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Accurate spectral data of H*’SOH and H*SOH at 1.3 THz were recorded using a synthesizer based
multiplier spectrometer. The spectra were analyzed together with data from an earlier study which
contain measurements at 1.9 THz. The combination of both data sets allows to determine
experimentally the tunneling splitting of energy levels with K,=4 and 5 for the first time. The
obtained results are essential to test a novel model on torsional tunneling splitting in HSOH.
Transitions with K,=1+0, K,=2«1, and K,=3«2 all exhibit strong c-type and somewhat
weaker b-type transitions. In contrary, transitions with K,=4+«3 display only c-type but no b-type
transitions. The absence of b-type transitions is completely unexpected and yet not well understood.
For the H**SOH isotopolog the data set has been substantially extended by the new measurements
of "Qs-branch transitions at 1.3 THz. Based on the new data the accuracy of the H**SOH molecular
parameters has been significantly improved. © 2008 American Institute of Physics.

[DOL: 10.1063/1.3034741]

I. INTRODUCTION

In 2003 Winnewisser ef al.' reported the unequivocal
gas-phase detection of HSOH by means of its rotational
spectrum. Further investigations on HSOH and its
isotopologs,l_6 as well as highly accurate ab initio
calculations,” have substantially improved our knowledge on
this peculiar molecule.

HSOH can be considered as a link between two well
known homonuclear species, HSSH (Ref. 8) and HOOH
(Ref. 9). Molecules of type XYYX (with X=H,D and Y
=S,0) have two equivalent equilibrium conformations
which are the most simple representatives of molecular enan-
tiomers. Tunneling between the two corresponding potential
energy minima, which is classically an internal rotation (tor-
sion) about the heavy atom bond YY, causes rotational tran-
sitions to split into doublets. This tunneling splitting is well
studied for HSSH and HOOH. The observed splitting de-
pends on both the height of the potential barrier and the K|,
projection quantum number of the total angular momentum
J. K, is almost a good quantum number because the mol-
ecules of type XYYX are very close symmetric prolate tops.

In the cases of HSSH and HOOH it was found that the
size of the splitting alternates with K, in modulo 2.3 This
phenomenon has been described in a theoretical model intro-
duced by Hougen10 and Hougen and DeKoven,'" which is in
good agreement with the experiment. HSOH is of lower
symmetry than the C, molecules HSSH and HOOH; hence,
the tunneling splitting is found to be a more complicated
function of K,, which was the subject of a recent theoretical
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treatment by Yamada et al."* Their model is presented in
terms of a relatively simple parametrized form of the internal
rotation dynamics in HSOH. It predicts a variation of the
energy level splitting due to the tunneling which is the larg-
est and almost identical in the cases of K,=0,3,6,.... This
is in agreement with the experimentally derived quantities of
64.5 and 62.9 MHz for K,=0 and K,=3, respectively.

The purpose of the present studies is mainly twofold: (a)
to determine the torsional splitting of K,=4 and K,=5 en-
ergy levels experimentally for testing recently published high
level ab initio calculations on tunneling splitting in HSOH
by Ovsyannikov et al.” and (b) to give precise data for im-
proved molecular parameters on the *>S and **S main isoto-
pologs of HSOH. Compared to the **S main isotopolog,
spectral data on the **S species are rather sparse. Neverthe-
less, due to the high sensitivity of the 1.3 THz multiplier
spectrometer employed for the present measurements, spec-
tra of H**SOH were recorded in natural abundance.

The measurements presented here exhibit an unexpected
effect, namely, all b-type transitions are missing in the "Q;
branch.

