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We report new ab initio potential energy and dipole moment surfaces for the electronic ground state of
HSOH, calculated by the CCSD(T) method (coupled cluster theory with single and double substitutions
and a perturbative treatment of connected triple excitations) with augmented correlation-consistent
basis sets up to quadruple-zeta quality, aug-cc-pV(Q+d)Z. The energy range covered extends up to
20000 cm™! above equilibrium. Parameterized analytical functions have been fitted through the ab initio

geS%WH‘"dS" points. Based on the analytical potential energy and dipole moment surfaces obtained, vibrational term
. values and transition moments have been calculated by means of the variational program TROVE. The

Oxadisulfane . . .

ab initio theoretical term values for the fundamental levels vsy (SH-stretch) and voy (OH-stretch), the intensity

ratio of the corresponding fundamental bands, and the torsional splitting in the vibrational ground state
are in good agreement with experiment. This is evidence for the high quality of the potential energy sur-
face. The theoretical results underline the importance of vibrational averaging, and they allow us to
explain extensive perturbations recently found experimentally in the SH-stretch fundamental band of

Potential energy surface

Dipole moment surface
Vibrational energies
Vibrational transition moments

TROVE HSOH.
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1. Introduction

After the first spectroscopic characterization of oxadisulfane
HSOH as recently as in 2003 [1], this molecule (and its deuterated
isotopologues DSOD and HSOD) has received substantial experi-
mental and theoretical attention [2-11] as the ‘long-missing link’
between the better known molecules HOOH and HSSH. Each of
the three molecules HOOH, HSSH, and HSOH has a skew-chain
equilibrium geometry, and particularly interesting features of their
spectra originate in the energy splittings resulting from the inter-
nal rotation, or torsion, of the OH or SH moieties around the axis
connecting the two heavy atoms (we denote this axis as the z axis;
see Section 3.2 below). The torsional motion couples significantly
with the over-all rotation of the molecule about the z axis and, in
consequence, the torsional splittings depend strongly on the rota-
tional excitation, in particular on the quantum number K, which is
the absolute value of the projection, in units of h, of the total angu-
lar momentum onto the z axis. It is well known that in HOOH and
HSSH, the torsional splittings ‘stagger’ with K so that, for example,
states with even (odd) K, values have larger (smaller) splittings.
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For HSOH, a more complicated variation of the splittings with K,
was observed experimentally [1,3]; it has an approximate period-
icity with a period of three K,-values. Initially, the unexpected
splitting pattern was explained in terms of a semi-empirical model
[3] based on ideas of Hougen [12] (see also Ref. [13]). The period-
icity of three K,-values in the torsional splittings was found to de-
rive from the fact that the moments of inertia of the OH and SH
moieties with respect to the z axis form a ratio of about 2:1; for
HOOH and HSSH a periodicity of two K,-values ensues because
for these molecules, the analogous ratio is 1:1.

Quite recently [11], a slightly extended version of the Hougen-
type model from Ref. [3] has been used for a successful analysis of
all torsional splittings observed experimentally for HSOH. The val-
ues of the splittings were least-squares fitted to parameterized
expressions derived from the model. In parallel, we have given
an equally successful explanation [9] of the observed splittings
using an alternative, first-principles approach in which the
splittings are calculated directly from an ab initio potential energy
surface (PES) by means of the program system TROVE [14] (Theo-
retical Rotation-Vibration Energies). TROVE can, in principle, cal-
culate the rotation-vibration energies of any polyatomic
molecule in an isolated electronic state, and the generally high
accuracy of the rotation-vibration energies obtained has already
been demonstrated in Ref. [14]. In the variational solution of the
rotation-vibration Schréodinger equation for HSOH [9] we used
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the Hougen-Bunker-Johns (HB]) nonrigid-reference configuration
method [15]. In this method the reference geometry is chosen to
minimize the vibration-torsion coupling in the kinetic energy
operator. In the calculation of HSOH torsional splittings in Ref.
[9] we also explored an alternative approach, akin to the semirigid
bender model by Bunker and Landsberg [16], where the geometries
along the torsional minimum energy path (i.e., a path where, as the
torsional motion takes place, all other structural parameters than
the torsional coordinate relax to minimize the potential energy)
are taken as the reference configuration. In this case, the torsion-
vibration coupling is minimized in the PES. It turned out that this
approach provides very accurate torsional splittings as well as
quite accurate values for the torsion-rotation term values.

In the present work, we describe the ab initio PES for the elec-
tronic ground state of HSOH, computed by the CCSD(T) ab initio
method, which served as starting point for the calculation of the
torsional splittings in Ref. [9]. Furthermore, we report the compu-
tation of an accompanying CCSD(T) ab initio dipole moment surface
(DMS). For both the PES and the DMS, we have constructed suitable
analytical-function representations of the ab initio points and we
use these analytical representations as input for the TROVE pro-
gram to calculate vibrational term values and vibrational transition
moments for selected vibrational bands of HSOH.

The parameterized analytical representation of the PES has been
constructed by least-squares fitting to two sets of ab initio energies
[see Section 3 below]. One set, comprising 105000 data points, was
calculated with the aug-cc-pVTZ basis set and the other set, com-
prising 10168 data points, was calculated with the aug-cc-
pV(Q+d)Z basis set. The 10168 geometries in the second set of data
points were selected to cover in detail the energy range up to
20000 cm™! above equilibrium. The analytical function represent-
ing the PES is defined in terms of 762 parameter values.

The ab initio dipole moment data points were computed at the
CCSD(T)/aug-cc-pV(T+d)Z level of theory for 8936 geometries. The
finite difference scheme was employed for the dipole moment cal-
culation. The analytical functions representing the DMS compo-
nents py, ty, and u, [see Section 3.2 for the definition of the xyz
axis system] are defined in terms of 428, 382, and 420 parameter
values, respectively.

