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Abstract

Vibrational frequencies of gaseous Br,O and OBrO were observed using the Fourier transform infrared spectrom-
eter. For the first time, bands at 629.0 cm™! (v;) and 532.9 cm™! (v,) were recorded for both Br-O asymmetric and
symmetric stretching vibrations of gaseous Br,O. Two fundamental vibrations were observed at 798.7 cm™' (v;) and
846.3 cm™! (v;) for the O"®BrO radical. In addition, two new peaks at 2333 cm™! and 668 cm™' were observed in a
HOBr spectrum. They are tentatively assigned to the H-Br and Br-O stretching vibrations of a HOBr isomer on the
basis of ab initio computational results. © 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

Characterization of halogen-containing species
is important for improving the current under-
standing of atmospheric halogen chemistry leading
to stratospheric ozone depletion. Chlorine- and
bromine-containing species have been the focus of
many investigations, since they play a vital role in
causing both the ozone decline on a global scale in
last three decades and the Antarctic ozone hole
during the Antarctic spring since the late 1970s [1].
However, the chlorine- and bromine-containing
species and their chemistry are not equally well
understood. Many chlorine-containing species in-
volved in atmospheric and laboratory studies, such

* Corresponding author. Fax: +1-217-244-4393.
E-mail addresses: lchu@csc.albany.edu (L.T. Chu), zli@
atmos.uiuc.edu (Z. Li).
! Also corresponding author. Fax: +1-518-473-2895.

as OCIO, HOCI, and Cl,O, have been extensively
characterized and documented [2], but their anal-
ogous brominated species received much less ex-
amination. This is partially due to the fact that
atmospheric bromine is much less abundant than
chlorine [1]. In addition, atmospheric bromine
chemistry is quite complex, and hence has not been
explored in detail [3,4]. Recent findings of a higher
efficiency of catalytic removal of ozone by bromine
than chlorine on a per atom basis in the polar
stratosphere invites a thorough investigation of the
bromine chemistry [1,5], which in turn requires
characterization of each brominated species.
Among the inorganic bromine species are OBrO, a
species recently detected in the mid-latitude
stratosphere [6,7], HOBr, a product from the re-
action of BrO with HO, and the hydrolysis of
BrONO; [8,9], and Br,0, a precursor of HOBr in
laboratory studies [10]. They are the analogues of
OCIO, HOCI, and Cl,O, respectively.
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Fourier transform infrared (FTIR) spectro-
scopic study of gas-phase bromine-containing
species can provide important information re-
garding the fundamental vibrations of the mole-
cules examined. However, the study may also be a
challenging task since the vibrations associated
with bromine atoms fall into a lower frequency
domain and have a narrower rotational energy
spacing. Furthermore, the bromine atom is in
general weakly bonded to other atoms in inorganic
brominated molecules or radicals. The weak bonds
between bromine and other atom(s) often result in
unstable brominated species, which make the de-
tection and detailed study of brominated species
more difficult than their chlorine analogs. For
these reasons, reports on the infrared study of the
brominated radicals and compounds are sparse. In
the case of OBrO, FTIR spectra of OBrO in an
argon or nitrogen matrix have been determined by
Kolm et al. [11] and Tevault et al. [12]. Miller et al.
[13,14] have recently reported a value of 848.6
cm~! for the v; Br-O stretching vibration on the
basis of the first gas-phase OBrO FTIR spectrum
in the region of 810-880 cm~'. They also deter-
mined the frequencies of both v; and v, bands by
analyzing the electronic absorption spectrum of
the OBrO radical. The IR spectrum of Br,O and
BrBrO in solid argon matrices was first studied by
Tevault et al. [12] and recently by Kolm et al. [15].
Miiller and Cohen [16] have examined the micro-
wave Br,O spectrum. Very little information is
available in the literature regarding the infrared
investigation of the gas-phase Br,O molecule.

