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The high-resolution Fourier transform spectra of the D2O molecule have been recorded and assigned in the 4200–5700 cm21

region where the vibration–rotation bands 2n1, 2n3, n1 1 n3, n1 1 2n2, 2n2 1 n3, and 4n2 are located. The presence of numerous
and very strong accidental perturbations between the states of the hexad makes it necessary to take into account not o
ordinary resonance interactions of the Fermi, Darling-Dennison, and/or Coriolis types, but interactions between the stat
(v1v2v3) and (v1 7 2v2 6 2v3 6 1) as well. Parameters of all six vibrational states of the hexad were obtained from the fit of
experimental energy values.© 2000 Academic Press
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Recently (1) we analyzed the high-resolution Four
transform spectrum of the D2O molecule in the regio

200 – 4200 cm21, where the bands of the second triad
interacting vibrational states are located. The present p
is a continuation of that study and is devoted to the ana
of the Fourier transformed spectra of D2O in the shorte
wavelength region where the strongly interacting state
the first hexad are located.

Earlier only three bands of that hexad (namely, (101), (2
and (120)) were studied in Ref. (2) with a low resolution
Rotational structures of the (021) and (002) bands wer
corded and analyzed in the present study for the first tim

2. EXPERIMENTAL DETAILS

The sample of D2
16O was purchased from PeKing Chem

ndustry, Ltd. (China). The stated abundance of deuterium
9.8%. The spectra were recorded at room temperature

he Bruker IFS 120HR Fourier transform interferom
Hefei, China), which is equipped with a multipass gas
ith adjustable path length, a tungsten source, a CaF2 beam-
plitter, and a liquid-N2-cooled InSb detector. To cover t

whole studied region, two optical filters were used, whose
off frequencies are 4080/4980 and 5040/6170 cm21, respec-
tively. The unapodized resolution was 0.01 cm21, and the
apodization function was Blackman-Harris 3-Term.

Since in the region under study there are many absor
lines due to H2O and HDO, we mixed D2O with H2O at
different ratios in order to identify D2O lines without doubts

1 To whom correspondence should be addressed. E-mail: uleni
hys.tsu.ru.
25
f
er
is

of

),

e-

l
as
ith
r
ll

ut

on

The ratios were estimated by the recorded spectra. Sinc
strengths of the D2O absorption bands vary quite a lot, differ
sample pressures and path lengths were used to record b
strong and weak lines, as detailed in Table 1. The total
sures were measured by a pressure gauge whose accura
better than 1 Pa. The signal-to-noise ratios (SNR) of
measured spectra varied from 800 to 4500. The frequenc
calibrated with HDO lines in this region reported by Toth3).
The estimated precision in positions of not very weak, not
strong unblended lines was 2–53 1024 cm21. For illustration
a small piece of one of the recorded spectra is present
Fig. 1.

3. HAMILTONIAN MODEL

As the analysis shows, all six vibrational states of the
hexad are strongly interacting with each other. For this rea
the effective Hamiltonian in the most general form was use
the present study:

H eff. 5 O
v,v9

u v&^v9uHvv9. [1]

Here the diagonal operatorsH vv (v 5 1, 2, 3, 4, 5, 6) are th
sual Watson operators (4),

Hvv 5 Ev 1 @A v 2 1
2 ~B v 1 C v!#Jz

2 1 1
2 ~B v 1 C v!J2

1 1
2 ~B v 2 C v!Jxy

2 2 D K
v Jz

4 2 D JK
v Jz

4J2 2 D J
vJ4

2 d K
v @Jz

2, Jxy
2 # 2 2d J

vJ2Jxy
2 1 H K

v Jz
6

1 H KJ
v Jz

4J2 1 H JK
v Jz

2J4 1 H J
vJ6

@
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1 @Jxy
2 , hK

v Jz
4 1 hJK

v J2Jz
4 1 hJ

vJ4# 1 L K
v Jz

8

1 L KJ
v Jz

6J2 1 L KJK
v Jz

4J4 1 L JK
v Jz

2J6 1 L J
vJ6

1 @Jxy
2 , l K

v Jz
6 1 l KJ

v Jz
4J2 1 l JK

v Jz
2J4 1 l J

vJ6#

1 PK
v Jz

10 1 QK
v Jz

12; [2]

1& 5 (200),u2& 5 (002),u3& 5 (120),u4& 5 (040),u5& 5 (101),
and u6& 5 (021). TheH vv9 5 H v9v

1 (v Þ v9) account for th
operators of different kinds of resonance interactions. In
case, the operatorsH vv9 which describe interactions betwe
the states of the same symmetries have the form:

Hvv9 5 H v9v
1 5 F 0

vv9 1 F J
vv9J2 1 F KK

vv9Jz
4 1 F JK

vv9J2Jz
2

1 F KKK
vv9 Jz

6 1 · · ·1 F xy
vv9Jxy

2 1 F xyK
vv9 @Jxy

2 , Jz
2#1 [3]

1 F xyJ
vv9Jxy

2 J2 1 · · ·F xyxy
vv9 Jxy

4 1 F xyxyJ
vv9 Jxy

4 J2 1 · · · .

In turn, the operators which describe interactions betwee
states of different symmetries (A1 andB1) have the form:

Hvv9 5 H v9v
1 5 CyK

vv9@iJy, Jz
2#1· · ·

1 Cxz
vv9@Jx, Jz#1 1 CxzK

vv9 @@Jx, Jz#1, Jz
2#1 [4]

1 CxzJ
vv9@Jx, Jz#1J2· · ·1 Cyxy

vv9@Jy, Jxy#1· · · .

