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Abstract—At the wavelength A = 253.7 nm, the photolysis of a C,H,F,Br, mixture with oxygen was carried
out at pressures of the latter ranging from 1 to 3.5 Torr. It is shown that under these conditions, upon the decay
of one C,H,F,Br, molecule, only one bromine atom is formed. At wavelengths 230, 240, and 250 nm, the
absorption cross sections of one of the photolysis products, the C,F,BrO, radical, are determined.
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INTRODUCTION

Earlier, in [1], we studied the photolysis of
C,H,F,Br, in the pressure range from 4 to 30 Torrin a
mixture with oxygen at pressures of the latter ranging
from 12 to 500 Torr. Interest in this hydrocarbon con-
taining bromine atoms is caused by the fact that it is a
hydrogen-containing analog of C,F,Br, (halon 2402).
The latter is still used to extinguish particularly com-
plex fires in a number of countries, despite the high
values of its ozone depletion potential (ODP = 8) and
global warming potential (GWP = 1860) [2]. The reac-
tion rate constant C,H,F,Br, with the OH radical does
not exceed 1.5 x 1071 cm?® molecule~! s~! [3], which
gives a value for the lifetime of about 200 years.

This study is a continuation of the study of the pho-
tolysis of C,H,F,Br,. The advantage of this substance
over C,F,Br, is that its ODP is 0.7—1.5 [2]. Such a low
ODP value is explained by the fact that it contains
hydrogen atoms, which ensure its destruction in the
troposphere in reaction with the OH radical. The rate
constant of this reaction at a temperature of 298 K is
2.46 x 10~* cm?® molecule~!s ~!' [4] which gives the
lifetime of C,H,F,Br, in the atmosphere that is two
orders of magnitude shorter than for C,F,Br,.

In contrast to [1], this study was carried out at oxy-
gen pressures not exceeding 3.5 Torr, which made it
possible to obtain additional results.

EXPERIMENTAL

The C,H,F,Br, was mixed with O, in a vacuum
installation made of molybdenum glass with the shut-

off valves made of glass and Teflon parts. Oxygen of a
pure grade was stored in a glass flask, and liquid
C,H,F,Br, in ampules, isolated from light.

The optical setup consisted of a quartz cell 4 cm in
diameter and 10 cm long and a low-pressure mercury
lamp with a power of 8 W, which served as a radiation
source with A = 253.7 nm. To record the absorption
spectra of the investigated substances in the ultraviolet
and visible regions, a Specord M-40 spectrophotome-
ter (Carl Zeiss, Germany) was used. The kinetics of
photolysis C,H,F,Br, was studied by measuring the
optical density of the mixture at different times of irra-
diation in the absorption region of the starting sub-
stance and at a wavelength of 416 nm, corresponding
to the absorption maximum of molecular bromine.

To determine the lamp intensity (/) under the given
irradiation conditions, experiments were carried out
with HBr, for which the quantum yield of photolysis (¢)
upon irradiation with light with A = 253.7 nm for both
hydrogen atoms and bromine atoms was unity. The
intensity of the lamp was found to be (1.9 * 0.2) X
105 quanta/(cm? s). The setup for studying the pho-
tolysis of freons and the experimental procedure are
described in more detail in [5].

Earlier, to interpret the experimental data obtained
by us during the photolysis of C,H,F,Br, in a mixture
with oxygen at oxygen pressures exceeding 12 Torr, we

proposed the following photolysis scheme of
C,H,F,Br, at a wavelength of 253.7nm [1]:

C,H,F,Br, + hiv = C,H,E,Br’™ + Br’, (0)

C,H,F,Br™ — C,H,F, + Br’, (I
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Fig. 1. Graph of dependence d[Br,] on (2.6 [O,]/[Br,] + 1)_1
at a freon pressure of 20 Torr and an irradiation time of 1800 s.