The OBrO radical has recently been synthesized
and collected in quantity at low temperature [17].
One goal of this study was to demonstrate that this
is also a good OBrO source for spectroscopic
studies. The gaseous Br,O FTIR spectrum was not
reported in the literature. The FTIR spectra are
useful to atmospheric chemists investigating BrO,
chemistry via IR detection schemes. It is also a
starting point for conducting the high-resolution
IR spectra for gas-phase Br,O and OBrO. This
motivated us to record the IR spectra of these
species. In this paper, we report an infrared spec-
troscopic study of gaseous Br,O and OBrO in the
range of 4000-500 cm~!. An IR spectrum of
HOBr, which was produced by the hydrolysis of

Br,0, is briefly investigated. As discussed later, a
new species was observed in the FTIR spectra
along with HOBr, which is ascribed to an isomer
of HOBr.

2. Experimental

The gas-phase infrared spectra were taken on a
Mattson RS-2 FTIR spectrometer. The major
components of the experimental apparatus used in
the present work are illustrated in Fig. 1. The
spectrometer was equipped with a KBr beam
splitter and a liquid nitrogen cooled HgCdTe
(MCT) detector. Its sample compartment housed a
3.2 m (total pathlength) multipass absorption cell
(Wilmad Glass) with aluminum mirrors and either
NaCl or KBr windows. The multipass-cell could
be continually evacuated by pumping to reduce the
loss of short-lived species such as OBrO. The IR
absorption cell was cooled to 250 K using dried
cooled nitrogen gas when the IR spectrum of the
OBrO radical was taken. Both Teflon tubing and
glass tubing were used to transfer the OBrO radi-
cals into the cell. The spectra were recorded at 0.5
cm~! resolution with 32-64 co-added scans.

The OBrO radicals were generated by flowing a
mixture of ~10'* molecules/cm?® of Br, (Aldrich)
and ~ 10'* molecules/cm? ultra-high purity oxygen
(Praxair), carried by 1000 sccm of ultra-high purity
helium (Praxair), through a 2.45 GHz microwave
discharge (Opthos Instruments, MPG-4M) cavity
[17]. The gas flow rates were controlled by stainless
steel mass flow controllers (Teledyne-Hastings).
The pressure in the microwave discharge zone was
maintained at approximately 1 Torr by a large
mechanical pump (Alcatel 2063C). Bromine was
purified by a pump-and-thaw procedure before
being mixed with helium. The microwave dis-
charge power was adjusted in the range of 30-40
W. Products from the microwave discharge of the
Br,/O,/He mixture were trapped in a U-tube at
~240 K. The OBrO sample was collected for ~1 h
before it was warmed to 273 K and then trans-
ferred to the absorption cell with helium carrying
gas through a short transfer tube (10-15 cm). The
total pressure in the IR cell was maintained at
approximately 25 Torr during the recording of the
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Fig. 1. Schematic diagram of the experimental apparatus for FTIR studies of OBrO and Br,0.

OBrO IR spectrum and the OBrO residence time
in the cell was approximately 20 ms. In a separate
experiment, the synthesized OBrO radicals were
also detected by a quadrupole mass spectrometer
at its parent ion m/e = 111,113, which corre-
sponds to O”BrO" and O%'BrO", respectively.

The Br,O molecules were synthesized by the
heterogeneous reaction of the bromine vapor with
HgO [10,15]:

2Br, + HgO(s) — HgBr,(s) + BrOBr (1)

50-100 g of HgO (yellow) powder (Aldrich) were
mixed in glass wool and placed in a glass flask
equipped with both inlet and outlet valves. The
flask was evacuated to 103 Torr and heated to
approximately 370 K for about one hour prior
to its use for reaction (1). Bromine was first frozen
to degas and then dried by passing through a P,Os

(Aldrich) trap to remove the moisture. The
evacuated flask was then filled with dried bromine
up to ~100 Torr at 273 K in the dark. After al-
lowing approximately 5 min of mixing and reac-
tion for reactants and products, gases were
transferred into a liquid nitrogen cooled trap.
This procedure was repeated about 10 times to
obtain a sufficient quantity of Br,O. The sample
trap was then pumped at 245 K to remove the Br,
impurity in the Br,O sample. The trap was kept at
245 K to avoid Br,O decomposition at 255 K
as suggested in the literature [18]. A green-
brownish Br,O powder then remained in the trap.
The multipass IR absorption cell was evacuated
to 1073 Torr and gas-phase Br,O was transferred
into the cell at 273 K. The cell was then sealed.
IR spectra were taken at a total pressure of ap-
proximately 1 Torr.
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3. Results
3.1. OBrO FTIR spectrum

