
The far infrared rotational spectrum of HOBr: line positions and intensities

J. Orphala,1,*, J.-M. Flauda, Q. Koua, F. Kwabia Tchanaa,b, O. Piralia
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Abstract

The far infrared absorption spectrum of HOBr has been measured at high resolution between 100 and 400 cmK1 using high-resolution

Fourier transform spectroscopy. It was possible to identify not only 1403 pure rotation lines within the vibrational ground state involving

levels with rather high Ka quantum numbers (up to KaZ9) but also 457 pure rotation lines within the first excited vibrational state 31 up to

KaZ7. The ground state lines, combined with 32 microwave transitions available in the literature, were used for a new determination of the

rotational constants up to higher orders for both isotopomers HO79Br and HO81Br, by least squares fitting of the observed line positions using

a Watson-type Hamiltonian for the calculation of rotational energy levels. In the same way the 31 rotational lines were fitted together with

the few existing microwave transitions and the energy levels derived from the study of the n3 band (J. Orphal, Q. Kou, F. Kwabia Tchana,

O. Pirali, and J.-M. Flaud, J. Mol. Spectrosc. 221 (2003), 239–243) leading to an improved set of Hamiltonian constants. Finally relative line

intensities were measured and used for the determination of rotational corrections to the b-component of the permanent dipole moment.

q 2005 Elsevier B.V. All rights reserved.
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1. Introduction

HOBr plays an important role in atmospheric chemistry

[1–6]. It is formed in the stratosphere by the gas-phase

reaction between the BrO and HO2 radicals and by

heterogeneous reactions of BrONO2 with H2O on Polar

Stratospheric Cloud particles. In the stratosphere, HOBr is

rapidly photolyzed by sunlight [7–9] releasing OH and Br

radicals that destroy ozone in catalytic cycles [10]. In the

troposphere, HOBr is formed by reactions including

heterogeneous chemistry on sea salt aerosols, and—in

addition to photolysis and gas-phase reactions—can be

removed from the gaseous phase by dissolution in aqueous

aerosol particles [11–15]. In the chemical cycles of
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tropospheric bromine, HOBr is one of the most important

intermediates [4,5,16].

However, atmospheric detection of HOBr is still difficult

because of its rather low concentrations. Its sharp rotational

Q-branches in the far-infrared region have been used to

estimate an upper limit of 2.8 ppt for the HOBr mixing ratio

in the stratosphere, using balloon-borne limb-sounding of

atmospheric emission [17]. HOBr is also one of the target

species of the SAFIRE-A remote-sensing experiment on the

Geophysika M-55 high-altitude aircraft [18], and it is part of

the potential scientific data products of future space-borne

microwave limb-sounders [19]. With the increasing sensi-

tivity of far-infrared instruments, the observation of

atmospheric HOBr might become feasible in the future.

From the spectroscopic point of view, the electronic

ground and excited states of HOBr have been characterized

by several high-level ab-initio calculations [20–26], and

the ground electronic state has been studied (together

with DOBr) in the microwave region [27] as well as by

high-resolution Fourier-transform infrared spectroscopy
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and rotational analysis of the fundamental bands n1, n2 and

n3 around 3615, 1163 and 620 cmK1, respectively [28–30].