C,H,F,Br’™ + 0, - C,H,F,Br’ +0,, 1)
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Br+Br+M — Br, + M. V)

The method of semistationary concentrations,
developed by Academician N.N. Semenov [6], allows
us to obtain the following expression for the formation
rate of molecular bromine:

d|Br,]/dt = 6,1|C,H,F,Br,]
x(I- OCkIII[Brz]/(kIV[Ozl + k[ By D),
where o = k;[O,]/(k; + k;1[O,]) and G is the dissoci-
ation cross section.

We have previously shown [1] that at sufficiently
high oxygen pressures the quantum yield of the pho-
tolysis of C,H,F,Br, is equal to unity; i.e., the forma-
tion of the second bromine atom in reaction (I) does
not occur. In this study, we carried out photolysis at
oxygen pressures in the range of 1 to 3.5 Torr on the
assumption that, possibly, under these conditions,
reaction (I) will compete with reaction (II).

It was determined in [1] that the ratio of constants
kyy/kyyp is 2.6; thus, expression (1) can be represented
as follows:

d[Br,]/dt = 6,I[C,H,F,Bn](1 - o), )

where B = (2.6 [O,]/[Br,] + 1)~..

With an irradiation time of 1800 s, expression (2)
will have the following form:

d|Br,] = 6,/[C,H,F,B,]- 1.8
x 10’ [1 — 0t/(2.6[0,]/[Bry] + 1)].

(1

)
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Fig. 2. (a) Graph of changes in the optical density of a mix-
ture of oxygen at 1 Torr and C,H,F,Br; at 18 Torr at wave-
lengths 231 (/) and 235 nm (2) when irradiated with light
with a wavelength of 257.3 nm; (b) the same as in case (a),
but at wavelengths 240 (/) and 245 nm (2).

Figure 1 shows the dependence d [Br,] on
(2.6[0,]/[Br,] + 1)~! at the pressure of C,H,F,Br of
20 Torr and an irradiation time of 1800 s. From the
tangent of the slope of this graph, the coefficient o0 =
kil O,/ (ky + k[ O,]). It was equal to 0.98 £ 0.3.

We also carried out photolysis of a mixture of oxy-
gen at 1 Torr and C,H,F,Br, at 18 Torr. Our kinetic
curves of changes in the optical density at wavelengths
ranging from 230 to 245 nm had an unusual shape (see
Figs. 2a, 2b).

We assumed that such a change in optical density is
due to the fact that the absorption cross section of the

radical C,H,F,BrOj3, formed in reaction (IV), signifi-
cantly exceeds the absorption cross section of the
starting substance. At the inflection points on these
graphs, the optical density due to the presence of the
Vol. 15
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original substance in the optical cell (Dg, where R =
C,H,F,Br,) becomes equal to the optical density due
to the peroxide radical formed in reaction (IV) (Dg,
where R' = C,H,F,Br0O,).

The Beer—Lambert law allows us to obtain the fol-
lowing expression:

[C,H,F,BJog =[C,H,F,BrO;oy:, 4)
where Gy g is the absorption cross section at the cor-

responding wavelength.

Knowing the concentrations of freon and peroxide
radical at the inflection points of the kinetic curves
presented in Figs. 2a and 2b, we can find the ratio of
the absorption cross sections Gg./Oy in this wavelength
range.

We have shown above that at low oxygen pressures,
as well as at pressures above 12 Torr [1], reaction (I)
can be excluded from the photolysis scheme. In this
case, the change in the concentrations of the starting
substance and photolysis products depending on the
irradiation time is described by the following system of
differential equations:

d[C2H2F2Br2]/dt = —ko [C2H2F2BI‘2]
+ ky| C,H,F,Br |[Br],

d[ C,H,F,Br" | [dt = k, [CszFZBr'*]
—ky [CszFzBr'] [0,] - &, [CszFzBr'] [Br,],

d [CZHZFzBr'*} /dt

= k,[C,H,F,Br,] - k, [CszFzBr'*J,

d[ C,H,F,BrO; | /dt = k;[C;H,F,Br |[0,].