When OBrO was continuously flowed through
the absorption cell at a total pressure of 25 Torr,
the FTIR spectrum was recorded with a resolu-
tion of 0.5 cm™' at 250 K using NaCl windows
and a narrow-band MCT detector. The spectrum
was scanned from 700-4000 cm~'. A typical IR
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Fig. 2. OBrO FTIR spectrum. The spectrum was recorded at a

resolution of 0.5 cm™! with 32 scans at 250 K. NaCl windows

were used. The OBrO radicals were carried by helium into the
IR cell. The total pressure in the cell was about 25 Torr.

Table 1
Observed IR frequencies (in cm™') of OBrO

spectrum of OBrO is shown in Fig. 2. Two ab-
sorption bands were observed in the 790-860
cm~! region as shown in Fig. 2. The isotope ef-
fect of the v; band (Br—O asymmetric stretching)
was observed as two peaks separated by about
2.2 cm™!, at 848.5 and 846.3 cm™!'. A pair at
800.4 and 798.7 cm~! was also observed for the
v; band (Br—O symmetric stretching) for the 7Br
and ¥'Br isotope effects in the OBrO radical, re-
spectively. The cut-off frequency of the narrow-
band MCT detector was about 750 cm~!. Below
the cut-off frequency, a high level of noise ap-
peared in the spectrum. The v, vibrational mode
(O-Br-O bending) was at an even lower fre-
quency region and was not observed with this
apparatus. The results of our FTIR spectrum
analysis on the gaseous OBrO radical are sum-
marized in Table 1 along with the available IR
data for this radical.

3.2. Br;O FTIR spectrum

The Br,O IR spectra consisted of 64 co-added
scans at 0.5 cm™! resolution, after Br,O was in-
troduced into the static IR cell equipped with KBr
windows. A wide-band MCT detector was used to
record these spectra. Absorption peaks at 532 and
629 cm~! due to Br,O molecules were observed as
shown in Fig. 3. These peaks disappeared quickly

Isomers Modes This work Calculated Miller et al. [13] Kolm et al. [11]  Tevault et al. [12] Maier and Bothur
(gas-phase) (gas-phase) (Ar matrix) (N, matrix) [26] (Ar matrix)

1O”Brl0 v, 800.4+1.0 799.4¢ 795.7

15O"Br'0 v, 848.5+ 1.0 848.5% 848.6 845.2 851.9 846.6
(I.1+£04)

O8I BrlO v, 798.7+1.0 799.4¢ 794.6

16O8IBrlO v, 846.3+ 1.0 846.2 846.3 842.8 849.6 844.7, 842.8
(1.4 +0.6)"

BOPBr80 v, 756.4

BOPBr*0 v, 811.0 808.4 813.9

BOSIBr8O v, 806.1 811.6

BOSIBr'O v, 808.6 755.0

BO”Br'O v, 839.9

#The number in the parenthesis is the absorbance intensity ratio of v3/v,. The large error bar takes the noisy background into con-

sideration.
®The calculation was based on this frequency.
¢ Determined from spectral fitting (see text for details).
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Fig. 3. Br,O FTIR spectrum at 298 K. The spectrum was
collected with 64 co-added scans at 0.5 cm~!resolution. The
Br, O pressure in the cell was about 1 Torr. A background level
CO; is included in the spectrum to illustrate the signal level.

after ~10 min suggesting that Br,O was not very
stable in the IR cell. We assigned these vibrational
transitions to the symmetric Br—O stretching (v;)
and the asymmetric Br—O stretching (v;) vibration
of the Br,O molecule on the basis of ab initio
frequency calculations for the Br,O molecule [19].
These frequencies are in good agreement with
those observed in the Br,O Ar/N, matrix IR
spectra, after taking into consideration the red-
shift in frequency (a factor of 1.014 for Ar matrix
[20]) [15,21,22]. To the best of our knowledge,
there is no gas-phase IR spectrum reported in this
frequency region for the Br,O molecule. The iso-
tope effect (Br versus ®'Br) on the vibrational
frequencies was not observed in our Br,O infrared
spectra in the present study, indicating that they
are not resolved under the current resolution
conditions. This will be discussed later.

