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Abstract

The (ro)vibrational spectra of thiirane, c-CoH4S, and its fully deuterated isotopologue, ¢-C3D4S, have been
studied by means of vibrational configuration interaction theory, VCI, its incremental variant, iVCI, and
subsequent variational rovibrational calculations, RVCI, which rely on multidimensional potential energy
surfaces of coupled-cluster quality including up to four-mode coupling terms. Accurate geometrical param-
eters, fundamental vibrational transitions and first overtones, rovibrational spectra and rotational spectro-
scopic constants have been determined from these calculations and were compared with experimental results
whenever available. A number of tentative misassignments in the vibrational spectra could be resolved and
most results for the deuterated thiirane are high-level predictions, which may guide experiments to come.
Besides this, a new implementation of infrared intensities within the iVCI framework has been tested for the
transitions of the title compounds and are compared with results obtained from standard VCI calculations.
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1. Introduction

Thiirane (c-C2H4S) is primarily known as the
sulfur analog of oxirane (ethylene oxide; [1, 2]) and
has been studied by spectroscopic methods since
very many years [3-16]. In 1940, Thompson and
Dupré [3] performed already a first Raman and
mid-infrared (mid-IR) study on thiirane, allowing
them to assign 14 out of the 15 fundamental
vibrations. Using a spectrometer with increased
resolving power, Thompson and Cave [4] were later
able to suggest a reassignment of some vibrations.
Simultaneously, Guthrie et al. studied the IR
spectrum of liquid thiirane [6]. The fundamental
vibrational transitions as well as some low lying
overtones and combination band of both gaseous
[8, 9, 11] and liquid thiirane [7, 8] have been
revisited by several authors over the years. Allen et
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al. [12] performed a comprehensive study through
both low resolution (~ 1 cm™!) experimental IR
and Raman spectra and ab initio calculations
at the Hartree-Fock level of theory, employing
various basis sets. Bane et al. [15] revisited the IR
spectrum of thiirane by recording high-resolution
(~ 0.0017 cm~1) data for the v5 and v15 modes
of thiirane in the far-IR region, using the far-IR
beamline at the Australian synchrotron. Evans et
al. [16] expanded on this work to the mid-IR region
by recording high-resolution spectra for the wy,
vg, V11, Y14 and vi5 fundamental modes. These
high-resolution studies serve as a reference for our
calculations.

Cunningham et al. [5] measured the first mi-
crowave spectra of both thiirane and its deuterated
isotopologue and used this data to determine
the molecular structure and dipole moments.
Microwave spectroscopy was also used later by
Okiye et al. [10] to investigate the rotational
structure of the vibrational ground state. In the
early 2000s, Hirao et al. [14] revisited the ground
state and determined millimeter-wave spectra for
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thiirane and a number of isotopomers. Finally,
Hirose et al. [11] performed a comprehensive study
of the rotational spectrum of thiirane in the ground
state and five low-lying excited states.

Besides laboratory spectroscopic work thiirane is
also known for the fact that it has not yet been
observed in the interstellar medium, in contrast to
oxirane, which has been detected in astrophysical
studies [17]. Although sulfur is one of the most
abundant elements in the interstellar medium,
the sulfur content detectable in molecular clouds
accounts for only ~0.1% observed in star-forming
regions [18, 19].  Hypotheses explaining this
"missing” sulfur involve hidden sinks such as ices,
dust grains, as well as yet unknown molecular
species [20]. Since thiirane is further considered a
precursor of prebiotic organosulfur compounds [21],
there is considerable interest and the hunt for this
particular molecule as well as other sulfur species
is ongoing [22-24]. From this point of view it is
quite surprising that high-level quantum-chemical
studies of the (ro)vibrational spectrum beyond
the harmonic approximation are still missing.
Besides that, we are not aware of any rovibrational
experimental or theoretical studies of the fully
deuterated analog. With this study we try to fill
this gap and present ab initio calculations for both
systems.

The accurate quantum chemical calculation of
molecular rovibrational spectra is a challenging task
and usually faces two bottlenecks, the first one be-
ing the determination of the multidimensional po-
tential energy surface (PES) and the second one
being the solution of the nuclear Schrodinger equa-
tion. In contrast to most applications in electronic
structure theory, it is the occurrence of a multi-
tude of resonances caused by the high state density,
which puts an extra burden on the latter aspect.
Many methods have been developed to solve these
problems. Within the time-independent framework
2nd order vibrational perturbation theory (VPT2)
is widely used to calculate spectra beyond the har-
monic approximation [25-32]. However, this ap-
proach relies on a truncated representation of the
PES, i.e. a quartic force field, which limits the ap-
plicability of the method to low-lying states. Due
to the underlying perturbational expansion it is fre-
quently plagued by issues arising from resonances
which require a special treatment [27, 33]. Whether
a resonance needs to be accounted for already re-
quires detailed knowledge of the PES and black-box

type implementations of VPT2 which automatically
detect and account for necessary resonances are still
a topic of current research [34-41]. Comparably
more flexible are variational approaches as for ex-
ample vibrational configuration interaction (VCI)
theory [42, 43]. However, these go along with higher
computational demands, which limit their applica-
bility.

