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High yields of ClO radicals were obtained by pulse radiolysis of Cl,0/Cl, mixed
with Ar, SF, or CO, as bath gases. The kinetics of ClIO was studied directly by
monitoring the transient absorption signals at 277.2 nm. ClO was found to decay
towards an equilibrium concentration in accordance with the reversible reaction
ClO + CIO + M=Cl,0, + M. The rate constants of the forward and reverse re-
actions were derived by computer modelling of the experimental curves. The rate
constant of the forward reaction was found to be pressure-dependent, and the
following values were obtained at a total pressure of 1 bar and with different third
bodies at 295 K: ky;=(2.5+0.5)x 107 (M = Ar), (4.4+0.9)x 10~ '* (M = SF¢)
and (4.7+0.9)x 10~ "> (M =CO,) in units of cm® molecule™! s~!. Based on
computer simulations of the observed relaxation kinetics a value of the equilibrium
constant at 295 K, Keq= (6.4 + 1.6)x 10~ ' cm® molecule ~ !, was obtained for the

SF¢ and Ar systems.

Molina and Molina suggested in 1987" the existence of an
unrecognized catalytic ozone destruction cycle which as
crucial steps involved the formation and photolysis of the
ClO dimer, reactions (2) and (3):

2 % (Cl + 0, -ClO + 0,) (1)
ClO + CIO + M—CLO, + M )
CLO, + hv—ClOO + Cl 3)

ClIOO + M-Cl+0,+M
net: 2 0;-3 0,

4)

This catalytic cycle has been shown to be very important
for the development of the Antarctic springtime ozone
depletion? first reported by Farman et al.®> The CIO dimer
mechanism is particularly effective at Antarctica owing to
the very low temperatures. Formation of polar strato-
spheric clouds gives rise to very high CIO concentra-
tions,* thereby enhancing the rate of formation of the CIO
dimer. The stability of the dimer at low temperatures fa-
vors the photolysis of the dimer at the expense of the
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thermal dissociation of the ClO dimer back to two CIO
radicals.® Model calculations have shown that the CIO
dimer mechanism may account for as much as 709, of
the observed stratospheric ozone degradation during the
Antarctic spring.® Therefore a thorough understanding of
the chemistry of the CIO dimer is important.

Since Molina and Molina suggested the CIO dimer
mechanism, many aspects of the chemistry of the ClO
dimer have been investigated both experimentally and
theoretically.!”~2° A detailed study of the bimolecular and
termolecular channels of the ClO + ClO reaction has ap-
peared very recently.?! Ab initio calculations by McGrath
et al.'® have shown that several isomers of the ClO dimer
might exist, with CIClO, being slightly less energetically
favorable than the most stable isomer, the symmetrical
peroxide form CIOOCI. Birk et al.'* studied experimen-
tally the products of the ClO dimerisation reaction em-
ploying submillimetre microwave spectroscopy and found
CIOOCI to be a major product and the only detectable
isomer of the ClO dimer. This is supported by the results
of DeMore and Tschuikow-Roux'® who, from the ab-
sence of OCIO and Cl,0; as products of the dimerisation
reaction, concluded that CIOCIO and probably CICIO,
cannot be stabilized at temperatures of 195 K or above.
The UV absorption spectrum of the CIOOCI dimer has
been shown by several studies to consist of a broad band
in the range 190-390 nm with a local minimum at 220 nm
and a maximum at 245 nm, with the absorption cross-



section determined by four studies to fall in the range
(6.4—6.8) x 10~ '® cm? molecule ~ *.%!3:16:20 The kinetics of
the dimerisation reaction has also been studied by several
groups,”!"132! with a factor of 3 in discrepancy between
the results for the low-pressure rate constant with
M =N,/O,. However, better agreement has been ob-
tained between recent results reported by Trolier et al.'®
and Sander et al.'!

