+0.047 13.48+0.04
Relativistic —-0.027+0.003
Best AIE, 13.231+0.050
Best AIE, 13.23£0.06

See text (same for below).

"Derived values using VIE values and vibrational separations given in Refs. 8 and 9; see text.

“Reference 8.
dReference 9.
‘Reference 10.

have neither calculated FC factors involving, nor simulated
the ionization processes to, the two one-electron forbidden
cationic states, for reasons given above.

B. Optimized geometrical parameters and computed
vibrational frequencies

From Tables IV and V, the computed bond lengths,
r,(SCI), and bond angles, 6,(CISCI), obtained in the present
study for the electronic states considered for SCl, and its
cation, using the three basis sets described above, have the
largest differences of <0.0083 A and <0.11°, respectively,

for a given state. The small ranges of these computed values
show that a very high degree of consistency has been
achieved in the computed minimum-energy geometrical pa-
rameters, particularly for bond angles. For computed bond
lengths, both effects of basis set extension and core correla-
tion lead to slightly smaller values, and core correlation ef-
fects are slightly larger in all cases. However, no general
trend is observed for the computed bond angles from the
results shown in Tables IV and V. For some electronic states,
the core correlation and basis set extension effects on calcu-
lated bond angles reinforce each other, but for other states,

TABLE 1V. Computed minimum-energy geometrical parameters (in angstrom and degree) and vibrational

frequencies (foundamental frequencies in []; maximum uncertainties in (); cm™") of the X 'A , state of SCl,
obtained at different levels of calculation from the present study (see text) and available calculated and experi-

mental values.

X', R(SCI) 6(CISCI) ) , w3 Reference
RCCSD(T)/AVQZ? 2.0197 102.62 528.3 206.4 529.1 Present
RCCSD(T)/AVSZb 2.0160 102.59 535.1 209.3 Present
[532.1] [208.8]

RCCSD(T)/ACVQZ* 2.0133 102.65 Present
Core+CBS 2.008(8) 102.61(2) Present
MP2/6-311+G" 2.045 102.8 12
RCCSD(T)/CVQZ* 20142 102.71 13
Electron diffraction 1.99(3) 101(4) 24
Electron diffraction 2.00(2) 103(2) 25
Microwave r 2.014(2) 102.74 26
Microwave r, 2.014(1) 102.64 26
Millimeter wave r, 2.014(2) 102.74(18) 27
Millimeter wave r 2.0128(11) 102.71(9) 27
Raman liquid 100.03 [514(1)] [208(1)] [535(3)] 16

IR and Raman [518.0] [211] [525.5] 18

IR gas [525(15)] 17
Raman liquid [514] [208(3)] 535(15) 17
Raman [528] [205] [525] 19

IR (Ne matrix) [520] [524] 20

IR (Ar matrix) [208] 21
Raman liquid [517] [208] [515] 23

“aug-cc-p(Q+d)Z.
Paug-ce-p(5+d)Z.
“aug-cc-pwCVQZ.
dcc—pCVQZ; see original work.
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TABLE V. Computed minimum-energy geometrical parameters (in angstrom and degree) and vibrational fre-
quencies (fundamental frequencies in []; maximum uncertainties in (); cm™') of some low-lying states of SCI3

obtained at different levels of calculation (see text).

R(SCI) A(CISCI) o, o, .
X'B, (4b)!
RCCSD(T)/AVQZ 1.9362 106.82 592.6 234.3 616.0
RCCSD(T)/AV5Z 1.9330 106.80 598.2 [594.9] 238.1 [237.6]
RCCSD(T)/ACVQZ 1.9298 106.87
He I photoelectron® [548]
Hel photoelectronb [530(30)]
AB, (8by)'
RCCSD(T)/AVQZ 2.0486 78.24
RCCSD(T)/AV5Z 2.0447 78.17 561.3 [558.3] 243.5 [241.5]
RCCSD(T)/ACVQZ 2.0420 78.28
B?A, (12ay)! (4b,)°
RCCSD(T)/AVQZ 2.0261 149.03
RCCSD(T)/AV5Z 2.0219 149.03 413.2 [414.4] 217.7 [208.6]
RCCSD(T)/ACVQZ 2.0185 149.01
C2A, (1lay)!
RCCSD(T)/AVQZ 1.9894 116.65
RCCSD(T)/AV5Z 1.9849 116.76 454.6 [452.1] 181.7 [181.0]
RCCSD(T)/ACVQZ 1.9820 116.72
D 2Az (2612)1
RCCSD(T)/AVQZ 2.0709 95.87
RCCSD(T)/AV5Z 2.0668 95.82 506.9 [503.8] 187.1 [186.4]
RCCSD(T)/ACVQZ 2.0641 95.85
E’B, (4b))° (9b,)!
Aug-cc-p-VQZ 2.0767 91.70
Aug-cc-pV5Z 2.0710 91.74 780.2 [476.8] 266.2 [264.8]
Aug-cc-pwCVQZ 2.0684 91.79

