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The high-resolution Fourier transform spectrum of the D2O molecule was recorded in the 3200–4200 cm21 region, where
the bands of the second triad of interacting vibrational states are located. As a result of the theoretical analysis, both t
rotational–vibrational structure of the (011) vibrational state was improved, and the rotational energies of the (110) and (03
vibrational states were determined for the first time up to rotational quantum numbersJmax. 5 15 and 14, respectively.© 2000
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The analysis of the vibration–rotation spectra of the de
ated species of water is of great interest for many prob
both of pure academic and of applied interest. Such prob
for example, are the investigation of the dynamics of molec
vibrations and rotations, the determination of the intramo
ular potential function, atmospheric studies of planets,
study of the role of deuterium in interstellar molecules a
indicator of chemical reactions, the investigation of indus
pollution and of laser techniques, and so on.

The dideuterated water molecule has been the subje
several spectroscopic studies both in the microwave and
infrared regions [see, e.g., Refs. (1–16)]. As to the second tria
of interacting vibrational states (011)–(110)–(030), they w
considered earlier in two papers only: in Ref. (1) the vibra-
tional bandn2 1 n3 was studied with a grating spectromete

resolution of 0.25–0.30 cm21; in Ref. (13) the samen2 1 n3

band was analyzed with a selective modulation Girard s
trometer achieving a better resolution (0.07 cm21). In the las
case, few lines of the weakn1 1 n2 band were also assigne

In the present paper about 2300 transitions belonging t
2O absorption were measured with a high-resolution Fo

transform spectrometer in the 3200–4200 cm21 region.

2. EXPERIMENTAL DETAILS

The sample of D2
16O was purchased from PeKing Chem

Industry, Ltd. (China). The stated purity of deuterium w
99.8%.

Since HDO and H2O have strong absorption in the 320
200 cm21 region in which we were interested, D2O sample

1 To whom correspondence should be addressed. E-mail: uleni
hys.tsu.ru.
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mixed with H2O at different ratios (see Table 1) were u
to facilitate the identification of D2O lines. The spectra we
recorded with the Bruker IFS 120HR Fourier transfo
interferometer at Hefei, which was equipped with a mu
pass gas cell with adjustable path length. A tungsten so
a CaF2 beamsplitter, an optical band pass filter whose
off frequencies were 3200 and 4300 cm21, and a liquid-N2-
cooled InSb detector were used. The unapodized reso
was 0.008 cm21, which is comparable with the Doppl
width (about 0.01 cm21) in this region. Because the abso
tion intensities of then2 1 n3, n1 1 n2, and 3n2 bands of th
D2O were quite different, various sample pressures and
lengths have been employed, as detailed in Table 1.
pressures were measured by a pressure gauge with an
racy better than 1 Pa. All spectra were recorded at r
temperature. The signal-to-noise ratios (SNR) varied f
1800 to 3300 (see Table 1), and about 2300 lines with g
SNR were supposed to belong to D2O. The frequencies we
calibrated with those of the HDO lines in that region
ported by Toth and Brault (17). The wavenumber precisio
of not too strong, unblended lines was 2–53 1024 cm21. For
llustration, two small pieces of the recorded spectra
resented in Figs. 1 and 2.

3. HAMILTONIAN MODEL

Since all three vibrational states (011), (110), and (030
the D2O molecule are strongly interacting, we used in
analysis the following Hamiltonian model,

H eff. 5 O
n,n9

un&^n9uHnn9, [1]@
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TABLE 1

(about
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where the diagonal operatorsH nn (n 5 1, 2, 3) are the usu
atson’s operators (18):

