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Abstract

High-resolution Fourier transform infrared spectrum of H2S was recorded and analyzed in the region of the v ¼ v1 þ v2=2þ v3 ¼ 3

poliad. Experimental transitions were assigned to the 3m1, 2m1 þ m3, m1 þ 2m3, 3m3, 2m1 þ 2m2, and m1 þ 2m2 þ m3 bands with themaximum

value of quantum number J equal to 11, 14, 10, 11, 8, and 11, respectively. The theoretical analysis was fulfilled with the Hamiltonian

model which takes into account numerous resonance interactions between all the mentioned vibrational states. The rms deviation

of the reproduction of 510 upper energy levels (derived from more than 1550 transitions) with 75 parameters was 0.0022 cm�1.
� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

As one of the lightest triatomic and local-mode mol-

ecule, hydrogen sulfide attracts great spectroscopic in-

terest. Both the local mode properties, and the conditions

of their destruction can be analyzed in the rovibrational

spectra of H2S. As a consequence, numerous spectro-

scopic studies have been carried out on this molecule

(see, for example, [1–18]), beginning at the low frequency
microwave region [1], up to visible transitions in the

highly excited stretching bands ð70�; 0Þ observed by the

sensitive intra-cavity laser absorption spectroscopy, [18].

The ground vibrational state was analyzed in [1–5]. The

lowest five poliads of interacting vibrational states, with

v ¼ v1 þ v2=2þ v3, v ¼ 0:5, 1, 1.5, 2, 2.5, were discussed
in [6–11], respectively. Highly excited stretching local

mode states v ¼ 4, 4.5, 5, 6, 7 were considered in [12–18].
Moreover, the band centers of some additional infrared

bands were discussed in [18]. The experimental results

were reproduced well by quantum mechanics calcula-
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tions on the structure of the rotation–vibration energy
levels (see, for example, [19–22]). As to the bands of the

v ¼ 3 poliad which will be discussed in the present con-

tribution, they have been mentioned in [10] on the dis-

cussion of the vibrational band centers. To the best of

our knowledge, the rotational analysis of this poliad has

not been fully carried out yet, if exclude the analysis with

J up to 7 or 8 mentioned only in [10].

In this paper, we present the results of the high-res-
olution analysis of the spectral region where the ab-

sorption bands of the v ¼ 3 poliad are located.

Experimental details are reported in Section 2. Theo-

retical background of the analysis is considered in Sec-

tion 3. Description of the spectrum and assignments of

the recorded transitions are presented in Section 4.

Sections 5 and 6 present the results of the fit of derived

upper energies and discussion.
2. Experimental details

The H2S sample was purchased from Nanjing Special

Gas Company (China) with a stated purity of 99%. The

spectra of H2S in the 1–2 lm region were recorded with

mail to: Ulenikov@phys.tsu.ru


Fig. 1. Survey spectrum of H2S molecule in the region of 7000–7990 cm�1. Centers of bands located in this region are denoted. Strong lines belonging

to the water vapor can be seen in the left side of the figure. Experimental conditions: absorption path length, 105m; sample pressure, 2076Pa;

instrumental resolution, 0.015 cm�1; room temperature.
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a Bruker IFS 120 HR Fourier transform spectrometer

(FTS) equipped with a path length adjustable multi-pass

gas cell at room temperature. The unapodized resolution

was 0.015 cm�1. The absorption path length and the gas

pressure were 105m and 2076 Pa, respectively. A tung-
sten source, a Ge detector and a CaF2 beam-splitter

were applied. The line positions were calibrated using

those of 12C16O2 and H2O listed in HITRAN database.

The absolute accuracy of line positions of unblended

and not-very-weak lines was estimated to be 0.002 cm�1

or better. An overview of the spectrum is presented in

Fig. 1. Some parts of the high-resolution spectrum are

presented in Figs. 3–5.
3. Theoretical background

The H2S molecule is an asymmetric top of the C2v

symmetry with the value of the asymmetry parameter

j ’ 0:532. Its three fundamental bands m1, m2, and m3 are
located at 2614.44, 1182.53, 2628.37 cm�1 and have the
symmetriesA1,A1, andB2, respectively.As a consequence,
(a) the selection rules are in the H2S molecule:

DJ ¼ 0;�1; DKa ¼ �ð2nþ 1Þ; DKc ¼ �ð2mþ 1Þ
ð1Þ

for the bands with even v3, and

DJ ¼ 0;�1; DKa ¼ �2n; DKc ¼ �ð2mþ 1Þ ð2Þ
for the bands with odd v3. Here n, m ¼ 0; 1; 2; . . .;

(b) the vibrational states with the fixed value of

quantum number v (v ¼ v1 þ v2=2þ v3) form so called

poliads of interacting vibrational states. In this case,

states in a same poliad can strongly perturb each other by

Fermi (Darling-Dennison) and/or Coriolis type interac-

tions. On this reason, the Hamiltonian used for analysis

of experimental data should have the following form:

Hv:�r: ¼
X
v;v0

Hvv0 jvihv0j; ð3Þ

where the summation is fulfilled in all vibrational states

of a poliad. In our case, v; v0 ¼ 1; . . . ; 7, and it is

denoted: j1i ¼ ð300;A1Þ, j2i ¼ ð220;A1Þ, j3i ¼ ð022;A1Þ,
j4i¼ð102;A1Þ, j5i¼ð201;B2Þ, j6i¼ð121;B2Þ, j7i¼ð003;B2Þ.
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For the convenience of the reader, diagram in Eq. (4)
clarifies the structure of the matrix of effective Hamil-

tonian (3):

Hvv0 ¼

W F � D C � �
F W D � C C �
� D W F � C C
D � F W C C C
C C � C W F D
� C C C F W �
� � C C D � W

��������������

��������������

: ð4Þ

Here index W denotes the diagonal operator matrix el-
ements Hvv0 ; F and D denote the Fermi and Darlig-

Dennison type interactions; index C corresponds one of

two Coriolis type interactions, which connect the vi-

brational states ðv1 v2 v3Þ and ðv1 � 1v2 v3 � 1Þ, or

ðv1 v2 v3Þ and ðv1 v2 � 2v3 � 1Þ. Strongly speaking, the

vibrational states (140,A1), (041,B2), and (060,A1) also

should be added to the right-hand side of Eq. (3).

