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Highly accurate, � ð1�2Þ � 10�4cm�1, ro-vibrational spectrum of S18O2 was recorded
with Bruker IFS 120 HR Fourier transform interferometer in the region of 1050–
1400 cm�1 where the bands ν1 and ν3 are located. About 1560 and 1840 transitions
were assigned in the experimental spectrum with the maximum values of quantum
numbers Jmax:=Kmax:

a equal to 65/22 and 58/16 to the bands ν3 and ν1, respectively. The
further weighted fit of experimentally assigned transitions was made with the Hamilto-
nian model which takes into account Coriolis resonance interaction between the
vibrational states (100) and (001). To make the ro-vibrational analysis physically more
suitable, the initial values of main spectroscopic parameters have been estimated from the
values of corresponding parameters of the S16O2 species on the basis of the results of the
Isotopic Substitution theory. Finally, the set of 23 spectroscopic parameters obtained from
the fit reproduces values of 1292 initial “experimental” ro-vibrational energy levels (about
3400 transitions assigned in the experimental spectrum) with the drms ¼ 0:00015 cm�1.
Also, the ground state parameters of the S18O2 molecule were improved.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Sulfur dioxide has an important role in numerous both
pure scientific and applied problems of chemistry, physics,
astrophysics, etc. (see, e.g., Refs. [1–7]). For this reason,
numerous spectroscopic studies of the sulfur dioxide
molecule have been made during many years both in the
microwave, submillimeter wave and infrared regions
(extensive list of references to earlier studies of sulfur
dioxide spectra can be found, e.g., in Ref. [8]).

In this paper we focus on the ν1 and ν3 bands of the
S18O2 isotopolog. High resolution spectra of the ν1 and ν3
bands have been discussed in the spectroscopic literature
cs and Technology,
msk 634050, Russia.
).
many times (see, Refs. [8–17]). As to S18O2, its high
resolution spectra were analyzed earlier only in a few
studies, Refs. [18–21]. The information about 52 micro-
wave transitions (34 and 18 MW transitions in the ground,
(000), and the first excited, (010), vibrational states,
respectively) of S18O2 was presented by Lovas in Ref. [18].
Eleven double resonance transitions (5 transitions in the
ground vibrational state and 6 transitions in the vibra-
tional state (100)) as well as eight MW transitions in the
(100) state of S18O2 were recorded by Lindermayer et al. in
Ref. [19]. Again Lindermayer with co-authors recorded
diode laser and IR-MW double resonance spectra of the
ν1 and ν3 bands in Refs. [20,21]. The accuracy of the lines
in the IR spectra was about 0.001 cm�1, and 241 and 112
transitions with the maximum values of quantum num-
bers Jmax:=Kmax:

a equal to 50/9 and 62/17 were assigned to
these bands.
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In our present analysis, we were able to assign con-
siderably more transitions with higher accuracy both to
the ν1 and ν3 bands of S18O2 on the basis of the analysis of
experimental spectra recorded with an IFS-120 HR Fourier
transform spectrometer. The conditions of our experiment
are described in Section 2. In Section 3 we briefly present
the Hamiltonian model, used in the fit procedure with the
upper energy levels obtained from experimental data.
Numerical estimations of the initial values of spectroscopic
parameters of the considered vibrational states are also
discussed in Section 3. Section 4 describes the used
experimental spectra, the assignment of transitions, and
the problem of improvement of the ground state rotational
parameters. The results of the final high resolution analysis
of the ν1 and ν3 bands and the determination of spectro-
scopic parameters of the states (100) and (001) are
presented in Section 5.

2. Experimental details

The S18O2 sample was generated by controlled isochoric
combustion of sulfur in naturally isotopic composition
(Roth, 499:999%) in 18O2 (Sigma-Aldrich, 99 atom %).
Similar to Ref. [19], the main reaction products were
32S18O2 (about 93%), 34S18O2 (about 4%) and 32S16O18O
(about 1%). The combustion was performed in a round-
bottom flask of Schott Duran glass with 500 ml volume
which was baked out during evacuation by a turbo-
molecular vacuum pump to eliminate the water adsorbed
on the glass surface. Stainless steel wires have been
cemented by a vacuum-tight glue (Torr Seal), then formed
to a pincers-shaped end with a wire distance of about
5 mm and finally connected with a piezo-electric initiator.
A stoichiometric composition of S and 18O2 with the sulfur
being about 20% in excess was used. The sulfur was
preheated and fused by a heating gun till a brownish color
occurred. Then the piezo-electric initiator was fired and
the liquid sulfur ignited. The sulfur burns with a typical
blue flame and the enormous heat production leads to a
considerable pressure increase in the vacuum tight flask.
This has to be considered because the flask could be
destroyed and explode!

The 32S18O2 sample was recorded with a Bruker FS120
HR Fourier transform infrared spectrometer in combina-
tion with two optical cells from stainless steel. The first
one (White type) was used with an optical path of 4 m and
a sample gas pressure of 10 Pa, the second one (single
path) with 0.23 m optical path and a pressure of 170 Pa.
Due to water impurities a partial exchange of oxygen via
the forming sulfurous acid takes place, so that the portion
of 32S16O18O and later 32S16O2 increased during the mea-
suring time of up to 27 h after filling the sample into the
measuring cells. The ratio of 32S18O2/32S16O18O/32S16O2

develops during 27 hours measurement approximately as
follows: 70/20/10 (first 10 scans average), 30/30/40 (mid-
dle 10 scans average after 13.5 hours), 15/35/50 (last 10
scans average).

