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Analysis of the high-resolution Fourier transform spectra of the D2O first decade was carried out in the framework of the
Hamiltonian model which took into account resonance interactions between the seven states, (300), (201), (102), (003), (22
(121), and (022). Assigned from the experimentally recorded spectrum transitions belonged to the four bands, 2n1 1 n3, 3n3,
n1 1 2n2 1 n3, and 3n1, gave the possibility both of obtaining rotational, centrifugal distortion, and resonance interaction
parameters of “appeared” states, (201), (003), (121), and (300), and of estimating from the fit band centers, rotational, a
resonance interaction parameters of the three “dark” states, (220), (022), and (102).© 2000 Academic Press
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1. INTRODUCTION

In recent contributions (1–2) we discussed results of t
tudy of high-resolution Fourier transform spectra of the2O

molecule in the regions of location of the (v1 1 1
2 v2 1 v3 5 3

2)
nd (v1 1 1

2 v2 1 v3 5 2) poliads (the short review of the earl
studies of the D2O spectra can be found in (1)). The presen
study, being the continuation of those analyses, is devot
the investigation of high-resolution spectrum of the next (v1 1
1
2 v2 1 v3 5 3) poliad of the D2O molecule which is most
located in the region 7500–8300 cm21.

Earlier, spectra of the D2O molecule in this region we
mentioned only in two papers, Refs. (3–4), by the stronges
2n1 1 n3 band. In our case, spectra belonging to the 2n1 1 n3,
3n3, n1 1 2n2 1 n3, and 3n1 vibration–rotation bands we
recorded and analyzed. Experimental details and the Ham
nian model further used in the analysis of the recorded s
trum are described in Sections 2 and 3, respectively. Sec
4 and 5 present results of assignments of spectral line
analysis of results, respectively.

2. EXPERIMENTAL DETAILS

The sample of D2O was purchased from PeKing Chem
Industry, Ltd. (China). The stated abundance of deuterium
99.8%. The spectra were recorded at room temperature w
Bruker IFS 120HR Fourier transform spectrometer (He
which was equipped with a multipass gas cell with adjust
path length, a tungsten source, a CaF2 beamsplitter, and a G

iode detector. The unapodized resolution was 0.01 cm21, and
he apodization function was the boxcar.

Since the H2O and the HDO molecules also absorb in
region 7500–8500 cm21, where the studied bands of the D2O
216
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are located, the same method, as in our recent contribu
(1–2), was used. Namely, we measured two spectra with
erent ratios of D2O to HDO and H2O in the sample. The fir
spectrum was recorded at a total pressure of 1500 Pa wi
percentage of D2O being approximately 75% and the p
length being 69 m. The corresponding conditions for the
ond spectrum were 1090 Pa, 25%, and 15 m, respectively
signal-to-noise ratio was estimated as about 400 for the
spectrum and 360 for the second spectrum. The line pos
were calibrated with those of the H2O from the HITRAN96
data base. For illustration, some fragments of the reco
spectra are presented in Figs. 1–4.

3. HAMILTONIAN MODEL

The (v1 1 1
2 v2 1 v3 5 3) poliad consists of 10 interacti

vibrational states (300), (201), (102), (003), (220), (121), (0
(140), (041), and (060). However, we found that to describ
rovibrational energies determined in the current study from
perimental data it is not necessary to take into account influen
the states (140), (041), and (060). At the same time, the
(300), (201), (102), and (003) strongly interact with each othe
are perturbed by the (220), (121), and (022) states. Really, a
mentioned in the introduction, we were able to assigned
belonging to the four vibration–rotation bands, 2n1 1 n3, 3n3, 3n1,
andn1 1 2n2 1 n3. This means that the three last states o
poliad, (140), (041), and (060), practically do not exert influe
on the values discussed in the current contribution vibra
rotation energies of the (300), (201), (102), and (003) state
can perturb only the energies of the (121) state. Howeve
further analysis showed, the last effect can be neglected i
study also (at least, we preferred to sacrifice by taking into ac
possibly two- to three additional vibration–rotation states o
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(121) state, which can be perturbed by the (140) or (041) s
for reduction of the number of vibrational states used in
model). To resume, the Hamiltonian which was used in
present analysis took into account seven interacting vibra
states and had the form1

