
The 4VOH Absorption Spectrum of HDO
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The absorption spectrum of HDO was recorded by intracavity laser absorption spectroscopy in the 13 560–14 050 cm21

spectral region. Among 437 lines attributed to HDO, 399 were assigned to the 4n3 highly excited overtone transition. One
hundred twenty-nine experimental energy levels were derived from the spectrum identification with rotational quantum
numbersJ as high as 16 andKa as high as 7. The (004) vibrational state of HDO was found to be nearly isolated. Rotational
and centrifugal distortion parameters of the effective rotational Hamiltonian in the Pade–Borel approximants form, retrieve
from the fitting, allow the reproduction of the experimental energy levels with the root-mean-square deviation of 0.012 cm21,
close to the experimental accuracy. Some rotational energy levels of the (004) state seem to be slightly perturbed by loc
resonances with the (052) highly excited bending state. The resonance mixing was found to be large enough to give rise
seven 5n2 1 2n3 transitions, but otherwise too weak to be observable. The maximum difference between the derived
experimental energy levels and the recent high accuracyab initio predictions (H. Partridge and D. W. Schwenke,J. Chem.
Phys.106,4618–4639 (1997)) is22.7 cm21. © 1999 Academic Press
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The HDO molecule is a nonsymmetric isotopomer of H2O
ith the symmetry reduced from C2v to Cs. The ratio betwee

he harmonic frequencies of HDO differs significantly fr
hat of H2O resulting in different intramolecular dynamics
ompared to the parent molecule. In particular, there is a
ifference of about 1000 cm21 betweenv1 and v3 harmonic

requencies that leads to a quenching of the Coriolis-
esonance and the existence of a well-isolated Nn3 band se
uence up to 5n3 at 16 920 cm21 (1). (Note that, contrary to th
ecommendations of IUPAC, we use the traditional labelin
he stretching vibration withn1 andn3 standing for the OD an
H stretching, respectively.) On the other hand, an unus
trong high-order anharmonic interaction which couples (
nd (050) states of HDO was found to take place, as rep

n (2), giving rise to relatively strong 5n2 transitions, wherea
he conventional Fermi-type resonance between (210)
130) states was estimated to be rather weak.

Highly excited stretching vibrations of HDO are also
pecial interest in connection with the study of state-to-
olecular photodissociation dynamics (see for example R

3, 4) and references therein). Substitution of a hydrogen a
y deuterium destroys the degeneracy of the local-m
tretching vibrational states and leads to the localization o
ibrational excitation on one of the two bonds, resulting
elective cleavage of the excited bond.
Rotationally resolved OD and OH stretching vibrations

he HDO molecule were recently investigated both in

1 On leave from the Institute of Atmospheric Optics, Russian Academ
ciences, Tomsk, 634055, Russia.
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isible range (4n3 (3), 5n3 (1), and 5n1 (8)) by optoacoustic an
ntracavity laser absorption (ICLAS) spectroscopy. It follo
rom these studies that all analyzed states can be treat
solated or slightly perturbed states. Nevertheless, trans
n the [110] energy level of the highly excited (170) state w
ssigned in (8) as resulting from an intensity borrowi

hrough weak coupling with relatively strong 5n1 resonan
ine-partners. Weak coupling of (011) and (200) vibratio
tates produces a considerable (up to one order of magn
ncrease in the 2n1 transitions involving perturbed energy le
ls (7).
In the case of the (004) state under consideration, one

xpect local perturbations of the energy levels due to cou
ith the highly excited (052) bending state. The central pa

his band recorded by the optoacoustic technique (3) was
nalyzed by Fairet al.We present hereafter the analysis of
ame band recorded by ICLAS with an increased sensiti