Globar IR radiation sources, KBr beamsplitters, mercury–
cadmium–telluride (MCT) semiconductor detectors and KBr
windows have been used. The recorded spectral range was
930–1580 cm�1. We employed maximum optical resolution
of the spectrometer which is 0.0021 cm�1, defined by 1/
dMOPD (maximum optical path difference, here 486 cm). In
combination with the weak Norton–Beer apodization this
leads to an instrumental resolution of 0.0017 cm�1. As the
Doppler broadening for 32S18O2 at 298.15 K was between
0.0016 cm�1 (at 1050 cm�1) and 0.0021 cm�1 (at
1400 cm�1) and the pressure broadening was about
0.0006 cm�1 (at 170 Pa), the total line width results between
0.0024 and 0.0028 cm�1 (root sum square approximation of
convolution). The calibration of the spectral lines was per-
formed with N2O lines at a partial N2O pressure of about
10 Pa. The recording time was 19 h for 370 scans (4 m path)
and 27 h for 530 scans (0.23 m path).

3. Hamiltonian model and estimation of spectroscopic
parameters

3.1. Effective Hamiltonian

The 32S18O2 molecule is an asymmetric top of the C2v
symmetry with the value of asymmetry parameter
κ ¼ ð2B�A�CÞ=ðA�CÞ � �0:948. On this reason its three
vibrational modes possess the following symmetry: qλAA1

for λ¼1, 2, and qλAB1 for λ¼3. In accordance with the
symmetry properties, the effective Hamiltonian of such
molecule type should take into account Fermi and Coriolis
C-type resonance interactions. An according operator has
been discussed in the literature many times (see, e.g., Refs.
[22,23]) and can be written as

Hv:� r: ¼
X

v; ~v

jv〉〈 ~vjHv ~v ; ð1Þ

where the summation extends over three interacting
vibrational states: j1〉� ð100;A1Þ, j2〉� ð020;A1Þ, and
j3〉� ð001;B1Þ. The diagonal operators Hvv describe unper-
turbed rotational structures of the corresponding vibra-
tional states. The nondiagonal operators Hv ~v , ðva ~vÞ
describe resonance interactions (in our case Fermi and
one of the Coriolis-type operators) between the states jv〉
and j ~v〉. The diagonal block operators have the same form
for both vibrational states, ð100;A1Þ and ð001;B1Þ (Wat-
son's reduced Hamiltonian in the A-reduction and Ir

representation, Ref. [24]:

Hvv ¼ Evþ Av�1
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Here Jαðα¼ x; y; zÞ are the components of the angular
momentum operator defined in the molecule-fixed coor-
dinate system; J2xy ¼ J2x� J2y; A

v, Bv, and Cv are the effective
rotational constants connected with the vibrational states
v, and the other parameters are the different order
centrifugal distortion coefficients.
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In our present analysis we consider two vibrational
states, (100) and (001) which belong to two different types
of symmetry, A1 and B1. Following Ref. [15], the third
vibrational state, ð020;A1Þ is also taken into account. As a
consequence, the operator Hv ~v , ðv¼ ð100Þ; ~v ¼ ð020ÞÞ,
which describes Fermi-type interaction between the states
(100) and (020) has the following form:

Hv ~v ¼ vv~F0þvv~FKJ
2
z þvv~FJJ

2þvv~FKKJ
4
z þvv~FKJJ

2
z J

2þvv~FJJ J
4þ⋯

þvv~FxyðJ2x � J2yÞþvv~FKxyfJ2z ; ðJ2x � J2yÞgþ þ2vv~FJxyJ
2ðJ2x � J2yÞþ⋯

ð3Þ
For the pairs of states, ð100;A1Þ=ð001;B1Þ and
ð020;A1Þ=ð001;B1Þ, the operator Hv ~v describes Coriolis-
type interactions and has the following form:

Hv ~v ¼ iJyH
ð1Þ
v ~v þHð1Þ

v ~v iJyþfJx; JzgþHð2Þ
v ~v þHð2Þ

v ~v fJx; Jzgþ
þfiJy; ðJ2x � J2yÞgþH

ð3Þ
v ~v þHð3Þ

v ~v fiJy; ðJ2x � J2yÞgþ þ⋯; ð4Þ

where

HðiÞ
v ~v ¼ 1

2
vv~Ci þvv~Ci

K J
2
z þ1

2
vv~Ci

J J
2þvv~Ci

KK J
4
z þvv~Ci

KJ J
2
z J

2þ1
2
vv~Ci

JJ J
4

Table 1
Spectroscopic parameters of the ground vibrational state of the 32S18O2 molecu

Parameter 32S16O2
a 32S18O2

b

1 2 3

A 2.02735420407 1.914
B 0.344173882136 0.306
C 0.293526503766 0.263

ΔK � 104 0.864015421 0.770

ΔJK � 105 �0.390123832 �0.330

ΔJ � 106 0.220539487 0.177

δK � 106 0.846291509 0.716

δJ � 107 0.567423257 0.456

HK � 107 0.12360428 0.104

HKJ � 109 �0.64960685 �0.519

HJK � 1011 0.1160311 0.0881

HJ � 1012 0.3746170 0.270

hK � 109 0.5679872 0.454

hJK � 1012 �0.243030 �0.184

hJ � 1012 0.18300674 0.132

LK � 1011 �0.2608919 � 0.207

LKKJ � 1012 0.1807804 0.136

LJK � 1013 �0.1097261 �0.0786

LJJK � 1017 �0.99508 �0.677

LJ � 1017 �0.110360 �0.0713

lK � 1012 �0.319192 �0.241

lKJ � 1014 0.254416 0.182

lJ � 1018 �0.607568 �0.393

PK � 1015 0.584163 0.438

PKKJ � 1016 �0.408713 �0.291

PKJ � 1018 �0.623763 �0.422

PJK � 1019 0.649369 0.417

SK � 1018 �0.088587 �0.0628

SKKJ � 1020 0.81536 0.548

a Parameters of the 32S16O2 molecule which are reproduced from Ref. [8].
b Parameters of 32S18O2 theoretically predicted with the formula (6) of the
c Parameters of 32S18O2 obtained from the fit in the present study. Values

presented without confidence intervals have been constrained to the theoretica
d Parameters of 32S18O2 from Ref. [20] re-calculated from “GHz” to “cm�1”.
þvv~Ci
KKK J

6
z þvv~Ci

KKJ J
4
z J

2þvv~Ci
KJJ J

2
z J

4þ1
2
vv~Ci

JJJ J
6þ⋯ ð5Þ

To prevent confusion in the label notations used, we
should mention that the axis of symmetry of the XY2
molecule in our case is not the z-axis, but the x-axis. This
fact is the consequence of using the diagonal blocks (2) of
the Hamiltonian (1) in the form of Watson's operator in A-
reduction and Ir-representation. However, for the point
group symmetry assignment of normal modes we use the
standard convention with z¼C2. For further, more detailed
discussion of this type of effective Hamiltonian model we
refer to Ref. [25].