To our knowledge only three determinations of the
equilibrium constant for the equilibrium between the C1O
monomer and dimer have been reported. Basco and
Hunt” employed a flash-photolysis apparatus combined
with UV spectroscopy to determine the UV spectrum of
the dimer, the rate of dimerisation and the equilibrium
constant; K295 K)=(52+0.2)x10"" cm’ mol-
ecule " !. However, this value has to be questioned be-
cause the determination of K., relies on the absorption
cross-section for Cl,0,, and the UV spectrum did not
agree with recent observations.®!*1%2° The same tech-
nique was employed by Sanders et al. to measure K.,
over the temperature interval 260-310 K.?! Cox and Hay-
man® used a static photolytic system coupled with UV
spectroscopy to record absorbance changes on a time-
scale of minutes. From their interpretation of the complex
system involving slow secondary chemistry and wall re-
actions they derived the equilibrium constant as function
of temperature; K (295 K) = (6.7 +0.7) x 10~ '* cm® mol-
ecule " '. Again the determination was based on determi-
nation of 6,0, The spectrum measured by Cox and
Hayman is in agreement with the recently reported UV
spectrum for Cl,0,.'*!*2

The aim of the present investigation has been a rede-
termination of the equilibrium constant for the reversible
reaction between the CIO monomer and dimer employing
a different and more direct technique, i.e. pulse radiolysis
combined with time-resolved ultraviolet spectroscopy.
With this method a CIO concentration up to 3.6 x 10'°
molecule cm ™~ ? could be obtained, i.e. an order of mag-
nitude higher than with flash photolysis.'> In addition we
have determined the pressure-dependent rate constant for
the dimerisation reaction at 295 K and 1 bar with three
different bath gases, M = Ar, SF, or CO,. The pressure
dependence of the rate constant with M = Ar was studied
in the range of p(Ar)=0.25-1.0 bar.

Experimental

The ClO radicals were produced by pulse radiolysis of
gas mixtures of Cl,0/Cl, diluted in CO,, SF, or Ar. The
formation and decay of the radicals were followed by
transient UV absorption spectroscopy. The experimental
set-up has previously been described in detail,”>~%* and
only a brief summary will be given here.

Gas mixtures were prepared by admitting one compo-
nent at a time and reading the corresponding partial pres-
sure with a MKS Baratron absolute electronic membrane
manometer with a resolution of 10> bar. The gas mix-
tures were irradiated by a 30 ns pulse of 2 MeV electrons
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from a Febetron 705B electron accelerator. Variation in
the radiation dose was achieved by the use of stainless-
steel electron-beam attenuators. Calibration of attenua-
tion factors in terms of fractions of the maximum dose
was determined by ozone dosimetry, i.e. by monitoring
the yield of O; produced by pulse radiolysis of O, using
the well known value of 6(0;)=1.15x10""" cm? mol-
ecule™! at 254 nm. A pulsed 150 W xenon lamp stabi-
lized by optical feedback provided a high intensity of ul-
traviolet light which was needed in order to obtain a good
signal-to-noise ratio of transient species absorbing in the
range 200-300 nm. Using lamp pulses with a duration of
about 10 ms a 50-fold increase was obtained in the light
intensity, which remained constant within 5%, controlled
by the optical feedback from a beam splitter. Via an op-
tical system composed of Suprasil lenses the analyzing
light beam entered the sample cell, where a set of internal
spherical mirrors provided optical path lengths of 40, 80
or 120 cm through the reaction zone. The spectral fea-
tures were analyzed by a 1 m grating monochromator
applying a 1200 line mm ~' grating, which gives a recip-
rocal dispersion of 8 A mm ~'. Accurate wavelength cali-
brations were carried out using reference emission lines
from a PEN-RAY mercury lamp.

The light intensity was monitored with a fast photo-
multiplier, and the output signals were digitized with a
Biomation 8100 transient recorder collecting 2000 equi-
distant data points with a minimum of 10 ns between
samples. Conversion of raw data into transient absorp-
tion versus time and display of kinetically relevant func-
tions were accomplished with an on-line computer. The
experimental kinetic curves were analyzed by detailed
computer modelling of the reaction mechanism using the
chemical kinetics program CHEMSIMUL.*

Ultra-high-purity argon (99.998%,) was obtained from
L’air Liquide. CO, (99.5% ) was obtained from AGA and
SF¢ (99.9%) from Hede Nielsen. The gases were used as
received. Cl,O was synthesised”® by O. Jergensen at Riso
Chemistry Department. The purity of the synthesised gas
was analyzed by UV spectroscopy. The composition of
fresh gas samples was found to be approximately 609,
C,L,0O and 40% Cl,, based on values of
61,0(277.2 nm) = (1.31+0.07) x 10~ '* cm® molecule '
derived as an average of three determinations by Lin,?’
Knauth er al.?® and Molina and Molina,?® and the value
of 6,330 nm)=25.6x 10 % cm’ molecule ' recom-
mended by the most recent NASA data evaluation.>® The
Cl,0/Cl, sample was stored overnight in liquid nitrogen,
and during the experiments the sample was cooled in dry
ice. Before the experiments the C1,0/Cl, sample was fro-
zen in liquid nitrogen on the vacuum line, and the more
volatile impurities were pumped off.