2. EXPERIMENTAL DETAILS

The experimental apparatus for ICLAS was previously
cribed in detail (9). The technical details and a very rec
eview of the results obtained by ICLAS in the field of ov
one spectroscopy and optical diagnostics will be found in
10) together with a systematic comparison with other hig
ensitive laser techniques. In the current experiment, we
standard standing-wave dye-laser cavity with a 50-cm

nserted in the long arm of the cavity. A Pyrydine1 dye solu
as used to record the spectrum between 13 560 and 1
m21. The intracavity sample cell was filled with a 1:1 mixtu
f
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123THE 4VOH ABSORPTION SPECTRUM OF HDO
he vapor pressure at room temperature (25°C). This proc
s assumed to lead to a mixture of H2O:HDO:D2O in the
roportion 1:2:1. The spectra were obtained with genera

imes up to 100ms corresponding to equivalent absorption p
engths of up to 15 km.

The data acquisition system was upgraded with a 3
ixels CCD which records the laser spectrum dispersed b
rating spectrograph. This system allows the recording
lice of 15 cm21 of the laser spectrum with the higher reso
ion configuration of the spectrograph (resolving power3
05). The spectral resolution of the high-resolving gra
pectrograph dispersing the laser spectrum is about 0.0221,
factor of 2 smaller than the Doppler broadening (0.04 c21

WHM). The wavenumber calibration procedure cons
rst, of correcting the nonlinearity of the spectrograph dis
ion by using an e´talon inserted into the laser beam giv
harp fringes equidistant in frequency. The pixel to waven
er dependence was then linearized for each spectro
osition and absolutely calibrated by the use of two refer

ines of H2O (11) appearing superimposed on the HDO sp
rum. We estimate our wavenumber calibration to be acc
o within 0.01 cm21 as will be confirmed by the ground sta
ombination differences provided by the forthcoming r
ional analysis.

3. THEORY AND RESULTS

Among 1244 measured absorption lines in the 13 5
4 050 cm21 spectral region, 437 were attributed to HD

ransitions. The spectrum identification was performed us
omputer program based on the pattern recognition th
12). The initial set of rotational and centrifugal distorti
onstants was derived from the fitting of the (004) state
ying rovibrational energy levels provided by accurateab initio
alculations (13).
For identification purposes an estimation of the experime

elative intensities was obtained for each observed line.
roximate dipole-moment parameters for the a- and b-typn3

ransitions were derived in the conventional manner (14) from
he fitting to several tens of well-resolved isolated lines
iding reasonable predictions of the intensities of all analy
ines. The assignment process was done in parallel with re

ent of the rotational parameters as the data set was incre
inally, it was possible to assign even weak single lines rel
n accurate line positions and intensity predictions.
As a result of the analysis, 399 among the 437 HDO l
ere assigned as belonging to the 4n3 band, 7 lines wer
ttributed to 5n2 1 2n3 band transitions, borrowing their i

ensities through resonance coupling. The list of the HDO
n the spectral region of interest is presented in Table 1
ive some idea of the absolute intensities of the observed
e used Partridge and Schwenke (13) intensity prediction
Copyright © 1999 by
re
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ated intensities to the total predicted band intensity.
eviation in the normalized intensity values exceeds 60%
nly 37 lines with an average agreement with the Ref. (13) data
eing of 24%. Our normalized calculated intensities, as we

hose predicted in Ref. (13), are given in Table 1. It is wort
entioning that for the 2n2 band transitions, intensity estim

ions (13) were found to be very accurate (within 4.5%) (6).
About 30 HDO lines were found to be partially blended

2O lines. They are marked by the label “b” in Table
nassigned lines which represent only 7% of all lines are
iven in Table 1 with an experimental intensity estimat
ome strong HDO lines are absent in our line list du
nrecoverable overlapping with strong H2O lines. These line
re predicted in a detailed simulation of the spectrum w
alculates 1003 HDO absorption lines with intensities gre
han 2.73 1027 cm22/atm with the previously determine
ipole-moment parameters. This threshold intensity co
ponds to the weakest line observed in the 13 560–14
m21 spectral region. These data are available on request
he authors. The total intensities of a- and b-type transi
alculated as a sum of the individual line intensities in
ynthetic spectrum were found to be of 1.43 1022 and 2.43
023 cm22/atm, respectively.
A set of 129 accurate energy levels was derived afte