3.2. Estimation of spectroscopic parameters

Here we briefly consider the problem of numerical
estimation of spectroscopic parameters of S18O2 on the
basis of the parameters values of the main, S16O2, species
which have been determined with a high accuracy in Ref.
[8]. This is important because part of the initial experi-
mental information in our present study is considerably
le (in cm�1).

32S18O2
c Ref. [20]d

4 5

1.91415659(30) 1.9141567
0.305895171(51) 0.30589526
0.263167850(48) 0.26316794
0.76864(12) 0.769766

�0.33776(12) �0.33937

0.176670(36) 0.17615

0.7036(17) 0.69847

0.43585(20) 0.43547

0.1061(15) 0.115

�0.5309(88) �0.564

0.0881 0.735

0.270 0.50

0.454 0.57

�0.184 �0.23

0.132 0.18

�0.207

0.136

�0.0786

�0.677

�0.0713

�0.241

0.182

�0.393

0.438

�0.291

�0.422

0.417

�0.0628

0.548

present paper.
in parentheses are 1 σ confidence intervals (in last digits). Parameters
lly estimated values (see column 2 and text for details).



O.N. Ulenikov et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 166 (2015) 13–2216
smaller than it was in [8]. As the consequence, on one
hand, compared to Ref. [8] a smaller number of fitted
parameters are needed in the present case. On the other
hand, elimination of some parameters (first of all, high
order centrifugal distortion coefficients) can lead to large
differences between values of kept high order centrifugal
distortion coefficients and values of corresponding para-
meters of S16O2. The last is unsuitable from the physical
point of view, if one remembers that the mass of S18O2 is
changed only a few percent in comparison with the mass
of the S16O2 molecule.

Numerical estimation of spectroscopic parameters of
S18O2 can be made on the basis of general results of the
isotopic substitution theory (see, e.g., Refs. [26–28]). With-
out any details, we mention here that it is possible to show
that for symmetric substitutions of nuclei in the XY2 C2v
molecules, when the ratio ðm0 �mÞ=m0 is small enough,
centrifugal distortion coefficients P and P0 of the ground
vibrational states of the main and substituted species can be
connected with each other by the following simple relation:

P0
ij ¼ ðαAÞiðαCÞjPij: ð6Þ

In (6) αA and αC are the ratios of values of the ground
vibrational state rotational parameters A and C of the S18O2

molecule to the values of corresponding parameters of the
S16O2 species. Indexes i and j distinguish between different
centrifugal distortion coefficients. In this case, index i
indicates the power of the operator ðJ2z Þ in the effective
Hamiltonian, Eq. (2) Index j indicates the value m−2ið Þ=2,
wherem is the total power of the corresponding term in Eq.
(2) As an illustration, Δgr:

K � P20, Δ
gr:
JK � P11, Δ

gr:
J � P02, etc.

Formula (6), being applied to the ground vibrational state,
gives the results of column 3 in Table 1. In the present work
the parameters A and C which are needed for calculation of
Fig. 1. Survey spectrum of 32S18O2 in the region of the ν1 (upper trace) and ν3 (lo
are also seen. Experimental conditions: sample pressure is 170 Pa, absorption p
the coefficients αA and αC, Eq. (7), as well as the initial values
of parameters Pij, Eq. (6), have been taken from Ref. [8] (they
are reproduced in column 2 of Table 1). The parameters A0

and C0 have been estimated from analysis of transitions with
Jmax:r4 in our experimental spectrum (they are presented in
the first three lines of column 3).

4. Analysis of spectra and re-determination of ground
state spectroscopic parameters

For the 32S18O2 molecule two types of bands are
allowed in absorption: b-type bands that correspond to
the vibrational transitions ðvA1 Þ’ðvgr:Þ and have the selec-
tion rules

ΔJ ¼ 0; 71; ΔKa ¼ odd; ΔKc ¼ odd;

and a-type bands that correspond to the vibrational
transitions ðvB1 Þ’ðvgr:Þ and have the selection rules

ΔJ ¼ 0; 71; ΔKa ¼ even; ΔKc ¼ odd:

It should be mentioned that due to nuclear spin statistics,
only transitions with even values of ðK 0

aþK 0
cÞ are allowed for

the 32S18O2 molecule (K 0
a and K 0

c are the quantum numbers of
rotational states of the ground vibrational state).

In the present study we analyze the rotational structure
of two vibrational states, ν1 and ν3. In accordance with the
above said, the first one is the b-type band, and the second
one is the a-type band. Survey spectra of the ν3 and ν1
bands of the S18O2 molecule are shown in the top and
bottom parts of Fig. 1, respectively. In both spectra the
bands of not only S18O2, but also of the S16O18O and S16O2

species are seen. However, the bands belonging to three
different isotopic species are highly resolved and therefore
clearly separated from each other, so the assignment of
transitions of the S18O2 molecule is not hindered (in the
wer trace) bands. Corresponding ν1 and ν3 bands of 32S16O2 and 32S16O18O
ath length is 0.23 m; room temperature; number of scans is 530.



Table 2
Ground state microwave transitions of S18O2 (in MHz).