The results of these studies and their analysis are pre-
sented in this paper, which is organized as follows. In Sec. II
we present the spectrometers used for measurements at 1.3
and 1.9 THz, with emphasis on the new multiplier spectrom-
eter at 1.3 THz. Details on the recorded H*’SOH and
H**SOH spectra and the data analysis including previous
measurements are given in Sec. III. The tunneling splittings
of K,=4 and K,=5 levels have been derived from combina-
tion differences and are compared to recently improved ab
initio calculations in Sec. IV. The molecular parameters de-
rived from these highly accurate measurements allow to pre-

© 2008 American Institute of Physics
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dict line positions of b-type transitions of the "Q; branch
within less than 50 kHz. Nevertheless not a single b-type
transition has been recorded. This unexpected finding of
missing transitions is discussed in Sec. V.

Il. EXPERIMENTAL SETUP

At the Cologne laboratories the spectral range up to
1 THz is covered by frequency stabilized spectrometers us-
ing backward wave oscillators (BWQOs) as monochromatic
radiation sources."® To record spectra above 1 THz new high
frequency techniques have been applied and further devel-
oped. At 1.3 THz the 72nd harmonic of an 18 GHz synthe-
sizer signal (Agilent, Inc.), generated in a commercially
available multiplier chain (Virginia Diodes, Inc.), is used.
Details of the employed multiplier chain are given in Refs.
14 and 15. Briefly, a primary frequency doubler is followed
by an amplifier to enhance the output power. A quadrupler
and two succeeding triplers are used for further multiplica-
tion which finally generate a factor of 72 of the 18 GHz
synthesizer fundamental frequency. The multiplier device
has been designed for output powers of about 1 uW with a
maximum of broadband tunability. The terahertz output sig-
nal is scanned over several gigahertz (4 GHz in this case) by
continuously tuning the synthesizer frequency. High fre-
quency accuracy is obtained by phase locking the synthesizer
frequency to a rubidium time standard which has a stability
Av/v of 107!, A personal computer is used to scan the fre-
quency of the spectrometer and to record the signal from a
lock-in amplifier in second derivative. For sensitive detection
of the 1.3 THz signal an InSb hot electron bolometer cooled
to liquid Helium temperature is employed.

Data from K,=5<«4 transitions of an earlier work,1
which were recorded employing the COlogne Sideband
Spectrometer for Terahertz Applications (COSSTA), have
been used to determine the tunneling splitting of the K,=5
levels. COSSTA combines the fix frequency of a far-infrared
gas laser at 1.9 THz with a tunable output frequency of a 300
GHz BWO. Details of the spectrometer were published by
Lewen et al.'®

Gas-phase HSOH is not stable under usual laboratory
conditions and thus the molecule was produced in situ under
a constant gas flow. Referring to earlier investigations it
turned out that among different pathways of producing
HSOH, flash vacuum pyrolysis of di-tert-butyl sulfoxide is
the most efficient one."®'” The lifetime of HSOH is of the
order of a few seconds which required a constant flow of a
fresh sample through the 3 m long absorption cell.

ll. THE "Q, BRANCH OF HSOH AND ITS ISOTOPOLOG
H34SOH

The permanent electrical dipole moment of HSOH is
pointing almost perpendicular to the S—O bond and toward
the angle bisector of the dihedral angle. Hence, a
perpendicular-type spectrum is observed which exhibits
strong Q branches at distances (A—(B+C)/2)(2K,+1), with
A, B, and C the rotational constants and K, the projection of
the angular momentum onto the symmetry axis. The
rQKZ:o,l,z branches of HSOH occur at 187, 561, and 935
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FIG. 1. Band head of the "Q; branch of (a) HSOH and (b) its isotopolog
H3*SOH. In each case the experimental spectrum is depicted in the upper
trace, while a calculated spectrum based on the molecular parameters of the
final data analysis is plotted in the lower trace. Each transition is split by two
effects: (i) the torsional splitting due to the internal rotation in HSOH and
(ii) the splitting due to the internal asymmetry of the molecule. The assign-
ment of each transition to the corresponding torsional component is given.
The asymmetry splitting of individual transitions is clearly seen for transi-
tions with J> 10.