In this paper, we present the first high-resolution

absorption measurements of the pure rotational spectrum

of HOBr in the far infrared region between 100 and

400 cmK1. A total of 1403 pure rotation lines within the

ground state involving levels with rather high Ka quantum

numbers (up to KaZ9) were observed and assigned. From

these lines, together with 32 microwave transitions

available in the literature [28], a set of new rotational

and centrifugal distortion constants of the ground states

was determined for both the HO79Br and HO81Br

isotopomers. Also a total of 457 rotation lines within

the first excited vibrational 31 state were measured up to

KaZ7. They were fitted together with the few existing

microwave lines and the energy levels derived from the

analysis of the n3 band [30] leading to an improved set of

Hamiltonian constants. Finally measurements of individ-

ual line intensities for 585 lines were used to determine

the rotational corrections to the b-component of the

permanent transition moment.
2. Experimental

The experimental procedure has already been described

in a previous paper [30]. To give only the most important

facts: the far-infrared spectrum of HOBr was measured

using a commercial Bruker IFS-120 HR Fourier-transform

spectrometer, together with a White-type multi-pass absorp-

tion cell made of Pyrex glass, with gold-coated mirrors and

equipped with polyethylene windows. The optical path

length in the cell was adjusted to 400 cm (4 passes). The

beamsplitter used was a 6 mm mylar foil, the broadband

light source was a glowbar inside of the Bruker IFS-120 HR

source chamber, and the detector was a He-cooled

bolometer. The spectral resolution was 0.0032 cmK1
Fig. 1. Overview of the measured absorption spectrum of HOBr. The spectral re

distinct R-branches for different Ka values.
(Full-Width at Half-Maximum FWHM), and the free

spectral range was limited to 0–1128 cmK1. The observed

linewidth for unblended lines was about 0.005 cmK1

(FWHM).

HOBr was synthesized by flowing slowly gaseous

bromine over dry yellow HgO powder, yielding gaseous

Br2O and significant amounts of HOBr by heterogeneous

reactions with residual H2O adsorbed on the cell’s surfaces.

The total pressure in the absorption cell was adjusted to 7

mbar, including Br2O, HOBr, and residual Br2. Spectra were

recorded in blocks of 10 scans, each taking approximately

2 h. It was observed that the HOBr sample slowly

decomposed inside the cell, reaching nearly zero absorption

after 12 h. In order to minimize the effects of sample

decomposition on the determination of relative line

intensities, only the first block of data was used for the

analysis described below.

Fig. 1 shows an overview of the recorded spectrum at

high resolution. Note that, besides HOBr, there is absorption

by residual H2O inside the cell and the interferometer. In

addition, weak absorptions due to the rotational spectrum of

HOCl [31], probably resulting from an impurity in the

chemical synthesis, were observed. Figs. 2, 3 and 4 show

more details of the spectra. The signal/noise ratio is about

100 (root mean square, RMS), but significantly decreasing

towards lower wavenumbers. Note that for the line intensity

determinations, the spectrum was slightly apodized using

the Norton-Beer ‘medium’ apodization function, to mini-

mize the effects of the instrumental line shape (see Fig. 5).

All line positions were determined using the Bruker OPUS

software peakfinder routine, and were calibrated to absolute

vacuum wavenumbers using the residual H2O lines and the

line positions of Ref. [32] recommended by the IUPAC [33].

The experimental uncertainty of the calibrated line positions

is 0.00026 cmK1 (RMS deviation of 66 rotational lines of

H2O between 100–400 cmK1).
solution is 0.0032 cmK1, the absorption path is 800 cm. Once can see the



Fig. 2. A portion of the observed spectrum between in the 165–325 cmK1 range. The sharp Q-branches and strong R-branches are clearly visible, while the

P-branches are much weaker. The upper trace (a) shows the modelled spectrum and the lower trace (b) shows the observed spectrum. Strong lines that are not

reproduced in the modelled spectrum are due to residual water vapour within the cell and in the interferometer.
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3. Analysis

3.1. Line positions and energy levels

The assignment process of the pure rotation spectra of

both isotopic species was straightforward. Starting from the

molecular constants of Ref. [29], lines up to J and Ka values

of about 40 and 6 were easily assigned for the ground state.

