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Abstract

The photolysis of Cl, in the presence of Cl,0, at 366 nm in the gaseous phase has been investigated at 303 K. The UV absorbance of the
gas mixture has been recorded spectrophotometrically after each photolysis interval to monitor the reactant C1,0, pressure and determine
quantitatively the chlorinated reaction products. A quantum yield for C1,0, consumption of 2.0 4+ 0.2 has been determined. The main reaction
products are C1,0,, Cl, and O,, accompanied by small quantities of C1,0, and OCIO. A mechanism involving Cl0, radicals formed in the Cl

atom abstraction from C1,0, by Cl is proposed.
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1. Introduction

The chemistry and photochemistry of the earth’s atmos-
phere have received a great deal of interest during the last
years. In particular, the chemistry of the oxides of the halo-
gens, and especially of the chlorine oxides, deserved exten-
sive attention, as these last compounds have been invoked to
play an important role in the catalytic loss processes for strat-
ospheric ozone [1,2].

Chlorine oxides may be classified in monochlor- and di-
chloroxi-derivatives. All these compounds are thermally
unstable and may decompose explosively. Along the ClO,
series, only chlorine dioxide, OCIO, is stable under certain
conditions [3]. On the contrary, ClO and sym-ClO; may
undergo fast self-association and disproportion [2]. The gas
phase self-association of ClO; at room temperature leads
almost exclusively to chlorine hexoxide, Cl,O, (O,Cl10-
Cl0,), as it has been determined not only by infrared spec-
trophotometry [4]} but also by chemical analysis [5].

The last member of the series, sym-ClO,, has been pro-
posed as an intermediate in the mechanisms of the thermal
decompositions of C1,O4 [4-6] and of chlorine heptoxide,
CL,0; [7], but has not been directly identified in the gas
phase to date. Only recently, this species has been spectro-
scopically identified in the matrix isolation of the products of
the vacuum thermolysis of C1,Og [8]. On the other hand, the
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vacuum thermolysis of C1,0, (CIOCIO;) leads to the for-
mation of ClO and ClO; [9]. Ab initio theoretical calcula-
tions have been performed [ 10] to interpret the structure and
properties of the chlorine tetroxide radical.

It is well known that chlorine atoms readily abstract chlo-
rine from CIOCI and CIOOCI, leading to CIO and CIOO,
respectively [1,2]. Similarly, chlorine atoms are likely to
react with chlorine perchlorate, Cl + CIOCI10,; — Cl, + ClO,,.
This last process most probably takes a relevant part in the
photolysis of Cl, in the presence of C1,0, at 366 nm in the
gaseous phase. As a consequence, the photochemical reaction
is expected to occur through a mechanism involving ClO,
radicals. To elucidate this mechanism, the present investi-
gation has been undertaken.

2. Experimental details

The reaction was studied by applying the continuous pho-
tolysis method. Most of the experiments were performed in
a portable quartz cell, 3 cm long and 4 cm outer diameter,
which could be joined to a Bodenstein quartz spiral manom-
eter used as a null instrument in connection with a mercury
manometer. A U-trap connected the cell to a standard Pyrex
vacuum line used for gas handling. The vessel could be sep-
arated from the vacuum line and manometer to be brought to
a Cary 14 spectrophotometer. This allowed the reaction mix-
ture to be photolysed and subsequently analysed spectropho-
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tometrically. The cell was surrounded by a copper tube
through which water from a thermostatic bath was circulated,
and its temperature maintained at 303 + 0.05 K by means of
a Lauda electronic regulator.

A few experiments were performed in a cylindrical quartz
cell 5 ¢cm long and 5 cm outer diameter, connected to the
manometers and to the vacuum line, and placed into the
thermostatic bath,

The 366-nm line from a high-pressure mercury arc lamp
(HBO 200 W) was isolated by means of a Bausch & Lomb
grating monochromator (AA=19 nm at 366 nm) and suc-
cessively focused and collimated before reaching the front
window of the reaction cell employirig appropriate quartz
lenses. The intensity of the light incident on the cell was
measured periodically by means of the potassium ferrioxalate
actinometer [ 11].

