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The high-resolution Fourier transform spectrum of the HDO molecule was recorded and analyzed in the region 7600–810
cm21 where the weak vibration–rotation bands 3n1 and n1 1 n2 1 n3 are located. Because of the presence of strong local
resonance interactions, transitions belonging to the 3n2 1 n3 and 6n2 bands were assigned as well. Spectroscopic parameters
of all four bands were estimated, which reproduce initial line positions with accuracy close to experimental uncertainties
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1. INTRODUCTION

Because of the large amount both of pure academic (e.
the partner of the H2O and D2O molecules in solving th

roblem of studying fundamental properties of water-type
cules) and applied (absorption by HDO is easily detectab
arth’s atmosphere spectra) interests, the HDO infrared sp
ere the subject of extensive study for a long period of
eginning with contributions by Benedictet al. (1). The mos

extensive study was conducted by Toth and co-authors [
(2–7], who discussed HDO high-resolution spectra in the
gions 970–1890 cm21 (2); 600–3100 cm21 (3); 2400–3300
cm21 (4); 3290–4370 cm21 (5); 4720–5840 cm21 (6); and
6000–7700 cm21 (7), respectively. Then2 and n1/2n2 bands
were studied by Guelachvili (8) and Papineauet al. (9), re-
spectively. Ohshima and Sasada (10) used DFB semiconduct
aser spectroscopy for recording HDO spectrum in the re
380–6600 cm21. Spectra in the regions with wavenumb

shorter than 8500 cm21 were considered in Refs. (11–16). Up
ntil today there has been no discussion of the vibratio
otational spectrum between 7700 and 8500 cm21.

Therefore, the goal of the present study is to discuss
experimentally recorded high-resolution spectrum of HDO
the region 7600–8100 cm21. Experimental details and resu
of assignments of recorded spectral lines are present
Sections 2 and 3, respectively. Theoretical analysis of ass
transitions and obtained results are discussed in Section

2. EXPERIMENTAL DETAILS

The sample of D2
16O was purchased from PeKing Chem

Industry, Ltd. (China). The stated purity of deuterium w
99.8%. The sample of HDO was prepared by mixing the2O
and H2O in a ratio of 1:1. The spectra were recorded at r
228
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temperature with a Bruker IFS 120HR Fourier transform
terferometer (Hefei, China), which was equipped with a
length adjustable multipass gas cell, a tungsten source, a2
beam splitter, and a Ge-diode detector. The unapodized
lution was 0.02 cm21, and the apodization function was
Blackman–Harris 3-Term. The sample pressure was 150
which was measured by a manometer with a stated accura
20 Pa. The total path length was 105 m.

Since in the region under study there are many absor
lines due to the H2O and D2O, the spectrum of “pure” D2O was
also recorded to identify the absorption lines of HDO.
frequency was calibrated with H2O lines in this region listed i
the HITRAN96 database. The estimated precision of posi
of unblended lines was 23 1023 cm21. For illustration, a sma
piece of one of the recorded spectra is presented in Fig.

3. ASSIGNMENT OF THE SPECTRA AND
THEORETICAL BACKGROUND

The HDO is a prolate asymmetric-top molecule ofCi-type
symmetry. As a consequence, any of its vibrational–rotat
bands contain absorption lines arising from transitions o
two types (bothA andB).

Absorption spectrum in the studied region is coursed b
two weak bands: by the second stretching overtone 3n1 and by
the considerably weaker combination bandn1 1 n2 1 n3. Lines
were assigned on the basis of the ground state combin
differences method. In this case, ground state rotational
gies were calculated on the basis of parameters from Re9).