Transition Frequency, exp. Δ (calc)a Δ (calc)b

1 2 3 4

24 5 19 ’ 25 4 22 4546.70c �0.10 0.13
12 2 10 ’ 13 1 13 9250.50c �0.15 0.12
14 2 12 ’ 15 1 15 11,364.95d 0.13 �0.16
7 2 6 ’ 8 1 7 12,073.40d �0.09 �0.03
40 8 32 ’ 41 7 35 12,741.40d �0.16 0.07
23 5 19 ’ 24 4 20 13,043.10d 0.14 �0.09
20 4 16 ’ 21 3 19 14,007.70d �0.02 �0.02
1 1 1 ’ 2 0 2 14,118.00e 0.41 �0.40
10 2 8 ’ 11 1 11 15,055.11d 0.05 �0.06
36 7 29 ’ 37 6 32 15,905.00d �0.04 �0.02
16 3 13 ’ 17 2 16 16,232.35d 0.04 0.02
18 4 14 ’ 19 3 17 17,201.25d 0.10 �0.05
17 4 14 ’ 18 3 15 17,853.90d 0.11 0.01
34 7 27 ’ 35 6 30 21,269.40d �0.04 �0.01
16 2 14 ’ 17 1 17 21,542.10d �0.05 0.04
11 3 9 ’ 12 2 10 22,553.50c 0.24 �0.12
45 9 37 ’ 46 8 38 22,790.00d �0.32 0.04
4 0 4 ’ 3 1 3 22,866.10e 0.04 0.06
13 3 11 ’ 14 2 12 22,889.20d �0.03 0.06
42 8 34 ’ 43 7 37 24,731.60d �0.32 �0.12
19 4 16 ’ 20 3 17 26,479.60d �0.12 �0.08
8 2 6 ’ 9 1 9 28,101.88d 0.02 �0.01
25 5 21 ’ 26 4 22 29,185.90d �0.04 �0.13
26 5 21 ’ 27 4 24 29,907.00d �0.14 �0.13
28 6 22 ’ 29 5 25 30,190.20d 0.15 �0.10
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present study we discuss the spectra of the S18O2 species
only; an analysis of the bands ν1 and ν3 of S16O18O we plan
to make in a nearest future). For illustration of quality of
the experimentally recorded spectra, Fig. 2 presents a
small portion of the high resolution spectrum in the
P-branch of the ν3 band.

In the analysis of the recorded spectra we were able to
assign transitions with the maximum values of quantum
numbers Jmax: ¼ 65 and Kmax:

a ¼ 22. The traditional ground
state combination differences (GSCD) method was used for
assignment of transitions. Ground state rotational energies
have been calculated with the parameters from Ref. [20].
Correctness of assignments was controlled by construction of
corresponding “experimental” GSCD. In this case, it was found
that starting with quantum numbers J ¼ 34�38, the differ-
ence between GSCD values obtained from experimental tran-
sitions and such calculated with the parameters from Ref. [20]
starts to increase with increasing of quantum number J even
for the states with Ka ¼ 0. On that reason, in the present paper
we re-analyzed the rotational structure of the S18O2 ground
vibrational state on the basis of the ground state combination
differences determined in the context of the analysis of our
FTIR experimental data (in this case, 305 FTIR combination
differences with the values Jmax:¼52 and Kmax:

a ¼16 were
used). The 40 MW and IR-MW double resonance transitions
from Refs. [18–20] (they are reproduced in column 2 of
Table 2) were also added to the set of initial data used in the
fit of the ground state spectroscopic parameters. The values of
parameters obtained from the weighted fit are presented in
column 4 of Table 1. Values in parenthesis are 1σ statistical
confidence intervals. Parameters presented in column 4 with-
out parenthesis have been constrained to the theoretically
predicted values, as it was discussed in Section 3.2. For
comparison, column 5 of Table 1 presents the values of the
ground state spectroscopic parameters that are reproduced
from Ref. [20]. As can be seen from comparison of the data
from columns 4 and 5, the largest parameters correlate very
well with each other. At the same time, starting with HJK,
values of some parameters in column 5 appear physically
unsuitable. In particular, the values of the HJK and HJ
Fig. 2. Details of the high resolution experimental spectrum of 32S18O2 in
the P-branch region of the ν3 band. Assigned transitions are marked by
the triangles. Unassigned lines probably belong to the 32 S16O18O species.
coefficients in Ref. [20] is even 6.5 and 2 times higher than
the values of corresponding coefficients of the S16O2 molecule.
Values of h-parameters in column 5 are comparable with the
values of corresponding parameters of S16O2 (see column 2 of
Table 1), this is also unsuitable.

The quality of parameters obtained in the present paper
is illustrated also by the fact that they reproduce the FTIR
ground state combination differences better than para-
meters from Ref. [20] (the rms deviation of 305 GSCD,
Jr52=ΔJr2 and Kar16=ΔKa ¼ 0;1, obtained from our
experimental data and calculated with the parameters
from Ref. [20] is 0.00053 cm�1; being calculated with
our set of parameters, that value is decreased down to
0.00016 cm�1). It should be mentioned that the number of
39 8 32 ’ 40 7 33 30,711.70d �0.28 0.02
5 2 4 ’ 6 1 5 31,050.60d �0.17 0.24
12 3 9 ’ 13 2 12 31,919.30c �0.11 0.16
18 3 15 ’ 19 2 18 32,533.10d �0.05 �0.05
31 6 26 ’ 32 5 27 33,376.50d 0.44 0.21
33 7 27 ’ 34 6 28 38,475.00d 0.05 �0.15
22 5 17 ’ 23 4 20 39,724.40d �0.48 0.59
33 5 29 ’ 32 6 26 42,671.00c 0.09 0.14
27 6 22 ’ 28 5 23 45,907.30c �0.01 0.08
2 1 1 ’ 2 0 2 50,799.70e 0.06 �0.06
4 1 3 ’ 4 0 4 55,568.22d 0.00 �0.01
10 3 7 ’ 11 2 10 61,228.20c �0.07 0.17
9 1 9 ’ 10 0 10 140,506.64d �0.16 �0.07
4 1 3 ’ 4 2 2 140,557.39d 0.18 0.16
2 2 0 ’ 2 1 1 144,636.10e 0.11 0.07

rms 0.18 0.15

a The values Δ¼ νexp:�νcalc: , where νcalc: were calculated with the
parameters from column 3 of Table III, Ref. [20], and νexp: are taken from
Refs. [18–20].