The ab initio study of the present work is the most complete and
accurate reported thus far. We have already validated the ab initio
PES in Ref. [9] by showing that the torsional splittings and the tor-
sion-rotation term values obtained from the PES are in excellent
agreement with the available experimental values [1,3,8,11]. In
the present work, we extend this validation by comparing also
the remaining, experimentally available term values associated
with the OH-stretch [7] and SH-stretch [7,10] fundamental levels.

The paper is structured as follows. In Section 2, we describe the
ab initio methods employed for the electronic structure calcula-
tions. We also define in this section the grids of nuclear geometries,
at which ab initio energies were calculated, and characterize the
computed potential energy and dipole moment surfaces of HSOH.
The analytical representations of the PES and DMS are introduced
in Section 3. The variational nuclear-motion calculations are re-
ported in Section 4 together with the computed theoretical values
for the vibrational term values and transition moments of HSOH. In
Section 5, we discuss the theoretical description of the OH-stretch
and SH-stretch fundamental levels voy and vsy while comparing
the theoretical results with the experimental findings. Finally, Sec-
tion 6 offers additional discussion and some conclusions.

2. Ab initio calculations

The ab initio calculations of the present work have been made
with the MOLPRO2002 package [17,18], employing the CCSD(T)

(coupled cluster theory with all single and double substitutions from
the Hartree-Fock reference determinant [19] augmented by a per-
turbative treatment of connected triple excitations [20,21]) method.

2.1. Potential energy surface

The CCSD(T) energy calculations have been carried out in the
frozen-core approximation with three different combinations of
basis sets: (a) aug-cc-pVDZ basis sets for H, O, and S; (b) aug-cc-
pVTZ basis sets for H, O, and S; and (c¢) cc-pVQZ, aug-cc-pVQZ,
and aug-cc-pV(Q+d))Z basis sets for H, O, and S, respectively [22-
25]. In the largest basis set (c), we adopt the d-corrected basis for
S from Wilson and Dunning [25], and we do not augment the cc-
pVQZ basis for H since we do not expect the corresponding diffuse
functions to play a significant role. The basis set combinations (a),
(b), and (c) are referred to as ADZ, ATZ, and A(Q+d)Z, respectively.

The CCSD(T) calculations with the three basis sets ADZ, ATZ, and
A(Q+d)Z have very different computer-resource requirements. We
used the relatively modest level of theory associated with the ADZ
basis set for a preliminary scan of the PES and computed about a
million ab initio points on a regular 6D grid. This provided us with
a very detailed, albeit qualitative, survey of the PES and made it
possible to determine the range of geometries necessary to de-
scribe the PES of HSOH up to 20000 cm™! above equilibrium.
Exploring the potential energy surface further we have computed
about 105000 energies at the ATZ level of ab initio theory, covering
the energy range up to 20000 cm™! above equilibrium. This strat-
egy for choosing the grid of geometries is similar to that used in
Ref. [26]. Then, finally, we run more expensive A(Q+d)Z calcula-
tions at 10168 geometries. Because of the high computational de-
mands at the A(Q+d)Z level of theory, it was especially important
to select appropriate molecular geometries for the A(Q+d)Z calcu-
lations from the results of the lower-level calculations.

In order to describe the geometry of HSOH we introduce six
internal coordinates: The S-O distance rso, the S-H distance rgy,
the O-H distance roy, dqos = Z(H-0-S) € [0, 7t], otosy = Z(0-S-H)
€ [0, 7], and the torsional angle tyson € [0,27] (the dihedral angle
between the HOS and OSH planes). Fig. 1 shows six one-dimen-
sional (1D) cuts through the PES, visualizing the variation of the
PES with each of these coordinates. In each case, the five remaining
coordinates are set equal to their equilibrium values.

The equilibrium values of rsq, I'sy, Ton, %Hos, %osu, and Tysoy are
listed in Table 1 and compared with CCSD(T)/cc-pCVQZ values
from Ref. [1], with very recent CCSD(T,full)/cc-pwCVQZ ab initio re-
sults by Denis [27] and with the empirical structural parameters
derived by Baum et al. [5]. The table also gives the calculated cis
and trans barriers to torsional motion; these values are compared
with the CCSD(T)/cc-pCVQZ values from Ref. [1] and with MP2/
aug-cc-pVTZ values from Ref. [28]. The top of the cis(trans) barrier
is the maximum obtained for Tysoy = 0° (180°) and all other struc-
tural parameters relaxed to minimize the potential energy.

We have also computed the barrier values corresponding to a
path between the two equivalent minima of the PES where one
of the angles o5 Or 0osy reaches 180° (that is, either the HOS moi-
ety or the OSH moiety becomes linear). We find these barriers at
the MP2/aug-cc-pV(T+d)Z level of theory by using constrained
optimization. The barrier for apos=180° is 11780 cm™', while
the barrier for ogsy=180° is much higher, 37524 cm™! (see
Fig. 1). The lowest-energy linear configuration of the molecule is
found approximately 55424 cm™! above equilibrium at the MP2/
aug-cc-pV(T+d)Z level of theory.

2.2. Dipole moment surfaces

The ab initio dipole moment values were computed with
MOLPRO2002 at the CCSD(T)/A(T+d)Z level of theory [19-25] in
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Fig. 1. Six one-dimensional (1D) cuts through the potential energy function for HSOH (one for each degree of freedom) with the remaining five coordinates taken at their

equilibrium values.

Table 1
Equilibrium and transition geometries of HSOH.