Results
Formation of CIO. ClO radicals were produced by pulse

radiolysis of gas mixtures containing a small mole frac-
tion of Cl,O/Cl, mixed with Ar, SF¢ or CO, as bath gas
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at a total pressure of 1 atm. The reactions leading to the
formation of ClO in the three different systems are sum-
marized below.

SF, system:

SF, ¢, F + products (5)
F+CLO - FCl+ClO 6)
F+ Cl, - FCl + Cl @)
Cl+CL,0 - Cl,+dCO (8)
Ar system:

Ar <, Ar* (C)]
Ar* + Cl,0 - Ar+ Cl+ ClO (10)
Ar*+Cl, - Ar+Cl+Cl (1)
Cl+CL,O0 - CL+CIO 3
CO, system:

CO, °, C0O+0 (12)
0+CL,O0O - ClO+ClO (13)
0+ Cl, - Cl+ ClO (14)
O + CIO - Cl+ 0, (15)
Cl+CLO0 - CL+ClO (8)

SF4 and Ar systems. Figure 1 shows an example of the
ClO absorption signals at 277.2 nm observed by pulse
radiolysis of a gas mixture containing a small mole frac-
tion of Cl,O/Cl, in Ar. The transient absorption signal is
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Fig. 1. Absorption transients recorded at 277.2 nm by ir-
radiation, at relative dose=0.53, (see text) of gas mixtures
of 0.3 mbar CI,0, 0.2 mbar Cl, and 1000 mbar Ar. The
insert shows part of the CIO fine structure around the (11,0)

band at 277.2 nm. The units of & are 10'® cm? molecule™ .
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composed of three components because of overlap be-
tween the ultraviolet absorption spectra of ClO, Cl,0 and
ClL,0, in the range 200-300 nm. The insert in Fig. 1
shows the shape of the (11,0) band of CIO at 277.2 nm
recorded with a spectral bandpass of 0.2 nm and an op-
tical path length of 120 cm. With this spectral resolution
the apparent bandwidth is approximately 1 nm. ClO has
the largest absorption cross-section at 277.2 nm, where
values of G=6.79 at 0.3 nm and ogo=7.27 at
0.013 nm resolution®' in units of 10~ '* ¢cm? molecule '
have been reported. In this study the value
Gcoo=72x10"" cm® molecule ' was adopted,* in
agreement with our experimental estimate, see below.
At this wavelength o ,= 1.92° and og 0=
(1.31+0.07)*-%° in units of 10~ '* cm® molecule ™ !."

The maximum of the absorption signal at 277.2 nm
shown in Fig. 1 can therefore be assigned to the forma-
tion of ClO taking into account the consumption of Cl,O
in the reactions (8) and (10). As shown in Fig. 2A the
yields of ClO obtained in the SFy system are almost a
factor of two higher than the yields observed with the
same irradiation doses in the Ar system, i.e.
(1.90 + 0.07) x 10" cm ~* at a relative dose of 0.53. The
subsequent decay (Fig. 1) corresponds to relaxation to-
wards an equilibrium mixture of ClO and (ClO), in ac-
cordance with the reversible association reaction (2).

The measurement of the absolute initial ClO concen-
tration, which is a key parameter in the determination of
K. is not straightforward owing to the absorbance from
both CIO and Cl,0. The structure of the ClO spectrum
(see insert in Fig. 1) makes the observed ClO absorption
cross-sections highly dependent on instrumental resolu-
tion. The assumed stoichiometry for the conversion of
CL,O into ClO also affects the results. Therefore a de-
termination of the maximum absorbance as function of
irradiation dose was carried out. The linearity between
maximum absorbance and irradiation dose for relative
dose<0.53 in the SF, and Ar system (Fig. 2A) indicates
that all the fluorine atoms react either with Cl,O or Cl,,
suggesting a one-to-one stoichiometry between Cl,O and
ClO. Under these conditions the yield of CIO equals the
initial yield of F atoms produced by pulse radiolysis of
SF,. The rate constants for the F atom reactions (6) and
(7) and reaction (8) are such that ClO is instaneously
formed on the timescale of Fig. 1. For the purpose of
modelling, equal rates for reactions (6) and (7) were as-
sumed. At the highest doses a fraction of the fluorine
atoms and excited argon atoms is lost in secondary re-
actions.