In order to exploit the advantages of modern multi-
core architectures, we have introduced incremental
vibrational configuration interaction theory (iVCI)
quite recently, in which the vibrational state en-
ergy is represented in terms of a many-body expan-
sion. This allows to distribute the individual incre-
ments within this expansion among the available
cores. For details on configuration-selective iVCI
see Refs. [43-45]. Our implementation of iVCI the-
ory was restricted to the calculation of vibrational
state energies, which are just one half of the in-
formation needed for the simulation of an IR spec-
trum. The other half is given by the correspond-
ing intensities. In order to retrieve the vibrational
wavefunction, which is needed for the calculation of
the transition moments, an additional diagonaliza-
tion at the end of a state-specific iVCI calcultion
was introduced, which readily provides the needed
information. However, since this diagonalization is
done in the space of all selected configurations it de-
stroys the performance and the overall philosophy
behind iVCI theory. For that very reason, we have
augmented iVCI theory by a many-body expansion
of the transition dipole moments as needed for the
simulation of IR spectra. In addition to the analysis
of thiirane this study provides the first benchmark
for the new implementation of IR intensities within
iVCI.

The integrated absorption coefficient can be written
as
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with W, denoting the vibrational wavefunction of
the reference state, e.g. the vibrational ground
state, W the corresponding wavefunction of the fi-
nal state and p is the dipole moment surface with
Cartesian components p,. AE,; is the transition
energy as evaluated from the many-body expansion
and An(T) takes account of the temperature de-
pendence, i.e. the occupation of the rovibrational
states. In the limit T — 0 this factor will be
1. In principle, the components of the transition
dipole moment vector Dy = (U, |pa| ¥y) can be



expanded as
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Since the individual terms in the last equations can
be computed from iVCI eigenvectors of the incre-
mental subspaces, which are needed for the corre-
sponding energy increments, the additional diago-
nalization at the end of an iVCI calculation can be
avoided. This leads to an improvement in perfor-
mance and the additional memory requests are neg-
ligible. As a side aspect of this study we provide a
comparison of standard configuration-selective VCI
results with the corresponding iVCI solutions for
IR intensities.
The VCI wave functions for the individual vibra-
tional states serve as basis functions within the
rovibrational configuration interaction calculations,
RVCI. RVCI theory is explained in detail in Refs.
[46, 47] and benchmark calculations with respect to
the expansion of the individual terms of the under-
lying Watson Hamiltonian [48] are provided in Ref.
[49].

2. Computational Details

All-electron explicitly correlated coupled-cluster
theory [50] accounting for single and double exci-
tations and a perturbative treatment of the triple
excitations, i.e. CCSD(T)-F12a/cc-pCVTZ-F12
[51], has been used to determine the geometry,
harmonic frequencies and the normal coordi-
nates of the molecule and its fully deuterated
isotopologue. Auxiliary aug-cc-pVTZ/JKFIT and
cc-pCVTZ/MP2FIT basis set was used for density
fitting [52-54], and an cc-pCVTZ-F12/OPTRI
basis for the resolution of the identity (RI) ap-
proximation [51]. The different exponents 7 of
the Slater geminal functions for the core-core,
core-valence and valence-valence orbital pair values
were set to 0.8, 1.7 and 2.2, respectively [55].
The complementary auxiliary basis set correction
(CABS) has been used to improve the Hartree—
Fock energies [56].

The molecule was oriented according to the
I" convention. An n-mode expansion [42] be-
ing truncated after the 4-mode coupling terms
was used for representing the multidimensional
potential energy surfaces (PES). A multi-level

scheme [57] was used, in which the 1D and 2D
terms of the PES were determined at the same
level as the geometry and harmonic frequencies,
while the 3D terms were evaluated employing
the explicitly correlated distinguishable clusters
approximation [58] in combination with a basis set
of double-¢ quality, i.e. DCSD-F12a/cc-pCVDZ-
F12. The 4D terms were determined by frozen
core 2nd order Mgller-Plesset perturbation theory,
MP2/cc-pVDZ [59, 60] The dipole moment surface
has been calculated at the levels of frozen core
DCSD/cc-pVTZ-F12 (1D, 2D), DCSD/cc-pVDZ-
F12 (3D) and MP2/cc-pVDZ (4D) theory. These
surfaces have been transformed to an analytical
sum-of-products representation by using Kronecker
product fitting [61]. Not more than 8 monomials
per mode were needed for both molecules.

