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a b s t r a c t

The weak ‘‘hot’’ absorption bands, n1þ2n2�n2 and 2n2þn3�n2, were analysed with high

resolution using the Fourier transform interferometer Bruker IFS-120 HR. In order to

make possible an analysis of the n1þ2n2�n2 and 2n2þn3�n2 bands, as the first step, we

re-analysed considerably the stronger ‘‘cold’’ bands, n1þn2 and n2þn3, which are

located in the same spectral regions. As the result of analysis we obtained about 2650

and 2050 transitions (1069 and 1001 upper state ro-vibrational energy values) with

Jmax. = 78, Ka
max. = 27 and Jmax. = 68, Ka

max. = 24 for the bands n1þn2 and n2þn3,

respectively, that is considerably higher than in the earlier studies of corresponding

bands (Jmax. = 33, Ka
max. = 7 and Jmax. = 50, Ka

max. = 16 for the same bands, n1þn2 and

n2þn3, respectively). A strong local resonance interaction with the 3n2 band was taken

into account, and the set of parameters that reproduce the initial experimental data

with an accuracy close to experimental uncertainties, was obtained. The weak

n1þ2n2�n2 and 2n2þn3�n2 bands were assigned, and about 870 and 930 transitions

(553 and 540 upper state ro-vibrational energy values) with Jmax. = 60 and Ka
max. = 20

and Jmax. = 59 and Ka
max. = 16 were assigned to the n1þ2n2�n2 and 2n2þn3�n2 bands,

respectively. A complete list of assigned transitions is presented, and corresponding

spectroscopic parameters are obtained from the fit of assigned transitions (upper energy

values).

& 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Sulfur dioxide is an important chemical species in
many fields such as chemistry, astrophysics, atmospheric
optics, laser techniques, etc. (see, e.g., reviews in Refs.
[1,2]). Therefore, spectroscopic studies of the sulfur
dioxide molecule have been made during many years
both in the microwave (see, e.g., review in Ref. [3]),

and submillimeter wave and infrared regions (see,
Refs. [4–34]). Recently we fulfilled the analysis of the set
of high excited vibrational bands of the SO2 molecule, Refs.
[35–37]. In the present paper we continue our study of the
SO2 high-resolution spectra, and the subject of interest now
is the weak bands n1þ2n2�n2 and 2n2þn3�n2 (the upper
vibrational state, (1 2 0) and (0 2 1)). We also
re-analysed the ro-vibrational structure of the considerably
stronger bands, n1þn2 and n2þn3, and more than two times
increased the known information about these bands. A
strong resonance interaction with the (0 3 0) vibrational
state is clearly indicated and discussed.
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2. Experimental details

The spectrum of SO2 in the wavenumber region 1500–
2300 cm�1 was measured with the Bruker IFS 120 HR

Fourier transform spectrometer in Oulu, Finland. The
interferogram was recorded at room temperature with a
sample pressure of 0.83 Torr and an absorption path
length of 163 m. A Globar source, a KBr beam splitter, and

Fig. 1. Survey spectrum of SO2 in the region of the band n1þn2: I and II are the simulated and the experimentally recorded spectra, respectively.

Fig. 2. Survey spectrum of SO2 in the region of the band n2þn3: I and II are the simulated and the experimentally recorded spectra, respectively.
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Fig. 3. Small portion of the high resolution spectrum of the SO2 molecule in the region of the Q-branch of the n1þn2 absorption band: IV is the

experimentally recorded spectrum, and the three lower traces (I–III) present simulated spectra. The traces I and II show the lines belonging to the ‘‘cold’’

band, m1þn2, and the ‘‘hot’’ band, n1þ2n2�n2, respectively. The sum of the simulated spectra I and II is given by trace III.

Fig. 4. Small portion of the high-resolution spectrum of the SO2 molecule in the region of the n2þn3 absorption band: IV is the experimentally recorded

spectrum, and the three lower traces (I–III) present simulated spectra. The traces I and II show the lines belonging to the ‘‘cold’’ band, m2þn3, and the

‘‘hot’’ band, 2n2þn3�n2, respectively. The sum of the simulated spectra I and II is given by trace III.
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an MCT detector were used. The instrumental resolution
due to the path difference and the aperture broadening
was 0.0024 cm�1, whereas the Doppler width in the
middle of the measured range is about 0.0028 cm�1. The
experimental linewidth of small isolated lines is about
0.0036 cm�1. The spectrum was calibrated using the CO
lines, Ref. [38].