pectrum identification by adding the observed transition
he experimental ground state energy levels of HDO (15).
hese data together with observed2 calculated values, expe

mental uncertainties of the levels (when observed thro
everal transitions), and number of lines with the same u
evel is presented in Table 2. The average accuracy o
nergy levels derived through the combination difference

wo or more lines was estimated to be 0.007 cm21. In the las
olumn the differences between experimental energy le
nd the predictions of Ref. (13) are given. The predicted valu
f the energy levels are lower by about 0.3 cm21 for the lowes
otational levels and by about 2.5 cm21 for the highest excite
bserved levels.
Since HDO represents a light nonrigid molecule underg

he strong centrifugal distortion effect, the effective Hami
ian H vv in the Pade–Borel approximants form (16) was used

or the energy level calculations. According to Ref. (16),
he matrix elements of theH vv operator in theujk& basis are
iven by

^ jkuHvvu jk& 5 Ev 1 E
0

` c0c1 1 ~c1
2 2 c0c2!t

c1 2 c2t
e2tdt

^ jkuHvvu jk 6 2& 5 ^ jkuJxy
2 u jk 6 2& [1]

3 E
0

` b0b1 1 ~b1
2 2 b0b2!t

b1 2 b2t
e2tdt
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TABLE 1
Wavenumbers, Intensity, and Rotational Assignment of the 4

lated
.
h

124 NAUMENKO, BERTSEVA, AND CAMPARGUE
n3 Band of HDO

Note.The calculated (see text) and predicted (13) intensities are given in cm22/atm at 296 K and correspond to pure HDO. The total calcu
intensity of the 4n3 band is normalized to the total band intensity predicted in Ref. (13). Asterisk denotes the lines belonging to 5n2 1 2n3 band
A number of lines marked by “b” are blended by H2O lines. In case of unassigned lines (a) and of the lines of the 5n2 1 2n3 band (*), a roug
estimation of the experimental intensity is given in the second column instead of the calculated values.
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ith

c0 5 FA 2
B 1 C

2 Gk2 1
B 1 C

2
j ~ j 1 1!

c1 5 2Dkk
4 2 D jkk

2j ~ j 1 1! 2 D j j
2~ j 1 1! 2

2c2 5 Hkk
6 1 Hkjk

4j ~ j 1 1! 1 Hjkk
2j 2~ j 1 1! 2

1 Hj j
3~ j 1 1! 3 1 Lkk

8 1 · · · [2]

b0 5
B 2 C

2

b1 5 2dk@k
2 1 ~k 6 2! 2# 2 2d j j ~ j 1 1!

2b2 5 hk@k
4 1 ~k 6 2! 4# 1 hjk@k

2 1 ~k 6 2! 2#

3 j ~ j 1 1! 1 2hj j
2~ j 1 1! 2 1 · · · . [3]

he integrals in Eqs. [1] can be estimated in the following

jkuHvvu jk& 5 Ev 1 ~c0c2 2 c1
2!/c2 1 c1Ei~c1/c2!

3 ~c1/c2!
2exp~2c1/c2!,

[4]

hereEi(2x) 5 2* x
` e2tt21dt is the exponential integral.
Copyright © 1999 by
y

The ^ jkuH vvu jk 6 2& matrix elements are evaluated sim
arly by replacingcn by bn. It should be stressed that t
otational and centrifugal distortion constants in Eqs. [2]
3] have their usual meaning accepted in the literature.

The final rms achieved in the fitting of 121 energy lev
ith 13 varied parameters is 0.012 cm21, that is close to th
verage accuracy of the experimental data. The set of rota
nd centrifugal distortion constants for the (004) vibratio
tate of HDO together with 68% confidential intervals is p
ented in Table 3. The nonvaried sextic parameters were
o the corresponding values of the (002) state derived fro
arge set of rovibrational energy levels in (6), since the vibra
ional dependence of these parameters is rather weak fo
tates with the sameV2 quantum number.
Figure 1 shows a comparison of the ICLAS spectrum

he 4n3 band center with the simulated spectrum obtained
he rovibrational parameters listed in Table 3 and the pre
ions of Partridge and Schwenke.