However, as the analysis shows, on the one hand, the
lines of these three bands are too weak to be recorded in
Fig. 2. Diagram of the rovibrational energies of an
our experiment. On the other hand, only a few of the
rovibrational levels belonging to seven above mentioned

vibrational states, derived from our experimental data,

can be perturbed by the (140,A1), (041,B2), and (060,A1)

vibrational states. On this reason we omitted the

(140,A1), (041,B2), and (060,A1) states in Eq. (3).

The diagonal blocks Hvv in Eq. (3) have the form of

usual Watson type operators, [23], in the A-reduction
and Ir-representation, and they describe rotational
structures of corresponding vibrational states:

Hvv ¼ Ev þ Av

�
� 1

2
ðBv þ CvÞ

�
J 2
z þ

1

2
ðBv þ CvÞJ 2

þ 1

2
ðBv � CvÞJ 2

xy � Dv
KJ

4
z � Dv

JKJ
2
z J

2 � Dv
J J

4

� dvK ½J 2
z ; J

2
xy � � 2dvJ J

2J 2
xy þ Hv

KJ
6
z þ Hv

KJ J
4
z J

2

þ Hv
JKJ

2
z J

4 þ Hv
J J

6 þ ½J 2
xy ; h

v
KJ

4
z þ hvJKJ

2J 2
z þ hvJ J

4�
þ Lv

KJ
8
z þ Lv

KKJJ
6
z J

2 þ Lv
JKJ

4
z J

4 þ Lv
KJJ J

2
z J

6 þ Lv
JJ

8

þ ½J 2
xy ; l

v
KJ

6
z þ lvKJ J

2J 4
z þ lvJKJ

4J 2
z þ lvJ J

6� þ Pv
KJ

10
z

þ ½J 2
xy ; p

v
KJ

8
z � þ � � � : ð5Þ
alyzed vibrational states of the v ¼ 3 poliad.
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Non-diagonal operators Hvv0 , ðv 6¼ v0Þ, describe reso-
nance interactions between the states jvi and jv0i. In

this case, resonance interactions between the states of

the same symmetry,are described by the Fermi type

operators:

Hvv0

F ¼ F vv0 þ F vv0

K J 2
z þ � � � þ F vv0

xy J
2
xy þ F vv0

xyK ½J 2
xy ; J

2
z �þ

þ F vv0

xyJ J
2
xyJ

2 þ � � � ; ð6Þ

where J 2
xy ¼ J 2

x � J 2
y and J 2 ¼ J 2

x þ J 2
y þ J 2

z . Coriolis type
non-diagonal operators Hvv0 describe resonance inter-

actions between the states jvi and jv0i of different sym-

metries:

Hvv0

Cy
¼ 2ðBfyÞvv

0
iJy þ Cvv0

yK ½iJy ; J 2
z �þ þ Cvv0

yJ iJyJ
2

þ Cvv0

yKK ½iJy ; J 4
z �þ þ Cvv0

yJK ½iJy ; J 2
z J

2�þ þ Cvv0

yJJ iJyJ
4

þ � � � þ Cvv0

xz ½Jx; Jz�þ þ Cvv0

xzK ½½Jx; Jz�þ; J 2
z �þ

þ Cvv0

xzJ ½Jx; Jz�þJ 2 þ � � � þ Cvv0

yxy ½iJy ; J 2
xy �þ � � � : ð7Þ
4. Description of the spectrum and assignment of transi-

tions

As shown in Figs. 1 and 2 (the Fig. 2 shows the di-

agram of the rovibrational energies for all vibrational
Fig. 3. A small part of the high-resolution spectrum of H2S in the region of 7

dark triangle), m1 þ 2m2 þ m3 (open triangle), 2m1 þ m3 (dark circle), and 3m1 (
states of the considered poliad), the strongest pair of
stretching 3m1 and 2m1 þ m3 bands ((3 0 0) and (2 0 1) in

the normal mode notations, or (30þ; 0) and (30�; 0) in
the local mode notations) are totally overlapped and

located about 176 and 203 cm�1 lower than the nearest

weaker pair of stretching bands m1 þ 2m3 and 3m3 ((1 0 2)
and (0 0 3), or (21þ; 0) and (21�; 0) in the normal and

local mode notations, respectively). In its turn, three

‘‘bending doubly excited’’ bands of the considered
poliad ðv1 þ v2=2þ v3Þ ¼ 3, namely, 2m1 þ 2m2, m1þ
2m2 þ m3, and 2m2 þ 2m3, are located about 156 and

60 cm�1 lower than the strongest 3m1 and 2m1 þ m3 bands.
In this case, in accordance with the local mode theory,

the first two bands, 2m1 þ 2m2 and m1 þ 2m2 þ m3, con-

struct the pair of close states (20þ; 2) and (20�; 2). On

this reason, and taking into account the values of ro-

tational, A, B, and C parameters, one can expect that
local perturbations of the rovibrational structures of the

(30þ; 0) and (30�; 0) states by the other vibrational states
will appear for J P 5� 6. Of course, strong resonance

perturbations inside the ‘‘local mode’’ pairs,

ð30þ; 0Þ=ð30�; 0Þ, ð20þ; 2Þ=ð20�; 2Þ are presented begin-

ning already with J P 1.

Assignments of the transitions were made with the

Ground State Combination Differences method. In this
case, the ground state energies were calculated on the
452–7460 cm�1. The lines belonging to the bands 2m1 þ 2m2 (marked by

open circle) can be seen.
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base of parameters from [3]. As the result of assign-
ments, about 290, 350, 390, 270, and 210 transitions

with Jmax ¼ 11, 14, 10, 11, and 11 were assigned to the

bands 3m1, 2m1 þ m3, m1 þ 2m3, 3m3, and m1 þ 2m2 þ m3, re-
spectively (some examples of assigned transitions are

shown in Figs. 3–5). Therefore rovibrational energies of

the states (3 0 0), (2 0 1), (1 0 2), (0 0 3), and (1 2 1)

(ð30þ; 0Þ, ð30�; 0Þ, ð21þ; 0Þ, ð21�; 0Þ, and ð20�; 2Þ in the

local mode notations) were obtained, which are
presented in Table 1 together with their experimental

uncertainties D given in 10�4 cm�1. Since upper rovib-

rational energies were determined from several transi-

tions reaching the same upper level, their uncertainties D
can be considered as an indication of the precision of the

experimental line positions. Thus the average experi-

mental accuracy of the line positions can be estimated as

0.0010–0.0030 cm�1 for unblended and not very weak
lines. With increasing value of the quantum number J ,
the accuracy of line positions decrease due to the

decreasing of line strengths.