State-specific vibrational self-consistent field
(VSCF) calculations employing 18 distributed
Gaussians per mode were used to determine opti-
mized one-mode wavefunctions (modals) [62, 63].
Vibrational angular momentum terms making use
of a constant p-tensor as occurring in the Watson
Hamiltonian for non-linear molecules [48] were
included within the VSCF iterations. Subsequent
configuration-selective VCI and iVCI calculations
were performed state-specifically [64, 65]. The
initial correlation space was restricted to sixtuple
excitations with respect to the VSCF reference
Hartree-product (configuration), a maximal sum of
quantum numbers of 12 and a maximal excitation
per mode up the 7th root resulting in ca. 8.7 - 106
configurations per irreducible representation (ir-
rep). Vibrational angular momentum terms were
accounted for with a constant u-tensor for all non-
diagonal elements of the VCI matrix, but including
1st order terms for the diagonal elements. Within
the iVCI calculations resonance corrected mode-
based bodies were employed and prescreening of
the individual terms of the many-body expansion
(the increments) was used in all calculations with
default threshold parameters [45]. Within the
iVCI calculations of the transition moments, the
wave function of the vibrational ground state was
not represented by a many-body expansion, but
instead was obtained from the eigenvector of a
VCI matrix in the basis of all previously selected
configurations, i.e. only the excited vibrational
state is represented by a many body expansion.

Within the subsequent RVCI calculations, a



Table 1: Geometrical parameters (bondlengths in A and angles in degrees) of thiirane and its deuterated isotopologue.

C—C2H4S C—C2D4S
re r, re ro? ry rg
r(CS) 1.8093 1.8173 1.8177 1.8174 1.8167 1.8173
r(CC) 1.4808 1.4894 1.4907 1.4840 1.4885 1.4900
r(CH) 1.0800 1.0863 1.1012 1.0852 1.0850 1.0955
Z(CSC) 48.31 48.38 48.19 48.37
/(HCC) 11793 118.00 117.98
/ Z(HCS) 115.06  115.07 115.04

é

from Ref. [14].

maximal angular momentum quantum number of
Jmax = 90 has been chosen, which was found to
yield converged spectra. Within the calculation of
the rotational terms an n-mode expansion up to
2nd order of the u-tensor has been used, while the
expansion was restricted to 1st order for the Cori-
olis coupling terms. These choices rely on our re-
cently published benchmark study [49]. A molecule
specific rotational basis (MSRB) has been used for
describing the rotational contributions of the rovi-
brational wave functions. For details see Ref. [46].
The vibrational basis consists of 32 VCI state func-
tions for ¢-CoH4S and 48 wave functions for c-
CyDy4S. These include the fundamental transitions,
first overtones and combination bands with at most
double excitations up to 2000 cm~'. As the rovibra-
tional spectra presented in this work do not exceed
1500 ¢cm™!, this rather limited upper bound was
found to be sufficient. Hot bands have not been
considered in the RVCI calculations since the low-
est excited vibrational state in both isotopologues
are well above the thermal energy at 300 K and
therefore no significant population of these states is
expected.

All calculations have been performed with the
MoLPRO package of ab initio programs [66].

3. Results and Discussion

3.1. Geometrical Parameters

Geometrical parameters of thiirane and its iso-
topologue have been determined from geometry op-
timizations on the Born-Oppenheimer potential en-
ergy surface, r., and from vibrational averaging,
r, and rg,. The vibrationally averaged parameters

¢ Experimental data obtained from millimeter-wave spectra taken

have been obtained from the expectation value of
the atomic positions, r,, or an expansion of the
bond lengths in terms of normal coordinates, r,
[67, 68]. The correlated VCI wave function of the
vibrational ground state has been used for averag-
ing in both cases, i.e. temperature effects have been
neglected. Similar to the exclusion of hot bands,
this approximation appears to be justified as the
molecule is fairly rigid and the first excited vibra-
tional state is already quite high in energy. All data
are summarized in Table 1.

As must be expected, vibrational averaging, i.e. r,
as well as ry structures, leads to an increase of
the corresponding lengths for all different bonds
in ¢-CoHyS and ¢-C3D4S compared to the equi-
librium structure. Structural parameters for the
main isotopologue c-CoH,S have also been obtained
previously using different experimental techniques
[5, 10, 14]. Table 1 provides a comparison of our
calculated parameters with the most recent rg val-
ues of Hirao et al. obtained from millimeter-wave
spectra [14]. The agreement of our computed r,
values and the ry parameters of Hirao et al. is excel-
lent. The largest difference of 0.0054 A can be seen
for the CC bond, which goes along with a slightly
smaller CSC angle in comparison to our computed
value. For the CS and CH bond lengths the differ-
ences between our r, structure and the rq structure
of Hirao et al. are 0.0001 and 0.0011 A, respectively.

3.2. Vibrational Frequencies

A comparison of our computed VCI and iVCI
frequencies with experimental data for the fun-
damental bands and some low lying vibrational
overtones of thiirane is provided in Table 2.



Table 2: Computed vibrational transition frequencies [cm~1] and TR band intensities [km/mol] for c-C2H4S and comparison
to experimental values.

VCI iVCI Exp.