Using the method of semistationary concentra-
tions, developed by Academician Semenov [6], we
obtained the following expression for the concentra-

tion of the radical C,H,F,BrO;, allowing us to calcu-
late this value at each moment of irradiation:

[ CH,F,BrO; |

= ko[C,H,F,Br,]¢(1 + k; [Br ] /ky [0, ]) "

Ratio k;/k, was determined to be 0.38 in [1]. The
concentration of molecular bromine was determined
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Fig. 3. Graph of the dependence of the concentration of
molecular bromine on the time of irradiation of a mixture
of oxygen at 1 Torr and C,H,F,Br, at 18 Torr with light
with a wavelength of 257.3 nm.

from the optical density at a wavelength of 416 nm.
The dependence of this value on the exposure time is
shown in Fig. 3.

The data obtained during the photolysis of a mix-
ture C,H,F,Br, at 18 Torr and oxygen at 1 Torr at the
time instant corresponding to the inflection point
(#,,r) of the curves in Figs. 2a and 2b are summarized
in Table 1. The partial pressure of molecular bromine
is taken from the graph in Fig. 3, the partial pressure of
the consumed C,H,F,Br, was considered to be double
the pressure of the formed molecular bromine. The

partial pressure C,H,F,BrO; was calculated by for-
mula (5); and the absorption cross section of the
C,H,F,BrO, radical, according to formula (4).

We did not find any published data on the absorp-
tion cross sections of the C,H,F,BrO, radical in the
ultraviolet region of spectrum [7] with which we could
compare our values. Therefore, we checked the cor-
rectness of our approach by investigating the depen-
dence of the optical density of a mixture of bromo-
methane (CH;Br) with oxygen at a wavelength of
240 nm from the time of irradiation with light with a
wavelength of 257.3 nm. Bromomethane was chosen

Table 1. Absorption cross sections (cm?) of the radical R' = C,H,F,Br0O, at wavelengths 231, 235, 240 and 245 nm

A,nm | P, Torr finf, MiN Py, Torr Py, Torr ORr/ORr 10¥%g, cm? | 10%6g, cm?
231 0.42 13 17.16 + 0.02 0.36 + 0.02 47.7 70 +3 334 + 17
235 0.33 10.5 17.34 + 0.02 0.29 +0.01 59.8 51425 305+ 15
240 0.24 7.5 17.52 £ 0.03 0.22 +0.01 79.6 23+ 1.2 183+9
245 0.165 5.0 17.67 £ 0.03 0.13 +0.01 134 10.5+ 0.6 141 +7
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Fig. 4. The graph of the dependence of the optical density
at a wavelength of 240 nm on the time of irradiation with
light with a wavelength of 257.3 nm for a mixture of CH;Br
at 40 Torr and oxygen at 2.4 Torr.

because for this substance and for the radical CH,0;,
formed during its photolysis, the absorption cross sec-
tions were reliably measured in the wavelength range
of 190 to 300 nm [8].

Photolysis CH;Br can be represented by the fol-
lowing equations:

CH,Br + hv — CH; + Br’, (VI)
CH; + 0, —» CH;0;, (VII)
CH; + Br, — CH,Br + Br’, (VIII)
Br'+Br'+M — Br, + M. (IX)

The following system of differential equations can be
written for the photolysis scheme given above:

d[CH,Br]/dt = ~ky, [CHBr] + kyy; [ CH; |[Br],
d[ CH; ] /dt = ky, [CH,Br]
— k| CH; ][0, ] = kg | CHS | [Brs],
d[ CH,0; ] /dt = kv [CH; J[0,].

Based on this system of differential equations, one
can calculate the concentration of the peroxide radical

CH,0}:
[ CH,05 | = iy, [CH;Br]

(6)
X 1 (keyyy [Oz]/kvu [0,] + Ky [Bry ).
This expression can be converted to the form
e

X t(1+ kyyy [Brz]/kvn [02])_1 .
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The ratio kv /ky;; was determined by us earlier to be 26 [5],
and the concentration of Br, was determined from the
graph of the dependence of the optical density at a
wavelength of 416 nm on the time of irradiation.