The presence of resonance interactions allowed us to

assign without doubt some tens transitions to the very
Fig. 4. Small parts of the high-resolution spectrum of H2S in the region of R-b
of the spectrum were chosen to illustrate the behavior of the ½JKa ¼ dKc ¼
2m1 þ m3 and 3m1 bands. Some lines belonging to the m1 þ 2m3 band are mark
weak band 2m1 þ 2m2. Positions and assignments of
corresponding experimental transitions are listed in

columns 1–3 of Table 2. Columns 4 gives the values of

transmittances of transitions (see Table 3).
5. Determination of parameters

As was discussed above, the Hamiltonian (3) was
used for further analysis and fit for the upper energy

levels. In this case, the presence of numerous resonance

interactions in (1) leads to necessity to have a physically

suitable initial approximations for parameters of the

Hamiltonian (1). In our case, it was made from the

following assumptions:

(a) The centers of all seven considered bands were

estimated on the base of Eqs. (21)–(26) from [24]. In this
case, necessary for calculations values of parameters x,
xm, and k have been estimated from experimental values

of the band centers, m1 and m3, from [8], 2m1, m1 þ m3, 2m3,
m1 þ 2m2, and 2m2 þ m3, from [10], and m1 þ 2m2 þ m3 from
present study.
ranches of 2m1 þ m3 (marked by dark circle) and 3m1 (open circle). Parts

J �  ½J � 1Ka ¼ d 0Kc ¼ J � 1� (d; d 0 ¼ 0, and/or 1) doublets in the

ed by dark square.



Fig. 5. Small portion of the m1 þ m2 and 3m3 bands of H2S in the region of the R-branch. Some transitions denoted by full square belong to the m1 þ m2
band, and by open square—to the 3m3 band.
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(b) All the pure vibrational resonance interaction

parameters F vv0 have been put as zero. This is physically

suitable assumption which corresponds a fact that the

effective Hamiltonian (3)–(7) can be constructed not

only on the base of harmonic vibrational wavefunctions,
but also, on the base of functions which are eigen-

functions of the total vibrational Hamiltonian of a

molecule:
Hvib: ¼
1

2

X
k

xkðp2k þ q2kÞ þ
X

k6l6 m

kklmqkqlqm

þ
X

k6l6 m6 n

kklmnqkqlqmqn þ � � �

þ 1

2

X
ab

labðqÞGaGb: ð8Þ
(c) The initial values of the rotational A, B, and C
parameters were extrapolated from the values of corre-

sponding parameters of the (0 0 0), (1 0 0), (0 0 1), and

(0 2 0) vibrational states from [3] and [8].
(d) The initial values of all centrifugal distortion

parameters of the states (3 0 0), (2 0 1), (1 0 2), and
(0 0 3) were fixed to the values of corresponding pa-

rameters of the ground vibrational state from [3].

Analogously, initial values of centrifugal distortion

parameters of the (2 2 0), (1 2 1), and (0 2 2) states were

fixed to the values of corresponding parameters of the
(0 2 0) state from [8].

Upper rovibrational energy levels from Table 1 and

experimental data from Table 2 were used then as an

input to the fit procedure with the Hamiltonian, Eqs.

(3)–(7). All the input energy levels were used with

weights proportional to (1=D2), where D are the exper-

imental uncertainties of corresponding energy values. In

this case, for the upper levels obtained from the only one
transition, the weight was set to be zero.

As the result, the set of 75 fitted parameters was de-

rived (54 parameters of the seven diagonal blocks and 21

resonance interaction parameters) which reproduce the

510 initial upper energy levels with rms deviation of

0.0022 cm�1. Obtained parameters are presented in

Tables 4–6 together with their 1r statistical confidential

intervals. Parameters presented in Tables 4 and 5 with-
out confidential intervals were constrained to their



Table 1

Experimental rovibrational term values for the (3 0 0), (2 0 1), (1 0 2), (0 0 3), and (1 2 1) vibrational states of the H2S molecule (in cm�1)a

(3 0 0) (2 0 1) (1 0 2) (0 0 3) (1 2 1)

J Ka Kc E D d E D d E D d E D d E D d

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

0 0 0 7576.3808 )25 7576.5442 )24 7752.2638 0 7779.3201 )7 7420.0927 18

1 0 1 7589.5024 20 18 7589.6325 4 )11 7765.4608 2 10 7792.6388 9 6 7433.7578 21 )32
1 1 1 7590.8927 1 7591.0214 3 )13 7766.6498 16 6 7793.6326 3 3 7435.3352 2 )2
1 1 0 7594.8968 6 )2 7595.0577 )19 7770.7841 2 7 7797.8184 4 )3 7440.0330 5 )10
2 0 2 7612.7871 )8 7612.8400 7 )1 7788.6768 2 0 7815.9100 5 7 7457.6215 7 16

2 1 2 7613.1299 7 )13 7613.1810 6 5 7788.9048 25 )3 7816.1077 8 1 7457.9729 6 4

2 1 1 7625.1285 13 30 7625.2607 7 )2 7801.2900 25 )8 7828.6340 11 14 7472.0515 15 8

2 2 1 7629.2858 12 0 7629.4113 13 )10 7804.8482 7 )4 7831.6050 5 )9 7476.7569 )15
2 2 0 7632.1998 10 )10 7632.3587 5 )5 7807.9890 2 3 7834.9501 3 )3 7480.2086 12 )6
3 0 3 7644.8048 14 )15 7644.9756 12 )19 7820.6483 5 5 7848.0037 10 6 7490.1179 3 24

3 1 3 7644.7988 18 )1 7644.9685 8 )10 7820.6777 2 1 7847.9945 12 14 7490.1630 12 16

3 1 2 7667.1559 8 10 7667.2243 8 7 7843.3220 7 3 7870.7267 3 )3 7516.1161 27 2

3 2 2 7668.6041 26 )11 7668.6598 8 )3 7844.4109 3 )3 7871.6971 10 )17 7517.7430 10 )3
3 2 1 7678.7212 7 4 7678.8590 14 11 7855.1813 5 2 7882.7018 5 5 7529.6435 13 1