Sym. # Harm. v IR v; IR Ref. [8] Ref. [69] Ref. [12] Refs. [15, 16]
Ay 121 3145.2 3016.5 14.9 3016.5 14.4 3012 3013.5

) 1500.8 1456.8 2.0 1456.6 1.9 1456 1454 1456.8

V3 1143.9 1112.9 1.1 1112.7 1.1 1109.5 1109 1109.9

V4 1047.6 1023.5 1.0 1023.5 1.1 1033 1024 1024.0 1024.2

Vs 648.0 632.6 21.1 632.4 22.8 627.5 624 628.1
A, Ve 3231.3 30794 0.0 3079.4 0.0 3088

V7 1200.4 1171.2 0.0 1171.0 0.0 1173 1070

Vg 906.5 888.8 0.0 888.7 0.0 890 891 895.9
B: Vg 3142.9 3013.8 8.0 3014.7 10.2 3012 3013.5

V10 1476.5 1435.8 0.9 1435.6 0.9 1435 1434 1435.9

V11 1080.0 1051.8 21.1 1051.8 21.1 1050 1050 1050.8 1051.2

V19 691.3 674.9 0.8 674.7 0.8 668 660 669.7
By V13 3244.1  3092.0 5.9 3092.4 8.7 3088 3088

V14 965.5 945.4 2.7 945.3 2.7 944 945 945.2 945.8

V15 835.7 824.4 0.3 824.3 0.3 824 824 827.3 825.5
Ay 25 3001.6 2903.7 0.5 2902.5 1.8 2904 2903.6

2v19 2953.0 2861.8 0.6 2861.8 0.5 2863 28638.5

2v7 2400.8 2338.3 0.0 2338.3 0.0 (2323)b

23 2287.8 2215.6 0.0 2215.6 0.0

211 2160.0  2099.5 0.6 2099.4 0.6 2098

2vy 2095.2  2046.5 0.8 2046.5 0.8 2041

2v14  1931.0 1889.4 0.0 1889.2 0.0

2vg 1813.0 1777.2 0.0 1776.7 0.0 1771

215 1671.4  1650.9 0.0 1651.9 0.0

2uio 1382.6  1343.4 0.0 1343.1 0.0

2us 1296.0 1264.0 0.1 1263.7 0.1 1255
MAD® 63.4 2.9 3.0
MAX® 156.1 9.0 8.7

@ Mean absolute deviation (MAD) and maximum absolute deviation (MAX) with respect to experimental
reference data being italicized.
b Excluded from the statistics, see text.



Apparently, the VCI and iVCI results coincide
in most cases and the newly implemented incre-
mental determination of the IR intensities works
very well. The only slightly larger difference in
the transition energies (0.9 cm~!) and the IR
intensities (2.2 km/mol) can be seen for the vy
band. However, this is a fairly sensitive transition
as the 9' vibrational state shows a pronounced
1-3 Darling-Dennison resonance with the com-
bination state 4'7'15', i.e. one band occurs at
3013.8 em™! (61% 9'; 21% 4'7'15') and the
other at 3030.3 ecm~! (20% 9'; 66% 4!7'15%).
In such a case iVCI has been shown to be very
dependent on the employed body definition when
combined with prescreening [44]. The employed
resonance-corrected bodies have been introduced
previously [45] to account for this by combining
the modes involved in the resonance into a single
body, i.e. for ¢-CoH4S a body which comprises
the modes 9, 4, 7, 15 thus ensuring that the
resonance is treated at the lowest order possible
of the many-body expansion. However, the above
mentioned 1-3 resonance is not recognized by our
detection scheme when constructing the bodies [45]
and has thus not been incorporated into the body
definition. Prescreening then leads to a different
convergence pattern of the many-body expansion
and final state energy compared to conventional
VCI. Nevertheless, the effect of the resonance is
still incorporated into the iVCI result and the
absolute difference between VCI and iVCI for vy
is still smaller than the MAD when comparing to
experimental results (cf. Tab. 2). Despite these
small shortcomings, prescreening within iVCI does
improve the memory efficiency by reducing the size
of the largest initial configuration space that needs
to be stored by up to a factor of about 3.

The overall agreement of the computed frequencies
with experimental data taken from the literature is
excellent. As the compilation of Spiekermann et al.
[69] is based on the dataset of Hirokawa et al. [9],
but contains corrections for the A, fundamentals,
we have listed the refined collection of Spieker-
mann et al. Both, the dataset of Spiekermann et
al. and that of Allen et al. [12] show pairwise iden-
tical transition frequencies for the CH stretching
modes. In case of the Ay/Bs pair, the IR inactive
fundamental vg occurs at the same frequency as
13 and thus its assignment is tentative. More-
over, Coriolis coupling effects render the accurate
assignments of these modes a tedious task. The
largest deviation from experimental reference

data can be seen for the overtone 2v; at 2323
em~t (Exp.) or 2338.3 cm™! (Calc.). However,
according to our calculations this overtone does
not show any IR intensity, but has been observed
in gas phase IR experiments by Aleksanyan and
Kuz’yants [8]. Instead, VCI calculations for the
combination band vg + r19 provide a transition
frequency of 2321 c¢cm™!, which shows weak IR
intensity of 0.14 km/mol and which is very close
to the experimental transition frequency. Thus,
we believe that the band observed by Aleksanyan
and Kuz’yants belongs to the vg + 119 combination
band rather than the 2v; overtone. For that
reason, this transition has been excluded from the
statistics as provided in Table 2.