The yield of F atoms was determined by the titration
reaction F+ CH,—HF + CH,, which was initiated by
pulse radiolysis of CH,/SF, mixtures. From the maxi-
mum of the transient CH; absorption signal monitored
at 216.4 nm combined with the reported value of the
absorption cross-section,*® the primary yield of F
atoms was determined as [F],=[CH;], .. =4(216.4)/
o(CH;) x L. L is the optical path length in cm. The yield
of F atoms was found to be a linear function of the
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Fig. 2. Maximum absorbance at 277.2 nm plotted as func-
tion of irradiation dose for the Ar and SF; systems (A) and
for the CO, system (B). All data were obtained by irradiation
of gas mixtures of 0.3 mbar Cl,0, 0.2 mbar Cl, and
1000 mbar of the third body. The solid lines in (A) are de-
termined by least-squares analysis of the data at relative dose
0.53 and below. The lines in (B) have been determined by
simulation of the CO, reaction mechanism (Table 1). Dashed
line: without ClO decay; solid line: CIO decay included.

irradiation dose. From the relative magnitude of the ab-
sorption signals of Cl1O and CH; produced in the titration
reaction at a relative irradiation dose of 0.53 a value of
6(Cl0)577 5 nm =(7.25+0.40) x 10~ '® cm? molecule ™' at
a bandpass of 0.2 nm was derived. The overall uncer-
tainty of about 6% was estimated taking into account
uncertainties in the observed transient absorption signals
combined with uncertainties in the reported values of
o(CH,)*® and o (C1,0).>’~2° Similar results were obtained
by comparison of ¢(ClO) and o(CH,0,),>” where the
methylperoxy radical was produced by pulse radiolysis of
SF¢/CH,/O, mixtures. The yields of F atoms determined
by the two different titration reactions based on CH, and
CH,0, absorption signals were found to be identical
within a standard deviation of 5% in series of repetitive
experiments. The scatter in the transient absorption mea-
surements is mainly due to variations in the irradiation
doses. Based on this determination the value of
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(Cl0)775 am =7-2%x 10~ '® cm? molecule ™' has been ob-
tained, in agreement with results which have been re-
viewed by Watson.>?> However, in order to carry out a
quantitative analysis of the observed kinetic features one
must also take into account the absorption of the dimer
using the recommended value of 5(Cl,0,).>°

CO, system For the CO, system a clear deviation from
linearity between maximum absorbance and relative dose
is observed (Fig. 2B). This is due to the very fast reaction
(15) between the oxygen atoms and ClO, which was veri-
fied by computer simulations of the relevant reactions
shown in Table 1. The chlorine atom regenerates ClO in
reaction (8). The overall result will therefore be a reduc-
tion of the number of ClO radicals for each oxygen atom
below two which would be obtained if all O atoms were
consumed in reaction (13). The initial yield of O atoms
produced by pulse radiolysis of CO, was determined by
monitoring the yield of ozone produced in the titration
reaction O + O,—0; observed by radiolysis of CO,/O,
mixtures. From the absorption signal of O; monitored
at 254 nm combined with a consensus value of
6o,=1.15x107"7 cm® molecule™',** an initial yield of
[0]y=[03]ax = (7.8 £ 0.5) x 10" cm ~* was derived cor-
responding to the maximum irradiation dose. Using this
value in the model calculations we have been able to re-
produce the experimental yields of CIO shown in Fig. 2B.
The dashed line represents the simulated maximum ab-
sorbances when only the reactions (8) and (12)—(15) were
taken into account. Employing the complete set of CIO

Table 1. Rate constants used in the simulations.