“Reference 8.
PReference 9.

they are in the opposite direction. Nevertheless, the spread of
computed bond angles for all states studied are very small.
There are no experimental geometrical parameters available
for any cationic states of SCI; for comparison with our re-
sults. Therefore, the computed minimum-energy geometrical
parameters shown in Table V are currently the most reliable
for these states of SCI3.

For the X 1A1 state of SCl,, some previous experimental
and calculated geometrical parameters are available (Table
IV). Particularly of note is a very recent computational study
by Coriani et al.,”® who have reported a very thorough inves-
tigation on the accuracy of ab initio molecular geometries for
systems containing second row elements, which include
SCL,. In this study,” the HF, MP2, CCSD, and CCSD(T)
levels of theory were considered and core correlation effects
on geometrical parameters were investigated. However, the
largest basis sets used were only up to quadruple-zeta qual-
ity, and diffuse functions (the augmented part of the
correlation-consistent basis sets) have not been considered in
Ref. 13. In the present study, we have employed augmented
basis sets throughout, and also a basis set of quintuple qual-
ity. It seems clear that the calculations performed in the
present study are currently of the highest level, and it was

therefore decided not to include previous theoretical results
in the following discussion.

The best theoretical values of r, and 6, obtained in the
present study for the X 1A1 state of SCl,, assuming that core
correlation and basis set extension effects on the computed
geometrical parameters are additive (Core+CBS; Table IV),
are 2.008+0.008 A and 102.61+0.02°, respectively. The un-
certainties quoted here are estimated from the differences
between the best theoretical values and the calculated values
obtained using the quintuple-zeta quality basis sets. The rela-
tively large uncertainty of 0.008 A associated with the com-
puted bond length comes from the relatively large core cor-
relation correction of —0.006 A. The importance of core
correlation effects on ab initio geometrical parameters for
small molecules containing second row elements has been
pointed out in Ref. 13.

The most reliable experimental geometrical parameters
of the X 1Al state of SCI, currently available are the r; geo-
metrical parameters from the microwave study of Ref. 27.
The best theoretical values reported here agree, within the
estimated theoretical and/or experimental uncertainties, with
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The first band of the He | PE spectrum of SCl,

a. Experimental
{Colton et al.)
Ref. 8

b. Experimental
(Solouki et al.)
Ref. 9

¢. Simulation
(present work)

LE. /feV

9.4 9.6 8.8

FIG. 1. The first band arising from the SCI3 X 2B, < SCl, X 'A, ionization
in the experimental He I photoelectron spectrum of SCI, from (a) Ref. 8 and
(b) Ref. 9, and (c) the corresponding simulated spectrum employing the

geometries of the X 'A, state of SCl, and the X ’B, states of SCI} obtained
from the ab initio potential energy functions (see text), the best theoretical
AIE,, value (see Table III), a Boltzmann distribution of the low-lying vibra-

tional levels of the X lA1 state of SCl, with a vibrational temperature of
300 K (see text) and a FWHM of 45 meV for each vibrational component.

the most reliable experimental r; values of
2.0128+0.0011 A; 102.71+0.09° of Ref. 27 (Table IV).
Considering vibrational frequencies, the only available
experimental information for SCI; is from the He I PE spec-
tra of Refs. 8 and 9, which give the symmetric stretching

frequency, v|, of the X 2B, state of SCI values of 548 and
530+30 cm™!, respectively (Table V). The corresponding
computed fundamental vibrational frequency obtained from
the RCCSD(T)/aug-cc-pV(5+d) PEF in the present study is
594.9 cm™!. The experimental values are smaller than the
current best theoretical value from the present work by ca.
50 cm™'. For the computed harmonic vibrational frequencies

