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The absorption spectrum of HDO has been recorded by intracavity laser absorption spectroscopy in the 16 540–17 055 cm21

spectral region corresponding to the 5n3 band centered at 16 920 cm21. The (0 0 5) vibrational state is found to be mostly
isolated from the nearby rovibrational states. The corresponding rovibrational transitions were analyzed and fitted in the fram
of the effective rotational Hamiltonian model in Pade–Borel approximants form. The spectroscopic parameters retrieved fro
the fitting reproduce 100 of the 109 determined energy levels with the root-mean-square deviation of 0.0072 cm21, close to
the experimental accuracy. From the integrated relative intensities ofa- andb-type transitions, the angle between the transition
moment and the OH bond is estimated to be 46.4°. This value is consistent with an increasing tilt of the transition dipol
moment, away from the OH bond, when the OH stretching is excited. The evolution of the orientation of the transition dipole
moment versus the vibrational excitation is then compared for the OH and OD overtone bands.© 2000 Academic Press
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In this work, we continue our systematic exploration of
HDO absorption spectrum in the visible range, recorde
intracavity laser absorption spectroscopy (ICLAS). Our pr
ous reports have concerned the 4n3 (1), n2 1 4n3 (2), and the
n1 1 3n3 and 2n2 1 3n3 bands (3). We presently report th
spectroscopic analysis of the 16 540–17 055 cm21 spectra
region dominated by the 5n3 band. Note that we do not follo
the recommendations of IUPAC and use the traditional la
ing of the stretching vibration withn1 andn3 standing for th
OD and OH stretching, respectively.

Contrary to what is indicated in the recent paper of Fairet al.
4), the 5n3 band was previously studied by optoacoustic s-
roscopy in 1992 (5). The (0 0 5) vibrational state was found
be unperturbed by the other rovibrational states. As discu
in Ref. (1), the sequences of the (0 0n3) and (n1 0 0) vibrationa
states are isolated, at least upn3 5 5 (5) and n1 5 6 (2),
espectively. This feature is, partly, a consequence o
etuning between thev1 andv3 harmonic frequencies resulti

from the deuteration of one bond. The highly excited OH
OD stretching states are then localized states of parti
interest for studies related to the state-to-state photodiss
tion dynamics (see Refs. (4, 6–7) and references therein). T
5n3 band is the highest OH overtone transition of the H
molecule analyzed so far. The knowledge of its energy pa
is a prerequisite for a detailed study of the vibrationally
diated OH bond cleavage. In particular, Brouardet al. (7) used
he (0 0 4) and (0 0 5) states as intermediate excited sta

two-step photodissociation process of HDO and publi
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contrast, the forthcoming analysis based on our ICLAS
will confirm and extend significantly the data set of rotatio
levels previously published in Ref. (5). It will allow us to
discuss to what extent the (0 0 5) is decoupled from the
vibrational states. Following the approach developed in
(4), we will, then, quantitatively analyze the vibrational dep
dence of the transition dipole-moment vector versus
stretching excitation on the basis of the relative intensity oa-
andb-type transitions.

2. EXPERIMENTAL DETAILS

The ICLAS spectrometer used for the present recordin
based on a dye laser cavity in a linear configuration.
technical details and the procedure used for the wavenu
calibration are found in our previous papers (1–3) and in the
reviews of Refs. (8–9). A Rhodamine 6G dye solution w
used to record the spectrum between 16 540 and 17 05521.
The intracavity sample cell was filled with a 1:1 mixture
H2O and D2O at a pressure of 13 Torr (94 hPa). The spe
below and above 16 600 cm21 were obtained with generati
times of 130 and 80ms, respectively, corresponding to equ
alent absorption path lengths of 19.5 and 12 km, respect
The wavenumber calibration uses two reference lines for
15 cm21 wide piece of spectrum. The 5VOH absorption lines o
H2O (10) appearing superimposed on the HDO spectrum

sed as references. However, in the region below 16 60021,
where H2O absorption lines are absent or too sparse,
wavenumber calibration was achieved by simultaneous re
ing of the iodine absorption spectrum (11). We estimate ou
wavenumber calibration to be accurate to within 0.01 cm21, as
will be confirmed by the uncertainty of the energy lev
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295VOH OVERTONE TRANSITION OF HDO
obtained in the forthcoming rotational analysis. Figure 1 sh
the overview of the stick spectrum of HDO retrieved from
ICLAS spectra.