k295K
Reaction /em® molecule™ " s™ 'Ref.
CO, system:
(8) ci1+ClL,0 — ClO+Cl, (9.84+2.0)x10”"" 30
(13)0+CL,0 —-2CIo (3.5+1.4)x107 ' 30
(14)0+cCl, — CIO+Cl 4.2x10" " 35
(15)0+CIO - Cl+0, (3.840.8)x10""" 30
SFg system:
(6) F+CL,0 —~FCO+CIO (1.440.4)x107'° 33
(7) F+Cl, — FCI+Cl 1.4+ %107 " a
(8) ci+cl, —Cl,+CIO (9.8+2.0)x10™"" 30
CIO decay:
(2f) CIO+CIO+M - Cl,+M see Table 3
(2r) ClLL,+M — CIO+ClIO+Msee Table 3
(4) CIOO+M  —CI+0,+M 2x10’ b
(16)CI0O+CI0O  —CIOO+Cl  (7.2+1.6)x107'® 31
(17)CI0O+CI0 - O0OCIO+Cl  (7.3+2.6)x10™'® 31
(18)ClIO+CIO  —Cl,+0, (7.3+1.8)x107"® 31
(19)ClI+C,0, —CIOO+Cl, 1.6%x107"° 8
(20)C1+0CI0 - CIO+CIO  (5.8+1.5)x10™"" 30

 Assumed to be equal to kg °In units of s~

'. The rate

constant at 1 bar total pressure is calculated from K, of
Cl+0,+Cl00 and k_,.%°
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decay channels including reactions (2) and (16)—(18)
listed in Table 1 the yield curve represented by the solid
line was obtained, in good agreement with the experi-
mental results.

Determination of K,,. The initial decay of ClO is governed
by the reversible dimerisation reaction (2)

ClO + ClO + M—-Cl,0,+M (20)
CLO+M-ClO + CIO+M (2r)

Subsequently the equilibrium mixture of ClO and Cl,0,
is consumed in slower irreversible reactions, i.e. (16)—
(18), which have been taken into account in our detailed
computer simulations. A first estimate of the equilibrium
constant was carried out by a simple analysis based on
measurements of the initial concentration of ClO and the
concentration of ClO when the equilibrium has been es-
tablished.

Using the following shorthand symbols for the con-
centrations of the monomer and the dimer, M, = [ClO],,
M =[CIO],, and D =[Cl,0,],,. we combine the equilib-
rium equation (I) and the material balance for CIO, eqn.
(II), to obtain eqn. (III), which was used for the evalu-
ation of the equilibrium constant.

K., = D/M @
M, =M + 2D (I1)
Keq = (Mo ~ M)2M? (111)

The initial concentration of ClO was derived from the
maximum of the transient absorption signal at 277.2 nm,
taking into account the consumption of Cl,0, i.e.
My=A4,../(6co-0%a,0)L, where L is the optical path
length. Likewise at equilibrium we include the contribu-
tion from the dimer, which also contributes to the ab-
sorption.

At 277.2 nm the ClO absorption cross-section is four
times higher than the Cl,0, absorption cross-section.
Thus, in the limiting irreversible case of 1009, conversion
of CIO into Cl,0, the transient absorption should de-
crease to about 139 of the initial value.

Figure 3 shows three examples of the transient absorp-
tion signals at 277.2 nm observed by pulse radiolysis of
SF,/CL,O/Cl, mixtures. The upper curve was obtained
with a relative dose of 0.53. The decay of ClO towards
equilibrium takes place on a timescale of a few millisec-
onds, during which the absorption signal is reduced to
about 309, of the maximum value. For the two lower
curves, obtained with relative doses of 0.32 and 0.22, the
signals are reduced to 379 and 329, of the maximum
values. This trend is in qualitative agreement with eqn.
(III), predicting a lower relative equilibrium concentra-
tion, M/M, with increasing total concentration,
M, =M + 2D. Using this simple analysis with SF as bath

32

0.7 T T T T T T T
0.6 .

0.5

0.3

Absorbonce10

0.2 +

0.1

Time, ms

Fig. 3. Comparison of simulated and experimental absorption
transients at 277.2 nm. The experimental data were ob-
tained by radiolysis of 0.3 mbar Cl,0, 0.2 mbar Cl,, and
1000 mbar SFg at irradiation dose 0.53 (@), 0.32 (A), and
0.22 (@). The data were corrected for decrease in absor-
bance due to consumption of Cl,0.

gas, and the initial [ClO], and equilibrium [CIO],, con-
centrations obtained from the experimental decay curve
at a relative dose of 0.53 (Fig. 3) an equilibrium constant
of Ko =kylky,=6.0x10""> cm® molecule ™' was esti-
mated.