GHz, respectively. Molecular constants from a previous
study1 have been used to predict line positions of the "Q;
branch occurring at 1.308 THz, which leads to a clear iden-
tification of the current spectra in the region between 1.295
and 1.308 THz.

A part of the "Q; band head spectrum of H*SOH at
1.308 THz is depicted in the upper trace of Fig. 1(a). The
tunnel effect splits rotational transition into two components,
which in the case of the "Q5 branch are found to be separated
by 120 MHz. The stick diagrams in Fig. 1 show the assign-
ment of c-type rotational transitions to the quantum numbers
J of both tunnel components. As can be seen from the graph,
the tunneling splitting is almost J independent. Furthermore,
each rotational transition splits into a doublet due to the in-
ternal asymmetry, which in the case of HSOH is small be-
cause of almost identical B and C rotational constants. Pro-
gression of the asymmetry splitting with increasing J
quantum numbers can be best seen from the stick diagram in
Fig. 1(a). All lines of the "Q5 branch up to J=40 have been
assigned.

Corresponding to their isotopic ratio, transitions of the
H3**SOH isotopolog are weaker by a factor of 20 than the
H*’SOH transitions. The high sensitivity of the spectrometer
made it possible to record 36 transitions of the H*SOH "Q,
branch in natural abundance. Figure 1(b) shows the "Q;
branch spectrum at a magnified scale.

In Fig. 2 the Fortrat diagrams for (a) H*SOH and (b)
H**SOH are displayed from 0 to 2 THz, showing the posi-
tions of Q branches with K;’:O, ...,4. Details on "Q;
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FIG. 2. Fortrat diagram of (a) HSOH and its isotopolog (b) H*SOH. Experimentally assigned lines are marked by circles [gray (Ref. 1) and black (this
work)]. The blow-ups in the lower traces show the details of the "Qs-band center regions at 1.308 THz.

branches studied here are depicted in Figs. 2(a) and 2(b); the
lower traces show the details. All new lines assigned in the
course of this work are marked with black dots, while lines
measured in previous work' are marked with gray dots.

For the main isotopolog H**SOH the data set now con-
tains 617 assigned transitions in total, from which 142 lines
at 1.3 THz were added in the present work. All new data
were recorded using the 1.3 THz multiplier spectrometer de-
scribed in Sec. II. In the analysis 132 of the 142 measured
lines were assigned to the "Qs branch, 8 to the "R, branch,
and 2 to 'R, branch transitions of H*?SOH. All 617 transi-
tions were finally analyzed in a global fit and improved pa-
rameters were obtained from fitting the data to a Watson
Hamiltonian in § reduction by employing Pickett’s program
SPEIT."® To account for torsional splitting and interaction of
the torsional substates, a two-state fit has been used. This fit
is successful for all lines up to the K,=5+«4 transitions at
1.9 THz." Figure 3 shows the two components of tunneling

'R-branch c-type J=5~4

intensity (a.u.)

Av,, =106.2 MHz

31250 31300 31350
frequency (MHz)+1.8THz

FIG. 3. The observed J=5+4 c-type transitions of the "R, branch indicate
a torsional splitting of 106 MHz.

splitting for the J=5+4 c-type transition in the "R, branch
at 1.83 THz.

As can be seen from the Fortrat diagram in Fig. 2(b) the
data set of H**SOH is less complete compared with the main
isotopolog. It contains 116 transitions up to 930 GHz. Since
transitions above 1 THz were completely missing, the 36
new assigned "Qs branch transitions at 1.3 THz presented
here led to a substantial improvement of the H**SOH data
set. Molecular constants obtained from a global analysis of
all H*>SOH and H*SOH transitions are listed in Table L.

