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INTRODUCTION

Trifluorobrominemethane (CF3Br, Halon 13B1) and
tetrafluorodibromoethane (C2F4Br2 Halon 114B2) are
widely used in fire extinguishing, especially, in large
fires in power engineering and industry, as well as on
submarines and in airliners. Halon 13B1 is most wide�
spread in the West as a result of its small toxicity,
whereas Halon 114B2 is most commonly used in Rus�
sia because of its higher efficiency in fire extinguish�
ing. However, Halon 114B2 is more toxic by a factor of
30. The fractions of C2F4Br2 and CF3Br in the lower
atmosphere are 0.45 and 2.3 ppt, respectively [1, 2].

In 1987 in Montreal, the industrial countries
signed a protocol on the gradual reduction and then
the total cessation of the release of Halons because of
their danger for the ozone layer of the Earth [3].

In Russia, the production of CF3Br and C2F4Br2
was ceased since January 1994 and December 2000,
respectively. However, the use of currently available
substances is permitted, and Halons remain the main
fire extinguishing agents. When these substances arrive
at the stratosphere, they are decomposed under the
action of ultraviolet radiation with the formation of
bromine atoms, which destroy stratospheric ozone as
a result of chain processes [4, 5].

Bromine�containing Freons are much more dan�
gerous for the ozone layer than Freons that contain
chlorine. Chang and Duewer [6] found that the effec�
tiveness of the bromine cycle of ozone depletion is
higher than that of the chlorine cycle by a factor of 45.
The difference in the effectiveness of chlorine and bro�
mine compounds was evaluated in the range from 40
to 400 times [7, 8]. Different effectiveness of chlorine
and bromine cycles in the decomposition of strato�

spheric ozone is related to different rates chain termi�
nation processes in them and, therefore, to different
chain lengths [9].

It is the practice to evaluate the effectiveness of
organic bromine compounds in the decomposition of
ozone—Ozone Depletion Potential (ODP)—with
respect to CFCl3.

The reported values of ODP for CF3Br and C2F4Br2
are 16 and 7 [10] and the lifetimes in the atmosphere
are 65 and 20 years, respectively [11]. These lifetimes
ensure the presence of CF3Br and C2F4Br2 at the
heights of the average and upper stratosphere, where
the intensity of emission at λ = 253.7 nm is sufficiently
high for their photodissociation. This fact explains the
formulation of the problem that was solved in this
work: to study the kinetics of photodecomposition of
Halons CF3Br and C2F4Br2 in a mixture with oxygen at
various irradiation times at λ = 253.7 nm.

EXPERIMENTAL

The system for the photolysis of C2F4Br2 and CF3Br
at λ = 253.7 nm consisted of a quartz cell with a diam�
eter of 4 cm and a length of 14 cm; a 8�W low�pressure
mercury lamp, which served as a radiation source with
λ = 253.7 nm; and an M�40 spectrophotometer, which
was used for the recording of spectra and the measure�
ment of the adsorption of test substances in the ultra�
violet and visible ranges.

In the experiments on the photolysis of Halons,
Halon mixtures with helium, which served as a buffer
gas, and oxygen, which served for the removal of pri�
mary radicals, were irradiated. The presence of oxygen
led to the formation of passive peroxide radicals,
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which stopped the further chemical transformations of
photolysis products. The reagent mixtures were pre�
pared in a vacuum system of molybdenum glass, in
which shutoff valves of only glass and Teflon compo�
nents were used. Gases were stored in glass bulbs, and
C2F4Br2 as a liquid was kept in ampoules away from
light. Helium of high�purity grade and oxygen of pure
grade were used in the experiments. All of the sub�
stances used in the experiments were purified by low�
temperature distillation. Vacuum gages and a Sapfir
manometer, which was calibrated based on the pres�
sure of water vapor at 273 K, were used for pressure
measurements. Pressures in the ranges of 0–30 and
30–760 Torr were measured to within 0.05 and 3 Torr,
respectively.