As a result of analysis, we were able to assign undoub
215 transitions with quantum numbersJmax 5 11 andKa

max 5 5
o the 3n1 band and 86 transitions with quantum numb
Jmax 5 10 andKa

max 5 3 to then1 1 n2 1 n3 band. On this basi
83 and 37 upper energies belonging to the (300) and
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229HDO SPECTRUM IN 7600–8100 cm21
vibrational states, respectively, were determined. One ca
the mentioned energy values in columns 2 and 5 of TableD
values in columns 3 and 6 indicate the experimental unce

FIG. 2. Illustration of strong local resonance interaction in the (300
calculatedJ0,J rovibrational energy values of the (300) band (marked wit
calculated values were obtained when each band was analyzed separa
of corresponding differences of (300) band (marked with open circles) an
and the resonance interactions were included in the Hamiltonian mode

FIG. 1. Part of the spectrum of the HDO molecule in the region 760
with a 1:1 mixed sample of H2O and D2O; pressure and optical path length
by “D” belong to D2O.
Copyright © 2000 by
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ties of the energy values, equal to one standard deviati
units of 1023 cm21.

As follows from Ref. (17), there are two additional v

nd (060) vibrational states of HDO. (a, b) Differences between experim
pen squares) and of the (060) band (marked with solid squares), respe
and no resonance interactions with other bands were taken into accounValues
f (060) band (marked with solid circles) when all four bands were analyzogethe

8100 cm21. The spectrum was recorded by a Bruker IFS 120HR FT spectrom
re 1500 Pa and 105 m, respectively. Assignments of HDO are given; line
) a
h o
tely
d o

l.
0–
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230 HU ET AL.
TABLE 1
Experimental Rovibrational Term Values for the (300), (111), (031), and (060) Vibrational States of the HDO Molecule (in cm21)a

a In Table 1,D is the experimental uncertainty of the energy value, equal to one standard deviation in units of 1023 cm21; d is the differenceE exp 2 E calc, also
in units of 1023 cm21; D is not quoted when the energy value was obtained from only one transition.
Copyright © 2000 by Academic Press
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231HDO SPECTRUM IN 7600–8100 cm21
brational bands, 3n2 1 n3 and 6n2, which are located ver
close (according to Ref. (17), their band centers are 6n2 5

906.8 cm21 and 3n2 1 n3 5 7754.3 cm21) to the discusse
bands (from (17): 3n1 5 7919.7 cm21 and n1 1 n2 1 n3 5
7808.6 cm21). These two additional bands can stron
perturb rotational structures of the bands 3n1 andn1 1 n2 1
n3 by means of possible local resonance interactions.
this reason, in our further theoretical analysis we used
Hamiltonian model which takes into account four inter
ing vibrational states:

H eff 5 O
v,v9

uv&^v9uH vv9. [1]

Here the diagonal operatorsH vv (v 5 1, 2, 3, 4) are the usu
Watson’s operators, Ref. (18):

FIG. 3. Illustration of strong local resonance interaction in the (111)
values of theJ1,J21 (111) rovibrational states when the band was analyze
(b) Values of corresponding differences when all four bands were anal

TABLE 1
Copyright © 2000 by
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H vv 5 E v 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

2J2 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

1 @ Jxy
2 , hK

v Jz
4 1 hJK

v J2Jz
2 1 hJ

vJ4#.

[2]

u1& 5 (300), u2& 5 (111), u3& 5 (031), u4& 5 (060). TheH vv9 5
(v Þ v9) account for the operators of resonance interaction
this case, resonance operatorsH vv9 should be written in th
form of the sum of two terms

H vv9 5 H F
vv9 1 H C

vv9, [3]

ational state of HDO. (a) Differences between experimental and calculagy
eparately and no resonance interactions with other bands were taken
d together and the resonance interactions were included in the Hamiltoodel.
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—C
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232 HU ET AL.
which describe resonance interactions of the Fermi-type

H vv9 5 F 0
vv9 1 F K

vv9Jz
2 1 F J

vv9J2 1 · · ·

1 F xy
vv9Jxy

2 1 F xyK
vv9 @ Jxy

2 , Jz
2#1 1 · · · ,

[4]