The reaction mixture consisted typically of about 55 Torr
Cl, and of 8-22 Torr Cl,0O,, and was photolyzed at 366 nm
during successive intervals of 4-10 min to complete about
1 h. After each interval, the UV absorbance of the gas mixture
was recorded using the spectrophotometer to determine quan-
titatively the chlorinated reaction products. These operations
lasted up to 10 min, after which the mixture was further
photolysed.

Preliminary experiments showed that no thermal reaction
between Cl, and Cl,0, takes place in the conditions of the
present experiments. However, the spectrophotometric anal-
ysis of the reaction mixture prior to photolysis always
revealed a small amount of OCIO between 0.1 and 0.4 Torr.
This observation agrees with those made in previous inves-
tigations [12].

Chlorine dioxide, chlorine, oxygen and argon were
obtained and purified as it has been previously described
[3.5].

Chlorine perchlorate was obtained by the 436-nm photol-
ysis of chlorine dioxide [12] employing the last cell
described above.

3. Results

The experiments carried out to establish the reaction stoi-
chiometry showed that the 366-nm photolysis of Cl, in the
presence of Cl,0, proceeds with an increase of total pressure.
The photolysis of 54.1 Torr Cl, in the presence of 21.9 Torr
Cl,0, was performed during 210 min with a total pressure
change of 14.8 Torr, and during additional 30 min without
any subsequent pressure change. After this, a volatile fraction
of 15.4 Torr in O, was separated from the reaction mixture
by distillation at the liquid nitrogen temperature. Further dis-
tillation at 173 K of the residue allowed the separation of 67.3
Torr of Cl,, which was identified by UV-visible spectropho-
tometry. The infrared spectrum of the fraction condensed at
173 K (8.1 Torr) showed the characteristic absorption bands
of dichlorine heptoxide [ 13].

The ratio of the amounts of Ci,0, to CL,0, to Cl, to O, of
3:1.1:1.8:2.1 clearly indicates that, within the limits of the
experimental errors, the reaction stoichiometry is given by

2C1,0,—Cl1,0,+1/20,+Cl,
together with
Cl,0,—20,+Cl,

In experiments in which the photolysis was interrupted in
the way described in Section 2, besides Cl,, C1,0,, C1,0, and
a small amount of OCIO, the intermediate stable product
C1.0O¢ could also be determined. The UV spectra of Cl,0,
[12], Cl,04 [ 5], Cl, [14,15] and C1,0; [16] are depicted
in Fig. 1. As it has been pointed out {17], being the whole
set of absorption coefficients well-known and assuming the
additivity of the absorbances of the single components, the
application of L.ambert-Beer law allows the calculation of
the pressure of each of them on an empirical basis. First,
C1,0,, C1,0, and C1,0, are the only components of the reac-
tion mixture that absorb between 210 and about 260 nm. To

\
151017 |
j o i
2 !
-t |
Q e~
i) ;'l_\ \‘ ~
q’ .g_J ! \\ //
& 8 ' Moo
-17 |-
9 o 1.0x10 ‘\ -
O 0 ! ,/ R
[
o = . A
?» 18 |- ! .
2 5.0x10 . \
<
0.0 |-
L " 1

200 250

Wavelength (nm)
Fig. 1. Absorption cross-sections for Cl,Oq (- - -), CL,O; X 10 (- - =). Cl,0,X25 (- - -) and Cl, X 50 {

), as a function of wavelength.
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minimize the delay between the successive photolysis per-
iods, only three wavelengths within this range, namely, 210,
230 and 250 nm were selected for the determination of these
components. The absorption coefficients for C1,0,, Cl,O4
and C1,0; fitted from the spectrophotometric determinations
at the three wavelengths given in Table 1 are in good agree-
ment with those reported. On the other hand, calibrated
absorption spectra of Cl,/OCIO mixtures in the region 280
450 nm, allowed the correction by OCIO of the total absorp-
tion measured at 340 nm. Once Cl,0, has been determined,
the absorbance of this compound at 340 nm is calculated,
then subtracted from the absorption corrected by OCIO to
obtain the amount of Cl,.