3. Description of the spectrum and assignment of
transitions

Experimentally recorded spectra in the region of
location of the strong bands, n1þn2 and n2þn3, are shown
in the upper parts of Figs. 1 and 2 (Figs. 1(II) and 2(II),
respectively). In both cases, all three branches, P, Q, and R,
are clearly pronounced. In the first case (Fig. 1), the upper
vibrational state is of A1 symmetry and therefore the
observed transitions are of b-type. In this case, one can see
a strong Q-branch typical for such type of bands. In the
second case (Fig. 2), the upper vibrational state is of B1

symmetry and therefore the observed transitions are of
a-type. Also as an illustration of the quality of the
experimentally recorded spectra, Figs. 3(IV) and 4(IV)
present small portions of the high-resolution spectra in
both regions.

Because the ‘‘hot’’ bands n1þ2n2�n2 and 2n2þn3�n2,
which are the subject of our present interest, are very
weak and covered by considerably stronger combinational
bands, n1þn2 and n2þn3, we, first of all, made assign-
ments of transitions belonging to these strong bands. In
this case, as in our recent Refs. [35–37], assignments were
made by the Ground State Combination Differences
method with the ground state rotational energy values
calculated with the parameters from Ref. [34]. As a result
we assigned more than 2650 and 2050 transitions with
Jmax. = 78, Ka

max. = 27 and Jmax. = 68, Ka
max. = 24 for the

bands n1þn2 and n2þn3, respectively. A list of assigned
transitions in Appendix A., together with transmittance
values and quantum numbers of the upper, (J Ka Kc), and
lower, ðJu K ua K ucÞ, ro-vibrational states (in this case, due to
nuclear spin statistics, only transitions with even values,
K uaþK uc , of the lower quantum numbers are available). It
should be mentioned that the bands n1þn2 and n2þn3

were discussed earlier in the literature (see, Refs. [22,23]).
However, because special efforts have been made to
record as many ‘‘hot’’ transitions as possible, a consider-
ably greater number of transitions with higher values of
quantum numbers J and Ka were recorded and assigned to
the bands n1þn2 and n2þn3: more than 2650 transitions
(1069 upper energy values) in our study in comparison
with 200 transitions in Ref. [23] for the band n1þn2, and
more than 2050 transitions (1001 upper energy values) in
our study in comparison with 433 upper energy values in
Ref. [22] for the band n2þn3. Upper ro-vibrational
energies of the states (1 1 0) and (0 1 1), obtained on the
basis of assigned transitions, are presented in column 2 of
Tables 1 and 2 (in cm�1) together with their experimental
uncertainties, D (in 10�4 cm�1), see column 3 of Tables 1
and 2.T
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4. Hamiltonian model and determination of
spectroscopic parameters of the m1þm2=m2þm3=3m2 polyad

The Hamiltonian model employed was taken from
Refs. [40,41]. However, for the convenience of the reader,
we briefly reproduce it here. Because strong local
interaction was found between the vibrational states
(1 1 0) and (0 3 0), the corresponding Fermi-type interac-
tion operator was taken into account in the Hamiltonian
model used for analysis of energy values from Table 1. In
this case, in spite of the very small absolute value of the
corresponding interaction parameter, an introduction of
such parameter into the Hamiltonian model is suitable
because, as the analysis showed, differences between
some of energy values in the sets of states [J Ka = 13 Kc =
J�Ka](1 1 0) and [J Ka=15 Kc= J�Ka](0 3 0), and [J Ka=13
Kc= J+1�Ka](1 1 0) and [J Ka=15 Kc= J+1�Ka](0 3 0) can
decrease up to 0.04 cm�1. At the same time, as the
analysis also showed, it is not necessary to introduce into
the Hamiltonian model a resonance interaction both
between the states (1 1 0) and (0 1 1), and between the
states (0 1 1) and (0 3 0). Indeed, as was shown, for
example in Ref. [25], an appearance of resonance inter-
action between the states (1 0 0) and (0 0 1) (that are very
similar to the states (1 1 0) and (0 1 1) considered in the
present paper) is explained by small (up to 0.63 cm�1)
differences between energy values in two sets of ro-
vibrational states: [J Ka=22 Kc= J�Ka](1 0 0) and [J Ka=19
Kc= J+1�Ka](0 0 1), and [J Ka=22 Kc= J+1�Ka](1 0 0) and [J
Ka=19 Kc= J�Ka](0 0 1). At the same time, because of
some differences in the rotational and centrifugal distor-
tion parameters of the states (1 1 0) and (0 1 1), on the
one hand, and of the states (1 0 0) and (0 0 1), on the other
hand, differences between energy values of corresponding
ro-vibrational states in the pair (1 1 0)/(0 1 1) are con-
siderably larger than in the pair (1 0 0)/(0 0 1). In
particular, for the same sets of upper ro-vibrational states,
[J Ka=22 Kc= J�Ka](1 0 0) and [J Ka=19 Kc= J+1�Ka](0 0 1),
and [J Ka=22 Kc= J+1�Ka](1 0 0) and [J Ka=19 Kc=
J�Ka](0 0 1), as in the above discussed pair of vibrational
states, (1 0 0) and (0 0 1), the minimum value of differ-
ence between corresponding energies is larger than
4.50 cm�1 in our case of the states (1 1 0)/(0 1 1). For
that reason, we did not take into account such type of
resonance interactions.