(both @, and w,; see Table V) of the X B, state of SCI}
obtained employing the aug-cc-pV(Q+d)Z (computed nu-
merically) and aug-cc-pV(5+d)Z (computed variationally
using the ab initio PEF) basis sets, the maximum differences
in @, or w, are less than 6 cm™'. The maximum uncertainty
associated with the computed vibrational frequencies is
therefore not expected to be larger than ca. 10 cm™'. Both
experimental He 1 PE studies of Refs. 8 and 9 have not given
the resolution of their spectra explicitly. Nevertheless, com-
paring the simulated first PE band, which has employed a
resolution of 45 meV (362 cm™") full width at half maximum
(FWHM), with the experimental spectra of Refs. 8 and 9 (see
Fig. 1), it is clear that the two experimental spectra have
resolutions significantly poorer than 45 meV FWHM. It
should also be noted that the energy scale of 8.3-9.1 eV in
the expanded spectrum of the first PE band of SCl, given in
Fig. 2 of Ref. 9 is clearly erroneous, as the VIE given for the
first PE band of SCl, in the same publication is 9.67 eV,
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Simulated SCI,’ X°B, band
FWHM = 1 meV

{n,0,0)-(1,0,0)
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¢ ' ! : (n,0,0)-(0,1 ,0)

. l . (°1n10)-(0’1 ’o)
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10.0

9.4 9.6 9.8
IE/eV

FIG. 2. The simulated first PE band arising from the SCI X 2B,
«—SCl, X IA] ionization with a FWHM of 1 meV [see also figure caption of
Fig. 1(c)], and bar diagrams showing the computed FCFs and vibrational
designations [SCI} X 2B, (v}, v}, v4) —SCl, X 'A, (¥, ¥4, )] of some major
vibrational progressions contributing to the PE band.

which is outside the energy scale of 8.3-9.1 eV given in
their Fig. 2. In view of the above considerations, it is con-
cluded that the uncertainty associated with the experimental

symmetric stretching frequency of the X 2B, state of SCI; is
probably larger than £30 cm™' given in Ref. 9 and the agree-

ment between the computed v{ value of the X 2Bl state of
SCI; obtained here and the available experimental values
reported in Refs. 8 and 9 may be considered to be just within
the combined experimental and theoretical uncertainties.
However, we note here that the reported experimental v}
ionic values® of 548 and 530 cm™! (Table V) obtained from
the first band in the He I PE spectra of SCl, are actually close
to available v/ neutral values of 510-530 cm™! (Table IV).
We will come back to this, when the simulated and observed
first PE band of SCI, are compared.

For the X 1Al state of SCl,, vibrational frequencies for
all three vibrational modes obtained from a large number of
Raman and infrared studies'®> are given in Table IV. It is
pleasing that comparison between computed and available
experimental values gives discrepancies between theory and
experiment of less than 18 cm™! (see Table IV).

C. Relative electronic energies: Vertical and adiabatic
ionization energies

The best theoretical value of the first AIE, of SCI, ob-
tained in the present study, which includes contributions
from core electron correlation, basis set extension (to the
CBS limit) and relativistic effects is 9.540+£0.014 eV (see
Table III). Contributions from both core electron correlation
and basis set extension increase the computed AIE, value
slightly, but the relativistic contribution decreases it slightly.
The core correlation contribution is small (+0.003 eV), but
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TABLE VI. Computed vertical (VIEe) ionization energies (in eV) of some low-lying cationic states of SCI;
obtained at the CASSCF/MRCI and RCCSD(T) levels of calculation, using the aug-cc-pV(Q+d)Z basis set, at
the RCCSD(T) minimum-energy geometry of the X lA1 state of SCl, using the same basis set.

State, Config. MRClI  MR+D* RCSD(T) Best VIE® Hel He I KT®
'B, (4b))! 9.34 9.52 9.69 9.72 9.70 9.67 10.03
2B, (8b,)" 11.94  12.07 12.20 12.27 12.24 12.19 12.75
24, (11a))! 1219 1230 12.44 12.51 12.46 12.19 12.69
24, (2a,)! 1234 1245 12.63 12.71 12.46 12.45 13.41
24, (12a))" (4b))° 1294  13.03 13.19 13.27 f
2B, (4b,)° (9b,)" 13.17 1324 13.40 13.48 f
2B, (3b))" (4b))? 1378  13.89 14.05 13.91 15.37
’A, 1447 1455 !
(1201)1 (4b1)1 (8172)1

14.75(b,)  14.67(ay)

“MRCI plus Davidson corrections.