3 3 1 7686.9759 8 3 7687.0930 6 )18 7862.1966 8 )11 7888.5911 2 )18 7538.9643 17 8

3 3 0 7688.7605 15 7 7688.9058 7 )10 7864.1520 10 )2 7890.9556 16 )23 7541.1069 8 )12
4 0 4 7685.7677 15 )29 7685.9391 9 8 7861.5818 13 28 7889.1634 11 21 7531.4231 11 18

4 1 4 7685.7659 9 )14 7685.9369 19 )2 7861.5820 11 )5 7889.1634 11 21 7531.4249 )20
4 1 3 7718.0495 8 10 7718.0323 9 23 7894.0600 20 1 7921.4671 2 )8 7568.8740 18 16

4 2 3 7718.3920 14 0 7718.3697 15 6 7894.2633 5 2 7921.3920 6 )2 7569.2442 18 13

4 2 2 7738.8400 19 7 7738.9234 10 6 7915.5042 4 2 7943.2584 9 3 7593.1649 13 )15
4 3 2 7742.7169 8 3 7742.7700 13 5 7918.4923 9 1 7946.0610 7 )10 7597.5462 6 8

4 3 1 7750.5377 9 7 7750.6734 8 14 7927.4135 4 )1 7954.9870 3 2 7606.7950 15 )12
4 4 1 7764.0263 17 21 7764.1311 4 )7 7938.6745 12 )3 7964.5906 4 )34 7621.9718 )22
4 4 0 7764.9619 7 3 7765.0892 12 )1 7939.4384 2 )2 7966.0829 6 )16 7623.1230 22 1

5 0 5 7735.7884 21 )16 7735.9638 9 )3 7911.5404 12 )11 7939.4203 22 )4 7581.6612 25 22

5 1 5 7735.7884 21 )10 7735.9638 9 3 7911.5404 12 )11 7939.4203 22 )4 7581.6612 25 16

5 1 4 7777.4667 10 )2 7777.4382 )13 7953.4485 8 )1 7981.0437 21 )4 7630.1108 20 )3
5 2 4 7777.6389 8 )8 7777.6125 8 7 7953.4795 5 )1 7981.0437 21 1 7630.1623 15 3

5 2 3 7808.8158 7 9 7808.8097 9 )6 7985.2507 12 0 8012.8473 3 6 7666.4734 15 )18
5 3 3 7809.9621 8 2 7809.9429 12 11 7986.0250 10 )2 8012.6025 9 )7 7667.7935 11 5

5 3 2 7827.7794 5 4 7827.8790 15 0 8005.0831 1 3 8033.3298 4 )4 7688.6606 20 )7
5 4 2 7835.5449 5 )7 7835.5960 10 13 8011.1860 10 5 8033.5771 8 )7 7697.4522 8 10

5 4 1 7840.9739 5 5 7841.1013 8 31 8018.4704 7 )6 8045.7998 6 )10 7703.9300 24 30

5 5 1 7860.4476 2 )3 7860.5390 4 )3 8034.1047 6 )15 8059.5693 17 )18 7725.7360 20 16

5 5 0 7860.8894 6 6 7860.9928 4 3 8039.5988 13 2 8060.4296 11 7 7726.2859 6 )47
6 0 6 7794.8610 10 )6 7795.0430 5 4 7970.5376 1 )3 7998.7810 4 4 7640.8385 25 5

6 1 6 7794.8610 10 )5 7795.0430 5 5 7970.5376 1 )4 7998.7810 4 4 7640.8385 25 5

6 1 5 7845.7980 29 )14 7845.9718 13 )12 8021.7688 4 7 8049.6548 8 )1 7700.1009 13 )7
6 2 5 7845.7937 12 6 7845.9663 3 )2 8021.7725 14 )1 8049.6548 8 0 7700.1101 9

6 2 4 7887.1608 8 16 7886.8811 4 0 8063.2142 19 6 8090.8655 22 )9 7747.8697 14 68

6 3 4 7887.2347 19 1 7886.9505 20 )14 8063.3635 8 )3 8090.8655 22 11 7748.0645 11 17

6 3 3 7916.6054 18 )13 7916.6253 13 )15 8093.7713 2 )6 8121.7964 34 1 7782.2230 16 )72
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Table 1 (continued)

(3 0 0) (2 0 1) (1 0 2) (0 0 3) (1 2 1)

J Ka Kc E D d E D d E D d E D d E D d

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

6 4 3 7919.6576 13 4 7919.6660 31 192 8095.9100 8 )1 8121.5915 )1 7785.7618 20 2

6 4 2 7934.1907 8 24 7934.3028 15 19 8112.1847 10 1 8140.9950 12 )8 7802.8083 20 10

6 5 2 7947.1798 27 18 7947.2399 18 202 8122.4773 8 2 8145.8839 2 7817.5165 9 1

6 5 1 7950.6254 16 96 8128.6889 8 )9 8155.9131 5 4 7821.5438 11 8

6 6 1 7976.1968 5 )7 7976.2680 )3 8147.8750 12 8 8173.4351 14 7850.1055 )56
6 6 0 7976.3902 13 )1 7976.4700 15 22 8152.8833 12 )1 8173.8983 5 )3 7850.3657 3 28

7 0 7 7862.9771 5 8 7863.1663 4 7 8038.5610 3 )2 8067.2338 5 6 7708.9507 5 )21
7 1 7 7862.9771 5 8 7863.1663 4 7 8038.5610 3 )2 8067.2338 5 6 7708.9507 5 )21
7 1 6 7923.1560 34 31 7923.3343 10 5 8099.0783 7 )6 8127.3265 21 )11 7778.9894 12 )6
7 2 6 7923.1522 7 )9 7923.3343 10 17 8099.0783 7 )13 8127.3265 21 )11 7778.9894 12 )16
7 2 5 7973.5788 10 )23 7973.5452 37 )11 8149.8459 8 5 8177.7520 2 )15 7837.4887 10 6

7 3 5 7973.7522 15 )27 7973.7185 12 )8 8149.8713 )3 8177.7527 2 )2 7837.5346 16 )15
7 3 4 8013.7387 6 )3 8013.6749 6 )18 8190.5481 12 )1 8218.3723 7 )3 7883.9116 7 1

7 4 4 8014.5758 10 )17 8014.5024 15 9 8191.0735 9 2 8218.3740 9 )6 7884.9349 29 70