3. RESULTS

A. Energy Levels

We used the parameters derived in Ref. (5) as initial rota
tional and centrifugal distortion constants. Approximate
pole-moment parameters for thea- andb-type transitions wer
derived from the fitting to several tens of well-resolved isol
lines providing reasonable intensity predictions for extra
identifications. It was then possible to assign even weak s
lines relying on accurate line position and intensity predicti
Finally, 306 transitions (including multiplets) correspondin
272 lines listed in Table 1 could be rotationally assig
between 16 540 and 17 055 cm21 leaving 10 (4%) weak line
unassigned. Note that about 30 weak lines observed b
16 683 cm21 and belonging partly to the 2n2 1 4n3 andn1 1
n3 bands are excluded from Table 1 and will be publishe

a forthcoming contribution. Overall, 109 energy levels, lis
in Table 2, were derived by adding the experimental gro
state energy levels (13) to the observed transitions. The av

ge experimental uncertainty of the levels when obse
hrough several transitions is 0.004 cm21. Compared to Re
(5), 28 levels were newly observed and five energy level
corrected by a shift between20.07 and20.2 cm21 (see Tabl
2). Similar to our previous studies (1–3), we used the effectiv

FIG. 1. Comparison of the overview of the 5n3 band of HDO. (a) Stic
pectrum retrieved from our ICLAS data. The absolute intensities wer
ained by normalization of the experimental intensities to the total abs
and intensity predicted in Ref. (12). Note that a few lines blended with H2O

lines (10) observed in (b) and (c) are absent. Note that significant devia
between (a) and both (b) and (c) are observed for the line intensities
16 975 cm21. (b) Synthetic spectrum obtained from the effective Hamilto
(EH) approach. (c) Calculated spectrum predicted by the newab initio calcu-
lations of Ref. (12).
Copyright © 2000 by
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reproduce the energy levels. Using 10 varied parameters
in Table 3, 100 levels could be fitted, yielding an rms devia
of 0.0072 cm21 close to the experimental accuracy. A v
good agreement is observed between our parameter valu
those retrieved in the previous analysis (5) which, however
used 14 varied parameters to reproduce 86 levels with a
deviation (0.006 cm21) similar to ours. Similar to Ref. (5), the
D jk parameter value was found to be very small and po
determined by the fit. It was then constrained to zer
agreement with the decrease of its value observed betwe
(0 0 1) and (0 0 4) states (8.13 1024 cm21) (14) and 3.03 1024

(1), respectively).
Among the five additional energy levels reported in Ref.5),

the [9 7 3] and [9 7 2] levels, which were derived from w
transitions blended with the much stronger [7 1 7]–[7 1 6]
at 16 824.607 cm21, seem to be incorrect, while the other th
levels ([9 4 6], [10 4 7], and [10 6 4]) are confirmed wit
0.015 cm21 by our EH calculations. Note that the [9 4 6] le
is given in Ref. (5) with a misprint; in fact, its value should
17 781.474 cm21 instead of 17 781.437 cm21. As in our pre-
ious studies (1–3), we compare the experimental results w
he recent high-qualityab initio calculations by Partridge a
Schwenke (15) as well as with their new version (12) which
uses an improved dipole-moment surface. The differenc
tween the experimental energy levels and the prediction
Ref. (12) are given in the last column of Table 2. The predic
values are higher by about 0.3 cm21 with a maximum deviatio
of 0.57 cm21. As previously evidenced for other vibration
states (1–3) for high J values, similar deviations are observ
for levels with the sameKc value. Among the nine experime-
tal levels excluded from the energy fitting, the [7 5 2] and
1 11] levels are probably distorted as derived from unreso
doublet lines. The other seven energy levels deviate from
predicted values by as much as 0.16 cm21, revealing the
occurrence of interaction with dark states. However, excep
a couple of levels, namely [9 2 8] and [10 0 10], we could
evidence the interaction scheme responsible of these per
tions. On the basis of the predictions of Ref. (12), the (0 4 3)
(1 0 4), (1 5 2), and (3 4 1) vibrational states (vibratio
assignments of Ref. (12)) are possible perturbers of the (0 0
tate. Intensities ranging between 2.03 1027 and 2.03 1026