Finally, the Hamiltonian model was taken in the
present study in the following form:

Hvib:�rot: ¼
X3

v, ~v ¼ 1

jvS/ ~vjHv ~v , ð1Þ

where j1S¼ ð1 1 0Þ, j2S¼ ð0 3 0Þ, and j3S¼ ð0 1 1Þ. In this
case, the diagonal block operators were taken in the form
of traditional Watson operators in A reduction and Ir

representation, [42]:
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z þLv
KKJJ

6
z J2þLv

JK J4
z J4

þLv
JJK J2

z J6þLv
J J8þ½lvK J6

z þ lvKJJ
4
z J2þ lvJK J2

z J4þ lvJ J6,J2
xy�þ

þPv
K J10

z þPv
KKJJ

8
z J2þPv

KJJ
6
z J4þPv

JK J4
z J6

þ � � � þSv
K J12

z þSv
KKJJ

10
z J2þ � � � , ð2Þ

where Ja ða¼ x,y,zÞ are the components of the angular
momentum operator defined in the molecule-fixed coor-
dinate system, J2

xy = J2
x� J2

y, and ½. . . , . . . �þ denotes antic-
ommutator. In accordance with the above, only the
nondiagonal Fermi block was taken different from zero,
namely,

Hð1 1 0Þð0 3 0Þ
F �H12

F

¼ F12þF12
K J2

z þF12
J J2þ � � � þF12

xy J2
xy

þF12
xyK ½J

2
xy,J2

z �þ þF12
xyJJ

2
xyJ2þ � � � : ð3Þ

To derive numerical values of the parameters of the
Hamiltonian, Eqs. (1)–(3), we used ro-vibrational energies
of the states (1 1 0) and (0 1 1) that were obtained from
assigned transitions of the bands n1þn2 and n2þn3 and

are presented in column 2 of Tables 1 and 2. Some
transitions unambiguously assigned to the 3n2 band (see,
Table 3) were also used in the fit of parameters of the
Hamiltonian (1)–(3).

The initial values of vibrational energies, E, of the
states (1 1 0) and (0 1 1), have been taken from Refs.
[22,23], respectively; the value of the vibrational energy
of the state (0 3 0) was estimated from the parameters of
the intramolecular potential energy surface of the SO2

molecule, Ref. [36], that was obtained on the basis of the
method described in Ref. [43]. The initial values of the
rotational and centrifugal distortion parameters of the
states (1 1 0) and (0 1 1) were estimated from the simple
formula

Pðv1v2v3Þ ¼ Pð0 0 0Þ þ
X3

l ¼ 1

plvl, ð4Þ

where Pðv1v2v3Þ is any rotational or distortion parameter of
the state (v1 v2 v3); P(0 0 0) is a corresponding parameter of
the ground vibrational state. The values of parameters

Table 3
List of transitions belonging to the 3n2 band of the SO2 molecule.

Upper level Lower level Line

position

(cm�1)

Transmittance

(%)

Upper energy

(cm�1)
da

(10�4 cm�1)

Ju K ua K uc J00 Ka
00 Kc

00

1 2 3 4 5 6

28 15 13 27 12 16 1731.6092 99.2 2217.4536 1

27 14 14 1644.1528 99.6 2217.4530 7

28 12 16 1713.7085 98.9 2217.4535 1

29 15 15 28 12 16 1732.2181 99.2 2235.9635 2

30 15 15 29 12 18 1732.8135 95.1 2255.0992 1

30 12 18 1713.6329 98.7 2255.0992 1

31 15 17 30 12 18 1733.4453 99.1 2274.9116 1

a The d¼ ðEexp:�Ecalc:Þ is the difference between the experimental line position from column 3 and the corresponding value calculated with the

parameters from Table 4.

