FLASH PHOTOLYSIS OF THE

OXIDES OF CHLORINE

by

SNEH KUMAR DOGRA

" B.Sc.(Hons.), Panjab University, 1964
M.Sc., Panjab University, 1965

A THESIS SUBMITTED IN PARTIAL FULFILMENT OF
THE REQUIREMENTS FOR THE'DEGREEfOF.

DOCTOR OF PHILOSOPHY
in the Department of

Chemistry

We .accept this thesis as conforming to

the required standard

THE UNIVERSITY OF BRITISH COLUMBIA

April, 1970



In presenting this thesis in partial fulfilment of the requirements for
an advanced degree at the University of British Columbia, | agree that
the Library shall make it freely available for reference and study.

| further agree tha pennfssion for extensive copying of this thesis
for scholarly purposes may be granted by the Head of my Department or
by his representatives. |t is understood that copying or publication
of this thesis for financial gain shall not be allowed without my

written pemission,

Department of Chemistry

The University of British Columbia
Vancouver 8, Canada

Date April 30, 1970




ABSTRACT

The production of vibrationally excited oxygen, O;,
following the isothermal flash photolysis of c102, Cl2O and
" of the Cl0 free radical has shown to be due to the reactions
of oxygen atom with ClO2 and Cl10 (1, 2?. In both reactions}
the energy distribution in the products is markedly non-
equilibrated with a large fraction of the energy liberated in
the form of vibrational excitation of the oxygen molecule.
The highest level of O; produced corresponds to the exother- -
micity of the reactions. The rate constants for the production

* :
of 0, in levels v'' = 6 + v'' = 13 are approximately equal.

*
2 27

been studied and the exceptional efficiency of the atoms

The relaxation of 0O, by C1lO Cl0O and by C1l and O atoms has

demonstrated.
The rate constant for the bimolecular reaction of ClO

radicals (10) was measured using C1lO Clz/o ClZO, C120/Cl2

2I
as sources of the radicals. The constancy of the value of

2.7 £ 0.3 x lO7 1 mole—; sec—l obtained from all systems con-

7 1 mole”? sec_l,

1 mole™ ! sec—l, obtained

2’

trasts with the literature values of 6.2 X 10

7 1 mole™t sec”? and 2.4 x 107

4.8 x 10
from the first three systems.
The chlorine and bromine photosensitised decomposition

of ClO2 and C120 have been studied and the extinction coeffi-

cient of ClO0 and Br0O free radicals measured. Mechanisms have



iii

been proposed for all systems and all relevant rate constants

have been measured.

10.
11.
12.
13.
14.
15.
16.
17.
18.

19.

20.

21.

.22,

Reaction

* .
0 + clo, » ClOo + Oz(v“'ilS)

*
0 + Clo -~ Cl + Oz(v'“ < 14)

o + ClZO - 2C10

o + ClZO g C12 + 02

Ccl + ClZO > ClO0 + C1

cl + c102 > 2C10

2

Cl + ClO2 > Cl 2

Br + ClO2 > BrQO + C1lO

2 + O

Br + C1.,0 > BrCl + ClO

2
Clo + Cl1,0 = Clo, + Cl,
Clo + C1,0 = Cl1 + 0, + Cl,
Cl0 + Cl10 > C1, + O

2 2

Cl0 + BrO = BrCl + 02

-
BrO + BrO Br2 + 02

*

o+ 02(

0 + O3 (v''=6) > 0 + 0, (v''<6)

Cl + 05(v''=12) > Cl + 0 (v''<12)

Ccl + O;(v"=6)

C10(C10,) + 03 (v''=12)> ClO(Cl0yp)
+ 0, (v 1<12)

+ o

clo(clo 5

5)

[+
Extinction coefficient of Br0(3208 A)

v''=12) > O + O;(v"<12)

> cl + Oz(v"<6)

(v''=6) - C10(c102)+
+ O;(v"<6)

Extinction coefficient of Cl0(2772

The results are listed below.

k(1 mole ™ séc—;)
3.0 % 1019
7.0 x 10°
5.2 x 10
<<5.2 x 107
4.0 x 108
5.4 % 10°
<<5.1 x 10°
7.2 x 10°
6.1 % 10°
2.7 % 10°
6.5 x 10°
2.7 x 10"
1.5 x 10°
1.3 x 10°
2 x 1010
g x 10°
7 % 10°
2 x 10°
2 x 108
g x 10’
%)_l.7x 1031 mole tem
2.4 ><1031 mole—lcm

-1

-1
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CHAPTER T

INTRODUCTION

Flash photolysis is a technique of photochemistry in
which free radicals or other transients can be produced by a
high intensity light source. The concentrations of the species
produced is so high that they can be detected in the far infra-
red to vacuum ultra violet by absorption spectroscopy. Also
at these concentrations in addition to reactions of atoms or
radicals with stable molecuies, radical—radical reactions or
atomic recombiﬁation reactions become more important. Thus
. 1f spectroscopic methods are used to study their kinetic be-
haviour after flash photolysis, the technique is known as
kinetic spectroscopy. Detailed reviews of the technique of
flash photolysis and kinetic spectroscopy and their application

to the study of these fast reactions are given by Porterl’2’3,

Norrish4’5’6, Norrish and Thrush7 and Thrush.3 This techniqgue
has been used to study energy transfer reactions and this

aspect has been reviewed by Callear.3’8

Above all, the elec-
tronic spectra of many new transients have been observed and
information about their geometric structure has been obtained

from the rotational fine structure studied under high resolution.

A. Reactions of Cl0O Radical

Since the late twenties, the ClO radical has been pro-
posed as an intermediate in reactions involving chlorine and

oxygen, especially in chlorine sensitised oxidation and in the



photolysis of oxides of chlorine. Many papers and review
articles have been published about the reactions of ClO radi-
calé studied by flash photolysis and other techniques. The
main sources of production of ClO are:

1) Chlorine sensitised oxidation and flash photolysis
of chlorine and oxygen.

2) Chlorine sensitised'decompésition of ozone.

3) Photolysis and flash photoiysis of éhlorine
dioxide and chlorine monoxide.

Each method will be mentioned but (3) will be discussed
in detail because these two systems have been studied exten-
sively, both by the direct photolysis as well as sensitised

by halogens (i.e. chlorine and bromine).

1) In 1929, Bodenstein, Lenher and Wagner suggested ClO as a
chain carrier in the chlorine sensitised oxidation of carbon

monoxide (i.e.):

cl, -+ 2c1
Cl+ co =+ cocl
cocl + 0, + CO, + C10

cl10 + (O +~ (CO, + C1

2
Though the reaction has not been studied in great detail
it becomes difficult to explain the oxidation without having
Cl0 as an intermediate. Similarly, there are other examples,
e.g. conversion of chloroform to carbonyl chloride, studied by

Schumacher and Wolf, and other examples which have been reviewed by



Edgecombe, Norrish and Thrush.’

2) The reaction of chlorine atoms with ozone has been studied
thermally as well as photochemically. Bodenstein, Padelt
and SchumacherlO studied the thermal reaction of chlorine

atoms with ozone and proposed the following mechanism.

C12 + 03 + Cl0 + C102

clo, + 0, =» Clo, + O

3 2

clc, + 0O + Clo, + 20

3 3 2 2
ClO3 + ClO3 - Cl2 + 302
¢l + clo -~ C12 + 02
cio + © ~ Cl + 202

3
They thought ClO3 was a chain carrier and neglected the
reaction of ClO with ozone, thinking that it has a high acti-~-
vation energy. Later on Norrish and Nevillell studied the

photosensitised decomposition of O, by chlorine atoms and pos-

3

tulated the following mechanism.

Cl + hv. > 2C1

2
cl + O3 + Cl0 + _02
Cclo + 03 > Cl + 202
Clo + cio N C12 + O2

Cl + 03 + C12 - ~ClQ + Cl

Cl + 05 + 0, =+ ClO; + O



" Though this reaction is photosensitised, it can be
compared with the above mentioned scheme. The main difference

between the two is that Bodenstein et al.lO

thoug@t C_lO3 was
~ the chain carrier whereas Norrish et al.11 thought it to be
Clo. The latter scheme seems to be more appropriate and more
in keeping with the reactivity of ClO0 radical observed later
on in the flash work.

This radical has been further observed spectroscopically

12,13

when McGrath and Norrish flashed halogens in the presence

of ozone. They observed both ClO and BrO vibrationally excited:

X, + hv = 2X
- x
X + 05 > XO* + 0,
where X = chlorine and bromine and XO* is the ground state

vibrationally excited. This reaction gave an additional weight
to their postulate that most of the exothermicity of the re-

actions of type
A + BCD » AB + CD

goes to the newly formed bond in the form of vibrational energy.

3) Chlorine and Oxygen éystem

P.orterl was the first to observe the absorption spectrum
of Cl0 when he flashed a mixture of C12/02/H2L Later he did
the vibrational analysis.14 Durie and Ramsay16 did a more

detailed vibrational analysis and studied the rotational struc-



ture. Porter and Wright15 studied the kinetics of the forma-

tion and decay of ClO by flashing Cl,/0, and also in the

2
presence of excess of inert gas (N2). They found that the
system.is completely reversible, i.e. C12 and O2 are the end
products, and they could not detect any other oxide of chlorine.
In order to study the formation of Cl0, they varied the pres-
sure of oxygen and found that chlorine atoms combine 46 times

faster in the presence of oxygen than in the presence of

nitrogen. They concluded that Cl10 is formed by the reaction

cl + 02 + Cl1-0-0 (1)

C1-0-0 + Cl1 -+ 2C10 | . (2)

where C1-0-0 was thought to be an unstable transitory inter-
mediate and is guite different from the stable 0-Cl1l-0 molecule.

Cl0 is not formed directly in the reaction

cL + O2 -> Cl0 + O (3)

as it is 55 Kcal endothermic. Later on this radical (C1-0-0)
was proposed by Benson and Andersonl7 in their study of
trapping of chlorine oxide free radicals. Morris and Johnston18
have found the absorptioﬁ spectrum of Cl00in far U.V. by their
molecular modulation technique.

Porter and Wright15 could not determine the rate constant
of reaction (1) due to the limitation of the long life time of

19

their flash lamp but recently, Norrish and Nicholas have

found that



cl + 02 + M - Cl-0-0 + M - (1)
Cl1-0-0 + C1 +~ 2C10 (2)
Ccl-0-0 + C1 + Cl, + O, (4)
k, = 6.2 t 1.1 x 10® mole ™ 12 sec”?t ana k,/k, v 15 or 7.7

" depending on the extinction coefficient of C10,

The decav of ClO0 was found to be unaffected by the pre-
sence of chlorine, oxyvgen, nitrogen or carbon dioxide and to
be independent of temperature in the range 293 to 433°K. They

could not measure the absolute rate constant of the reaction
clo + clo - cl, + O, (5)

since the extinction coefficient of ClO was not known and they
could not measure it from the decrease in the chlorine concen-
tration. They found the rate constant in terms of k5/e equal

to 7.2 x lO4 cm sec—l (where ¢ is the extinction coefficient

o]
of Cl0O at 2577 a). Thus the value of 4.8 x lO7 or 7.6 x lO7

-1

1 mole_l sec could be assigned to k. depending upon the

5

extinction efficient.

4) Cl0Op System

More information about the kinetics v was found by

Lipscomb, Norrish and Thrush20'21

in the flash photolysis of
ClOZ. C10 was the major product of the photolysis at high flash'
energy. They found that a second order plot of the decay of

ClO gives a straight line at all the flash energies used. The



‘slope increased with increase of flash energy but the inter-

cept was constant. The lower limit calculated for k. was

5
7 1 mole_‘l sec_l at flash energy 240 J and highest

. — l _
6.2 X 107 1 mole sec 1 for flash energy greater than 1600 J.

1.9 x 10

Similar behaviour was observed in the determination of
the extinction coefficient. This was obtained by the assump-
tion that each molecule of ClOZ.decomposed will give one mole-
culg of ClO0. The absorbance of Cl0 was calculated by extra-
polation of the second order plot of ClO. At low flash energy

a correction was applied to the Cl0 decomposed due to the

2
appearance of ClO3 spectrum. The extinction coefficient at
[ — —
2577 A varied from 1.4 to 0.68 x 103 1l mole 1 cm 1 at flash energy
240 to 1600 J respectively. In all their guantitative

measurements a soda glass filter was used in order to avoid

direct photolysis of ClO0.

5) Cl,0 System

Edgecombe, Norrish and Thrush9’22 carried out the study
of Cl0 further by flashing C120. Since the continuous spec-
trum of C120 extends over the whole range of ClO bands, they
carried out measurements at 2920 2 (7,0) for ClO and 2912 g
for C120 measurements. Though Cl0 does take part in the chain
propagation of C120 decomposition, these processes are slow as
compared to biﬁolecular decay of ClO. They obtained a value

1

of kg of (2.4 % 0.4) x 107 1 mole™d sec™! and were satisfied

on finding that their value lay within the range of that found



by Lipscomb et al.21 Although their values of ¢ and ks/e

are not given explicitly, from fig. (2) of their paper, the

" slope can be qalculated to be 4.9 X 104 cm sec—l and thus the

extinction coefficient €599 Was calculated as 490 1 mole_l

cm~l. Clyne and Coxa.n23 have found k5/e from their plot as

3.1 x 10% cm sec™! at 2577 g, by means of known relative

extinction coefficients at 2577 g, 2824 g and 2920 g and- thus
1

760 1 moleml cm © could be assigned to the extinction coeffi-

©
cient at 2577 A. However, no direct correlation was drawn

because of the different systems and different wavelengths used.

6) Flow System

Information regarding the reactions and kinetics of

Cl0 was given by Clyne and Coxan23’24’25

flow system. The Cl0 radicals were generated by the reaction
of chlorine atoms with chlorine dioxide. They calculated the

extinction coefficient of ClO either by titration with oxygen

atoms or with nitric oxide. The value of 1.9 £ .06 x 103

1 mole™t em™t was given to the extinction coefficient at 2772

3 1 -1

—-— [o)
A, or 1.27 £ 0.04 x 10> 1 mole™  cm ' at 2577 A, and thus

agrees with the upper limit calculated by Lipscomb and others.
The lower values obtained at high energies were explained by

Clyne and Coxan23 to be caused by the reaction

0+ Clo~> 0, + Cl (6)

k6 has been calculated by Clyne and Coxan23

9

found to be 6 x 107 1 mole_l sec—l, where k7/k6 was found to

be N4,

from their study in a

21

and the lower limit



o + C102 + Cl0 + O? *(7)
The bimolecular decay of Cl0 was plotted by them and k5 found
to be 1.4 £ [1 x lO7 1 md1§~lsec_l which agrees with the lower

limit of Lipscomb et al.zl

Two types of mechanisms are proposed for the ClO decay:

1) Porter and Wright,l5 Lipscomb et al.21 and Edgecombe et al.22

have proposed a molecular mechanism for the observed second order
i

decay of ClO radicals which can be summarized by the reactions
1
. CLO + CIG( + M= C1,0,(+M)
|
ClZOZ( + M) - Cl
26

5 +- 02( + M)

2) Benson and Buss have alternatively proposed for this re-
action a free radical reaction involving a chlorine atom and the

short lived C1l00, peroxy radical, i.e.,

C1l0 + C10 > C1-0-0 + C1
Cl-0-0 +! C1 > Cl2 + O2
Cl-0-0 + M - cl + O2 + M
They pointed out -that slow decay of ClO observed by Lipscomb
et al.21 at low flash energy can be explained with this mechan-

ism by including reaction (8)

clL + clo, =~ 2cl0 o (8)

1

They also made it clear thét, since the rapid reaction

Cl + C100 . clo + clo
is evidently responsible for ClO formation in the-flash photo-
lysis of chlorine/oxygen mixture (Burns and Norrish,27 Norrish

19

and Nicholas™”) the nearly:thermoneutral reverse reaction might

be possible to be the ratéédétermining step for ClO removal.
They also explained the results of the chlorine sensitised de-

28

composition of nitrous oxide (Kaufman et al.”"”) by a similar

mechanism.
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Clyne and Coxon25 have considered both mechanisms but
preferred the second, proposed by Benson and Buss.26 They put
forward following evidence:

1) They detected the red chlorine afterglow spectrum
(Bader and Ogryzlo,29 Clyne and Coxonds) though it is relatively
red shifted.

2) They found a decrease in the chlorine dioxide con-
centration during the Clo decay. The Cl0O concentration does
remain constant in the presence of chlorine dioxide and follows
second order decay kinetics after the chlorine dioxide is used
up. | |

3) VComplete replacement of the chlorine afterglow
spectrum by a deeper red emission occurred when bromine was
added during fhe Cl0 decay. The latter spectrum is due to the
emission of BrCl (3ﬂ:).45

4) The rate of decay of ClO increased when H2 was
added to the system.

All these results could only bebexplained if chlorine
atoms are present in the.system dﬁring the Cl0 decay as ex-
plained by Clyne and Coxon25vand'also the reaction of chlorine
atoms with chlorine dioxide25(>5 X lO8 1 mole"l sec—l) and

with molecular bromine32 are very fast.

B. Photolvsis of Chlorine Dioxide

1) Chlorine Dioxide System

The decomposition of chlorine dioxide has been studied

both thermally and photochemically, which includes flash and
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steady state. Schumacher aﬁd Steiger,33 from their study of
thermal decomposition suggested that decomposition is a small
chain process and the primary step is

C102 -~ ClO0 + O

The steady state photolysis has been studied by a number of

33/34 ,hd in solution>® using CCl, as

workers in the gas phase,
a solvent. All of them have stressed the formation of higher
oxides of chlorine; e.g. chlorine trioxide and chlorine hexa-
oxide, although the primary step is the same. The first spec-
troscopic evidence was found by Goodeve and Stein36 in their
study of the chlorine dioxide spectrum. They observed pre-
dissociation in the band spectrum éf chliorine dioxide, cofres—

ponding to dissociation into

ClO2 + hv » Cl0 + O

thus giving the lower limit of 45 Kcal per mole for the
dissociation energy Qf Cl0, although recently it was found to
be 63 Kcal/mole, calculated from the absorption spectrum of
ClO.l4’l6

In 1931, Finkelbefg and Schumacher,37 in their investi-
gation of spectrum and photochemical decomposition of chlorine
dioxide observed that the process

clo, + hv » €10 + 0(°P)

[o]
occurred by predissociation at wavelengths shorter than 3753 A.

They also suggested that the wavelength approaching the band
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. :
convergence (2560 A) would decompose the chlorine dioxide
molecule by the reaction

Ccl0, + hv » Cl0 + O(lD)

2

Spinks and Porter38

carried out the photolysis studies further
both dry and in the presence of water. The results obtained

by steady state photolysis can be summed up as

Ccl0 + hv » ClO + O

2
C102 + 0+ M - ClO3 + M
Cl0 + ClOy~» C1203
cl0 + Cl0 .+ C12 + 0,
2ClO3 > C1206
and _
H,O + C1206 > HClO3 + HClO4
2C1,0,+3H,0 > 2HC10, + HC1O + HC1O,

Though the ClO radical has been predicted and some of the reac-
tions have been discussed, a greater role has been played by
the higher oxides of chlorine.

The flash photolysis of chlorine dioxide was carried
out by Lipscomb et al.zl They found that the major product of
‘the photolysis is ClO0. They also 6bservéd the spectrum of
, ClO3 whose production was found to Ee independent of total
pressure for a fixed pressure of chlorine dioxide. The inten-

- sity of ClO3 spectrum increased with the decrease of flash

energy and absorption was measured by using Goodeve and
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Richardson's data.39 However, the maximum amounf of ClO3
produced in their work was not more than 10%, caléulated from
~Table 1 of their paper, if 0.5 torr of chlorine dioxide is

accepted as the initial concentration. This is quite differ-

ent from the steady state work where ClO3 is the major product.

They explained this difference in terms of following competing

reactions
0 + clo, -~ c1o3 , (9)
o + Clo - ClO2 (10)
O 4+ O + M - 0 + M (11)

Since the ratio of the concentration of atomic oxygen plus C10
to the C102 is many times greater in the flash experiments, the
probability of reaction (9) relative to (10) and (11) will
correspondingly be reduced. Though this explanation is rea-
sonable, the reactions (6) and (7) seem more likely than
reaction (9).

Lipscomb et al.2l also observed the reappearance of
ClO2 spectrum which they explained by the following type of
equilibrium |

ClO2 + Clo = C1203

Thus as the ClO concentration decreases the eguilibrium shifts

to the left and C102 spectrum starts appearing. No spectro-

scopic evidence for this compound has been given but recently

40,41

Mchale and Elbe have established the existence of this

compound from their study of'ClOZ.
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2) Halogen Photosensitised Decomposition of Cl0»p

The chlorine photosensitised decomposition of ClO2 has
not been studied in a steady state system. The main trouble
in chlorine sensitisaticn is that the spectrum of chlorine also
lies in the same region where the dissociative spectrum of ClOj
exists. So it becomes difficult to decompose chlorine alone

without decomposing ClO However in a flow system, reaction

9.
of chloriné atoms (generated by means of r.f. discharge) with
Cl0o was used as a source of ClO radicals. Clyne and Coxon25
have found the rate constant of this reaction to be greater
than 5 x lO8 1 mole“l sec“l and the stoichiometry of the
reaction

cl + Clo, ~ 2C10 (8)

to. be 1.9 T 0.1 as compared to the reaction

which is more exothermic than the reaction (8).

The photosensitised decomposition of Cl0, by bromine in
principle is more easily studied than that sensitised by chlor-
ine. The spectrum of bromine lies much above the predissoci—‘
ation limit of C1l02 so that bromine atoms can be generated

42

without decomposing c102. Schumacher first proposed the,

mechanism of its decomposition as

Br, + hv > 2Br (13)

Br + Cl0, » BrCl + Oy (14)
2BrCl -~ Br, + Cl, (15)
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Spinks and Porter38 studied the same reaction using
5460 2 radiation and suggested that the excited bromine mole-
cules are responsible for the activation of ClO2 molecules on
collision and thus the reaction is started. But later the’y43
also found that the quantum yield énd the course of the re-
action is similar at 3650 i and 5460 i, indicating thét reac-
tion at 5460 i probably also proceeds by means of bromine
atoms and not by means of an excited molecule. Further, the
guantum yield for the sensitised and unsensitised reaction is
equal, indicating that, apart from the primary act of
light absorption, the mechanism of the two reactions is simi-
lar. Since Schumacher's42 mechanism could not explain the
formation of ClO3 and higher oxides of chlorine, they postu-

lated a new mechanism:

Br2 + hv - 2 Br (13)
Br + ClO2 - ClO0 + Bro (16)
Bro + C102 - ClO3 + Br (17)

which would give the same products as the direct photochemical

reaction.

4,45

Clyne and Coxon4 also studied the reaction of bromine

atoms witﬁ C102 in order to qorrelate it with the reaction of
chlorine atoms with ClOZ. They could not observe the BrO and
Cl0 spectrum, however, instead of these radicals, they observed
the emission spectrum of BrCl(sﬂ;e% ;) which was very similar

to that obtained by the direct recombination of bromine and
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chlorine atoms:

+

Br + Cl + M - BrCl (3wo y + M

They thus concluded that reaction (14) occurred. Reaction
(16) was rejected on the grounds that it is endothermic by
3 Kcal and they did not observe ClO or Bro. Reaction (14) is
sufficiently exothermic to account for their results.
Recently,25 in their reinvestigation of the above re-
action, théy could identify ClO but could not detect BroO.
Since they found that rate of decay of BrO is nearly 50 times
faster than ClO, this mav be the reason that they could not
see the BrO spectrum, so they are still doubtful about the

occurrence of reaction (16).

¢. Photochemical Decomposition of Cl50

Like €10 Cl,0 has also been studied extensively by

57
steady state and flash photolysis. Earlier workers like

Bowen46 and. Bodenstein and Kistiakowsky47 found that decom-
position was proportional to the light absorbed and the observed
guantum yield was two. The reaction was not affected by the
air or oxygen and chlorine dioxide was shown spectroscopicaily
to be present in increasing amounts as the reaction proceeded.
However, Bodenstein and Kistiakowsky47 and Goodeve and Wallace48

showed that the absorption spectrum of Clzo was continuous be-

[o] o
tween 6200 A and 2300 A. Thus in order to explain the yield
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of two, Schumacher and Wagner49 suggested the following re-

action mechanism.

Cl0 + hv =+ Clo + cCl f' (18)

2
cl+ Cl,o =+ cl, + clo - (19)
clo + Clo  » Cl, + 0, ©(20)

It was not untll 1932 when Flnkelberg, Schumacher and
'Stelger,so in their relnvestlgatlon of gaseous reactlon of .
uC120 found that the quantum yleld of the photochemlcal decom—'
p051t10n is 3.5 at wavelengths’ 4360 3650 and 3130 A | ClO2 |
~and hlgher unknown oxides were.shown.to be present._ Subse—
‘quently Schumacher and Towneds;estudiedvthistystemin the
region where C120 deCompoSes.into_atoﬁs and.found‘that quantum
yield at 2500 g was 4. 5h In:oraef to explain the higher quan— ‘
tum y1e1d and the Formatlon of ClOZ, the follow1ng reactlons

were suggested, apart from those mentloned above- .

Cclo  + c12 > Clo2 + cl-2‘ , (20)
clo + cblzq - Cl + o0, + C.lz‘ (21)
- - ° . .~
whereas at 2500 A the primary process was -
Cl,0 + hv > 201 +_0 L (22)

Schumacher and Towned51 propOsed-that oxygen atoms do not re-

act with Clzovinvorder to'explain their quantum yield.

The thermal decomp051tlon of C120 has been studied by

53

_Hinshelwood and Pr;chard,52 Hlnshelwood and Hughes. They &

found that apart from the primary process, the mechanism of



the photo and thermal‘reactions are very similar..

o Edgecombe, Norrish and Thrush22 investigated éhe
photolysis of C120'by the flash techhiqﬁe, They observed a
similar behaviour to that obserﬁed by the earlier workers in
 the steady state. However, theyvpdinted outithat reaction of
oxygen atoms with C120 is quite important,vwhich‘is analogous
'té the reaction (7), i.e.

2 .

0 + C1,0 > 2cl10

0o + clo, » clo+ o, o

They divided their study.intobthfee_parts. Thevfir5£, lasting
for'lOQ Husec, corresponds to fhe dﬁratibn of photolytic flash.
~During this period, Clzo conceptration‘drops sharply‘éndlcio
reaches its maximum concentfation;' In the next 10 msec, the-
second stage of the reaction,bcld deéaysfvery slowly. Cclo,
starts appearing approximately at 1 msec, reaches its maximum
value.in about 30 sec, after that.decreaées slowly. ‘Thisbis

‘the third stage of the reaction.

~2) ' Halogen Sensitised Decomposition of C129

Although the continuum spectrum‘9f~C120'extends from
2300 i to 6200 £,48 the extinction coefficient falls so rapidly
that the decomposition due the wa&elengthsvabove_3300 % is |
negligible. The chlbrine éensitiéed reaction could,‘therefore,\
be studied. In the steady staté phofolysis, the earlier workers

found that the quantum yield of C120 decomposition with and

without the chlorine were the same, i.e.btwo. Later on,
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in the flash photolysis, the course of reaction was found to
be similar to that without the chlorine and also similar to

50

that discussed by Finkelnberd et al. So the primary step

s

‘can be

Cl, + hv » 2C1 -

2
foilowéd by reactiohs (19), (20), (21) and (5). Edgecombe et
al..22 also found the lower 1imitlof 4% 10% 1 mole™! sec”?! for
- the reaction (19). | |

Brown and Spinks54 investigated the bromine sensitised
decomposition of C120 using 546Q R, They found that the course
of the .reaction is similar to that éensitisédland unsensitised
by chlorine. The final produéts;wefe éimilar and the quantum

yield thus evaluated was also equal to that found by Finkelnberg

et al‘,50 From their results thus they gavé the mechanism as

L Br2 + hvv > :BrE : - e (23)"
Brj + M > 2Br + M | (24)
Br + Cl1,0 » BrCl + ClO : (25)
or : Br’; + cizo > B‘r2 + Cl + clo (26)
Cl +Cl,0~> clo + 012-

After these primary reactions, the other reactions are similar
to those discussed in the case of chlorine sensitisea reaction,
in order to ex?lain the overall quantum vield and the rest of

the final products.
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D. Formation and Decay of Vibrationally Excited Oxygen

In the study of the flash photolysis of Cl0 -Lipscomb

21

2’

et al. also observed Vibrationally excited oxygen with up

9

to eight quanta, correspondihg.to an énergy of 34 Kcal, in

the ground electrqnic state. They found9 that the amount of
oxyéen produced decreases if the primaty photolysis is more
than fifty percent becaﬁse there.was not enough ClO2 left to
react with oxygen atoms after‘the-primary process. The mechan-

ism proposed for formation of excited oxygen was simple:
ClO2 + hy =+ Cl0 + O o

' . * U -
0.+ clo, - Clo + O, + 59 Kcal

0 + clo, » Clo

2 3

. Cl04 + hv =+ C10 + O

*

2
* ’ ' .
'where_Oz is vibrationally excited oxygen.
- From their work on ClOZ_and:NOZ'as well as from McKinley,

Garvin and ’BOUdart,SS

who obsef&éd infrared emission from OH
produced from thé.H/O3 reaction, iﬁ was clear that'the‘energy
disﬁribﬁtion is not equilibratedilyAniarée'amdunt of energy is
found as vib?afion in the newly forﬁéd bond. The study of
ClO2 reaction as well as a number'of.similar reactions studied
by flash photolysis, led McGrath ahd_Norrish;lz'58 to the
following generalization: "When an exothermic reaction of thé
general form A;f,BCD +~ AB + CD océurs, the ﬁolecule AB with
newly formed bond takes a high proportion of exotﬁérmic énergy

of the reaction in the form of unequilibrated vibrational

énergy."
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Since the vibrational transitions within thefground
state are only allowed as magnetic aipole or quadruéole radi-
ation, collisional deactivation in the Qround state must be
‘considered. Collisional deactivation of Oz*rwas found to be
’very>ineffective for argon-and.nitfogen (1 in 107 effective) .
They21 also observed that the heif life of 02* (v"=6),Varies
betweenvapproximately 200 to 700 upsec and was invefsely pfo—
portional to the initial preseufe‘of Clo,. It wae‘thus con~-
cluded that c1oé and ClO_are approximately eéually effective
in deactivation 02* (one ih 2000 effective) and that a value

of k = 1.0 x 10°

1 mole ¥ sec™! could be assigned to the rate
constant for the process

* ' .
0, (v"=6) + ClO(or ClO,) > ozf(v"=5) + C10(or Cl0,)

Again due to the time reeoiution of the apparatus and
pressure of ClO2 and,ergon used,”theyAbelieved that the energy
distribution they‘observed at shortesﬁAdelays was'véry close
to the initial distributioh‘prodﬁced ffom the reaction. They
estimated that at the shortest'delay the v"=5,6.and'7 levels of
oxygen were equelly populated whiie the v"=8 was populated to a

~lesser extent.