"Best VIE, values from the present study (see Table III).

“Experimental values from Ref. 8.
dEXperimental values from Ref. 9.

“Koopmans’ theorem values from Ref. 9 ( HF/[7s4p1d] calculations).
"These cationic states cannot be reached via one-electron ionization processes, and hence are formally forbid-

den; see text.

the relativistic contribution of —0.016 eV is larger than the
basis set extension contribution of +0.009 eV. The maximum
theoretical uncertainty associated with the best AIE, value
has been estimated based on the difference between the best
AIE, value and the calculated RCCSD(T) value using the
valence quintruple-zeta quality basis set, plus an estimated
uncertainty of 0.002 eV associated with the relativistic con-
tribution (10% of the relativistic contribution). Including
AZPE as discussed earlier, the first AIE; of SCl, has a best
theoretical value of 9.551+0.015 eV (the quoted uncertainty
has included an estimated uncertainty associated with AZPE
of 0.001 eV, which is 10% of the AZPE value). Comparing
the best theoretical AIE, value of SCI, obtained here with
available experimental values of 9.49, 947, and
9.45+0.03 eV from Refs. 8§-10, respectively, the discrepan-
cies between theory and experiment are larger than 0.06 eV,
which is larger than the combined theoretical and experimen-
tal uncertainties by ca. 0.03 eV. We just note here that the
positions of the second vibrational component in the first PE
band of the two HeT PE spectra of SCl, can be evaluated
using the vibrational spacings given in the two studies of
Refs. 8 and 9, and they are 9.56 and 9.54 eV, respectively
(see Table III). These estimated positions of the second vi-
brational component in the first band of the two Hel PE
studies agree, within the estimated theoretical uncertainty,
with the best ab initio value of 9.551 eV obtained from the
present study. We will come back to this in the subsection on
FC simulations of the first PE band of SCl,.

Regarding the computed AIE, values for ionizations
leading to the excited states of SCI; considered, contribu-
tions from both core correlation and basis set extension to
the CBS limit are significantly larger in magnitude than those
for the first AIE, discussed. Consequently, larger uncertain-
ties are associated with the computed AIE, (and also VIE,)
values to the excited cationic states considered than to the

X 2B, state of SCI} (see Table III ). Nevertheless, both core
correlation and basis set extension contributions lead to a

larger AIE, value in all cases. At the same time, although the
magnitudes of the computed relativistic contributions vary,
depending on the particular cationic state, they decrease the
computed AIE, value in all cases.

For the higher IE bands of SCI, in the available observed
He1 PE spectra,g'9 no AIE position is given, probably be-
cause no vibrational structure could be resolved in these PE
bands. Nevertheless, their VIE positions are given, and as-
signments have been made based on computed VIEs as men-
tioned in the Introduction. Some of the computed and experi-
mental VIE values from Refs. 8 and 9 are compared with the
computed VIE values obtained here in Table VI (see also
Table III). Firstly, it should be noted that the true VIE posi-
tion of a PE band depends on the FC factors between the two
states involved. Therefore, comparison between computed
ab initio and observed VIE positions can only be useful as a
guide to band assignment. Secondly, the best ab initio VIEs

to the A 282, C 2A1, and D 2A2 states of SCIJ are within the
IE region of 11.5-13.5 eV, covered by the observed second
and third bands in the He1 PE spectrum (see Fig. 2). The
observed fourth PE band, with experimental VIE values of
14.05 and 13.92 eV from Refs. 8 and 9, respectively (see
Table VI), is ca. 1.5 eV higher in energy than that of the
observed third PE band. It is clear that the observed fourth
PE band of SCl, cannot be assigned to the ionization to any

of the A °B,, C ?A,, and D *A, states of SCI. Tonizations to
these three cationic states have to be associated with the
observed second and third PE bands. Thirdly, our best com-
puted ab initio VIE values of 12.27 and 12.51 eV for the
ionizations to the A *B, and C *A, states respectively agree
very well with the experimental VIE values of 12.24 and
12.56 eV for the observed second and third PE bands of SCl,
from Ref. 8 (see Table VI). In this connection, the observed
second and third bands in the experimental PE spectrum can
be assigned to ionization to the A 2B2 and C 2A] states, re-
spectively. These assignments support those given in Ref. 8.
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He | photoelectron spectrum of SCl, :
in the 11.5 to 13.5 eV region

a. Experimental.
Solouki et al.
ref (9)