Equilibrium geometry

Transition states®

A(Q+d)Z? Ref. [1]° Ref. [27]° Ref. [5]¢ cis trans
rso (A) 1.66725 1.6616 1.6614 1.6616(1) 1.687 1.690
rsu (A) 1.34431 1.3414 1.3413 1.3420(2) 1.341 1.337
rou (A) 0.96178 0.9601 0.9601 0.9606(3) 0.960 0.962
otnos (°) 107.141 107.01 107.0 107.19(3) 108.911 105.564
oost (°) 98.424 98.55 98.6 98.57(5) 99.411 93.325
s (©) 91.431 91.29 91.3 90.41(11) 0 180
Vope (cm™) 2163.3¢ 1520.9"

2 Present work, obtained by geometry optimization carried out with MOLPR0O2002 [17,18].

b CCSD(T)/cc-pCVQZ ab initio.
¢ CCSD(T,full)/cc-pwCVQZ ab initio; see Ref. [27] for further details.

4 Empirical equilibrium geometry derived from experimental values of Ay, By, and Cy in conjunction with CCSD(T)/cc-pCVQZ ab initio values of the o, constants for HSOH,
H34SOH, HSOD, and DSOD. See Ref. [5] for details. Numbers in parentheses are quoted uncertainties in units of the last digit.

¢ cis-barrier for torsional motion. The CCSD(T)/cc-pCVQZ value from Ref. [1] is 2216 cm ™! and the aug-cc-pVTZ/MP2 value from Ref. [28] is 2164 cm ™.

f trans-barrier for torsional motion. The CCSD(T)/cc-pCVQZ value from Ref. [1] is 1579 cm ' and the aug-cc-pVTZ/MP2 value from Ref. [28] is 1473.5 cm ™.

the frozen-core approximation. For these calculations we selected
8936 geometries with energies less than 12000 cm™! above equilib-
rium. The dipole moment components along the molecule-fixed
axes were obtained as derivatives of the electronic energy with re-
spect to the components of an external electric field. The field deriv-
atives were computed for each geometry by means of the central
finite difference scheme; for each of the x, y, and z molecule-fixed
axes, the molecule was subjected to external electric fields with
components of +0.005 a.u. and —0.005 a.u., respectively, along the
axis in question.

3. Fitting of the surfaces
3.1. Potential energy surface

Fig. 1 shows that the vibrational modes of HSOH, with the
exception of the torsional mode, can be viewed as oscillations
around a single minimum on the PES. The torsional motion, on
the other hand, involves tunneling between two equivalent min-
ima on the PES through the cis and trans barriers whose heights
are given in Table 1. We employ a cosine-type expansion to repre-
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sent the dependence of the PES on the torsional angle tyson. We
choose this expansion with a view to the fact that the PES is invari-
ant under the inversion operation E" [29] which causes the coordi-
nate change Tyson — 27 — Tasoun. The dependence of the PES on the
three stretching coordinates is described by expansions in Morse-
type variables y =1 — exp(—a|r — r.]), while for the bending coordi-
nates we use the displacements Ax = « — «.. The expansion of the
PES thus becomes

V(&ons os, st Enoss Costs EHson)
= Ve+ZFj§j+ZF]‘kfjék + Z F&iéeé

J i<k j<k<l

+ Z Fiwm & éxéiém + Z

j<k<lsm Jj<k<lsmsn

+ Z ijlmno fj ék él ém én éa (l)

j<k<l<m<n<o

Fitimn & €k &1 m En

The expansion variables are
& =1—exp(—ay(ry — 1), k=S0,SH,or OH

(2)
EHos = OlHos — Oﬁfqe(f)s, (3)
Eosi = OlosH — gy 4)
Ehson = COS THsoH — COS Txr-lesfow ®)

where ri¢f and of°f are reference values of the structural parameters,
the a, are molecular parameters, V. is the value of the PES at equi-
librium, and the quantities Fj _are the expansion coefficients. Since
coS(27 — Tyson) = COSThson, the function in Eq. (1) automatically
satisfies the symmetry requirement mentioned above so that there
are no symmetry relations between the potential parameters, i.e.,
all Fj . are independent. We take the reference values as
rief —1.69031 A, risf = 1.33653 A, ri¥f, = 0.96229 A, oefc = 105.56,
ot = 93.32°, and i, = 180,

Our highest-quality ab initio surface A(Q+d)Z is based on 10168
ab initio points covering, for the most part, the region below
12000 cm~ . That is, the highest-quality ab initio points cover a
limited region of configuration space. The less accurate ATZ PES
covers in great detail the region up to 20000 cm~! with almost
105000 points. In order to prevent the fitted, analytical PES from
having a significantly wrong behavior in regions of configuration
space not sampled by the A(Q+d)Z data points, we use both the
ATZ and the A(Q+d)Z data sets as input for the least-squares fitting
producing the optimized values of the potential energy parameters
Fji.. . In this fitting, the points in the large ATZ data set are given
weight factors typically 10* times smaller than those of the
A(Q+d)Z data points. In this way the geometries, for which
A(Q+d)Z ab initio energies exist, are greatly favored because of
the large weight factors. However outside the A(Q+d)Z grid the
fit is controlled by the points of the vast data set ATZ. The ratio
of 10* between the weight factors used for the A(Q+d)Z and ATZ
points was found by numerical experiments. We needed 762 fit-
ting parameters to reproduce the A(Q+d)Z electronic energies with
the root-mean-square (rms) error of 2.8 cm~'. The analytical PES
obtained by combination of the ATZ and A(Q+d)Z ab initio data sets
is denoted A(Q+d)Z". This analytical PES is assumed to be of
A(Q+d)Z quality in the lower energy region up to 12000 cm™!
above equilibrium (since this is where the A(Q+d)Z ab initio data
exist) and to have a qualitative correct behavior, at least of ATZ
quality, at higher energy up to 20000 cm™.

In order to establish the quality of the ATZ ab initio energies, we
have also fitted the 105000 ATZ data points without the A(Q+d)Z
points. In this fitting, we could usefully vary 898 parameters that
describe the ATZ energies with rms errors of 44 cm™!, 13cm™’,
and 32 cm™! below 10000 cm™!, 15000 cm™!, and 20000 cm™!,
respectively.