' E. Present Investigation

Although extensive work has been done on the direct
photolysis of the oxides of chlorine by various techniques, it
-can still be seen from the results,that.there is large vari-

ation in the extinction coefficient and rate constant for the
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decay of C10. Clyne and Coxon’szs~values énd those of Lip-

21 22’and Porter and Wricjht15

"'scomb et al., Edgecombe et ai. and
the present flash photolysis results themselves vary signifi-
cantly. One reason for the present.work was, therefore, to
solve the discrepancies‘which’exist'between various workers
sincé the ClO radical has played an important role in the ex-
planation of‘many'reaction mechanismé;;‘ |

The earlier flash photolysis.studiés of the deéomposi—
and Cl

tion of C10 O and of C12/02Hsystems have been, therefore,

2 2
repeated and the previous inconsistencies resol&ed.‘ Severél
new features have been révealed and it has-been.éossible to‘
measure the rate constants for“neafly'all tﬂe elementary re-
actions involved in the photolysié ahd.chlorine photdSenéitised
decomposition df both ClO2 and Cizo.t Reactions of bromine,atoms
with C1l0, and C1l,0 have also been studied and the extinction |
coefficient for the BrO radical measﬁred.

A second reason for this work Was to study the energy
distribution in the reaction between oxygen and'ClOZ, as 'such
information ma& provide a deeper insight into the detailed
mechanism of a reaction than can be obtained for a knowledge
of rate constant alone. The exothermicity of the reaction
(59 Kéal/mole) is much more than the'energy of the highest

21

level observed by Lipscomb et al. _In the reaction between

oxygen atoms and NO., the same situation exists;. the highest

2
level observed by Lipscomb et al,z} being again only the 8th

whereas 47 Kcal are available. Later studies by Basco and
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Norriéh56 and Bascd and Morse57 have. shown that 0, with vibra-
tional energy up to maximum énergetically poséible is produced
in this case. The present work has alsb shown this to be true
~ for the ClO2 reaction. The‘relafive.rates of production of |
:02* into the levels observed have also been measured and new
_ihfbrmation on thé reléxation‘has been obtained.

Thus the present work has beén diviaed into the follow-
ihg sections.

In Chapter three the extincﬁion coéfficient of ClO is
measured from Cloz»and supported froﬁ Clzo and C120/Cl2
systems. This chapter aléovincludes the rate of récombination
of ClO'radicals. 'v | } { |

‘The reaction of oxygen atoms with ClO,'ClZO and ClO2
have been reported in chapter four and‘the values of the rate
constants are determined. B B |

Halogen (Cl2 and Br2) photoséhsifised decompositiéﬁ of

clo 'and'C120 and the determination of the rate constants have

2

" been discussed in chapter five.:
~In the last chapter (VI), the formation, energy distri-

*
bution and relaxation of O2 from C1l0 O and Cl10 will be .

27 Cl

2
discussed.



CHAPTER TI

EXPERIMENTAL
'A. Apparatus
1) The term flash photolysis is applied to high intensity

irradiation for an extremely short time. The principlesvof
the method have been described- by Porterliin detail.

There are two technlques, the photographlc and the
photoelectric, used to detect the products and transient 1ntet—
mediates produced by flash photolysis and the subsequent chemical
reactions. | | |
| a) In the photographic technique; the ebsorptiou spectrum
of the transients is taken at predetermined tiﬁes after. the
. photolytic flash by means:of‘a second flash lamp and recorded
‘on photographic plates through a speéttograph;'tfhe main edvan—
tage of this technique is that a large wavelength region can
be studied in one experiment, the price being that each delay
time requires a separate experiment. |

b) In the photoelectric.techniéue the situetion is re-
versed, the.complete time behaviout ofta.narrow regidn of the
spectrum is followed by one experlment by means of a photo-
multlpller and monochromator.

The photographic technlque_was used throughout this in-
vestigation. The apparatus used in this investigation is

essentially the same as that used by Basco and Norrish59 and

Yee.60 The main features of the apparatus are shown in fig.(l).
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BGEND
A -~ Photolysis Lamp G -~ Spectrogranh Slit v
B - Reaction Vessel H - Electronic Delay Unit
C - Brass Container I - High Voltage Charging Unit
Dy, _ J -~ Induction Coil Pick-up
Dy 33 and 2uF K - Hydrogen Thyratron
E - Tungsten Electrodes L - High Voltage Switch
F - Spectroscopic Lamp M - Gas Inlets from Vaccum
System
Figure 1. Schematic Diagram of a Conventional Flash Photolysis

Appvaratus.
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The only difference is the use of manual firing instead of
with a Tesla coil, i.e., one electrode was connected to the
condensor, the other to one end of the.firing switch. The
other end of the switch was grounded. The firing was done by
closing the switch. The advantage of this manual switch over
triggering with a pulse from a Tesla coil was that spontaneous
breakdown of the lamps . was avoided. The pressure of
argon in the lamp was only 10 torr, at which. pressure the lamp
always fired immediately on closing the switch.

The flash eﬁergy used in the present work varies from
150 to 1300 J. It was observed that characteristic profile -
of the flash lamp remains approximately constant at each
flash energy used. The half lifetime of the high energy
pulse, i.e. the time taken to decay half of its peak height
was found to be 20 usecs. The flash energy used in the
-spectroscopic lamp was 100 J. The half life of spectro-
scopic lamp was found to be 5 usec.

The mixtures of the gases being studied was subjected
to the high energy, short duration pulse of light which is
produced by discharging the condensors through the flash lamp
containing argon. A pulse, picked by the coil wrapped around
the ground lead, is fed into a delay unit and, after a pre-
determined time delay, the spectroscopic lamp fires. Thus
the light from this lamp, which monitors the transient species

produced by main flash lamp, passes through the reaction
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vessel and is focused on the spectrograph slit by quartz
lenses. The absorption spectrum of the species present in

the reaction vessel was photographed.

2) Double Lamp System

Similar to the conventional flash photolysis apparatus
a double flash system was develeped Which,allowed‘the photo-
lysis of transient,species. .The arrangement for this systemi
over and above what is required for the conventional apparatus
‘is shown in fig.(2). A second . bhetolysis.lamp (auxiliary),-
which can be electronically delayed .in the same manner as the
spectroscopic lamp, is placed parallel to the first photoly31s
lamp (main) on the opposite 31de of the reaction vessel. The'
spectroscopic lamp is then triggered from_the auxiliary lamp.
| The triggerihg circuit used ro fire the auxiliary lamp
is 51m11ar to that used to fire the spectroscoplc lamp in the -
conventlonal flash photoly51s apparatus, 1 e., a pulse picked
up from an induction coil (J) wound around the high voltage
lead is fed info an electrenic delay unit (Hj) consisting of
alcollection of calibrated R;C. circuits. The delay pulse
'is strengthened by a small thyratron-cabacitor circuit and is
delivered to the grid of a large hydrogen thyratron which in
turn discharges the capacitor through the auxiliary lamp.

Since accurate time delays of the auxiliary lamp were
required, traces of thellight output of the lamps were
checked for each double lamp experlment on the screen of an

osc1lloscope. The delay timesquoted are measured from the
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peak of the first flash to the peak of the second.

3)  Vacuum System

The usual type of vacuum system was used, with a tﬁo
stage mercury diffusion pump and a one stage rotary oil pump.
The sfop cocks were greased with silicon grease supplied by
Dow Corning. This greaée.wés used in.ofdér to avoid the
decomposition of oxideé of chlorine becauée these gases were
sensitive to organic greasés.like Apiezon. With thé'uselof
this greaée, it was still possiblé:to pump'the system to less
-than 16—5 torr. Most of the gases ﬁsed were corrosive to
mercury so the pressure of the gases was measured with two
spiral gauges of ratios 1:4 and 1:2. These spiral gauges
were calibrated with a mercury'ménomeﬁer. The_ﬁdtal pressure

or cooling gas pressure was measured»with a mercury manometer.

4) Spectrographs

‘Most of the work described here was done on the Jarrell
Ash spectrograph.but a few funs,were‘done on the medium Hilger.
The Jarrell Ash is a 3.4 meter Ebert mounting type spectro-
graph with the foilowing characteristiﬁs: |
1) interchangeable plane gratiﬂaﬂmounting;
.2)4 two plane gratings each with 15,000 lines per inch,
one blazed for 3300 A and the other_fér 6000 A;
3) reciérocal linear dispersion of 5.1 R per mm. in
the first oraer; . N |
4) 2500 i range in first order byAtwo 10 x 4 inch

photographic plates. : I



29

.q [ 4
1]
I .
™m
™

AAAAA,

-

Figuré"éijuXiliary”"ﬁémp Triggering Circuit. Components with
Subscripts are the duplicate components of the

conventional system, otherwise the iabeling

is the same as in figure 1.

[eys: )
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The second spectrograph was a medium Hilger prism in-
strument using quartz optics. It was used only for comparing
the extinction coefficient and rate constant for the decay of

Cl0 with those of Lipscomb et al.21

The spectrum obtained
from this instrument extends from 2000 R to 10,000 R and is
221 cm. 1long, enébling'it‘to be recorded on a single plate.
The reciprocal linear dispersion a£‘2200 i is approximately

5 A per mm. wheféas'at 6000 A it is about 150 A per mm. This
instrument is most useful for exploratory.work or work invol-
ving continuous spectra because‘of’the wide range covered at

the expense of dispersion and resolution and also because of

its speed.

B. Filters

Almost all the work mentioned here réquired the seiec-
tive photolysis of either C1O2,.C1éO or halogens. Thié'was
achieved by placing 3 mm thick corning glass filters between
the photolysis lamp and the reaction vessel. The type of
filters ﬁsed will be mentioned_in the respective section.

One of the filters used was prepared from photographic plates
after ;émo&ing the gelatihe completely{mthis}is called glass
filter A. The transmission proéerties of the filters used are
given in fig.(3). The curves are repfoduced frém the Corning

Glass Works Circular®? except for the filter which was pre--

pared from photographié plates and pyrex reaction vessel.



Figure 3. Transmission Characteristics of the Filters.- _
A=Pyrex reaction vessel,- B=Glass filter A, C=0-52, D=3-75, E= 3-72,

F=3-66 Corning Filters.
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Their transmission was measured on Cary 14. The transmission
of the filters was unchanged after many flashes.. The nomi-
nally zero transmission regions of the filters had a measured

opticél density of greater than five.

C. ' Photographv and Photometery .

In the present work, only Ilford plétes were used to
photograph the spectra of different species. HP3 were used
fof wavelengths greater than»23d0>£ and Q2 for wavelengths
below 2300 R. " The slit widthiéf»the‘spectfograph was 30u in-
all of the experiments except-fdr QZ‘wheré it was 100u .

Since QZ plates were used only £o_monit6r NOC1l, which has a‘
continuous spectrum,.the slit width does not affect the appar;
ent shape of the band.

The phdtographic plateslwéré Qeveloped'ih Kodak D19
develéper for 5 min. with cdntinuous agitatibn. The tempera—'
ture of the developer was keptxat 20°C. The plates were
dipped in a stop bath (3% acetic acid) for 30 sec. and then
fixed for ﬁwo minﬁtes in the Kédak'rapid fixer. The plates
were washed in running waﬁer for ﬁalf an hour, rihéed with |
distilled water and dried withré’sﬁream*of airnat room tempera-
ture.

| The photographic prints‘Sh;wn in the next‘chépters were
made using a standard photographié enlarger and Agfa BNI print -
paper, the development of which ié the same as the plates

except Agfa Deutol was used for developing the paper.
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The density of each plate was measured on a Joyce-
Léebel double beam recording microdensitometer Model III,
using an accurately éalibrated neutral.density wedge. In
'most of the measurements} especially C10, ClO2 and C120, the
0 to 2 wedge was used but for Vibrationally excited oxvgen or
other weak speCtré, 0 fo i was used. The calibration of the
wedgeAwéé supplied by thé makers of the instrument and it was
also checked by using two neutrai density fiiters pf'opticai..
density 1.0 and 1.5. The value_fhus obtainéd for calibration
'~ was within experimental error of_that was éupplied. So the
;value given by the makers was used, i.e., 0.087 pef cm (while
our experimental value was 0;09,f 0.01).

The quantitative measurements studied with the help of
photography does depend upon‘thévphysical properties of emul-
sions;, e.g., contrast, speed, latitudetor.useful gange of
exposure; graininess and sﬁectfal sénsitivity. Oof these,;the
first three are the main ones which can be obtained from the
'characteristié curve of emulsion; which showé the relationship
between the light expésure (on;a_logarithmic scale) received
by the emulsion and the resultant_densiﬁy of the developed
imége.. The-variatioh in the éxposure for the plots was ob-
tained by varying the slit width»éince the area illuminated is
propértional to the exposure if everything else is kept con-‘
stant. Thus the characteristic curveé were drawn for each -

wavelength wherever the measurements were done. It can be

- seen from fig. (4) that the curves show a linear relationship
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Figure 4. Characteristic Curves for the HP3 plate for
\ | .
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betweén the plate density and exposure fbr the 0.2 tp 0.8
plate.density region. All intensity measurements wefe con-
fined to this region. From these.curves the slopé of the

linear portion, which is known as the contrast (Y), i.e., the
development factor of the emulsion, was calculated and is

listed in Table I. It was found thét_Y cha@ges witﬁ time-of
development and the temperatﬁfe of the.dévélééing bath, so

for all the plates which were used for quantitative measuréments,
similar conditions were used with fresh developing solution

each time.

Table I
° ' .
(&) 2577 2772 2020 3208 3383 3515
1.02 1.17  1.21 = - 1.30

The Y. of tﬁe plates was checked from time to time in
order to confirm that it does remain constant. In the present
study two types of plates were used. The batch of plates which
came iﬁ the latér part of the Study was found to have greater
contrast than the plates used_earlief.. \

Similar characteristic curves were drawn for ilford Q2 '
plates but here it was found that Y is very sensitive to the

physical conditions than Ilford HP 3 plate. So more care was

taken here, although they were used very rarely.
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D. Measurements of Absolute‘concentratibns

~ In order to calculate the absolute concentratidgéof any
species, it is necessary to khow whether Beer—Lambért's law is
;obeyed by it. This has been checked by the twovpath length
method as described by'Néxrish et al.63 The regular mixture
was flashed and the spectrum was taken. Then half of the
' reaction vessel was covered with black paper and the fresh
mixture was flashed with the same ehergy and the épectrum was
taken under the same conditions.asrwith.fuli reaction vessel.
A number of strips were taken using different deiay times,
different pressures of C102 and C120 with;Séme total pressure,
differént flash energies and covering a differéﬁf half_@f
the reaction vessel with blackvpapér, but‘Care waévtaken that
the strips téken with half reactibn vessél were undef the
_same éonditions as full reaction vessel. Plates were photo~
metered and the peak heightsh(with full reaction Qessel) were
plotted against the peak heights h%k(with_half the reaction
vessel) and the bést‘possible sﬁraightnline was drawn. It is
an assumption in the two path method that the power to which
both the concentration and the 1éngth‘must be raised in des-
cribing the optical density, i.e., "
b = e (e
D= & (Sl)n
>

so D/D = h/hl = Zhv
% 2 :



This power 'n' can be determined from the ratio of h/hy
: p

from fig. (5) in case of Cl0 and fig. (6) in case of (0;12;

band of'Oz*. For a curve, thé power wouldlvary over a rahgé

of obsérvations, for a straight line it'wodld be constaht and
for an absorption obeying the Beer—ﬂambert law, the ratio

h/h,& would be eqﬁal to 2 and thus the resulting powér 'ni would
be one. It is thus possible to ¢a1¢ﬁlate analytically the de-"

!
i

pendence of h on concentration.

1) clo

In case of ClO this power 'n' is found #o be 0.9 t .02
for 12,0 band and thus the densitometric height should be
raised to ﬁhe power 1.1 t.02 in érder to determine the absolute
concentration.of Cl0. Since thevvalﬁe of 'n' obtained is i:o,
within the experimental errof,-it was'assumed that . Cl0 obeys_
the Beer-Lambert law. This was alsoiéhecked;ih another way.
The ratio of the absorption a£ 2772 i (12,0) to the absorption
-at 2577'3 (continuum) was caléulated'to be 1.52 * .04, which
agrees with the Value‘obtained by Porter and Wright15 and'also_
by Clyne and CoXon23 and remains constant over a'lérge range
of éoncentration and under.othéf conditions. Since the Beef-
'Lambert‘law is obeyed by the continuum, constancy of the’ragio
shows that‘it should be obeyed‘bf 12,0 band as well as by 7,0
band (diffuse band, 2920 R). Thus the éoncéntration'of Clo0

was calculated v
C = D/el

where € = extinction coefficient of Cl0; 1 = path length.



h; (ecm)

Figure 5. A plot of h(Cl0) against h%(ClO).
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The same procedure as that described for C10 measgrements
was used to measure excited oxygen in different bands. The
difficulty with excited oxygen was fhat nearly all the bands
were either mixed up with C102_spectfum, Cl0 spectrum (banded
and continuous) or the dispersion'was not large enough torre-
solve the lower bands of oxygen; The bands (0,12) and (3,6)
wefe‘the'besé out of the whole'range of bands{' It was found
that the power 'n' for (0,12) is.not constant and it does
depend upon the amount of interference with CIO2 (only the
band head and a few rotational 1ines could be detected before
the band of C102). The average value found from foﬁr different
sets of ekperiments showed that theApower to Which h ehould
be raieed has a value 1.5 t .25.e As it Will‘be seen later on,
the relative population of excited oxygen was calculated ueing

the power as 1.0 and 1.75. 1In the case of N02,64'similar

*

behaviour is observed in our. laboratory, i.e., wherever the O2

is not interfered'by NO or NOZ' it obeys Beer-Lambert law,
whereas otherwise departure from the Beer-Lambert law is ob-

served.

E. Preparation and Purification of Materials

* Chlorine dioxide. ClO2 was prepared as described by

Derby and Hutchinson.65 Chlorine and air, after bubbling’
“through concentrated sulphuric ecid, were mixed together. The
‘mixture was paséed through a column:loosely packed with crys-

talline NaClO,. The gases are theh collected in a trap’kept
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at aeetone/dry ice remperature'(i.e. -78°C). The Clozlis‘
then pumped vigorously at liquid nitrogen temperature,ldried-
by passing over . P,0¢ in a trap and finally it was distilled
from acetone/dry ice to lquld nitrogen temperature. The
‘sample at liquid nltrogen was dlsposed of and material left

f at acetone/dry ice temperature was pumped at thlS‘temperature;
The purity.of the compound wasitested by its wvapour pressure.67
The sample thus obrained was alweys kept at liquid N7 temper-

ature.

" Chlorine monoxide. Cl,0 was prepared by the method

suggested by Cady.66 A mixture of chlorine and air, after
passing through concentrated suiphuric acid, wae pasSed

through a column containing a mi#rure bf mercuric oxide and glass
chips. The glass chips were added’to allow.the passage of

- 'gases.’ The.gases were‘collecteddarv—78°c. .Purification was
carried out in the same manner as above with the differenee-

that methanol/liquid nitrogen siush-was used for pumping the

last traces of chlorine present. . The Cl,0 was stored at

liquid nitrogen temperature whenever it was net being used.

‘Nitrosyl chloride. NOC1l was prepared by allowing a

mixture of pure dry chlorine and excess nitric oxide to stand
for three days.w The products were condensed 1n a liquid
nitrogen trap with the excess nitric oxide and the latter was
pumped off. After distillation, the nitrosyl chloride was

stored at -196°C until required.
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" Chlorine. Cl2 (Liquid Airthd.), w%s aegassed at
-196°C, dried by passing over P,0g and finally distilled from |
-78°C to -196°C. The gas was sﬁored at room temperature. |

' Bromine. Brz(Allied Chems;)_was pdrifiéd as chlorine
ékcept that it was distilled froﬁ an ice/dommon salt mixture

and stored at -78°C until required.

. Oxygen, Nitrogen(98%), Argon (99,999%% and Carbon

'Dioxidéiwere supplied'by Liquid Aif Ltd. Thése gases Were

used as such withoﬁt further purification except that they were

passed through a trap containiné'giéss wool,and kept at -78°C.
The purification of all the gases except inert gases

was done under vacuum.

F. Preparation of a Mixture and Procedure

Mixture of the reactant speéies.and argon or other
inert gas was done a£ least threevhours beforé commencing the
_run to ensure homogeneous mixing.  The mixture was made in a
large bulb at the same argon: reactant ratio to be usea in
the experiments but ih sufficient'higher total pressure to
‘allow the.experiments to be completedf_-since oxides of
chlorine are sensitive to light, ail the bulbs were blackened,
also the feeding lines to reaction vessel were covered with
black péper. _All the experiﬁents were done in a dark room.

Pressures less than one mm were measured by expanding from a

high pressure in a small volume to an evacuated bulb. The
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eXpaﬁsion,raﬁios of these lines to the bulbs were measured
beforehand; There are some experiments where the mixing time
is iess than that mentioned above (in order to avoid dark
reaction) but that will be mentioned at the specified place.
There are twenty three strips available on each plate
which allows at least 18 fo 19 of these to be time experi-
"ments. At least two of the other strips Were used for blanks
to confirm the constancy of the outpﬁt of the spéctroscopiéi
lamp throughout the experiment. The other'eprsures are'the
"before," which is theiébsorption spectrum of the reaction
mixture in the cell before the phéféi&éié and "after", an
absbrption‘spectrum of products and rééctants remaining at
feiativeiy long time (30 seéonds) after the photolyéis'flésh.
Eéch_of these exposures islhécessafy on»every-p;até £0 £ct

as a standard for the particular conditions used.



CHAPTER IIIX

EXTINCTION COEFFICTENT OF C10 AND DECAY OF C10

A.  Extinction Coefficient of C10

1) -From Cl0, Photolysis

The‘assumption invélved in the measurement of extinc-
tion coéfficient of CiO in the following éxperiment is that
one Cl0 radical is produced from eéch molecule of ClO, decom-
posed,and‘that.the total concentratioﬁ of Cl0 produced ini-
tially may be measured by extrapolétion back to zero time.

Clo, was flashed using four different flash‘energies in
the presence of excess ineft gas. The‘ratio.of Cl0, to inert
gas was varied from 1:750 to'i:3300, at which ratios the
photolysis is isothermal.: Since the pyrex reaction vessel
(used in our system) tfansmits some light below 3000 i, in
all the experimentsb2 to 3 mm of glaés filter A was used.
This filter absorbs all the radiation beiow 3000 A (fig.3)and
thus the direct photolysis of ClO was avoided. Because of
the strong absorptioﬁ of C1l0 and_Cldé; the concentration of
Cl0, used for the measurements of extinction coéfficient of
clo varied between 0.06 to 0.12‘torr.' Some ekperiments were |
done using 0.25 torr of ClO; but it has been found that the
results were not very accuréte due to the saturation of the
photographic plate. Since there could be a small error in

making the C10, mixture by the expansion method, though less
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than.10% even at the iowest C10, pressure, the'CiOz pressufe
was éhecked-by measuring its concentration from its absorption
speétrum. From accurately measured pressures, the extinction
coefficient at 3515 A was measured and found to be in excel-
lent agreemént with the literatur'e“value25 of (30002 mole—1
cm-l).‘ |

At low flash energy where the primary photolysis is

less than 25%, only three processes need to be considered, e.g.

Cl0, + hv » ClO + O » (27)
c1o2 + O_ + ClO + 0,2 | o (7)
. Clo + Clo » cl, + 0, (5)

ConVincing reasoné fof believing that-(27) is the only
significént primary process will be given in connection with -
the méchaﬁism of the production of vibrationally excited
oxygen. Thé rate of decay of ClO'isfverybsldw compared to the.
rate of its production and the second order plot for the decay
is strictly linear over the range of'delay times ﬁsed. The
accurécy of the shorf linear extrapolation to zero time is then
-limited only by a small uncertaintyfin-the definition of zero
time due to finite lifetime of the}photo—flash. This uncer-
tainty of < 10 usec leads to a poséibie error of only 115% in
the extiﬁction coefficient. |

At high flash energies, the.sécond order plot for the

Cl0 (as can be seen from fig. 8, p.59 ), becomes markedly non-
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1inear'at delay timeé below 200 ﬂséc, but, since the initial
rapid decay can be followed‘ovef most of the period, the extra-
polation is still valid. Because of the cﬁrvature'and the
steepness at high flash energies, the'extfapolation is more
‘difficult and an error of 10 usec in zero timé would give 520%
error in the extinction cpefficient; From the'cioseheSs of

the agreement between the values of extinction coefficient,ob-
tained at high and low flash enefgies, itvwould.apééarAtﬁaﬁrfhe
zero time is known within ¥ 5 usec. ' | |

Taking into consideration that there is no other re-

“action competing with the above mentioned, then

A[C10,] = [clol_ = ecl =D
where |
A[C102] = decrease in the [¢102]
D = optiéal_density
€ .= extinction coefficient of C10
1 = length of the reaction ﬁessel

and the extinction coefficient of ClO can be calculated from

€ = D/l[ClO]o = D/lA[ClOZ]

. The values of extinction coefficient of Cl0 were calcu-
lated by measuring the concentration of ClO_formed af three 
different wavelengths and under the various conditions. The
déta thus obtained are given in Table II. Values'with * show
the effect of working in'tﬁé non-linear region of the plate
characteristic curve and are not included in the average. The:

o o (<]
average value of ¢(Cl0) at 2577 A, 2772 A and 2920 A are
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found to be 1.15 T 0.06x 103, 1.7 * 0.67x 103 and 1.05 f 0.04

x 103 mole—1 cm respectively. The error limits are the

standard deviations.

Table II

- Extinction Coefficient of ClO from ClO, Photolysis

Plate \ClO2 Argon Energy € X 10_3 (1 rnole"1 cm—l)
DO- (torr) (torr) J 2577 A 2772 A 2920 A
104  0.25 200 1060 0.8%  0.86* 0.8%
105  0.06 200 1060 1.17 1.78 —_
107 0.08 75 1060 - 1.66 1.10
114 0.12 200 1060 - 1.74 1.02
105 0.06 200 600 1.17 1.72 _—
154 0.1 200 600 - 1.7 1.04
118 0.25 200 260 1.04 1.28% 1.0
120 0.1 75 260 1.14 1.76 1.02
156 0.1 200 260 1.16 1.71 1.04
164 0.25 200 260 1.25 1.65 1.10
118 0.25 200 160 1.16 1.55 1.05
156 0.1 200 - 160 1.12 1.71 1.10
Average 1.15%0.06 1.70%0.67 1.05
| to.04

N .
These values are neglected due to saturation of plate

) o o
From these results the ratio of (2577 A) : (2772 A)
[+]
(2920 A) is found to be 1.09 : 1.6% : 1.0. The relative values
of €(Cl0) for these wavelengths were also calculated from 100

measurements of C10 absorption at different time delays. These
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¢} o o]
gave an average value for €(2577 A) : €(2772 A) : €(2920 A)
= 1.07 : 1.60 : 1.0, thus in exact agreement with that ob-
- [} =]
tained by extrapolation. The ratio of €(2577 A) : (2772 A)

= 1.0 : 1.48, is also in good agreement with the ratio cal-

15

culated by Porter and Wright™ ™~ (1.0:1.5) and Clyne and

Coxon23(l.0:l.54).