Fig. 5. Plot of dependency of the value of difference D¼ ðEexp:�Ecalc:Þ against the value of the quantum number J for the set of ro-vibrational states

½J Ka ¼ 13 Kc ¼ Jþ1�Ka �ð1 1 0Þ: the curve I corresponds to the Hamiltonian model of isolated vibrational state; the curve II shows corresponding

dependence when the resonance interaction between the states (1 1 0) and (0 3 0) is taken into account.
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pl ðl¼ 1,2,3Þ were estimated on the basis of the values of
parameters P(0 0 0) and P(0 1 0), Ref. [34], and P(1 0 0) and
P(0 0 1), Ref. [25]. The initial values of the parameters of the
state (0 3 0) have been interpolated in accordance with
the formula

Pð0 3 0Þ ¼ Pð0 0 0Þ þqv3þrv2
3, ð5Þ

and the above-mentioned spectroscopic parameters of the
states (0 0 0), (0 1 0), (1 0 0), (0 0 1), as well as, of the state
(0 2 0) from Ref. [25], were used to estimate the
coefficients q and r.

As was discussed above, the strong local resonance
interaction was found between the sets of ro-vibrational
states [J Ka = 13 Kc = J�Ka](1 1 0) and [J Ka=15 Kc= J�Ka]
(0 3 0), and [J Ka=13 Kc=J+1�Ka](1 1 0) and [J Ka=15
Kc=J+ 1�Ka](0 3 0). Table 3 presents some experimental

line centers of the 3n2 band that are caused by strong
Fermi-interaction between ro-vibrational states of the
(1 1 0) and (0 3 0) vibrational states. Fig. 5 also illustrates
the discussed interaction. Here the curve I shows the value
of the difference, (Eexp.

�Ecalc.), for the set of energy values of
the states [J Ka=13 Kc=J�12](1 1 0) against the value of the
quantum number J when calculated energy values are
obtained in the Hamiltonian model of isolated vibrational
state. The curve II shows corresponding dependence when
the resonance interaction between the states (1 1 0) and
(0 3 0) is taken into account. One can see that an addition of
the interaction Fxy-parameter into the Hamiltonian model
improves the situation considerably.

Results of the fit on the base of the method described in
Ref. [44] are presented in columns 3, 5, and 7 of Table 4
together with their 1s statistical confidence intervals.

Table 4
Spectroscopic parameters of the (1 1 0), (0 3 0), and (0 1 1) vibrational states of the SO2 molecule (in cm�1).

Parameter (1 1 0)a (1 1 0)b (0 3 0)a (0 3 0)b (0 1 1)a (0 1 1)b

1 2 3 4 5 6 7

E 1666.3348 1666.33425172(202) 1551.76 1551.755350(123) 1875.7975 1875.79720415(173)

A 2.06767 2.0679052231(411) 2.15053 2.15053 0.2046 2.045278386(359)

B 0.34259 0.34259395142(631) 0.34437 0.34437 0.3431 0.3430802008(541)

C 0.29159 0.29159987215(513) 0.29192 0.2919251465(375) 0.2919 0.29188667350(495)

DK � 104 0.9705 0.97272142(177) 1.1812 1.1812 0.9444 0.94222360(859)

DJK � 105 �0.3936 �0.39294562(210) �0.4459 �0.4459 �0.4240 �0.42434844(192)

DJ � 106 0.2202 0.220507509(991) 0.2212 0.2212 0.2236 0.22371189(713)

dK � 105 0.1111 0.11152013(565) 0.1449 0.1449 0.9782 0.0973860(448)

dJ � 107 0.5687 0.56858427(352) 0.5779 0.5779 0.5777 0.5778873(173)

HK�107 0.1580 0.16037002(163) 0.2306 0.2306 0.1501 0.14891698(560)

HKJ�109
�0.8234 �0.8253630(206) �0.9635 �0.9635 �0.7161 �0.699198(115)