For determining the spectral composition of radia�
tion, the spectrum of the lamp was recorded in the
wavelength range of 200–900 nm. The kinetics of pho�
todecomposition of Halons was studied by measuring
the absorbance of the test mixture at different irradia�
tion times in the region of Halon absorption and at a
wavelength of 416 nm, which corresponds to the
absorption maximum of molecular bromine.

For determining the emission intensity of the lamp
(I) under the given conditions, we carried out experi�
ments with the following three actinometers: HBr,
CН3Br, and phosgene. These substances are widely
used as actinometers in the range of 180–280 nm. The
found lamp emission intensities were (2.1 ± 0.2) × 1015,
(1.7 ± 0.2) × 1015, and (1.63 ± 0.2) × 1015 photon cm–2 s–1

with the use of HBr, CH3Br, and phosgene actinome�
ters, respectively. The averaged value based on these three
calibrations was (1.8 ± 0.2) × 1015 photon cm–2 s–1.

Before the experiments, were carried out calibra�
tion to determine the relationship between absorbance
at λ = 416 nm and the vapor pressure of molecular
bromine. Figure 1 shows these data.

The absorption cross section of molecular bromine
at λ = 416 nm and 295 K was determined from the slope
of the straight line in Fig. 1. It was 6.3 × 10–19 cm2. Forster
et al. [12] reported a value of 6.5 × 10–19 cm2 for this
quantity at λ = 415 nm and a temperature of 298 K.

Before the onset of the measurements, the optical
cell was evacuated to a pressure of 3 × 10–3 Torr using a
fore pump and washed several times with helium.
Then, the spectrum of the evacuated cell was mea�
sured and the cell was filled with a mixture of the test
substances. The mixture of the substances was irradi�
ated during specified time intervals and the spectra of
the contents of the cell were measured in the wave�
length range of 200–900 nm. A scanning beam passed
along the entire cell, and the absorbance of the cell was
subtracted from the general spectrum. Changes in the
absorbance of the mixture in the region of Halon
absorption and at 416 nm, which corresponds to the
absorption maximum of molecular bromine, made it
possible to study the kinetics of Halon photodecomposi�
tion and molecular bromine accumulation. In accor�
dance with the Lambert–Beer law, the absorbance D(λ),
which is determined from spectrophotometer readings, is
related to the concentration of the substance present in
the optical cell by the following equation:

(1)
where n is the substance concentration, mole�
cule/cm3; σ(λ) is the absorption cross section of the
substance at λ = 253.7 nm, cm2; l is the cell length, cm.

According to our estimations, the absorbance of
the mixtures depended on the presence of Halons
because the contribution of oxygen to absorption (at
λ < 242 nm) under conditions of our experiments
could be ignored.

THEORETICAL

The kinetics of photodecomposition and the quan�
tum yields of bromine�containing Halons were deter�
mined from the absorption spectra of Halons and
molecular bromine, which was formed as a result of
the combination of bromine atoms released upon the
photodissociation of Halons.

The absorption of a photon by a bromine�contain�
ing Halon results in the following reaction sequence
(Scheme I):

(1) R–Br + hν  R–Br•, 

(2) R–Br•  R• + Br, 

(3) R–Br•· + M  R–Br + M,

 (I)

(6) R• + R•  R2,

(7) Br + Br + M  Br2 + M,

(8) Br + wall  1/2Br2.

( ) ( ) ,λ = σ λD n l

4( ) R• O2 RO2
•

,+

5( ) R• Br2 R–Br Br,+ +

2.5

2.0

1.5
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Fig. 1. Dependence of absorbance at λ = 416 nm on the
pressure of molecular bromine.
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If the pressure of oxygen is higher than 1 Torr, the
following condition is fulfilled: k4[O2]  k6[R]. This con�
clusion follows from a comparison between the rate con�
stants k4 [13] and k6 [14], the ration between which is
close to 1, and the ratio [O2]/[R], which was ~104 under
conditions of our experiments. As a result, the expres�
sion for the rate of Halon consumption and molecular
bromine accumulation takes the following form:

(2)

where σd is the dissociation cross section, cm2, at λ =
253.7 nm; I is the light flux, photon cm–2 s–1, at the
same wavelength; α = k2/(k2 + k3[M]) is the fraction of
molecules that avoided deactivation and formed bro�
mine atoms; β = k4[O2]/(k4[O2] + k5[Br2]) is the term
that takes into account the regeneration of Halon in a
reaction of radical R* with molecular bromine.