cm22/atm are predicted for some transitions involving th
perturbers but only one extra line, namely the [9 6 4]–[8
transition of then1 1 4n3 band at 17 005.352 cm21, could be
detected and rotationally assigned in our spectra (see Fig
borrows its intensity from the strong [9 2 8]–[8 2 7] transit
of the 5n3 band at 17 004.182 cm21. This intensity transfe
seems to be confirmed by the value of the EH unpertu
intensity (6.43 1026 cm22/atm) of the [9 2 8]–[8 2 7] transitio
of the 5n3, calculated larger than both the experimental (5.3
1026 cm22/atm) and predicted (12) (4.5 3 1026 cm22/atm)
values (see next section for a description of the procedure
to determine the experimental and calculated intensities).
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TABLE 1

otal
c nt.
T is given
f with
H

Wavenumber, Intensities, and Rovibrational Assignments of the Transitions of 5n3 Band
of HDO between 16 540 and 17 055 cm21

Note.The experimental, calculated (EH), and predicted (12) intensities are given in cm22/atm at 296 K and correspond to pure HDO. The t
alculated and experimental line intensities are normalized (see text) to the total HDO intensity predicted in Ref. (12). T means tentative assignme
he asterisk (*) marks the extra line of then1 1 4n3 band (see text). In the case of unresolved multiplets, the same experimental intensity

or the different components while the calculated intensities from the EH or from Ref. (12) correspond to each component. HDO lines blended

2O lines are marked by (B).



TABLE 1—Continued
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TABLE 1—Continued

32 BERTSEVA, NAUMENKO, AND CAMPARGUE
other predicted (12) extra lines are not blended, we conclu
hat their intensities are predicted to be too strong. In partic
he relatively strong predicted transitions reaching the [4
3 4 1) level are not observed in our spectra in agreement
he absence of observed perturbations either in position
ntensity of the corresponding line partners reaching the [4
0 0 5) level.

Note that the rough rotational analysis presented recen
ef. (7) gives an erroneous band center shifted at28.2 cm21

from our value. Thenn 3 (n 5 1–5) band origins can b
reproduced with an rms of 2.1 cm21 by the standard expressi
of the energy levels of a single Morse oscillator

G~n! 5 v3~n 1 1/ 2! 1 x33~n 1 1/ 2! 2, [1]

with v3 5 3865.60(24) cm21 andx33 5 280.323(56) cm21.
These values ofv3 and x33 differ significantly from thos
obtained in Ref. (4), indicating the limited predictive ability o
this two-parameter model. A much better fit (rms5 0.10 cm21)
can be achieved by adding a third-order term,y333(n 1 1/ 2)3,
in the above term value. The corresponding values o
parameters are (in cm21) v 3 5 3875.057(40), x33 5
284.528(18), andy333 5 0.4845(23).

B. Line Intensities

To give an estimation of the absolute intensities of
observed absorption lines, we normalized our relative ex
mental intensities on the total predicted (12) absolute intensit

f the 5n3 band. After normalization, 65% of all 272 expe-
ental line intensities coincide within 25% with the predic

alues. In our data set, only 59 weak lines correspondin
-type transitions with intensities ranging from 2.03 1027 up
o 2.4 3 1026 cm22/atm could be identified. Considering th
Copyright © 2000 by
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our experimental procedure consisting of retrieving the
intensity from the peak depth is not accurate for weak lines
used the intensity predictions of Ref. (12) to determine th
elevant transition moment parameters. Then some of th
vant parameters were constrained to zero in the fitting pr
f the experimental intensities leading to the results pres

n Table 4. Three well-determined parameters are need
eproduce the 38b-type experimental intensities. Over

seven parameters of the transformed dipole-moment op
were obtained by fitting to 210 of 274 experimental intensi
The average deviation is 13% with 63% of the fitted
intensities reproduced within 15%. The ratio of the total in
sity of a-type (1.963 1023 cm22/atm) tob-type (9.73 1025

cm22/atm) transitions calculated with these parameters is
very close to the predicted (12) value of 23.7. The intensi
ratio of the experimentally observeda- andb-type transition
is 34, probably indicating that a number ofb-type transition
were blended or too weak to be measured. Figures 1 a
show the good agreement achieved between the experim
EH synthetic, andab initio (12) spectrum for the whole spe
trum and an expanded region, respectively.