H eff 5 O
i , j

ui &^j uH ij , [1]

wherei , j 5 1–7, and thefollowing notations are used:u1& 5

1 One should expect that an appearance of experimental rovibrationa-
ies with higher values of the quantum numbersJ andKa than in our presen

study will sooner or later lead to the necessity of taking into accoun
resonance interactions with the states (140), (041), and (060) also.

TAB
Statistical Information on Bands

a n1, n2, andn3 in columns 8, 9, and 10 are the num
by the excited state parameters within the accuracies:n1 0
0.005 # udu cm21, respectively.

FIG. 1. A small part of the D2O spectra showing line assignments in
(about 75% of D2O, 15% of HDO, and 10% of H2O), with the absorption p
in the sample. One line, marked by *, belongs to the 3n1 band.
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(300),u2& 5 (102),u3& 5 (220),u4& 5 (022),u5& 5 (201),u6& 5
(003), andu7& 5 (121). “Diagonal” operatorsHii (i 5 1, 2, 3,
4, 5, 6, 7) are the usual Watson’s operators (5):

H ii 5 Ei 1 @Ai 2 1
2 ~Bi 1 Ci!#Jz

2 1 1
2 ~Bi 1 Ci!J2

1 1
2 ~Bi 2 Ci!Jxy

2 2 D K
i Jz

4 2 D JK
i Jz

2J2

2 D J
i J4 2 d K

i @ Jz
2, Jxy

2 # 2 2d J
i J2Jxy

2

1 H K
i Jz

6 1 H KJ
i Jz

4J2 1 H JK
i Jz

2J4 1 H J
i J6

1 @ Jxy
2 , hK

i Jz
4 1 hJK

i J2Jz
2 1 hJ

i J4# 1 L K
i Jz

8

1 L KJK
i Jz

6J2 1 L KJ
i Jz

4J4 1 L JJK
I Jz

6J2 1 L J
i J8

1 @ Jxy
2 , l K

i Jz
6 1 l J

i J6# 1 PK
i Jz

10.

[2]

er

e

1
the D2O Molecule (First Decade)

s of energies of upper vibrational states which are reproduced
du # 0.002 cm21; n2 0.002# udu # 0.005 cm21, andn3

strongest 2n1 1 n3 band. The spectrum was measured at the pressure of 15
length of 69 m. Lines marked with H are originated from the HDO abs
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218 ULENIKOV ET AL.
The Hij 5 Hji 1 (i Þ j ) are operators of different kinds
resonance interactions. In this case, the operatorsHij , which
describe interactions between the states of the same sy
tries, have the form:

H ij 5 H ji 1 5 F 0
ij 1 F K

ij Jz
2 1 · · ·

1 F xy
ij J xy

2 1 F xyK
ij @ Jxy

2 , Jz
2#1

1 F xyJ
ij J xy

2 J2 1 F xyKK
ij @ Jxy

2 , Jz
4#1 · · ·.

[3]

FIG. 2. A small part of the region of location of the weak 3n1 band. Som
onditions are the same as in Fig. 1. One of six lines assigned to the 2n2 1 2

FIG. 3. Part of the spectrum showing line assignments for the blend
re the same as in Fig. 1.
Copyright © 2000 by
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In turn, the operators which describe interactions betwee
states of different symmetries (A1 andB1) have the form:

H ij 5 H ji 1 5 Cy
ij iJy 1 CyK

ij @iJy, Jz
2#1CyJ

ij iJyJ
2

1 CyKK
ij @iJy, Jz

4#1 · · ·1 Cxz
ij @ Jx, Jz#1

1 CxzK
ij @@ Jx, Jz#1, Jz

2#1 1 CxzJ
ij @ Jx, Jz#1J2· · ·

1 CxzKK
ij @@ Jx, Jz#1, Jz

4#1

strongP-branch lines of the 2n1 1 n3 band can be seen also. The experime
band (it is marked by *) can be seen also.

region of then1 1 2n2 1 n3, 2n1 1 n3, and 3n1 bands. The experimental conditio
e
n3
ed
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1 CxzJK
ij @@ Jx, Jz#1, Jz

2#1J2 1 · · ·

1 Cyxy
ij @ Jy, Jxy#1 1 CyxyK

ij @@ Jy, Jxy#1, Jz
2#1· · ·. [4]

In Eqs. [2]–[4] the following notations are used:Jxy
2 5 Jx

2 2 Jy
2

and J2 5 Sa Ja
2.

As for the first hexad (2), the analysis studied in the pres
bands shows that their rovibrational energies cannot be r
duced with satisfactory accuracy if we do not take into acc
extra resonance interaction of the (v1v2v3) 2 (v1 7 2v2 6
2v3 6 1) type which is different from the usual Fermi, Darlin
Dannison, and Coriolis interactions (its nature was discuss
detail in Ref. (2)). In the present study interactions between
pairs of the states (201) and (022), (300) and (121), re
tively, are described. One more interaction [in our case, it i
weak Fermi-type interaction between the states (300)
(022)] should be mentioned also. It originated from the

TAB
List of Transitions Belonging

FIG. 4. Part of the spectrum in the region where then3
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^k133q1q3
2&^k1122q1

2q2
2&F 1

2v3 2 v1
1

1

2~v1 2 v2!
G [5]

-type terms in the effective vibration–rotation operator (se2)
for more details) and, in accordance with the general princ
of the vibration–rotation theory (6), should be the value on t
order of 5–20 cm21. If taking into account that the differen
between theE300 and E022 vibrational energies is about 1
cm21 only (see Table 4 below), it is clear that the resona
interaction between the states (300) and (022) can occur

4. ASSIGNMENTS OF TRANSITIONS

As was mentioned in the introduction, earlier transition
the poliad studied in the present poliad were assigned t
2n1 1 n3 band only (3–4). In our case, thanks to the hi
ensitivity of the spectrometer and the possibility of using

2
the 2n2 1 2n3 Band of D2O

nd is located. For the experimental conditions, see Fig. 1.
LE
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220 ULENIKOV ET AL.
TABLE 3
Experimental Rovibrational Term Values for the (300), (201), (003), and (121) Vibrational States

of the D2O Molecule (in cm21)a

a In Table 3,D is the experimental uncertainty of the energy value, equal to one standard deviation in units23

m21; d is the differenceEexp 2 Ecalc, also in units of 1023 cm21; D is not quoted when the energy value was obta
rom only one transition.
Copyright © 2000 by Academic Press
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222 ULENIKOV ET AL.
path lengths, we were able to assign transitions belongi
four bands: the abovementioned 2n1 1 n3 band, two othe
perpendicular-type bands, 3n3 and n1 1 2n2 1 n3, and one
parallel-type band, 3n1 (one can find some statistical inform-
tion concerning studied bands in Table 1). Moreover, s
transitions of the 2n2 1 2n3 band, caused by the strong int-
action with the 2n1 1 n3 band, were assigned also.

It is interesting to estimate the relative bandstrengths, w
may help in a future more detailed study of the consid
bands. To make such estimations, we compared for the
3n1, 2n1 1 n3, 3n3, andn1 1 2n2 1 n3 the “pilot” transitions in
theR andP branches, (J 1 1)K9J114 J0J and (J 2 1)K9J214
J0J with J 5 4–8 andK9 5 0 or 1. The result wasI 3n1/I 2n11n3/
I 3n3/I n112n21n3 5 1/10–18/ 2–3/4–7.