The following differential equation describes the
shape of a accumulation curve of molecular bromine
in time:

(3)

At the initial portion corresponding to the condi�
tion k5[Br2]  k4 [O2], the concentration of molecular
bromine linearly increases with time, and the slope is
1/2σdIα[RBr].

RESULTS AND DISCUSSION

Tetrafluorodibromoethane

The photolysis of C2F4Br2 was carried out at a tem�
perature of 295 K. Filters were not used in the main
experiments because it was found previously that the
emission of the lamp at λ = 185 nm does not contrib�

�

[ ] [ ] [ ]dd RBr d d Br d RBr22 ,− = = σ αβt t I

[ ]

[ ] [ ] [ ] [ ]( )d

d Br d

RBr O O Br
2

4 2 4 2 5 2

2

.= σ α +

t

I k k k

�

ute to the photolysis. (Preliminary experiments were
carried out under the irradiation of a mixture with and
without a filter with the cut�off region at λ = 185 nm.)
The difference in the rates of formation of bromine
precisely corresponded to a decrease in the radiation
intensity at λ = 253.7 nm.

Figure 2 shows changes in absorbance at the
absorption maximum of C2F4Br2 and in the concen�
tration of molecular bromine. The experimental data
were obtained without the use of a filter.

The dependence of the rate of accumulation of
molecular bromine on the concentration of C2F4Br2
was obtained in experiments at a fixed oxygen content,
which corresponded to 2 Torr. Figure 3 shows the
experimental data. It can be seen that the dependence
is linear and corresponds to Eq. (2).

We studied the effect of oxygen pressure on the
accumulation of bromine under the irradiation of
mixtures containing C2F4Br2 at a fixed pressure. The
consumption of Halon and the formation of bromine
did not occur in the experiments without the addition
of oxygen. This fact suggests that, in the absence of
oxygen, an equilibrium between the reaction of
C2F4Br2 decomposition and the reverse recombination
reaction was established. However, upon the addition
of oxygen to only 1 Torr, the concentration of C2F4Br2
decreased and the concentration of bromine increased
as a result of the irradiation of the mixture. Figure 4
shows the dependence of the rate of bromine forma�
tion on the pressure of oxygen.

It can be seen that the rate of bromine formation
did not depend on the pressure of oxygen over a range
from 1 to 330 Torr. The dependence of the rate of bro�
mine formation on the pressure of helium was also not
observed over a range from 2 to 600 Torr. This suggests
that the coefficient α in Eq. (2) is 1.
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Fig. 2. Dependence of (1) the concentration of molecular
bromine and (2) absorbance at λ = 224 nm on irradiation
time for a mixture containing C2F4Br2 (3.36 Torr) and
oxygen (3.2 Torr).
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Fig. 3. Dependence of the rate of formation of molecular
bromine on the pressure of C2F4Br2.
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To determine the coefficient β in Eq. (2), that is,
the ratio between the rates of steps (4) and (5) in
Scheme (I), we performed experiments with the addi�
tion of molecular bromine to the mixture. Let us
denote the rate of accumulation of molecular bromine
by w. From Eq. (2), it follows that, at a constant pres�
sure of C2F4Br2,

(4)

where A = 1/σdI[C2F4Br2].
Figure 5 shows the experimental data. The ratio

k5/k4 was found to be 0.47.
Our experimental data allowed us to state that the

processes occurring on the photolysis of C2F4Br2 in the

[ ] [ ]( )Br O5 2 4 21 1 ,= +w A k k

presence of oxygen are described by the following
reaction scheme:

(1) C2F4Br2 + hν  C2F4Br• + Br,

(II)

(4)  Br + wall  1/2Br2.

The rate of accumulation of molecular bromine is
related to the photodissociation cross section σd by the
simple equation

(5)

The quantum yield (ϕ) is determined from the ratio
of the dissociation cross section (σd) at a correspond�
ing wavelength to the absorption cross section (σ) at
the same wavelength:

. (6)

The absorption cross section for C2F4Br2 at λ =
253.7 nm was taken from [15].