The ab initio energy values and the parameter values obtained
from the fits of the potential energy function in Eq. (1) are available
as Supplementary material together with FORTRAN routines for
evaluating the corresponding potential energy values at arbitrary
geometries. The A(Q+d)Z" potential energy surface, obtained by
combination of the ATZ and A(Q+d)Z ab initio data sets as described
above, is expected to provide a good description of the electronic
ground state of HSOH at energies up to 20000cm™ ! above
equilibrium.

3.2. Dipole moment surfaces

Towards obtaining analytical representations of the electroni-
cally averaged dipole moment components for HSOH we intro-
duced an axis system as follows. The z axis is aligned along the
SO bond, pointing from S to O, and the x axis lies in the plane con-
taining the SO and SH bonds and is oriented such that the H nu-
cleus in the SH moiety has a positive x value. The y axis is
oriented such that the xyz axis system is right-handed. This xyz
axes are not exactly principal axes, but the xyz axis system is close
to the principal axis system abc shown in Fig. 2 with the z axis
being close to the a axis which has the smallest moment of inertia.
With the chosen axes, the y component of the dipole moment is
antisymmetric with respect to inversion E" [29] (that is, it has A"
symmetry in the C(M) group [29]), while the x and z component
are totally symmetric (i.e., they have A" symmetry). The three di-
pole components are represented by the following analytical
functions:

ﬂa(gOH7 CSO7 CSHa gHOSa C.»VOSHa gHSOH)

=Y WG GG+ > 1w GG
J

j<k J<k<l

+ ) GGl (6)

Jj<k<lsm
with o =x or z, and

,ay(‘:OH7 CSOv CSHv CHOS; COSH: CHSOH)

=sinTyson |1y + > 1 G+> U GG+ > 1 GG
J Jj<k j<ksl
+ Z MJ(-/}:,),T. 51914 Sym:|~ (7)
j<k<lsm

The dipole moment components are expanded in the variables
=1 —1f k=O0H,SO,or SH, (8)

{Hos = EHos CosH = CosH, and {HsoH = EHsoH, where Exos, SosHs
and &ysoy are given in Egs. (3)-(5).

Fig. 2. The abc axes for the HSOH molecule.
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We have determined the values of the expansion parameters of
Eqs. (6) and (7) in three least-squares fittings, each of them to
8936 ab initio dipole moment components [i,, & = X,y,z. In the three
final fittings, we could usefully vary 428 (i), 382 (i,), and 420
(i) parameters, obtaining rms deviations of 0.0022, 0.0023, and
0.0149 D, respectively. In the lower energy region (below
8000 cm™') these deviations are smaller, 0.0005, 0.0004, and
0.0016 D, respectively. The optimized parameters are given as Sup-
plementary material together with a FORTRAN routine for calculat-
ing the dipole moment values from Eqgs. (6) and (7). We refer to the
level of theory used for computing the electric dipole moment as
A(T+d)Z.

For comparison with experimentally derived dipole moments,
we must transform the dipole moment so as to obtain the compo-
nents [iq, [y, and [t along the principal axes abc shown in Fig. 2.
The dependence of [i,, [t5, and [i. for HSOH on the torsional angle
Tuson is depicted in Fig. 3, where we plot the dipole moment com-
ponents obtained when the values of the structural parameters rso,
T'sH, ToH,» OHos, Qosy are determined by the torsional minimum en-
ergy path geometries of HSOH [9]. For the equilibrium values of
the ab initio dipole moment we obtain i, = 0.053D, [, = 0.744D,
and fi. = 1.399D. These values can be compared to the correspond-
ing CCSD(T)/cc-pCVQZ values of 0.0441, 0.7729, and 1.4329 D from
Ref. [1]. The component [, is close to zero for all torsional angles
due to cancellation between the contributions from the SO bond
dipole and the sulfur lone pairs. The two components i, and [t
from Fig. 3 vary strongly with tysoy and, because of this, the vibra-
tional transition moments (see below) resulting from these compo-
nents are very different from the corresponding equilibrium dipole
moment values.

4. Variational calculations: vibrational term values and
transition moments of HSOH

As outlined in Section 1, we employ for the variational calcula-
tions the newly developed program TROVE [14]. TROVE is a program
suite designed for calculating the rotation-vibration energies of an
arbitrary polyatomic molecule in an isolated electronic state. We in-
tend TROVE to be a ‘universal black-box’ which anyone can use for
rotation-vibration calculations. The calculation is variational in that
the rotation-vibration Schrédinger equation is solved by numerical
diagonalization of a matrix representation of the rotation-vibration
Hamiltonian, constructed in terms of a suitable basis set. We
describe the rotation-vibration motion of HSOH by means of
Hougen-Bunker-Johns (HBJ) theory [15]. That is, we introduce a

2.5 1 1 1 1 1 1 1

2.0-
1.5
1.0
0.5
T P—
054 .

1.0 . )
151 - s

Dipole moment / D

T T T T T T T T T T T T
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Tuson / degrees

Fig. 3. Dipole moment components for HSOH, computed at the torsional minimum
energy path geometries shown in Fig. 1 of Ref. [9].

flexible reference configuration that follows the torsional motion
and is defined in terms of the torsional coordinate Tysoy. The remain-
ing vibrations are viewed as displacements from the reference con-
figuration; they are described by linearized coordinates ré, r§,, roy,
o405, and by, The linearized coordinate [29] & coincides with the
corresponding geometrically defined coordinate &(=rso, I'sy, Ton,
®Hos, OT Gosy) in the linear approximation. TROVE uses kinetic and
potential energy operators expanded as Taylor series about the ref-
erence configuration: The kinetic energy is expanded in terms of
the & coordinates, and the potential energy is expanded in terms
of quantities y;, where y{ = 1 — exp(—a,[&}, — r§]) with a, from Eq.
(2) for k = SO, SH, or OH, while y{, = &, — o for k = HOS or OSH. The
expansions of the kinetic and potential energy operators are trun-
cated after the fourth and eighth order terms, respectively, and test
calculations have shown that with these truncations, the energies
calculated in the present work are converged to better than
0.05cm™ .