The constants were then refined by a non-linear least-

squares fit using a Watson-type A-reduced Hamiltonian in

the Ir representation [34], and the refined constants were

used to predict new line positions which allowed further

assignments. New line assignments were performed by

comparing the observed spectrum with synthetic spectra

based on the preliminary rotational constants obtained from

the refinements. The process was repeated liberating

successively higher-order constants (in particular required
Fig. 3. A portion of the observed spectrum between in the 255–263 cmK1 range (t

and the lower trace (b) shows the observed spectrum. Note that the Q-branches of H

an asterisk are due to residual H2O.
for transitions with higher Ka) until no new assignments

were possible. As a result, the far-infrared lines observed in

the present work between 100 and 360 cmK1 have a better

coverage of high Ka values (up to 9, see Table 1) than what

was achieved in a previous study [29] using only microwave

transitions and ground-state combination differences from

the mid-infrared bands n1 and n2.In the final calculations,

the observed lines from this work were combined with the

microwave data from Ref. [27] and fitted using a Watson-

type A-reduced Hamiltonian in the Ir representation [34]. In

order to include the microwave data, we have recalculated

the individual line centers without quadrupole splitting

using the rotational and higher-order constants of Ref. [27],

and for correctly weighting the microwave and new infrared

transitions in a simultaneous fit, the inverse of the squared

uncertainties was used (50 KHz and 9 MHz, respectively). It

is interesting to note that, because high Ka levels were
ransitions with KaZ7–6). The upper trace (a) shows the modelled spectrum

O79Br and HO81Br overlap strongly around 256.6 cmK1. Lines marked with



Fig. 4. A portion of the observed spectrum between in the 184–188 cmK1 range (R-branch transitions with KaZ4–5). The upper trace (a) shows the modelled

spectrum and the lower trace (b) shows the observed spectrum. Note that the rotational transitions of the HO79Br and HO81Br species with the same quantum

numbers are always very close due to the similarity of the rotational constants (see also Table 2). Lines marked with a triangle are due rotational transitions

within the 31 state of HOBr. Lines that are not reproduced in the modelled spectrum are due to residual H2O.
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observed, it has been possible for the first time to determine

all diagonal sextic centrifugal distortion constants, two off-

diagonal sextic constants, and even the octic constant PK,

see Table 2.

Also the assignment process of the rotation spectrum

within the 31 vibrational states of both isotopic species (see

the lines indicated by triangles in Fig. 4) proved to be rather

easy starting from the rotational constants derived from the

analysis of the n3 band [30]. However we had to refine

the constants in order to assign lines with rather high Ka

(up to 7) quantum numbers since in the previous study only

lines with Ka%4 were observed. It is worth stressing that

this new study has led to a much better determination of
Fig. 5. The 205,16–194,15/205,15–194,16 transitions of HO79Br and HO81Br.

The line at the left is due to HO81Br, the line at the right is due to HO79Br. The

asymmetry splittings between the 205,16–194,15 and 205,15–194,16 transitions

(predicted from the energy calculations) are less than 10K5 cmK1. The open

circles are the observed spectrum, the straight line in the upper plot is

the modelled spectrum from the non-linear least-squares fit to determine the

individual line intensities, and the straight line in the lower plot is the

difference between the observed and modelled data.
the XK constants and in particular of the sextic constant HK

(See Table 2).
3.2. Line intensities

To determine the relative line intensities of the rotational

transitions of HOBr in the far-infrared region, a non-linear

least-squares fitting routine was used that minimises the

differences between the observed and modelled spectra by

adjusting the line positions and intensities together with two

parameters for the baseline (offset and tilt). An example for

the quality of the fitting procedure is given in Fig. 5 for the

205,16–194,15/205,15–194,16 transitions of HO79Br and

HO81Br. Note that the line widths were determined only

once from fitting of a few selected transitions with high

signal/noise ratio and then kept fixed during the entire

analysis, to minimize the influence of systematic errors, in

particular for the many overlapping lines in the low

wavenumber region. All fits were inspected visually for

quality and fits with bad residuals or high correlations

between line parameters (in particular for overlapping lines)

were rejected from the further analysis procedure. Finally, a
Table 1

Range of observed ground state energy levels

Ka HO81Br HO79Br

Jmin Jmax Jmin Jmax

2 7 49 16 49

3 4 50 3 50

4 4 55 4 55

5 6 56 5 56

6 7 51 6 51

7 8 47 8 47

8 9 27 9 27

9 11 21 10 21



Table 2

Rotational constants of the ground and v3Z1 states of HOBr (A-reduction, Ir)