IV. INTERNAL ROTATION TUNNELING IN HSOH

The spectra of HSOH and its isotopologs exhibit a split-
ting of rotational transitions which is caused by the internal
rotation tunneling motion. The splitting is observed for all
transitions in HSOH and found to be clearly K, dependent.
Furthermore, the splitting also depends on J, especially for
the "Q, and "Q, branches, as can be seen from Fig. 4. Be-
cause of the strong nonlinear J dependence in the low-J re-
gion, the rotational splittings Av(b) and Awv(c) reported by
Yamada et al.'> were determined for J= 10 transitions (see
Fig. 4) and assumed to be the same value for J—0. For
comparison with new ab initio calculations presented by
Ovsyannikov et al.” we report here revised rotation splitting
parameters Av(b) and Av(c), which take the strong nonlinear
J dependence into account (see Table II). In Fig. 4 experi-
mental values of Av(b) and Av(c) (black circles) as well as
expected transition splittings (gray dots), based on the best fit
parameters, are plotted. By this manner the splitting values
for the minimum J of each "Q K, branch have been evaluated.
The revised values for the minimum J of the internal rotation
splitting observed in the transitions of the ’QKH branches
(K,=0,1,2,3) and the "R, branch of HSOH are listed in
Table II. From the measured splittings Av(b) k, and Av(c) K,
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TABLE 1. Ground state molecular parameters (MHz) of H *SOH and
H 3*SOH.

Parameter H 32SOH H **SOH

A 202069.04977(109) 201 739.7555(172)
AA/2 —14.3854(36) -12.867(75)

B 15281.956049(115) 15001.43857(64)
AB/2X10° -2.8370(91) —2.698(53)

C 14840.215513(114) 14573.77800(58)
AC/2%X10° 4.3369(51) 4.196(48)

D; X 10° 24.528141(132) 23.68948(100)
AD,/2 X 10° 0.33926(312) 0.316(46)
Dk 0.39036280(308) 0.378836(53)
AD /2% 107 0.2529(35) 0.441(43)
Dy 5.990400(144) 5.9663(34)
ADg/2 -1.07509(127) -0.732(97)

d; < 10° -0.7163957(173) -0.681564(229)
d, X 10° 0.2910757(96) 0.270416(280)
Ad,/2 X 10° 0.3163(40) 0.187(78)
H,; X 10° -0.015185(37) —0.01454(55)
H i X 10° —1.27430(217) -1.087(62)

AH /2 X 10° 0.02738(138) -0.069(54)

Hg; X 10° 0.029521(109) 0.0262(33)
AHy, /2% 103 0.01037(39) 0.0593(34)
Hg X 10° 0.5712(55) 0.474(141)
AH /2 X 10° -0.031066(153) 0.4122(244)
hy X 10° 1.1071(68) 0.928(224)
hy X 10° —1.4939(54) -0.86(67)

hy X 10° -0.9146(71) 2.31(172)
ALg/2X10° 0.3814(60) —-0.01984(121)
AE 64.5226(59) 64.1904(279)
G, —27.306(38) -27.306*

G x10° —0.384(53) -0.384*

G X 10° 0.0245(39) 0.0245°

Gk 4.8422(156) 4.8422°
Gxx -0.26984(169) -0.26984 *

G axxx X 10° 3.751(46) 3.751°

“Fixed in the analysis to the values of H 3*SOH.

of b- and c-type transitions the splitting 5Ka of energy levels
can be obtained using

AV(b)I(a = |5Ka - 5I(a+l

: (1)

AV(C)Ku = 5Ka + 5Ku+l ) (2)

with K,=0,1,2,3,.... Details of the theoretical description
can be found in Ref. 12. The values obtained for the energy
level splitting (for the minimum J) are summarized in Table
III. Recently Ovsyannikov et al.” calculated the torsional
splitting of HSOH by employing a newly computed ab initio
potential energy surface together with the program TROVE.”
The splittings obtained by this approach are in excellent
agreement with the experimental results presented here (see
Table III).