3

The value of 1.15 x 10~ 1 mole—l cm_l for £(Cl0) at

2577 2 is in excellent agreement with that obtained at low
-flash energy values by Lipscomb et al.21 but the value at
2920 % is approximately twice that which can be obtained from
the work of Edgecombe et al.22 to be discussed in the next

section.

2) Calculation of Extinction Coefficient of ClO0 from the

Direct Photolysis of -Cl,0 and Chlorine Photosensitised

Decomposition of Cl1l,0

As it can be seen from the absorption spectrum of

48

C120, the light absorbed by Cl1l,0 above 3000 A will lead to

2

the following reactions:

Ccl1,0 + hv - Cl0 + C1

2
ClZO + Cl - ClO0 + Cl2
Cl0 + Clo - Cl2 + O2

There are other reactions following these but they are quite
slow and will be considered in Chapter VW of this work.
Considering these three simple reactions as with ClO2

photolysis, C120 was flashed at three flash energies and two
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preséures, keeping a total inert gas pressure of 200 torr.
The assumption that one molecule of C120 decomposed will give
' rise to one ClO radical still‘holds in the above reaction
scheme as well as in the chlorine sensitised photolysis of
_Clzo, i.e. |

cl, + hv »2 Cl

Cl + c120e-c1o + Cl2

Thérefore C120 was also flashed in the presence of chlorine. .
The ratios vary approximately from 1:1 to 1:4 at three flash
energies. The chlorine étom concentration at each flash energy
was calcﬁlated from the titration of Chlorine atoms with nitro-
syl chloride, i.e., by measuring>the decrease in the amount of .

nitrosyl chloride by the reaction

Cl + NOC1 » NO # Cl,
This was achieved by flashing NOCl/Clz/Ar mixture under the
same conditions as C120/C12/Ar.

A difficulty noticed in the measurement was that the
spectrum of C120 is spreéd'over the whole region of that of.
Cl0. Even at 2350 R Cl0 has an extinction coefficient approxi-

mately 50 to 80 1 mole ! em™1 whereas C1,0 has ¥100 1 mole—1

cm L. Although with the eye the ClO spectrum looks discrete,
with a densitometer trace,. all the”bands are miked with each
other. This will be discussed latervon. Thuéffo find the
Cl,0 decrease or ClO produced, the ratio of the peak héight

measured from the actual base line to the peak height measured

from the base line (obtained by joining the two successive
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bands), was measured from the flash photolysis of ClOz. It
was found that actual peak height of Cl0 band is approximately

20% more than the apparent one. Thus, in this case

D

¢ = D (€C1,0) +:D (c10)i “. (a)

D (C1,0) + D o} '+ 20% D (ClO
( 50) (C1 )app_ ( )app.

Total péak height (Dt) and appareht peak heightswere measured.
The actual peak height of Cl0O was thus calculated by adding
20% of the apparent peak height to it and hence the decrease
in the C120 was calculated from the exp:ession.(a). A similar
procedure was applied to the chlorine sensitised decomposition
of C120. Thus the extinction QoefficientSat’two wavélengths‘
were caléulated wifh fhe results liéfed'in Tabie III._.The  >

averagesof e(2772 A) and €(2920 A) were found to be 1.61 =

-0.05 x 103 and 0.99 t0.0S X 103 1 mole"l cm-l respectively.
Though this procedure is not very accurate due to the inter-

ference of two spectra, the values obtained are approximately

‘of the same order as calculated from ClO2 photolysis.

" Discussion

.'._It'can be seen from Table II that our value of ¢ (C1O)

o
at 2577 A agrees very well with those obtained by Lipscomb

21

et al., at low flash energies but at high flash energy our

21

value is twice that obtained by them. We also found the

same behaviour as noticed by them, i.e., if the extinction
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Ektinction Coefficient of ClO0 from C120'and C120/C12

- Photolysis
Plate C120><10+ CIZXlO+ Ar Energy ¢ ><'].’O—'3(l'mole—1cm_1
N . [.] o
. PO (mole/%) (mole/2) torr  J 2772 A 2920 A
167  34.1 137.5 200 260 1.69 —
169 63.0 68.0 200 600 1.58 -
170 35.6 137.5 200 600 1.57 0.97
171 63.3 137.5 200 600 - 1.0
173 36.5 137.5 200 1060 - 0.90
184 57.8 — 200 830 1.60 1.10
191" 52.3 - 200 1060 - 1.58 —
193* 33.0 - 200 1325 '1.65 0.96
Average 1.61%0.05 0.99%.0%

N.B. In all the experiments 2mm of glass filter A was used

except with *

[

coefficient is calculated from the linear extrapolation of

secohd order plot at all flash energies, the value obtained

decreased with increasing flash energy. From our measurements,

° : - — —
values of ¢ at 2577 A as low as 400 1 mole 1 cm 1 would have

been obtained using this procedure. It,therefore, seems very

probable that the difference between our results and those

reported by Lipscomb et al.

21

may be explained by the fact

~ that they did not observe the initial rapid decay of C10. Tt

will be shown later that the reason for this rapid decay is
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the feaction

0+ Clo » Cl+o0, ©(6)

In this tfeatment,.noxéccount of tﬁe presence of ClO3

has been taken, the formatioﬁ of which is the reaction.

0 + Clo, + Clog - B (9)

proposed by Lipscomb et al.21 and by ﬁpe steady State

workers. They found a weak continubus‘absorption'(mainly Pelow
3000 i), apparently due to C10, which is_formed dqring thei
flash and which disappeared slowly over a period of one minute.
By measuring the cqncentration of Cloé at 2948 R (using €(C103)

39), a correction was applied to the

found by Goodeve et al.
absorpfion at 2577 R, the wavelengthvused'as a measurevof the
Clo éoncentration. The correction of~¢103 Prodﬁced w§é:g¥¢at—
est at low flash eﬁergieé-betweeh 240 and 400 J‘(at thesé-‘.
flash energies the decomposition of Cloé was between 73% and
91%). At energies of 1280 J'and 1620 J where the C102_decom—
position was 98-99%, the proportion.of ClO3vproduced was only
3% and 2%.

. If the existence of ClO3 is admitted, then
D = D(C10) + D(c1035 - |

and : A[C102] = [ClO]o + [c1o3]
where D and A[Cl10,] have the same meaning as before. The value

of €(Cl0) in the present work denies the existence of ClO3 so

that the extinction coefficient of ClO was measured simply from
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€ 1[clol_ = 1A[c1z0] -

1

‘ ° _ _
Since our value of €(Cl0) at 2577 A (1150 1 mole 1 cm ) is

_1) ,

very close to E(ClO3)39 at this wavelength (v1100 1 mole_lcm
o ' o

the "correction is negligible (less than 1%) and even at 2772 A

the maximum error would have been only n3%. ~If the value of

-1 21

690 1 mole—ICm ~given by Lipscomb et al. is used, £he maxi-

mum error would be only 15% but the evidence presented here

and the results of Clyne and Coxon21

make the'highef value more
probable. _ |

Alﬁhough the presence of Cl0, is irrelevant té the ais—‘
cussion on e(ClO), it is convenient to'conSider the . evidence
for its formation here. To detect the underlying continuous
absorption in the presence of discrete bands, it is necessary
either that the latter is completeiyvresolved dfwthéfﬁsuccessive"
bands of the discrete Spectrum shoﬁld be free from overlap.
Although, visuallv, this latter condition appears to be ful-
filled for the C1l0 spectrum recorded on medium'quartz spectro-

2-]‘), a microdensitometer tracing

graph (e.g. fig.(2) of L.N.T.
shows that this impression is_falsé_and overlap is still appar-
ent on our spectra obtained at two to three times greater dis-
persién'where the rotational structure appears, virtually, to
be largely résolved. In spectra taken in the fourth order of

a 21 ft. grating spectrograph16 the rotational structure is

described as sharp but complex owing to the Bverlapping of

sSuccessive vibrational bands. A tracing of a specfrum taken
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in second order of 3.4 meter grating spectrograph under con-
ditionsfreported favourable to the formation of Cle; no
indication of an underlying continuum spectra is apparent.
'Spectfa taken at high flash eneroy are similar. At long
.delays (from 5 seconds to 5 miputes) where the Cl0O concen-
tration is negligible, the spectra show again no indication

21 the

of continuous absorption, although according to L.N.T.
ClQ3'spectrum shoula still be'present at these tiﬁes'(fig.7).‘

Further reasons for denying the pfesence of detectable
concentration of ClO3 in the present work are that the ClO |
spectrum is unchanged when it is'éroduoed from other sources;_
(C12/O2 system) where the production of ClO3 is less likely and
the rate constants for the decay of Cl0 produced in the various
ways (C120, C120/C12 and‘Clz/O2 systems) are in good agreement.
.We conclude that there is no evidence of ClO3 or that if it is-
. .produced, it is very likely rapidly removed by the following -
reactionsi | | |

0. + C10 - Clo, + ©

3 2 ¥ 0 (28)
clo + clo, -+ .2clo, (29)
Ccl + Cl0 > Cl0 + Clo (30)

3 2

"~ The possibility of production of O; in the reaction (28) or

21

as proposed by L.N.T.“" in the photolysis of ClO3

C10; + hv >  Cl0 + o; (31)

will be considered in a later section.



Fifure 7. Den31tometer tracing of ClO bands taken in second order of 3.4 meter grating

spectrograph under conditions reported favourable of ClO formation.

€10, = 0.2 torr, Argonz 200 torr, E =260 J.
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N

. ° . . °
~ Although our values of ratio of €(Cl0) at 2772 A to
: ° . . .
€ (C1l0) at 2577 A agree well with that found by Clyne and
Coxon,25 our values at theée wavelengths are n10% less than

25 Although this difference is

those of Clyne and Coxon.

within experimental error, the possibility that it arose from

instrumental, thermal of nonequilibrium‘effects were considered.
The possibility of instrumental effects was tested by

- measuring the extinction coefficient using a medium quartz

spéctrograph as weli és the 3.4 meter grating‘sbectrograph

with various slit widths but no difference was noted. Since

2920 g reférs to the equilibfium concentration of C1lO

(2W3/2, vf = 0) at the temperature of the éystem, 6niy a small

temperature change is needed to account for the discrepancy.

‘However, since the values obtained were the same with a 800

fold dilution of Cl0, with inert gas as with a 3300 fold dilu-

2
tion, it would appear that in both cases the system was strictly
isothermal or that the effective temperature coefficient of ¢
is small. It remains possible that the populatioq of Cl0O
(2ﬂ3/2, v" = 0) produced either by photolysis or by chemical
reaction was not strictly equilibrated, but as theré is no in-
dependent evidence for this, we céncludé that the small dis;

crepancy between our results and those of Clyne and Cbxon25 is

caused by experimental error.
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B. - Bimolecular Decay'of‘the‘ClO‘RadicalA

- Cl0 radical, as already mentioned in the introduction,
'-cen be generated by different'methods and thus its bimolecular
decay can be studied by different methdds, so long as other
~reactions of ClO0 do not interfere during its decay. We have
_geherated Cl0 radical by five~different methods and the

results obtained are discussed below.

1). . From Cl05 Photolysis

As mentioned in the last section on the determination
of extinction coefficient of ClO radicel, ClO2 was flashed
using four flash energies (mentioned in Table Iv). Clo2
pressure used was varying from 0.06 to 0.25 torrvand two argon
pressures were used, 75 torr and 200 torr. Thus the ratio of |
ClO2 to inert gas (argon) was between 300 to 3300. 1In all the
experiments used to determine the rate constant of bimolecular
decay, émm glass fiiter A was placed between the reaction
vessel and flash lamp in order to avoid the direct photolysis
of ClO. | |

It was found that at all flash»ehergies,_the-decay of
Cl0 produced from the above sefs ef exﬁeriments was strictly
' -eecond erder for the delaj times'above_loo to 250 usec‘(fig.B).

The reaction involved is taken to be
__[ ?€10 +» Cl2 + O2 ‘ - (5)

The rate constant, kg, defined by the equation
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N

Average k5 = 2.65 1 0.29 x 10

.

% mole Tsec

Plate [C10,] Argon Energy kg x 1077 (1 mole T sec”1)
. MO- - (torr) .. (torr) = J 2577 A 2772 A 2920 A
104 0.25 200 1060 2.97 2.96 2.60

105 0.06 200 1060 2.90 $2.20 --
106 10.25 75 1060 2.97 2.65 3.25
107 0.08 75 1060 - 2.3 2.98
114 0.12 200 1060 2.99 2.96 2.45
115 0.25 200 1060 - 2.69 2.28
152 0.25 200 1060 2.62 2.10 -
104 0.25 200 600 2,77 2.49 2.43
105 0.06 200 600 2.69 12.49 -
106 0.25 75 600 3.36 2.41 2.43
107 008 75 600 " 2.62 - --
119 0.25 75 600 2.03 2.20 —
120 0.1 75 600 2.93 3.04 -—
154 0.1 200 600 - 2.20 2.53
118 0.25 200 260 2,60 2.52 2.4
119 0.25 75 260 2.13 2.52 --
120 0.1 75 260 3.07 2.70 2.98
121 0.25 200 260 2.8 2.3 2.95
156 0.1 200 260 2.75 2.52 3.10
164 0.25 200 260 2.25 2.72 2.80
110 0.25 200 160 -~ _  2.65 2.67
156 =~ 0.1 200 160 2.52 2.6 2.73
0.25 200 160 2.62 2.77 2.64
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[c1012 at

=k5

can be integrated to give the form:

= + kst .
[cl0]  [clol,
This can be transformed into
: ’ k-t

where D = optical density at any time t = ¢ [Clo]tl‘
Do= s[ClO]é = optieai density at time t = 0.

1/D was plotted against time t and the data were found to
‘follow straight lines after 200 ﬂsec at all flash energies.
From .the slopes ef the plot and the extinetion coefficient
deterﬁined as described in the last sectien, k5 was calculated.
The Cl0 concentratlon was measured at three wavelengths and the
decay followed at all flash enerales, ClO2 pressures‘and total
'pressures mentioned above. The results are llsted in Table IV.

From Table IV, it is clear that ks.is independent of
flash energy, total pressure end ClO2 pressure. The agreement
between the results obtained at three wavelenéths is good.
: The averege value of all fifty seyen determinations of k5,is

(2.65 * 0.29) x 107 1 mole_l sec-l. The average of five deter-

minations using medium quartz spectrograph was identical. The
~value of kg obtained is in satisfactory agreement with that of
(2.4 Y 0.4) x 107 1 mole™d sec—l, obtained by Edgecombe et a1.22

from the flash photolysis of Cl,0 and it is similar to the values
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21

obtained by L.N.T. at the two lowest flash energies used. The

results given here; however, differ significantly from those

15

reported by Porter and Wright and Clyne and Coxon.25 From

15

the flash photolysis of C12/O2 mixtures, Porter and Wright

found kg/e = 7.2 x 104 cm sec™ at 2577 A, which, combined with

7 -1

(- I -
our value of e at 2577 A, gives k5 = 8.3 x 10" 1 mole 1 sec .

25

Clyne and Coxon from their flow system in which Cl0 radicals

were generated by the reaction of chlorine atoms with C102,

7 -1

t 1 mole lsec™?.

got average values of kg as (1.4 7 0.1) x 10

2) Production of Cl0 Radicals by Flashing a Mixture of

-Chlorine and'Oxygen

‘determined by us from ClO2 photolysis and that of kg found-by
?orter and Wright15 from tﬁe‘chloriné and oxygen system, ﬁe
therefore reinvestigated this'system. 'C12 with pressure 5 torr
and 7.5 torr, and oxygen 50 or 66vtbrr was flashed with a total
pressufe of 200 tofr using inert gas (nitrogen or argon).vAThe
above mixtures were flashed with only one flash energy (1325q}
using both pyrex and quartz reaction vessels. In two of the
runs,’thevsame mixture was flashed agai; and again to see if
there was‘any_variation in the results obtaihed by reflashing
the mixtufe or taking fresh one each time. The spectrum thus
obtained is similar to that obtained by Porter;14 is shown in ‘

fig. 9 (plate 208). The ClO concentration was measured at two

. o o ) .
wavelengths, i.e., 2772 A and 2577 A to follow its decay.
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Figure 9. Rise.and Decay of ClO.
Clé=5.0 torr, 0o=50 torr, Argon= 145 torr, E=1325J
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The measurements at 2920 R were neglected due to the interfer;:
ence of continuum of chlorine absorption. The results were
treeted in the same manner as in ClO2 photelysis and the re-
. sults are listed in Table V. The average of fourteen deteér
minations of kg was 2.77% 0.26 107 1 mole Ysec™! and ‘thus in
excellent agreement'with the value obtained in the previous -
system. The same results were obtained with nitrogen and argon
as,inert gas and with quartz and pyrex reaction vessels. It
can also be seen from Table V, results were the same in the
experiments where the same mixture of C12/02/Ar was used for
all delays and those where a fresh mixture was used for each
delay time. The value of k5 obtalned is much lower than that
15

obtained by Porter and Wright but no explanation is offered

for the difference between the two results.

3) Production of ClO Radicals from Cl,0 and Chlorine

Sensitised Photoly51s of C1,0.

In view of- the possible complex1ty of the C102 system
(in particular the proposed formation of ClO3 and C1203) and
also as there was no obvious reason for the higher values
obtained by Porter and Wright,ls-we;studied the decay‘of clo
radicals produced in the photolysis of Cl,0 and in the chlorine
sensitisea decomposition of Cle ‘

The Cl,0 at two pressures but with the same total pressure

of argon was flashed at three flash energies. 1In two,of'the
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Table V
PiateA [C1,] [05] R.V. kg x 10 " (1 mole sec )
.4,,9f..,(torr),.(torr) : 2577 A 2772 A
201 5.0 56 P 2,65 3.05
202 5.0 56 Q 2.95 2.94
203 5.0 50 Q 2.70 --
204 7.5 50 Q 2.99 (1.90) -
205% . 7.5 50 o) 3.10 2.70
206* 7.5 50 P 3.0 . 2.60
207 7.5 50 P - © 2.53
208 7.5 50 P 2.62 . 2.15
Average - 2.86%0.18 2.66%0.26

Mean kg = (2.77%0.26) x 107 1 mole lsec™1

* Nitrogen was used as inert gas
P ‘pyrex |
Q quartz

experiments two mm glass filter A was placed between thé photo-
lysis lamp and the reaction vessel to see if there is any
difference in the reéults. The measurements of ClO were
carrieq out at the 12,0 (2772 g) and 7,6 (2920 R) bands in the
same manner as Has been described in the calculation of extinc-
tion coefficient of ClO. |

It was found that the conéénfration of.ClO prdducéd or ‘

Cl,0 decomposed was greater when no filter was used. This was

quite expected, firstly due to the increase in the extinction
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coefficient of C120 towards the lower wavelengths and secoﬁdly
due to decomposition of C120 intO'atomé (which will be dis-
cussed in Chapter V), followed by their reactions. Except

for this no difference in the decay of ClO was noted.

| In a similar way as with the'ClO2 photolysis, 1/D was
plotted against time and a reasonably good straightline was
observed as shown in fig.(10), indicéting that other processes
during the ClO decay are slow. ‘These will be discussed in more
detail in Chapter V. Combining the slopeSof the straight lines
with the extinction coefficien£ k5 was calculated and values are
lisﬁed in Table VI. -The average of seven runs was found to be

7 1 mole—lsec_l.

2.77 1 0.22 x 10 |
The C10 fadical was also generatéd by‘flashing-Cl‘2 in the

presence of Clzd in the pyrex reaction vessel and two mm of

glass filter A was placed between the flash 1amp.and reaction

vessel. Two flash energies viz. 600 and 1060 J, two C1.,0

5 5

2

concentrations (3.65 x 10> and 5.8 x 10 > mole/l) and one
chlorine pressure was used. Details‘of the reaction of the
chlorine atom witﬁ C120 and other sééondary‘processes will be
discussed in Chapter V. A similar procedure was used to cal-.
culate the rate constant for ClO decay and the results are
listed in Table VI. The average of four results was found to be
(2.88 T 0.3) x 107 1 mole™t secnl;. | |

| It éan be seen ffom the results of Table VI that there
"is a satisfactory agreement between 6ur value and that of

Edgecombe et aI.22 The agreément may, however, be coincidental



Figure 10, A pldt'of 1/ Cc10] against time foliowing the -flash photolysis of Cl,0.
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in that the value of £(Cl0) measured by them at 2920 A (the
wavelength used to follow the ClO decay) is not explicitly
stated. Clyne and Coxon25 have calculated from the relative

. [} )
extinction coefficients of ClO at 2577 A and 2824 R (10,0)

~given by Porter and Wright15 and from the relative intensities

14

of 10,0 and 7,0 bands given by Porter, that Edgecombe,

Norrish and Thrush,22 would have obtained a value of € at
A 1 ,

) o - - . ) - ’
2577 A of 760 1 mole cm 1 with k5/€.= 3.1 x 104 cm sec 1 at

this wavelength. From the data.given by E;N.T.,22_we calcu-
lated kg/¢ n 4.8 X 104‘cm sec’ ! and € = 500 1 mole ! cm ! at

o
2920 A. In both cases a significant discrepancy is apparent.

Table VI

Plate [C1,0] [C12] Filter Energy

ke XI0—7(1 mole tsec
[}

' PO-  (molesl x 10-6) ) T 2772 A 2920 A

170 35.6  137.5 A 600 2.82 -

171 63.3 137.5 A 600 2,92 2.59

173 36.5 137.5 A 1060 - '3.18
o 2.88 T 0.3

184  57.8 - A 830 2.8 2.45

191 52.3 - A 1060 3.1 -

192 55.0 - - 1325 2.62 2.8

193 33.0 — = 1325 3.1 2.55

Average ' 2.77 T 0.22 .

)
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2 2

'\and'éi
Though main reasons:for flééhing mixtures of C120 and
C102 at flash energies 1060VandAl325 J were to compare ﬁhe
. rate constants for the reéction of oxygen atoms with ClO'radi—
cals and C120 and clo, as Will be dis¢ussed in the next chapter,
la study of the bimolécdlar decay of Cl10 waé also carried out
after the preliminary reactions of atoms'ére ovér (approx. 200
to’ 300 usec). The different.mixﬁures (as mentioned in Table

. o
VII) of Cl,0 and ClO, were flashed using 3400 A filter. This

2
filter was used to prevent the decoﬁposition of C120- it was
found that rapid décay of CiO in the early part With:high |
‘flaéh énergy was reduced énd repléced by a steédy inérease in
its cohcentration dependiné upon the ratio Of.ClOé to C120 as
can be seen from fig. 19 (page lOO);y After the early reactions,
the CiO concentration was monitored at 2772 i and the 1/D was
plotted against time which was fouhd‘to be a straight line.

The values of k5 calcﬁiatéd frbm-the.élopes of the straight
lines, combined with extinctibn coeffiéients are listed in
Table VII. The average of two (without c120) and six runs

7 1

T 1 mole lsec™ which

(with C120) was found to be (2.4 = 0.2)3 10
is in good agreement with the value of k5 obtained by previous

methods.

"Mecﬁénism'of'the Decay of c1o

In view of the consistency of the results of kg obtaihed

by five different flash photolysis methods, it appears probable
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Table VII
Plate " I0102]“ tc120] - | Ehérgy kg X 10;7‘A">
.‘]an5:.(1056 mole/1) (10~®mole/1) J . Qa molef;secfl)
186 4.4 —-— 1060 2.6
186 4.4 6.9 1060 2.4
1187 4.4 - 2.75 1060 2.5
187 4.4 5.5 1060 2.4
188 4.4 R : 1325 2.4
188 4.4 9.6 1325 2.1
189 4.4 4.1 1325 2.4
189 4.4 6.9 | 1325 2.2
Average = (2.4 T 0.2) «x 107 1 mole—i

sec

that the difference between Clyne and Coxori's25 value'(l.4t0.01)

7

-1 -1 . .
x 10" 1 mole “sec and ours arises from because the mechanism

of the reaction changes at low pressﬁre (~1mm) used in the dis--
charge flow experiments of Clyne and Coxon.2> Thus they adopted

the free radical mechanism proposed by'ﬁensbn and Buss26 and:

their k5 is identified with kKoor -

2C10 20 c1-0-0 + c1

~-20
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This interpretation was supported by the eFfeCts produced when
chlorine atom scavengers (ClOz, 03, Br2) ?ere added to the
ClO system. A rapid removal of both_clozrand'oj was observed
in chain reactions whose rates were élosely related to.that of the
Cl0 recombination rate. Br2 is effective-in éupéressing’the
chain reaction of H, with clo.

The mechanism of Porﬁer and Wright15 involves the inter-

mediate C1202 and perhaps the simplest solution is to combine

the two mechanisms using Cl,0, as the common intermediate.

2C10 e Clo

Y2

C1202 > Cl-0-0 + Cl V.

ci1,0, + M . -~ Cl2 + O

272

Cl + C1-0-0 -~ Cl2 + O2

This leads to the same limiting high and low pressure behaviour .
as the similar mechanism proposed by Clyne and Coxon,z5 i.e.,

their mechanism: _
: 90 .

k
2010 + M <+ C1,0, + M
K_90
' k
100 -
1,0, N cl, + 0,

identifies kg with kg, x'kloo»/_k-go (where kg, and k,,, corres-

pondvtokg and k10 of Clyne and Coxon'é25 respectively).

Evidence that the Benson and Buss 26 mechanism is not

important at high pressuré’is provided by the following_bbser-
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vations. The decay of ClO produced from Clo2 at high flash
energies where an appreciable concentration of chlorine atoms
is produced in reaction (6) is the same as atllow flash ener-
‘gies.- At low flash energies, where an appreciable concen-
tration of ClO2 is present during the decay of ClO, no.de—

. Crease of ClO2 concentration was obsérved as can be seen from
fiqg. (lO—a),:unlike results at low pressure of Clyne and

Coxon,zs'although the reaction of chlorine atoms with clo, is

- -125 .
very fast (k8 > 5 x 108 1 mole 1 sec 1 2

—1)‘31

'or k8 =5 x 10

1 mole~lsec This observation was confirmed during the
'photosensitised decomposition of Cloé by chlorine atéms, in
which the Clo, concentration decreases:in ﬁhe beginning (due
to tﬁe reaction of chlorine and dxygen atoms with ClOZ) and the
Cl0 concentration increases. ‘After this Clo2 remaihs constant
and the rate of Cl0 decay is likewise not decreased in the
presehce of C102. | |
Finally, when C1l0 is produced from C120 or from

C120/C12, there is a large excess of Cl atoms. Subsequently,

the 0120 behaves as an efficient chlorine atom scavenger

8 -1 22 and k = 4 x 108

19

in the present work) yet_ihe same value for the

(k.,> 4 x 10" 1 mole_lsec

19
-1

lAmole—lsec

by E.N.T.

. rate constant k5 was observed in all the systems studied.

1
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l c10,
3434 3515 A
Figure 10-a. Behaviour of ClO2 during the decay of ClO.

C1l0,= 0.1 torr, Argon= 200 torr, E=160 J
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9
After the thesis was written, Johnston, Morris and Vancden Bogaerde

reporfed their results of a detailed kinetic study of photolysis of
chlorine in the presence of oxygen with square wave excited UV lamps at
frequencieé of 0.25 - 32 Hz. Using a new molecular modulation technique,
the UV aﬁd IR spectra attributed to the CR00 radical were found in the
regions 2300 A - 2600 A and 1430 - 1460 cm”? and the UV spectrum of
C20 was also observed.

A most significant feature of their results was an almost lineér
dependence of the rate constant.for the decay of C20 on totai pressure in
the range studied (50 - 760 mm). This complete mechanism, preser?ing

their nomenclature, 1is .

cL + hv & 2c¢t

2
ce =+~ 0 + M b cono + M
4 ) - )
c
d
Ce% + CL00 2 2 CL0
e
cL + C00 £ CL + 0
-+ 2 2
) o
2C0 + M 3 CSLZO2 + M
h
i
CRZO2 + M . C22 + O2 + M

20, + M
> 2

3.8 x 108 litre mole ! sec:_1

0

and they find e

10 ..., 2 =2 -1
1.2 x 10 litre” mole sec (Argon)

[
=l
u
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For the time dependence of CtO, they derive the equation

d[ce0] =  2cd[CR00]% - 2(e + i—ﬁ—m]) [C20]°
It b[0,] |
so that
- ig[M]
Ky = 2(e+ 5+

At pressures of v 2 mm, the first term is more important and the value of
K, obtained from this equation is in good agreement with that found

experimentally by Clyne and Coxon.25 Above 60 mm ig[M] » 10 e and

h
the reaction is essentially third order

2 C20 + Ar -~ sz + O2 + Ar

2 -1
with a calculated rate constant K2 at 200 mm of 2.6 X 108 litre mole ~ sec ~

Thé reported pressure dependence of K, is in complete disagreement with
our results and with the work of Porter and Wright 15, who showed that

the rate was independent of total pressure over the range 55-610 mm.
‘Moreover, the calculated value of the rate constant K, of 2.6 x 108 litre
mole-1 sec~1 at 200 mm total pressure is higher than our value by a factor
of v 10. Johnston, Morris and Van den Bogaercﬁe('9 draw attention to the
activation energy of 2.5 kcal mole_l found by Clyne and Colon 25 for the
reaction and to their own observation of a pressure dependence. They state
there was a large adiabatic temperature rise in Porter's system so that.

a reduction in total pressure would tend both to increase the rate because
of the resultihg increase in temperature and to lower it because of the

pressure effect. '"Thus the near cancellation of these two effects

may have caused Porter to miss both of them.'" . This explanation of -
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the difference between their results and those of Po?ter is however
unconvincing. First, the activation energy found by Clyne and CoXon
surely applies to reaction e which is of negligible importance at the
pressures used except at impossibly high témperatures. For example

at 300 mm total pressure, e = i%léfj only at ™~ 3700° h. Accidental
cancellation of the two effects of pressure would not be possible over the
range of pressures studied by Portef. Secondly, if any significant
temperature rise did occur in Porter's system and if the reaction does
have a positive temperature coefficient, his value for K, would have been
higher than those of Johnston et al 99, whereas the reverse is the case.