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

2 2

y
2, andJ2 5 ¥a Ja

2.
As the analysis shows, the rotational–vibrational ene

determined on the basis of experimentally recorded sp
cannot be reproduced with satisfactory accuracy if one
into account only ordinary resonance interactions of the Fe
Darling-Dennison, or Coriolis types. Even adding nume
extra terms to those three types of interaction operators
serves large discrepancies between experimental and
lated values of some of the rotation–vibration energies. O

Experime
Copyright © 2000 by
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other hand, the addition of the operatorH (200)(021) to the Ham-
ltonian [1] improves the situation immediately.

The importance of including the resonance interaction
he H (200)(021) type in the Hamiltonian model, Eq. [1], can
understood from the following simple considerations. It is c
that any of the operator matrix elementsH vv9 of the Hamilto-
nian [1] can be derived from the vibration–rotation Hami
nian of a molecule (5),

~hc! 21H 5
1

2 O
l

wl~pl
2 1 ql

2!

1
1

2 O
ab

mab~Ja 2 Ga!~Jb 2 Gb!

2
\ 2

8 O
a

maa 1 Vanh~kl· · ·m; ql· · ·qm!,

[5]

y using the results and formulas of the operator perturb
heory (in the form of contact transformation, e.g., Refs. (6–7),
r projector formulation of operator perturbation theory, e
efs. (8–9)). In any case, if one remembers that the vibrat

otation operator [5] can be expressed in the form of a s
xpansion of terms of different order of the small Bo
ppenheimer parameterk, then it can be easily shown that

terms of the form

,
^q3~ JxJz 1 JzJx!&^k1122q1

2q2
2&

v3~2v2 2 2v1!
[6]

nd

,
^GyJy&^k112q1

2q2&

~v3 1 v2!~v2 2 2v1!
[7]

l Details
nta
Academic Press
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27HIGH-RESOLUTION STUDY OF THE FIRST HEXAD OF D2O
will be generated in theH (v1 v2 v3 )(v172v262v361) elements of th
effective Hamiltonian, Eq. [1]. In this case, in accordance
the statements of ordinary vibration–rotation theory, Eq
has to be a value of the orderk3 in comparison to the values
the rotational constants (compare with the valuesCxz of the
ordinary Coriolis resonance interactionsCxz( JxJz 1 JzJx)
which have the orderk2 in comparison with the values of t
rotational constants (7)). On the other hand, it is clear that
expression in Eq. [7] has a value on the order ofk1 (the
analogous termCxzJx in the ordinary Coriolis resonance blo
H (v1 v2 v3 )(v171v2 v361) has a value of the same order of magnit
as the rotational parameters (7)). The presented argume
explain and confirm the important role of the (v1v2v3) 2 (v1 7
2v2 6 2v3 6 1)-type interactions in a description of hig
resolution vibration–rotation spectra.

4. ASSIGNMENT OF TRANSITIONS

Thanks to the high sensitivity of the spectrometer and
possibility of using long path lengths, on the one hand, an
presence of strong accidental resonance interactions be

FIG. 1. A portion of the D2O spectra in the region of the first hexad o
of 1540 Pa (about 98% of D2O), with an absorption path length of 105 m; th

f 15 m. The lines marked by D and H belong to HDO and H2O, respective
Copyright © 2000 by
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all six vibrational states of the hexad, on the other hand
were able to assign transitions of the five vibration–rota
bands:n1 1 n3, 2n2 1 n1, 2n1, 2n3, andn1 1 2n2. The ground

TABLE 2
Statistical Information on Bands of the D2O Molecule

(First Hexad)

teracting vibrational states. The upper spectrum was measured at a tot
wer one was measured at a total pressure of 253 Pa and an absorption
f in
e lo
ly.
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TABLE 3
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28 WANG ET AL.
Experimental Rovibrational Term Values for the (101), (021), and (200) 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
in 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
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TABLE 3—Continued

29HIGH-RESOLUTION STUDY OF THE FIRST HEXAD OF D2O
state combination difference method was used for the as
ments, and the data from Ref. (10) were taken as the grou
tate rotational energies. In this case, about 820 transition
he valueJmax. 5 20 were assigned to the strongest bandn1 1

n3. Statistical information on this and the other bands studi
presented in Table 2.