HJK�1011 0.4736 0.4736 0.4064 0.4064 0.1290 0.1290

HJ�1012 0.3813 0.4105905(453) 0.0370 0.0370 0.3760 0.424046(396)

hK�109 0.7479 0.697669(139) 1.0650 1.0650 1.0992 1.019660(796)

hJK�1012
�0.9173 �0.9173 �6.2593 �6.2593 �0.9173 �0.9173

hJ�1012 0.1788 0.1788 0.2153 0.2153 0.1909 0.1909

LK�1011
�0.3873 �0.40709708(325) �0.4600 �0.4600 �0.3759 �0.3759

LKKJ�1012 0.1837 0.1837 �0.0609 �0.0609 0.2246 0.2246

LJK�1014
�0.3727 �0.3727 �0.3727 �0.3727

LJJK�1015
�0.1517 �0.1517 �0.2207 �0.2207

LJ�1017
�0.2996 �0.2996 �0.2807 �0.2807

PK�1014 0.1081 0.1081 0 .1107 0.1107

PKKKJ�1016
�0.4562 �0.4562 �0.4562 �0.4562

Fxy�104
�0.549693(312)

a Constrained to the predicted values (see text, for details).
b Values in parentheses are 1s statistical confidence intervals (in last digits). Parameters presented without confidence intervals were constrained to

predicted values from columns 2,4, and 6, respectively.

Table 5
Statistical information for the n1þn2, n2þn3, n1þ2n2�n2, and 2n2þn3�n2 bands of SO2 molecule.

Band Center (cm�1) Jmax Ka
max Nl

a m1
b m2

b m3
b

1 2 3 4 5 6 7 8

n1þn2 1666.3337 78 27 1069 79.1 14.5 6.4

n2þn3 1875.7972 68 24 1000 83.7 10.5 5.8

n1þ2n2�n2 2180.3312 60 20 553 61.4 25.1 13.5

2n2þn3�n2 2388.9153 59 16 540 82.9 13.4 3.7

a Nl is the number of obtained upper-state energies.
b Here mi = ni/Nl�100% (i=1, 2, 3); n1, n2, and n3 are the numbers of upper-state energies for which the absolute values of differences d¼ Eexp�Ecalc

satisfy the conditions dr20� 10�5 cm�1, 20� 10�5 cm�1 odr40� 10�5 cm�1, and d440� 10�5 cm�1.
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In columns 2, 4, and 6 one can see the theoretical predictions
with the formulas (4) and (5). Parameters in columns 3, 5,
and 7 that are presented without confidence intervals have
been constrained to the values of corresponding parameters
from columns 2, 4, and 6. The rms = 0.00022 cm�1 indicates
the quite satisfactory quality of the fit. As one more
confirmation of the correctness of the obtained results,
column 4 of Tables 1 and 2 gives values of differences
d¼ ðEexp:�Ecalc:) in 10�4 cm�1. See, in addition, column 6 of
Table 3, where the differences between some experimentally
recorded and calculated line positions of the 3n2 band are
presented (also in 10�4 cm�1). One can see good correlations
between the experimental values and ones calculated

with the parameters from Table 4. Statistical information
concerning the studied bands, n1þn2 and n2þn3, is
presented in Table 5.

5. Analysis of the ‘‘hot’’ bands, m1þ2m2�m2 and
2m2þm3�m2

As the next step of our analysis, we constructed
simulated spectra of the studied bands, n1þn2 and
n2þn3 (see, Figs. 1–4). In this case, in construction of
the simulated spectra only relative line intensities were
calculated. As the analysis showed, the correct spectrum

Fig. 6. The number N of observed lines that coincide with calculated lines to within 0.005 cm�1 for the n1þ2n2�n2 ‘‘hot’’ band of SO2 plotted as a

function of the theoretical vibrational energy, E.

Fig. 7. The number N of observed lines that coincide with calculated lines to within 0.005 cm�1 for the 2n2þn3�n2 hot band of SO2 plotted as a function

of the theoretical vibrational energy, E. The plots curves I–III correspond to different values of the rotational parameter A (see text).
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for the n2þn3 band can be simulated with only one main
effective dipole moment parameter. At the same time, for
simulation of the spectrum in the region of the n1þn2

band, it is necessary to use, at least, three parameters,
whose relative values were estimated as follows (nota-
tions from Ref. [45] are used): jx ¼ 1, fijy,Jzg ¼ 0:002, and
fjz,iJyg ¼�0:0012. After that the experimental spectrum
was filtered by taking the lines belonging to the ‘‘cold’’
bands. Weak lines remained in the experimental spec-
trum belong, as we believed, to the ‘‘hot’’ bands,
n1þ2n2�n2 and 2n2þn3�n2.1 Assignments of these
remaining lines were made on the basis of the procedure
discussed in Refs. [46,47,37], namely:

(1) We estimated the values of the vibrational energies
E(1 2 0)and E(0 2 1) with the parameters of the SO2

potential function from Ref. [36].
(2) We used formula 4 to estimate the initial values of

rotational parameters and distortion coefficients of
the states (1 2 0) and (0 2 1). In this case, (a) for
estimations we used, as the initial data, parameters of
the ground vibrational state, Ref. [34], of the states
(1 0 0)/(0 0 1), and (0 2 0), Ref. [25]; (b) as the analysis
showed, the Hamiltonian model of isolated vibra-
tional state can be used for description of our
experimental ‘‘hot’’ transitions both in the (0 2 1),
and (1 2 0) vibrational states.