The vibrational basis set functions are constructed from one-
dimensional functions obtained by numerically solving the corre-
sponding one-dimensional (1D) Schrédinger problems by means
of the Numerov-Cooley method [14,30]. That is, a vibrational basis
function is given as a product of six 1D functions

[bvib) = [s0) |Usu) |Von) |Phos) | Vosh) | Vhsons Tror) s 9)

where vy is the principal quantum number for the vibrational mode
vx with X = SO, SH, OH, HOS, and OSH, uysoy is the principal torsional
quantum number, and 7, =0 or 1 determines the torsional parity
[29] as (—1)". The quantum numbers vy are limited as follows:
Uso < 16, vsp < 8, von < 8, vosn < 8, thos < 8, and wyson < 18. The
total basis set is also truncated by the energy cutoff EC“°ff=
19000 cm~!. That is, in setting up the Hamiltonian matrix, we
use only those basis function products in Eq. (9) for which
Eso(vso) + Esu(¥su) + Eon(von) + Enos(¥Hos) + Eosu(Vosu) + E}Ig’;;

(Vhosn) < E°T [14]. Here, Ex(1x) is the 1D eigenenergy associated
with the wavefunction |zx) (where X = SO, SH, OH, HOS, OSH); this
energy is obtained in the Numerov-Cooley integration. Furthermore,
E;_[Tgsr})_[(uHOSH) is the 1D eigenenergy corresponding to the wavefunc-
tion IUHSOHthor>- The 1D ful‘lCtiOnS{ |Uso>, |7/SH>, ‘UOH>1 ‘Z)H()s), and |UOSH>
are all totally symmetric (i.e., of A symmetry) in C(M) [29], whereas
|%hisom Tror) has A" (A”) symmetry for 7, = 0(1). In consequence, the
vibrational basis function |¢$yip) in Eq. (9) has A (A") symmetry for
Teor = 0(1), and the matrix representation of the vibrational Hamilto-
nian (i.e., the matrix obtained for J = 0) is block diagonal in 7. Thus,
for J = 0 we diagonalize two matrix blocks with dimensions 16359
and 14716, respectively, one corresponding to each of the two irre-
ducible representations A" and A" of C,(M) [29].

The calculated term values for the fundamental levels v, and the
corresponding values for the torsional splitting are listed in Table 2
and compared to the experimental values available and to other
theoretical values. As Supplementary material, we give a more
extensive list of term values. The A(Q+d)Z theoretical term value
for the OH-stretch fundamental level deviates by only 0.3 cm™!
from the experimental gas phase value [7]. For the SH stretching
motion, the analogous deviation is larger (6.4 cm~!) which may
partly be attributed to the strong interaction between the SH-
stretching mode and the torsional mode as discussed in more de-
tail in Section 5 below.

For the OH-stretch term value, the agreement with gas-phase
experiment has improved significantly relative to the cc-pvQZ
[6] and cc-pV(T+d)Z [27] theoretical predictions (Table 2). For the
SH-stretch term value, however, it is the other way around; the
cc-pVQZ [6] and cc-pV(T+d)Z [27] values are in better agreement
with experiment than the new A(Q+d)Z" value. For the HOS bend,
the SO stretch, and the torsion, the theoretical values from the
present work are very close to the matrix values [6].
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Table 2
Vibrational term values, torsional splittings (in cm~!) and relative band intensities for the vibrational ground state and the fundamental levels in the electronic ground state of
HSOH.
State Theory Experiment
A(Q+d)Z? cc-pvQzZ° cc-pV(T+d)Z* Gas-phase? Ar matrix®
Vibrational term values
VoH 3625.9 3657.2 3640 3625.59260(20)" 3608.3
VsH 25444 2536.9 2537 2537.9869(12) 2550.1
VHOS 1174.0 1188.1 1192 1175.7
Vo 1007.7 1004.6 1008
Vso 760.0 756.7 760 762.5
VHSOH 443.0 451.7 457 4453
State Theory Experiment
A(Q+d)Z? MP2/cc-pVTZ" Gas-phase?
Torsional splittings )
g.s. 0.00215 0.002339 0.00214'
Von 0.0036 0.002177 <0.01f
Wi ~0.0775 0.001672 0.042(2)2
VHos —0.0335 0.001849
VosH 0.0255 0.002995
Vso 0.0546 0.002553
o 0.1279 0.1473
Band Theory Experiment
A(Q+d)Z cc-pvQzX cc-pV(T+d)Z! Ar matrix®
Relative band intensities
VoH 16 92 92 43
VsH 4 22 21 8
VHos 13 54 55 53
Mo 0 3 3
e 18 65 69 103
VHSOH 100 100 100 54

¢ Present work.
CCSD(T)/cc-pVQZ ab initio calculations from Ref. [6].
CCSD(T)/cc-pV(T+d)Z ab initio calculations from Ref. [27].

Values derived from Ar-matrix spectra [6].
Ref. [7].

Ref. [10].

Ref. [28].

Ref. [1].

@ - 0 A T

CCSD(T)/cc-pVQZ harmonic calculation [6].

In comparing the fundamental-level term values obtained in the
present work with the previous theoretical values [6,27] (see Table
2), we should note that the ab initio calculations of Ref. [6] are
made with the CCSD(T)/cc-pVQZ method in an all-electron treat-
ment, the fundamental vibrational wavenumbers being deter-
mined from the ab initio data by perturbation methods. Denis
[27] uses the CCSD(T)/cc-pV(T+d)Z ab initio method in the frozen-
core approximation and determines the fundamental vibrational
wavenumbers from the ab initio data by perturbation methods.
In the present work, we produce an analytical representation of
the PES based on CCSD(T)/aug-cc-pVTZ and CCSD(T)/aug-cc-
pV(Q+d))Z ab initio data obtained in the frozen-core approxima-
tion, and we determine the fundamental vibrational wavenumbers
in a variational approach. The various differences in the treatment
all affect the computed wavenumbers, probably easily by several
cm'. Therefore, the essentially perfect agreement with experi-
ment obtained for the OH-stretch fundamental term value in the
present work, and for the SH-stretch fundamental term value in
Refs. [6] and [27], is probably fortuitous in all cases.