Hnn 5 En 1 @A n 2 1
2~B

n 1 C n!#Jz
2 1 1

2~B
n 1 C n!J2

1 1
2~B

n 2 C n!Jxy
2 2 D K

n Jz
4 2 D JK

n Jz
2J2 2 D J

nJ4

2 d K
n @ Jz

2, Jxy
2 # 2 2d J

nJ2Jxy
2 1 H K

n Jz
6

1 H KJ
n Jz

4J2 1 H JK
n Jz

2J4 1 H J
nJ6

Experimental Details fo

FIG. 1. A portion of the D2
16O spectrum in the region of then2 1 n3 andn

80% of D2O), with an absorption path length of 15 m; the second one w
n3 andn1 1 n2 bands, respectively; lines marked with D and H are abso
Copyright © 2000 by
1 @ Jxy
2 , hK

n Jz
4 1 hJK

n J2Jz
4 1 hJ

nJ4# 1 L K
n Jz

8

1 L KKJ
n Jz

6J2 1 L KJ
n Jz

4J4 1 L JJK
n Jz

2J6 1 L J
nJ6

1 @ Jxy
2 , l K

n Jz
6 1 l KJ

n Jz
4J2 1 l JK

n Jz
2J4 1 l J

nJ6#

1 PK
n Jz

10 1 QK
n Jz

12. [2]

Since the (110) and (030) states are ofA1 symmetry and th

e Three Bands of D2O

n2 bands. The first spectrum was measured at a total pressure of 33 Pa
the conditions of 860 Pa (about 98% of D2O) and 87 m. A and B denote then2 1
ion of HDO and H2O in the sample, respectively.
r th
1 1
ith
rpt
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(011) state is ofB1 symmetry, resonance interaction opera
H nn9 (n Þ n9) were taken in the following form,

H23 5 H 32
1 5 F 0

23 1 F J
23J2 1 · · ·1 F xy

23Jxy
2

1 F xyK
23 @ Jxy

2 , Jz
2#1 1 F xyJ

23 Jxy
2 J2 1 F xyKK

23 @ Jxy
2 , Jz

4#1 [3]

1 F xyKJ
23 @ Jxy

2 , Jz
2#1J2 1 · · ·

for the Fermi-type interaction between the states (110)
(030), and

Hn1 5 H 1n
1 5 CyK

n1@iJy, Jz
2#1· · ·1 Cxz

n1@ Jx, Jz#1

1 CxzK
n1 @@ Jx, Jz#1, Jz

2#1 1 CxzJ
n1 @ Jx, Jz#1J2· · · [4]

1 Cyxy
n1 @ Jy, Jxy#1· · ·

(n 5 2, or 3) for the Coriolis-type interactions between
states (110) or (030), on the one hand, and the (011) sta
the other hand.

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

2 2

y
2 and J2 5 ¥a Ja

2; u1& 5 (011), u2& 5 (110), andu3& 5
(030).

4. ASSIGNMENT OF TRANSITIONS AND ANALYSIS

Assignments of transitions in the recorded spectra have
made on the basis of the ground state combination differe
(GSCD) method. In this case, the ground state energies
calculated on the basis of parameters from Ref. (6) (for con-
venience of the reader, they are reproduced in column
Table 2). Thanks to the high sensitivity of the spectromete
the possibility of using a long pathlength, we were abl
assign transitions not only of the strongn2 1 n3 and weake
n1 1 n2 bands (see examples of the recorded spectra on F
but also of the very weak 3n2 band (see Fig. 2) as well. As
result of the analysis, about 2000 lines in the spectra

FIG. 2. A small fraction of the weak 3n2 band of the D2
16O. The spectr

an absorption path length of 105 m. Lines marked with D and H are HD
o H2CO.
Copyright © 2000 by
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assigned, and values of upper state energies, which ar
sented in columns 2, 5, and 8 of Table 3, were determ
These latter values were determined as the mean of s
individual energies obtained fromP, Q, and R transitions
reaching the same upper state. In this case, only “full qua
transitions were used in the determination of the mean va
namely: (1) unblended, uncovered, and not too strong

shown was measured at a total pressure of 1650 Pa (about 98% of D2O), with
and H2O absorptions in the sample, respectively. Two lines marked with F b

TABLE 2
Spectroscopic Parameters of the (011), (110), and (030)