(3) We then calculated transitions of the ‘‘hot’’ bands
n1þ2n2�n2 and 2n2þn3�n2, compared calculated
transitions with the experimental line positions in

the filtered spectrum, and determined a number, N, of
transitions for which the value ðnexp:�ncalc:Þr
0:005 cm�1.

(4) We then varied the vibrational energies, E, and values
of the rotational parameters, A, B, and C, of the states
(1 2 0) and (0 2 1) with the step of 0.005, 0.0005,
0.0005, and 0.0005 cm�1, respectively. For each value
of the vibrational energy and of the A, B, and C

parameters we obtained the corresponding number N

of experimental transition wavenumbers that coin-
cided with the calculated ones to 0.005 cm�1 or
better, and in that way we determined a particular
value of the vibrational energy, E, and the rotational
parameters, A, B, and C for which N has a distinct
maximum. As an illustration, see Fig. 6 where the
value N is plotted against the vibrational term value, E

(the situation, shown in Fig. 6, corresponds to the
optimal values of the parameters A, B and C) for the
n1þ2n2�n2 ‘‘hot’’ band. Fig. 7 presents analogous
plots of dependency of the value N against the
vibrational term value, E, for the 2n2þn3�n2 hot
band. In this case, plots are obtained with the use of
optimal values of the parameters B and C, and plots
curves I–III correspond to different values of the
rotational parameter A. In that way, transitions were
assigned with the value of quantum number Jr15.
After that the parameters of the Hamiltonian were
fitted, and we were able to assign without problem
transitions with Jr20. Then we again fitted para-
meters and assigned transitions with higher J-values.

As the result of the use of the above procedure we
were able to assign 872 and 928 transitions (553 and 540
upper state ro-vibrational energy values) with Jmax. = 60,
Ka

max. = 20 and Jmax. = 59, Ka
max. = 16 to the n1þ2n2�n2 and

Table 8
Spectroscopic parameters of the (1 2 0) and (0 2 1) vibrational states of the SO2 molecule (in cm�1)a.

Parameter (1 2 0) (0 2 1) (0 2 0)b

1 2 3 4

E 2180.33121341(334) 2388.91526214(206) 1035.126371

A 2.1092208990(816) 2.0856995349(690) 2.107649092

B 0.3426644311(134) 0.34314069707(640) 0.3443172408

C 0.29107884147(612) 0.29133813525(682) 0.2924635974

DK � 103 1.08077235(307) 1.04553061(308) 1.0638447

DJK � 105 �0.40994143(329) �0.44419076(426) �0.4257225

DJ � 106 0.22038905(184) 0.22401456(170) 0.2212268

dK � 105 0.1315874(112) 0.11694327(502) 0.1236181

dJ � 107 0.57310324(404) 0.58163875(200) 0.5742303

HK�107 0.19537880(210) 0.18304606(435) 0.188955

HKJ�109
�0.86163 �0.7981250(652) �0.86163

HJK�1011 0.554 0.554 0.554

HJ�1012 0.26162 0.390039(299) 0.26162

hK�109 0.927 0.927 0.927

hJK�1012
�2.78 �2.78 �2.78

hJ�1012 0.194 0.194 0.194

LK�1011
�0.437 �0.437 �0.437

LKKJ�1012 0.158 0.158 0.158

a Values in parentheses are 1s statistical confidence intervals (in last digits). Parameters presented without confidence intervals were fixed to the

values from column 4.
b From Ref. [25].

1 Of course, some from weak lines in the recorded spectrum can

belong to the 34SO2 species. However, we consider in the present study

only the 32SO2 molecule.
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2n2þn3�n2 bands, respectively (corresponding statistical
information is presented in Table 5). The list of the
assigned transitions is presented in Appendix A, and
upper energy values of the states (1 2 0) and (0 2 1)
obtained on that basis are given in Tables 6 and 7.
Columns 3 and 5 of Table 8 present the results of the fit of
parameters of the Hamiltonian, Eq. (2), with the energy
terms from Tables 6 and 7. Columns 2 and 4 of that
Table 8 show the initial predicted values (see above) of
the rotational and distortion parameters. One can see
good correlation of both sets of data.