In the second step of the analysis, the assigned lines
used for determining the values of upper vibration–rota
energies “E,” which are presented in columns 2, 5, and 8
Table 3 and columns 2 and 5 of Table 4. These last values
determined as the mean values of several individual ene
Copyright © 2000 by
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obtained from theP, Q, andR transitions with the same upp
state. In the present case, only “full quality” transitions w
used in the determination of mean values, namely: (1)
blended, uncovered, and not too strong (only unsatur
lines; (2) since the precision of the positions of very weak l
is considerably worse than that of the lines of medium stre
the former was not taken into account in the determinatio
mean valuesE appearing in Tables 3 and 4. The valueD in
these tables is the experimental uncertainty of the mean
determined from several such individual energies in uni
1024 cm21. Energies determined only from the one single
Academic Press
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30 WANG ET AL.
Experimental Rovibrational Term Values for the (002) and (120) Vibrational States of the D2O Molecule (in cm21)a

a See footnote to Table 2.
Copyright © 2000 by Academic Press
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TABLE 4—Continued

31HIGH-RESOLUTION STUDY OF THE FIRST HEXAD OF D2O
are presented in Tables 3 and 4 without experimental u
tainty.

5. DETERMINATION OF THE HAMILTONIAN
PARAMETERS AND DISCUSSION

To determine the spectroscopic parameters of the Ha
tonian [1], the fit of all experimentally obtained energ
from Tables 3 and 4 was made. In this case, because
presence of numerous resonance interactions, the pro
of a correct choice of initial values for the largest and m
important spectroscopic parameters was solved first. T
important because the greater the number of intera
states, the more different correlations between band ce
rotational, and centrifugal distortion parameters, from
one hand, and resonance interaction parameters, from
other hand, occur. Under similar conditions, a fit of exp
imental data can lead to physically meaningless results
the best way to avoid such a situation is to achieve a co
estimate of the values of the most important spectrosc
parameters.

In our case, the initial values of the parameters of the (2
(101), (002), and of the (120) and (021) states were fixed t
values of the corresponding parameters of the (000) and
states, respectively, from Ref. (10). Initial values of the param

ters of the (040) state were estimated from interpolation o
alues of corresponding parameters of the states (000)
10); (010), Ref. (11); (020), Ref. (10); and (030), Ref. (1).

Initial values of the Fermi and Darling-DennisonF 0
vv9 param-

eters were estimated from the global vibrational–rotation
of 23 bands belonging to thev 5 0, 1

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

polyads (herev 5 v1 1 (v2/2) 1 v3; v1, v2, and v3 are the
vibrational quantum numbers) (12). Initial values of all Corio
lis type parameters were fixed to zero.

Energies from Tables 3 and 4 were then introduced int
fit procedure for the determination of the more exact value
Copyright © 2000 by
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the spectroscopic parameters. For this purpose, energies
used with weights equal to (10/D)2. This means that levels wi
D 5 10 (in units of 1024 cm21) were unit-weighted. When th
upper state energy was obtained from only one single tr
tion, it was given the weight of 1/100. Results of the fit
presented in Tables 5 and 6. Values in parentheses in
tables are the 1s statistical confidence intervals for correspo
ing spectroscopic parameters in the last digits. Param
which are given without confidence intervals were fixed
their initial values. To confirm the physical meaningfulnes
the determined parameters, columnsd of Tables 3 and
present differences between experimental energy value
the corresponding ones as calculated on the basis of th
rameters from the energy values of Tables 5 and 6 (in un
1024 cm21).

The following important circumstance should be m
tioned here. In spite of the absence of transitions w
could be assigned to the 4n2 band, the (040) state pertur
the rotational structures of the states (120) and (021
strongly that a correct reproduction of rotational–vibratio
energies of these states is impossible already for qua
numberJ ; 6 without taking into account the influence
he (040) state. As a consequence, at least two param
band center andA rotational constant) of the (040) state
etermined with confidence from the fit, as can be see
able 5.

6. CONCLUSION

The analysis of the high-resolution Fourier transfo
spectra of the D2O molecule carried out in the framework
a Hamiltonian model taking into account resonance inte
tions between the states (200), (002), (120), (040), (1
and (021) (both ordinary Fermi, Darling-Dennison, Cori
interactions, and the new-type interaction between the
(v1v2v3) and (v1 7 2v2 6 2v3 6 1)) enable us not only t
Academic Press
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Copyright © 2000 by
improve considerably the knowledge of the rotational
brational structures of the (101), (200), and (021) vi
tional states, but for the first time also to determine r
tional energies of the (002) and (210) vibrational states.
band centers and theA rotational constant of the (04
ibrational state were also estimated.
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Parameters of Resonance Interactions for the First Hexad
of D2O (in cm21)a

a See footnote to Table 5.
Spectroscopic Parameters of the (200), (002), (120), (040),
101), and (021) Vibrational States of the D2O Molecule
in cm21)a

a Values in parentheses are the 1s statistical confidence intervals. Param-
ers presented without confidence intervals were fixed to their initial v
see text for details).
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