1 i

b. Simulation:
SCl,* D?A,

c. Simuiation:
SCl,* C2A,
d. Simulation:
/\ SCl,* A’B,
12 13 LE./eV

FIG. 3. (a) The experimental He I photoelectron spectrum of SCI, in the
11.5-13.5 eV region (from Ref. 9; see text), and the simulated ionizations
from the X 'A, state of SC, to the D 24, (b), C %A, (c), and A *B, (d) states
of SCIZ; a FWHM of 45 meV for each vibrational component has been used
in the simulated spectra (see Figs. 4-6, and also text for details)

Considering ionization to the D 2A2 state, the best ab initio
VIE of 12.71 eV is higher in energy than the experimental
VIE positions of the observed third PE band of 12.46 and
12.45 eV, given by Refs. 8 and 9, respectively, by ca.
0.24 eV. As mentioned above, FC factors may cause the ob-
served VIE position to be different from the computed ab
initio VIE position. Nevertheless, since the ionization to the

D 2A2 state cannot be associated with the fourth PE band,
which is much higher in energy, it has to be associated with
the observed third PE band. The assignment of the observed
second and third PE bands will be further considered in the
subsection on spectral simulations of the higher IE bands.
Finally, our computed VIE to the (2)2B1 state of 13.89 eV at
the CASSCF/MRCI+D level supports the assignment of the
fourth PE band to this cationic state as given in Refs. 8 and
9 (see Table VI).

D. Spectral simulations: First PE band of SClI,

The observed first band in the He 1 PE spectra of SCl, of
Refs. 8 and 9, and the corresponding simulated spectrum
obtained in the present investigation are compared in Fig. 1.
In the spectral simulation, the geometries, as obtained from
the respective ab initio PEFs of the two states involved, and
the best theoretical AIE, value of 9.55 eV (Table V) were
employed. A Boltzmann distribution with a vibrational tem-
perature of 300 K has been assumed for the populations of
the low-lying vibrational levels of the X 1A1 state of SCl,. A
Gaussian function with a FWHM of 45 meV has been used
for each vibrational component in Fig. 1. As mentioned
above, the published experimental spectra %9 have a poorer
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FIG. 4. The simulated spectrum of the SCI3 A 2B,« SCl, X 'A, ionization,
employing the corresponding geometries obtained from the ab initio poten-
tial energy functions (see text), the best theoretical AIE, value (see Table
), a Boltzmann distribution for the low-lying vibrational levels of the

X lAl state of SCl, with a vibrational temperature of 300 K (see text) and a
FWHM of 1 meV for each vibrational component (see text); the bar dia-
grams show the computed FCFs and vibrational designations

[SCI; A 2B, (v}, v}, v4) —SCly X 'A,(V],¥4,14)] of some major vibrational
progressions contributing to the PE band.

resolution than 45 meV FWHM used in the simulated spec-
trum. In Fig. 2, the simulated first PE band of SCI, is given
with a resolution of 1 meV FWHM in order to show contri-
butions from weak vibrational progressions. The computed
FC factors of the major vibrational progressions involved,
including those of hot bands arising from ionizations from

vibrationally excited levels of the X 'A; state of SCl,, with
their vibrational designations, are also shown as bar dia-
grams in Fig. 2.

First of all, it is pleasing to see that the simulated first PE
band of SCI, obtained here matches very well with the cor-
responding observed spectra from Refs. 8 and 9 (Fig. 1).
This confirms the molecular carrier of, and the electronic
states involved in, the first band of the observed He I spectra

to be SCl,, and the X 'A, of SCI, and X *B, state of SCI}. In
addition, it is concluded that the computed ab initio geom-
etry change upon ionization is close to the true one, and the
assumption of a Boltzmann distribution with a vibrational
temperature of 300 K for the populations of low-lying vibra-
tional levels of the X 1Al state of SCl, is reasonably valid.
Secondly, according to our computed FC factors and
simulated spectra (Fig. 2), the first observable vibrational
component in the first PE band of SCl, is a hot band corre-
sponding to the ionization process of SCI; X >B,(0,0,0)
«—SCl, X 'A,(1,0,0). Using the best ab initio AIE, value of
9.55 eV in the simulation, the position of this hot band vi-

brational component is 9.48 eV, in excellent agreement with
the AIE position of 9.49 eV given in Ref. 8, and the derived
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FIG. 5. The simulated spectrum of the SCI5 C 24, +SCl, X 'A, ionization,
employing the corresponding geometries obtained from the ab initio poten-
tial energy functions (see text), the best theoretical AIE, value (see Table
III), a Boltzmann distribution for the low-lying vibrational levels of the

X lAl state of SCl, with a vibrational temperature of 300 K (see text) and a
FWHM of 1 meV for each vibrational component (see text); the bar dia-
grams show the computed FCFs and vibrational designations

[SCL C2A,(v}, v}, v4) —SCl X 'A (¥}, v4,4)] of the major vibrational
progressions contributing to the PE band.