6. Conclusion

We re-analysed the high resolution ro-vibrational
structures of the n1þn2 and n2þn3 vibrational bands
and, as a result, assigned about 2.5 times more transitions
than was made before. Some transitions belonging to the
3n2 band and caused by the strong Fermi interaction
between the (1 1 0) and (0 3 0) states were also assigned.
Then the experimental spectrum was filtered by taking
the lines belonging to the ‘‘cold’’ bands, n1þn2, n2þn3, and
3n2, and transitions belonging to the weak ‘‘hot’’ bands,
n1þ2n2�n2 and 2n2þn3�n2, were assigned. We deter-
mined parameters of the Hamiltonian that reproduce the
initial ‘‘experimental’’ ro-vibrational energies of the states
(1 1 0), (0 1 1), (0 3 0), (1 2 0), and (0 2 1) with the ‘‘rms’’
deviation of 0.00022 cm�1 that is close to uncertainties in
experimental line positions.
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molécule 34S16O2. Mol Phys 1977;34:127 (4).

[13] Pine AS, Moulton PF. Doppler-limited and atmospheric spectra of
the 4-mm n1þn3 combination band of SO2. J Mol Spectrosc
1977;64:15 (16).

[14] Pine AS, Dresselhaus G, Palm B, Davies RW, Clough SA. Analysis of
the 4-mm n1þn3 combination band of SO2. J Mol Spectrosc
1977;67:386 (30).

[15] Moskalenko NI, Terzi VF, Parzhin SN, Pushkin VT, Sadydov RS.
Investigation of sulfur dioxide absorption spectra in the infrared.
Izv Acad Sci USSR Atmos Oceanic Phys 1978;14:1275 (8).

[16] Herlemont F, Lyszyk M, Lemaire J. Infrared spectroscopy of
OCS, SO2, O3 with a CO2 waveguide laser. J Mol Spectrosc 1979;77:
69 (7).

[17] Satler JP, Worchesky TL, Lafferty WJ. Diode laser heterodyne
spectroscopy on the n1 band of sulfur dioxide. J Mol Spectrosc
1981;88:364 (8).

[18] Kunitomo T, Masuzaki H, Ueoka S, Osumi M. Experimental
studies of the radiative properties of sulfur dioxide. JQSRT 1981;25:
345 (5).

[19] Kim K, King WT. Integrated infrared intensities and the atomic
polar tensors in SO2. J Chem Phys 1984;80:969 (5).

[20] Kuhnemann F, Heiner Y, Sumpf B, Hermann K. Line broadening in
the n3 band of SO2: studied with diode laser spectroscopy. J Mol
Spectrosc 1992;152:1–12.

[21] Guelachvili G, Ulenikov ON, Ushakova GA. Analysis of the n1 and n3

absorption bands of 32S16O2. J Mol Spectrosc 1984;108:1–5.
[22] Guelachvili G, Naumenko OV, Ulenikov ON. Analysis of the Fourier-

transform SO2 absorption spectrum in the n2þn3 band. Appl Opt
1984;23:2862 (6).

[23] Guelachvili G, Naumenko OV, Ulenikov ON. Analysis of the SO2

absorption Fourier spectrum in regions 1055 to 2000 and 2200 to
2550 cm�1. J Mol Spectrosc 1987;125:128 (12).

[24] Guelachvili G, Naumenko OV, Ulenikov ON. On the analysis of some
hyperweak absorption bands of SO2 in the regions 1055–2000 and
2200–2550 cm�1. J Mol Spectrosc 1988;131:400 (3).

[25] Flaud JM, Perrin A, Salah LM, Lafferty WJ, Guelachvili G. A reanalysis
of the (0 1 0), (0 2 0), (1 0 0), and (0 0 1) rotational levels. J Mol
Spectrosc 1993;160:272 (7).

[26] Coudert L, Maki AG, Olson WB. High-resolution measurements of
the n2 and 2n2�n2 bands of SO2. J Mol Spectrosc 1987;124:437 (6).

[27] Flaud JM, Lafferty WJ. 32S16O2: a refined analysis of the 3n3 band
and determination of equilibrium rotational constants. J Mol
Spectrosc 1993;161:396 (7).