An interesting case of resonance intensity redistributio
observed for transitions just above 17 005 cm21 reaching th
[10 0 10] and [10 1 10] levels (see Fig. 2). According to
predictions of Ref. (12), these levels are perturbed by the
5 6] level of the (1 0 4) state. This resonance interaction l
to the inversion in the energy order of the [10 0 10] and [1
10] levels and originates an intensity transfer froma- to b-type
transitions, though only the energy value of the [10 0 10] l
appears to deviate significantly from the EH predictions
discussed above, the 5n3 band is mainly ofa-type. However, in
the case of the four transitions involving the the [10 0 10]
[10 1 10] levels,a- andb-type intensities are similar (see Ta
Academic Press



TABLE 2

ls
e

b

335VOH OVERTONE TRANSITION OF HDO
Rotational Energy Levels (cm21) of the (0 0 5) Vibrational State of HDO

Note.Asterisks denote the energy levels excluded from the fitting. n denotes newly derived energy levels compared to Ref. (5). c denotes corrected leve
compared to Ref. (5). s denotes the experimental uncertainty of the level in cm21. N is the number of lines sharing the same upper level.D is the differenc

etween the experimental energy levels and the predictions of Ref. (12).
Copyright © 2000 by Academic Press
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34 BERTSEVA, NAUMENKO, AND CAMPARGUE
5) and the sum of these intensities is close to the unpert
a-type intensity revealing an important intensity transfer f
a- to b-type transitions. This intensity transfer frequently ta
place between different vibrational bands. It was, howe
observed within a single band (2), namely then2 1 4n3 band o
HDO, and explained as a result of the simultaneous occur
of strong anharmonic and rovibrational interactions in
molecules ofCs symmetry. Finally, as shown in Table 5,

Spectroscopic Constants of the (0 0 5)
Vibrational State of HDO (in cm21)

FIG. 2. Comparison of the HDO absorption spectrum in the 17 00
7 013 cm21 spectral region. (a) Stick spectrum of H2

16O as given in HITRAN
10). (b) ICLAS spectrum of a 1:1 mixture of D2O and H2O recorded with a

equivalent path length of 12 km and a total vapor pressure of about 13
Lines of H2O are marked by H; the other lines are due to HDO. The lin
17 005.352 cm21, marked by E, is an extra line assigned to the [9 6 4]–[8
transition of then1 1 4n3 band (see text). (c) Synthetic spectrum obtained
the effective Hamiltonian (EH) approach. (d)Ab initio spectrum predicted b
Ref. (12). Note the resonance intensity transfer within the clump of lines
17 006 cm21 (see also the text).
Copyright © 2000 by
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predicted intensity transfer from the considered 5n3 transitions
to the (unobserved) line partner of then1 1 4n3 band is
onsiderably less pronounced than that between thea- and
-type transitions of the 5n3 band itself.
The orientation of the transition dipole-moment vector,

rived from the ratio of fractionala- and b-type transition
intensities, has proven to be quite sensitive to the quality o
dipole-moment surface of the HDO molecule (4). It is then
interesting to compare the intensity ratio obtained for then3

band with the values estimated for the lowernn 3 bands as we
as with the predictions of Refs. (12, 15) (see Table 6). Usin
the same procedure as described in Ref. (4), the angle,un92n0,
between the transition moment in a given vibrational state
the OH bond can be estimated from the ratio of the totala- and
b-type intensities of the corresponding band. For the 5n3 band

a/I b 5 20 leads toun92n0 5 46.4°, which is consistent with a
increase from 26.4° up to 36.7° observed betweenn 5 1 and
n 5 4. The a-type character increasing with the OH vib
tional excitation is a consequence of the increased tilt o
transition dipole-moment vector away from the OH bond4).
The comparison provided in Table 6 shows that this varia
is quantitatively predicted by the dipole moment surface
culated by Partridge and Schwenke (12, 15). Note that the
I a/I b 5 1.4 intensity ratio (26) adopted in Ref. (4) for the n3

fundamental differs significantly from the more recent res
of Ref. (17), which agree perfectly with the predictions of R
15).