AIE position of 9.47 eV from Ref. 9 (using the given VIE
position and vibrational separations as described in the Intro-
duction). The best ab initio AIE, value of 9.551+0.015 eV
also agrees very well with the experimental positions of the
second vibrational component of the first PE band of SCI, of
9.56 and 9.54 eV derived from Refs. 8 and 9 as mentioned
above. Summing up, the most important conclusion from the
FC calculations performed in the present study is the revision
of the experimental AIE, position of the first band in the He 1
PE spectra of SCl, from Refs. 8 and 9 to 9.55+0.01 eV (the
average of two experimental values). The excellent agree-
ment between this revised experimental AIE, value and the
best ab initio value also shows that the accuracy of an AIE
obtained from state-of-the-art ab initio calculations, as car-
ried out in the present investigation, is as high as +0.01 eV,
similar in magnitude to the theoretical uncertainty of
+0.015 eV estimated in this work.

Thirdly, based on the above revision of the vibrational
assignment for the first PE band of SCl,, the vibra-
tional separation between the first identifiable vibrational
band, SCI; X *B,(0,0,0)
«—SCl, X lAl(l ,0,0) component, and the second vibrational
component, i.e., the X 2Bl(0,0,0)<—SC12 X 1AI(O,O,O)
component corresponds actually to the vibrational separation
in the v mode of the neutral molecule, and not that of the v}
mode of the cation as assumed in Refs. 8 and 9. It appears
that the wrong assignment of the hot band component to the
SCI X 2B,(0,0,0)«SCl, X '4,(0,0,0) component has led
to smaller experimental vibrational separations of 548 and
530 cm™! being given for the v| frequency in Refs. 8 and 9,
respectively, than the computed ab initio v; value of

component, 1i.e., the hot
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D’A, band
FWHM =1 meV
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FIG. 6. The simulated spectrum of the SCI% D 2A,«SCl, X 'A, ionization,
employing the corresponding geometries obtained from the ab initio poten-
tial energy functions (see text), the best theoretical AIE, value (see Table
), a Boltzmann distribution for the low-lying vibrational levels of the

X lA1 state of SCI, with a vibrational temperature of 300 K (see text) and a
FWHM of 5 meV for each vibrational component (see text); the bar dia-
grams show the computed FCFs and vibrational designations

[SCIZ D %A, (v}, v, v5) «SCly X 'A,(#,1/5,)] of some major vibrational
progressions contributing to the PE band.

594.9 cm™! obtained from the present study (see Table V). In
this connection, the computed ab initio v{ value of
594.9 cm™! obtained here is very likely more reliable than
the experimental values given in Refs. 8 and 9.

E. Spectral simulations: Higher IE bands of SCI,

The simulations of the PE bands corresponding to ion-
izations to the one-electron allowed A 232, C 2Al, and D 2A2

states of SCI; from the X 1Al state of SCl, are given in Fig.
3, and compared with the observed second and third PE
bands of Ref. 9, which gives a slightly cleaner spectrum of
SCl, than Ref. 8. A resolution of 45 meV FWHM has been
used for the simulated PE bands in Fig. 3. As can be seen
from the simulated spectra in Fig. 3, with a resolution of
45 meV FWHM, no vibrational structure can be resolved in
all three simulated bands. This is because the major vibra-
tional progressions in these bands involve the bending mode
with computed vibrational frequencies in the ranges of ca.
200 cm™! (ca. 24 meV; see Table V and also Figs. 4—6). The
simulated PE bands of these three one-electron allowed ion-
izations are, however, also presented individually in Figs.
4—6 with a resolution of 1 meV FWHM, in order to show
their complex vibrational structures. Computed FC factors of
the major vibrational progressions for ionizations to the
A’B,, C?A,, and D ?A, states are also shown in Figs. 4-6,
respectively, as bar diagrams together with their designa-
tions. Similar to the simulation of the first PE band of SCI,
discussed above, ab initio geometries from the PEFs, the best
ab initio AIE, values and a Boltzmann distribution with a
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vibrational temperature of 300 K have been used in the
simulation of these higher IE bands.
Firstly, from Fig. 3, comparison between simulated and

observed spectra suggests the assignment of the SCI} A 232

«SCl, X 'A, ionization to the observed second PE band
(with the experimental VIEs of 12.24 and 12.19 eV from
Refs. 8 and 9, respectively) and the assignment of the third
PE band to contributions from both the ionizations to the