A similar analysis was attempted with Ar and CO, as
bath gases. However, owing to the lower radical yields
obtained in these systems the relaxation toward equilib-
rium for the ClO dimer formation took place on a longer
timescale. Thus, in a time of 10 ms, which is the limit of
the pulsing device for the Xe lamp, the equilibrium was
not established, and the simple method for the determi-
nation of K., could not be used. Instead detailed com-
puter simulations of the complete reaction mechanism
had to be employed to determine the values of K, as well
as the forward and reverse rate constants.

Simulations. A quantitative evaluation of the equilibrium
constant and the rates of the forward and reverse reac-
tions was achieved by detailed computer simulations of
the chemical reaction mechanism. Model traces of tran-
sient absorption versus time curves were obtained by
plotting a weighted sum of Cl,O, CIO and Cl,0, time
profiles generated by the CHEMSIMUL program using
values of the absorption cross-sections for these species
mentioned above. The reaction mechanisms are shown in
Table 1. The calculated absorption transients were com-
pared directly with the experimentally observed absorp-
tion transients, and the rate constants k,. and k, were
adjusted for the best visual fit. This method has the ad-
vantage that it makes use of all the information in the
ClO decay towards equilibrium, while the simple method
described above only employs the absorbance at maxi-
mum ClO concentration and at equilibrium. As shown in
Fig. 3 the model traces could be fitted to the experimental
curves within the signal-to-noise ratio using the same set



of rate constants for the three different irradiation doses.

k,¢ and k,, are the only important unknown parameters
in the simulations of the three reaction mechanisms. For
the CO, system all rate constants except k,; and k,, were
obtained from the literature. For both the Ar and SF,
systems there are unknown rate constants among some
of the reactions producing ClO. However, the observed
formation of ClO in both systems is much faster than the
ClO decay. For the Ar system only the CIO decay was
taken into account, omitting the reactions (8)—(11), which
describe the very fast energy transfer from metastable Ar
to CL,O and Cl,, cleavage of excited Cl,O and Cl,, and
reaction of the Cl atoms with CL,O. The production of
fluorine atoms in the SF, system occurs on a timescale
comparable to the timescale of the irradiation pulse. Re-
action (6) between fluorine atoms and Cl,O has recently
been investigated by Stevens and Anderson,** who re-
ported a rate coefficient of kygs = (1.4 +0.4)x 10~ ' cm?
molecule ™' s~ .

The equilibrium constants K., = k,¢/k,,, determined by
computer modelling, are listed in Table 2. The results
obtained with SF, and Ar as bath gases and at varying
irradiation doses are in agreement within 109, of the av-
erage value. The values obtained with CO, as bath gas
are significantly lower, in particular at the lower irradia-
tion doses. The reason for this discrepancy is not yet
clear, but one cannot rule out additional reactions which
have not been taken into account in the computer simu-
lations. With this in mind the average value of
K.,=64x10"" cm® molecule™' obtained from the
somewhat simpler SF; and Ar-systems should be con-
sidered more reliable. This value is also in fair agreement
with previous experimental results reported by Basco and
Hunt,” Cox and Hayman® and Nicholaisen er al.?!

Rate constants for the dimerisation reaction. Mean values
of k,r and k,, for 295 K and 1 bar total pressure deter-
mined by the computer simulations are listed in Table 3.
The differences in the rate coefficients for the CIO com-
bination reaction observed with CO,, SF and Ar as bath
gases are thought to reflect differences in the third body
efficiencies of these bath gases.

Table 2. Equilibrium constant determined by simulation of
the three different chemical system at 295 K. The literature
data refer to the same temperature.

K.o/107 " cm® molecule™’

Relative dose co, SFg Ar
1.0 5.05 - -
0.53 4.75 6.8 6.2
0.32 4.75 6.8 6.2
0.32 4.75 6.8 6.2
0.22 - 5.9 -

Basco and Hunt:’ (5.240.2)x 10" '®
Cox and Hayman:® (6.7+0.7)x107'®
Nickolaison et al.%’ 10.4+1.0)x107'®
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Table 3. Rate constants k,; and k,. for M=CO,, SF5 and Ar.

ky/ 1072 cm®

molecule” " s~ ky°/s™!

