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Abstract—The kinetics of the photolysis of CF;Br (Halon 1301) at various durations of irradiation of
CF;Br—oxygen mixtures at a wavelength of 253.7 nm is studied. The spectra and absorbances of the reactants
are obtained within the range of 200—900 nm using an M-40 spectrophotometer. Kinetic data are determined
from a change in the absorption spectra at a wavelength of 416 nm, which corresponds to the maximum
absorption of molecular bromine. A kinetic mechanism of CF;Br photolysis is proposed, and the quantum
yield and the absorption cross section of CF;Br at this wavelength are determined.
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INTRODUCTION

Saturated hydrocarbons containing chlorine and
bromine atoms pose a danger to the ozone layer of the
Earth and contribute to global warming. Therefore, in
1987, industrial countries signed the Montreal proto-
col on the gradual reduction and then the complete
cessation of the production of such hydrocarbons [1].
The lifetime of CF;Br in the atmosphere is 65 years, its
ozone destruction potential (ODP) is 12 (ODP of
Freon 11 (CCL5F) is 1), and its global warming poten-
tial (GWP) is 7030 (GWP of Freon 11 is 4680) [2].

The indicated lifetime of CF;Br ensures its pres-
ence in the middle and upper stratosphere, where the
intensity of ultraviolet radiation (including 253.7-nm
radiation) is high enough for its photolysis. This pro-
cess produces bromine atoms, which destroy ozone in
chain reactions. The chain length of the bromine-
induced ozone destruction cycle is tens of times
greater than that for chlorine atoms [3]. In addition,
the bromine atom has a weaker bond with the rest of
the molecule than the chlorine atom. Therefore,
halons largely decompose at altitudes of ~20 km, that
is, where the ozone layer density is close to the maxi-
mum. These two factors also make bromine-contain-
ing compounds more dangerous to the ozone layer [4].

The aforementioned GWP of CF;Br, 7030, is sig-
nificantly higher than the corresponding values for the
other halons. For example, the GWP values for
C,F,Br, (Halon 2402) and CF2CIBr (Halon 1211) are
1860 and 1620, respectively [2]. This means that
CF;Br has a large absorption cross section in the infra-
red region near the maximum of the thermal radiation
of the Earth, where the optical density of the atmo-
sphere is small. Although the greatest contribution to

global warming (from anthropogenic constituents)
currently comes from carbon dioxide, its IR radiation
absorption at the center of the bands has reached sat-
uration, So an increase in absorption is possible only
due to absorption in the wings of the lines. This leads
to a logarithmic dependence of the absorption of CO,
on its concentration, while the contribution of halons
to the greenhouse effect is directly proportional to
their concentration.

Previously, CF;Br (Halon 1301) was widely used in
many countries to put out fires. Among compounds
containing bromine atoms, CF;Br is most effective,
both in inhibiting combustion reactions and in reduc-
ing the flame speed. Note that Halon 1301 is still used
in extinguishing fires under special conditions, for
example, fires in mines, warships, museums and in
airplanes. This is due to the ability of this compound
to quickly and effectively suppress the burning of vari-
ous materials, as well as to extinguish fires in electrical
equipment under voltage.

The mechanism of action of CF;Br as an inhibitor
of combustion processes is that it binds the hydrogen
atom, the branching species of combustion chain reac-

tion, thereby terminating the chain: H + CE;Br —
HBr +CF,, HBr+OH — H,0+ Br, HBr+ O —
OH’ + Br'[5].

EXPERIMENTAL

The setup for photolysis of CF;Br consisted of a
quartz cuvette, 4 cm in diameter and 10 cm in length,
a BUV-1 low-pressure bactericidal lamp, and an M-40
spectrophotometer for recording the absorption spec-
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Fig. 1. Time dependence of the of molecular bromine con-
centration on the irradiation time at CF;Br and O, pres-
sures of 96 and 600 Torr, respectively.
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Fig. 2. Time dependence of the molecular bromine con-
centration on the irradiation time at CF3;Br and O, pres-
sures of 650 and 23 Torr, respectively.

tra of the test substances in the ultraviolet and visible
regions. More than 92% of the radiation of the bacte-
ricidal lamp accounted for a wavelength of 253.7 nm.