For the torsional splitting in the vibrational ground state
(experimentally derived value: 0.00214 cm™!; theoretical value
from the present work: 0.00215 cm™'), the excellent agreement
between A(Q+d)Z" theory and experiment may also be to some

Derived from the CCSD(T)/cc-pV(T+d)Z harmonic-calculation results of Ref. [27].

Values derived from gas-phase spectra. Numbers in parentheses are quoted uncertainties in units of the last digit given.

Calculated from the transition moments and transition wavenumbers in Table 3 below.

extent accidental. Experimentally, the splitting for the SH funda-
mental level has an absolute value of (0.042 +0.002) cm™! [10];
the sign cannot be determined. The theoretical value from the
present work is —0.0775 cm~! (Table 2). The less perfect agree-
ment for this splitting could be caused by the fact that, owing
to deficiencies of the PES, one of the split energy levels may come
close to another level of the same symmetry, and the resulting
interaction may then significantly change the splitting by
amounts on the order of 0.1 cm~'. However, on the positive side
we correctly predict a larger absolute value for the splitting in
the SH fundamental level relative to the vibrational ground state,
in qualitative agreement with experiment. By contrast, Quack and
Willeke [28] predict the SH-stretch-fundamental-level splitting to
be 0.001672 cm™!, a value slightly lower than that for the ground
state. The fact that we obtain a negative value for the SH-stretch-
fundamental-level splitting cannot be confirmed (or refuted) by
experiment since, at the present time, experiment provides only
the absolute value of this splitting. Our theoretical value of
0.0036 cm™! for the OH-stretch-fundamental-level splitting is
consistent with the experimental finding that this splitting is less
than 0.01 cm™L.

Along with the band centers we compute also the vibrational
transition moments defined as
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fir = [, OB I O0 (10)

where | @), w = i or f, are vibrational wavefunctions (J = 0), and ft,
is the component of i along the molecule-fixed «(=a, b, and c) axis.
The matrix elements are generated using the vibrational eigenfunc-
tions obtained from the variational calculations in conjunction with
the ab initio A(Q+d)Z" potential energy and A(T+d)Z dipole moment
surfaces.

The transition moments fi; for the fundamental bands of HSOH
and for the torsional overtones are compiled in Table 3, where we
also list the individual matrix elements fif = (®%) |11,|®% ), o = a, b,
¢, from Eq. (10). As Supplementary material, we give a more exten-
sive list of transition moments. The expectation values of the di-
pole moment components in the vibrational ground state are
found to be significantly smaller than the corresponding ab initio
equilibrium dipole moment values g%, %, and pc9. As mentioned
in Section 3.2, this is a consequence of the vibrational averaging.
Consequently, the ‘permanent dipole moment’ components g,
Y, and pt cannot be used to estimate the line strengths [29]
for rotational transitions of HSOH.

In Table 2, under the heading A(Q+d)Z’, we have included rela-
tive band intensities calculated from the transition moments and
transition wavenumbers in Table 3. We obtain these relative inten-
sities by calculating, for each fundamental band, the value of
> Vie i (Table 3), where the sum is over the four torsional compo-
nents of the band in question, and forming ratios of these quanti-
ties. These relative intensities can be roughly compared to those

Table 3

Band centers ¥;; (in cm™'), vibrational transition moments ji (in D), and individual
transition moment components (4, fiif, i) (in D) for selected vibrational transitions
of HSOH.

Vibrational state® Transition moments

i g Vit Hie I I e

0" 0" 0.000 0.699 0.040 0.698

0 0 0.000 0.699 0.040 0.698

0* 0~ 0.002 1.297 -1.297
0" - 442.984 0.092 -0.092
0" - 442.986 0.527 —-0.007 —0.527

0 . 443.112 0.528 0.007 0.527

0 Yesa 443.114 0.092 0.092
0 v 759.951 0.028 0.028
0" Vi 759.953 0.173 -0.170 0.030

0~ Vso 760.006 0.173 0.170  -0.029

0* Vso 760.008 0.028 —0.028
0 iy 843.130 0.134 -0.134
0" iy 843.132 0.052 -0.034 -0.039

0~ 2ViisoH 846.267 0.051 —0.033  -0.038

0" Dy 846.269 0.135 -0.135
0 i 1007.666 0.004 0.004
0" Visu 1007.669 0.015 0.008 —0.012

0~ Vost 1007.692 0.014 0.008 -0.012

o o 1007.694 0.003 0.003
0" Ygs 1173.967 0.118 0.118  -0.007

o Viios 1173.969 0.013 0.013
0 Viios 1174.000 0.012 —0.012
0" Wi 1174.002 0.117 -0.117 0.001