Constant HO81Br HO79Br

Ground State v3Z1 Ground state v3Z1

E 0.0 618.90605 (55) 0.0 620.22850 (57)

A 20.4700384 (760) 20.4407086 (250) 20.4701657 (770) 20.4408104 (200)

B 0.35127762 (580) 0. 34840754 (170) 0.35281792 (350) 0. 34992867 (140)

C 0.34483688 (580) 0. 34200048 (210) 0.34632149 (450) 0. 34346658 (190)

DK!102 0.4606577 (2600) 0. 4585781 (1200) 0.460741 (1400) 0. 45866671 (9700)

DJK!104 0.2488014 (3800) 0. 2455408 (5300) 0.250389 (3100) 0. 2471408 (4800)

DJ!106 0.4265380 (7200) 0. 432802 (2000) 0.429834 (4700) 0. 434306 (1200)

dK!104 0.10110 (2900) 0.10110a 0.10110b 0.10110a

dJ!108 0.639190 (6400) 0.639190a 0.70493 (500) 0. 70493a

HK!105 0.52381 (1200) 0. 524395 (1500) 0.52716 (3500) 0. 527384 (1300)

HKJ!107 0.186045 (1400) 0. 18988 (1000) 0.1780 (1300) 0. 17972 (1000)

HJK!1010 0.3896 (1500) 0.3896a 0.3896b 0.3896a

HJ!1012 K0.3003 (2000) K0.3003a K0.3003b K0.3003a

LK!107 K0.11328 (2000) K0.11328a K0.11580 (2400) K0.11580a

LKKJ!1010 K0.5348 (1700) K0.5348a K0.4057 (2000) K0.4057a

PK!1010 0.2002 (1100) 0.2002a 0.2002b 0.2002a

J range 4–56 1–41 4–56 2–39

Ka range 0–9 0–7 0–9 0–7

No. of lines 746 FIRC16 MW 225 FIRC370 IRC3 MW 657 FIR C16 MW 232 FIRC452 IR C4 MW

RMS IR 0.0006 cmK1 0.0008 cmK1 0.0004 cmK1 0.0008 cmK1

RMS MW 33 kHz 11 kHz 43 kHz 8 kHz

Note: All values, except J and Ka range, ‘No. of lines’ and ‘RMS MW’ are given in cmK1.
a Constant fixed to the ground-state value.
b fixed to the same value for both isotopomers.

Table 3

Transition moment constants for the pure rotational spectrum of HOBr

Operator HO79Br/HO81Br

C-m Debye

fx K4.617!10K30 K1.384!10K00

{ify, Jz} 1.91 (33)!10K31 5.73 (100)!10K02

{fz, i Jy} K3.582 (333)!10K33 K1.074 (100)!10K03

{fx, Jz
2} K2.351 (287)!10K32 K7.049 (860)!10K03

{fx, J2} K1.983 (120)!10K34 K5.946 (360)!10K05
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total of 585 individual line intensities were obtained in this

way (260 for HO79Br and 325 for HO81Br).

For the theoretical analysis, it has to be remembered that

the intensity of a line (in cmK1/ (molecule cmK2)) is given

by the expression [35]

kN
~v Z

8p~v

4p303hcZðTÞ
1Kexp K

hc~v

kT

� �� �
exp K

hcEA

kT

� �
RB

A;

where n is the wavenumber of the transition, EA is the

energy of the lower state A, Z(T) is the partition function, and

RB
A is the matrix element of the transition moment operator.

This transition moment operator can be expanded [35] with

respect to the direction cosines and the components Ja of the

total angular momentum J. Its matrix elements were

calculated between the eigenfunctions derived from the

diagonalization of the Hamiltonian matrices. The fittings of

the experimental line intensities of HO79Br and HO81Br were

first performed separately for each species but, since they led

to transition moment parameters consistent to within their

estimated accuracies, it was decided to fit the lines of the two

isotopologues with the same transition moment expansion. It

is worth noting that, since the amount of HOBr in the cell was

not known, only relative line intensities were measured, and

consequently only the rotational corrections to the permanent

dipole moment were determined.