V. INTENSITY ANOMALY IN b-TYPE TRANSITIONS OF
HSOH

The HSOH molecule is expected to display a rotational
spectrum in the vibrational ground state with extremely weak
a-type transitions and a dominating perpendicular-type spec-

J. Chem. Phys. 129, 224312 (2008)

trum with strong c-type and somewhat weaker accompany-
ing b-type transitions, as can be understood from theoretical
values of the dipole moment components u,=0.044 D, w,
=0.77 D, and u.=1.43 D [CCSD(T)/cc-pCVTZ, see Ref.
1)]. Surprisingly, no b-type transitions have been observed
for the "Q5 branch presented here.

In Fig. 1 the band head of the "Q; branch of HSOH is
depicted and the assignment of the lines to c-type transitions
is given via the stick spectrum. In the calculated spectrum
shown in the lower traces of Fig. 1(a) b-type transitions have
been ignored. The excellent agreement of the experimental
and the calculated spectrum shows the high quality of the
molecular parameter set given in Table I. By using these
rotational constants, the frequencies of the corresponding
b-type transitions in the Q5 branch (J=30) can be predicted
with an accuracy of at least 50 kHz. According to the calcu-
lated values for the permanent dipole moment components,
the intensity of b-type transitions is expected to be about four
times weaker than the corresponding c-type transitions
shown in Fig. 1(a), but they should be five times stronger
compared to c-type transitions of H**SOH depicted in Fig.
1(b). This allows only for the conclusion that no b-type tran-
sitions occur in the "Q5 branch or they are by more than one
order of magnitude less intense than expected.

Triggered by this unexpected result the intensities of b-
and c-type transitions reported previously,l ie., "0y, "0y, and
"0, branches, have been re-examined. In Fig. 5(a) the ob-
served spectra in the band head region of the "Q, branch of
HSOH is compared with the simulated one. In parts (b) and
(c) of this figure the simulated spectra of the b-type and
c-type transitions are plotted, respectively, together with the
Fortrat diagrams showing the assignments. The excellent
agreement between the calculated and the experimental spec-
trum shown in Fig. 5(a) is obtained by adjusting the intensity
ratio S,/S,. of b- and c-type transitions, respectively, to a
value of 0.58, where S, represents the intensity of a b-type
transition and S, the intensity of a c-type transition of the
same J. The calculated spectrum in (a) is the superposition of
the two calculated hybrid bands belonging to b- and c-type
transitions. It should be noted that the measured intensities of
the b- and c-type transitions in the "Q, branch are of the
same order.

In Table IV the averaged ratios S,/S. of the observed
intensities are given for the "Q,, "0, "Q,, and "Q5 branches.
Although all spectra of Q-branch transitions have been mea-
sured in second derivative (2f mode), the relative intensities
obtained by the 2f-mode spectra are almost proportional to
those by the Of mode, i.e., true relative intensity. To take into
account the different populations of energy levels, the ratio
S,/S. has been calculated only if the corresponding (involv-
ing the same quantum number J) b- and c-type transitions
were available. The ratio S,/S, presented in Table IV given
for a rQKa branch is the average value of all ratios S,/S.|,
available. The intensity ratios S,/S, observed in the case of
the "Q, and "Q, branches, respectively, are well explained by
the permanent dipole moment components. Nevertheless, the
value of S;,/S.=0.58 for transitions with K,=3+«2 as well as
the missing b-type transitions in the case of the "Q; branch
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FIG. 4. Torsional splitting for b- and c-type transitions of the rQK“ branches are plotted for K,=0,1,2,3. To the right of each diagram the values given in Ref.
12 are indicated, whereas the revised values given in this work are shown on the left. Experimentally assigned transitions are marked by circles.

are completely unexpected. A slightly larger error was ob-
tained for S,/S. of the "Q, branch because of the relatively
strong J dependence of the intensity ratio.

V1. CONCLUSION

An active multiplier chain has been introduced to per-
form high resolution spectroscopy on HSOH at 1.3 THz for
the first time. The spectra in Fig. 1 indicate the high quality
of the entire experimental setup that has been employed. The
measurements presented here are the highest in frequency for
the isotopolog H**SOH so far, and thus the accuracy of the

TABLE II. Experimental tunneling splittings of transitions (in MHz).