The graph of the dependence of the optical density
at a wavelength of 240 nm, D,,,, from the time of irra-
diation at the initial pressure of CH;Br equal to
40 Torr and oxygen pressure equal to 2.4 Torr is shown
in Fig. 4. The optical density D,,, before the start of
irradiation corresponded to the initial pressure of
CH;Br equal to 40 Torr. Irradiation of the mixture led
to the consumption of CH;Br and the formation of
molecular bromine. At the beginning of exposure, D,y
decreased. At an irradiation time of 30 min, the
decrease in optical density ceased, and then it
increased. This was due to the fact that the radical

CH;0;, formed in stage (VII), had absorption cross
sections in the wavelength range of 220 to 250 nm, sig-
nificantly exceeding the absorption cross sections of
the initial CH;Br [7]. Therefore, a decrease in optical
density at these wavelengths due to the consumption
of CH;Br was compensated by its increase due to the

accumulation of the radical CH;05.

The partial pressure of Br,calculated from the optical
density at a wavelength of 416 nm was (0.25 & 0.01) Torr.
This meant that (0.5 = 0.02) Torr of CH;Br was con-
sumed, i.e., (39.5 + 0.04) Torr of the initial freon, and

the partial pressure CH;0;, formed by this time in
reaction (VII), calculated by formula (7), was (0.41 =
0.02) Torr.

At the time moment of 30 min, the optical density
due to the presence of 39.5 Torr in the CH;Br cuvette
became equal to the optical density due to the formed

CH,;O0; (0.41 Torr). This meant that

c =39.5/0.41 =96 + 4.

CH3O'2/GCH3Br - PCH3Br/PCH3O'2

This value is in close agreement with the ratio
Scno; / Ocyipr At @ wavelength of 240 nm, equal to 96,

which can be calculated from the values of these and
the cross sections for the wavelength given in [7]. It
seems to us that such a close coincidence of the
Ocno; / Och,pr value obtained by us, with the highly

reliable data given in [7], is evidence of the validity of
using this approach in the case of the photolysis of

RESULTS AND DISCUSSION

In this study, the photolysis of C,H,F,Br, was car-
ried out by us in oxygen’s partial pressures ranging
from 1 to 3.5 Torr. This range of oxygen pressures cor-
responds to the atmospheric pressure of the latter at
altitudes 23 to 31 km above sea level, i.e., in those
regions of the stratosphere in which the ozone concen-
Vol. 15
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tration is close to the maximum [9, p. 146]. At these
altitudes, the contribution of the bromine cycle to the
destruction of the ozone layer ranges from 10 to 25%
[9, p. 124]. The composition of the C,H,F,Br, mole-
cule includes two hydrogen atoms; i.e., such com-
pounds that contain hydrogen atoms in their compo-
sition are considered as substitutes of CF;Br and
C,F,Br, when extinguishing fires [10].

The photolysis of C,F,Br, (this substance is still
used to eliminate fires [11] despite its danger to the
ozone layer [12]) has been studied both theoretically
[13] and experimentally [14, 15], while we did not find
any published data on the photolysis or pyrolysis of
C,H,F,Br,. Recently, the question of the use of hydro-
carbons containing bromine atoms (freons) and
hydrogen atoms for the elimination of fires has been
intensively studied. Their significant disadvantage is
their higher flammability compared to freons that do
not contain hydrogen atoms. Therefore, for these sub-
stances, special methods of extinguishing fires are
being developed. For example, in [16] it was proposed
to throw containers containing halons and inert dilu-
ents directly into the fire zone.

Flames are extinguished by freons due to the chains
of the chemical combustion reaction breaking. This
allows the use of a small amount of freon, thereby
reducing the amount of poisonous products of its
decomposition.