The maximum deviation for the transitions com-
piled in Table 2 of 9.0 cm ™! is observed for the 25
overtone, but the mean absolute deviation (MAD)
is as low as 2.9 ecm ™!, which is in the typical range
of VCI calculations at this level of ab initio theory,
see Ref. [43]. The only other large deviation of 8.6
cm~! can be seen for the IR inactive vg transition.
As discussed above, the experimental value for
this transition of 3088 cm™!, which has been listed
in the work of Spiekermann et al. [69] and was
taken from Hirokawa et al. [9], is the same as
for vy3, which shows a decent intensity. In other
words: these authors assume that the IR inactive
Vg transition would occur at the same frequency
as the Bs 13 band. This assumption had already
been made by Thompson and Dupré in 1940,
based on a low-resolution Raman spectrum where
both bands would be active [3]. However, in our
calculation these bands are split by about 13 cm™!,
irrespective if harmonic or anharmonic frequencies
are considered. This raises some questions about
the reliability of the experimental assignment.
The most reliable experimental results are those
of McNaughton an co-workers [15, 16] from high-
resolution measurements, but unfortunately these
authors studied only 7 of the 15 fundamental
vibrations.

The situation for the fully deuterated thiirane, c-
CoD4S, appears to be even more intricate than for
thiirane. The vibrational frequencies for this sys-
tem are compiled in Table 3. The A; fundamental
V9 shows Fermi resonances with the overtones 2vsg
and 2vq5, i.e. three transitions with negligible IR
intensity can be seen in the calculations, that is, at
1194.2 em™! ( 57% 2%; 21% 152; 18% 52), 1243.3
em™t (21% 2% 76% 52), and at 1174.7 ecm ™! (19%



Table 3: Computed vibrational transition frequencies [cm™!] and IR band intensities [km/mol] for c-C2D4S and comparison
to experimental values.

VCI iVCI Exp.
Sym. # Harm. v; IR v; IR Ref. [9] Ref. [12]
Ay v 2290.0 2216.0 7.1 2216.0 7.1 2215  2212.5
Vo 1232.1  1194.2 0.0 11944 0.0 (1090)%-¢
v3 962.9 9451 2.7 945.1 2.7 (1020)4 946.4
vy 7829 7679 0.5 767.9 0.5 767 766.5
s 630.1  617.7 19.6 617.7 19.5 608 613.3
A, ve 24125 23293 0.0 2329.3 0.0 2330
vy 941.1 9253 0.0 925.3 0.0 (650)b-4
vg 653.6  644.1 0.0 644.1 0.0 622%4
B, vg 22713 21882 4.6 2188.2 4.6 2183 2185.2
vio  1086.9 1065.0 0.9 1065.0 0.9 1064  1064.2
v 853.3  833.7 8.6 833.7 8.6 831 830.7
V1o 652.6  640.7 1.8 640.7 1.8 610¢
B, vz 2416.8 23325 2.9 2332.5 2.9 2330  2331.8
V14 722.3 7120 0.9 712.2 0.9 710 710.8
V1s 594.8 5885 0.1 588.5 0.1 575 578.1
A, 2uy 24642 24115 0.0 2411.5 0.0
2up  2173.8 21239 0.3 2124.0 0.1 2125

2v3  1925.8 18884 0.0 1888.5 0.0
2v;  1882.2 18483 0.0 1848.3 0.0
2v1; 1706.6 1661.6 0.3 1661.6 0.3
2vqy  1565.7 1533.2 0.2 1533.2 0.2
2vyy 14446 14229 0.0 1422.8 0.0
2vg 1307.1 1288.5 0.0 1288.5 0.0
2v1o 1305.3 1277.0 0.0 1277.0 0.0

2vs  1260.1 1243.1 0.0 1243.1 0.0 1241.8
2v15  1189.6 11744 0.0 11744 0.0

MAD“ 40.2 2.6 2.6

MAX® 86.1 10.4 10.4

@ Mean absolute deviation (MAD) and maximum absolute deviation (MAX) with respect to experimental
reference data being italicized.

b Tentative misassignment, see text.

¢ Obtained from solid state measurements.

¢ Excluded from the statistics, see text.



21 75% 152). These resonances were also incorpo-
rated into the mode-based body definitions and in
consequence the differences between iVCI and VCI
are marginal, not exceeding 0.2 cm~!. At the same
time, the largest initial configuration space, i.e. be-
fore selection, was again reduced by up to a factor
of about 3 due to prescreening.