Transitions were assigned on the basis of the known gr
state combination differences method and the data from
(7) were taken as the ground state rotational energies. In
case, we were able to assign 384 transitions withJmax 5 14 and
Ka

max 5 7 to the 2n1 1 n3 band (Jmax 5 10, Ka
max 5 6 and

Jmax 5 12, Ka
max 5 5 in Refs. (3) and (4), respectively). A sma

fragment of the spectrum of the 2n1 1 n3 band is illustrated i
Fig. 1. One can see strong lines of the 2n1 1 n3 band and, fo
comparison, one of the weak lines of the 3n1 band, 7855.198
cm21, which is located in this part of the spectrum.

Lines of the other three bands, 3n3, n1 1 2n2 1 n3, and 3n1,
are weaker than the corresponding lines of the 2n1 1 n3 band

TABLE 3
Copyright © 2000 by
to

e

h
d
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However, linestrengths belonging to these three bands
increase because of resonance interactions with the 2n1 1 n3

band. For illustration, small fragments of the spectra in
regions of location of the 3n1, n1 1 2n2 1 n3, and 3n3 bands ar
shown in Figs. 2–4, respectively. We succeeded in assig
278, 196, and 202 transitions to the 3n3, n1 1 2n2 1 n3, and 3n1

bands, respectively (other statistical information can be fo
in Table 1). Additionally, six transitions of the 2n2 1 2n3 band
(see Table 2), caused by the strong interaction with the 2n1 1
n3 band, were assigned also.2

5. DETERMINATION OF THE HAMILTONIAN
PARAMETERS

Line positions obtained at the previous step of analysis
used then for determination of the upper energy levels o
vibrational states (300), (201), (003), and (121). We d
mined 57, 127, 111, and 62 energies, respectively, whic
presented in columns 2, 5, 8, and 11 of Table 3 together
their experimental uncertaintiesD, which are shown in co
umns 3, 6, 9, and 12, respectively. Obtained energies then
used as the input data in the fit procedure with the Hamilto

2 We were able to assign undoubtedly only six transitions belonging t
n2 1 2n3 band and caused by the strong resonance interaction betwe
tates (022) and (201), mentioned in Section 3. They are listed in Ta
ogether with the corresponding obtained values of upper energies.

ontinued
—C
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discussed in Section 3. In this case, because information
rotational energy structures of the three vibrational st
(220), (022), and (102), of the Hamiltonian [1]–[4] is abs
the problem of the choice of starting values of paramete
very important not only for the “appeared” (201), (003), (12
and (300) states, but for the “dark” ones (220), (022), and (
as well. In our case, the initial values of the pure vibratio
energiesEi , of the Darling–Dennison and Fermi-resona
parametersF 0

ij , and of the Coriolis-interaction parametersCy
ij

were estimated from the preliminary “global vibrational–ro
tional fit” of 23 bands belonged to thev 5 0, 1

2, 1, 2,3
2, 2, 3, 4

and 5 poliads. Initial values of all centrifugal distortion co
ficients of the (300), (201), (102), and (003) states, on the
hand, and of the (220), (121), and (022) states, on the
hand, were fixed to the values of the corresponding param
of the ground vibrational state and of the (020) state, res
tively, from Ref. (7). The initial values of all resonance int
action parameters, except for the abovementionedF 0

ij andCy
ij

parameters, were equal to zero.
Results of the fit are presented in Tables 4 and 5 and i

three columns of Table 1. As one can see from Table 4
varied rotational and centrifugal distortion parameters
physically suitable values which correlate both with each o
and with rotational and centrifugal distortion parameters o
ground vibrational state from Ref. (7). All the values of the

TAB
Spectroscopic Parameters of the (300), (201), (00

of the D2O Mo

a Values in parentheses are the 1s statistical confidence intervals. Para
text for details).
Copyright © 2000 by
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resonance interaction parameters in Table 5 also have re
able order of magnitude. However, we should pay attentio
the absence of theF 0