With the presence of water vapor in the Br,O
sample (HgO and/or U-tube), the Br,O molecule
was found to be hydrolyzed rapidly. During ex-
periments, we noticed that if there was water vapor
(best estimated to be <0.1 Torr) in the IR cell, a
few new absorption peaks appeared in the spec-
trum. Meanwhile, absorption peaks of the Br,O
molecule were below the detection limit. Fig. 4a
shows a typical spectrum of this observation. Two
pronounced peaks centered at 3614.5 cm™! (v;)
and 1163.1 cm™!' (v,), along with a relatively

weaker peak at 620.8 cm™! (v3), are ascribed to the
HOBr molecule. The relative absorption intensity
ratio for the peaks is 4.6:2.8:1 for v, v,, and vs,
respectively. The absorption intensity of the three
vibrational bands for HOBr molecules was de-
creased nearly to the noise level in 20-30 min; this
was probably due to a combination of photo- and
thermal decomposition of the HOBr molecule in
the IR cell.
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Fig. 4. a. A typical HOBr FTIR spectrum obtained by the
hydrolysis of Br,O in the reaction flask containing a trace
amount of water. The vibrational bands are indicated by ar-
rows. KBr windows were used to record this spectrum. The
HOBr absorption peaks disappeared in ~30 min and a peak at
789 cm™! grew rapidly. b. Two peaks at 2333 and 668 cm™' co-
existed with the HOBr absorption peaks. The FTIR spectrum
of CO, and water is provided on top of the HOBr spectrum for
comparison. The inserted figure shows detailed features of the
2333 cm™! band.
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In all the IR spectra taken, we observed, more
or less, three other bands in addition to the bands
due to both HOBr and H,O molecules. The bands
were centered at 2333, 668 and 789 cm™!, respec-
tively (see Fig. 4b). We noticed that the initial peak
intensity at 789 cm~! was substantially lower than
that at 1163.1 cm™! (see Fig. 4a). The 789 ¢cm™!
peak was found to grow rapidly with time as the
HOBr absorption intensity decreased, suggesting
that the peak may possibly come from HOBr de-
composition products. However, we could not
positively identify whether this peak was due to a
gas-phase species, or due to some species adsorbed
on the windows/mirrors of the cell.

4. Discussion
4.1. OBrO spectrum assignment

The isotope effect on the OBrO radical provided
a means to show the consistency of the spectrum
assignment. The observed v; band isotope fre-
quency ratio was v§'/v}’ =0.9974. The isotope
effect on the asymmetric frequency can be calcu-
lated on the basis of the Teller—Redlich product
rule [23]

1/2
1 81 .2
W (mBr (m¥, + 2mq sin” «) )

mbl (mBr + 2mg sin® oc) @)
where mp, is the mass of the bromine atom, mq the
mass of the oxygen atom, and « is half the O-Br-O
bond angle. Using o = 57.48° [13], the ratio v§' /v}’
was calculated to be 0.9972. This value is in ex-
cellent agreement with the observed value. The
asymmetric frequency of various OBrO isotopes
under the central forces assumption was calculated
and listed in Table 1. It can be seen from Table 1
that our measured frequency for the v; vibration of
the OBrO radical is in excellent agreement with
that measured by Miller et al. [13]. Miller et al.
also determined the v, frequency of gaseous OBrO
to be 799.4 cm™! by a fit of observed vibrionic
features in the OBrO C(*A;) < X(*B;) absorption
spectrum. With a difference of <1 cm™!, our
measured frequency at 798.7 or 800.4 cm™! for the
v; mode of gaseous OBrO is in good agreement

with their value. Table 1 also lists the IR OBrO
matrix data for comparison. The vibrational fre-
quency appears to be higher in the gas-phase than
in the argon matrix for the OBrO radical. This
reflects the fact that radicals in the gaseous phase
experience far fewer and weaker inter-molecular
interactions than in the solid-phase, and interac-
tions in the solid-phase could probably account for
the red-shift in the frequency of OBrO vibrational
motions. We assume that the frequency shift from
the gas-phase to the Ar matrix for OBrO is similar
to that of OCIO, which was determined to be
ves [yAT = 1.0028 and 1.00488 for the v; and v,
modes, respectively [24,25]. Under this approxi-
mation, our assignments are in very good agree-
ment with the assignments of both Kolm et al. [11]
and Maier and Bothur [26].