Our results show that K, is independent of pressure and that the small.
temperature rises which may occur in the systems studied have no
measureable effect on the rate constant. In the C,QO2 system, for example,
the:two factors which largely determine the temperature rise viz. flash
energy and the ratio [CQOZ] [Ar] have both been varied at the
same total pressure without changing the value of K obtained (table IV).

The conflict; between the results of Johnston et al 99,'Porter 15 and

those presented in this thesisemain to encourage further studies of

this reaction.



CHAPTER IV

O AND ClO

2

REACTIONS OF OXYGEN ATOMS WITH ClO, Cl 2

In this chapter the_reactibns of oxygen atoms with ClO0,
ClO2 and C120 will be discussed. The reaction of oxygen atoms

with Cl10 and ClO2 in the C102 system and with C120 énd Cl0 in

the Clzo‘SYStem take place_simultaneously, dgpending upon the
extent of decomposition of the parent compound in the primary
précess. So it is quite‘complicated to find the fate constant
of the individual reactions. But ClO2 haévtwo advantages over

the C1,0 system.

2

.1) Using glass filter A, there is 6nly one primary

process, i.e.

clo, + hv » ClO + 0 - (27)

2

followed by

clo, + 0 =+ Cl0 + O

2) ClO2 absorbs very strongly as compared to Cl.,0 and

2

hence the complete removal of ClO, can be achieved with com-

2
paratively low flash energy.

| Thus the ClO2 was used to find the rate constants of
the reactions of oxygen atoms with ClO and the mixture of
C120 arid‘ClO2 was used to compareithe rate constants of oxygen
atoms with ClOo to ClO2 or to C120 depending upon the flash
2 to c120. |

-~ In the first section, the reaction of oxygen atoms with

energy and the ratio of C10

ClO studied in two wavs will be discussed and confirmatory

evidence obtained by one method will be presented. This will
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be followed by an account of the reaction of okygen atoms with

C120 and C102, respectively.

A.  Reaction of Oxygen Atoms with ClO

1) Using ClO, as the Parent Compéund

~As mentioned beforé, ClO2 absorbs very strongly and. vir-
tually complete decomposition of pressures in the range 0.05 to
v0.25 torr can be achieved by relatively low flash energies (400
to 800 J) depending upon the type of the reaction vessel and
flash lamp enclosure used. At any high flash energy, if more
than half of the C102.is photolysed and there must be an excess
of oxygen atoms over that necessary to complete the removal of
ClO2 in the rééction N

0 +clo, » ClO+ 0, - m

The likely fate of the excess oxygen atoms is the reaction

0+ cClo -+ Cl+0, : | - (6)

and we éropose that this reaction is fast and that it is res—J
ponsible for the initial fast decay of ClO observed at high
flash energies. This can be seen from the second order plot
of Cl0 vs time (fig. 8, page 59 . :At low flash energies the
plbt i% iinear from the peak of Cl0 whereas at high flash
energies the.plot departs from 1inearity‘though the peak can
be reached within 10 ﬁsec. The decay of Cl0 at flash energies

1060Jand 160Jare compared in fig.(ll)(plateé'lOG and 110).



Filgure 11. Comparison of the decay of Cl0 following the flash photolysis of
Cl0, at high(1060 J) and low(160 J) energies.
Clo_.= 0,25 torr, Argon =200 torr.
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The importance of reaction (6) at low energies depends
upon the relative values of ke and‘k7.. Clyne and Coxon23
found'k7/k6_to be approximateiy 4, so the reaction (6) must

be taken into account where the primary process exceed5¢30%.
The overall production of Cl0 is, however, not affected unless
the‘primary photolysis exceeds 50%‘and total decomposition of
C102 is achieved, since the chlorine atoms produced in
reaction (6) will react rapidly with any.ClOé left in the re-

action

cl + clo, - 2C10 (8)

" The rate constant for this reaction has been given by Clyne

and Coxon2> as >5 x 108 1 mole—; sec” ! and we have found

kg = 5 x 10° 1 mole " sec™l.

Evidence that reaction (6)_is occurring to a signifi—
cant extent in the experiments of Lipscomb, Norrish and Thrush21
‘has slready beenlpreseoted in the discussion on the extinction
coefficient of Cl0. Support for this view is provided by Table
I of their paper in which it is seen that the percentage
decomposition of ClO2 achieved is remarkably insensitive to
the flash energy. For example, increasing the energy from 400
to 1620 J, raises the decomposition from 91% to 99% while it
only falls to v73% at 240 J. | -

The samé experimental procedure was used in studying

reaction (6) as in the determination of bimolecular decay of

Cl0 except that only the early part of the second order plot
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wés-ﬁsed for one energy, 1060 J. This beginning portion of
the piot of 1/D (representation of Cl0 concentration) has
been replotted in fig. (12) on a‘largef scale. It can be seen
very clearly that this'p;rtion is markedly non-linear.

At hiéh flash eneréiesvthén, the decay of ClO is repre-
sented by the equation. | _

zdIelol - o qc101? + kG[ClO].\[O] (b)

dt
- with the reasonable assﬁmption that the effect of chlorihe
atoms on the decay of ClO may be neglected. . The rate constant
bk6 was measured as follows from fig. (12).
| - The C1l0 concentration, measured from the curve passing
through the experimental points at very short'delaYs'(®5 to
8 usec), was extrapolated to zero time. The value at zero
~time [ClO]O is the total [C10] produced:and since 100% deéom—
position of ClO2 was achieved, a check on the a&curacy of the
extrapolation is provided by the condition [ClO]0 = [C102]O.
The linear part of the second order plot is extrapolated to
zero time, this line representing  the bimolecular decay of ClO»
for an initial concentration Ilefo. The concentration of
clo removed by reaction (6) and hence fhe initial oxygen atom

‘concentration which is left after reacting with Clo2 is given

by

[O]o = [ClO]O - [ClO]o
At any time the oxygen atom concentration is obtained from

- the equation : ‘ . t
[0] = [c1l0] - [ci0] (b")



(optical density units)
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Figure 12. A plot of 1/ [C10) against time at short time.delays.
CJTOQ': 0.25 torr, Argon=200 torr, E=1060 J.
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wheré [C10] is the measured ClO0 concentration and [C1l0]' is
the vélue obtained from the linear extrapolation.

The results were treated in two ways:..

i) Equation (b) can be converted intQ

-1  4a[¢10]
[c101? at

k5 + ksl)]; (c)
(clo] :

from fig.(12) slopes of the second order plot were measured and.
at the same time thé'ratio of oxygen atoms to ClO radiéals were
calculated. Thus the slopes calcﬁlated in this way were plotted
égainst the ratio of oxygen to ClO0 fadicals. As expected from
the above equation this plot was 1ineaf (fig. 13) and the

values of k6 thus obtained are listed in Table VIII. The
average of five ekperiments is (7.05 2

_sec-l, From equation (c) it is also clear that the intercept

-

* 0.42) x 10 1

1 mole”

of this plot should give the rate constant for the bimolecular
decay of Cl0 but it was found that fhe interéept is too small
to be measured accurately. Still it is of the order of the
value of k5 previdusly determined.

ii) As has been seen from procedure (i) theAintercebt
is too small to be determined acdﬁratei& and also it can be
seen froﬁ the linear extrapolation that [c10]’ is nearly'con-
stant over the period ‘200ﬁsec, to the first appfoximation
'.the'firsf term in the equation (b).can be neglected and thus

~equation (b) reduces to .



S

Figure 13. A plot of slopes calculated at different times from fig. 12 against

(o] / [c10] at the same time.
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_ dlc1io]
dt

k6[0][ClO]

' 1
k¢ [C10] ([c1o]‘- [C10] )
after substituting for oxygen atoms at any'time. Writing X for
Cl0, the above equation becomes

dx _
- = = keg (x a)
X

at

or : ln x-a - 2 k6t + c

where c is constant of integration.

When £t = 0, x =X S0, -

X0
c = 1n
Xo -2
X Xq
il.e. In _, = a k6t + 1p X3
. .[cl0] ©a k6 ' [C.lo]0
or log - , = + log . (d)
~[Cclo]-[c10] - 2.303 ‘ [ClO]o—[ClO] ’
N ' v o ‘

log %-a was plotted against time (fig.l4) and found to be

linear as expected from equation (d). The results are shown

in Table IX and the average of five found to be 6.9 ¥ 0.44 x

9 -1

10° 1 mole™! sec™l. The overall average value 7.0 T 0.44 x

9 9

102 1 mole ! sec™? is consistant with the lower limit of 6 x 107 1

mole_1 sec_l given by Clyne and Coxon23 for this rate constant.



Log( {c10) /(9))

Figure 14. A plot of log({Cl0] /(O] ) against time.

€10,= 0.25 torr, Argon = 200 torr, E <1060 J.
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Calculation of the Rate Constant of Reaction O + ClO

Table VIII

1

Plate [C105] Argon Energy kg X 10?9(1 mole t sec™1)
no. (torr)  (torr) J Method I : Method TII
104 0.25 200 1060 6.7 6.4
152 0.25 200 1060 7.2 , 6.8
107 0.08 200 1060 . 7.2 - 7.3
105 0.06 200 1060 7.7 ‘ . 7.6
106 0.25 75 1060 6.4 6.4
Average 7.04%0.42 6.9%0.44
(7.00%0.44) x 10°1 mole L
' sec”
Table IX
" . : +6 -9
Plate [C102] Argon Delay time Clo x 10 k6 x 10
 ho. (torr) (torr) Usec (mole/1) (1 mole lsec™?!
214 2.0 360 200 5.3 8.1
215 2.0 360 100 7.2 8.3
219* 2.0 188 100 8.75 6.8
219%* 2.0 188 166 . -7.3 6.7
Average ' : 7.5%0.8

. _
These two experiments contain 10 torr of COZ'
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1 o

Flash photolysis has been used fbrgproducing‘the

2) Flash Photolysis of Cl0 Radicals

transient species so far but in this work we have also used a
flash photolysis technique to photolyse the transients. This
has been achieved by firing one flash lamp (known as fhe main
lamp) to generate the transients, followed by s firing of
second lamp (auxiliary lamp) at s‘known delay (0 to 214 ﬁsec)
after the main 1amp.‘ The other detailsvof tﬂis circuit haVe
been mentioned in:the ekperimenta1>séction. This téchnique
has béen used here to flash the'fransient, Cl0, in order to
find the rate constant of the reaction of oxygén atoms with
Clo0 and to see:if we can get a‘viﬁratiohally excited oxygen in
its ground electronic state. The former will‘be discussed |
here whereas the 1attef will ‘be iﬁ Chapter VI. |

As usual, ClO radicals were generated by flashing
Clo2 ‘4t Pressure Varying from b.S ﬁo 2.0 torr-with 360 torr sf
argon. or nitrogen in quartz or pyfex reaction vessel. The‘
flash energy used in the main lamp was 1060'J; ’Thé'bshaﬁiour ,
of ClO2 and C10 in the quartz reaction vessel wss similar to
that with pyrex having two mm ofvextra glass filter, i.e. very
fast decay of C1l0 radicals in the beginning followed by the
usual bimolecular decay. |

Then the mixture was flashed with the auxiliary lamp
at various flash energies and at different time delays after
all the Cloé had decomposed. At these times, the mixtu;e con-

tains ClO, Cl2 and 0, (from the secondary reactions) and some
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chlorine atoms from reaction (6). The spectra werévrecorded
at different delay tiﬁes after the‘firing of auxili;ry flash.
The trace of the main, auxiliafy and spectroécopic lamps were
observed on the screen of oscilloscope every time in order to
assure that auxiliary 1amp was‘firing at the proper delay.

'The decay of ClO, as can be seen from fig. (15) (plate
214) and (16), is faster after the auxiliary flash lamp than.
that observed without the auxiliary lamp. After the initial
fast decay, the C1lO decays slowly‘as has been observed in the
C102 when flashed with high flash'energy; This fast decay éan
be explained by the pfimary prbceés (641) 6ff%é;é) followed by
(6-5) because the pressure of aréonAof nitrogen used was

‘enough to have (6-4) faster than (6-3), i.e., -

Clo + hv (predissociation) - Cl‘+ O(3P) ‘(6—1)

Clo + hv (< 2800 A) > cr+otl;y (6-2)
followed by

0(113) +_clo(21r) > | ' Cl(2P) + 02(32;) (6-3)

o(lp) + M - > o0 (Pp) + M (6-4)

o3p) + c10 (®m) > c1(%p) +;02(3z§)  (6-5)

" The details of the preference of (6-5) over (6-3) will |
be discussed in Chapter VI. At the moment, we will consider
only'(6—5). The slow decay in the latter part is é#plained by
reaction (5).

Clo + Clo0 - C12 + O2 (5)



Figure 15, Decay of Cl0 with and without flashing with auxillary lamp.

Cl0.= 2.0 torr, Argon= 360 torr, Reaction Vessel= Quartz, E,=1060 J
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Figure 16. Compgrison of decay of C1l0 with and without flashing the auxiliary lamp.

0102::2.0 torr, Argon =350 torr, Em:1060 J’-Eéux;l325 J; Delay time =200usec.

Mgy, INNdicates C1O without flashing aux., lamp.

G Indicates decay of ClO0 after flashing the aux. lamp.
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o

. The rate constant of reactlon (6-5) was calculated as follows.

The oxygen atom concentratlon is glven by (a-b) where

a -[Clo]o before the auxiliary flash; b = (Clo]w where all
the oxygen atoms have reacted.with;CIO;.found by extrapolating
the slow decay part of ClO curve. . It has been,assumed that
reaetion (5) can be'negleeted!as §low compared to'(6—5). . The
[O]£ at any time is given by {oltie x-b _where'x is the concen-
tration of ClO at any time t.:' |

Thus the decay of ClO can be represented by

d[C10]> ='k6 [0] [clo]
| o oat B |
at ‘ |
or - log = kb log ' (e):
x-b 2.303 "B -b

where B = [Cl0] just after the auxiliary flash = a - %%(a—b) =
-%Jafb). Thus log Xb ’ plotted agalnst tlme, was linear as

shown in fig.(17). The values of k are listed in Table IX.

6

The average of four are found to be 7.5%0.8 x 107° 1 mole”?!
secfl,bwhlch is in satisfactory agreement w1th_that obtained
previously. | ‘. - |

This method has certain limitations. Firstly, as it
can be seen from'eQuation (e) that value ef-k6bobtained is
dependent on the selection of. b, the amount of [ClO] .. Tne
various values of b were seleeted and'it was found that any
value of b taken before 150 usec does not give a linear plot in

the whole region and the plot behaves as shown in~fig.(l7);



log( _x/x-b_). "

1.0
0.8
- 0.6

0.4

Figure 17. A plot of log( */x-b) against time. b=({c1d] , x = [c1q),.

C10,= 2.0 torr, Argon= 360 torr, E_=1060 J, E,.& 1325 J, Delay time= 200 usec.
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The values of k6 calculated in this manner were found to vary
by a factor of 2. This indicates that reactibn (6-5) is not
complete within this period. Whereas between 150 and 200 usec,vb
any value of b selected would change the value of k6 by only
10% which is within the_experimeﬁtal error. But after 200 usec
k6 decreases rapidly,asbwell,as‘the plo£ departs from linea:ity,
thus indicating that in this iegion reaction (5) is more sig-
nificant than (6-5).. |

The other error can be due to £he finite life time of
the flash, i.e., oxygen atoms areAconsumed_by the reactioh
(6-5) as well as produced by (6—1) or (6-2). The éurve was
drawn first with the éssumption that-ohly the_photolysis is
ﬁaking place-during the flash bu£ it_Wés modified by téking.
into account the_amounf of‘Clo.actually prééent. "It was found
that less than 5% of the total ﬁhotolysis takes place after
fhe times that were used to find k6‘ These curves were drawn
with the assumption that decomposition is linearly proportional
to the flash energy.

Thus taking into consideration these limitations, the
variations in the individual values as mentioned in Table IX
are not bad and give a satisfactory agfeement With that calcu-

lated previously.

3) Photolysis of ClO, in Presence of Oxygen

The ClO2 was flashed in the presence of oxygen with

ratios varying from 1:5 to 1:3000. The experiments in which
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the total pressure was less than 200 torr, was made 200 torr
by adding argon. The flash energies used were 1060 and 1325 J
and the reaction vessel used was pyrex with and without the
presence of 2 mm of glass filter A. The results obtained are
mostly qualitative although some approximate quantitatiQe
results are obtained.

When the ClO2 to 02 ratio is low (1:5), the behaviour
of each spécies is similar to that when no oxygen was added to
the system, i.e., ClO and excited oxygen (in chapter VI) decay
very fast as usual. As the ratio is increased (v500), the rate
of decay of ClO is reduced and at the same time a continuous
spectrum having a maxima around 2500 g appears. The intensity
of the continuous spectrum depends upon the pressure of oxvgen
used. At the highest ratio used (1:2800), the ClQ2 spectrum
does not disappear completely and even seems to have increased

at long times.

Similar results in the decay of ClO were observed when
two mm of glass filter A was used. In this case the oxygen
pressure was SO adjusted'that the ClO2 was completely reacted
since these resultswere used quantitatively. This has been
shown in fig. (18) (plate 293) . |

The possible reactions are

Clo, + hv =~ Cl0 + O (80¢%) (27)

2

clo, + 0 > Cl0 + 0, (complete) (7)
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Figure 18. Decay of Cl0 in the presence and absence of 0o
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0O + C10 - cl + 02 (6)

0 + o2 + 02 -> O3 + o2 (32)
cl + 03 -> clo + o2 (33)

cl + 02 + o2 B - Cl-0-0 + 02 (1)
Ccl + C1-0-0 =~ Cl2 + 02 (4)

Ccl + Cl1l-0-0 =~ 2 Clo (2)

O + o3 -> o2 + 02 (34)

There can be two explanations for the slow decay of
ClO in the presence of oxygen.

1) Chlorine atoms produced in the reaction (6) react
with oxygen via reaction (1) to form the intermediate C1-0-0
(peroxy radical), followed by reaction (4) or (2). Nicholés and
Norrish19 have calculated the rate constant of reaction (1) to

3 - -
f 1.1 x 10 lzmole 2sec L and also found that reaction

be 6.2
(4) is 14 times faster than reaction (2). Hence reaction (1)
will be followed by step (4) preferentially‘and thus cannot
account very much for the siow decay of C10.

Though there can be some doubt about the continuum
around 2500 g since the C1l0O continuum also extends over this
region, the intensity of this continuum was greater than the
intensity due to ClO continuum calculated by comparing it with
that at 2772 i. This suggests that the continuum is due to
ozone which has its maximum absorption around 2500 i. Thus
reactions (1), (4) and (2) cannot explain the slow decay of
ClO completely though they may be taking part in the reaction

scheme.
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2) The most likely explanation seems to be competition
between reactions (6) and (32). As has been seen, the slow
decay of C1l0 and the increase in the intensity of the cbntinuum
with increase of oxygen pressure favours reaction (32) over (6).

Although the decay of ozone in’this experiment was not
measured, it does seem to be slow. The reacfion (34) can be

neglected because it is very slow (k = 1.5 x 106 1 mole

34
-1 1 -1
c

sec™d, or 4.0 x 10° 1 mole”! gec”1y09470,71

compared to that of
oxygen atoms with ClO0. Also, the concentration of ozone pre-
sent will be less than the concentration of ClO0. Thus it seems

that ozone either reacts with chlorine atoms wHose half life is

found to be at least 400 ysec, taking the minimum value of k33

-1 - 25
as 4 x lO8 1 mole © sec 1 found by Clyne and Coxon, ~ or by

slow reaction with ClO as also suggested by Clyne and Coxon.25
If we neglect the reactions considered above and also

the reaction of chlorine atoms with ozone, the decay of Cl0O

and oxygen atoms can be represented as

S AIe10l (o) (oo)
dt
where there is no oxygen, and
_dfol _ : 2

when there is oxygen present'in the system.

Dividing the two equations

o 5
aol - _ ke [01[C10] + k4,[0][0,] . kqyy  [0,]
d[clo] k(0] [C10] kg [C10]

1
= 1+ o

[Cl0]
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‘ k 530
where o = -32 [02]2 or-E—-[Ozj [M] where M= Total Pressure
k 6
6

as the amount of oxygen is so large that it can be considered

~as constant. Integrating the above equation
[0] = [C10] + a 1n[ClO] + c

when t = 0. [0] = [O]0 and [Ccl0] = [ClO]o
c = [O]O —M[ClO]'O - a ln[ClO]O

substituting the value of constant ¢ in the above equation we
[c10]
[Clo]

have [0] - [0, = ([clo] - [Clo]_ + aln (')

when t = » , i,e., all the oxygen atoms have reacted with Cl0

or oxygen

[0] =0
equation e’ reduceskto
, [Cl0]
[0],-= [cl0]_ - [C10] + a ln )
[CclO]
- [clo])
[0] = A[ClO] + o 1ln ——2
°© [C10]

[O]O can_be measu;ed as described in the section (1), i.e.
[ClO]O - [ClO]}O and A[C1l0] represents the amount of oxygen
atoms that..have reacted with ClO in presence of oxygen. The
results of three experiments gave the ratio of k6/k32 to be.
75, 60 and 36 when the oxygen préssure used was 75 torr, 100
torr and 200 torr, respectively. Thus‘depending upon the value

79 selected (as k 7 12 mole™? sect
32 32

to 2 x 108 12 pmole? sec_l), the value of ké varies from2.6

of k varies from 7 x 10
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to 1,5 x 101901 mole ! sec”™l. It was further found that even
an error of 5% in the calculatibn of [Cl0] can cause an error
of 25 to 50% in the final wvalue of k6. Though there is thus

a large degree of uncertainty in the value of k, obtained in

6
this way, but the agreement is sufficiently good to suggest
that the early fast decay of ClO is due to its reaction with
oxygen atoms and that this is reduced because of the competition
for oxygen atoms in reaction (6) and (32). |

If we include reaction (33) in the reaction scheme the

decay of each species can be represented as

- 4ol oy [o1fci0] - k33[C1] [03]
dt ~
_alol = kglol[cl0] + k3Z[O] [02]2
at
Caren) dlc1o]
—== = k_.[0][C10] - kynlC1][0,.] = - —=—=
" 6 3 3 at

Though the reaction of chlorine atoms with ozone is

81 mole™?t sec—l),25

guite fast (>4 x 10 it is slow as compared
to reaction (6) and (32). Solving these equations will lead us
to the following results with the assumption that C10= constant

sfcrol’  _ c10] + o
A[C10] [C10] -a

where A[c1io)?l

oxygen atoms reacted with ClO in the absence
of oxygen;

Afclo]

oxygen atoms reacted with ClO in presence

of oxygen;
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[C10] = —concentration of Cl0 obtained by extrapolating
the linear part of the:plot
- _ k 2 k ,
@ = _32 [02] 01“‘}'32 [O2J [M] where M= Total fressure
6
6

Substituting the experimental data of fhe three experi-
ments, the ratio of k./k;, was found to be 252, 224 and 173 mole/1
oxygen pressure was 75 torr, 100 torr and 200 torr, respectively.
It seems from these three results that either reaction.of
chlorine with ozone is too slow to observe any change in C10
concentration or that there is no reaction with ozone. The
first argument seems to be more reasonable though our results

are not accurate enough to prove this point.

and Cl1l.0

B. Reaction of Oxvgen Atoms with ClO2 »9

As already mentioned in the beginning of this chapter,

the rate constant of oxygen atoms with ClZO and ClO2 can only

be compared with that of oxygen atoms with Cl0, when a mixture
of ClO2 and C120 is flashed. 1In this section general details
of the experimental procedure will be discussed. The calcula-

tion of rate constants of reactions of oxygen atoms with C120

and ClO2 will be covered separately.

ClO2 was flash photolysed in the range of 260 to 1300 J.

The concentration of ClO2 was varied from 2.4 to 4.75 X lO_6

-

mole/liter and that of C1.0 from 5.5 x 10~/ to 6.1 x 10> mole/

2

liter. 1In these experiments, photolysis of C1l,0 wad avoided

2
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"by means of a Corning 0-52 filter. The pressure of ClO2 and

Cl,0 were so adjusted that the plate saturation was avoided.

2

The results of these experiments are given in figs. (19), (20),
(21), (22) and (23) (plate 177) and Tables X, XI and XII.
It has been found that at low flash energies, the

decomposition of C10 was decreased in the presence of ClZO

2

(fig. 21 and 20) and at the same time, the concentration of
ClO was increased (fig. 23). There is a decrease in the amount
of excited oxygen produced and using a ratio of ClO2 to ClZO

= 1:20, the vibrationally excited oxygen is hardly visible

*

(fig. 24, page 113). The rate of decay of 0, is, however,
significantly reduced. These effects increase as the ratio of
ClZO to C102 igs increased.

At high flash energies, the effect of ClZO is much mofe
marked. The initial rapid decay of Cl0O which is a feature of the

high flash energy  photolysis of C1l0 is reduced (fig. 19)

2’
and the half life of O; which is very short at these flash

energies 1s dramatically increased. A convenient measure of
the effect of C120 on ClO decay is provided by extrapolating

the linear part of the ?ortion of the second order plot of ClO

!
Lys. time)to zero time. The values of [ClO] thus

([c1o]'

obtained with and without Clzo-and their ratios are listed in

Table XII (page 115).

These assumptions may be explained by the reactions

*
0 + C102 > Clo + 02 (7)

*

0 + Cl0 -+ Cl + 02 (6)
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o + cl1,0 - 2c10 (35)

At low flash energies, ClO2 and Cllo compete for
oxygen atoms and this accounts for the reduetion in the amount
of Cl0, decomposed and O; produced aed for the increase in the
Cl0 concentration produced; At:high_flaeh-energies,'ClO and
C120 compete for the excess oxygen atoms and the extent of the
initial rapid deeay of Cl0 caused by'the reection (6), is
reduced by the reaction (35); At sufficientlé high ratios of
C120 to 0102, reaction (35) will cause the C1l0 concentration to
increase initially and thiseeffeet has been observed (fig.19).

A detailed discussion of the behaviouerf O;v will be
provided in Chapter VI. The'conclusion reached there is that
the rapid decey ef O; et high flash.energies ieldue;teithe
exceptionally high efficiency ef‘chlorine_and oxygen atoms in
the vibrational relaxation. ‘On this baéis, the effect of C1,0
on the decay of O; is.readily understood in tefms of the reduc-
~tion in the oxygen atom eoncentratibn by reactien (35) and in
the production of chlorine atoms by reection (6). A secondary

effect of C120 is to increase the rate of decay of those

chlorine atoms which are formed in reaction (6).

With a rate constant = k.. of 4 x 10% 1 mole L sec”?!

19
for the reaction

Cl +Cl,0 > Cl,+ c10 (19)

the half life is reduced to 64 usec for a C120 pressure of 0.5

torr. In most of the experiments, this pressure is sufficiently
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large to suppress the formation of chlorine atoms and this
secondary effect is usually much less important than reaction
(35).

Thus the quantitative effect of c120 on the formation
and decay of Cl0O allows the relative vélues of k7:k6;k35 to be

measured. First k will be discussed aﬁd then k7:k35.

6°%35

1) The Reaction of Oxygen Atoms with C1,0

At high flash energies (1060 and 1325 J), where more
than 50% primary photolysis of ClO2 is achieved, we may con-
sider that the photolysis is essentially instantaneous and
that the small amount of C102 remaining is very readily removed
by the reaction with oxygen atoms.. The excess oxygen atoms

then react with Cl0 and C120 and the decay is given by the

-equation : .
- dICI0] _ y rc101%+ k. [0][C101- 2 k.. [0][C1,0] (f)
5 6 35 2
dt

The reactions

clo + C120 e Clo2 + C12 (20)

Cl0 + C1,0 > Cl +_cl2 + 0, (21)
may be omitted since (k20 + k21)< 1061umole_lsec_l so that

(k20 +‘k21) [Cl0] << k6 [C10] << k35 [C120]

except at very long times. These reactions will be considered

in detail in Chapter V.
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Since reaction (6) is the only source of chlorine

atoms and since kl << k

9 357 the reactions (8) and (19), i.e.
Cl + ClO2 > 2 Clo (8)
cl +c1,0 =~ Cl, + ClO (19)

can likewise be omitted.