TABLE 2
List of Transitions Belonging to the 6n2 Band of HDO

TAB
List of Transitions Belonging
Copyright © 2000 by
and Coriolis-type

H vv9 5 CyK
vv9@iJy, Jz

2#1 1 · · ·1 Cxz
vv9@ Jx, Jz!1

1 CxzJ
vv9@ Jx, Jz#1J2 1 · · · ,

[5]

respectively. In Eqs. [2]–[5] the following notations are us
Jxy

2 5 Jx
2 2 Jy

2, andJ2 5 ¥a Ja
2.

4. ANALYSIS AND DISCUSSION

The analysis began with the (300) vibrational state w
corresponds to the strongest absorbtion band 3n1. In this case
as the analysis showed, numerous local resonance intera
do not allow one to satisfactorily reproduce rovibrational
ergies even for smallest values of the quantum numberKa. In
particular, even an attempt to fit energies of the rovibrati
states [J, Ka 5 0, Kc 5 J] leads to anomalous behavior
value of the differenceEJKa50Kc5J

exp 2 EJKa50Kc5J
calc against th

value of quantum numberJ (see open squares in Fig. 2).
further analysis showed, such anomalous behavior ca
explained only on the basis of the Fermi-type reson

3
the 3n2 1 n3 Band of HDO
to
Academic Press
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233HDO SPECTRUM IN 7600–8100 cm21
interaction between the states [J, K a 5 0, K c 5 J] of the
(300) vibrational state and the corresponding [J, K a 5 0,
K c 5 J] states of the highly excited (060) vibrational sta
On the other hand, one can expect in this case an appea
of transitions caused by the strong resonance interactio
belonging to the fifth bending overtone 6n2. Really, we wer
able to reliably assigned the set of such transitions, liste
Table 2. Thus, obtained rotational energies of the (
vibrational state (see column 11 of Table 1) easily exp
the anomalous behavior of theEJKa50Kc5J

exp 2 EJKa50Kc5J
calc dif-

erences (see open circles in Fig. 2). Analogous analys
he other sets of states [J, K a, K c] (300) with the fixed valu

of quantum numberK a (K a 5 1–5) anddifferent values o
quantum numberK c 5 J 2 K a or K c 5 J 2 K a 1 1 lead
o the conclusion on the presence of strong local resona
f both Fermi- and Coriolis-type between the (300)
111) vibrational states.

Analysis of then1 1 n2 1 n3 band showed that, besid
strong local interactions with the 3n1 band, then1 1 n2 1 n3

band is strongly perturbed by the 3n2 1 n3 band. In particula

TABLE 4
Spectroscopic Parameters of the (300), (111), (031), and (060)

Vibrational States of the HDO Molecule (in cm21)a

a Values in parentheses are the 1s statistical confidence intervals. Param-
eters presented without confidence intervals were fixed to their initial val
(see text and footnotes below for details).

b Fixed to the values of parameters of the (110)/(030) diad (see text
details).

c Fixed to the values of corresponding parameters of the ground vib-
ional state from Ref. (9).

d Estimated on the basis of quadratic interpolation of corresponding-
rameters of the (300), (111), and (031) states.
Copyright © 2000 by
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the set of states [J, Ka 5 1, Kc 5 J 2 1] (111) shows th
behavior of theEJKa51Kc5J21

exp 2 EJKa51Kc5J21
calc differences (se

Fig. 3) which is very similar to the behavior of the cor
sponding differences in Fig. 2. In this case, it is clear (it
be seen, e.g., from comparison of energy values in colu
2 and 5 of Table 1) that the (300) vibrational state ca
cause such a behavior. The only possible reason for
strong perturbations can be in the (031) vibrational s
which is close to the (111) state. In this case (similar to
pair of the (300)/(060) states), one can expect an appea
of the transitions caused by such local resonance int
tions and belonging to the 3n2 1 n3 band. The set of suc
transitions assigned to the 3n2 1 n3 band can be seen
Table 3. The corresponding rovibrational energies of
(031) vibrational state, which were determined from
assigned transitions, are presented in column 8 of Tab