At a first glance the agreement of the theoretical
results with some of the experimental data appear
much worse than for non-deuterated thiirane. This
is surprising as from a theoretical point of view
there are essentially no arguments why the calcu-
lation for the deuterated species should result in
a different accuracy than for the non-deuterated
molecule. Therefore, upon closer inspection a num-
ber of the experimental data have been found to
be suspicious and thus need to be excluded from
the direct comparison. For example, the two Ay
modes listed by Hirokawa et al. [9] at 1090 and
1020 ecm ™! show deviations of up to 104 cm~! from
our calculations and in one case the observed value
lies even above the calculated harmonic one. This
assignment has been revised by Allen et al. [12]
and their value is in very nice agreement with our
result. According to Hirokawa et al. [9] the v fun-
damental appears at 650 cm !, but on the basis of
data from Aleksanyan and Kuz’yants [8], Spieker-
mann [69] provided a reassigned value of 900 cm ™1,
which, however, is just an estimate. Our value is
slightly larger than this approximate value. The
modes vg and v show deviations of more than 20
cm~! from the computed values, which is far be-
yond the error bar of the applied VCI methods for
such a semi-rigid molecule. These are the lowest
modes within their respective irreps and a compar-
ison with the non-deuterated thiirane shows, that
these agree nicely with the more reliable data of
Allen et al. [12], which are unfortunately not avail-
able for the deuterated species. In their vapor phase
spectrum Hirokawa et al. [9] observe the center of a
transition at 637 cm™!, which they did not assign.
The question arises, if this band belongs to the v
mode, which would be in nice agreement with our
calculations. Due to these imponderables and the
fact that the experimental value for the IR inac-
tive vg mode at 622 cm~! is based on solid state
measurements, these data have also been excluded
from the statistics. Again, the experimental val-
ues for the As and By CD stretchings are identical
and the IR inactive mode is assumed to occur at
the same frequency as the the B, mode. Moreover,
Hirokawa et al. [9] observed a Q branch at 2126

Absorption cross section in arbitrary units

860 850 840 830 820 810 800 790 780
Wavenumber in cm™!

Figure 1: Comparison of the experimental spectrum! of
Evans et al. (upper panel) with our RVCI simulation (lower
panel) for the spectral region of the v15 band. A Gaussian
line width of 0.0025 cm™! has been used at a temperature
of 300 K.

cm~!, which they did not assign. However, this
values agrees nicely with the value of Allen et al.
[12] and our calculated value for the 2v1g overtone.

3.8. Rowvibrational Spectra

In a first step we compare our simulated rovibra-
tional spectra with the measured ones' of Evans et
al. [16]. Note that, the labeling of the vibrational
modes in the papers of Evans et al. [16] and
Bane et al. [15] refers to the II" representation,
while we use the I" representation, which is also
used by most other authors. As a consequence, the
irreps and the labeling of the modes of this Cs,
molecule change. The comparisons are provided
in Figs. 1 and 2. The intense lines in the experi-
mental spectra between 860 and 830 cm™! (Fig. 1,
upper panel) and at about 950 cm™! (Fig. 2, upper
panel) arise, according to Evans et al. [16], from
ethylene impurities. While the overall appearance
of the spectra is nicely represented by the RVCI
calculations, e.g. the shape of the Q branches, the
individual intensities of the individual rovibrational

1Reprinted from J. Mol. Spectrosc., 316, C.J. Evans et
al., Synchrotron IR spectroscopy of the vy, vg, v10, v11 and
v14 fundamental bands of thiirane, 32-37, 2015, with permis-
sion from Elsevier.
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Figure 2: Comparison of the experimental spectrum® of
Evans et al. (upper panel) with our RVCI simulation (lower
panel) for the spectral region of the v14 band. A Gaussian
line width of 0.0020 cm~! has been used at a temperature
of 300 K.

transition still differ to some extent. This must
be expected as the Gaussian envelopes lead to
different intensities in dependence on the positions
of the transitions, which are very sensitive with
respect to the quality of the PES. For that very
reason, we will mainly discuss spectra without line
broadening effects in the following.

Figure 3 shows the simulated spectral region
between 1390 and 1490 cm ™!, which has not been
investigated in the work of Evans et al. [16] or
Bane et al. [15] and which covers the 15 (A1) and
vio (B1) transitions. The former shows a A-type
contour (with the selection rules of AJ=0,+1 and
AK, =0,4£2, AK, = +1) and the latter a B-type
contour (with the selection rules of AJ=0,+1 and
AK, = +1, AK, = +1). Both simulations, i.e.
with and without the inclusion of line broadening
effects, refer to room temperature (300 K). The
color coding of the bands reveals that the R branch
of v19 is almost exclusively hidden behind the P
branch of the more intense 5. Coriolis coupling
effects between these two modes are small, which
is supported by a value of the corresponding
(-constant along the c-axis of 0.015.