If, therefore, the relationship
k6[ClO] = 2 K35 [ClZO]
can be satisfied, the equation (£f) reduces to

d[C1l0] k5 [ClO]2
dt
and the initial rapid decay of C1O can be eliminated. The
second order plot then remains linear even at short delaysAand
extrapelates back to give [ClO]o = {Cloz]oﬂ Various ratios of
'ClOz to C120 were tried in order to achieve this condition as
closely as possible. In practice there was alwavs a small
initial increase or decrease in the rate of decay of ClO

(fig. 19) and extrapolating the subsequent second order plot
linearly to zero time geve [ClO]; # [Clo]o. The difference

1 .
[ClO]O - [ClO]O was calculated. A small correction in this cal-

culation was applied by taking into consideration that

2

in the presence of ClZO rather than the initial concentration

[Cloz]o is the coneentration of Cl0, that has been decomposed

of ClOZ‘used. Experimentally only 4 to 10% ClO, was left

2
depending upon the pressure of Cle and flash energy. Thus

the difference [ClO]'O - [ClO]O was plotted against.[CIZO] as
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shown in fig.(20) and the concentration of Cl1,0 was found which

will give zero difference. The average of four sets of experi-

ments gave k35/k6 = 0,75 i 0.05 (Table X). Each set of experi-

ments consists of one experiment without ClZO and three to five
with ClZO of different concentration. The concentration of
C120 was selected to have minimum difference so that the

further error in plotting could be reduced.

Using the value of k determined previously, we find

-1

6’
that k . = 5.3 x 10° 1 mole™ " sec
The validity of the assumptions made in this determin-
ation of k35 has been checked by detailed calculation of their
effect on the production of ClO. Various values for the ratios
of the constants, k7:k6:k35:k19 were used for various percen-
tages of the primary decomposition and the depletion of C120
was taken into account. The assumption that the photolysis was
instantaneous (i.e. photolysis was much faster than the subse-
gquent chemical reactions) is known to be reasonable from the
flash profile and also can be seen from the primary photolysis
of ClOZ. The detailed calculations were also done by assuming
that photolysis and chemical reactions are occurring simultan-
eously. It was found that only v 5% mé&e Cl0O would have been
produced according to later calculations. The assumption that
all ClO2 was decomposed before the excess oxygen atoms start

reacting with C1l0 and Cl2O was tested by calculating the effect

of allowing all three reactions of oxygen atoms to occur
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Simuitaneously as well as the reactions ofichiorine aﬁoms with
jClOz. These caiculatidns showed that the émount of ClO pro-
duced would be reduced by n5% and that avsmall_amount
:;(&2 to 8%) of ClO2 would'remain uﬁdecomposed even for 75%

Primary process. Experimentally, this calculation was con-

firmed by the observation that between 4 to 10% of the Clo?

. .did in fact remain unreacted.

We thus conclude that no significant error arises from °

. “the assumption :used. The value of kqg obtained is in fair
i . _ S ; )

“ ! agreement with the value of 8.3 x 10° 1 molefl sec ~ given by

73; Phi1lips?3 from the fast flow mass spectrometer study.

Table X

]_;7¥7ff[ClO?] x 106,; 'Argon'g"Energy

e | o Pclzo reouired k35/ 6
(mole/l)., .. (torr) J - - (toxrr)

4 'Lﬁfffﬂzoo:fgil,ldso . o0.057 - 0.67
Cawa 0 000 a3as o049y 0,78
hif'2,44 ;;*. ~ : 2601‘; 1060 0.032 | St 0.72

3 2_44'.5‘, 200 1325 0.028 ;" - 0.80

- Average kye/k, = 0.74 T 0.06

k35 =’0,7H,x 7.0 x.109 = 5.2 x 109 1 mole"l sec
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2) Reaction of Oxygen Atoms with Cclo,

At low flash energies, only a small fraction of the
oxygen atoms produced in the photoleis of ClO2 react with
Cl0. 1In the presence of a C120 concentration sufficient to
compete with C102 for oxygen atoms, reaction (6) may be neg-
lected. Three effects have been noted when ClO2 is flashed

in excess of Cl1l,0. First, it has been found that there is a

2
reduction in the decomposition of Cl0, figs. (21) and (22).
Secondly, reduction in the amount of O; produced, fig. 24
(page 113 and thirdly, the increase in the ClO concentrations
"have been noticed as shown in figs. (23) and (19). The first
two of the three have been used to determine the values of the
ratios of the rate constants k7:k35. The third one haz been
used to predict the amount of ClO produced by using this ratio

of k7/k35. The valuesobtained are listed in Table XII (page

115) and arecompared with those obtained experimentally.

Method 1

In the absence of c1éo and for less than 50% photolysis,
the overall decompositipn of ClOz, Al(mole/liter), is simply
twice the concentration photolysed, i.e.,

Al = 2_u

where o = the amount of ClO2 photolysed and because of reac-
tion (8) this is independent of reaction (6).

‘If, then, in thé presence bf Cl2O, a fraction B of
the oxygen atoms have reacted with c102, the overall decompo-

“sition of‘ClO2 (AZ) is given by
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Figure 22. A plot of ClO2 against time in the presence and absence of c120.
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Figure 23, Comparison of ClO when ClOp 1is flashed with and without C1,0.
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by = all +B) = 5 | ‘ (9)

if reaction (6) is omitted. The values of'B are obtained from
the measured values of Al and A2 for various ratios of
[Clzo} : [Cloz] with low energies.

At the flash energies and the C120 pressure used for
the determination of k7:k35, the overall decomposition of Clo,
is sufficiently small for the ClO2 concentration to be taken
as constant at its average value [CIOZ]av' The concentration
of c120, to an even better approximation, is likewise taken as
constant (within 10%). Then

'k7 [ClOz]aV
T ko [C10,1 % kg [C1,0] o

B

\Y

From equation (g), the value of 8 is

2 Ay = A
g = L
By
k [Cc10,] 2 A, = A,
" Thus 7 2 av = 2 1
k7[C102]av + k35[C120]aV ) Al ‘
or this can be reduced to
k? _ 2 AZ - Al [Clzoku
K35 208y = 4y [Clo,1,,

Thus from the measured values of A, and A2 at different flash

1
energies and various ratios of [Cl2O] : [ClOZ], the average
value of k7/k35 equal to 5.8 t 0.1 was obtained by using the

above equation. The other values are listed in Table XI.
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"The validity of this formula was tested by calculating
A : : '

_Ka as a function of k./k,g for various values of ka/kes
N _ ‘

.initialu[Clzol‘:'[ClOZ] ratios, and percentaée primary photo-

lysis. Allowance was made for the change in ClO2 and c120

concentratlons as both photoly51s and .chemical reactlons pro-
- ceeded and reaction of chlorine- atems wlth ClO2 and Cl 50 was

.also taken into account. : o , - % .J

Iﬁ was found that for our exnefimente, the error in the

eguation ) g

2

whlcn arises from the neglect of reaction (6) was small and

almost equal to that arlslng from the neglect of the use of

FClOz]av_ln the calculatlon of B.E.Fo;tunately, these errors
&ere ofopposite sign and we-cenclnde<tnatynegligible‘error is

Aintroduced by the use of the simple formula given for k7/k35.

Method 2.
—_— . :

The concentration of O2 ‘produced is reduced by a
factor g8 by C120. Measurements using the extrapolated values

of O at zero time yielded the average value: of k7/k =

35
5.8 T 0.4. The other values are listed'in Table XI. The

N *

approximations 1ntroduced by neglectlng reaction (6) and
using [C102]av to calculate B are rather less satisfactory in
this case since the error_cancellation-is less complete.

Evidence has been obtained:‘}l that the oxygen molecules pro-
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duced in reaction (6) are vibrationally excited as in réaction
(7), but the relative populations of tﬁe excited lévclé are
not'known to.be the same as in the case 6f C102. - Bven so,
the'error of less than 10% is probably exceeded by'thé

. . . * . ‘
- experimental error in measuring O2 concentratidons. The agree-

ment between the methods of calculating ko/kys is better than
1'might have been expected.

From the previously determined value of k we thus

A“5 obtain-k7 = 3.0 x 1010 1 moI‘Le—l sec”! ana k./ke = 4.5. These
1resu1ts are in satiéfactory agreement with those of ClynGIAnd
. Coxon,23'i.é.; kg > 2.4 X 1010 1 mole™? sec™! ‘ana Xq/X ¢ g,
Table X7
- . Y- ' +6 | ,
Plate [C102] x 10 ‘[Ll?O] x 10 Argon Energy ]:.7/k3‘3
no. (mole/1) - = -(mole/1) (torr) J - from
: ‘ : T S cio, 0.
2
176 4.06 - - 57,0 200 260 5.8  --
177 4.0 4400 0 200 600 5.9 5.6
179 . 4.75. 0 . 36,2 200 260 5.7 6.3
180 4,70 ' 36.2 200 600 5.9 5.6
| | Average : 5.8 5.8
Toa
Mean k7/k35.= 5.8
10 1 -1

k, =3.0 x 107" 1 mole * sec
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Figure 24, Formation of O, when Cl0, is flashed with and without C1,0.
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Method 3
At low flash energies the total concentration of ClO

produced in the presence of ClZO is given by

A
(3 -B)—%
2

[c1o1('3

while in its absence

A
1

il

[ClO]o

if reaction (6) is neglected in both the cases. The values of
. L §
3 ; B are compared with the experimental values of [C1ol, .
: [ClO]O
The agreement is not bad, but it should be noted that, since
-B

all the values of must lie in the range of 1.25 t 0.25,

this is not the strongest test of the accuracy of the ratio
k7:k35. The fmore aetailed calculations used to test the vali-

dity of the approximations made in the determination of the

1

‘ratio k7:k35, yvielded the theoretical values of [ClO]O /[ClO]O

in better agreement with experiment. (Table XII).
. t

, [C10],
is greater than one and approaches 1.5. This provides strong

The most significant fact is that the ratio

evidence that the inherently unlikely reaction

0+ cCl

50 > Cl, + 0, (36)
which wés'ignéred in the determination of ratio k6 to k35 is
negligible compared to reaction (35):

0O+ Ci1,0 - 2ClO ' , (35)

2
Further evidence for this conclusion has been obtained from the
measurement of the vibrationally excited ongen discussed in

Chapter VI.



Table XIT

Comparison of the Ratios of Cl10 formed in the Cl2O/ClO and in the ClO2 Systems.

2

Plate Energy [ClOZ] [Clzo] % Photo. Experimental Ratio Calculated Ratio
no. J (Prim.) A B C

187 1060 4.4 2.75 70 2.89 4.:9 1.52 4.18 1.45
187 1060 4.4 5.5 76 - 2.89 4.65 1.61 4.98 1.72-
186 1060 4.4 6.9 70 2.89 5.54 1.92 5.28 1.83 .
189 1325 4.4 4.1 83 1.52 4.56 3.00 4.75 3.1
189 1325 4.4 6.9 83 1.52 5.10 3.36 . 5.72 3.76
188 1325 4.4 9.6 83 1.52 6.4 4.04 6.38 4.2
291 1060 2.44 0.55 75 1.22 1.€6 1.52 1.74 1.43
290 1060 2.44 1.1 75 1.22 2.2 1.80 2.09 1.71
287 1060 2.44 2.2 75 1.22 2.9 2.37 - 2.58 2.11
288 1060 2.44 3.3 75 ' 1.22 3.45 2.83 .3.48 2.85
289 1060 2.44 4.4 75 1.22 4.11 3.36 3.76 3.0
291 1325 2.44 0.55 85 0.73 1.56 2.13 1.49 2.04
290 1325 2.44 1.1 85 0.73 1.¢3 2.64 2.00 2.74
287 1325 2.44 2.2 85 0.73 2.€4 3.61 2.58 3.53
288 1325 2.44 3.3 85 0.73 3.27 4.48 3.06 4.19
289 1325 2.44 4.4 - 85 0.73 4.11 5.63 4.02 5.5

N.B. A=[Cl0] without C1,0, B = [Cl0] with €10, C= [C10] with C1,0.

2 2 2

All the concentrations have the units lO_6 mole/litre.

STT
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At high flash energies, the effect of C120 can be

expressed as the ratio of ClO concentration at zero time ob-
tained by linear extrapolation of the second order decay plot

in the presence of c120 to that in its absence. In this case,

2

[glo]o : 1

1

[c10]

and hence the ratio of o would be greater than 1.5,

[c10],

depending upon the ratio of Cl1,0 to Cl0, and increases with the

2 2

increase of flash energy and hence the primary photolvsis of

ClOz.
Table Xll-a

Comparison of the Ratios of C10 formed in the 0190/010Q and

in the ClO2 systems.

Plate E LC102J LCl2OJ Experimental Ratio Calculated

no. (J) A B C D C/A D/A
179 260 4.75 36.2 2.9 3.5 1.21 3.88 3.68 1.34 1.29
176 260  4.06 57.0 1.79 2,39 1.34 2.49 .2.43 1.39 1.36
178 260 4.06 .61.0 1.92 2.5 1.30 2.51 2.67 1.3 1.36
180 600 4.7 36.2 3.74 5.1 1.37 5.2 4,88 1.4 1.3

177 600  .4.0 44.0 3.22 4.4 1,37 4.6 4.3 1.37 1.34

N.B. All the concentrations have ths unitsxl@f? moie/liter,

A= [C10] without 1,0

B=[ C10] with C1,0

= [C10] calculated with approx. ¢alculation., yjth €1,0.

D= [C10] calculated with detailed calculations in the presence of

0120



CHAPTER V

REACTIONS OF HALOGEN ATOMS (Cl AND Br)
!

WITH Cl2O AND C102

A. Photolysis of C1,0

2

The photolysis of ClZO was reinvestigated in order to
correlate the results that were obtained from Cl_O2 photolysis,
discussed in Chapter III, IV, and VI. Some néw results were
obtained which are relevant to the mechanism of the photolysis
and of the Cl2 photo-sensitised decomposition of c120. ClZO
was flashed at three flash energies with both pyrex and quartz
reaction vessels, as well as with a glass filter A, but at only
two’pressures of c120 as mentioned in Table xXv and one total
pressure (200 torr) of argon.

The results obtained (as can be seen from fig. 25) when
a two mm filter A was used are similar to those obtained by
E.N.T.22 and fit their reaction scheme very well with few modi-
fications. The three stages noted by them and by us are:

1) Primary photolysis of Clzo(depending upon the
wavelength of excitation) followed by rapid decrease of the
C120 concentration and then by an increase in the ClO.concen—
tration:

C1,0 + hv (53000 A) - ClO + Cl1 (18)

2
O + hD(£3000 A) - 2C1L + O (22)

Cl2

ClZO + C1 + ClO + Cl2 ! (19)
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ClZO + O > 2C10 5 (35)
Clo0 + 0 =+ 0, +cCl (6)
2) Bimolecular decay of Cl0 and decrease in the Clzo
|
concentration very slowly '

Clo + C10 - Cl2 +'O2 (5)

3) Slow appearance of ClO2 (which starts in the end of the
second stage), attaining maximum concentration:at nearly 30
seconds and remaining constant for at least 1 minute. The

reactions involved are.

Clzo + Ccl0 ~» c1o2 + Cl, {(20)

Cl1,0 + cCi10 =-» Cl + C1

5 + 0 (21)

2 2

The second stage has been discussed in Chapter III~B.
The reactions of oxvgen atoms with C120 has been mentioned in
Chapter IV-B and production of vibrationally excited oxygen
will be discussed in Chapter VI. Only reaction of chlorine

atoms and the third stage will be described here.

1) Chlorine Sensitised Photo-decomposition of C1,0

o _
After the primary process with light above 3000 A, the
immediate reaction is that of chlorine atoms with Cl,0 to give

Cl0 (reaction 19). 1In order to calculate the rate constant k19,

a mixture of Cl2O and C12 in the ratio of 1:1 to 1:5 was flash

. o
photolysed at three flash energies using light above 3000 A.

Though the Cle has an absorption in this region, the extinction
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coefficient is quite small. A small correction was made to
calculate the decrease in the Clzo or formation of Cl0O by
comparing it with that when C120 was flashed alone at‘the same
conditions (see fig. 26).

The measurement of CiO was carried out in the same manner
as described in Chapter.IIi,‘section 2. Since the rate of re-
combination of chlorine atoms is gquite small during this period,

all .of the chlorine atoms produced will react with C1,0 by the

2

reaction (12) and the rate constant can be obtained from the
equation

dicio] . _ dlCl0l  _ 5 re1ype1. 0] (3)
at ——e 19 2
dt
It was difficult to calculate k,q

measurements since less than 20% of the Cl

directly from the C1l,0

50 is decomposed and

measurements of the ClO concentration are much more accurate

than that of C1.0. Thus k was calculated as follows.

2 19
[Cl]O = [ClO]o = a
[c1]t = [clol_ - [clol_ = a-x

[C120]t = [ClZO]O— [ClO]t = b-x
where x is the amount of [Cl0] present at time t and b the

amount of ClZO to start with. Equation (j) can be reduced to

dx = kygqla-x) (b-x)
It - 19
or log g§§ - (b-a) kjg t + log b/a (k)

2.303
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log 25% was plotted against time as shown ﬁn fig.(27) and a
straight line was obtained as expected from equation (k).  From
the slope of the linear plot, k19 was calculated and is listed
in the Table XIII. The ClO concentration w;s measured at two
wavelengths. Blanks are left in Table XIII for data in the

non-linear part of the photographic plate or when the clo formed

is too small to be accurately measured. The average value of

six measurements was found to be 4.1 * 0.4 x 10° 1 mole™! sec™?t
which agrees with the lower limit of 4 x 10% 1 mole™ sec”?t
calculated by E.N.'I’.zl2 from the fact that the decomposition of
ClZO was virtually complete in approximately , 200 ﬁsec.
Table XIII
Calculation of k19 of Reaction of Chlorine Atoms with
ClZO
-8 -1 -1
Plate [C1,0] [Cls] Energy k19 x 10 " (1 mole “sec 7)
[e] o
nO. (10-6 M) (1076 m) g - 2772 A 2920 A
167 34,1  137.5 260 5.0 -
169 63.0 68.0. 600 4.0 -
170 35,6 - 137.5 600 3.9 ‘ 3.7
171 63.3 137.5 600 - | 4.3
173 36.5 137.5 1060 -- 3.8

Average kyy = 4.1 £ 0.4 x 10° 1 mole™ sec
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Figure 27. A plot of log(b-x/a-x) against time.
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2) Stage 3 . . R \
This section will be divided into two parts. The first

will deal with the formatlon of Cl0. and the second will be about

2
- the calculation of the gquantum yleld _l

a) Formation ofvcio2

The formation of ClO2 was.cbserved_in‘agreement‘with the
‘results obtained in the steady state49’50 as well in the flash

photolysis of C120.22 TheClO2 spectrum starts appearlng

at roughly 1 msec, attains a max1mumt1nten51ty around one
~second, and remains virtually constant‘fcr at least one minute,v»

" The amount of Cl0, formed depends upon the primary photolysis

2

of C120. For example using a quartz reaction vessel and high

' flash energy (1060 J), when nearly all the cl,

posed within 200 to 300 usec, nd'C102 was detected. Also with .

0 has been decom-

-] : ’
a 3000 A cut off filter at low flash energy, when only a very:
~small amount of decomposition occurs, the concentration of ClO2
"is also less. This suggests that it must be a reactlon between

Cl,0 and C1l0 which is respon51ble for ‘the ClO2 production. The

2
reaction proposed by E.N.T.22 accounts satlsfactCrily for the

formation of,ClOZ.'

(20)

.C120‘+ clo -~ C102>+ Cl2

This is not the'only reaction of ClO radicals with'Clzo because -

it has been observed that the rate of formation of ClO2 is
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slower than the decay of ClO and Cl1,0. Thus the Cl.,0 must be

2 | 2

reacting with C1l0O by some reaction other than reaction (20) and

22
we agree with the reaction suggested by E.N.T.:

|

Cl.,0 + ClO > Cl + Cl, + 0.

5 5 (21)

followed by:

cl + ClZO +~ Clo + C12

The results obtained thus agree qualitatively'with those of

E.N.T.22 They mentioned the possibility that the late appearance

of C102 might be due to the following equilibrium:

cio + clo, % C1.,0,

2 273

s sy s - 1 ) 21 ., :

JO A G < e o =l ddelVv e L s LI C
This equilibrium was also suggested by L.N.T in oxrder to

explain the feappearance of ClO2 in their photolysis of ClO
40,41

o
Recently Mchale and Elbe have also found the new oxide of

chlorine with the formula C1203 in their study of ClO2 explosions
but we have not observed this in our system. They also rejected

the possibility that the late appearance of Cl0, was due to its

2
removal at short times by oxygen atoms produced in the second
primary process. Our measurement of the rate constant confirms
that oxygen atoms can be neglected at sh;rt times. We did not
try to look for the ClO3 spectrum because the continuum spectrum
of ClZO is in the same region aé ClO3 and because of the overlap
of the successive Cl0 bands.

The rise of ClO2 concentration is shown in fig.(25?a)

and the rate constant for its formation has been calculated with
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Figure 27-a. Formation of ClOp following the flash photolysis of C120.
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22 and also ﬁy finding slopes

'fhe equation derived by E.N.T.
at various points. Details of this calculation will be given
later. The average value of k, was fouﬁd'fo'be‘2.8110.6 x 102
1 mole-1 sec—l, neariy three times larger tﬁan that calculated
by E.N.T.22 |
The slow decay of ClO2 observéd by E.N.T.22 was explained

by the reaction

clo, + C1

) ,0 > Cl, +0 + clo (20-a)

2" %
Since in our syétem the ClO2 céncentration does not decrease, .
at least for one mihute, we neglect this reaction. It can also
be rejected from the following experiments. Mixtures of C120
and ClO2 were prepared in'the ratio 1:1, 1:1.5 and 1:2 with a
total pressure df 200 mm of argon in'the black bulbs. The
spectrum,of each mixture was taken after 2, 8, 9.5, 15 and 33
ﬁours and were compared with that takén of Cloz. It was found
that there is no decrease in.the C102.and C120 concentration.
Mixtures with}larger ratios (i.e. up to 1:20) were also flashed
and the concentrations of Cloé and C120 were measured bétWeen
three to five hours later and similar results weré observed.
Thus it appears that if there is a decay of C102, it will be by
the reéction of chlorine atoms with ClO2 and not by reaction
(20-a) . | |

The above quaiitative results can be'put into differential
22

equations with the same assumptions as made by E.N.T. because

they also hold here too. They are:

-
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;)- k19 isbgreater than k5 and much greater thén k20 and k21.
Under these conditions, the chlorine atom concentfation can be
neglected and equation (19) canvbe'added to-equgtion (21).

2) The reaction of chlorine atéms with Ciozié$ﬂ<bérneglected.
3) The percentage change in the ClZO concentration during this

time is small.

Thus fromthe decay of Cl0 and C1,0, the formation of ClO2

2
can be represented as follows:
_ d[cl1o]
dt
_ d[cl20]
dt

= kglcl01® + k,plclo] [C1,0] (1)
= k,,[C101 [C1,0] + 2 kyy [€10] [€1,0] (m)

d[Cl02]
. dt

kZO[c191[c1zo] ' . (n)

From equation (1) the concentration of ClO at any time can be
-k20 [C120] t

given by - : e
[c1l0] = . »
1/lc1ol, + - ky (1 - e [C101ky0t
kg [C1,0]

substituting the concentration of ClO into equation (n), the
eQuation can be integrated into the following form:

X, o | ST
20 ks[ClOl =k, [C1,0]t

[Cl0,] =" [C1,0] In [1 + ———2 (l-e EEBRNGN)
5 | Ko [C150] -

where [ClO]O is the amount of ClO preseht immediately after the
flash. k20 was calculated by substituting the amount of Cloz-

formed at 1 sec and making successive approximations of k20.
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1
i

The average value of k20 from three experiments found to be

5 1 -1 ‘

2.8 % 0.7 x 10° 1 mole T sec as listed in Table XIV.

The equation (n) was also solved by finding the slope at
different times (fig. 25-a) and substituting the amount offClo'f”_‘
and C120 present at the same time.- The values are 1isted in

+ 5

Table XIV and average of five found to be 2;64 0.3 x 10

1 mole ! sec-l, which is in excellent agreement with the value

found from the integrated expressioﬁ. .

b) Decay of Clzg

The rate constant of the second reaction of C1.0 with Cl10

2
can be calculated from equation (m) by two methods.

. 1) The slopes of decay of C120 (Sz) and rise of ClO2

'(Sl) were measured at the same time and subtracting equation

(n)bfrom (m)
Sz>— Sl = 2 kZl[ClO][Clzo]

k21 was calculated by substituting the amount of Cl0 and C1,0

2
present at that time. The average value obtained for kél was

5

found to be 6.2 ¥ 1.5 x 10° 1 mole ! sec™! (Table XIV).

2) The two equations were divided.to,get

82 / Si = 1+ 2 k21/k20

thus ko, = 1/2(S,/8; - 1) ko, :

The values of the slopes S, and Sl;(calculated in method
1) were substituted and the values of k2l thus obtained are
listed in Table XIV. The average value of k21 thus obtained was
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| ] ] | |
found to be 6.8+ 0.9 10~ 1 mole T sec™t which agrees with the

above value within experimental error. The overall value of

5 -1 __ -1 b

k = 6.5+ 1.3 10 1 mole. sec ~.

21
The value of k21 found by us. is 10 to 12 times greater'

than that calculated by E.N.T.?z; From flg.,(3) of thelr paper,

 the slopes of decay of c120 and‘rlse of ClO2 were measured.

The ratio of the two Slbpes thusafouud was substituted'in their
equations and tbe valuelof_k21_foun§'tolbe‘7 to 10 tlﬁes greater
but they found k to be half‘of'k

than k In calculating

20 21 20°
this ratio from thelr paper,- it was assumed by us that f1g (3)
represents the absolute concentratlon., Slmllar results w1ll be

derived from the calculation oquuantum yleld mentioned in the

next section.

Table XIV

Plate 11,01 x 10*% Energy Xk, x107° ky, x107°
no. (mole/1) I (1 mole Ysec 1) (1 mole~lsec™?
- : : by Eq.A. : Method I - Method II
192 55.0 1325 3.0 2.9 - 8.0 8.0
2.3 5.0 6.2
193 33.0 1325~ 3.5 3.0 = 8.2 7.8
2.3 4.9 5.8
.7 5.0 6.0
191* 52.3 1325 2.0 - - -
Average 2.64 6.2 6.8
+0.3  +1.5 40.9
6. 5+l 3

Two mm of glass filter A was placed between the reactlon
vessel and flash lamp.
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3) Quantum Yieldsin Both Sensitised and Nonsensitised
|

Decomposition of c1l,0

It is quite difficult in our system to find quantum yield
at different wavelengths as it is difficult to filter the radia-

tion. Since the extinction coefficient of Cl.0 decreases

2
shéfply above 3400 i and using two mm of glass filter A, the

- radiation which can cause decompositioﬁ.in our system is mostly
within 300 i of 3000 i. The overall quantum:&ield was calculated
for these wavelengths and found‘to bé 3;6 + 0.2 whiéh agrees

with that found by Finkelnberg et al.,50

‘i.e., 3.5 at 10°cC.
If we apply the correction for the temperétufehcoefficientj
their value}will become &4.0kat room teméerature, even fhen the
- agreement is satisfactory.

It can be seen from the reaction scheme that if reaction
(18) is the primary step followed rapidly by reaction (19),:the'

change in the Cl,0 concentration produced is the same as in the

2
_case of chlorine photosensitised decomposition of'C120 having
(18-a) as the primary step and'bbth-the chlorine atoms reaqﬂng
with 0126; Thus the quantum yield in both systems should bé. 
the same and it can be seen from Table XV that average value of the
quantum yield obtained by chlorine photosensitisation is 3.5 +
0.2 which dgrees with the above resﬁlts. |

The overall quantum yield for the wavelengths between

51

i (<] ] .
2300 to 2750 A was calculated by Schumacher et al. to be 4.5.
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They explained it by assuming that oxygen atoms do not react

with C120. But it was found bY.us31 and by Phillips et al.73

that ongen atoms react via reaction (35) with k = 5.3 x 10

35
-1 -1 9 -1 -1 . _
1 mole sec or 8.3 x 10 1 mole sec ~, respectively. If

9

reaction (22) is the primary step followed by (19), (35), |
or (36) rapidly and followed by reactiqns (ZO)Vaﬁd_(Zl); the o
quantum yield should have been 5.5. 1In ourisystem it is quite
difficult to separate the reactions (18) ang (22), followed by
the - competition between (35) and (6), although the overall
change would have been the-same‘even‘if reaction (6) is taking
place. Thus it seems more reasonable to explain the small
incfease in quantum vield towards shorter wavelengths, founa

51 to be due to a limited occurrence of

by Schumacher et al.,
reaction (22) followed by (19),. (35) or (6).