b The Δ values were calculated with the parameters obtained in the
present study (see column 4 of Table 1).

c Taken from Ref. [20].
d Taken from Ref. [18].
e Taken from Ref. [19].
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fitted parameters in our case is even less than in Ref. [20]
(10 fitted parameters in our case, and 15 ones in [20]).
Being applied to the calculation of MW and IR-MW double
resonance transitions, our set of parameters and the set of
parameters from [20] lead to the results which are shown
in columns 4 and 3 of Table 2 (in columns 3 and 4 the
values Δ of differences between experimental, column 2,
and calculated transitions are presented). One can see that
our parameters reproduce the initial data even a little bit
better than parameters from Ref. [20].

5. Analysis of the rotational structures of the vibrational
states (100) and (001)

On the basis of parameters from column 4 of Table 1 we
calculated new rotational energies of the ground vibrational state,
which in turn were used then for re-assignment of transitions in
the recorded FTIR spectrum. The list of about 3400 finally assigned
transitions is presented in the Supplementary Materials I. From
these transitions we obtained 1292 upper ro-vibrational energies
Table 3
Part of the experimental ro-vibrational term values for the (100) vibrational sta

J Ka Kc E Δ δ J Ka Kc E
1 2 3 4 1 2

16 0 16 1176.1770 1 18 6 12 1256.
16 1 15 1181.9499 1 0 18 7 11 1277.9
16 2 14 1186.3162 2 1 18 8 10 1302.3
16 3 13 1193.3524 2 �1 18 9 9 1329.9
16 4 12 1204.4996 1 1 18 10 8 1360.6
16 5 11 1219.1045 2 0 18 11 7 1394.6
16 6 10 1236.9907 1 �1 18 12 6 1431.7
16 7 9 1258.1252 3 1 18 13 5 1472.0
16 8 8 1282.4889 3 0 18 14 4 1515.3
16 9 7 1310.0654 1 0 18 15 3 1561.8
16 10 6 1340.8380 1 �1 18 16 2 1611.4
16 11 5 1374.7886 2 �5 19 1 19 1205.
16 12 4 1411.9000 3 2 19 2 18 1214.5
16 13 3 1452.1502 5 3 19 3 17 1223.
16 14 2 1495.5184 1 19 4 16 1235.
16 15 1 1541.9823 0 �1 19 5 15 1249.
16 16 0 1591.5185 0 1 19 6 14 1267.6
17 1 17 1185.5767 2 0 19 7 13 1288.
17 2 16 1193.8434 1 0 19 8 12 1313.1
17 3 15 1202.7598 2 1 19 9 11 1340.7
17 4 14 1214.1582 2 0 19 11 9 1405.4
17 5 13 1228.7629 1 2 19 12 8 1442.
17 6 12 1246.6417 1 0 19 13 7 1482.
17 7 11 1267.7721 1 �1 19 14 6 1526.1
17 8 10 1292.1341 1 �1 19 15 5 1572.6
17 9 9 1319.7103 1 0 19 16 4 1622.1
17 10 8 1350.4834 2 0 20 0 20 1216.0
17 11 7 1384.4354 2 �1 20 1 19 1224.
17 12 6 1421.5478 2 2 20 2 18 1229.
17 13 5 1461.7997 0 0 20 3 17 1236.
17 14 4 1505.1704 2 0 20 4 16 1246.
17 15 3 1551.6372 2 1 20 5 15 1261.1
18 0 18 1195.0895 1 1 20 6 14 1279.0
18 1 17 1202.0200 1 1 20 7 13 1300.1
18 2 16 1206.7864 1 2 20 8 12 1324.4
18 3 15 1213.4831 1 1 20 9 11 1352.0
18 4 14 1224.4340 2 0 20 10 10 1382.8
18 5 13 1238.9936 2 0 20 11 9 1416.7

a In Table 3, Δ is the experimental uncertainty of the energy value, equal to one
units of 10�4 cm�1. When the Δ-value is absent, the corresponding energy level w
(535 energy values for the (100) vibrational state and 757 energies
for the state (001)) which are presented in column 2 of Tables S.II
and S.III (Supplementary Materials II and III, respectively) together
with their experimental uncertainties, Δ, which are given in
column 3 (for illustration, small parts of Tables S.II and S.III are
shown in Tables 3 and 4). The obtained upper energies were used
then as input data in a weighted least square fit with the aim to
determine rotational and centrifugal distortion parameters of the
states (100) and (001) (19 high accurate IRMW and MW transi-
tions from Refs. [19,20] were also added to the input data).

The fit was made with the Hamiltonian model dis-
cussed in Section 3.1. Here, the initial values of rotational
and centrifugal distortion coefficients of both the (100)
and (001) vibrational states have been estimated for the
following reasons. From the general point of view, which is
confirmed by calculations in the frame of the isotopic
substitution theory, the differences between the rotational
and centrifugal distortion parameters of the lowest excited
vibrational states of the S18O2 and S16O2 molecules should
be close to the differences between corresponding para-
te of the S18O2 molecule (in cm�1)a.