0~ Vsy 2544.278 0.044 0.022  -0.038

0" 5 2544.280 0.000

0 Ve 2544.356 0.000

0" e 2544.358 0.044 0.022  -0.038

0 v 3625.860 0.055 —0.055
0" Vi 3625.862 0.052 0.052  —-0.005

0~ Vou 3625.863 0.052 —-0.052 0.005

0* Vou 3625.865 0.055 0.055

2 A superscript — (+) signifies that the state in question has — (+) parity under
the inversion operation E [29].

resulting from CCSD(T) calculations carried out at the cc-pVQZ
[6] and cc-pV(T+d)Z [27] levels of theory, and to values obtained
from the Ar-matrix spectrum [6]. These previous values are all in-
cluded in Table 2. Concerning the comparison between the relative
intensity results of the present work with the previous theoretical
results [6,27], it should be noted that the cc-pvVQZ [6] and cc-
pV(T+d)Z [27] results are obtained under the assumption of all
vibrational modes, including the torsion, being harmonic, and the
intensities depending solely on the first derivatives of the DMS
with respect to the vibrational coordinates. In computing the di-
pole moment matrix elements in Table 3 we, by contrast, use ‘fully
coupled’, variationally determined wavefunctions and the com-
plete DMS. We note in Table 2 that the relative intensities resulting
from the cc-pVQZ [6] and cc-pV(T+d)Z [27] calculations are very
similar but that the A(Q+d)Z" results of the present work deviate
significantly from these previous results. We attribute the devia-
tion to our more complete treatment of the nuclear motion, in par-
ticular of the torsion. To substantiate this assertion we have made
a TROVE calculation which emulates the cc-pvVQZ [6] and cc-
pV(T+d)Z [27] calculations: In this calculation, we use the PES
and DMS of the present work, but we describe the nuclear motion
by means of a normal-coordinate Hamiltonian (using normal coor-
dinates for all vibrational modes, including the torsion), and we
truncate the potential energy expansion after the harmonic sec-
ond-order terms and the dipole moment expansion after the linear
terms. This simplified calculation gives relative-intensity ratios
of I(VOH):I(VSH):I(VHOS):I(VOSH):I(VSO):I(VHSOH) =100:14:58:3:80:100,
in broad agreement with the cc-pVQZ [6] and cc-pV(T+d)Z [27] rel-
ative-intensity results in Table 2. The agreement demonstrates that
the PES and DMS of the present work are similar to those of Refs.
[6,27] and that the introduction, in TROVE, of anharmonicity, and
of the correct double-minimum description of the torsional mo-
tion, significantly influences the relative intensities, leading to
the A(Q+d)Z" results in Table 2. It is seen from the table that the
most significant anharmonicity effect is a strengthening of the
vuson band relative to the other bands.

The comparison between the theoretical intensities, which are
valid for an isolated molecule in the gas phase, and the Ar-matrix
results should be made with some caution since the Ar-matrix
intensities are believed to be rather uncertain; they may have
uncertainties of 20-30% [31]. Also, it is known from experience
[31] that the band intensities of a matrix spectrum sometimes
deviate very strongly from those of the corresponding gas-phase
spectrum, whereas the energy shifts relative to gas-phase spectra
are normally small. The Ar-matrix results in Table 2 indicate that
the voy and vyos bands are of comparable intensity, that the vsg
band is stronger than these two bands while the vsy band is some-
what weaker, and that the vosy band is very weak. The A(Q+d)Z"
prediction of the present work is, in fact, in keeping with these re-
sults, even though the predicted ratios of I(vou)/I(vso) = 16/18 and
I(vhos)/1(vso) = 13/18 are much larger than the observed Ar-matrix
ratios of 43/103 and 53/103, respectively. Whereas our A(Q+d)Z"
calculation predicts the voy and vyos bands to be of comparable
intensity (A(Q+d)Z" ratio 16:13, Ar-matrix ratio 43:53), the cc-
pVQZ [6] and cc-pV(T+d)Z [27] calculations predict the voy band
to be significantly stronger than the vyos band (predicted ratios
92:54 and 92:55, respectively). All three theoretical calculations
predict the vsy band to be about four times weaker than the voy
band; this is in good agreement with a recent, accurate experimen-
tal determination (which will be discussed further in Section 5) of
this intensity ratio from a gas-phase spectrum [7]. The Ar-matrix
spectrum gives a vou/Vvsy intensity ratio of 43/8 ~ 5.4, in broad
agreement with the accurate gas-phase result. The vosy band is
predicted to be quite weak by all theoretical calculations and, cor-
respondingly, it is not observed in the Ar-matrix spectrum. The
theoretical relative intensities in Table 2 all have in common that
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they predict the torsional fundamental band vysoy to be the stron-
gest fundamental band. This is in contrast to the Ar-matrix results
where the vso band is strongest which suggests that the intensity
of the torsional band is strongly influenced by the presence of
the Ar matrix.

5. The voy and vsy fundamental bands

The rotation-torsion spectra associated with the transitions to
the OH-stretch [7] and SH-stretch [7,10] fundamental levels have
been experimentally recorded (see Fig. 4). Initial analysis [10] of
the SH-stretch fundamental band has shown this band to be heav-
ily perturbed. By contrast, the analogous spectra of the OH-stretch
fundamental transition [6,7] appear largely “normal” and unper-
turbed. We discuss this in theoretical terms.

According to Table 3, the vsy band consists solely of a- and b-
type transitions. In the formation of the voy band the a and ¢ com-
ponents of the dipole moment are equally important, while the b-
component contributes only very little.

Apart from this, we can make the rather trivial observation that
the OH-stretching fundamental term value, at 3625 cm™!, is signif-
icantly higher than the SH-stretching fundamental term value at
2538 cm . At these energies, there is a significant density of ex-
cited torsional states and combination states involving bending
and torsion. The wavefunctions describing such states at

SH-stretch fundamental band
0.16

0121 "Q-branch
ag,

q
0.08| 14 Q

0.00

AN
0.04 Y w .

0.08] ]
0.12
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calculated spectrum

0.04 1

experimental spectrum

016

2531.5 2532.5
wavenumber / cm™

2530.5

2533.5

S.N. Yurchenko et al./Journal of Molecular Spectroscopy 257 (2009) 57-65

3625 cm™! involve more quanta of bending and torsional motion
than those at 2538 cm™!, so they have more nodes and are ex-
pected to produce smaller interaction matrix elements with the
basis function for the OH-stretching fundamental level than the
torsion/bending states around 2538 cm~! do with the basis func-
tion for the SH-stretching fundamental. The ‘pure’ torsionally ex-
cited states found near the vsy state are 7V{ison» 7Vason SViisonr
and 8vy, (at 2298.4, 2315.9, 2769.9, and 2730.3 cm™', respec-
tively), whereas those closest to the voy term value are the
Misonr Masonr 10Vison» 10Vison (at 3244.8, 3237.9, 3828.7, and
3823.7cm™!, respectively). Here, a superscript —(+) signifies
— (+) parity under the inversion operation E™ [29].