Assuming that the HOD angle is fixed at 104.5° (4, 15), the
ngle,un92n0, between the transition moment in a given vib-

tional state and the OD bond is given by

un92n0 5 ua 1 16.58, [2]

whereI a/I b 5 1/tg2(u a). Using this expression and theI a/I b

intensity ratio provided either by the experiment or by
predictions of Refs. (12, 15), theun92n0 angle relative to the O
bond is calculated for thenn 1 sequence (see Table 6). Then1

–

rr.
t
]

r

Transition Moment Parameters (in D) for the (0 0 5)
Vibrational State of HDO

a Numbering of the parameters (from 1 to 8) as defined in Ref. (16).
b d 5 uI obs 2 I calcu/I obs in percent.
A
cademic Press
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355VOH OVERTONE TRANSITION OF HDO
and 6n1 bands are very weak bands with a strong hy
character (2, 24, 25); the value of 1 adopted for the expe
mentalI a/I b intensity ratio of these two bands is a very ro
estimation. The results gathered in Table 6 show tha
evolution of the hybrid character of the OD and OH stretc
overtone bands is opposite: thenn 1 bands have a stronga-type
character for smalln values which evolve toward a pronounc

ybrid character forn 5 5 and 6, while the low OH stretchin
vertones are hybrid bands and becomea-type bands asn

ncreases. On the other hand, the angle between the tran
oment vector and the stretching bond shows a very si
ehavior as a consequence of the independence upon de

ion of both the potential energy surface and the dipole
ent surface. Once more, the predictions of Refs. (12, 15)
gree fairly well with the available experimental data.
reviously analyzed in Ref. (3), the new predictions of Re
12) based on an improved dipole-moment surface appear
ignificantly more accurate at high vibrational excitation.
nstance, the 6n1 band is predicted with a pronounced hyb
character (12) in agreement with the experiment (2), while a

ominatinga-type character was previously predicted for
and (15).

4. CONCLUSION

The high sensitivity of the ICLAS technique has allowed
improved analysis of the rotational energy pattern of the (0
state of HDO. The extended set of energy levels, m
unaffected by interaction with the other nearby states, cou
modeled, at the experimental accuracy level, in the effe
Hamiltonian approach. From the fractionala- or b-type inten
sities, the tilt of the transition moment vector away from
OH bond has been analyzed and compared to recent p
tions of Schwenke and Partridge (12, 15). A similar discussio
relative to the OD stretching overtones has shown that, in
of an opposite dependence of the hybrid character upon st
ing excitation, the tilt of the transition moment vector co
pared to the OD bond is similar to that observed in the

Resonance Intensity Transfer from a- to b-T
ype Transitions Within the 5n3 Band of HDO
Copyright © 2000 by Academic Pr
Experimental and Theoretical (12) Angles of
the Transition Dipole Moment Vector Relative
to the OH and OD Bonds for the nn3 and nn1

Bands of HDO

a Ref. (17).
b Ref. (18).
c Ref. (4).
d Ref. (1).
e This work, calculated value from the transition m-

ment parameters of Table 4.
f Predicted values of Ref. (12).
g Ref. (19).
h Ref. (20).
i Ref. (21).
j Ref. (22).
k Ref. (23).
l Refs. (24, 25).
m Ref. (2).
ess
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36 BERTSEVA, NAUMENKO, AND CAMPARGUE
energy levels predictions of Refs. (12, 15) and the significan
mprovement of the line intensity predictions of Ref. (12)
ompared to Ref. (15). It also would be interesting to compa
hese results with those obtained with the recently publi
round state PES of water by Kainet al. (27). In this latter
tudy a pureab initio PES (15, 28) was improved by includin
orrection to the bending potential that resulted in a signifi
mprovement of the predicted vibrational band origins.
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