The kinetics of CF;Br photolysis was studied by
measuring the optical density of CF;Br—oxygen mix-
tures. The measurements were carried out in the
absorption region of CF;Br and at a wavelength of
416 nm, which corresponds to the maximum absorp-
tion of molecular bromine. Since the absorption cross
section of CF;Br at a wavelength of 253.7 nm is rather
small, the time of irradiation of the mixture reached
several hours.
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The radiation intensity of the bactericidal lamp,
determined using hydrogen bromide as an actinide,
was found to be (1.87 £ 0.2) x 10" quantum/(cm?s).

Before the measurements, the optical cell was evac-
uated with a forepump to a pressure of 3 x 1073 Torr
and washed several times with helium. Then, the spec-
trum of the evacuated cuvette was recorded. After the
cuvette was filled with the test mixture, the spectrum
was recorded again. Next, the mixture of substances
was irradiated for a certain period of time, at the end of
which spectra of the mixture in the cuvette were again
recorded in the wavelength range 200—900 nm.
Unfortunately, the 253.7-nm absorption cross section

of one of the main photolysis products, CF,0; is
almost five hundred times higher than that of CF;Br,
so we measured the optical density of the mixture near
416 nm, which allowed monitoring the Kinetics of the
accumulation molecular bromine, one of the products
of CF;Br photolysis.

The optical density D(A) measured by the spectro-
photometer is related to the concentration of the analyte
in the optical cell according to the Lambert—Beer law,

D(A) = no(M)1, (D

where # is the analyte concentration (molecule cm™3),
o (L) is the absorption cross section of the substance at
a wavelength of 253.7 nm in cm?, / is the length of the
cuvette in cm.

At the beginning of the experiments, a calibration
was made, which determined the correspondence of
the optical density at 416 nm to the molecular bromine
vapor pressure. From these data, the absorption cross
section of molecular bromine at 416 nm and 295 K was
determined:

O416nm — 6.3 x 10719 Cm2.

This value agrees well with that measured in [6].

Several series of experiments were performed to
study the photolysis mechanism: at CF;Br pressures of
23 to 650 Torr and oxygen pressures of 10 to 600 Torr.
The dependence of the molecular bromine concentra-
tion on the irradiation duration at a temperature of
293 K, CF;Br pressure of 96 Torr, and an oxygen pres-
sure of 600 Torr is shown in Fig. 1. The dependence is
linear throughout the irradiation time.

However, the dependence displayed in Fig. 2 shows
that, under other irradiation conditions, namely, at a
CF;Br pressure of 650 Torr and an oxygen pressure of
23 Torr, the dependence of the molecular bromine
concentration on the irradiation time deviates from
linearity.

To explain these regularities, we proposed the fol-
lowing photolysis mechanism:

CE-Br + hv —» CF,—Br*, D
CF,-Br — CF; + Br/, In
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CE,-Br*+M — CE-Br+ M, (111)
CE, +0,+M — CEO; + M, (Iv)
CF, + Br, —» CF,—Br + Br, V)
CFE, + CF; — C,F,, (V)

Br +Br' + M — Br, + M. 4%0))

If the oxygen pressure exceeded 1 Torr, then the
inequality k[O,] > ky;[R] was satisfied. This follows
from the fact that the ratio of the rate constants ky, and

kyi [7, 8] is close to 1, while the ratio [O,]/[CF; under
the conditions of our experiments was ~10* There-
fore, the reaction (VI) can be ignored.