The quantum yield of C2F4Br2 at λ = 253.7 nm was
ϕ = 1.08 ± 0.16, as found from Eq. (6). The found
quantum yield of C2F4Br2 is close to unity; this is dif�
ferent from data published by Zou et al. [16], who
obtained the values of 1.9 ± 0.1, 1.9 ± 0.1, and 1.4 ± 0.1
at wavelengths of 193, 233, and 266 nm, respectively.
We explain this by the fact that, under the conditions
for our experiments, reaction (2) in Scheme (II) pre�
dominated over the decomposition reaction of the
radical C2F4Br* with the formation of a bromine atom
and C2F4, which was an additional source of atomic
bromine in the work of Zou et al. [16], in the entire
range of oxygen pressures. Unfortunately, we failed to
find published data on the absorption spectrum of
C2F4BrO2; however, our experimental data suggest
that, under the conditions of our experiments, the fur�
ther decomposition of C2F4BrO2 did not occur.

Trifluorobromomethane

Analogous experiments were also performed with
CF3Br. The mixtures were also irradiated in the
absence of a filter. As in the case of the experiments
with tetrafluorodibromoethane in the absence of oxy�
gen, the irradiation of a mixture did not lead to the for�
mation of molecular bromine and the consumption of
CF3Br. In the range of oxygen pressures from 2 to
400 Torr, the rate of accumulation of molecular bro�
mine was constant.

Figure 6 shows the time dependence of the rate of
accumulation of molecular bromine at a CF3Br pres�
sure of 207 Torr and an oxygen pressure of 15 Torr. It
can be seen that the dependence was linear over the
entire range of irradiation times.

Based on the experimental data, we can conclude
that the photodecomposition of CF3Br is also
described by the following simple reaction scheme:

2( ) C2F4Br
•

O2 C2F4BrO2,+

3( ) Br Br M Br2 M,+ + +

[ ]Br d C F Br
2 2 4 21 2 .= σw I

dϕ = σ σ

6

5

4

3

2

1

350250200150100500 300
[O2]

wBr2
×105, Torr/s

Fig. 4. Dependence of the rate of formation of molecular
bromine on the concentration of oxygen at a C2F4Br2 pres�
sure of 2 Torr.
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(1) CF3Br + hν    + Br,

(III)

(4)  Br + wall  1/2Br2.

The rate of formation of molecular bromine is
related to the photodissociation cross section σd by the
equation

(7)

The absorption cross section for CF3Br at λ = 253.7 nm
was taken from [7].

The quantum yield of CF3Br calculated from Eq. (6)
was found to be

ϕ = 0.9 ± 0.15.
The found quantum yield of CF3Br is consistent

with a decrease in the quantum yield with wavelength,
which was observed by Talukdar et al. [18], who found the
quantum yields of 1.12 ± 0.16 and 0.92 ± 0.15 upon the
irradiation of CF3Br at λ = 193 and 222 nm, respec�
tively.

Thus, in this work, we obtained the following
results:

(1) We determined the absorption cross section of
molecular bromine at λ = 416 nm and a temperature
of 295 K. It was 6.3 × 10–19 cm2, which is consistent
with published data [12].

(2) We determined the quantum yield of the photode�
composition of trifluorobromomethane at λ = 253.7 nm
and proposed a kinetic scheme for its photodecompo�
sition.

iCF3

2( ) CF3
• O2 CF3O2,+

3( ) Br Br M Br2 M,+ + +

[ ]
Br d CF Br

2 31 2 .= σw I

(3) We determined the quantum yield of the photo�
decomposition of tetrafluorodibromoethane at λ =
253.7 nm and also proposed a kinetic scheme for its
photodecomposition.

(4) We were the first to directly determine experi�
mentally the ratio between constants k5/k4 for tetraflu�
orodibromoethane, that is, the ratio between the rate
constants k5 and k4 of the reactions of the C2F4Br rad�
ical with bromine and oxygen, respectively. This ratio
was found to be 0.47.
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