4.2. Br,0 spectrum analysis

Although relatively strong adsorption peaks at
532.9 and 629.0 cm~' were observed in the Br,O
FTIR spectrum (see Fig. 3), we were unable to
resolve the 7Br or ' Br isotope effects of these vi-
brations. This can be justified on the basis of the
product rule. The frequency v; ratio can be cal-
culated from

. 1/2
W < me:(mo + 2mS. sin® o)
)

vy mBL(mo + 2mp, + sin” a ®)
to be 0.9984 using o = 56.1° [19]. The frequency
separation is approximately v; — 8'v; = 0.9 cm™'.
Clearly, the two bands overlapped and were un-
likely to be well resolved with our instrument.

Table 2 compares our IR measurements with
the previous IR matrix data for the Br,O molecule.
It can be seen from Table 2 that the two observed
Br-O frequencies agree well with those observed in
an argon matrix at 17 K, after the stretching fre-
quencies are scaled by 1.014 from the argon matrix
data, i.e., 525.3 and 622.2 cm™', to the gas-phase
data [20].

In addition to the absorption peaks positively
assigned to HOBr in Fig. 4a, there are two ab-
sorption peaks at 2333 and 668 cm~' in the FTIR
spectrum (see Fig. 4b), which do not seem to be-
long to HOBr. These peaks partially overlap with
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Table 2
The observed IR frequencies (in cm™!') of Br,O
Modes This work Kolm et al. [15] Tervault et al. Allen et al. [22] Levason et al.
(gas-phase) (Ar matrix) [12] (Ar matrix) (Ar matrix) [21] (N, matrix)
vy 5329+1.0 525.3 526.1 526.1 528
(1.7 +0.6)*
V3 629.0 £ 1.0 622.2 623.4 626

#The number in the parenthesis is the absorbance intensity ratio of vy /v;.

the CO, absorption peaks at 2349.3 and 667.3
cm~' [23], but as shown in the top panel of Fig. 4b,
the line shape and intensity patterns of these peaks
are clearly different from those of CO, (see in-
serted figure). Therefore the peaks are not due to
CO,. Since there were only three elements in the
sample, namely H, O, and Br, the only species
constructed from these three elements could give
rise to these two peaks. Indeed, these peaks seem
to have absorption features associated with
stretching and bending vibrations for compounds
made up of these elements. One evidence is that
the 2333 cm~! band resembles the H-Br stretching
mode. However, this band cannot be gas-phase
HBr since the HBr vibrational absorption is at
2559.3 cm~! [27]. One possible species that could
contribute to these new IR absorption peaks is an
isomer of HOBr, i.e., HBrO, in which the bromine
atom is bonded to both hydrogen and oxygen at-
oms. The vibrational frequencies of HBrO were
predicted to be 2292, 818, and 665 cm~' at the
CCSD(T)/TZ2P level of theory, and 2360, 837,
and 705 cm~! at the CCSD(T)/6-311++G(3df,3pd)
level of theory for H-Br stretching (v;), H-Br-O
bending (v;), and Br-O stretching vibrations (v3),
respectively [19]. The IR absorption intensity of
the v, band was also predicted to be 22- and 40-
fold weaker than that of the v, and v; bands, re-
spectively [19]. This suggests that the vibration
mode at 818 cm™! is unlikely to be observed. Thus
within an uncertainty of less than 6%, the vibra-
tional peaks observed at 2333 and 668 cm~! match
the theoretical predictions for the HBrO molecule.
On the basis of the above argument, we may ten-
tatively assign the observed peaks at 2333 and 668
cm~! to the H-Br stretching and Br-O stretching
modes of the HBrO molecule.