As a final part of analysis, energies from Table 1 were us
the input data in the fit with the Hamiltonian, Eqs. [1]–[5]. Res
of the fit are given in Tables 4 and 5. In these tables, the valu
parentheses are the 1s statistical confidence intervals. Parame
presented without confidence intervals were fixed to their i
values. In this case, the initial values of parameters of the
and (031) states, which are marked in Table 4 by (b), were
estimated in the following way: As is clear from general phys
considerations [see e.g., (19)], (a) the values of rotational co
tants and centrifugal distortion coefficients of the states (111
031) should be close to the values of the corresponding p
ters of the (110) and (030) states, respectively; (b) values
arameters of resonance interaction between the states (11
031) also should be close to the values of corresponding p
ters describing interaction between the states (110) and
rom this point of view, it would be suitable to take paramete

he (110) and (030) states from (20) and then use them as t
nitial approximations in our analysis. However, in our opin

TABLE 5
Parameters of Resonance Interactions Between the States (300),

(111), (031), and (060) of the HDO Molecule (in cm21)a
Academic Press
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234 HU ET AL.
the set of parameters of Ref. (20) which, on the one han
orrectly reproduces the initial experimental data from Ref. (5), on
he other hand, contains some physically unsuitable data. I
erns, first of all, some of sextic centrifugal distortion coeffici
f the (110) and (030) states which are differentiated from
ther and from the corresponding parameters of the groun
rational state (9), not only by the orders of magnitude, but also

he sign. Because at the first step of our main analysis we d
eed the exact values of parameters of the (111)/(031) vibra
tates (but in as physically suitable, as possible, their approx
alues), we refitted the experimental rovibrational energies o
110) and (030) vibrational states from (5). In this case, we did n
ake into account energy values marked by “b” in Table I of Ref.
(5) (energies which were not confirmed by the presence of
bination differences) and sacrificed the accuracy of reprodu
of the initial experimental energy values in favor of reductio
the number of used parameters. Thus, obtained values
parameters were then used as the initial approximations fo
corresponding parameters of the (111) and (031) vibrat
states.

So, the parameters of the states (111) and (031) mark
(b) in Table 3 just were fixed to the values determined from
fit of energies of the (110) and (030) vibrational states.
parameters of the state (300) marked by (c) in Table 3 were
fixed to the values of the corresponding parameters o
ground vibrational state from Ref. (9). Values of the param
ters DK, D JK, and HK of the (060) vibrational state we
estimated on the basis of quadratic interpolation of the c
sponding parameters of the (300), (111), and (031) state
then fixed;dK andd J parameters were fixed to the values of
corresponding parameters of the (031) state; the rest of tH-
and h-type constants were fixed to the values of the co
sponding parameters of the ground vibrational state (9).

The sets of parameters obtained from the fit and give
Tables 4 and 5 look like physically suitable ones becaus
they satisfactorily reproduce the initial experimental en
values (see columns 4, 7, 10, and 13 of Table 1 where the
d 5 Eexp 2 Ecalc is presented); (2) values of parameters
Table 4 correlate both with each other and with the value
the corresponding parameters of the ground vibrational
[Ref. (9)].

5. CONCLUSION

The analysis of the high-resolution Fourier transform spe
of the HDO molecule which was recorded in the region 76
Copyright © 2000 by
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8100 cm allowed us not only to obtain information about
weak absorbtion bands 3n1 andn1 1 n2 1 n3, but to assign fo
the first time the set of transitions to the “exotic” bands 6n2 and
3n2 1 n3. The appearance of the latter bands is caused b
strong local resonance interactions between all four vibrat
states.
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