To the best of our knowledge, the high-resolution

Absorption cross section

Intensity

1400 1420 1440 1460 1480
Wavenumber in cm™

Figure 3: Computed rovibrational spectrum of thiirane in
the region between 1390 and 1490 cm~!. Transitions for v1¢
are shown in orange, those for vo in green. The upper plot
includes line broadening effects simulated by Gaussians with
a FWHM of 0.002 cm™1.

rovibrational spectrum of ¢-CsD4S has not yet been
studied. An overview spectrum between 550 and
1000 cm~! is shown in Fig. 4. This spectral re-
gion is the most relevant (cf. Table 3) as the most
intense bands are in this region. Another interest-
ing region is that of the CD stretching modes, but
this is out of range for our RVCI calculations as it
would require the inclusion of very many combina-
tion bands, which currently results in an exceed-
ing computational effort. Clearly, most bands are
nicely separated and hardly reveal any interactions.
However, vs (A1) at 617.7 cm~! and vio (B;) at
640.7 cm ™! in fact are coupled, as can be seen from
the asymmetry in the P and R branches. This ¢
type Coriolis resonance is also supported by by a (-
constant of -0.796 for this mode pair. The overlap-
ping branches of these two bands are much weaker
than the corresponding outer branches. Based on
the band intensities given in Table 3 the v15 bor-
rows intensity from the v5 fundamental leading to
an A-type band shape without the characteristic Q-
branch, despite v12 nominally being a B-type band.
Moreover, the typical B-type structure for inter-
mediate asymmetry (k = —0.4476) can clearly be
seen for the v1; band. Finally, the v3 band around
945 cm~! exhibits a rather broad Q-branch com-
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Figure 4: Computed rovibrational spectrum of fully deuterated thiirane without line broadening effects in the region between
550 and 1000 cm—!. Transitions of v5 are displayed in purple, of v12 in lightgreen, v14 in yellow, v4 in brown, v1; in darkgreen

and v3 in orange.

pared to other A-type bands depicted in Fig. 4.
This could indicate a large change in the A rota-
tional parameter with respect to the vibrational
ground state. However, based on VPT2 calcula-
tions, the vibration rotation coupling constant af
amounts to about 36 MHz which is comparable to
the value of other A-type bands, e.g. for the vy
we calculate af = 17 MHz. A closer look at the
VPT2 calculations shows that «§ has been cor-
rected for an a-type Coriolis resonance with the IR
inactive v7 (¢§; = —0.511). The perturbed value
of af amounts to as much as -353 MHz indicating a
strong Coriolis resonance which might explains the
broad @Q-branch.

3.4. Rotational Spectroscopic Constants

Spectroscopic constants are a convenient way
to squeeze endless line lists into a very limited
number of physically relevant parameters. These
can be obtained from fitting the line lists to a
model Hamiltonian or from vibrational pertur-
bation theory. Our computed results rely on the
latter approach and will be compared with fitted
constants obtained from experimental spectra. For
thiirane, spectroscopic constants relying on the
I" representation are available for both, Watson’s
A and S-reduced Hamiltonians [70-73]. While
Hirao et al. [14] preferred the A-reduction, Evans et
al. [16] favored the S-reduction. We have computed
both sets and the comparisons are shown in Ta-
ble 4. Note, the force constants being used in our
perturbational calculations have not been obtained
from numerical differentiation as is typical for
quartic force fields [30], but from the polynomial
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fit of the n-mode representation of the PES [74].
However, usually the differences are negligible.
Apparently, our computed values match both
parameter sets very well, but the agreement
with constants within the A-reduction is slightly
better. In particular the deviations in the sextic
centrifugal distortion constants are considerably
smaller than for the S-reduction, e.g. ¢ i vs. hs.
Within the A-reduction the average deviation for
the rotational constants is 0.1%, for the quartic
distortion constants it is 2.6% and 4.2% for the
sextic constants. These deviations arise at least
partly from missing contributions in the electronic
structure calculations employed in the generation
of the PES, as for example neglected high-order
coupled-cluster terms, relativistic contribution,
diagonal Born-Oppenheimer corrections etc.,
which were out of range within this study here.
Nevertheless, the agreement between our equi-
librium centrifugal distortion constants obtained
from perturbation theory, i.e. without accounting
for vibrational averaging, and the experimental
vibrational ground state results is a testament to
the semi-rigid nature of the title compounds.

The good agreement for the main isotopologue
made us confident that the results for the deuter-
ated species, for which no experimental results are
available, are of comparable accuracy. The results
of these predictions are listed in Table 5. As must
be expected, all constants for the fully deuterated
isotopologue are smaller in magnitude than for the
parent molecule. This renders the determination of
the constants from fitting particularly tedious, at



Table 4: Comparison of spectroscopic constants for the vibrational ground state of thiirane using Watson’s A and S-reduced
Hamiltonians in the I" representation (1o uncertainty in parenthesis).