Consequently all the transition moment parameters were

scaled to the permanent dipole moment measured by Stark

effect [27] and the corresponding rotational corrections to

the permanent transition moment are given in Table 3. This
also leads to a determination of the HOBr concentration in

the absorption cell, 7.0!1014 molecules/cm3, which is close

to the value obtained by Deters et al. [7] (3.9!1014

molecules/cm3) who investigated the ultraviolet-visible

spectrum of HOBr using the same chemical synthesis.

This allows furthermore to determine the integrated band

strength of the n3 bands around 620 cmK1 at 296 K [30],

4.17!10K19 cmK1/(molecule cmK2) equivalent to

10.2 cmK2/atm or 2.51 km/mole [36] for each HOBr

isotopologue (in good agreement with the ab-initio value

of 2.26 km/mole [25]), with an accuracy of about 20%, the

main contribution to the overall uncertainty being the

relatively low signal/noise ratio around 620 cmK1.Finally

when looking at Table 3 it is clear that the rotational lines

intensities are subject to strong rotational corrections; such

an effect being also obvious in Fig. 6. Note that a strong

Herman-Wallis effect was also observed for the b-type

transitions in the n1 band of HOBr [29].

No correction for the effects of thermal sample and

window radiation has been made for the intensity



Fig. 6. Observed relative line intensities in the far-infrared rotational

spectrum of HOBr determined from non-linear least squares fits of 585

individual lines. All transitions of HO79Br and HO81Br are presented

together. Note that for the low-Ka transitions the noise is larger than at

higher Ka values, which is due to the reduced signal/noise ratio around

100 cmK1 (see also Fig. 1).
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determination, which leads to a possible systematic increase

of the relative linestrength of weak lines of up to 3% (see

also Ref. [31]). In order to validate the observed line-

strengths of HOBr we have compared the observed lines of

water vapour within the cell with the intensities of the

HITRAN database [37], covering the same range of

observed intensities as for HOBr, yielding a straight line

with an RMS of 8% (see Fig. 7). The effects of sample

emission are therefore validated to be smaller than 8%, but

are probably even less than 3% (see Ref. [31]).

Using the rotational constants gathered in Table 2 and the

dipole moment expansion of Table 3 a linelist of the far-

infrared spectrum of HOBr has been generated. It includes

not only the pure rotational transitions within the ground

vibrational state but also the rotational transitions within the

first excited vibrational state 31, and reproduces very well

the observed spectrum (see Figs. 2, 3 and 4). Note that for

the 31 state it was assumed that the transition moment was
Fig. 7. Observed relative H2O line intensities in the far-infrared compared

to the line intensities in the HITRAN database [36]. The good agreement

indicates negligible contributions due to sample emission, within the range

of observed HOBr relative intensities. The straight line is a fit yielding a

correlation coefficient of 98% and an RMS deviation of 8%.
the same as for the ground vibrational state, although the

observed rotational transitions within the 31 state are

slightly stronger than the modelled ones. However due to

its weakness the latter effect is of negligible influence to the

pure rotational spectrum in this spectral region (see Fig. 4).
4. Conclusion

The far-infrared rotational spectrum of hypobromous

acid HOBr was measured by high-resolution Fourier-

transform absorption spectroscopy. From the analysis of

over 1900 lines involving higher Ka and J values than

observed previously, accurate rotational and centrifugal

distortion constants have been derived for the ground and 31

vibrational states of HO79Br and HO81Br. Also individual

line intensities have been measured and were used to

determine the rotational corrections to the permanent dipole

moment of HOBr. The new Hamiltonian and dipole moment

constants were used to calculate a synthetic linelist suitable

for atmospheric remote-sensing using high-resolution

spectroscopy in the far infrared.
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