Vibrational States of the D2O Molecule (in cm21)a

a Values in parentheses are the 1s statistical confidence intervals.
b Reproduced from Table IV, Ref. (6).
um
O
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TABLE 3

i the weight

37THE SECOND VIBRATIONAL TRIAD OF D2O
Experimental Rovibrational Term Values for the (011), (110), and (030) Vibrational States of the D2O Molecule (in cm21)a

a In Table 3D is the experimental uncertainty of the energy value, equal to one standard deviation in units of 1024 cm21; d is the differenceEexp 2 Ecalc, also
n units of 1024 cm21; D is not quoted when the energy value was obtained from only one transition (corresponding energies were used in the fit with
1/100).
Copyright © 2000 by Academic Press



s
s

n th
nd
int
du

s
rs
as

eter-
same
oubt
parts
only
per-

ilto-
ies
te fit

TABLE 3—Continued

38 HE ET AL.
unsaturated) lines; (2) since the precision of the position
very weak lines is considerably worse than that of the line
medium strength, the former were not taken into account i
determination of mean values appearing in columns 2, 5, a
TheD value in columns 3, 6, and 9 of Table 3 is the uncerta
of the mean value determined from several such indivi
energies in units of 1024 cm21.

The obtained upper state energies then were used a
initial data in the procedure of determining the paramete
the Hamiltonian [1]–[4]. It should be mentioned that the
Copyright © 2000 by
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signment of the spectral lines and the procedure of the d
mination of spectroscopic parameters were made at the
time. For this reason we were able to assign without a d
even such lines in the spectrum which have no counter
useful for the GSCD method. Such energies (determined
from one single line) are presented in Table 3 without ex
imental uncertainty.

To determine the spectroscopic parameters of the Ham
nian [1]–[4], the fit of all experimentally obtained energ
from Table 3 was made. In this case, in the upper sta
Academic Press



rgi

fro
sin
abl
ain
of
d
tab
ing

nan
ow
ara
na
es
an
be

au
ac
co
3

alu
ter

1)
v d

t ed, as
a ter-
m ters
f This
m aning-
f

ctra
the
nter-
us to

bra-
ere

030)

n, the
he Na-
anks
ship,
uring

.

N.

. C.

thy

ko,

sser,

TABLE 4

39THE SECOND VIBRATIONAL TRIAD OF D2O
(determination of the parameters of the Hamiltonian) ene
were used with the weights equal to (10/D)2 (D in units of 1024

cm21). This means that levels withD 5 10 3 1024 cm21 were
unit-weighted. When the upper energy was obtained only
one single transition, it was given the weight of 1/100 (u
the weight of 1/100 for such energies looks like a suit
procedure because the results of a fit, on the one hand, f
depend on them and, on the other hand, indicate quality
prediction power of a fit). The results of the fit are presente
columns 3–5 of Table 2. The values in parentheses in this
are the 1s statistical confidence intervals for correspond
spectroscopic parameters in the last digits.

It should be mentioned that the presence of strong reso
interactions between all three bands of the second triad all
us to determine stable values of resonance interaction p
eters which are presented in Table 4. Such strong reso
interactions already appear in the spectrum for small valu
the quantum numberJ. As an illustration, one can see
irregular rotational structure of the (110) vibrational state
ginning already at aJ value ofJ 5 6.

We believe that the obtained parameters are correct bec
(1) They reproduce the experimental energies with accur
close to the experimental uncertainties. This statement is
firmed by thed values in columns 4, 7, and 10 of Table
which are the differences between experimental energy v
in units of 1024 cm21 and those calculated with the parame
of Tables 3 and 4. Slightly larger than usual values of thed for
some of the [JJ0] and [JJ1] rotational states of the (01
ibrational state (see column 4 of Table 3) can be explaine

Parameters of Resonance Interactions for the Second
Triad (in cm21)a

a See footnote to Table 2.
Copyright © 2000 by
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he fact that the corresponding energy values were obtain
rule, from blended lines, of the positions which are de
ined with a low accuracy. (2) The values of the parame

rom columns 2–5 of Table 2 correlate with each other.
eans that the determined parameters are physically me

ul.

5. CONCLUSION

The analysis of the high-resolution Fourier transform spe
of the D2O molecule carried out in the framework of
Hamiltonian model which takes into account resonance i
actions between the states (011), (110), and (030) allowed
improve considerably the knowledge of the rotational vi
tional structure of the (011) state. For the first time we w
able to determine rotational energies of the (110) and (
vibrational states with values of quantum numberJ up to 15
and 14, respectively.
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