Relative

dose co, SF, Ar Co, SF, Ar
1.0 4.63 - - 92 — —
0.53 4.75 4.25 2.50 100 63 42
0.32 4.75 4.75 2.50 100 70 42
0.22 - 4.25 - - 72 -
Mean 4.72 4.42 2.50 97 68 42

? Given as apparent second- and first-order rate constants at
1 bar total pressure.

The pressure dependence of the dimerisation reaction
(2) was studied with Ar as the bath gas as shown in
Fig. 4. The solid line represents a least-squares fit of the
Troe parametrization of the fall-off curve of a termolecu-
lar reaction.>* Using a limiting high-pressure rate con-
stant of k= (6+2)x 10~ '2 cm® molecule "' s~ ! reported
by Sander er al.'' and a standard value®® of the broad-
ening factor, F,=0.6, a limiting low-pressure rate con-
stant, k,= 1.3 x 1072 cm® molecule ~? s~ !, was derived.

The experimental results obtained in CO, and SF, at
a total pressure of 1 bar are also shown in Fig. 4, and
third body efficiencies of 2.2 for M = (CO,) and 2.1 for
M = SF, have been estimated relative to 1.0 with M = Ar
as reference bath gas.

In addition to the pressure-dependent dimerisation
channel (2) we have considered the contribution from the
irreversible bimolecular reactions (16)—(18) to the overall
decay rate of ClO.

CIO + ClIO- CI + CIOO (16)
— Cl + OCIO a7
- Cl, + 0, (18)
6 T T T T
vl_m 5 ’_ C02 -
103’ ol SFe |
[ ]
-og Ar
" 2+ 4
~ 1F A
O 1 1. L 1
0.0 0.6 1.2 1.8 2.4

M1, 10" molecule em™>

Fig. 4. Pressure dependence of k,; with Ar as third body.
The solid line represents a fit of the Troe parametrization to
the data. The rate constants obtained with 1 bar CO, and 1
bar SFg, respectively, are also shown.
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The temperature dependence of these reactions has re-
cently been determined.’' From these data the dimerisa-
tion reaction (2) at 295 K is 10 times faster than the sum
of the bimolecular channels. The bimolecular channels
become important on longer timescales. On a timescale
of seconds the majority of the excess Cl,O is degraded
via a slow chain initiated by chlorine atom formation in
reactions (16) and (17). The chain is propagated by the
following steps:

ClOO+M - Cl+0,+M 4)
Cl+CLO - Cl, + ClO ®)
Cl + Cl,0, — Cl + ClIOO (19)
Cl + OCIO — CIO + CIO (20)

Both reactions (19) and (20) are known to be fast at
295 K: k;9=1.06x10"'° cm® molecule ' s ' * and
kyo=5.8%x10""" cm® molecule ' s~ '.*° A similar deg-
radation of Cl,O by a short-chain mechanism was ob-
served by Basco and Hunt.” Detailed computer modelling
was carried out using an extended reaction mechanism
including reactions (16)—(20). The results confirmed that
these reactions did not have any significant effect on the
ClO and Cl,0, concentrations during a timescale of
10 ms which was employed in our studies of the relax-
ation Kkinetics.

Discussion

Our results on the equilibrium constant for the ClO
dimerisation reaction at 295 K are listed in Table 2 in
comparison with previous experimental studies. The equi-
librium constant reported by Basco and Hunt’ may be
uncertain within a factor of two because the value of K,
was derived using a value of 6,0, which differs by a
factor of two in comparison with recent literature
data,813:16:20

Table 4. Pressure dependence of k, at 295 K’