Δ δ J Ka Kc E Δ δ

3 4 1 2 3 4

8626 3 2 20 12 8 1453.8977 3 1
882 2 0 20 13 7 1494.1558 4 2
479 1 0 20 14 6 1537.5334 1 �1
231 3 �1 20 15 5 1584.0082 0 0
966 2 1 20 16 4 1633.5563 2
496 3 1 21 1 21 1227.4364 2 0
633 3 1 21 2 20 1237.3661 3 �1
173 4 �1 21 3 19 1247.0736 2 0
901 �2 21 4 18 1258.5750 1 0
596 0 0 21 5 17 1273.1149 2 1
014 1 1 21 6 16 1290.9463 1 �2
4537 1 1 21 7 15 1312.0513 1 0
198 3 1 21 8 14 1336.4005 2 2
7878 ? 1 21 9 13 1363.9709 2 0
2199 2 1 21 10 12 1394.7435 2 0
7942 2 0 21 11 11 1428.6987 2 1
531 1 0 21 12 10 1465.8165 4 1
7731 0 0 21 13 9 1506.0761 2 �3
301 2 1 21 14 8 1549.4567 1 1
042 2 0 21 15 7 1595.9347 2 4
315 2 1 21 16 6 1645.4845 9

5465 4 0 22 0 22 1239.1536 0 1
8028 4 2 22 1 21 1248.5402 1 1
781 1 0 22 2 20 1254.7150 1 1
500 1 0 22 3 19 1260.9649 1 0
948 0 22 4 18 1271.2603 2 0
805 2 0 22 5 17 1285.6426 2 1
2298 2 2 22 6 16 1303.4498 2 �1
5977 1 1 22 7 15 1324.5450 1 �1
0139 2 0 22 8 14 1348.8887 1 �1
6818 1 0 22 9 13 1376.4569 1 0
709 1 �1 22 10 12 1407.2286 2 0
145 2 1 22 11 11 1441.1839 3 �1
273 2 �1 22 12 10 1478.3031 2 0
809 2 2 22 13 9 1518.5650 4 1
532 2 �2 22 14 8 1561.9475 �1
265 2 0 22 15 7 1608.4280 1 �1
812 2 1 22 16 6 1657.9822 1 �4

standard error in units of 10�4 cm�1; δ is the difference Eexp:�Ecalc: , also in
as determined from the single transition and was not used in the fit.
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meters of their ground vibrational states. For such estima-
tions we have used parameters of the (100) and (001)
vibrational states of S16O2 from Ref. [8] (they are repro-
duced in columns 4 and 7 of Table 5) and parameters of
the ground vibrational states of both isotopic species from
columns 2 and 4 of Table 1 of the present paper (for
convenience of the reader, they are also reproduced in
Table 5, see columns 2 and 3). Following Refs. [8–15] we
also took into account the influence of the (020) vibra-
tional state. In this case, the (020) state is considered in
our study as a “dark” state. Its rotational and centrifugal
distortion parameters have been estimated for the same
reasons as for the (100) and (001) states and were not
varied in the further fit. The value of the unperturbed
vibrational energy, Eð020Þ, was estimated on the basis of the
potential energy surface parameters from Ref. [29], and
also was not varied in the fit (both the initial values of
parameters of S16O2, and theoretically estimated values of
the corresponding parameters of S18O2 are shown in
Table 4
Part of the experimental ro-vibrational term values for the (001) vibrational sta

J Ka Kc E Δ δ J Ka Kc E
1 2 3 4 1 2

16 1 16 1393.8715 1 0 18 5 14 1455.9
16 2 15 1401.7105 0 0 18 6 13 1473.5
16 3 14 1410.3840 1 0 18 7 12 1494.4
16 4 13 1421.6241 0 0 18 8 11 1518.4
16 5 12 1436.0452 2 0 18 9 10 1545.6
16 6 11 1453.6934 3 2 18 10 9 1576.0
16 7 10 1474.5467 2 2 18 11 8 1609.5
16 8 9 1498.5874 0 0 18 12 7 1646.1
16 9 8 1525.7995 0 �1 18 13 6 1685.9
16 10 7 1556.1665 0 18 14 5 1728.7
16 11 6 1589.6712 1 1 18 15 4 1774.5
16 12 5 1626.2952 0 0 18 16 3 1823.4
16 13 4 1666.0194 0 0 18 17 2 1875.4
16 14 3 1708.8230 1 �1 18 18 1 1930.3
16 15 2 1754.6838 2 0 19 0 19 1422.8
16 16 1 1803.5792 �1 19 1 18 1430.3
17 0 17 1402.8339 1 �1 19 2 17 1435.3
17 1 16 1409.1753 1 3 19 3 16 1441.7
17 2 15 1413.6860 1 0 19 4 15 1452.4
17 3 14 1420.4328 0 19 5 14 1466.7
17 4 13 1431.3300 1 1 19 6 13 1484.3
17 5 12 1445.7174 1 0 19 7 12 1505.2
17 6 11 1463.3570 1 0 19 8 11 1529.2
17 7 10 1484.2066 �1 19 9 10 1556.4
17 8 9 1508.2459 0 19 10 9 1586.8
17 9 8 1535.4574 3 0 19 11 8 1620.3
17 10 7 1565.8251 2 2 19 12 7 1656.9
17 11 6 1599.3310 2 2 19 13 6 1696.7
17 12 5 1635.9568 1 0 19 14 5 1739.5
17 13 4 1675.6832 1 1 19 15 4 1785.3
17 14 3 1718.4892 1 �2 19 16 3 1834.3
17 15 2 1764.3529 0 19 17 2 1886.2
17 16 1 1813.2512 �1 19 18 1 1941.1
17 17 0 1865.1601 0 1 19 19 0 1998.9
18 1 18 1412.7127 0 �1 20 2 19 1443.1
18 2 17 1421.3169 1 2 20 3 18 1452.4
18 3 16 1430.3046 1 �1 20 4 17 1463.8
18 4 15 1441.5671 1 �1 20 5 16 1478.1

a In Table 4, Δ is the experimental uncertainty of the energy value, equal to on
in units of 10�4 cm�1. When the Δ-value is absent, the corresponding energy le
columns 10 and 11 of Table 5, respectively). The initial
values of resonance interaction parameters have been
taken equal to the values of corresponding parameters of
the S16O2 species from Ref. [8].