CA | and D ’A, states of SCI} (with the experimental VIEs
of 12.46 and 12.45 eV; see Table VI). It appears that, while
the central part of the observed third PE band is due to ion-

ization to the C 2A1 state, the shoulder on the high IE side of

the observed third PE band is due to ionization to the D *A,
state. In summary, based on the FC simulations of the present
study, the assignments of Ref. 8 for the second and third PE
bands of SCI, is preferred to those of Ref. 9.

Considering the vibrational structure associated with the
ionization process of SCI; A °B,—SCl, X 'A,, it can be
seen from Fig. 4 that the main vibrational progressions in-
volved are (1,v5,0)<(0,0,0), (0,v5,0)<(0,0,0), and
(2,v5,0)<(0,0,0). Hot bands series, (0,v;,0)<(0,1,0)
and (1,v5,0)«(0,1,0), also have significant contributions.
From the computed FC factors, the (0,0,0)«(0,0,0) vibra-
tional component at 11.73 eV (i.e., the AIE, position; Table
III) is too weak to be observed in the simulated spectrum
(see Fig. 4) and the first identifiable vibrational component in
the strongest main series of (1,v,,0)«(0,0,0) is with v,
=7. The strongest vibrational component in the simulated
band to the 5232 state is (1,15,0)«<(0,0,0) at 12.22 eV
(i.e., the VIE position). The large change in the equilibrium
bond angle upon ionization from ca. 102 to 78° (Tables IV
and V) leads to ionizations to highly excited vibrational lev-
els in the bending mode of the upper cationic state.

For the C 2A1 PE band, the major vibrational progression
is (0,v5,0)<(0,0,0) (see Fig. 5). However, the (1,v,,0)
—(0,0,0) progression, and the hot band series, (0,v5,0)
«—(0,1,0) and (0,v5,0)«(0,2,0), also have significant
contributions. The strongest vibrational components in the
major series of (0,v5,0)«(0,0,0) are with v5=6 and 5, at
IEs of 12.51 and 12.44 eV, respectively. Consequently, the
VIE position derived from FC simulation is at ca. 12.48 eV,
in reasonably good agreement with the experimental values
of 12.46 and 12.45 eV from Refs. 8 and 9, respectively. It
can been seen from Fig. 5 that, the (0,0,0)« (0,0,0) vibra-
tional component is weak, and also there are hot bands with
significant relative intensities to the low IE side of the
(0,0,0)<(0,0,0) component. Consequently, it is not pos-
sible to identify the AIE, position from comparison between
the simulated and observed spectra, unless much better re-
solved PE spectra than those of Refs. 8 and 9 are available.
Nevertheless, the very good agreement between the experi-
mental and theoretical (from ab initio calculations and FC
simulations) VIE values suggests that the best ab initio AIE,
used in the spectral simulation is probably reliable.

For the D 2A2 PE band, the two main vibrational pro-
gressions are (0,v5,0)«(0,0,0) and (1,v5,0)<(0,0,0)
(see Fig. 6). The (2,v5,0) < (0,0,0) progression and a num-
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ber of hot band series also contribute, as shown in Fig. 6. It
is interesting to note that the strongest vibrational component
in the simulated band is, in fact, (0,0,0)«(0,0,0) at the
AIE, position of 12.60 ¢V (Table III). In addition, the
(0,1,0)<—(0,0,0), (1,0,0)<(0,0,0), and (1,1,0)
—(0,0,0) components are also very strong. Consequently,
the overall computed FC envelope has an asymmetric shape
with a relatively sharp rise on the low IE side and a gradually
descending slope on the high IE side (see Figs. 3 and 6).
Without the hot bands, the rise on the low IE side of the

D 2A2 PE band will be even sharper. Summing up, the com-
puted FC envelope suggests a lower VIE position, which is
near the AIE region (at ca 12.60 eV), than the ab initio sug-
gested VIE (12.71 eV; Table VI). In addition, the simulated
overall band shape suggests that the shoulder at the higher IE
side of the observed third PE band of SCI, is mainly due to

ionization to the D A, state.