Applying the steady-state concentration method
[9], we obtained the following expression for the rate
of CF;Br consumption and molecular bromine accu-
mulation, assuming that all the bromine atoms pro-
duced by CF;Br photolysis combined to form molec-
ular bromine:

d|Br,)/dt = (1/2)0,(253.7)
x I[CF;—Br] aklv[oz]/(le[OQ] + ky[Br,]),
where 64(253.7) is the dissociation cross section of

CF;Br (cm?) at a wavelength of 253.7 nm, [ is the radi-

ation flux (photon/cm? s) at the same wavelength, o =
ky/(ky + kirIM]) is the fraction of CF;Br molecules
that have avoided deactivation and formed bromine
atoms, k[O,]/(ky[O,] + ky|Br,]) is a term that takes
into account the formation of CF;Brin the reaction of

CF; with Br,. If ky[Br,] is markedly higher than
k[O,], the presence of this term in (2) makes the time
dependence of the Br, concentration nonlinear (Fig. 2).

()

However, at the initial stage, when ky[Br,] <
kiy[O,], the dependence of the Br, concentration on
the irradiation time is linear (Fig. 1), described by

d|Br,l/dt = (1/2)6,(253.7) Io]CF;Br]. (3)

Experiments conducted at oxygen pressures of 50
to 600 Torr and nitrogen pressures from 60 to 480 Torr
showed that, at a given partial pressure of CF;Br, the
rate of molecular bromine from accumulation is inde-
pendent of the oxygen or nitrogen pressure. This sug-
gests that the coefficient o in expression (3) is 1.

Taking this into account and denoting the Br,
accumulation rate as W, we obtain

W, =(1/2)6,4(253.7) I [CFE;Br]. (4)

The quantum yield @ is determined from the ratio
of the dissociation cross section G4 at the correspond-
ing wavelength to the absorption cross section ¢ at the
same wavelength:

¢ =0y/C. &)

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

BELYAKOVA et al.

1/W, Torr~! min
60 -

50|
40+
30}

20

10+

1 1 1 1 1 1
0 0.04

0.I2O
[Bry/0O,]

Il Il Il
0.08 0.12 0.16

Fig. 3. 1/Was a function of [ Br,]/[O,] at a CF;Br pressure
of 650 Torr.

Given that the quantum yield of bromine atoms for
the photolysis of CF;Br at the wavelength of 253.7 nm
is 1 [10], then from Fig. 1 and expressions (4) and (5),
we determine the absorption cross-section for CF;Br
at this wavelength: ~8.0 x 10722 cm?. From similar
dependences obtained at CF;Br pressures of 56 and
51 Torr, the absorption cross sections were found to be
7.9 x 10722 and 8.3 x 10722 cm?, respectively. The
mean value of the absorption cross section of CF;Br at
253.7 nm was (8.1 = 0.4) x 1072 cm?. This value
agrees well with the data from [11].

After simple transformations, expression (2) can be
recast as

1/I’V = (1/1’1/1)(1 + ky [Brz]/klv [02])- (6)

The 1/Wversus [Br,]/[O,] dependence for a CF;Br
pressure of 650 Torr is shown in Fig. 3. The slope of the
straight line in Fig. 3 yields the ratio between the rate
constants of reactions (IV) and (V):

k/kpy = 1.7.

The experiments were carried out at CF;Br pres-
sures of 286, 375, and 600 Torr. The ky/k;, ratios
obtained from these experiments were 1.7, 2.0, and 1.9,
respectively. The average value of this ratio is 1.8 & 0.2.

The rate constants of reactions (IV) and (V) were
measured in [7] and [12], respectively. The ratio of the
rate constants for reactions (IV) and (V), calculated
using the data of [7] and [12], is 2.2, slightly exceeding
the value obtained in the present work: 1.8 & 0.2.
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Fig. 4. Time dependences of the calculated concentrations
of the 253.7-nm photolysis products of CF;Br at CF;Br
and O, pressures of 650 and 23 Torr, respectively.