There could be a possibility that both 2333 and
668 cm~! bands were from other HBrO, (x =2-4)

compounds. However, it is unlikely that these
bands arise from HOBrO, HOBrO, and HOBrOs.
This is simply due to the fact that hydrogen in
these molecules does not directly bond to bromine
and thus there is no H-Br stretching mode for
these compounds. An isomer of HOBrO and
HOBrO, has a structure of HBrO, and HBrO;,
respectively, which has a H-Br stretching vibra-
tion. The H-Br stretching frequency was calcu-
lated to be at 1915 and 2154 cm~' for HBrO, and
HBrO;, respectively [29,30]. These frequencies are
substantially lower than the H-Br stretching fre-
quency observed in our spectrum. It was also no-
ticed that HBrO, was predicted to have a few
transitions at 794, 868, and 898 cm~' [29]. Among
them, the band at 868 cm™' is the strongest one.
HBrO; was predicted to have a stronger BrO
asymmetric stretching mode at 966 cm~! than the
H-Br stretching vibration [30]. But neither of these
frequencies matches with our observations. We
may thus exclude both HBrO, and HBrOj; isomers
in contributing to the observed spectrum in the
present study. It remains that HBrO is the most
likely molecule observed in our experiment.

There are questions remaining in the assign-
ment of these two peaks to the HBrO molecule. It
is unclear how HBrO was formed in the present
study. Li and Franciso [28] suggested that HBrO is
unlikely to be formed in the gas-phase by the re-
action of Br,O with H,O. Because HOBr is 57 kcal
mol~! more stable than HBrO, the formation of
HBrO from the reaction of Br,O with H,O
(AH = 116 kcal mol™") is thermodynamically un-
likely. Also, there is an activation energy barrier of
75 kcal mol™' for the HOBr isomerization to
HBrO [28]. Thus, it is unfavorable to convert
HOBr into HBrO in the gas-phase. However,
HBrO molecules might be heterogeneously pro-
duced and this is discussed as follows.
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Br,O was synthesized by heterogeneous reac-
tion (1). If there is a trace amount of water vapor
in the reactor, one may expect that adsorbed
bromine may react with the adsorbed water to
form HBrO on HgO. The process is illustrated as
follows:

H,0(ad) + Br-OHg(ad) — intermediates(ad)
— HBrO(ad) + other products. 4)

The notation (ad) in the above chemical equation
represents the adsorbed species. This process could
also form HOBr(ad), but we will focus only on the
HBrO channel here. It is important to point out
that this scheme is different from the unfavorable
gas-phase conversion discussed previously. Ad-
sorption on the HgO surface will lead to changes
in the thermodynamic properties of both reactants
and products. For example, the heat of adsorption
for H,O on many metal surfaces is
AH,q(H,0) = 12 kcal mol™' [31]. The entropy
change is expected to be small since all species are
adsorbed on the surface and, for simplicity, we
may use enthalpy to discuss the reaction. We will
adapt this value for the adsorption of H,O on
HgO surfaces. The heat of adsorption of Br, on
mercury surfaces can be estimated from an em-
pirical correlation [32], it is about —5 kcal mol ™.
Since we adapted AH,q(H,O) = —12 kcal mol ™!
on metal surfaces, we will employ the same treat-
ment for Bry, ie., AH,q(Bry) = —5 kcal mol .
The overall reaction enthalpy for reaction (4), AH;,
is then mainly controlled by H,O(ad) and
HBrO(ad). Assuming the heat of adsorption for
HBrO is similar to that of HOBr (AH =
—16 kcal mol™") [33], one would expect that AH,
for reaction (4) is close to zero (AH,=
AHad(HBI'O) —AHad(Bl‘z) — AHad(HZO) =1 kcal
mol'). Taking the uncertainty of calculations into
consideration; it is therefore reasonable to say
that reaction (4) could take place on the HgO
surface. The product HBrO(ad) is expected to
desorb to the gas-phase as observed by our
FTIR spectrometer. However, this proposed
scenario is subject to experimental examination
that could not be carried out with the current
apparatus, and additional studies are required to
confirm the assignment of these new peaks for

the HBrO molecule and the HBrO formation
mechanism.

5. Summary

Gas-phase IR spectra of inorganic bromine
species OBrO and Br,O were collected using a
multipass cell in the FTIR apparatus. The effect of
the isotope on the vibrational spectrum for OBrO
was determined and calculated. The gas-phase
Br,O FTIR spectrum in the mid-infrared region is
reported for the first time. With the presence of
water vapor, Br,O was found to hydrolyze into
HOBr. Two new absorption features were ob-
served along with the HOBr spectrum, and they
are tentatively assigned to the isomer of HOBr.
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