Results of the fit with the Hamiltonian, Eqs. (1)–(5), are
presented in columns 5 and 8 of Tables 5 and 6 (values in
parentheses are 1σ statistical confidence intervals). The
parameters presented without confidence intervals have
been constrained to their initially estimated values, as was
discussed above. To compare results of the present study
with those of earlier studies, columns 6 and 9 of Table 5
present values of spectroscopic parameters from Refs.
[20,21]. One can see a good correlation between, at least,
rotational and Δ=δ centrifugal distortion parameters. At
the same time, our parameters reproduce FTIR experi-
mental data considerably better than parameters of Refs.
[20,21]. In particular, the root mean square deviation of the
1292 ro-vibrational energies obtained from our experi-
mental data is drms ¼ 1:5� 10�4 cm�1 for calculation with
te of the S18O2 molecule (in cm�1)a.

Δ δ J Ka Kc E Δ δ

3 4 1 2 3 4

607 1 0 20 6 15 1495.7741 2 2
922 2 0 20 7 14 1516.6059 0 0
365 1 1 20 8 13 1540.6366 0 0
736 0 1 20 9 12 1567.8451 0 0
845 0 2 20 10 11 1598.2131 1 0
524 1 1 20 11 10 1631.7219 0 0
593 1 -1 20 12 9 1668.3527 1 0
868 1 1 20 13 8 1708.0856 2 0
154 1 1 20 14 7 1750.8995 2 0
241 1 20 15 6 1796.7721 3 �1
902 2 20 16 5 1845.6809 2
922 1 0 20 17 4 1897.6003 1 �2
048 0 20 19 2 2010.3726 4
024 0 21 0 21 1444.8549 1 0
029 1 0 21 1 20 1453.6166 2 �2
365 2 1 21 2 19 1459.3594 1 1
603 0 1 21 3 18 1465.5762 2 �1
962 0 0 21 4 17 1475.8955 2 0
499 0 21 5 16 1490.1353 2 0
792 1 0 21 6 15 1507.7225 0 0
972 1 1 21 7 14 1528.5462 0 0
362 0 21 8 13 1552.5724 1 �1
704 0 1 21 9 12 1579.7791 1 0
802 2 �1 21 10 11 1610.1466 1 0
483 2 1 21 11 10 1643.6566 2 3
563 1 -4 21 12 9 1680.2885 0 0
855 3 0 21 13 8 1720.0237 2 2
162 1 1 21 14 7 1762.8401 1 0
275 0 1 21 15 6 1808.7160 1 0
967 2 2 21 16 5 1857.6280 3 0
017 0 �1 21 17 4 1909.5514 -4
181 0 21 18 3 1964.4618 �2
198 2 21 19 2 2022.3326 3
812 0 21 20 1 2083.1364 6
027 0 0 21 21 0 2146.8443 �1
908 1 0 22 1 22 1456.7218 2 0
058 0 0 22 2 21 1467.0523 1 0
665 3 2 22 3 20 1476.9308 0 0

e standard error in units of 10�4 cm�1; δ is the difference Eexp:�Ecalc: , also
vel was determined from the single transition and was not used in the fit.



Table 5
Spectroscopic parameters of the (100), (001), and (020) vibrational states of the S18O2 molecule (in cm�1)a

Parameter (gr.) [8] (gr.) twb,c (100) [8] (100), twb (100) [20] (001) [8] (001), twb (001), [21] (020), [8] (020), twb

S16O2 S18O2 S16O2 S18O2 S18O2 S16O2 S18O2 S18O2 S16O2 S18O2

1 2 3 4 5 6 7 8 9 10 11

E 1151.68575415 1101.136481(27) 1101.16692 1362.06030242 1318.547997(27) 1318.55067 1035.1535902 992.58
A 2.02735420407 1.91415659 2.0284219524 1.91622441(40) 1.9162445 2.006648486 1.89476649(68) 1.8947590 2.107666447 1.99446883
B 0.344173882136 0.305895171 0.3425072831 0.304455611(61) 0.30446045 0.3430035682 0.304893436(86) 0.3048968 0.3443180685 0.30603936
C 0.293526503766 0.263167850 0.2922516577 0.262063555(52) 0.26193084 0.2922918154 0.26209127(10) 0.26222358 0.2924639658 0.26210531

ΔK � 104 0.864015421 0.76864 0.87785264 0.782251(58) 0.78331 0.8487019 0.754600(27) 0.756280 1.0631021 0.96773

ΔJK � 105 �0.390123832 �0.33776 �0.3905198 �0.341255(39) �0.3300 �0.3921223 �0.336424(49) �0.350873 �0.4255028 �0.37314

ΔJ � 106 0.220539487 0.176670 0.2193355 0.175768(29) 0.1754 0.2234330 0.178945(48) 0.17868 0.2216133 0.177744

δK � 106 0.846291509 0.7036 0.846291509 0.6976(23) 0.7362 0.8542019 0.7278(15) 0.66396 1.23853 1.0958

δJ � 107 0.567423257 0.43585 0.5676407 0.437212(98) 0.43303 0.5719439 0.43866(13) 0.44217 0.574481 0.44291

HK � 107 0.12360428 0.1061 0.1272614 0.10809(22) 0.115 0.1202984 0.103513(55) 0.115 0.182918 0.1654

HKJ � 109 �0.64960685 �0.5309 �0.656738 �0.5380 �0.564 �0.651555 �0.5394(20) �0.564 �0.8644971 �0.7458

HJK � 1011 0.1160311 0.0881 0.1160311 0.0881 0.73 0.1160311 0.0881 0.73 0.79840 0.7705

HJ � 1012 0.3746170 0.270 0.371073 0.266 0.50 0.383059 0.256(10) 0.50 0.373265 0.269

hK � 109 0.5679872 0.454 0.5679872 0.4476(98) 0.63 0.577289 0.463 0.63 0.954963 0.841

hJK � 1012 �0.243030 �0.184 �0.243030 �0.184 –5.0 �0.243030 �0.184 �5.0 –1.3097 �1.251

hJ � 1012 0.18300674 0.132 0.184502 0.133 0.090 0.184898 0.134 0.090 0.183500 0.132