7 4 3 8041.0490 10 11 8041.1073 22 10 8219.2015 3 )10 8247.9506 20 7

7 5 3 8047.5017 20 )2 8047.4872 12 )64 8223.8900 7 9 8248.7201 19 3 7923.1510 9 )7
7 5 2 8058.4429 19 )19 8058.5778 22 1 8237.1468 13 0 8266.5700 9 )6 7936.0076 )9
7 6 2 8077.6675 20 9 8077.6950 5 )31 8252.1942 18 )9 8276.1155 15 2 7957.7446 13 )29
7 6 1 8079.4893 16 )14 8079.5633 23 )17 8258.0090 13 7 8278.5895 10 7959.9828 )29
7 7 1 8111.1565 )42 8111.2056 20 )17 8286.8217 23 7 8306.0391 29

7 7 0 8111.2364 10 )47 8111.2922 10 12 8285.9114 10 21 8306.2803 4

8 0 8 7940.1258 23 9 7940.3245 10 0 8115.6027 2 2 8144.7678 2 )7 7785.9946 9 4

8 1 8 7940.1258 23 9 7940.3245 10 0 8115.6027 2 2 8144.7678 2 )7 7785.9946 9 4

8 1 7 8009.5195 25 23 8009.7082 16 7 8185.3854 9 22 8214.0574 15 )7 7866.7828 14 )47
8 2 7 8009.5195 25 25 8009.7082 16 10 8185.3854 9 15 8214.0574 15 )7 7866.7828 14 )48
8 2 6 8069.0995 15 )26 8069.0966 33 22 8245.3678 8 23 8273.6258 14 11 .

8 3 6 8069.2807 8 )6 8069.2751 25 21 8245.3701 22 2 8273.6258 14 13 7935.9361 25 4

8 3 5 8118.9405 13 )15 8118.7301 10 )50 8295.5175 8 4 8323.4863 13 20

8 4 5 8119.0718 21 4 8118.8324 41 24 8295.6265 10 )2 8323.4822 10 )6
8 4 4 8157.3044 )35 8157.2821 9 )8 8335.0037 15 )6 8363.2318 13 3

8 5 4 8159.5557 12 3 8159.4950 7 21 8336.4715 13 9 8363.3025 )60
8 5 3 8182.1309 3 )1 8182.2307 12 21 8361.3680 14 1 8391.0840 2 0

8 6 3 8193.5567 3 6 8193.5522 18 2 8369.9227 3 4 8394.2201 23

8 6 2 8201.0481 46 8201.1367 11 )99 8380.4644 1 6 8410.8421 5 )5
8 7 2 8227.0127 19 )12 8227.0238 20 7 8399.7342 18 )4 8424.5094 57

8 7 1 8227.9279 10 8227.9622 20 32 8406.3013 22 8426.3323 18 1

8 8 1 8265.1776 5 8 8265.1940 )38 8438.3888 8 25 8457.1874 22

8 8 0 8265.2116 25 8265.2300 9 )17 8438.1256 20 8 8457.3147 35

9 0 9 8026.2895 11 )26 8026.4992 2 4 8201.6560 1 11 8231.3742 9 )7 7871.9524 7 12

9 1 9 8026.2895 11 )26 8026.4992 2 4 8201.6560 1 11 8231.3742 9 )7 7871.9524 7 12

9 1 8 8104.8742 10 )32 8105.0686 7 17 8280.6731 10 )16 8309.8348 13 )11 7963.4902 17 22

9 2 8 8104.8742 10 )32 8105.0686 7 17 8280.6731 10 )16 8309.8348 13 )11 7963.4902 17 22
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9 2 7 8173.7762 11 )18 8349.8120 )28 8378.4931 4 )3
9 3 7 8173.7789 )19 8378.4931 4 )1
9 3 6 8232.4591 13 )7 8232.4140 )99 8409.1580 3 19 8437.4375 32 12

9 4 6 8232.5982 12 10 8232.6345 12 )17 8437.4329 )21
9 4 5 8281.1196 )31 8458.4584 10 13 8486.5732 )11
9 5 5 8281.7378 10 )6 8281.6320 15 66 8458.8226 13 0 8486.5785 8 17

9 5 4 8322.1371 2 1 8496.0355 14 )26 8525.0354 31

9 6 4 8322.0870 35 0 8499.4539 3 8525.5331 31 )11
9 6 3 8520.4408 8 )9
9 7 3 8533.8661 6 8558.0344 )42
9 7 2 8542.6195 17 25 8575.1926 )6
9 8 2 8563.9141 11 8591.1531 6 )6
9 8 1 8573.4359 )12 8592.2668 )50
9 9 1 8609.1336 )18 8626.6472 )42
9 9 0 8609.0395 )58 8626.7087 )77
10 0 10 8121.4627 13 10 8121.6854 9 1 8296.7263 23 )4 8327.0370 3 )21 7966.8001 26 )113
10 1 10 8121.4627 13 10 8121.6854 9 1 8296.7263 23 )4 8327.0370 3 )21 7966.8001 26 )113
10 1 9 8209.2244 11 20 8209.4312 35 8384.9442 13 )80
10 2 9 8209.2244 11 20 8209.4312 35 8384.9442 13 )80
10 2 8 8287.1773 6 50

10 3 8 8287.1773 6 50

10 3 7 8354.8791 13 13 8355.0310 24 23

10 4 7 8355.0190 35 1

10 4 6 8413.1615 21 40

11 0 11 8225.8639 34 )2 8431.7490 20 25 8070.5634 18 8

11 1 11 8225.8639 34 )2 8431.7490 20 25 8070.5634 18 8

11 1 10 8322.5253 4 )12 8322.7523 1 0 8183.5466 12 2

11 2 10 8322.5253 4 )12 8322.7523 1 0 8183.5466 12 2

11 2 9 8409.5421 5 4

11 3 9 8409.5421 5 4

12 0 12 8339.0148 2 )20
12 1 12 8339.0148 2 )20
12 1 11 8445.0282 1 0

12 2 11 8445.0282 1 0

13 0 13 8461.1238 4 )11
13 1 13 8461.1238 4 )11
13 1 12 8576.2355 12 6

13 2 12 8576.2355 12 6

14 0 14 8592.1694 1 11

14 1 14 8592.1694 1 11
aD is the experimental uncertainty of the energy value, equal to one standard deviation in units of 10�4 cm�1; d is the difference Eexp � Ecalc, also in units of 10�4 cm�1; D is not quoted when the

energy value was obtained from only one transition (corresponding energies were used in the fit with the weight zero).
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Table 2