In order to estimate the uncertainties involved in the
determination a simple analysis based on the analytical
expression for K., [eqn. (III)] and computer simulations
of the reaction mechanism, combined with sensitivity
analysis based on curve fitting, have been employed. In
the first case an uncertainty of the initial CIO concen-
tration of +15% in the determination of the fluorine
atom yield, based on the titration reaction with CH,,
gives rise to a 207, uncertainty of K.,. The absorption
cross-sections of Cl,0, from Cox and Hayman,® DeMore
and Tschuikow-Roux'® and Permien er al.? agree to
within +5%. A change in oo, of this magnitude gives
an 8% change in K., when using the simple method. In
the sensitivity analysis model traces were generated as a
weighted sum of ClO, Cl,0 and Cl,0, time profiles using
the absorption cross-sections for these species and com-
pared with the experimental curves shown in Fig. 3 taking
into account uncertainties in the absorption cross-sec-
tions of ClO, CL,0, and CL,0O. Based on this analysis the
uncertainty of the equilibrium constant was estimated to
be +289% . The uncertainty in the yield of ClO and the
assumption of complete conversion of F atoms into ClO
radicals via reactions (6)-(8) as suggested by the experi-
mental results shown in Fig. 2, i.e. [ClO], .. =[F], at
relative irradiation doses <0.53 of the maximum, have
also been considered.

We believe that an estimated uncertainty of + 309, is
realistic in view of the good signal-to-noise ratio of the
experimental decay curves combined with a reliable de-
termination of the absolute radical yields.

The rate constants obtained in this work are listed in
Table 4, together with literature data. The overall uncer-
tainty of the rate constant of the forward reaction is es-
timated to be +209%, in this work. The simplest way to
compare our values with the literature data would be at
295 K and 1 bar for different M. However, in several
cases the parametrizations of the fall-off curves had to be
used to extrapolate to room temperature and 1 bar. In
view of this and of the differences in methods, the agree-

ko/107%% cm®
2 _—1

k/10”'2 cm?®

1 -1

k1 barb/1o_ 12

1

Ref. M molecule” “ s molecule” ' s cm® molecule’ s~
This work Ar 1.3 6 (2.64+0.5)

SF, (4.4+0.9)

co, (4.740.9)
Hayman® N,, O, (6.0+0.3) - 3.0°
Sander"" Ar 0.9¢ (6+2) 1.77

0, 1.71° (6+2) 3.09

N, (1.840.5) (6+2) 3.23
Trolier'® He (0.46+0.04)° (8+1.3) 1.24

0, (1.09+40.08)° (8+1.3) 2.43

N, (1.30+0.09° (8+1.3) 2.80

SF, (2.20+0.14)° (8+1.3) 4.27

®F.=0.6 has been used in all the parametrizations. ®The rate constants at 1 bar total pressure have been calculated from
ko and k except from data of this work, where the direct measurements are given. © Taken from Fig. 1 in Ref. 9. 9 Assuming
that the ratio 1.0: 1.9: 2.0 for Ar: 0,: N, at 207 K'" is valid at 295 K. ° Included an intercept owning to departure from

the standard Troe formalism.'®
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ment is considered satisfactory. The values obtained by
Nicholaisen et al.?' at 300 K and 1 bar of 3.10 and
5.59x 10~ '* cm® molecule with M = Ar and SF; are also
in fair agreement with ours.

Conclusion

Pulse radiolysis of gas mixtures containing Cl,0/Cl, in
different bath gases, M = Ar, SF, and CO,, was used to
initiate three different ClO source reactions by which we
obtained radical yields in the range of [ClO],=(0.1-
3.6) x 10" molecule cm 3.

Thanks to the high radical yields we have been able to
study the transient absorption signals of CIO with good
signal-to-noise ratios during the relaxation towards equi-
librium on a timescale of 10 ms. The decay of ClO was
monitored at 277.2 nm employing a spectral bandpass of
0.2 nm, which was selected to obtain a maximum ab-
sorption signal in agreement with the recommended value
of 5(ClO).3? The experimental kinetic features could be
quantitatively accounted for by detailed computer mod-
elling of the relaxation towards the thermal equilibrium
via the reaction ClO + CIO + M = Cl,0, + M, taking into
account also the overlap between the ultraviolet spectra
of ClO, Cl,0, and CL,0. Absolute values of the rate con-
stants for the forward and reverse reactions as well as the
equilibrium constant were derived on the basis of litera-
ture values of the absorption cross-sections of ClO, ClO,
and Cl,0,. Good agreement with other measurements us-
ing different techniques have been obtained, indicating
that the obtained equilibrium constant and the rate con-
stants can be treated with confidence. The agreement be-
tween the results obtained with different experimental
techniques is of importance for the modelling of strato-
spheric ozone chemistry.
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