It can beseen,also, that after the first étage of‘re—
actions are over, the quantum yield of the decomposition of
C120 should_be the same in both chlorine sensitiéed and direct

photolysis. The formula can be derived as follows (details can

be seen in Appendix I):

' ' ; -1/c
: [c1,0] A [Ccl0] :
fcr0 = —2° |1- (1 v g —2 )
[.ClO]O [C].zO]o
. 'k
where b = 20
k
20 + 2 k2l
k
c = > -1
k.. + 2 k

20 21
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ke - 2 k ‘

€ = -1 | \
b N |

[CléO]o = [Clzo] left after flash and Cl + Cl1.0 reaction is

2
finished.[ClO]oz[Clo]_ after the flash and Cl + C1,0 reaction

"is finished.

The quantum yield (¢) of'Clzo decomposition was calcu-

determined by us, ¢l

lated'by substituting k and k

5’

using our Value of,kS and k20

[P ' v
5 but E.N.T.'s value of k20 and k21 and

the values obtained are listed_in;Tabie XV and also the ¢¢

k

20 21

but E.N.T.'s value of koyqv ¢ll

using our value of k

(experimental) are included in Table 'XV::. It can be seen from

20 21’

by E.N.T.,22 very low Values of ¢ are obtained and hence the

Table XV that by using the values of k and k determined -

overall quantym yield would be 2.3 + 0.1, but if we use our
values, the overall quantum yield is found to be 3.24 + 0.22,
which is low but. in satisfactory agreement with the experiment.

This is further evidence that the wvalue of k and k calcu-

20 21

lated by us is more reasonable than those calculated by E.N.T.22,



Calculation of Quantum Yield of C1l

_ Table XV
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|

2O%Photolysis

calculated by using our value of k

of k and k...

20

21

Plate [C1,01x10%° [c1,1x10™® Energy Filterl‘. 1
no. ) ¢o ¢ ¢
........ (mole/1) (mole/1) J :
170 35.6 137.5 600 A - 3.3 3.6 2.3 2.2
171 63.3 137.5 600 A 3.5 3.5 2.4 2.3
172 63.3 | 137.5 1060 A .3.1 3.8 2.2 2.1
173 36.5 137.5 1060 A 2.9 3.3 2.2 2.1
184  57.8 -- 830 A 3.2 3.5 2.3 2.2
191 52.3 - - 1060 A 3.2 3.5 2.3 2.4
192 55.0 - 1325 - 3.0 3.7 2.7 2,2
193 33.0 - | 1325 - 3.6 3.6 2.3 2,2
| 3.24 3.6 2.3 2.2
Average +0.22 +0.2 +0.1
_ +0.15 -
A = glass filter A
¢ = calculated by'using our value of rate constants
Qe = calcglated experimentally
¢1 = calculated by using our value Qf ks and k20 but E.N.T.'s
’ value of k21
¢11— but E.N.T.'s value

5
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Brown and Spinks54 in their study‘ofubfomine phetosen—'
sitised decomposition of-ClZO found that this'siefem behaves
in the seme manner as chlorine phdtesensitised or direct
photolysis. They found that the quantum yield is 4.3 and that

i

. Cl‘O2 is formed. The reactions suggested bj them are simply:
Br + C1,0 -+ ClO + BrCl (25)

ﬁith subsequent reactions of Cl0 and‘ClZO identieal to those
occurring in the Clé/ClZO s?sﬁbm; Thusmthe rate constant k25
can be measured in a similar way to tha£ used for the Cl + C1,0
reaction. A further importantiapplication of this reaction is
its use as a method for estimating bromine atom concehtration
which is more accurate than measurements of the decrease ef
-Brz concentration. |

Br, and C120 mixtures in the ratio of nearly 1:1 and 1:4

were  flashed at two flash energies. Two light filters

4400 i and SGOOli were used and thus enly Bré was photolysed.
The totai pressure used was 200 mm of argon in all.the cases.
The results obtained were similar to those obtained in the Cl2
phofosensitised and in the nonsensitised photolysis of c120.
A typical run is shown in tﬁe fig. (28). “

The measurement of Cl0 was carried out in the same’
manner as described in ChapterIII, section A-2. It is found
"that C1l0 concentration attaine its maximum value within 200

ﬁsec and then starts decaying slowly. No other spectra in the
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rangé of 2300 i to 4500 R were observed during the first 500
ﬁsec, in pérticular no BrO spectrum. The C102vspectrum starts
appea;ing at approximately 1 msec, aﬁtains its maximum value at
1 sec and fhen decreases slowly.

It appears from the results that a reactibn scheme

'similar to C12/C120 can be written in this case too.

Br, + hv > 2 Br - (23-a)

Br + Cl,0 » ClO + BrCl (25)

The subsequent reactions of Cl0 and'Clzo are the same as
discussed before in the direct photolysis.

- The bromine atoms involved in .this reaction are presum-
ably ground state because the pressure of argon and bromine
used are enough for the quenching of excited atoms. Quenching
fates_of excited bromine atoms, calculated by Donovan and

Hus_sain80 are used. The subsequent reactions of ClO and Cl1l,0

are the same as discussed before in the direct photolysis.
This is confirmed from the following results.

1) The behaviour of ClO2 is similar to that observed

in the case of nonsensitised experiments though a detailed

study was not carried out. : -

1 ‘
~2) [Cl0]}was plotted against time and the slopes were

calculated. Combining them with the extinction coefficient

1)

(calculated previously), k5 was calculated and the average found

to be 3.0 i 0.5 x 10’ 1 mole ! sec™l. Although this value is

higher than that found in case of ClOz'photolysis'€T‘jj;3':7*~



Figure 28. plash Photolysis of bromine in tlhze presence of C1l,0.

C1l,0 =24.4 x 10_6, Argon=200 torr, Br,= 27.5 x 16—6M, E =1060 J, Filter 4400 A.
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(2.65 0.29 X 101 mole™? sec_l), the difference is not enough
. f
- to require the inclusion of the following reaction

BrCl + Cl0 > BroO + Cl,

which is only one Kcal endothermic.

3) Similar to the chlorine photosensitised photolysis
of Clzo, the overall quantum yields for the decomposition of
C120 by bromine atoms were calculated. The average of six
measurements was 3.7 ¥ 0.3, regardless of the radiation used.
This value is in'satisfactdry agreement with the value found by
Brown and Spinks,54 and also that calculated from.the_Ci2
sensitised and the non-sensitised photolysis of Cl,0.

The above results show that the reaction mechanism is
similar to that sensitised by chlorine and the only extra
species, BrCl, present in this system dées not interfere with

the reaction scheme.

Calculation of Rate Constant of Bromine Atoms with Cl29 .

The rate constant of bromine atoms with C120 was measured
in a similar way as that for the reaction of chlorine atoms
with Clzo,'i.e., from the rate of formation of Cl0O radicals.

The rate equation can be written as

dfcly0) _  d[cio] k. [Br] [CL.O]
T ot 25 2
If [Brl = [Cl0]_, = a
[Br]t = [ClO]o - [ClO]t = a - X



[C120]t = [C120]o - [ClO]t =Db - x

thus
~dalciol dx kys(a - x) (b
at dt
or log‘E;:—ﬁ b - a)kas t + log
S a - X 2.303} :
log.b.__x
' a - x

from the slope of the straight'line as expected from the equa-

b
i

x)
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was plotted against time as sho@n in fig. (29) and

tion, the value of k25_was calculated and is listed in Table

XVI.

The Cl0 concentration was measured at two wavelengths

[+] o
(2772‘A and 2920 A). The average of eleven measurements was

found to be 6.1 ¥ 0.6 x 108 1 mole_1 sec 1.
Table XVI
+6 + . -8
Plate Energy [C1l,0] x10 [Brp] x10°" Filter Kk, *10 -1
no. J (mole/1) (mole/1) A (f mole~lsec o
..... . , : 2772 & 2920 A
257 1060 25.7 20.6 4400 6.7 6.1
258 1060 24.4 27.5 4400 6.5 6.2
259 1060 1 39.6 41.3 4400 -- 6.2
260 600 36.3 41.3 - 4400 6.3 5.5
261 600 23.4 20.6 4400 6.6 6.4
296 1060 39.2 137.5 5600 5.4 5.0
.6x10% 1 mole !

_ +
Average k35 = 6.1.0

sec"1




log( a-x/v-x) .

Figure 29. A plot of log(a-x/b—x) against time. b=[C10) _, a<:[C12Q] ,» x=[c10)
. - O .

0120::2u.u X 10’6 M, Br2;27.5 X 10‘6; Argon =200 torr,

E =1060 J, Filter 4400 A.
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Miktures of ClO2 and Cl2 in ratios.vérying,from 1:15

to 1:35 were flash photolysed dsing energies 160 éndv260 J. 
The argon pressure was 200 torr in allithezexperiments and

2 mm of glass filter A was used tO'prevent the'photolysis of
Cl0. The purpose of using low flash energies was to reduce

the primary ..  photolysis of ClO2 and thus to avoid the

f

reaction -

0+clo - Cl + o, ' o (6)

The ratio of Cl2 to ClO2 was kept high in order to have enough
chlorine atoms to produce a reasonable decrease in ClO2 conF

_centration by the reaction

Cl + Clo, » 2 ClO o (8)

because the extinction coefficient of chlbrine is much smaller

than C102. The main difficulty in this system is that both

Cl0, and Cl2 absorb in the same region and hence both will be

2
| photolysed. Thus in order to find the amount of ClO2 decom-

posed by chlorine atoms, the results of the photolysis of Clo,-
with and without chlorine were compared. Wy

The décay of ClO2 with and without chlorine is shown in
fig. (30) (plate 196) and fig. (31). It can be seen from fig.

(31) that after approximately-ZOO to 300 usec, the Cl0, remains

2
constant over the period of our reaction time (20 msec), indi-

cating that all the reactions involving ClO2 are over within

this period. The decrease in the‘ClO2 concentration or the
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Filgure 30. .comparison of the behaviour of €10, in the
" absence and presence of Cl,.
a) €10, = .0 x 10—6 M, Argon =200 torr, E=260 J.

6 6

b) €10,=4.0 x 10 ° M, CL=66.0 x 10 ° M,
2 2

Argon=200 torr, E=260 J.
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Flgure 31. Decay of Cl0, in the absence and presence of Cl
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concentration of chldtine atoﬁs formed, wis célculated from
fig.(31) and compared with the concentration of chlorine atoms
formed calculated by the titration of chlarine atoms with

NOCl. The agréement between the two values was satisfactory
(v10 to 15%).

The decomposition of ClO2 or amount ofAchlorinevformed
was also checked by measuring the coﬁcentration of ClO,.with'
and withéut Cl2 present. These values wéré ;ompared with the
values obtained from the decrease in tﬁe clo, concentration.
The values are listed in Table XVII and the agreement is quite
good. A comparison of ClO formed with and witﬁout Cl2 is

given in figs. (32) and (33).

1) Stoichiometry of the Reaction

The results of the above experiments can be explaihed in
terms of the following reactions.

In the absence of chlorine

' Clo, + hv > ClO0 + O - - (27)

0 + ClO2 + Cl0 + O2 ‘ . (7)

clo + €10 » Cl, +0, (5)
The reactions ‘

0 + Clo + Cl+ 0, - (6)

Cl + Clo, = 2Cl0 (8)
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|
Figure 32. Rise and Decay of Cl0 when 0102 is flashed with
and without Cl,. | ‘
a) Cl0,= 4.0 x 1076 M, Argon = 200 torr, E =260 J.

b) C10,= 4.0 x 10-6 M, Cl,= 66.0 x 16.6 M, Argon=200 torr,
E= 260 J. |
a b
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contribute less than 5% to the overall decay of oxygen atoms.
In the presence of chlorine, the following reactions
may occur:

012 + hv > 2 Cl1

-

c1 + clo, 2 C10 (8
, - ' . '

Ccl + 0102 > c12 + 02 { (8-a)

0+ ci, + Clo + C1 (38)

The recombination of chlorine atoms can be neglected because

it is too slow if the rate constant given by Bader et al.29’30

and Linnet et al.,79 is used.

If chlorine atoms react with‘ClO2 via_regction (8-a),
there would not be ény increase in the C1lO concentration when
it is flashed in the presence of‘chlbrine.v If reaction (8) is
predominant, there will be 2 Cl0 formed for each molecule of
ClO2 decomposed. Otherwise, the amount of Cl0 formed would

vary between 0 to 2 times the chahge in the C10., concentration,

2
depending upon the reaction which is dominant. It can be seen
from Table XVII that the amount bf Clo formed due to the reac-
tion of chlorine atoms is approximatel§ 10% more than the
amount that would have been obtained by reaction (8). Taking
‘this as an expérimental error, it is clear that the stoiéhio—
metry of the reaction is two. Clyne and Coxon25 have found
the stoichiometry to be 1.9 ¥ 0.1 and the agreement is satis-

factory between the two values. On these grounds, reaction

(8-a) can be neglected, the contribution probably being less
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Although a 10% difference in the concentration of C1lO

can be regarded as within experimental error much of it can be

explained by taking into consideration the' reaction (38), i.e.,

each oxygen atom reacting with a Cl
extra ClO radicals. Taking k38 = 5.0 x 107
calculated by Ciyne and Coxon25 and by Niki
the difference was reduced to 5%. It seems

(38) does occur to some extent though it is

in our system.

Table XVII

1 mole-1 sec ~,

!

> molecule will give two

-1

and Weinstock,84

iikely that reaction

not very important

Amount of Cl0 Formed with and Without Chlorine

Plate Energy [C10,] [Cl,] [C10] without [C1,] [ClOlwith C1

. no. J - A B . C. ”D.z
196 260 4.0 66.0  2.48 2.62  4.46  4.65
197 260 2.65 41.3 1.58 1.66 2.82 3.07
198 160 4.0 137.5 1.68 1.75 3.96 4.47
198’ 160 4.0 137.5 1.68 1.75 3.96 1.3
200 160 4.0 87.5 1.68 - 1.75 3.02.  3.24

Note: All concentrations are measured in 10—6 mole/1

ClO0 concentration in columns A and C are calculated

from the decrease in the Cl0, and in columns B

and D from the direct measurément of C1lO0.
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2) 'Célculation'of k8 ’ \

The rate Qonstant k8 can be calculated either by
following ﬁhe.deCay of ClO2 or by the increase in the ClO0
concentration. It will be seen that in boLh the methods cer-
tain approximations have to be used because the differential

equations obtained are difficult to solve.

" From the ClOz-Measurement o - Vﬁl."»

The rate of the reactions after the photolysis can be
written as
—_— 7 2
dt C -

without chlorine and with chlorine

_ d[C102]
—_— k4 [0][C10,] + kg[C1l][C1O,]
dt -
neglecting'reaction (6) in both cases. Since 98 %of oxygen at
atoms have been reacted with ClO2 within 60 usec, when ClO2 is
flashed alone, the difference in the k7[0][0102] term of the

two equations becomes small after that time.Thus to the first

approximation bybsubracting first equation from the second

_.aft AC102] .
_—t = k8[c1] [C102] : (o)
dt _
where A[ClOz] is the difference of Cl0, concentration decomposed
with and without chlorine atoms.

The chlorine atom concentration can be calculated as

- follows -


http://ju.se
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[C1],

(tc10,1, - [c192]b) » = AIC10,]

where [C102]a amount of ClO2 present at « without (_212

[clo,], _amount of Cl0, present at « with Cl,

and  [Cl]l, A[Cl0,]1, - AlClo,l,

|

_ dlac1o,] | | |
——2 = x4 (ate1o,], - A[c102]t) [c10,) (p)

Thus equation (o) can be written as

dt
This equation was solved as follows. The decay curve of
ClO2 was divided into small segments of 10 pusec intervals.

Taking the average value of ClO, between the two successive

2
intervals and assuming this to be a constant, the equation (p)

was integréted.

-1n(A[C10,], - A[C10,], ) = kg[C10,]_t - In (A[C10,].) (q)

In this way k8 was calculated by computing the value of each
species after time interval‘of 10 usec éfter the initial 60

ﬁsec when the reaction of oxygen atoms With ClO2 was almost
complete, The values thﬁé obtained are listed in Table XVIII
and average of kg = 5.1 * 0.81 x 10° 1 mole ! sec™! was
obtained. Although the use of this equation restricts the
period over wﬁich the reaction is followed to one where measure-

ments are difficult, the standard deviation of 20 determinations

is quite small.
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k8 was also calculated by using theisimple‘procedure

“of measuring the half life of reaction (8). A[Cl0,]  was
’ |

measured and the time to reach z’—A[ClOZ]T°° was found from
fig. (31), Using the simple relation | .
~ 69 o .
k8 _— . h (r)

ty, [Cl0,1_,

k8 was calculated. [C102]av was the concentration of'ClOé

between the t = 0 and t = ty. The values 0f5k8 obtained in

this way are listed in Table XVIII and the average found to be
+ ' '

5.1 7 0.6 x 107 1 mole™! sec™?, is in agreement with that

obtained above.

From the Measurement of ClO

A similar procedure was used for calculating k8 by
measuring the ClO concentration.

1) By Measuring Half Life. A similar method was used

for calculating the time taken to reach half of the concentration

of Cl0 produced by reaction (8). Using equation (r), k8 was
9

calculated and the average of kg was found to be 4.5 ¥ 0.4 x 10
1 mole-l sec_l. The other values are listed in Table XVIII and
the value obtained agrees with that calculated previously.

'2) -The réte of the equation (8) can be written in terms

of Cl0 as‘follows.

- d[Aclo]

= 2 kq[C10,] [C1]
. at | 32

where A[C10] is concentfation produced by chlorine atoms. The

chlorine atom concentration can be calculated as
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_ 1 . — LA
[ci] = < ([clo], - [Cl0] ) = ;A‘.[cm]o‘

total amount of C1l0 produced in presence of Clz.

[c1o]b

total amount of CIlO prodﬁced without Cl2
\

[ClO]a
and | ' '
[Cl]t = ff(A[ClO]o - A[ClO]t)
thus the above equation can be written as

dlaciol . 'y - (afclol_ - A[clol,) [c10.)

8 o t P2
dat -

This equation was treated in the similar manner as equa-
tion (p), i.e., by taking small intervalsof time and also using the
average value [C102] at the beginning and end of'the interval.

Thus it can be integrated to
-1n (A[C10] - A[ClO].) = kg[Clo,l_ t - 1n(A[ClO] ) (s)

Thus k, was calculated from the ClO0 concentration

8

measurements and the average value found to be 5.2 * 0.7 x 109

1 mole ! sec™? , ‘agrees with the values obtained previously.

The average of all the values was found to be 5.0% 0.7 x 109 1

mole ! sec_l. This value is nearly 10 times greater than the

lower limit found by Clyne and Coxon.25
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Table XVIII

Calculation of kg of the Reaction C1 + ClO2 = 2 Clo

4 , - O -1 -1

Plate Energy [C102] [C12] kg x 10 (1 mole sec )

_ _ . From C1l0O

no. J (1076M) (10-6m) -~ From ClO oM =r2
: , o = N(r) = N(s) =DN(r) = "(q)

. | T -
196 260 © 4.0 66.0 4.0 F.9(4) 4.7 . 5.0(4)
197 1260 2.65  41.3 4.6 5.3(3) 5.0 4.8(4)
198 160 4.0 137.5 4.5 5.1(3) 4.5  5.4(4)
198' . 160 4.0 137.5 —- 4.9(5) 5.5 5.1(5)
199 160 2.65  66.0 —  —— . 5.8 4.7(5)
200 160 4.0  87.5 4.9  5.7(5). 5.5 5.6(5)
Average 5.18+.33 A S.ii.GS’

Mean kg = 52 % 0.7 x 10° 1 mole™! sec

Note: Numbers in parentheses show the nos. of measurements

used in obtaining the average of each experiment.

D. Bromine and Oxygen System

It has been observed that BrO radicalsare produced when
02/Br2 is flash photolysed,16 but no measurements have been
reported on its decay. McGrath and Norrish12 showed that BrO

is alsq produced when Br, is flashed in the presence of ozone:

Br + 03 -+ Bro + 0,
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This reaction has also been studied by Clybe and'Coxon25

in the
flow system. They generated bromine atoms by the reaction df
chlorine atoms with Br2. They also found that a_second order
decay with a value for k39/5> at 3383 £‘0f14.5 + 0;5 X_105-
cm sec™l. Therefore bromine and okygen mixturesvih_théifatio
varying from 1:80 to 1:180 were flashed with flaéh energy .
1325 J, using a quartz reaction vessél, aé this system looks
simpler than the one studied above. The'oxyéen pressure was
.varied from 400 to 780 torr, so no other inert gas was added
as a dilutent. Experiments were ‘done using the fresh mixture
éach time and also flashing the same mixture répeéfééiy;'

The spectrum observed <is the same as observed by Durie

16 as shown in fig. (34) and no other spectrum was

and Ramsay,
seen in the region 3000 i to 4000 &.,-The spectrum of BrO was
observed at the shortest delays used, reaches a maximum at
approximately 40 to 50 psec and decays faster than C10, as -
“has been seen by Clyne and-Coxon.25 The Br(C concentration

- was méasured at two wavelengths, i.e., at 3208 i and at

3383 i. The concentration.in terms Qf optical density is
given in Table XIX. It can be seen that the amount of BroO
formed increases with the increase of oxygen pressure, whereas
it remains constant if the conCentrafion of bromine is changed.

This indicates that it is the oxygen which is more important

in the formation of BrO and not bromine.



Figure 34.

Br,=5.0 torr, 02: hoo torr, E=1325 J.
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1/[BrO] in terms of optical densitf was plotted against
time as shown in fig. (35) and plots were Found to be'good
"straight lines. The slope was measured anaithe k39/e thus
caléulated are listed in Table XIX. The average values of v
nine measurements at 3208 i was found to be (5.4 ¥ 0.9)x. 105
cm sec—l and the average value of eight at 3383 i was’
(4.3 * 0.2) x 10° cm sec™l. The value obtained at 3383 A is
in reasonable agreement with that found by'Ciyne and Coxon?s-
(4.5 * 0.5 x 105 cm sec” 1) . Combining ﬁhis value with the
extinction coefficiént of BrO calculated fromvthe reaction of
bromine atoms with ClO2 (discussed in the next section), k |

39
% 1 mole! sec” !, which is nearly

25

was found to be 1.25 x 10
three times greater than that Obtained by Clyﬁe and‘Coxon.
They calculated the extinction coefficient of‘BrO from the
measured absorption due to BrO by saying the following: "It

appeared that the extinction coéfficients of BrO at the intense
band heads at 3289 and 3383 A are similar to €(Cl0) at 2772 A,

8 1 mole ! sec”l.

and obtained k4 to be 4 X 10
From the results we have, it appears.that k39 does not
depend on bromine, oxygen or total pressure. It is also
independent of whether the ffesh mixture is used or the‘same'
mixture is flashed repeafedly.' Thus the decay of BrO resehbles~
the decay of Cl0 and hence a similar mechanism for its decay

may be proposed.

‘BrO + BrO =~ (BrO)2

(BrO)2 + Bry + O2
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Figure 35. A plot of 1/( Bro] against time.
| Br,=5.0 torr, 0,= Loo torr, E=1325 J.
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Table XIX

Plate  [Br,]  [0,)] 0.D. Dy, o/Pg,0 K3o/€(10%em sec™)
no. (torr) (torr) 4,0 8,0 A B 4,0 8,0'
241 5.0 400 0.117 0.103 1.2 1.13 4.1 5.0
243 5.0 500 0.107 0.1  1.05 1.07 4.5 7.5

' R neglected

244 5.0 500 0.14 0.11 1.3 1.27 4.5 6.3
246 5.0 600 0.14 0.127 1.13 i.lo 4.3 5.5
245 5.0 690 0.137 0.136 1.06 1.0 4.5 4.8
245 5.0 780 0.185 0.15 1.28 1.22 3.4 5.0
242 5.0 400 0.132 0.11 -- 1.2 4.4 6.2
242 4.2 500 --  0.12  -—-  -- — 4.6
244 2.8 500 0.115 0.095 1.26 1.21 4.2 6.0
Average 1.18 1.22 .4 5.4

4.4 5,
+.09  *,07 *0.2 *o0.9

Note: In column A ratios of’D4 0/D8 d are caléulatéd by
14 r

method (1) and in column B by method (2).

. ) . ‘ .o'
Ratios of Optical Densities at 3383 and 3208 A

The ratiovof the optical densities at tWOlwavélehéfﬂ;
was calculated by two.methods. b e

1) The optical density was caiculated from the lineé;
exfrapolation of the second order plot at t=0 and fhus thé
ratios obtained are listed in Table XIX and the average of

eight found to be 1.18 * 0.09.
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2) The optical densities were measured at each delay
and the ratios were calculated. The average of each experi-
ment was calculated and listed in Table XIX. In this way the
average of 70 measurements, made at'different,delays andfj
different concentrationsof BrO gave the value to be 1.22 + 0.07

which is in good agreement with that calculated by procedﬁre

(1).

' The average of these two methods was compared with ratios - ¢

of k39/e which was found to be 1.26 . The agreement is satis-

factory and 83383/63207 = 1.2 wasnadoptedf

E. The Bromine Photo-sensitised Decomposition of Cl0,

Spinks and Porter38 found C1206-as the main product of

the bromine photo-sensitised decomposition of ClO2 at 15°C,

chlorine and oxygen being formed at 30°C. For this reason,

Spinks et al.38 rejected the mechanism proposed by Schumacher.42

Br + ClO2 - BrCl + O

2

2 BrCl > Br, + Cl1

2 2

and suggested that the primary reaction. is

Br +’C102 »> BrO + C1l0

followed by BrO + Clo2 = _.Br + ClO

3
In either case, bromine atoms rather than excited bromine

. o
molecules43 are involved since the quantum yields at 3650 A

o
and 5460 A were found to be equal.
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44,45 studied the reactions of bromine

Clyne and Coxon
atoms with Cloé in a flow system at low (1 to 3 torr) total
pressures. They found a rapid reaction accompanied by emission

of a deep red chemiluminescence from the reaction zone which

was identified as arising from the transition
T
BrCl(3ﬂo+) > BrC1l( Z+)

The same spectrum was observed in ﬁhe radiatiye combination of
bromine and chlorine atoms, accompanied_by some weak bands of 
the chlorine afterflow spectrum. The abéorption spectrum of

Cl0 and BrO could not be detected over a wide range of reactant.
partial pressures. The possibility that the reason for absence
of BrO and Cl0 was due to a rapid reaction between them was

" considered but thought unlikely because of thg”corresponding slow
reaction of.CloI+ clo0, On these groﬁndézahdfgéééuséldé:ifév. V
endothermicity,'the reéction

_Br + Cl0, - BrO + ClO - 3 Kcals

2
was rejected.

The formation of BrCl (3no+) was, therefore, explained
by the reaction

‘Br + ClO2 -+ BrCl + O2

with the transition state being Br.Cl0, rather than OClOBr.

2
The possibility that BrC1(3nO+) was formed by radiative combin-
ation of chlorine and bromine atoms which might be formed as

intermediates in the reaction between bromine atoms and ClO2

was rejectéd because of the absence of the chlorine afterglow.
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The overall rate constant at 300°K for the_reaction_

Br + ClO2 + BrCl + O2

which includes the formation of both BrC1(3y6+) and BrCl('Z¥),
was measured by following the decay of Clozzat 3515 i under
conditions of equal clo, and bromine atbm  concentrations.
Although the second order plot deviated from liﬁearity, the

limiting slope at zero time gave the value k = 3.1 T 0.3 x 107

1 mole ! sec™t.
.Clyne and Coxon45 also found that the reaction between
bromine atoms and ClOz, was self propagating after initiation

and considered a rapid reaction between BrC1(3no+) and either

ClO2 and Br2.

BrC1(3W0+) + Clo

2

]
+ BrcCl( Z+) + Cl + o2

) ; '
Brc1(3no+) + Br, > BrCl( ') + 2Br

In the former case bromine atoms would be regenerated in the

subsequent reactions

Cl + ClO2 > 2 Clo

Cl + Br2 > BrCl + Br

cl + Brcl > Cl, + Br
- A considerable stationary state concentration of chlorine

atoms would be expected. Since no chlorine afterglow was

observed, the reaction with bromine was preferred.
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"In a later paper, Clyne and Coxonzsirepérted an experi-

ment in which bromine atoms produced by the reaction

Cl + Br2 - BrCl + Br

|

were reacted with ClO,. 1In this case the ClO radical was

" identified as a product, but agaih no BrO was observed. It was
also found that BrO radicals produced in the reaction of bromine

atoms with ozone decayed much faster than cl10. They concluded

that their earlier interpretation of reaction between bromine
atoms and ClO2 was probably erroneous. Chemiluminescence
- observed during the decay of ClO in the absence and in the

presence of bromine was then explained by the reactions

2 Clo - Cl00 + C1
Cl + Br2 -> BrCl + Br

Cl + cCloo0 ~» - C12(3Uo+) + 0 % 46 Kcals

2

Br + Cl00 -~ BrCl(3ﬂo+) + 0, + 45 Kcals

2
It should be noted, however, that the reactions of

bromine atoms with both ClO2 and ClOO are insufficiently exo-

thermic to account for the degree of excitation observed

(57 Kcals, v' = 8). Clyne and Coxon25 noted this for the re-

action of_bromine atoms with C102, but the raﬁe constant

obtained allowed an activation'enérgy of up to 5.5 Kcals,

whereas only 4 Kcals were needed to account for the energy of

the highest level of BrCl(%To+) observed. If Clyne and Coxon's

value for_Do(Cloo) of 7 Kcals is accepted, the discrepancy of

7 Kcals for the reaction (14) is rather hardef to believe.

25
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In view of the rather uncertain sitéation which seems
to exist with respect to the reaction of bromine atoms and
C102, a preliminary reinvestigation of this reaction was
| |

undertaken. T - !