Furthermore, Fig. 1 of Ref. [9] suggests that in the PES of HSOH,
the SH-stretching mode is more strongly coupled to the torsion
than the OH-stretching mode. The optimized value of rsy as a func-
tion of a torsional angle shows a distinct variation while the anal-
ogous value of roy varies much less. In the left display of Fig. 5 we
show the OH-stretch and SH-stretch harmonic vibrational wave-
numbers woy and wsy, respectively, computed from the A(Q+d)Z’
PES at the optimized geometries displayed in Fig. 1 of Ref. [9].
We see that wsy varies essentially more with the torsional angle
than does woy; this is in keeping with our observation that the
coupling between the SH-stretching mode and the torsional mode
is larger than that between the OH-stretching mode and the tor-
sional mode. The shaded areas on this figure show the tysoy-inter-

OH-stretch fundamental band

0.8 " " "
PQ-branch calculated spectrum
0.6} ! 1
QQ7 QQG ]
experimental spectrum
0.8 . . .
3619 3620 3621 3622 3623

wavenumber / cm™

Fig. 4. Comparison of the PQ;-branch regions of the voy and vsy fundamental stretching bands. The experimental spectra have been recorded using the Bruker IFS 120 HR
Fourier transform spectrometer at the University of Wuppertal [6,7,10]. The calculated spectra are obtained at an absolute temperature of 300 K and based on molecular
constants from the experimental data analyses given in Refs. [7,10]. The spectrum of the vsy band is displayed with an ordinate scale magnified 5x relative to that of the voy

band.
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Fig. 5. (left) Harmonic vibrational wavenumbers woy (solid curve) and wsy (dashed curve), computed from the A(Q+d)Z" PES at the optimized geometries displayed in Fig. 1

of Ref. [9]. (right) Second derivatives f;*"

= 9V /drxudtuson, X = O (solid curve) and S (dashed curve), computed at the optimized geometries displayed in Fig. 1 of Ref. [9]. The

shaded areas in the two displays show the tysoy-intervals where the vibrational-ground-state torsional wavefunction has an amplitude of more than 50% of the maximum

amplitude.
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vals where the vibrational-ground-state torsional wavefunction
has an amplitude of more than 50% of the maximum amplitude.
The right display of Fig. 5 shows the values of the ‘mixed’ second
derivatives f;* = 0V /0rxudTuson, X=S and O, computed at the
optimized geometries displayed in Fig. 1 of Ref. [9]. The mixed sec-
ond derivatives confirm that the strongest coupling is found be-
tween the torsion and the SH-stretching mode.

As mentioned above, it has been found experimentally [7] that
vsy fundamental band is 4-5 times weaker than the voy fundamen-
tal band. This is borne out by Fig. 4 where we compare the exper-
imentally measured PQ; branches of the voy and vsy absorption
bands [7,10]. The ratio I(voy)/I(vsy) of the voy and vsy integrated
band intensities is determined experimentally [7] as 4.4+ 0.8.
According to the theoretical transition moment values from Table
3 (and the ratio of the band center wavenumbers), the voy band
is estimated to be about 4.3 times stronger than the vsy band, in
good agreement with the experimental findings. The CCSD(T)/cc-
pVQZ calculation from Ref. [6] gives a corresponding ratio of 92/
22 ~ 4.2 (see Table 2).

6. Summary and conclusion

We have used the coupled-cluster CCSD(T) ab initio method to
generate a high-level potential energy surface, together with a
high-level dipole moment surface, for the electronic ground state
of HSOH. In the calculation of the potential energy surface, the ab
initio points characterizing the surface in the low-energy region
(up to 12000 cm~! above equilibrium) are computed using a very
large basis (cc-pVQZ for H, aug-cc-pVQZ for O, and aug-cc-
pV(Q+d)Z for S). Points in the energy region between 12000 and
20000 cm ! above equilibrium are calculated with aug-cc-pVTZ
basis sets for all nuclei. The two ab initio data sets were combined
to produce an analytical representation of the PES as explained in
Section 3. The dipole moment components were calculated by the
CCSD(T)/A(T+d)Z method and fitted to analytical functions as ex-
plained in Section 3.2.

The analytical representations of the potential-energy and di-
pole-moment surfaces were used as input for the program TROVE
[14] in order to calculate the vibrational energies and transition
moments for selected vibrational transitions of HSOH. We find that
for HSOH, the transition moment values depend significantly on
the theoretical description of the nuclear motion. With our dou-
ble-minimum description of the torsional motion and anharmonic
treatment of the other vibrational modes, we obtain relative inten-
sities for the fundamental bands (Table 2) that differ considerably
from the results of the harmonic calculations reported in Refs.
[6,27].

As discussed above, the theoretical results of the present work
are generally in good agreement with the experimental data avail-
able for HSOH. The theoretical results allow us to explain, at least
tentatively, extensive perturbations recently found experimentally
in the SH-stretch fundamental band of HSOH. The present calcula-
tions suggest that the torsional splittings in the fundamental levels
Vsi,» VHOs» VosH» Vso, and vysoy are significantly larger than that in
the vibrational ground state (Table 2). As discussed above, this is
consistent with the experimental observation of the SH-stretch
fundamental band [7,10]. The previous MP2/aug-cc-pVTZ calcula-
tions from Ref. [28] predicted a similarly large increase of the split-

ting upon excitation of the vysoy mode, but gave splittings for the
other fundamental levels which are comparable to that of the
vibrational ground state (Table 2). We plan an experimental study
of the SO-stretch fundamental band to clarify this issue.
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