Av(c) Av(b)

Branch Ref. 12 This work Ref. 12 This work
"o 102.0 102.0 26.6 27.0
"0, 57.0 89.8 18.0 14.2
"0, 82.0 115.0 43.5 10.8
"0; 120.0 e
'R, 106.2 P

rotational parameters was improved significantly. In Table I
all results of the fit are summarized. Besides the excellent
refinement of the H**SOH data set, also the fit on the
H*’SOH parameters has been improved.

The measurements on K,=4+«3 transitions presented
here bridge the gap to previously reported measurements' on
K,=5+«4 transitions. Hence, it became possible to experi-
mentally determine the torsional splitting for energy levels
with K,=4 and 5 for the first time. Furthermore, the highly
precise molecular constants allowed us to calculate accurate
transition splittings for K,=1+0, K,=2—1, K,=3+2, and

TABLE III. Observed and calculated internal rotation splittings 5Ka (MHz)
for energy levels with K,=0,...,5.

5Ka
K, Experimental (this work)” Theoretical (Ref. 7)
0 64.5 64.5
1 37.8 37.9
2 52.1 55.3
3 62.9 64.0
4 57.2 58.8
5 49.0 529

“No b-type transitions have been observed in this work. For details see

Sec. V.
"No data on b-type transitions are available from the previous work (Ref. 1).

Obtained by extrapolating the J-dependent splittings of the individual states
to the minimum value of J for each level.
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(a) band-head 'Q,-branch HSOH
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FIG. 5. The intensity of the "Q, branch of HSOH was reinvestigated. In (a)
the experimental spectrum and a calculated spectrum (based on the con-
stants of the final data analysis) are compared. In (b) and (c) calculated
spectra of the b- and c-type transitions, respectively, are shown separately.
In order to get the best agreement between the experimental and calculated
spectra, the intensity ratio S,/S. has been adjusted to the value of 0.58. The
assignment of individual transitions is given via the corresponding Fortrat
diagrams.

K,=4+73 (see Fig. 4). With the help of these values the
torsional splittings reported by Yamada et al."* have been
revised. Since we know the K dependence of the torsional
splitting qualitatively,]2 we expect the torsional splitting &
for the K,=6 state to be similar to that of K,=3 (&;), say,
8=58(4) MHz at a guess considering that the value of & is
observed to be slightly smaller than the one of &). The ex-
perimental proof of this may be one of the most interesting
projects in the near future.

The intensity ratios S,/S, within the "Q,, "Q,, "0,, and
"Q5 branches are found to exhibit an anomalous behavior.
Usually the intensity ratio S,/S, in a b, c-hybrid band should

TABLE IV. Experimental intensity ratios S,/S.. of b- and c-type transitions
in the "QKa branches (K,=0,1,2,3).

Branch NYA
'O 0.22(4)
0, 023(2)
0, 0.58(11)
0, <0.02

%S,/ S, =i/ u2=0.29 is predicted by CCSD(T)/cc-pCVTZ calculations (see
Ref. 1) for all ”QKﬂ branches.
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be independent of the K, quantum number involved and pro-
portional to the corresponding dipole moment component
squared. Nevertheless, a strong K, dependence has been ob-
served in the measurements on HSOH presented here (see
Table IV). A detailed discussion on the observed intensity
anomaly will be given in a forthcoming paper. Briefly, pre-
liminary results show the observed intensity anomalies to be
related to state mixing, i.e., the torsional tunneling effect
mixes the state of different K. levels due to the low symme-
try, C,, of the molecule. Hence, it indicates that in the sym-
metric top limit (K,=3) the intensity of b-type transitions
vanishes accidentally for HSOH in the ground vibrational
state. From the experimental point of view, it is very inter-
esting to check the intensity of b-type transitions for higher
K, i.e., "Qg with K=4, which is undoubtedly a target for
future experiments.
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