201–121 parameter in Table 5, in spite of t
fact that, in accordance with the general vibration–rota
theory (6), it should be far from zero. In fact, this parame
was varied, and its value was determined to be equal to ze
a result of the fit. The obtained “discrepancy” between
general theory and the result of the fit can be understood i
will remember that in our Hamiltonian model we omitted th
vibrational state of the poliad, (140), (041), and (060)
principle, the first two of them interact with the (121) vib
tional state, and the absence of corresponding interactio
the Hamiltonian model leads to some distortions in kept
rameters.

It should be mentioned that the presence of strong reso
interactions between all seven vibrational states consider
this study gave the possibility not only to determined r
tional, centrifugal distortion, and resonance interaction pa
eters of the appeared four bands, 2n1 1 n3, 3n3, n1 1 2n2 1 n3,
and 3n1, but also to estimate band centers, rotational,
resonance interaction parameters of the three dark states,
(022), and (102), from the fit. In this case, one can see tha
confidence intervals for the fitted parameters of the s
(220), (022), and (102) are small. From this point, those
rameters can be called suitable of the concrete Hamilto

4
(121), (102), (220), and (022) Vibrational States
ule (in cm21)a

ters presented without confidence intervals were fixed to their initial valu
LE
3),
lec

me
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224 ULENIKOV ET AL.
model. However, one should remember that (022), (220)
(102) are the dark states which, in our case, have no
experimentally determined rovibrational energies. In princ

TAB
Parameters of Resonance Interactions Be

Poliad of the D2O

a See footnote (a) to Table 4.
Copyright © 2000 by
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if one will change a Hamiltonian model [e.g., add into con
eration resonance interactions with the states (140), (
and/or (060)], the dark character (e.g., the absence of e

5
en the States of the vv1 1 vv2/2 1 vv3 5 3

olecule (in cm21)a
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mental energy levels) of the states (022), (220), and (102)
lead to some changes of values of the fitted paramete
comparison with the values presented in Table 4. Analys
analogous situations which were modeled with the appe
bands showed that the fitted parameters of such dark state
be changed to the values (5–10)3 s, wheres are the confi
dence intervals of corresponding dark-state parameters.
this point, the statistical confidence intervals of the abovem
tioned parameters of the states (022), (220), and (102) fro
second part of Table 4 should be considered only as the
approximation. The reals values should be taken (5–10) tim
larger.

The valuesd 5 Eexp 2 Ecalc in columns 4, 7, 10, and 13
Table 3 illustrate the reproductive power of obtained para
ters. They are presented in units of 1023 cm21 (valuesEcalc are
the values of rovibrational energies calculated with the pa
eters of Tables 4 and 5), and one can see satisfactory agre
between experimental and calculated values. This fact c
considered as an additional confirmation of the physical
rectness of the obtained parameters (in total, 71 free para
which were determined from the fit of 359 initial experime
energies). The last three columns of Table 1 present stat
information which illustrates reproductive power of the de
mined parameters. Column 3 of that table presents, for
parison, results of theoretical predictions of the band cente
the basis of the MORBID method from Ref. (8). One can se
satisfactory correspondence between both sets of band ce

6. CONCLUSION

Analysis of the high-resolution Fourier transform spectr
the D2O first decade was carried out in the framework of

amiltonian model which took into account resonance in
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actions between the seven states, (300), (201), (102), (
(220), (121), and (022). Assigned from the experimen
recorded spectrum transitions belonged to the four ba
2n1 1 n3, 3n3, n1 1 2n2 1 n3, and 3n1, gave the possibility bot
of obtaining rotational, centrifugal distortion, and resona
interaction parameters of appeared states (201), (003),
and (300), and of estimating band centers, rotational,
resonance interaction parameters of the three dark states,
(022), and (102), from the fit.
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