The vibrational dependence of the rotationalA, B, and C
onstants of HDO on the stretchingV3 quantum number is pr
ented on Fig. 2 up toV3 5 5. The observed linear depende
eads to the determination of thea3 constants:aA

3 5 20.9933(78)
B
3 5 20.01169(13), andaC

3 5 20.07889(10) cm21.
Academic Press



TABLE 2
Rotational Energy Levels (cm21 16
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) of the (004) Vibrational State of HD O
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TABLE 3
Rotational and Centrifugal Distortion Constants of the (004) Vibrational State

129THE 4VOH ABSORPTION SPECTRUM OF HDO
It was found in the process of the fitting that the (004) H
ibrational state may, in fact, be considered as isolated w
he experimental accuracy up toJ # 8. The positions of som
f the energy levels with rotational quantum numberJ . 8
eem to be perturbed up to 0.2 cm21. In addition, some sligh
erturbations of the lowerJ energy levels due to the (052) st
ere also detected: [312], [515], [616] calculated levels de
ignificantly from the experimental ones (by at least twice
ms deviation of the fitting). The eight perturbed energy le
eviating from the calculation by a value exceeding 0.04 c21

re marked by an asterisk in Table 2 and were excluded
he fitting.

To localize the resonant perturber, the accurate HDO
rational energy level predictions from Ref. (13) were used

ogether with our own estimations. The most probable ca
ate for the perturber was the (052) vibrational stat
3 797.53 cm21. This highly excited bending state is 56 cm21

ower in energy than the (004) state but, due to the large v
f the rotational constantA ; 60 cm21, the rotational levels ar
lready tuned to a close resonance for theKa 5 1 levels. We

ound that at least six of the eight perturbed levels of the (
tate excluded from the fit fall into close resonance wi
otational levels of the (052) state. Such interactions ha
ocal character since the energy levels are in resonance on
mallKa values as a consequence of the quicker increase
nergy of the (052) rotational sublevels withKa. Such unusua

of HD16O
Copyright © 1999 by
in
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for
he

esonance, as compared with conventional types of reso
nteraction, was first found for the (220) and (070) vibratio
tates of H2O (17), leading to the observation of several ene
evels of the (070) state.

In confirmation of our analysis, Ref. (13) predictions clearl
howed the vicinity of the most part of (004) perturbed en
evels with the corresponding (052) values. It should, howe
e noted that the vibrational assignments of Ref. (13) are often
mbiguous due to strong mixing of the rovibrational wavefu

ions: the same set of vibrational and rotational quantum n
ers is attached to different energy level values. Reference13)
ives two energy levels with close, though different, nume
alues both for the [312] and [515] (004) states. Additio
alculations involving the (052) state low-lying energy lev
ere required to prove that, in fact, one of the nearly de
rate levels belonged to the (052) state, though Ref. (13), gives
ifferent energy values for these levels.
Finally, seven transitions involving the energy levels of

052) state were found in the spectrum borrowing their in
ities through resonance coupling with rather strong 4n3 per-
urbed lines. These 5n2 1 2n3 transitions are given in Table
ogether with their resonance partners. Table 4 shows th
he 5n2 1 2n3 lines correspond to the strongest transition
he 4n3 band line-partners with a clear proportionality in
ntensity values of both sets. Numerical predictions (13) for
n2 1 2n3 line intensities and upper state levels are also g

n cm21)
(i
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130 NAUMENKO, BERTSEVA, AND CAMPARGUE
or comparison in this table. In spite of the high bend
xcitation of the (052) level, the calculated line intensi
gree satisfactorily with the experimental measurem
xcept for the [515] energy level. Indeed, Partridge
chwenke predict that the strongest lines reaching the