In a typical set of experiments, the pressure of each reac-
tant, Cl, and C1,0,, was measured in the portable cell and the
initial UV~visible spectrum recorded. In this way, the initial
composition of the reaction mixture was established. The cell
filled with the gas mixture was then exposed to the 366-nm
light during a given time interval, after which the total absorb-
ance was recorded between 300 and 400 nm and at the four
fixed wavelengths of 210, 230, 250 and 340 nm. The pressure
results for C1,0,, Cl,, Cl1,0, and C1,0, calculated from the
spectrophotometric information are given in Table 2 as a
function of the time of photolysis for the three sets of exper-
iments. The pressure of C1,0, decreases linearly over almost
the whole time range, while C1,0, and C1,0; pressures start
from zero and increase as a function of time. C1,0Oq4 reaches
a maximum pressure towards the time when Cl,0, is almost
totally consumed, and finally decays to zero. As for Cl,, the
difference between the determination at 340 nm corrected by
the absorptions of C1,0¢ and of OCIO at this wavelength, and
the initial pressure of Cl,, yields the amount of this compound
formed in a given time interval, subject to a relatively high
average error as shown in Table 2. The set of experiments
no. 2 have been performed in the presence of 402.9 Torr of
the added gas Ar. Although an initial amount of OCIO of
0.35 Torr was determined for set no. 3, the pressure of OC1O
after each photolysis period never exceeded about 0.20 Torr.
The analytical method employed here does not allow to dis-
criminate a contribution of the photochemical reaction to
OCIO pressure from the amount of OC1O formed during the
dark periods. The C1,0,, C1,0, and C1,0, pressures for the
set of experiments no. 3 are also represented as a function of
time in Fig. 2.

The quantum yield for Cl,0, consumption can be calcu-
lated as @=A(CL,0,)/ (IxAr), where A(Cl,0,) indicates

Table 1
Absorption coefficients (in Torr™' em™ ") for Cl,0,, CL,04 and Cl,0, at
the three wavelengths employed for the spectrophotometric determinations

A (nm) &(C1L,0,) &(CL0,) &£(ClL,0,)
210 0.0290 0.538 0.0704
230 0.0381 0.441 0.0244
250 0.0254 0.436 0.0067

Table 2
Experimental Cl,0,, Cl,0,, and Cl,0, pressures (Torr) as a function of
time

Set of Time CL,0, Cl,04 C1,0, Cl, 0OCl10
experiments (min)

1 0 113 - ~ 536  0.10
10 10.0 0.42 0.48 523
20 7.5 0.61 1.2 543
30 5.0 0.75 1.8 55.8
40 29 0.79 24
50 0.95 0.80 3.1
60 0.27 0.24 4.0
70 - - 39

2 0 7.7 - - 57.8 0.10
10 79 0.16 0.49 593
20 5.7 0.33 0.98 60.3
30 3.1 0.51 1.2 60.9
40 1.1 0.56 1.9 62.6
50 - 0.078 22 60.8
60 -~ - 23 60.5

3 0 16.9 - - 516 035

4 16.6 0.39 0.40 525 023
8 14.4 0.57 1.20 543 017

12 13.0 0.69 1.24 555 025
16 11.9 0.76 1.23 57.1 0.22
20 8.35 0.95 2.52 573 017
24 5.95 1.08 2.88 572  0.18
28 3.81 1.14 3.56 582  0.20
32 3.04 1.07 4.41 598  0.16
36 1.84 1.12 4.83 603 015
40 0.52 0.41 5.55 59.6  0.05
44 - 0.011 5.72 58.2 -
48 - - 5.71 58.9 -

20

;‘

R
(o]
4
o
3
v
[72]
£ 5
0
" 1 n i " 1 n
0 10 20 30 40

Time (min)
Fig. 2. Time-resolved pressures of CL,0, (l), C1,0,x 10 (®) and C1,0,
(A). The solid lines represent the pressures calculated employing the rate
constants in Table 4.

the amount of Cl,0, consumed during a given photolysis
time interval, Ar. I, denotes the intensity of the light
absorbed by Cl,, calculated as I, =f,,Jo, Where I, is the
measured light intensity at 366 nm. The fraction of light
absorbed by Cl, at 366 nm, £, has been calculated employ-
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Fig. 3. Time dependence of C1,0, pressure. The straight lines correspond to

the linear regression of the results from the three sets of experiments: (&)
no. 1, () no. 2 and (®) no. 3.