V. CONCLUDING REMARKS

We have carried out extensive ab initio calculations on
SCl, and some low-lying cationic states of SCI;. Employing
RCCSD(T)/aug-cc-pV(5+d)Z potential energy functions, we
have calculated anharmonic vibrational wave functions of all
these neutral and cationic states and also FC factors includ-
ing the Duschinsky rotation and anharmonicity for ioniza-
tions from the X 1A1 state of SCI, to the one electron allowed
X’B,, A’B,, C*A,, and D A, states of SCI}. Comparison
between the simulated PE spectrum of the SCIS X 2B1
—SCl, X 1A1 ionization, obtained using computed FC fac-
tors from the present study, with the first band in the avail-
able experimental He1 PE spectrag‘9 of SCl, leads to the
revision of the first AIE, value of SCl, to 9.55+0.01 eV.
This revision is based on our FC spectral simulations, which
show that the observed first vibrational component in the first
PE band is a vibrational hot band: SCI; X 2BI(O,O,O)
—SCl, X 1Al(l,O,O). In this connection, the reliability of
the experimental v; vibrational frequencies reported
previously®® for the X ’B, state of SCI}, which were ob-
tained based on the erroneous assignment of the first vibra-
tional component in the first PE band to the
SCI X ?B,(0,0,0)«—SCl, X '4,(0,0,0) vibrational compo-
nent, is in doubt. Further experimental investigation is re-
quired to obtain a reliable experimental value of v for the
X 2B, state of SCI}. It is concluded that the computed v
vibrational frequency obtained in the present work is cur-
rently the most reliable.

Simulated higher IE bands of SCI, have been compared
with available experimental He I spectrag’9 and support the
assignments of the SCI} A ’B,+SCl, X'a | lonization to the
observed second band, and the ionizations to the C 2A1 and
D 2A2 states of SCI; to the observed third band in the experi-
mental He 1 PE spectra.s’9 The computed FC envelopes of the
latter two ionizations to the C 2Al and D 2A2 states suggest
that the ionization to the C A, state contributes mainly to the
central part of the observed third PE band, while the ioniza-
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tion to the D *A, state with a simulated asymmetric band
shape contributes mainly to the high IE shoulder of the ob-
served third PE band.

It is noted that we have not applied the iterative Franck-
Condon analysi542’43 (IFCA), where geometry changes upon
ionization are varied systematically over a small range until
the best match between the simulated and observed spectra is
obtained, in the present study. We have also not varied the
vibrational temperature used for the Boltzmann distribution

of vibrational population in the low-lying levels of the X 1A1
state of SCl, in order to obtain a better match between the
simulated and observed spectra. For the higher IE bands in
the available He T experimental spectrag’9 of SCl,, where no
resolvable vibrational structure has been observed, compari-
son between simulated and observed PE bands can only be
qualitative. It is, therefore, not very meaningful to try to
achieve a better match between the simulated and observed
spectra than what has already been achieved. Nevertheless,
assuming that the ab initio geometries and relative electronic
energies used in the simulation are reliable, spectral simula-
tions from the present study marginally savour the slightly
higher VIE values of 12.24 and 12.46 eV of Ref. 8 to the
slightly lower VIE values of 12.19 and 12.45 eV of Ref. 9,
for the second and third PE bands of SCl,, respectively.

For the first PE band of SCl,, resolvable vibrational
structure was observed in both He I spectra of Refs. 8 and 9.
However, the experimental resolution in these references ap-
pears to be significantly poorer than 45 meV FWHM used in
the spectral simulations. Nevertheless, the agreement be-
tween the “purely theoretical” and observed spectra as shown
here is already very good. This implies that the ab initio
calculations carried out in the present investigation are
highly reliable. In conclusion, we have reported highly reli-
able simulated PE bands of SCI,, based on combined high-
level ab initio and FC calculations which include anharmo-
nicity, and have made significant contributions to the
assignments of available He 1 PE spectra of SCl,. Finally, it
is concluded that state-of-the-art ab initio calculations, such
as those performed in the present study, are able to give
computed AIEs to within an accuracy of up to £0.01 eV for
a triatomic molecule containing second row elements.
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