052) energy level should originate from [404] and [6
round state levels while we observe this level through o

ines arising from the [414] and [616] rotational levels. A
roof of the correctness of our analysis, the observed dev
f the three (004) levels from their unperturbed position a
ith their relative position compared to the interacting r

ional levels of the (052) state (see Table 4): a positive sh
bserved both for [312] and [515] while the shift is negative

he [10 2 9] level.
We did not make any attempt to take into account

esonance interaction between (004) and (052) states i
tting process, since the resonance perturbations were
nough and had a local character, not hindering the reaso
ssignment of the perturbed lines.
In conclusion of this section, it is worth comparing o

esults with those obtained recently in Ref. (3). Our energy

FIG. 1. Comparison of (a) the ICLAS spectrum recorded with an eq
pectrum calculated with the parameters of Table 4 and with the predic
022 and 2.23 1023 cm22/atm total intensity for the A- and B-type transitio
13) predictions to the higher wavenumbers.
Copyright © 1999 by
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evels agree within 0.13 cm21 and we have confirmed all of th
0 assignments of Ref. (3). As to the spectroscopic constan

t seems that there are misprints in Table III of Ref. (3): the
alues ofD k, D jk, D j , d k, d j constants should be multiplied
factor of 1022. It comes as no surprise that the paramete
ef. (3) derived from the limited set of transitions are
ccurate enough to predict properly the energy levels with
alues ofJ andKa.
We have estimated, using our totala- andb-type transition

ntensities, the angle between the transition dipole momen
he OH bond for 4n3 using the formula (5) of Ref. (3) and have
btained a value of 36.7°, which is very close to the resu

he Ref. (3) result (38°). We have also estimated the angle
nOH to be 23° from the data in Refs. (5, 6).

4. CONCLUSIONS

The overtone spectrum of the HDO molecule in the 13 5
4 050 cm21 spectral region was recorded by ICLAS a

heoretically treated yielding 406 rovibrational lines ass
ents and 129 accurate rotational sublevels of the high

lent path length of 15 km and a total vapor pressure of 20 Torr with (b
s of Partridge and Schwenke (c). The simulated spectrum was obtaine3 3
respectively. Asterisks mark the H2O lines [Ref. (11)]. Note the shift of the Re
uiva
tion
ns,
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131THE 4VOH ABSORPTION SPECTRUM OF HDO
one (004) state. The (004) vibrational state was found t
early isolated. The precise set of the spectroscopic param
f the effective rotational Hamiltonian in the Pade–Borel fo
as derived from the fitting of the energy levels providing

ms deviation of 0.012 cm21. A detailed synthetic spectrum

FIG. 2. Vibrational dependence of theA, B, andC rotational constants w
tate and those of thenV3 (n 5 1–5) excited states are plotted. Note tha
onstantsaA

3, aB
3, andaC

3 obtained from a linear fit are20.9933(78),20.01169
onstants of theV3 5 1 and 2 levels were taken from Ref. (18) and Ref. (6),

TAB
Transitions of the 5n2 1 2n3 Band Borrowing Their In
Copyright © 1999 by
e
ers
he HDO absorption was calculated in the analyzed re
orresponding to more than 906 line positions and rela
ntensities.

The weak local resonance interaction between the (004)
nd the highly excited bending (052) state was found to

quantum number. The differences between theA, B, C constants of the groun
r convenience,DB andDC were multiplied by a factor of 10. The rovibration
, and20.07889(10) cm21, respectively. The values of theA, B,andC rotational
pectively, while those of theV3 5 3 and 5 levels are from Ref. (1).

4
sities from the Strong Line Partners of the 4n3 Band
ithV3

t fo
(13)
res
ten
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and.
The wide comparison of the presented energy level
ith recent accurateab initio calculations by Partridge an
chwenke has shown their agreement to within 2.7 cm21. The
ew information obtained in this work will allow a furth
efinement of the H2O molecule isotopically invariant potent
nergy surface.
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