[28] Lafferty WJ, Pine AS, Flaud JM, Camy-Peyret C. The 2n3 band of
32S16O2: line positions and intensities. J Mol Spectrosc 1993;157:
499 (13).

[29] Sumpf B, Fleischmann O, Kronfeldt HD. Self-, air-, and nitrogen-
broadening in the n1 band of SO2. J Mol Spectrosc 1996;176:127 (6).

[30] Sumpf B, Schone M, Kronfeldt HD. Self- and air-broadening in the n3

band of SO2. J Mol Spectrosc 1996;179:137 (5).
[31] Belov SP, Tretyakov MY, Kozin IN, Klisch E, Winnewisser G, Lafferty

WJ, et al. High frequency transitions in the rotational spectrum of
SO2. J Mol Spectrosc 1998;191:17 (11).

[32] Lafferty WJ, Pine AS, Hilpert G, Sams RL, Flaud JM. The n1þn3 and
2n1þn3 band systems of SO2: line positions and intensities. J Mol
Spectrosc 1996;176:280 (7).

[33] Lafferty WJ, Flaud JM, Guelachvili G. Analysis of the 2n1 band
system of SO2. J Mol Spectrosc 1998;188:106 (2).

[34] Müller HSP, Brünken S. Accurate rotational spectroscopy of
sulfur dioxide, SO2, in its ground vibrational and first excited
bending states, n2 ¼ 0, 1, up to 2 THz. J Mol Spectrosc 2005;232:
213 (10).

[35] Ulenikov ON, Bekhtereva ES, Horneman VM, Alanko S, Gromova OV.
High resolution study of the 3n1 band of SO2. J Mol Spectrosc
2009;255:111 (11).

O.N. Ulenikov et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 112 (2011) 486–512 511



Author's personal copy

[36] Ulenikov ON, Bekhtereva ES, Horneman VM, Alanko S, Gromova OV,

Leroy C. On the high resolution spectroscopy and intramolecular

potential function of SO2. J Mol Spectrosc 2009;257:137 (20).
[37] Ulenikov ON, Bekhtereva ES, Gromova OV, Alanko S, Horneman VM,

Leroy C. Analysis of highly excited ‘‘hot’’ bands in the SO2 molecule:

n2þ3n3�n2 and 2n1þn2þn3�n2. Molec Phys 2010;108:1253 (9).
[38] Maki AG, Wells JS. Wavenumber Calibration Tables from Hetero-

dyne Frequency Measurements (version 1.3). National Institute of

Standards and Technology, Gaithersburg, MD; 1998.
[40] Ulenikov ON, Tolchenov RN, Koivusaari M, Alanko S, Anttila R.

High-resolution Fourier transform spectra of CH2D2: pentade of the

lowest interacting vibrational bands n4, n7, n9, n5, and n3. J Mol

Spectrosc 1994;167:109 (30).
[41] Ulenikov ON. On the determination of the reduced rotational operator

for the polyatomic molecules. J Mol Spectrosc 1986;119:144 (9).
[42] Watson JKG. Determination of centrifugal distortion coefficients of

asymmetric-top molecules. J Chem Phys 1967;46:1935 (15).

[43] Ulenikov ON, Bekhtereva ES, Leroy C, Gromova OV, Fomchenko AL.
On the determination of intramolecular potential energy surface of
polyatomic molecules: hydrogen sulfide and formaldehyde as an
illustration. J Mol Spectrosc 2009;255:88 (13).

[44] Bykov AD, Makushkin YuS, Ulenikov ON, Ushakova GA. On the
method of determination the rotational and centrifugal constants
from the asymmetric-top molecule spectrum. J Mol Spectrosc
1982;96:234 (4).

[45] Flaud JM, Camy-Peyret C. Vibration-rotation intensities in H2O-type
molecules application to the 2n2, n1, and n3 bands of H2

16O. J Mol
Spectrosc 1975;55:278 (33).

[46] Ulenikov ON, Bekhtereva ES, Sanzharov NA, Jensen P. A refined
potential energy function for the electronic ground state of H2Se.
J Mol Spectrosc 2004;227:1–12.

[47] Ulenikov ON, Bekhtereva ES, Grebneva SV, Hollenstein H, Quack M.
High resolution ro-vibrational analysis of vibrational states of A2

symmetry of the dideuterated methane CH2D2: states n5 and
n7þn9. Molec Phys 2006;104:3371 (16).

O.N. Ulenikov et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 112 (2011) 486–512512