List of transitions belonging to the 2m1 þ 2m2 band of H2S

Upper Lower Line position

(cm�1)

Transmitance

(%)

Upper energy

(cm�1)

Mean value

(cm�1)

da (�104 cm�1)

J 0 K 0a K 0c J Ka Kc

1 2 3 4 5 6 7

2 1 2 1 0 1 7444.0361 95.1 7457.7824 7457.7819 )12
2 2 1 7402.6213 97.5 7457.7829

3 0 3 7386.3562 95.8 7457.7805

4 0 4 3 1 3 7459.6662 97.9 7531.1314 7531.1362 7

5 1 5 7364.7967 97.7 7531.1409

4 1 4 3 0 3 7459.7172 96.3 7531.1414 7531.1408 )6
5 0 5 7364.7967 97.7 7531.1402

4 2 3 3 1 2 7473.9844 91.5 7569.0407 7569.0424 )21
4 1 4 7454.8634 98.2 7569.0410

4 3 2 7395.0782 95.5 7569.0454

5 1 4 7358.8253 92.9 7569.0426

5 0/1 5 4 1 4 7467.1432 95.2 7581.3208 7581.3206 )2
6 1/0 6 7353.3753 97.9 7581.3204

6 0/1 6 5 1/0 5 7474.0969 95.3 7640.4407 7640.4402 6

7 1/0 7 7341.4705 98.0 7640.4403

6 1 5 5 2 4 7489.5094 98.1 7699.7742 7699.7736 )15
6 4 2 7324.3421 94.8 7699.7730

6 2 5 5 1 4 7489.5655 97.0 7699.7828 7699.7828 )5
6 3 4 6 2 5 7466.1199 98.0 7747.7222 7747.7239 30

7 2 5 7332.2482 97.1 7747.7256

7 0/1 7 6 1/0 6 7480.5448 96.0 7708.4898 7708.4890 14

8 1 8 7329.0806 98.6 7708.4881

7 1 6 6 2 5 7497.0060 96.9 7778.6083 7778.6072 )12
7 0 7 7479.6362 98.3 7778.6059

8 2 7 7326.1126 98.3 7778.6073

7 2 5 6 3 4 7512.0256 97.3 7837.1720 7837.1697 )15
8 3 6 7321.8704 98.6 7837.1677

8 1 8 7457.7596 97.4 7837.1671

8 0/1 8 7 1/0 7 7486.4850 96.8 7785.4547 7785.4547 0

8 1/2 7 7 2 6 7503.9919 97.1 7866.3448 7866.3428 10

7 1 6 7503.9919 97.1 7866.3435

8 0/1 8 7486.9349 70.9 7866.3424

9 1/2 8 7314.3266 98.6 7866.3406

8 3 6 7 2 5 7520.0932 97.9 7935.5706 7935.5695 )62
9 2 7 7311.1554 98.7 7935.5684

8 7 1 8 4 4 7510.8201 96.1 8119.3854 8119.3860 10

7 2 6 7757.0379 83.7 8119.3907

9 2 8 7567.3679 97.3 8119.3819
a The d ¼ Eexp : � Ecalc: is the difference between the experimental value of upper energy from column 6 and corresponding value calculated with

the parameters from Tables 4–6.
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initial values as discussed above. Column 2 of Tables 4

and 5 shows, for comparison, spectroscopic parameters

of the ground and (0 2 0) vibrational states which are
Table 3

Statistical information on the investigated bands of the H2S molecule

Band Center Number of

transitions

Number

of levels

Jmax : Kmax :
a

1 2 3 4 5 6

3m1 7576.3833 290 97 11 8

2m1 þ m3 7576.5466 350 115 14 8

m1 þ 2m3 7752.2638 390 103 10 9

3m3 7779.3208 270 103 11 9

2m1 þ 2m2 7419.9184 37 16 8 7

m1 þ 2m2 þ m3 7420.0930 210 76 11 6
reproduced from [3] and [8], respectively. One can see

satisfactory correlations of the parameters of the states

discussed in the present study among themselves, and

the corresponding parameters of the ground and (0 2 0)

vibrational states. The results achieved for

d ¼ Eexp : � Ecalc: are illustrated in columns 4, 7, 10, 13,

and 16 of Table 1.
6. Discussion

Both the local-mode behavior and the breakdown of

local-mode might be evidenced in the H2S molecule. On

the one hand, one can expect that, H2S, being the bright

example of the local mode molecules, should show good



Table 5

Spectroscopic parameters of the (2 2 0), (1 2 1), and (0 2 2) vibrational states of the H2S molecule (in cm�1)a

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

E 2353.964684 7419.9184(34) 7420.09300(95) 7502.37(93)

A 10.11408795 10.70542(130) 10.696157(993) 11.3067(287)

B 9.44627863 9.243413(857) 9.249218(919) 9.244(121)

C 4.60765546 4.480125(168) 4.4826268(843) 4.4484(896)

DK � 103 5.621785 5.4330(279) 5.2636(119) 5.621785

DJK � 103 )3.290169 )3.3916(200) )3.09704(739) )3.290169
DJ � 103 0.880997 0.89768(231) 0.85767(138) 0.880997

dK � 103 0.122199 0.122199 0.122199 0.122199

dJ � 103 0.40983 0.40983 0.40983 0.40983

HK � 106 4.55276 4.55276 4.55276 4.55276

HKJ � 106 0.49084 0.49084 0.49084 0.49084

HJK � 106 )2.317344 )2.317344 )2.317344 )2.317344
HJ � 106 0.506367 0.506367 0.506367 0.506367

hK � 106 3.440503 3.440503 3.440503 3.440503

hJK � 106 )0.843633 )0.843633 )0.843633 )0.843633
hJ � 106 0.2536025 0.2536025 0.2536025 0.2536025

LK � 109 )18.7187 )18.7187 )18.7187 )18.7187
LKKJ � 109 22.7863 22.7863 22.7863 22.7863

LKJ � 109 )10.3252 )10.3252 )10.3252 )10.3252
LKJJ � 109 2.38399 2.38399 2.38399 2.38399

LJ � 109 )0.314052 )0.314052 )0.314052 )0.314052
lK � 109 )9.38637 )9.38637 )9.38637 )9.38637
lKJ � 109 – – – –

lJK � 109 0.71741 0.71741 0.71741 0.71741

lJ � 109 )0.1590498 )0.1590498 )0.1590498 )0.1590498
PK � 1012 38.226 38.226 38.226 38.226

pK � 1012 17.7738 17.7738 17.7738 17.7738

aValues in parentheses are the 1r statistical confidence intervals. Values of parameters presented in columns 3–5 without confidence intervals were

constrained to the values of corresponding parameters of the ground vibrational state from column 2 and not fitted (see text, for details).
bReproduced from [8].