Mixturesof C10,(v0.6 torr) and Br in the ratios of

2
1:16_to l:SO with excess argon or nitrogen were flash‘photo—
lysed with an energy of 1060 J. To prevent the direct photolysis
of C102, Corning 3-72 and»3—66 filters were esed with cut-off -
wavelengths of 4400 i-ahd 5600 i. Separate experiments without
bromine showed that no detectable photolysis of ClO2 did in
fact occur under these conditions. Since mixtures of ClO2 and
Br2 were found to react on standing, all parts of the apparatus
were painted black or covered with black paper and the experi-
ments were performed under subdued lighting. The time allowed
for mixing the bromine with inert'gas/ClO2 mixtures was redueed
to 20 to 30 minutes from the usﬁél 2 to 3 hours normally
"allowed in other experiments- Neverthelese_the method used
ensured that the resulfing mixtures Qere,homogeneous. This was
tested by repeating certain time aelays at ﬁhe end of the run
with identical results. Under these conditions no detectable‘
decemposition of.ClO2 occufred on stending over the period from
the origihal mixing to the end of the run. |

On flash photolysis of the‘Brz/Cloz, there was an initial
rapid removal of ClO2 over a period of 200 to 300 usec. ' This
was followed by a further slow decrease in the c102 coﬁcentra—

tion extending over v1 msec and even‘up to 45 sec. Complete



‘164

remoValbof the ClO2 was achieved only at the higher bromine
pressures énd with the 4400 i filter. Under all gonditions
thé spectra of ClO0 and BrO were observed in absofption; Both
species are produced rapidly, aftain maximum concenfratiohs at
~100 psec ahd then decay quite rapidly over aiperiod of vl

. o
msec. The concentration of ClO was measured at 2772 A (12,0),
i :

[] !
.that of BrO at 3208 A (8,0 band). . Both arF found free from

interference by ClO2 whose concentration was measured at 3515

o ’ . o
A. The behaviour of all three species is shown in fig. (36).

1)  The Stoichiometry and Mechanism of the Fast Reaction

lThe decrease in C10, cdncenﬁfatiOn in the initialvre- 
action was measuréd_by>extrapolation of the slow decay regioﬁ
to zero time. The total concentrafion of C10 and BrO produced
.([CJ.O]o and [Bro]o)was measured by extrapolafion of ﬁheir.decay
plo£5»to zero time. For these the plots of reciprocal optical
‘density against time were most suitable, being linear over a
wide range (figs. 37 and 38). Under all conditions it was
foﬁnd that

[ClO]o = A[ClOz]'

It can, therefore, reasonably be assumed that the overall re-
action is represented by the equation

Br + ClO2 -+ - BrO + Cl0

. | o _
The optical density at 3208 A corresponding to [BrO]o, Dy» is

related to the extinction coefficient at this wavelength by the



,ClQ_g
BroO

Figure 36. Flash Photolysis of bromine in the presence of Cl_02.
6 - |
M, Br2:137.5 x 10 6, Argon= 200 torr, E =1060 J,Filter 4400 K

C10,= 3.16 x 10
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equation . \N
D D D
_ ) _ o _ )

€ 7 == = =
3208 A - ' |
: fBrol 1 [clo] 1  alcl0p]11

The values obtained are listed in Table XX, the average of all-

measurements from ClO, was 2.26 F* 0.2 x 103 1 mole™! em™! ana

from the same number using ClO was 2.38 X 0.1 x 103 1 mole”?!

cm-l, is very much higher than the value of 900 } mole_l Cm-l,
- used by Clyne and Coxoﬁ.25 If our value is gn error then
because of the equality [ClO]O = A[Clozl, the true Value must
be even higher.

The value obtained here has been used to determine the

rate constants for the reactions

2t 0y

and = | Cl0 + BrO - BrCl + O,

2 BrO -> Br

~2) Decay of Cl0 and BroO

Both C1l0 and BrQ radicals were found to decay more
rapidly than would be expected from the known rates of the

reactions

2clo - cl, + o0, | (5)

2
'2 BroO - B;Z + O2 ©(39)
The difference in decay rate is particularly marked for Cl0O
and over the first 400 usec, when the Br0O and ClO concentrations

are comparable. This behaviour can only be explaihed by the



Table XX §

Calculation of ¢£(3208) of BrO

Plate [cl0,] [Br,] Pp Filter E alclo,] [c10]=[Bro] e x 1073
no:»___glO_GMLm(lO—GM) torr A J - (10-6M) (10-6M) (1 mole L cm_l)
- 8 : o A B
248 - 3.21 82.5 200(Né) 4400 1060 1.51 1.42 | 2.48 2.35
249a 2.62 137.5  200(Np) 4400 1060 - 1.44 2.33 --
250 3.16  137.5 200 4400 - 1060 1.96 1.72 2.42  2.12
251 2.54 - 41.3 200 - 4400 1060 0.99 1.06 2.49 : 2.67
252a 3.00  137.5 100 4400 1060 2.1 1.74 . 2.34 2.00
252b 2.96 137.5 500 - 4400 1060 1.4 1.28 | 2.50 2.29
253 3.7 82.5 200 4400 1060 1.7 1.60 ' 2.45 2,31
254 3.49 137.5 200 5600 1060 1.0  0.92 | 2.35 2.16

_255 3.95 | 220 200 5600 1060 1.25 1.18 - 2.30 2.18
256a 3.30 137.5 500 5600 1060 1.0 0.92 2.26 2;10
256b - 3.1 137.5 100 5600 1060 1.0 1.04 j 2.22 - 2.40

Mean €,,00 = 2.32%0.15 x 10°1 mole~lem™h ‘Average 2.38+0.09 2.26%0.2

Note: a = from [Cl0] measurements; b = from [Cl02] measurements. |

L9T
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Figure 37. A plot of 1/[Cl0] against time following the

1.0

0.8

1/[C10] (arbitrary units)

flash photolysis of bromine in the presence

of C102.

- _6 ' _.6
0102:3.16 x 10 ° M, Br2:-137.5 x 10 M,

Argon =200 torr, E =1060 J, Filter 4400 A.

0.2 | 0.4 0.6'

time ( msec )



169
reaction

Cl0 + BrO -+ BrCl + o2 + 52 Kcal (40)

For C10 the other possible reaqyioné are

clo  + B:z ey BroO :+. BrCl —;1 Kcal (42)
clo + Br  Bro + Cl1 -8.. Kcal (41)
cl0 + Br. - BrCl + O ’,—;l Kcal - (41-a)

Siﬂce the.lést t&g,reactions of,Clé Qith'brdﬁine.atoms aré too
endothermic,»theyAare not,considered.; Rééction (42).cah also
be rejected because the rate of C;O decay éroduéed in the
bromine photosénsitised,decompositioh bf cizo isvnormal, and

no BrO was observed. Further, sinCeNIBr2]>>f[CIO], the first
order plot for the*decay‘of clo shoﬁid be linear with a slope
proportional to‘the bromine concénfratién. As seen‘from fig.

(37-a), this is not so.’ Thus the‘deéay of Cl1l0 can be represen;

ted as
- alelol = g rc1012 + k. [BrO] [C10]
t : : ‘
or “drcio1 L [BrO]
= .k5-+ k40 —_— ' (o)
dt [ClOo] —.

If we assume that [Brol/[Cl0] ratio remains constant (i.e., 1),

‘equation (o) can be written as

1 | - :

d[Cl0] . _ ' _ !

—__E—_—_ (k5 + k40) =k
t



Figure 37-a. A first order plot of Cl10 following.the flash photolysis of bromine in the

presence of 0102..

C10,= 3.16 x 107 M, Br,= 137.5 x 107® M, Argon= 200 torr, E= 1060 J,

Filter= 4400 R .

log (- [C10] )
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[ClO]-_1 was.plotted against time as shown in fig.(37) and it
was found that the plots ebey a linear relation up to 300 to
"~ 400 usec but then depart from linearity with a smaller slope,
as expected from equation (o). It ean'be clearly seen frem
fig. (36) that BrO decay is faster thah Cl0 and the ratio
[Br0]/[C1l0] will decrease from its initial value of uuity.
This ratlo ‘was calculated from the experimental data and found
that the average value lles between 0 8 0 2, within the whole
perlod of our study, i. e.., 0. 630 to l 02 msec. The slope was
measured from the linear part and comblned with the extinction
coefficient of Cl0, k' was calculatedvand.listed in Table XXI.

From the relation

and average value of [BrO]/[Cl1l0] in the respectivelexperiment,
k40 was calculated and is listed in Table XXI The average

9, moleflvsec—l.

of 11 measurements gave k40‘= 1.43 % 0.1 x 10
The other possible reaction of BrO can be the reverse
reaction (16), i.e.,

BrO + ClO Br + 0-C1-0 + 3 Kcal

2
which is exothermic by 3 Kcals. There are, however, two objec-
tions to this reaction. Firetly, the ClO2 should increase and
secondly, aS'BtO concentration is consumed by reaction (39),
the ‘equilibrium should shift to the left and thus the ClO con-

centration should nearly remain constant as the decay of ClO

by reaction (5) is slow. But neither ClOz_concentration
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Figure 38. A plot of 1/(Br0} against time following the
| flash photolysis of bromine in the presence
of C102. _
6
2 M,
Argon =200 torr, E =1060 J, Filter 4400 A.
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increases (rather it decreases slowly) nor the ClO concen-
tration remainsconstant during the BroO decLy. Fﬁrther,
reéqtion (40) is more suitable to account %or the production
of BrCl, because the reaction is exothermi?'exactly to the |
extent of the energy of the highest level éf BrCl[3no+]

observed by Clyne and Coxon45

(i.e., 18,153 cm_l), whereas
Clyne and Coxon25 reasonably suggested that' the E, for the
reaction (14) was available to make up the 4:Kcal discrepency

between the exothermicity and the highest level observed. Thus

the BrO decay can be represented by

_'.'QI_EE]_ - k39[Bro]2 + k46[BfO] [c10]
dt
-1
~ d[Bro] | [C10]
or e = k.. + k ——— (p)
o 39 7 %40 oio0

This was treated in the same manner as equation (o) and a
1/[BxrO] plot against time gave a straight line in the beginning

but departs from linearity with increasing slope as expected
[c10] '
[BrO]

initial value of unity. Slopes were measured from the linear

from the equation (p) since the increases from its

part of curves (fig.38) and the value of k4 was calculated

0
using k39 = 1.25 x 10° 1 mole—1 sec™! (calculated from Bry/0,
system) and using respective values of 1 ratio,
[C10]/[BxO]

the average value of which 1ies between 0.8 * 0.2. The values

40 was found‘to be

1.76 X 0.35 x 10° 1 mole™t sec™l. The agreement with the value

are listed in Table XXI and the average of k

 calculated previously is very satisfactory. The relatively

¢
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Table XXI 1

Calculation of k40 of Reaction ClO + BrO » BrCl + 0,

Plate [Cl03] [Bral Pp  Filter E k' k' k4o'* l0-9.
NO-  (10-6M) (10-6M) torr A J : (1 mole lsec™1)
: : _ S e - from k' from k'’
248 3.21 82.5 200(N2) 4400 1060 1.06 4.16 1.50 2.02

249a 2.62 137.5 200(Ny) 4400 1060 11.02 4.24 1.52 1.88

250 3.16 | 137.5 200 4400 1060 1.02; 3.70° 1.22 2.00
251 2.54 41.3 200 4400'1060 »1.28. 2.86 1,60 1.25
252a  3.00 137.5 100 = 4400 1060 1.20 3.90 1.43 2.18
252b  2.96 137.5 500 4400 1060 1.19 4.05 1.43  2.20
253 3.7 82.5 200 4400 1060 1.07 4.00 i.43 2;00’
254 = 3.49 137.5 200 5600 l060 1.07 3.28 1.51 1.40
255 3.95 220.0 200 5600 lOGb i.OO 3.28 1.35 ° 1.46
256a 3.30  137.5 500 5600 1060 1.07 3.33 1.33 1.61
257b 3.1 137.5 100 . 5600 1060 -= 2.88_ - 1.11

AAverage : 1,43 1.76

large standard deviations reflect that k39 and k40 are very

similar. The value obtained from the Cl0 measurements is

therefore taken to be the more accurate measurement and we adopt

the value of 1.5 x 102 1 mole ! sec™! for k...

40



175

3) Reaction of Bromine Atoms with C1l0,

If the reaction of bromine atoms with.ClO2 can be
written as

Br + ClO2 > BrO + Cl0 (16)

the rate of the reaction can be represented as
_ d[c105] d[Br] d[ciol o |
¢ —— = = = kyg[Brifc1o,] (r)
dt - dt - dt ‘ _

To test this simple mechanism k ¢ Was determined from the

1
decrease in the ClQ2 concentration’ahd the increase in the C10
and BrO concentrations.: |

i) " From Clo,.

Unlike the ClOz/CJ.2 system, ClO2 in the presence of Br, goes
on decreasing slowly after the first rapid decay for several
msec or sec depending upon the Br, concentration. This ihdi—
cated that there are two types of reactions, of which only the
first need be considered here. 'The decay of ClO2 was plotted
against time as shown in fié.(39) énd the slow part of the

curve was extrapolated back to zero time in order to calculate

“the amount of ClO2 reacted with bromine_atoms; Thus

[Brl [cil0,]_ - [Cl0,], = a-b

[Brl, [c10,1, ~ [C10,], = x-b

where [C102]o, [C10'2]t and [ClOZ]Q are the concentration of
ClOop at t = 0, at time t and t = », obtained from the linear

extrapolation. Equation (r) can be written



Figure 39. Decay of ClO2 following the flash photolysis of bromine in the presence
| of C10,. |

....6 -
0102::3.16 x 10 = M, Br,=137.5 x 10 6 M, Argon =200 torr,

___ E=1060 J, Filter 4400 A.
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—'fifigzlw = - - % x(x - b) *
a : dt 16 \
t R
or log A§§Ev = Ak ¢ o4 log.QgE z (r')
2.303

|

log §§B was plotted against time as shown in fig. (40) and from
the slope of the straight line k16 was calculated and is listed
in Table XXII. The average value of k16 obtained is 6.4 % 0.9»x

102 1 mole”! sec7l.

ii)  From Cl0 and BrO Measurements

If there is no other reaction of bromine"atOmé'WithtCloz,
producing BrO or ClO except reaction (16), the bromine atom

. concentration, in terms of ClO0 and BrO can be represented as

[Br]O = [ClO]o = [BrO]o = a
[Br]t = [ClO]O - [ClO]t = [BrO]o - [BrO]t = a-x
_[C1021t= [ClOZ]O- [ClO]t = [ClOZ]o- [B];O]t = b-x
. _ o | : : 1 _
B The [ClO]O or [BrO]O ar; obtained from the [C10] or
S decay plot against time at t = 0. The equation (r)
[BxO]

can be written in terms of Cl10 and BrO as

L dx
— = ky.(a - x)(b - x)

- oae 16 o

b - x (b - a)ky, b
or log = . t + log —
' ’ o.oa = x 2.303 a

b - x B R

log was plotted against time for both C1l0 and BrO as

a - X
shown in figs. (41) and (42) and k16 was calculated from the
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Figure 40, A piot of log(x/x—b) agéinst’ time.

b:[cmz]w, x= [010?] o
‘ -6

Cl0,= 3.16 x 10 ~ M, Br, -

Argon =200 torr, E =1060 J, Filter 4400 A.

=137.5 x 10 O u,

0 25 50 75 . 100 125

time ( usec)



Figure 41. A plot of log(a-x/b-x) against time,

log( a—x/b—x).

a={c10) , v=[c10),, x= fcia], . |
C10,=3.16 x 10 5, Br, =137.5 x 100 u,.

179

Argon =200 torr, E =1060 J, Filter 4400 &.

time  ( msec )
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' Figure Lo, A plot of log( a~-x/b-x) against time.
a = [Cl.()z]o, ‘b:'[BrO]O,' x :[Bro:)t.

6

0102-_—3.'16 x 10 6

M, Br,=137.5 x 10 ~ M,
Argon =200 torr, E =1060 J, Filter 4400 R.

o 25 50 75 100 125

fime (msec)
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slope of the straight line. The values obtained are listed
in Table XXII. The average value for k16 was found to be

9 1 mole ! sec™! from C10 and 7.7 * 1.3 x 10°

7.7 £ 1.3 x 10
1 mole™! sec™! from BrO measurements. The values obtained agrée
~with each other and are_in‘satiéfactory agreement with that from
the ClO2 measurement.v The overéll average value was found to

9 1 -1

‘be 7.2 220 x 10° 1 mole T sec *.

The difference between the ClO0, and (ClO and BrO) values

2
is probably within experimental érrbr. _There are, however, two
systematic-errorgj,,Fi;stly, theié#tfééélgﬁ%@g;of [Clo,] to
- zero time aésumeé.thét.the»lété éloﬁ reéétféﬁfis also occurring‘
during.the first 200 to 300 ﬁseé. If it is not,:the value of
ClO2 at, say, 300 psec is usedvfor [Clozlw’-k16(C102) is incrgased
by--15% and the ratio ofAKlgy@rQ}byyvlo%. Secondly, the error
in thé calculaﬁion of klé frdmACIO and BroO is the neglect of
their decay during the period bf formatioﬁ. Inclusion of cor?
rection for this WOﬁld increése thevvalue obtainedbfrom Cl0O by
n20 to 30%. |

Although this treatment qf the results appears tovbe
successful, the value of k16 obtained is unacce?tablyvhigh for
a reacfidn at room temperature endothermic by 3 Kcals. The
possibility that excited brominé atoms are involved can be
ruled out because, using the rate constant for spin orbit re-
80

-laxation of Br(ZPﬁ) by bromine obtained by Donovan and Hussain,

the half life of the excited atom iS»calculated to be &2 usec.
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Table XXII ' ’ )

Calculation of k16 of the Reaction Br + C10,+BrO + clo

. - —5 3
Plate [C10,] [Br,]  Pg Filter E K 10 7(1 mole~isec”?)
[+

ho. (10—6M) (10-6M) torr A J gigg’ gigm gigﬁ
248  3.21 82.5 200(N2) 4400 1060 6.24 7.6 7.6
249a 2.62 137.5 200(N2i 4400 1060  -- 8.9 8.5
250  3.16 137.5 200 4400 1060 7.75 8.7 7.8
251 2.54  41.3 200 - = 4400 1060 5.3 8.3 9.0
252a 3.00 137.5 100 4400 1060 8.0 7.5 7.6
252b 2.96 '137.5 500 4400 1060 6.3 7.7 8.5
253 3.7 82.5 200 4400 1060 6.4 6.6 6.4
- 254 3.49  137.5 200 5600 1060 6.3 6.6 6.9
255  3.95 220.0 200 5600 1060 5.1 7.2 6.6
256a 3.30 137.5 500;' 5600 1060 6.3 7.2 7.6
256b 3.1 137.5 100 5600 1060 5.8 7.6 7.7

Average © 6.35 7.6 7.7

Mean (7.212.0) x 1091 mole_]'sec_l

Moreover, the same value for k16 was found from experiments
(] o
with the 4400 A and the 5600 A filters.
The assumption inherent in the calculation that

[Br]_ = a[Cl0,]

must therefore be re-examined. The assumption is only valid if

the rate of recombination of bromine atoms is much less than
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that of reaction (16). Considering argon ?nd bromine as the

only third bodies and using the data of Strong et al.82

83 84

Burns, Christie et al. Burns and Horin985 and Basila

and Strong,86 the minimum half life for bromine atoms in the
_ClQZ/BrZ/Ar mixtures used is - 0.75 msec.- It,is,‘therefore,
necessary to postulate that a much more rapid removal of bromine
atoms can occur through complex formation. Tbis méchanism.has
been used to explain, for example, the-exceptionalﬂéfficiency

of nitric oxide as third body for the recombination of I,87

,88 H89 and O90 atoms. Spectroscopic evidence for the exis-

87

Cl
tence of the intermediate NOI has been obtained. The mechanism

proposed is

+

NO + I NOT

NOI + I =~ NO + 12
together with

2 NOI > 2 NO + 12
at high NO pressﬁres. The formation of the compléxes CS, and
COS2 has been proposed to explain the high recombination rate
of sulphur atoms in the presence of Cs, and COS.91' For bromine

8 _

atoms, complexes with C1l0, BrO and ClO2 appear reasonable and
could lead to a very rapid recombination.

The precise effect of these reactions on the apparent .
value of the rate constant k16 depends,‘of coutse, upon the

detailed mechanism which determines the ratio of the rates of
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removal of bromine atoms and Cloz. If thié is constant then

l .

[Br], = n([Cl0,1, - [C10,] ) = n(a - b)
[Brl, = n([Cl0,], - [C10,] ) = n(x - b)
"dlc1o,] . dx | |
- — = = n k16x(x - b)
at dt :

Thus a straight line would still be obtained from the plot of

log'§¥5 and ffom'the plots fdr Cl0 and BroO th the slope is
now given by klsvn rather than by k16.> The éffect-then is tQ
-reduce the measured rate constant by a factor n.

One mechanism by which a cohstant'value pf n is‘still
predicted involves the complex ClOzBr as the common intermediate
for the production of Cl0 and BroO. Boﬁh structures of this

- complex, BrCl<: and Br\O,Cl\Dwere considered by Clyne and

0
25 0] , .
Coxon as possible transition states in the reaction, the

former accounting much more naturally for the formation of BrCl.

Br + ClO, = C10,°Br . (43)
Br + Cl0,"Br > Br, + Clo, - (44)
Br + Cl0,-Br - BrO + ClO°Br ~(45)
Br + ClO*Br - C10 + Br, (46)

A steady state treatment yields

d[cl0] _ - d[Bro] =;_d[C1°2] kg3

= B4 (10, (8r]
dt dt at kyat Kys |
.. [Brl 2k, ' '
and — 2 - 3 4 __44 = n
A[ClOz] k
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One other interesting feature of this type of mechanism _
is that it allows the possibility that another complex ClO,°Br
would giveABrCl and O2 at low pressures, although reaction (16)
still seems to be .a“"better explanation of .Bro¢formation:féllowedv
by reaction (40) to give BrCl,For a mechanism by which the recom-

bination of atoms occurs independently of reaction (16), e.g.

Br + Clo2 - ' BrO + Cl10 1
Br + ClO2 % : ClOz'Brb
' k47 :
Br + C102'Br - ClO2 + Br2 (47)
- d[Br] : K k,, [Br]
- - 1+ 48

_ and the ratio will depend on_the initial'[Br] and will change
with time. Preliminary experiments designed to_ﬁest the possi-
bility that the bromine atoms afe removed by other reactions
than reaction (16) have been performga. Mixtures of bromine
(at pressurés of 0.25 to 0.75 torr when 4400 i filter and 2.5
torr when 5600 i filter was used)_with C120 and argon ha&e been
flashupﬁotolysed and at a flash energy 1060 J. The concentration
of bromine atoms produced was equal fo Ehe Cclo conéentratign
extrapolated to zero time}_ A-comparison with the C102/Br2
system then shoﬁs that the bromine atom cbncentration is much
higher than the amount of ClO2 decomposed. ‘For experiments

with different pressures of bromine than those used with C120,
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the bromine atom concentration can be takeﬁ as approximately
proportional to the pressure. The data so far obtained are

not sufficiently precise to help in deducing the mechanism, but

there is no doubt that"[Br]o' >> 1
A[ClOZ]

the overall rate constant for reaction (16) is lower (by at

|
and the true value for

- least a factor of 10) than that obtained from the first treatment.

|
!



CHAPTER VI

VIBRATIONALLY EXCITED OXYGEN

Vibrationally excited oxygén in- the ground electronic
state has been observed in three different‘systems, Vié;, the
flash photolysis of C102, of ClZO apd of th% Cl0 radical.
Though the first system has been studied in‘more detail, the
"other two have helped very much ih.eiﬁciaating the mechapi;m’

" for the production of O;, its population disfribution'and
finally, the decay of 0%. This chépte; has been divided into
three sections. First will includé the formation;,seéqnd, thé
. population distribution, and in the last, the decay of 0¥ will

2

be discussed.

A. Production of Vibrationally Excitéd'Oxygen

1) By Flashing ClO2

The flash photolysis of C102 has been studied at several

' ClO2 and totai pressures and in the presence of varioﬁs additivéé,
e.g.,'Cl2 and C120. The ClO2 preséure was varied from 0.05.to
0.25 torr, total pressure from 30 to‘SOOgtorr and the pressure

of Cl, and Clzo,as.mentioned‘in the respective tables. Quartz
and pyrex reaction vessels-wefe used as well as the light fil-
ters'restrictihgbradiation above 3100 i, 3400 i or 3700 R. The
flash energy was varied within.the range corresponding to
appfoximately 25 to 85% primary photolysis of ClO

9" Under‘all
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conditions, the spectrum of vibrationally éxcited\oxygen was
1 _ A

obsefved by its absorption in the Schumananunge system

(B 3z_u - X3Z-g). A.typical spectrum is shbwn in fig. (43).

This was observed 10 ﬁsec from the peak of photolysis flash

with 0.25 torr‘of ClO2 in 200vtorr'of argon using pyrex reaction
vessel and flash energy 1060 J.

The highest level of O; détected was v'' = 15, though
only lévels up to v'' = 14 were strong_enough;for positive
identification. The presence of O; " (v''=15) was confirmed py
flash photolysing ClO2 at high energies in the presence of a
small amount of C120. Under these conditions, for reasons to
be discussed later, a strong spectrum of the higher levels is
. observed and this allowed.the positive identificatioh of the

(0,15) level of O It is significant that no level higher

*
9-
than v'' = 15 was observed under these more favorable conditions.
These results confirm'Lipscomb, Norrish and Thrush's21 obser-
vation of O; (v'' = 4 to v'' = 8), with the important addition

of v'' = 9 to v'"'! 15.

The amount of O; formed at each flash energy was measured

at 0,12 and 3;6 levels. It was found that with the increase in
thé-primary photolysis of C102, the amount of O; produced aisd

increases. This has been shown in fig. (44), where the amount

"of oxygen fotmed is plotted égainst.the primary photolysis of

21 who observed that +the

: C102. This is quite contrary to L.N.T.
amount of oxygen formed decreases when the primary photolysis

of ClO2 is more than 50%.
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Figure 43. A portion of the Schumann Runge System of 02( Z&"Zg) observed in the

isothermal flash photolysis of ClO,. 0102: 0.25 torr, Argon=200 torr, E=1060 J.
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Figure 44, A plot of O, formed apainst percentage primary photolysis of ClO-L
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2) " From the Photolysis of C1,0 ' i
, , |

As with C1l0,, C1,0 was flash photolysed with'different

flash energies, with C120 and argon pressure'varying.frdm 0.253 ,:J

|

to 1.0 torr and 75 to 200 torr, respectively._ The quartz and

Pyrex reaction vessels were used as well aé a fi1ter to restrict
the light radiation above 3100-£. Chlorine as an additive‘éaé
was also used when C120 was flashed using pyrex and quartz re-
action vessels. Under the above.conditions the following
results were.obtained:

1) When C1,0 was flash photolysed restficfing the radia-
tion above 3100 g, no spectrum of Vibrationally e#citéd oxygen
was observed. |

2) Using pyrex and'quartz reaction vessels, the spectrum
of vibrationally excited oxygen was seen by'its abéorption in

' 3

the Schumann-Runge system (B3Z_u'— X Zfé). A typical spectrum

is shown in fig. (45) with conditions as mentioned there.

*

2

spectrum was very weak as compared to those for levels up to

The highest level of O, detected was v'' = 14 thoughﬁfﬁé
v'' = 13. Observation of levels < 8 was hindered by the over-
lapping continuum of C120 and the levelé seen depend on the
degreeiof photolysis. It was observed that the lower levels
(v'' = 8) Could not be seen when pyrex reaction vessel was used.
That is the reason only those levels of O; have been shown in
fig. (45), which were quite visible even though the quartz

reaction vessel was used. The intensity of all the levels ob-
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Figure 45. A portion of the Schumann Runge System of 02 (32“<— 3}:3 )
isothermal flash photolysis of 0120.

0120= 1.0 torr, Argon= 200 torr, E= 600 J.

observed in the

c61
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served with pyrex reaction vessel was very weak compared to that
when quartz reaction vessel was used. - The minimum energy

necessary for the observation of O; was 600 J when the pyrex

reaction vessel was employed. These results are quite different

from those of Edgecombe_etval.22 but these have helped to esta-

*

2»from C102.