RESULTS AND DISCUSSION

Since our experimental technique allowed us to
measure only the concentration of Br, formed during
the photolysis of CF;Br, without the probably of fur-
ther monitoring the fate of the CF;0, radicals, we
were interested in comparing our experimental results
with data obtained by the works in which the products
of interaction of these radicals were identified. For the
reaction

CF,0, + CF,0, — products (VIII)
the authors of [13] reported the following value of the
apparent rate constant:

kopp = 3.1 X 1072 cm?/(molecule s).

This value agrees perfectly with the data obtained in
[14] for the same reaction.

The authors of this work suggested that two chan-
nels of this reaction:

CF,0, + CF,0;, - CF,0' + CF,0' +0,, (VIIIa)

CF,0; + CF,0;, —» CF,00CEF, +0,. (VIIIb)
However, the infrared spectrum of the products did
not revealed the presence of the CF;OOCF; peroxide,

which apparently, means that reaction (VIIIb) does
not play a significant role.

The main product of reaction (VIII) is the
CF;000CF,; trioxide. This compound is formed by
the reaction

CEO +CF0; +M — CEO0OCF, + M. (IX)

The reaction rate constant for reaction (IX) was
measured to be

kix = 2.5 % 1072 cm3/(molecule s).
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The authors concluded that the rate constant of
bimolecular reaction (VIIIa) is:

Ky, = 1.8 X 10712 cm?/(molecule s).

In addition, in [14], the absorption spectrum of the

CFE,0; radical was recorded within 200—280 nm. The
absorption cross section at 253.7 nm was found to be

G537~ 4.0 X 1079 cm?.

Using this value and the above bactericidal lamp
radiation intensity, we calculated the rate constant for

the photolysis of CF,0, under the conditions of our
experiments;

CF0; + hiv — CF; + 0,,
ky =7.5%107" 57",

We included reactions (VIII), (IX), and (X) into
the mechanism of CF;Br photolysis, and the concen-
trations of the photolysis products were calculated
using a box photochemical model developed at the
Laboratory of Atmospheric Chemistry of Tal’roze
Institute for Energy Problems of Chemical Physics
RAS [15]. The corresponding system of rigid ordinary
differential equations describing the time evolution of
the chemical system was numerically solved by means
of inverse differentiation. For this system, the Cauchy
problem was solved. The initial concentrations of the
gas components and the photolysis coefficients of
light-sensitive components were selected in accor-
dance with the experimental conditions.

X)

The model is based on the above mechanism
CF;Br photolysis, supplemented by the aforementioned
three reactions, the rate constants of which were mea-
sured in [14]. The rate constants for the remaining reac-
tions included in the photolysis mechanism were k; =
1.3x 107057 kyy = 4.0 x 1072 cm3/(molecule s) [7],
ky= 1.79 x 1072 cm?®/(molecule s) [12], and ky; =
1.6 x 10732 cm®/(molecule? s) [16].

The rate constant for reaction (I) was calculated
using the absorption cross section given in [11] and the
above indicated intensity of the mercury bactericidal
lamp we used.

The results of the simulations within the frame-
work of the box model are displayed in Fig. 4. A com-
parison of Fig. 2 and Fig. 4 shows that the experimen-
tal data and simulation results on the formation of
molecular bromine are in satisfactory agreement.

CONCLUSIONS

(1) Photolysis of CF;Br with low-pressure mercury
bactericidal lamp at a wavelength of 253.7 nm over a
wide range of pressures of CF;Br and oxygen was car-
ried out.
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(2) A mechanism of CF;Br photolysis is proposed
and its correspondence to the experimental data is
examined.

(3) The absorption cross section of CF;Br at a
wavelength of 253.7 nm was found to be (8.1 £ 0.4) X
10722 cm?, which agrees well with the published data.

(4) The ratio between the rate constants of the
reactions (IV) and (V), was determined, ky k= 1.7.

(5) In accordance with the proposed mechanism of
CF;Br photolysis, the concentrations of photolysis
products were calculated using a box photochemical
model. The simulation results and experimental data
were found to be in close agreement.
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