Table 4

Spectroscopic parameters of the (3 0 0), (2 0 1), (1 0 2), and (0 0 3) vibrational states of the H2S molecule (in cm�1)a

(0 0 0)b (3 0 0) (2 0 1) (1 0 2) (0 0 3)

E – 7576.38334(82) 7576.54659(74) 7752.26383(67) 7779.32077(62)

A 10.3601594 9.799309(349) 9.797557(343) 9.8548746(753) 9.7463284(689)

B 9.0181358 8.716744(359) 8.717961(340) 8.6672220(754) 8.754137(756)

C 4.7307832 4.5412713(709) 4.5411692(251) 4.5319629(643) 4.5651725(323)

DK � 103 3.70326 3.7130(128) 3.6623(136) 3.52894(238) 3.59583(323)

DJK � 103 )2.28026 )2.3833(114) )2.3239(117) )2.20774(239) )2.34502(323)
DJ � 103 0.652598 0.66219(163) 0.65651(140) 0.637457(720) 0.673472(614)

dK � 103 )0.132618 )0.19858(386) )0.15693(385) )0.124685(819) )0.16176(125)
dJ � 103 0.295517 0.293025(811) 0.295308(693) 0.289610(309) 0.306688(321)

HK � 106 1.3811 1.3811 1.3811 1.3811 1.3811

HKJ � 106 1.2592 1.2592 1.2592 1.2592 1.2592

HJK � 106 )1.5329 )1.5329 )1.5329 )1.5329 )1.5329
HJ � 106 0.27098 0.27098 0.27098 0.27098 0.27098

hK � 106 1.229 1.229 1.229 1.229 1.229

hJK � 106 )0.48509 )0.48509 )0.48509 )0.48509 )0.48509
hJ � 106 0.13541 0.13541 0.13541 0.13541 0.13541

LK � 109 )4.4878 )4.4878 )4.4878 )4.4878 )4.4878
LKKJ � 109 5.48 5.48 5.48 5.48 5.48

LKJ � 109 )3.319 )3.319 )3.319 )3.319 )3.319
LKJJ � 109 1.1843 1.1843 1.1843 1.1843 1.1843

LJ � 109 )0.1395 )0.1395 )0.1395 )0.1395 )0.1395
lK � 109 )1.757 )1.757 )1.757 )1.757 )1.757
lKJ � 109 )0.301 )0.301 )0.301 )0.301 )0.301
lJK � 109 0.4051 0.4051 0.4051 0.4051 0.4051

lJ � 109 )0.07044 )0.07044 )0.07044 )0.07044 )0.07044
PK � 1012 3.67 3.67 3.67 3.67 3.67

pK � 1012 4.01 4.01 4.01 4.01 4.01

aValues in parentheses are the 1r statistical confidence intervals. Values of parameters presented in columns 3–6 without confidence intervals were

constrained to the values of corresponding parameters of the ground vibrational state from column 2 and not fitted (see text, for details).
bReproduced from [3].
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Table 6

Parameters of resonance interactions between the states of the ðv ¼ 3Þ poliad of the H2S molecule (in cm�1)a ;b

Fermi type interaction

F 1�3
xy � 103 0.12388(991)

F 1�4
xy � 10 )0.4331(433) F 1�4

xyK � 103 0.1743(499) F 1�4
xyJ � 103 0.5555(417)

F 5�6
xy � 10 0.24733(953) F 5�6

xyK � 103 )0.2703(121)

Coriolis type interactions

C1�5
y � 102 )0.1889(158) C1�5

yK � 104 )1.654(117) C1�5
yJ � 104 0.839(118)

C1�5
yJJ � 106 0.2262(622) C1�5

xz )0.433523(414)
C2�5

xz � 104 0.5619(321)

C1�6
yK � 103 )0.7692(818) C1�6

yJ � 103 3.418(167)

C2�6
y � 10 )0.11408(132) C2�6

yJJ � 105 0.1409(117) C2�6
xz )0.30748(243)

C2�6
yxy � 105 0.3932(350)

C4�7
xz )0.1413599(712) C4�7

xzK � 105 )0.4472(830) C4�7
xzJ � 105 1.075(112)

aValues in parentheses are the 1r statistical confidence intervals.
bNotations of superscripts (v� v0) at resonance interaction parameters correspond notations in the right-hand side of Eq. (3).
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local mode behavior for the reasons that, the mass of the

central S atom is considerably larger than the masses of

H atoms; equilibrium value of the inter-bond angle is

very close to p=2; and vibrational interactions between

the stretching and bending modes are weak. On the

other hand, being a light molecule, with large values of

all spectroscopic parameters, rotationally dependent

resonance interaction existing not only inside ‘‘local
mode’’ pairs, but also between different pairs, an ap-

pearance of local perturbations which will destroy the

exact local mode behavior, can be also expected in this

molecule.

Comparison of the results of the present study with

earlier investigations of the high-resolution spectra of

H2S molecule definitely confirm the local mode behavior

of the ðv0þ; 0Þ=ðv0�; 0Þ pair of vibrational states. In
particular, as is seen from Table 7, The difference be-

tween the bands centers in the pair of states ðv0þ; 0Þ and
ðv0�; 0Þ is decreasing from 10.10282 cm�1 for v ¼ 1 to 0

for v ¼ 4. Analogously, the value of the Coriolis pa-

rameter iCy is decreasing from )0.10118 cm�1 for v ¼ 1
Table 7

Some spectroscopic parameters of the H2S molecule (in cm�1)

ðv0þ; 0Þ=ðv0�; 0Þ

Parameter v Value Ref.

iCy 1 )0.10118 [9]

2

3 )0.001889 [Present]

4 0.0 [12]

Cxz 1 )0.1546236 [9]

2

3 )0.433523 [Present]

4 0.4914878 [12]

dvib:a 1 10.10282 [9]