In contrast to the quantum yield of bromine atoms
during the photolysis of C,F,Br, exceeding unity even
when irradiated with light with a wavelength of 266 nm
[15], the quantum yield of bromine atoms during the
photolysis of C,H,F,Br, at a wavelength of 253.7 nm at
oxygen pressures of 12 Torr and higher did not exceed
unity [1]. In this study, photolysis was carried out at
oxygen pressures ranging from 1 to 3.5 Torr. One could
expect, at low oxygen pressures, the decomposition
reaction of the excited C,H,F,Br"* radical, leading to
the formation of an additional bromine atom, to com-
pete with the process of its deactivation on oxygen
molecules. However, even at these pressures, the
quantum yield of bromine atoms did not exceed unity.
This is an additional benefit of freon C,H,F,Br, over
freon C,F,Br, when these substances are used to
extinguish a fire. In addition, the decrease in the
quantum yield of bromine atoms is an important factor
for the preservation of the ozone layer, since it is
known that the length of the chains of the bromine
cycle of ozone destruction in the lower stratosphere is
tens of times longer than the length of the chains with
the participation of chlorine atoms [17].

It can be assumed that the decrease in the quantum
yield of bromine atoms during the photolysis of
C,H,F,Br, compared with C,F,Br, is explained by the
fact that, in accordance with [18, 19], the strength of
the C—Br bond increases upon replacement of the
halogen atoms in a hydrocarbon molecule containing
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bromine atoms by hydrogen atoms. In this study, we
also determined the radical absorption cross sections

C,H,F,BrO;, at wavelengths 231, 235, 240, and 245 nm.

Over the past thirty years, the formation of perox-
ide radicals as a result of the photolysis or pyrolysis of
various organic compounds and subsequent reactions
of these radicals with molecular oxygen has been
intensively studied [20—22]. These radicals play a huge
role in atmospheric chemistry, participating in the for-
mation and destruction of various pollutants in the
troposphere. They also affect the processes leading to
climate change and the lifetimes of compounds that
deplete the ozone layer [23].

As for peroxide radicals containing bromine atoms,
we found in the literature only one work devoted to the
study of such reactions [24]. The absorption cross sec-
tions of peroxide radicals containing bromine atoms in
the wavelength range 230—245 nm were measured by
us, apparently, for the first time.

If C,H,F,Br, is used to extinguish fires, then the
pyrolysis of this compound, as well as photolysis, will
lead to the formation of bromine atoms, C,H,F,Br"
radicals, and the product of the interaction of the latter

with the oxygen of the peroxide radical C,H,F,BrO.
The part of the C,H,F,Br, molecules that can reach
the lower stratosphere will decay under the influence
of UV radiation, which will also lead to the formation

of C,H,FE,Br0O;.
We note that the absorption cross sections of this
radical determined by us in the wavelength range of

231 to 245 nm are several times higher than the absorp-
tion cross sections of ozone at these wavelengths [25].

CONCLUSIONS

1. It is shown that at oxygen pressures ranging from
1 to 3.5 Torr, the rate constant of the decomposition
reaction of an excited C,H,F,Br'* radical with the
formation of a bromine atom is negligible compared to
the rate constant of its deactivation on oxygen mole-
cules.

2. It was concluded that at these pressures, as well
as at oxygen pressures of 12 Torr and higher, the for-
mation of the second bromine atom in the decompo-
sition of the C,H,F,Br"* radical does not occur, and
the quantum yield of the photolysis of C,H,F,Br;, is
unity.

3. The cross sections for the absorption of the rad-

ical C,H,F,BrO; are calculated at wavelengths of 231
to 245 nm using the coordinates of the inflection
points on the graphs of changes in the optical density
of the C,H,F,Br, mixture with oxygen upon irradia-
tion of this mixture with light with a wavelength of
253.7 nm.

No.5 2021
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4. In a similar way, using the coordinates of the
inflection point on the graph of the changes in the
optical density of the CH;Br mixture with oxygen
upon irradiation of this mixture (A = 253.7 nm), the

ratio of the radical absorption cross section CH;0; to
the absorption cross section of CH;Br at a wavelength
0f 240 nm is calculated. The result obtained is in excel-
lent agreement with the published data.
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