A-reduction

S-reduction

Parameter This work  Exp. (Ref. [14]) Parameter ~ This work  Exp. (Ref. [16])
Ag [MHz] 21963.88  21973.63006(66) Ag [MHz] 21963.88  21973.63495(62)
By [MHz] 10845.35 10824.92431(27) By [MHz] 10845.35 10824.89248(25)
Co [MHz| 8035.87 8026.21768(24) Co [MHz] 8035.87 8026.24744(20)
Ay [kHz] 7.744 7.90770(32) Dy [kHz) 6.920 7.05229(43)
Aji  [kHz] 8.827 8.6382(18) Dk [kHz7] 13.776 13.7818(15)
Ak [kHz] 20.171 20.704(11) Dk [kHz] 16.048 16.4264(81)
oy [kHz] 2.134 2.192687(96) dy [kHz] —2.134 —2.192568(70)
0K [kHz] 14.881 15.3817(22) do [kHz) —0.412 —0.428857(53)
D, [Hz] 0.003 0.0(fized) Hy [Hz] 0.004 0.00237(16)
by [H7 —0.095 —0.0988(25) Hyx [HZ] —0.188 —0.19909(90)
by [Hz 0.376 0.3747(85) Hygy [Hz] 0.665 0.6967(84)
Py [Hz] —0.304 —0.293(49) Hyg [Hz| —0.502 —0.516(13)
b [mHz| 1.928 2.043(80) hy [mHz| 1.387 1.238(56)
oy [HZ —0.054 —0.0589(21) ho [mHz) —0.631 —0.406(47)
¢k [Hz 0.407 0.439(10) hs  [mHgz] 0.541 0.627(11)
least for the sextic centrifugal distortion constants,
requiring large values of J as well as K, and K, to
provide numerically stable results.
In order to facilitate future experimental rovibra-
) tional studies of the present thiirane isotopologues
Table 5: Computed spectroscopic constants for the

vibrational ground state of deuterated thiirane using Wat-
son’s A and S-reduced Hamiltonians in the I” representation.

A-reduction S-reduction

A, [MHz 15464.76 A,  [Miz 15464.76
Bo [MHz] 921179 B, [MHz 9211.79
Co [MHz] 682539 Co [MHz 6825.39
A; [k 4893 D, [k 4.419
Asx  [kHz] 4451 Dy [kHz] 7.293
Ak [kHz] 6.191 Dx  [kHz] 3.823
5, [k 1304 dy  [kiy —1.304
5k [kHz 5970 do  [kHz] —0.237
o, (M 0.002 H, [Hz] 0.002
O,k [Hz —0.039 Hyx [Hz] —0.071
Dy [H] 0.145 Hyy [Hz) 0.237
O [H ~0.103 Hyx [Hy] ~0.164
¢s  [mHz] 0.887 hy  [mHz] 0.650
bk [Hz —0.021 hy  [mHz  —0.480
ox  [Hz 0.091 hs [mHz] 0.237
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Table 6 provides rotational constants for all funda-
mental bands. For comparison the high-resolution
results of Bane et al. and Evans et al. [15, 16]
are provided. Overall we find good agreement
for rotational parameters with experimental val-
ues available. The corresponding MADs (in MHz)
are 13, 21, and 12 for A,, B,, and C,, respec-
tively. The latter values agree with the deviations
observed for the vibrational ground state (cf. Ta-
ble 4). Therefore, the parameters which stand
as predictions are assigned a conservative error of
30 MHz. Note that these results incorporate c-type
Coriolis resonance corrections for the pairs vs/v1o
and vg/v15. These resonance were also confirmed
experimentally [15, 16]. Additionally, an a-type
Coriolis interaction is predicted between v3 and v
(¢§7 = —0.419). No experimental results are yet
available for ¢-C3D4S and the presented constants
stand as predictions. The H/D exchange does not
change the occurence of Coriolis resonances in c-
CyDyS, therefore an a-type resonance is predicted
for the pair v3/v7 and c-type resonances for vs/v1o
and vg/v15 (C§ 15 = —0.796). Based on the previous



discussion the rotational constants for the deuter-
ated isotopologue are also assigned a conservative
error estimate of 30 MHz.

4. Summary and Conclusions

Thiirane and its fully deuterated isotopologue
have been studied by high-level ab initio calcula-
tions. Multi-level multidimensional potential en-
ergy surfaces of coupled-cluster quality have been
used to determine all fundamental transitions and
low lying first overtones. Mean obsolute deviations
of not more than 3.0 cm™! were found with respect
to various sets of experimental reference data. A
number of misassignments could be resolved and a
prediction of several vibrational overtones has been
provided.

Rovibrational spectra for thiirane have been ob-
tained from model Hamiltonian free RVCI theory
and were compared with high-resolution spectra of
Evans et al. [16] recorded using the far-IR beamline
at the Australian synchrotron facility. The spectral
range between 1400 and 1500 cm ™! has been stud-
ied for the first time. The spectra simulated for the
deuterated species are predictions and need to be
confirmed by new experiments.

Spectroscopic constants have been obtained from
the polynomial fit of the PES within the framework
of vibrational perturbation theory. Excellent agree-
ment with experimental reference data based on
Watson’s A and S-reduced Hamiltonians has been
found. The constants for the deuterated species are
provided for the first time.

As a side aspect of this study, an expansion of the
transition dipole moments within the framework
of incremental vibrational configuration interaction
theory has been implemented and was found to
yield IR intensities of almost the same accuracy as
obtained from standard configuration-selective VCI
theory. This opens a new route for studying vibra-
tional spectra exclusively by iVCI calculations.
The computational bottleneck of the presented cal-
culations is given by the evaluation of the multi-
dimensional PES, which took about 10 days on a
customary workstation with 48 cores. The subse-
quent RVCI calculation took no longer than 6 hours
on 10 cores. With that, the approach presented
within this study can be used to study even larger
molecules than thiirane.
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