2

3 0.1633 [Present]

4 0.0 [12]
a The dvib: ¼ mðv0

� ;0Þ - mðv0
þ;0Þ.
to 0 for v ¼ 4. The values of the Cxz parameters are

considerably larger than the values of iCy for all the

pairs of states ðv0þ; 0Þ and ðv0�; 0Þ, which also indicates

the local mode tendency. Moreover, in accordance with

the general vibration–rotational theory, [25], the main

parts of the Cxz parameter for the states ðv00Þ and

ðv� 101Þ (in normal mode notations, which correspond

the ðv0þ; 0Þ and ðv0�; 0Þ states, in local mode notations)
can be estimated by the expression

Cxz ¼ const� v1=2: ð9Þ
If take into account Eq. (9), one can see that the abso-

lute values of the Cxz parameter in Table 7 (Cxy for the

ð40þ; 0Þ=ð40�; 0Þ pair, [12]) correlate with each other for
all mentioned pairs of states. However, one can find that

the signs of Cxz parameters for the pairs of states

ðv0þ; 0Þ=ðv0�; 0Þ (v ¼ 1, 2, 3), is different with that of the

states ð40þ; 0Þ=ð40�; 0Þ. Actually, as it follows the gen-

eral vibration–rotational theory, [25], ambiguities in

signs of some spectroscopic parameters, Coriolis pa-

rameters in particular, are caused by ambiguities in a

choice of the phase coefficients of so-called transfor-
mation coefficients lNak. It is known also that the si-

multaneous change of signs of all Coriolis type

parameters in the effective Hamiltonian Eqs. (3)–(7)

does not change the results of diagonalization of the

Hamiltonian matrix. From this point of view, results of

the fit for the states (3 0 1) and (2 0 2) ((3 0 1) and (4 0 0)

in our notations), see the second column of Table 2 in

[12], must be exactly the same, either in plus or minus
sign of the Cxy parameter.

It is also interesting to compare the results obtained

for the bands centers in the present study and in some

earlier investigations. Table 8 shows the results of such

comparison. Our results are presented in column 4.

Columns 5, 6, 7, and 8 give the values of corresponding

band centers derived from experimental data [10],

purely quantum mechanical calculations with the
MORBID program system [20], MORBID combined

with a so-called EKE (Exact Kinetic Energy) approach



Table 8

Bands centers of the ðv ¼ 3Þ poliad of the H2S molecule (in cm�1)

Band State Value

NMNa LMNa Our Ref. [10] Ref. [20] Ref. [21] Ref. [19]

1 2 3 4 5 6 7 8

3m1 (3 0 0) ð30þ; 0Þ 7576.3833 7576.381 7576.45 7576.42 7589.4

2m1 þ m3 (2 0 1) ð30�; 0Þ 7576.5466 7576.545 7576.42 7576.48 7589.4

m1 þ 2m3 (1 0 2) ð21þ; 0Þ 7752.2638 7752.264 7752.40 7752.65 7768.4

3m3 (0 0 3) ð21�; 0Þ 7779.3208 7779.319 7779.60 7779.80 7789.4

2m1 þ 2m2 (2 2 0) ð20þ; 2Þ 7419.9184 — 7420.03 — 7451.5

m1 þ 2m2 þ m3 (1 2 1) ð20�; 2Þ 7420.0930 7420.092 7419.92 7419.64 7452.1

2m2 þ 2m3 (0 2 2) ð11; 2Þ 7502.37 — 7517.74 7515.90b 7546.9
aAbbreviation NMN is ‘‘normal mode notation’’, LMN is ‘‘local mode notation.’’
b P. Jensen and O. Polyansky, private communication.
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[21], and ab initio three-dimensional potential energy

surface, respectively. One can see good correlations

between the data of columns 4–6 with the exception of
the center of the last band, 2m2 þ 2m3. In this case, this

band was not discussed in [10]; ab initio result gives

considerably larger value compared with other two

ones. The difference between the MORBID result,

[20,21], and our estimation is about 13–15 cm�1, while
it is difficult to tell exactly which results is better. On

the one hand, the MORBID calculations, [20,21], were

based on the limited number of experimental data. In
this case, as the analogous MORBID calculations for

the H2Se molecule has shown, [26], the increasing of the

number of input data (especially, for excited bending

states) can produce perceptible changes of the final

potential surface, and, as the consequence, of the pre-

dicted band centers. On the other hand, we clearly

understand that the state (0 2 2) was a ‘‘dark’’ state in

our analysis. So, it is more suitable to consider its pa-
rameters derived from the fit (the last column of Table

5), as ‘‘fitted’’ parameters only, without attaching their

values with large physical importance.

If one will fit rovibrational energy values with J 6 5 of

the lowest stretching local mode states (30þ; 0) and

(30�; 0) separately without taking into account any in-

teractions with other vibrational states in this poliad, a

small rms value of 0.0009 cm�1 can be derived. In this
case, as a full coincidence with the local mode theory,

the values of all rotational parameters and centrifugal

distortion coefficients are close to each other for the

vibrational states, (30þ; 0) and (30�; 0). However,

beginning with J ¼ 6, the rotational structures of the

(30þ; 0) and (30�; 0) states begin to be locally perturbed

by the (0 2 2) ((11þ; 2) in local mode notations) vibra-

tional state. Then, resonance interactions among the
pairs (30�; 0), (20�; 2), and (21�; 0), begin to play an

important role for the states with J P 8� 9. As the re-

sult, numerous of different resonance interactions

should be taken into account, which destroy the local

mode picture of the rotational structure of the (30þ; 0)
and (30�; 0) states. As the consequence, spectroscopic

parameters of the same name come to be more different
from each other in the final fit when energy levels with

J P 8� 9 are used in the fitting.
7. Conclusion

High-resolution Fourier transform spectrum of the

H2S molecule was studied in the region of 7300–

7900 cm�1. More than 1550 observed transitions yielded

97, 115, 103, 103, 76, and 16 upper state rovibrational

energies of the states (3 0 0), (2 0 1), (1 0 2), (0 0 3), (1 2 1),

and (2 2 0), respectively. These energies were fitted using
a Watson-type Hamiltonian, A-reduction, Ir represen-

tation, taking into account resonance interactions. The

derived 54 diagonal and 21 resonance interaction pa-

rameters reproduce the rovibrational energy levels with

rms deviation of 0.0022 cm�1.
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