Table 3
Quantum efficiency for Cl,Q, consumption ( P)

Set of Cl, Jabs I, Slope [
experiments (Torr) (Torr (Torr

min~ ") min~")
1 54.0 0.42 0.23 -0.20 2.1
2 60.8 0.45 0.21 —0.18 1.9
3 56.9 0.43 0.56 -0.45 1.9

ing the Lambert—Beer law with the average Cl, pressure, the
optical path length of the cell, /=3 cm, and the absorption
coefficient for Cl, at 366 nm, &(Cl,) =1.44x 107> Torr ™'
cm ™. Fig. 3 shows the linear dependence of C1,0, pressure
on time for the three sets of experiments. The slope of the
straight lines, the input data f,,, and /,, as well as the resulting
& values, are shown in Table 3. An experimental average
quantum yield for Cl,0, consumption of 2.0+ 0.2 has been
obtained from the results for the three sets of experiments.
At the photolysis wavelength, two of the reaction products,
namely C1,0, and OCIOQ, absorb light. Therefore, it is nec-
essary to know to what extent this fact affects the fraction of
the light intensity absorbed by Cl,, and which are the products
of the secondary photolysis. The scarce amount of OCIO
present during the experiments renders unimportant the influ-
ence of this substance. On the other hand, the maximum
pressure of Cl,04 determined in an experiment is approxi-
mately 1 Torr, consequently at a pressure of Cl, equal to 60
Torr, and the ratio of the absorbances at 366 nm for Cl1,O4 to
Cl, is 0.065 at the most. This affects the fraction of the light
intensity absorbed by Cl, within the limits of + 10% found
for the experimental error. It has been pointed out that the
product C1,0, is transformed to Cl,0O, by thermal decom-
position [5] and, at least in a matrix, also by photolysis [4].

4. Discussion

The experimental results have been interpreted by means
of the mechanism that will be described in the following. A

numerical simulation based on the Runge-Kutta algorithm
has been applied to fit the time evolution of the concentrations
of reactants and products.

The reaction begins with chlorine photodissociation [ 1]

Cl,+hv(A=366 nm)—2Cl ()
followed by the reaction
Cl1+CIOCIO ; »Cl,+CIO, (2)

High rate coefficient values for other chlorine abstraction
reactions by chlorine atoms, Cl+CIOR—Cl,+RO
(R=FSO,[18],H[19],CH,[19,201], tert-C,H, [ 19],FCO
[21]) have been recently reported. On the other hand, in the
presence of OCIO the fast bimolecular reaction:
Cl1+OCIO—-2CIO [1], also occurs. However, the rate of
this last reaction should be much lower than that of reaction
(2) under our experimental conditions.

Subsequently, the self-reaction of the Cl0O, radicals

ClO,+Cl0 4~ 2Cl0;+0, (3)
and
Cl0,+Cl0,— (1,0, (4)

interpret the occurrence of Cl,0, as a main reaction product.
The ClO; radicals may undergo the recombination reaction
ClO; + ClO; — Cl1,0q, for which a rate constant of the same
order of magnitude as k, is expected [22]. However, reaction
(4) is fast enough under the conditions of the present exper-
iments, and consequently, the only fate for the C10; radicals.

The formation of the relatively large amount of chlorine,
besides of that produced through reaction (2), may be ade-
quately accounted for by

Cl0,+Cl0,—Cl,+40, (5)

in spite of the fact that the mechanism of this reaction is a
matter to discuss.

The set of reactions (1)—(5) lead to the rate equation
—-d[C1,0,]/de= 21, from which a quantum efficiency for
Cl1,0, decomposition of 2 can be calculated. Therefore, the
mechanism allows an interpretation of the average quantum
yield of 2.0+ 0.2 for Cl1,0, obtained from the experimental
results.