LK � 1011 �0.2608919 �0.207 �0.271360 �0.217 �0.24940 �0.196 �0.478860 �0.425

LKKJ � 1012 0.1807804 0.136 0.1868310 0.142 0.175030 0.130 0.29657 0.252

LJK � 1013 �0.1097261 �0.0786 �0.110391 �0.0793 �0.1097261 �0.0786 �0.1993 �0.1682

LJJK � 1017 �0.99508 �0.677 �0.99508 �0.677 �0.99508 �0.677 �0.7190 �0.401

LJ � 1017 �0.110360 �0.0713 �0.110360 �0.0713 �0.10166 �0.0626 �0.0957 �0.0566

lK � 1012 �0.319192 �0.241 �0.324991 �0.247 �0.315084 �0.237 �0.5895 �0.511

lKJ � 1014 0.254416 0.182 0.284853 0.212 0.254416 0.182 0.273 0.201

lJK � 1017 �0.24 �0.24

lJ � 1018 �0.607568 �0.393 �0.607568 �0.393 �0.607568 �0.393 �0.69185 �0.477

PK � 1015 0.584163 0.438 0.599887 0.454 0.55386 0.408 1.443 1.297

PKKJ � 1016 �0.408713 �0.291 �0.408713 �0.291 �0.408713 �0.291 �0.78360 �0.666

PKJ � 1018 �0.623763 �0.422 �0.623763 �0.422 �0.623763 �0.422 �1.286 �1.084

PJK � 1019 0.649369 0.417 0.649369 0.417 0.649369 0.417 1.666 1.434

SK � 1019 �0.88587 �0.628 �0.88587 �0.628 �0.88587 �0.628 �3.30 �3.04

SKKJ � 1020 0.81536 0.548 0.81536 0.548 0.81536 0.548 1.615 1.348

a Values in parentheses are 1σ standard errors. Parameters presented without standard errors have been fixed to the theoretically estimated values (see text for details).
b This work.
c Reproduced from Table 1 of the present paper.
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Table 6
Resonance interaction parameters for the set of (100), (020) and (001) vibrational states of the 32S18O2 molecule (in cm�1).

Parameter Value Parameter Value Parameter Value

ð100Þ;ð020ÞF0 1.78 ð100Þ;ð020ÞFKxy � 107 0.714042(73)

ð2CζyÞð100Þ;ð001Þ �0.17 ð100Þ;ð001ÞC1
K � 104 �0.16849(85) ð100Þ;ð001ÞC

2 � 102 0.20827(69)

ð100Þ;ð001ÞC
3 � 106 0.31773(58) ð100Þ;ð001ÞC3

J � 1011 �0.2335(34)

Table 7
Microwave transitions of the (100) vibrational state of S18O2 (in MHz).

Transition Frequency, exp. Δ (calc),a Δ (calc),b

1 2 3 4

24 5 19 ’ 25 4 22 7477.90c 0.00 0.32
14 2 12 ’ 15 1 15 12,102.60d 0.00 0.28
1 1 1 ’ 2 0 2 14,383.00d �0.07 0.01
17 2 16 ’ 16 3 13 14,717.10c �0.04 �0.41
10 2 8 ’ 11 1 11 15,900.25c �0.01 0.17
14 2 12 ’ 13 3 11 20,999.30d �0.13 �0.16
4 0 4 ’ 3 1 3 22,429.50d 0.12 0.07
20 3 17 ’ 19 4 16 23,807.30d �0.48 0.09
11 3 9 ’ 12 2 10 24,191.70d �0.11 0.07
8 2 6 ’ 9 1 9 28,927.70c 0.12 �0.05
12 3 9 ’ 13 2 12 33,356.70d �0.67 0.58
18 2 16 ’ 19 1 19 39,951.00d 0.32 �0.07
6 2 4 ’ 7 1 7 48,051.90d 1.07 �1.07
27 6 22 ’ 28 5 23 49,412.80d 2.03 �0.25
2 1 1 ’ 2 0 2 50,892.90d �0.15 �0.07
4 1 3 ’ 4 0 4 55,637.70d 0.08 0.13
10 1 9 ’ 9 2 8 55,916.60c 0.14 �0.03
6 0 6 ’ 5 1 5 60,920.00d 0.46 0.42
3 1 3 ’ 2 0 2 96,080.80d 0.09 0.24

rms 0.58 0.34

a The values Δ¼ νexp:�νcalc: , where νcalc: were calculated with the
parameters from column 2 of Table III, Ref. [20], and νexp: are taken from
Refs. [19,20].

b The Δ values were calculated with the parameters obtained in the
present study (see columns 5, 8, 10 of Tables 5 and 6).

c Taken from Ref. [20].
d Taken from Ref. [19].
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our parameters from columns 5, 8 and 11 of Table 5 and
from Table 6. For comparison, the value drms with 230�
10�4 cm�1 is much worse for the analogous calculation
with the parameters from [20,21]. As one more illustration
of the correctness of our results, Table 7 presents the
comparison of experimental MW and IR-MW double
resonance transitions for the ν1 band from Refs. [19,20]
with the values of transitions calculated with our set of
parameters. One can see a good correlation between the
according values in both sets of transitions.

6. Conclusion

The high resolution Fourier transform spectra of the
32S18O2 molecule in the region of the ν1 and ν3 bands were
recorded with a high resolution under different experi-
mental conditions and were analyzed theoretically. As the
result of analysis, the number of the assigned experimen-
tal transitions was considerably increased in comparison
with the earlier studies: about 3400 transitions with the
value of Jmax:=Kmax:

a equal to 65/22 and 58/16 for the bands
ν3 and ν1, respectively, were assigned in the experimental
spectra. The weighted fit of the experimental data leads to
the set of 23 fitted parameters which reproduce the initial
IR experimental data with the drms ¼ 0:00015 cm�1. The
ground state parameters of the S18O2 molecule were
improved.
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