To account for the fact that Cl,0Oq is formed to a larger
extent at the beginning of each set of experiments when C1,0,
pressures are higher, the exothermic reaction

Clo,+C1,0,—Cl,0,+0CIO (6)
may occur followed by
Cl0,+0CI0—Cl,04 (7)

On the other hand, the thermal decomposition of C1,0,
which leads to the formation of C1,0, and O, through a first-
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order kinetics [5], and much less the photolysis of Cl,Oq at
366 nm sensitized by chlorine [23,24], contribute to C1,O4
depletion.

A mechanism for the thermal decomposition of Cl,O
including the dissociation reaction

Cl,0,—ClO,+0CIO (=7)

has been recently proposed on thermodynamic grounds [ 25].
This reaction may be followed by the exothermic process
(L6pez and Sicre, to be published).

Cl0,+0CI0—~Cl,0,+0, (8)
The complex reaction between two ClO, radicals
Cl0,4+Cl0,—20CI0+20, (9)

accounts for the fact that C1,0, is still formed when small
amounts of C1,0, are present as seen in Fig. 2.

If reactions (6), (7), (—7), (8) and (9), are included in
the mechanism besides reactions (1)—(5), the following
reaction rate equation

—d[C1,0,)/dt=21,,+ke[CIO,][C],0,]
—k4[C1O,][OCIO]

results. The average experimental quantum efficiency of
2.0+0.2 leads to the conclusion that the two last terms on
the right-hand side member of the preceding equation balance
each other along a given series of experiments.

The simulation employing reactions (1)—(7), ( —7), (8)
and (9) allows to draw the solid lines in Fig. 2 for the set of
experiments no. 3. Table 4 shows the input data for the respec-
tive rate constants. The rate constants ks, ks, ks, kg and k; were
obtained by numerical fitting of the experimental results from
Table 2, for the times before the reactant C1,0, is completely
consumed. Due to the fact that reaction (2) is the only out-
come for Cl atoms, the numerical fitting does not depend on
the value of this rate constant. The mechanism for Cl,04
thermal decomposition given by reactions (3)—(7), (—7),
(8) and (9) [24], different from those proposed in Ref. [5],
and the experimental rate constant k., =0.0209 min "~ '15],
allow to calculate kg as k., = K_,ky, where K _; is the equi-
librium constant for Cl,04 decomposition into ClO, and
OCIO. The scarce photochemical decomposition of Cl,Og, as
well as the thermal decomposition of Cl,O, during the dark
periods within which the spectrophotometric measurements
are performed, contribute to obtain a slightly higher value for
ks by numerical fitting. Consequently, different kg values
result for the three sets of experiments as shown in Table 3.
The value for K_,; from Ref. [25] has been used in the
calculations, and the numerical fitting is practically inde-
pendent of the individual values of £, and &k _,. Therefore, a
value for k,, a factor of at least 200 higher than &, has been
fixed.

From the simulation, a stationary pressure of about 0.05
Torr for ClOQ, radicals results. Although this conclusion arises
from calculations based on indirect evidences, the potential

Table 4
Rate constants and reaction enthalpies for the reactions included in the
mechanism

Reaction AH Rate constants "

(kcal mol™ 'y *

(3) ClO,+ClO, —2C10. + 0, -04 3.8x 10"

(5) ClO, +CIO, > Cl, +40, ~100.0 3.5x10'

(6) ClO, +CLO, »CLO,+0CI0  —12.1 3.1%10°2

(7) ClO, +OCIO - Cl,0, —-209 1.5x10°

( —7) CL,O, — ClO,+0CIO 20.9 8.1¢

(8) Cl0, +OCIO - CLO, + O, -358 5.0 1029
5.5%10%¢
79%10*"

(9) ClO, + ClO, —20CI0 + 20, —-54.0 1.2x 10"

* Data from Ref. [25].

" Torr ' min~ "' unless indicated otherwise.
“Min~ .

4 For set of experiments no. 1.

“ For set of experiments no. 2.

" For set of experiments no. 3.

use of this system as source of ClO, through the reaction of
chlorine atoms with chlorine perchlorate deserves further
attention. Time-resolved experiments in which shortlived
intermediate species are monitored would offer a more con-
clusive answer and are foreseen.
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