" blish the mechanism of the formation of o

3) . From the Photolysis of Cl10

Cl0 radicals were generated from the photolysis of ClO2
as has been described in Chapter IV, sec. A-2 . The mixture thus

obtained containing Cl0, Cl, and O2 (from the secondary reactions)

2
»and‘chiorine atoms left from the reaction of‘gxygen atoms with
Clo, was flash photolysed.with theﬂauxiliéry'lamp using'two
flash energies at different £ime deiays. The deléys for the
auxiliary lamp were selected in such. a manner that all the vi-

brationally excited oxygen produced iﬁvflashing ClO2 had disap-

peared and all the ClO2 had been decomposed. In some experi-

ments. a very smali amount of ClO2 remained at the time of the
auxiliary flash.. Mixtures containing this amount‘were flashed
in separate experiments and no O; was f6und. Both pyrex and
quartz'réaction vessels were used.

In,all‘cases, O; was observed with vibrational levels
up to v'' = 13 (14 ?). The spectrum of oxygen was very weak '
in all the levels as compared to that when.the same pressu;e of

ClO2 (between 0.1 to 0.15 torr) was photolySed with primary
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phbtoiysis approximately 30%. The reasons for this will be
discussed in Section C. The intensity of each band does depend
upon the initial pressure -of ClO2 and'the'émount of Clin;esent
at the time of reflashing. Onl? ﬁhé rise and decay of 0,12
1e§el has been shown in fig. (46)) wheh ClOAradical was .flashed
with flash énergy 1325 J and delay times 100'and 166 psec res-

pectively.

Mechanism

_ . | .
The principal mechanism for the production of 0, proposed

by L.N.r.21
clo, + hv =+ ClO + O . ' (27)
. 3o
ClO2 + 0 - Clo + O2 (X°% g) + 59 Kcals (7)
ok
receives immediate support from our observation of 0, (v'' = 15),

the energy of which corresponds exactly to the exothermicity of
the reaction (7). However, this_mechanism requires that the

. * .
maximum concentration of 02 should be produced when the primary

photolysis of CiO2 is 50%. Whereas we have observed a continued.

21

increase up to 85% photolysis (fig. 44) contrary to L.N.T.
The second mechanism proposed”involved the production

and photolysis of Cl0O

3I
o + cClo, -+ Cl0, : (9)
€log + hv > CIO + 0, (3D

. ' * .
and is open to same objection. Unless 0, is a very minor product.

of photolysis of ClOz, this mechanism requires an extremely high
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Figure 46. Rise and Decay of O,
Cl0,= lotorr, Argon=200 torr, E = 1060 J
Eaux.:'l325 Jde
a) Delay time =241 msec

b) Delay time =166 wsec
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rate constant for the formation of ClO3 in»competition with

reaction (7). Unlike the analogous formation of NO3,74 no

third body could be invoked since the production of O; is
independent of total pressure'at least in the range of 30 to

500 torr.
- This mechanism also requires the integrated absorption
of ClO3 in the wavelength region used to photolyse ClO2 to be

extremely high. The strongest absorption -of ClO3 is, however,

1 1

[+] . . - —
in the region 2000 to 3000 A (e ~ 1200 1 mole cm 7)), the

extinction coefficient then decreases to ~100 1 mole_l em™ L.

o _ * . : v
near 3600 A. The amount of O, produced would be then markedly
dependent on wavelength and the relative population of different

levels and the highest level produced very probably would vary

*
2

. . o
same with quartz and pyrex reaction vessels and with 3100 A,

with wavelength. In practice, the production of O, is the

*
2

reduced only by the amount expected. from the decrease in the

[+ [+]
3400 A and 3700 A light filters. The concentration of O, is

C102.photolyéis. We therefore_conciude‘that this mechanism may

be neglected.

Although any mechanism involving ClO3 is unlikely, a

better case can be made for the production of O; in the reaction

*

0 + Clo, > Clo, + O, (28)

Evidence against this, however, is the absence of levels higher
than v'' = 15 and the fact that the'presence_of chlorine atoms

in a flash photolysed'mixture of ClO2 and Cl2 only seems to
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* .
affect the rate of relaxation of o, rather than its production.
Another possibility worth considering is the direct pro-

duction of Ozbin the primary process
clo, + hv -+ Cl + .0, . (37)

"A similar mechanism has been proposed to explain the preSencei:

2

. |- : S
of so* following the flash photolysis of SOB.75 The formation
_ | . | _
of Cl0 in the fast reaction
Cl + cCio, - 2 Clo . - (8)

maKes the overall yield of both the products the same as that
obtained from the first primary process (reacﬁion 27), previded
»that < 50% of the ClO2 is photolysed. The decreased yield of
Clo dt higher energies would explain the apparent £fall in its

21

extinction coefficient observed by L.N.T., while the continued

. . *

linear dependence of O2 production on flash energy follows auto-
matically. The effect of C120 in decreasing the amount of ClO2
decomposed at low flash energies is accounted for by the reaction
(19)

'cl+Cl0 + Clo + cl

2 2

which competes with the ClO2 for chlorine atoms. The apparent

increase in Cl0 production (as measured at long delays or by

linear extrapolation of the second order plot) caused by C1,0

2
at high energies is equaliy well explained by the same reaction

(19),whenvthere is an excess'of chlorine atoms over unphotolysed
ClOZ. This excess of chlorine‘etOQS'causes the rapid relaxation.
of 0; at high flash energies'and their ;emoval by C120 produces

‘the required effect, i.e. the rapid relaxation of O; is drama-
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ticaliy replaced by a slow decay..

| While this mechanism is quglitétively attractive our
results provide convincing reasoﬁs for believing that &10%'of-
total C10 is in fact produced in the reaction (8) . Firstly; the
same value of the extinction coefficieht of C1l0 has been obtained
- at low and high flash energies and this‘ValPé'is very close to

\

those obtained from C120‘and C120/Cl2 and to the (non-photolytic)

25 Secondly, the initial rapid decay .

value of Clyne and Coxon.
~of ClQ_cannot reasonably be explained by this mechanism.
Thirdly, the total céﬁcentration of Cl1l0 produced at high flash
‘energies in the presence of C120 exceeds the initial ClO2 con-
centration (fig. 19). This can only be explained by the reac;
.tion of oxygen étémsbwith.clzo as has béen éugges;ed in the
comparison of the rate constants of oxyéen atoms with Cl0 and

AJ

’C120 (Chapter IV, Section B), i.e.,

. .
o + c1o2 + ClO + o, ; (7)

0+ cizo» 2 c10 (35)

Fourthly, the decrease in ClO2 decomposition in presence of

‘C120 can be explained by the compétition of Cl0, and C1l.,0 for

2 2
chlorine atoms. But if we accept this explanation, there should

be, consequently, a decrease in the ClO production too. On the

other hand, our results suggest a corresponding  increase in the

-Clo'production but -a decrease in the Cl0, decomposition. This

2

canvnicely be explained if we assume a competition of Cl0, and

0120 for oxygen atoms.
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Finally, the retes of production of Cl0 ih‘reactions
’(3$f and (8) are insufficient‘to account for rhe observed maxi-
mum.Clo concentration at 10 to 20 usec. For example, assuming
instantaneous 50% photolysis ofv0.25rtorr of ClOz,‘75%‘of
total concentration of C10 would be produced in 60 usec by

9 -1 -1

the reaction (8), if our value of 5 x 107 1 mole sec for

dk8 is accepted. 31 Only 5 usec are requlred through reactlon
‘(7) and the finite flash duration explalns the observed ‘maximum.
The total O2 produced by this mechanlsm 1s, therefore,
less than 5% of the ClO2 decomposed. A further restriction 1s
imposed by the fact that at low flash energles and - hlgh C120
to ClO2 ratios, less 02 is produced in the presence of C120
In view of the correlation between this and theblncrease in the
clo production'and the decrease in the‘ClO2 deoomposition,'this
can only be explained by the’competition of oxvgen atoms beﬁween‘
,C120 and ClO2 as said above.’ Therefore, even if O2 is produced
by this mechanlsm 1t accounts only for a small fraction of the
total 0,. | | | |
We conclude thatboz is produced in the reactions

* '+ 59 Kcals (7)

0 + clo, =+ cClo+ 0}
0 + clo > Cl + o; + 55 Kcals (6).

The first predominates at low flash energies, but is superseded ,
by the second for a primary phofolysis exceeding 67%. The evi-

dence for the production of vibrationally excited 3pecies in
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2-98

reactions of this type is strong9 and in view of the simi-

larity between them, it is reasonable to make the assumption

* .
that the O, is produced with a similar enerqgy distribution for

*
2

production on flash energy is a natural consequence of the re-

vy <12, .dn that assumption, the linear dependence of O

actions (7) and (6) as has already been shown in fig. (44).

Independent evidence for the production of O; by reaction

“(Gf has been obtained by the flash photolysis of C1.,0 and Cl0

2
radicals which will be discussed in the next sections.

" Flash Photolysis of Cl,0

The pfoduction of excited oxygen in the flash photolysis
of Clzo,can be explained in terms of reaction (6) but the 6ther
possibilities will also be considered. - From the'results of
C120 éxperiments, it is clear that oxygen atoms are necessary

. _

for the production of 02 and thus the possible reaction of oxygen

atoms in the C120 photolysis could bé

* .
0O + €1,0 » Cl, + 0, + 83 Kcals (36)
0O + Clo =+ Cl + 05 + 55 Kcals - (6)
0 + Cl,0 » 2ClO (35).

.The immediate objection to reaction (36) is that the
levels higher than v'' = 14 should be formed, but we could not

observe them.
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From steric considerations and the Qeometry of the
" activated complex it appears that reaction§(36) should have a
high activation energy and small rate constant. The rate
-,“constant of the reaction of oxygen atoms wi%h C120 was found

9 1 mole_l sec_l by Phillips'et-al'.73

73

" to be 8.3 x 10 and 5.3 x

9 -1

107 1 mole sec_l by us. It was shown by them that (35)

.is the probable reaction and a similar conclusion was also
drawn by us from the measurement of the ClO concentratlon when

C120 and ClO2 was flash photolysed w1th varlous ratlos and

different flash energies. If reactlon (36) does occur to a
reasonable extent, the total amount of ClO produced should be

. less when ClO2 is flashed in the'preSence'of Cl1,0 than flashed

2
without C120, unless the reaction (36) and (35) occur with

equal ratio. Whereas if reaction (35) is predominant, the

ratio of ClO produced when C1l0, is flashed with and without-

2
the presence of C120 should vary between 1:1.5 depending upon
.the ratio of C120/C102, with the assumption that reaction (6)
is neélected in both the cases. It was fouhd from our results
that the ratio of ClO with and without C120 when ClO2
flashed at low flash energies, does lie-between 1 to 1.5. At

is

the same flash energies, the ratio goes more towards 1.5 if the
ratio of Cl,0 to C10, is increased. These ratios agree satis-
factorily with the theoretical ones calculated by the known

values of k and_k

35 7 for different percentage photolysis of
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C102. As already mentioned in the case of ClOé,‘this can only
rather than (36).
If the oxygen atoms react with Cl1,0 via reaction (36),
) ) _
the total amount of O, formed in the presence of Cl,0 should

2

be equal to that formed in the absence>of élzo when ClO2 is
flash photolyséd using radiations above 34&0 i to prevent the
‘photolysis of Cl1,0. But it has been found that the amount of
ekcited oxygen formed decréases with thé increase of C120 to
ClO2 ratio. It can be seen from'fig; (24) when the C120 to
ClO2 ratio is 20, the'O; can hardly be seen.

The other possible reason for the production of O; could

have been due to the reaction

* .
o + ClO2 > Clo + O2 + 59 Kcals (7)

This does seem to be reasonable as the delay in the appearance
of ClO2 has been observed when C120 is flashed. Butlthis can
easily be ruled out since é similar delay has been observed
when C120 is flashed with radiation above 3100 i where C120.
doés not give any oxygen étomsvin the primary process and also
the oxygen atoms cannot stay loné enoug; in the presence of
Cl,0 and ClO whose rate constants for the reactions with 6xygen
atoms are very high.31 |
Finally, the results obtained in fhe case of Cl,0 to-
gether with those obSérVéd'in.the'flash photolysis of Clo,,
. _

i.e., the amount of O2 produced increases linearly with the
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increase of primary photolysis, suggests that reaction (6) is
*

responsible for the production of o, The reaction mechanism

can be written as

0120 + hp - C10 + Cl

- C120 + hv » 2Cl1 + O (22)

cl10 + hv =~ cCl + O

*

¢ + cio -» Cl1 + O2 (6)

This mechanism agrees with the results that the amount
of_O; produced with the pyrex reaction vessel is less than that
when quartz reaction vessel was used. This is because the
C120 concentration is much greater than that of Cl0 anrd hence
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to reactioﬁ (6) , whereas in the case of quartz, the ratio of
Cl0 to ClZO ig increased. There are many reactions of atoms

with stable molecules known which are similar to (35), e.qg.

cl + cClo 2 Clo0

2

Br + C102 . Cl0 + BxO

Br + C120 -+ ClO_ + BrCl

and so on. Thus it is reasonable to assume that reaction (35)

is more probable for reaction of oxygen atoms with C120.
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" Flash Photolysis of ClO )

* - .
The production of 0, when Cl10 was flash photolysed can
be explainéd by the simple mechanism
Cl0 + hv =~ Cl + O

- * o
O + Cclo~» Cl + O, + 55 Kcals (6)

2
because the highest vibrational level (v'' = 13, 14?) observed
almost exactly agrees with the exothermicity of reaction (6).
The only doubt can be the electronic state of the oxygen atoms.
involved since the primary phtolysiS_of,ClO radicals can take

place accordihg to the following réactions:
Cl0 + hv (>2800 A) - Cl + O (°Pp) (6-1)

Cc10 + hv (2800 A) » cl + 0 (D) (6-2)

Reaction (6-1) occurs.when the light absorbed by Cl0O is

. in the region of diffuse baﬁds'and‘as suggested by burie and
Ramsay16 that this transition leads £o the formation of both
atoms in the ground staté. This can be achieved when ClO is
flashed using pyrex reaction vessel only. The transition

(zﬂ +2ﬂ ), i.e., light absorbed iﬁ the Eontinuum leads to the
formatioﬁ of ground state chlorine atoms ‘and excited (lD) oxygen
atoms as in réaction (6-2). vBut it has been seén'by many

100-103

workers that radiative life time of the transition

o Iy » o (3p) + hv
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- - 1is very long as compared to the collisonal deactivation by other
"gases. Even 200 torr of argon or nitrogen was enough for the

‘competition. Thus the primary reactions can be followed by

o (lD) + Cl0 - C1(2P) + 02(x3z'g) (6-3)
o)+ M > o (3p) + M (6-4)
o ®p) +c10 » c1 (®p) + 0, (x7r7) (6-5)

g
Reaction (6-3) can be neglected as themhighest level of O; cor-
~responds to only 55 Kcals, whereas levels higher than 14 should
be observed. Also the pressure of argon or'nitrogén used was |
enough to quench the O (lD) to the grouna state. Therefore, it
seems likely that thevoz is formed by reaction (6-5). This can
also be seen from the results obtained in the case of a pyrex
reaction vessél. |
Thus the formaﬁion of O; when Cl0 is flashed has confirmed

the following points.

1) The linear increaée in the amouﬁt of excited oxygen formed
with the increase in the primary photolysis of ClOz.'

2) The formation of excited oxygen in the case of C120 photo-
lysis.; . -

3) This is an addition of another reaction to the type of

reactions postulated by Polanyi,79

A+ BC > ABY +C

where AB* is a vibrationally excited molecule.
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B. Vibrational Energy Distribution in Excited Oxygen

The acéurate measurement of the felative population of
all the'levels of O; observed in the flash photolysis of ClO2
is difficult because every band is, to some extent, overlapped
by the spectruﬁ of Cloé or of Cl0. An additional problem for
the lowér»levels, with the resolution used, is the overlap éf
‘the various O; bands. However, the inténsities of the (3,6),
(5,7) and (0,12) bands were measured by piate photometry and
the relative populations were thained by using the transition
probabilities given by Nicholls.77» Sincé eye estimation of the.
other bands showed that the changeiin population between suc-
cessive le&éis in the rahge v'; =‘5 to'§;' = iﬁaﬁéétSmall and
constant, these measured values for the 6th, 7th, and 12th
levels fairly represent the trend over this-range,u Between'the
13th, 14th and 15th leﬁels the intensity difference was much
more marked and the highest level was barely detectable under
most conditions, |

To obtain the relative rates of productionvof O; into
the 6th, 7th, and 12th levels, the ratios of the measufed con-~
centrations were plotted against time and extrapolated to zero
time delay, as can be seen in fig. (47-a). The results obtained
by this method are compared, in Table XXIII; to those calculated
from the linear extrapolation of the first order decay plots for

each level to zero delays (fig. 48). The difference between

the results obtained by these procedures arises from the more



Figure 47. A plot of the ratios of No 12/N - against time,
- 3 3:0 . "
a) Curves are drawn with the assumption that 02 obeys Beer Lambert's law. ‘
b) Curves are drawn by raising peak height to the power 1.75..

C102:O.25 torr, Argon —200 torr.
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rapid change in the distribution at very‘short delays (fig.

47-a). The first method takes this into account because

‘ *

measurements made at short deléys‘(while the 0, concentration

is still increasing) can also bé used. The extrapolated popu-
lation ratios, therefore, more accurétely represent the initial
disﬁribution. This distribution is seen to be independent of
ClO2 pressure, total pressure and flash energy and is the same
with quartz as well as with pyrex reaction vessels. The same’
results were obtained with light filters of 3100 g,'3400 A or
3700 i cut off wavelength o and the initial distribution

was also unaffected by the presence of Cl, or of C1l,0, though

2 2
these gases had marked effects on the rate of relaxation on
O*

5-

To what extent thié.measuréd initial distribution repre-
sents the relative rates of production of O; into various levels
depends on fhrée factors. The first concerns the experimental
accuracy of the determination itselfl Clearly the steepness
of the curves at short delays and small uncertainty in the def-
inition of zero time preclude high accuracy. 'Probably more

‘ o N |
' .important is nonlinearity in the dependence of 0, concentration

! : *
‘on the plate density when the O2 bands were overlapped by other
spectra. For example the two path method has shown'that under
our experimental conditions, the power 'n' to which the change

in plate density should be raised in the relationship [02] a

(change in plate density)n, lies closer to 1.5 ¥ 0.25 than unity.
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When this nonlinearity is taken intobacc6unt, the average
value for this initial ratio of populations of the levels 12th
to 6th of O; is foﬁnd to be approximately five (fig. 47-b).

The second factor is the possibility of a very rapid
change in the relaxation rate at short delays so that the extra-
polation is not valid. The fact that the linear first order
plot yields lower values for_the-initial popuiation ratios than
the plot of ratios indicates that species other than Cloé and
Cl0 contribute to the relaxation. The oxygen atoms in the early
stage are the only other species present in sufficient concen-
tration and evidence that they are exceptionally efficient will
be preéented in the next section, However, the minimum half
life for oxygen atoms in our system is app;oximately 4 usec, so
that the rate of relaxation would chanée by less than a.factor'
of two. This'change is already reflected in the extrapolation.

‘The third factor and the one whiéﬁ could drastically
change the distribution within a microsecond, is the importanée
of optical pumping. A rather extreme exampole of this is known
in the flash photolysis of cyangen and cyanogen halides.78
In this case the CN rédicallis produced in the zefoth vibra- -
tional level and very rapidly reaches a high degree of vibrational

excitation through absorption of radiation from the photolysis

lamps = 1 - - | 4 o

CN (x%z, v=0) + hv—»CN(B%Z, v=0, 1, 2...)

oN (B, v=0, 1,2...)—> CN (X%1, v=0, 1, 2...)
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These processes are repeated'many fimes énd the excited levels
élso absorb radiation. Convincing evidence that the distri-
bution of O; produced from Cld2 has not been altered by a
similar mechanism is provided by the fact that the same results
are.obtained With quartz énd pyrex reaction vessels and with
3100 £,23400 i and 3700 R light filters. Supporting evidence
has been obtained from similar light filter experiments using

NOé64 as the source of O;, the distribution again being unaffec-

ted.

We conclude that in the reaction of oxygen atoms with
Cldz, the rates of production of.O; ihté the levels v'' =5 to
v'' = 13 are approximately eqﬁal, but with a trend in favour

of the Higher.levels. This t:end appears to be uniform and the
ratio of the rates for successive levels is probably 1.3 + 0.2,
From fhe 1inéar increase in the O;,concentration in various
.levels with flash energy, we conclude that a simiiar distribution
of O; is produced in the reaction of oxygen atoms with C1lO |
radical, although.the direct measurement in this case ié not
‘poséible.due to the very small concentration produced. A
similar coﬁclusion cén be drawn in the case of O; produced when

C120 is flash photolysed, because it has been shown that it is

the reaction of oxygen atoms with ClO which is responsible for

\

* _ ‘
2 - ‘ .
For levels v'' = 15 and 14, no definite conclusion is

the prbduction of O

possible but it seems that the apparent reversal of the trend is,
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at leést in pért, due to the high rate of depopulation of these
levels. If the levels v'' = 12 to v"Aé 15 were;iQitially
equally populated,‘then with stepwise relaxatibn, the appatent
half lives of these 1evels wou1d be appro#imately in the ratio
7:5:3:1. The difference appéars to be sufficient to account
for the relatively .low COncentrations'of the 14th and 15th
lévéls—ébserved.

In this connection, it is interesting to note that
L.N.T.21 also estimated the populations of the 5th, 6th and
7th levels to be equally populated, whereas that of the 8th
level, highest observed by them; was appreciably less.  This
can be'explained by the_faster rate of depopulation of the 8th
level in the absehce of higher le&els; Further evidence for
the importance of the relaxation-in determining the obéerved
relative populations of the highest levels is provided by
the effect of C120. When ClOz'is flashed at high flash ener-
gies in the presence of ClZO, the»rate of relaxation of ali

levels is decreased and the relative concentration of the 15th

: *
level of O2 is significantly increased, as is, to a lesser

*

degree, that of the 14th level, although no 15th level of O2

was observed when C120 was flash photolysed alone.



Table XXIII

Calculation of Relative Populations of Excited Oxygen

Pig?e [cl0,]  Argon  Energy Fiiter~ N, /N3 N 2/N1 | Ny, /NE
torr  torr g A (0,1 1031172 ro1tro31 7> o3t rog1t-7?
40 0.25 200 1060 -~ 1.6 4.7 1.3 3.3 0.66 1.1
34 0.25 75 1060 -- 1.4 3.3 1.1 2.2 0.65 1.1
35 0.1 30 1060 -- ' 1.5 4.7 -- -- - -
30 0.25 500 1060 - l.6 - 4.8 1.6 4.4 0. 9 2.0
25 0.1 30 1060 +.3100 - -- 1.3 4.5 0.68 1.1
152 0.25 200 1060 - 3100 -~ -- 1.9 6.4 0.6 1.0
61 0.25 200 1060 ©3700 - -- 1.7 6.3 0.62: .. 1.0
62% 0.25 200 1060 --3700 -~ -- 1.6 6.3 0.58.. . 0.8
36 0.25 75 1600 - 1.5 . 4.0 1.1 3.2 0.7 - 1.2
27 0.25 200 600 .,  -- - 1.7 4.6 1.7 5.8 1.3 3.5
37 0.1 30 -~ 600 - 1.6 3.7 2.0 5.5 0.7 1.4
26 0.1 150 600 - - 1.9 4.8 - -- - --

29 0.1 500 - 600 -- 1.3 3.8 l.6 5.1 0.8 1.7
25 0.1 30 600 . 3100 -~ -- 1.4 4.9 0.6 1.1
153 0.25 200 600 3100 . == -- 2.0 7.5 1.0 2.5
154 0.1 - 200 600 3100 -~ — 1.9 7.5 0.8 ° 1.54
39 0.25 200 260 So== 1.7 5.2 2,2 7.0 0.7 1.2
38 0.25 75 - 260 L 1.7 3.8 1.7 6.2 0.9 1.9
44 0.25 500 260 -- 2.2 5.9 2.2 7.0 0.9 2.1

164 0.25 200 = 260 3100 -- -- 1.6 6.2 0.7 S 1.1
118 0.25 200 260 3100 -- -- 1.7 5.7 0.6 1.1
119 0.25 75 260 3100 -- -- 1.7 6.0 0.6 1.0
1.650.2 4.4 1.7%0.3 5.7*1.4 o0. 73+o 12 1.4
Note: 2/Nl and N 2/N are values obtained from the plots of ratios of relative
population vs. time. le/NGZ is obtained from the extrapolation of first o
% : . .
order plot of [05]. @
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C. Relaxation of Exci

The relaxation of the levels v'' = 6 and v'' = 12 was
measured for several flash energies, using a pyrex reaction.
vessel and two mm of glass filter A. The results are listed
in Table XXIV. The effect of the addition of C1,0 and C1,
was_aleo studied and is illustrated‘in Tables XXVIITand XIX
respectively.

The decay of-oz was found tovbelfirst order over the
entirepperiod of measurement for the 12th level at all flash
energies and fof the 6th level at high flash energies. At
lower energies, the first order plot for.the 6th level became
linear only after abeut 100 usec,:the'initial rate ofudecay
being appreciably festef.A For all experiments, the reeults
are conveniently,expreseed in terms of half-lives for each
level measurea from_the-linearbfifse order plot given in
Table XXIV. For the 6th level, the initial half-lives, i.e.,

S .
those measured from the time of maximum O2 concentration, are

given in parentheses.

1) ° Low Flash Enerqy
At low flash energies the results for the 6th level are

similar to those reported by L.N.T.21

These results may be
properly compared since their measurements began 150 ﬁsec‘after
the beginning of the photoflash, by Which time the decay was
found to be first order in both'studiee. Again at low flash

energies, the half-lives of both levels are independent of the
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fraction of ClO2 photolysed‘over the small range where the

measurements were possible. This is consistent with the con-

clusion by L.N.T.21 that 'Cl0 and ClO2 have a similar efficiency

*
in the relaxation of 0,. . Since they found only a 10% decrease
in the half-life of the 6th level when the Cl0O, decomposition

was reduced from 90 - 100% to 50%, the rate constant for ClO

and Cl0, may be asSumed to be equal. We find, as did L.'N.T.21

that the effect of the moderating gas is negligible so that
the rate constant k50 for the decayiof 05 may be calculated

as follows.

da ln[O;] S
- ___E;___ = kso{[c102] +.[c1o]}

since the decomposition of Clo, is essentially complete before
the beginning of the half-life period and the decay of ClO is

strictly second order over this period.
d 1n[0}] - c,
- T T kSO[Cl +

dt 1+ ksczt

]

where Cl and C2

pectively at the beginning of the half-life. Thus,

are the concentrations of ClO2 and Cl0 res-

- In(1l + kg C,ot )
keg = Inz [ Cit  + n ]
5
-1

and our results yield'k50(12) = 1.8 x 10°% 1 moZ}I.e—l sec ~ and

kg (6) = 0.87 % 108 1 mole™d sec_l, the latter results being

in good agreement with the value of 1.0 x 10% 1 mole™! sec”?!

21

-1

found by L.N.T. for the relaxation of the 6th level by Cl0.
These decay rate constants canhot; however, be directly

identified with the rate constants for the process
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Table XXIV Co T

Half-Lives for theO;( following the Flash Photolysis~qf;Clew
- Plate [c102] Argon- Energy % Fi%ter ty&(ﬁsec)
no. . torr torr g Photo A 0,12 3,6
0.25 200 26 100 - 7 -
34 0.25 75 1060 100 - . 10 26
40 . 0.25 200 1060 100 - 10 15
35 0.1 30 1060 100 - 13 -
30 0.25 500 1060 100 - 10 28
3  0.25 75 1060 100 - - 20 29
27 0.25 200 600 100 - 15 30
26 0.1 150 600 100 - 20 a1
37 0.1 30 600 100 - 24 -
29 0.1 500 600 100 - 20 29
152 0.25 200 1060 100 A 12 18
155 0.1 200 . 1060 100 A 200 50
153 0.25 ~ 200 600 100 ‘A 18 35
154 0.1 200 600 100 A 20 40
120 0.1 200 600 100 A 35 60
25 0.1 200 600 100 A 36 69
63 0.25 200 1060 90 3400 15 -
61 0.25 200 1060 90 3700 130 380
118 0.25 200 260 80 A 100  650(140)
164  0.25 200 260 80 A 125 675 (100)
119 0.25 200 260 80 a 115 600 (110)
118 0.25 200 160 65 A 320 540
111 0.1 200 160 72 A 280 770
121 0.25 200 160 70 a 244 580
A

110 - - 0.25 200 160 65 250 680

Note: A = glass filter.
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o; (v''=n) + Cl0(C10,) » 05 (v''=n-1) + C10(C10,)

since, if the relaxation.is stepwise,'the presence of the
leveis higher than that followed must be taken into account.
L.N.T.21‘noted that half?lives of levels lower than 6th were
"slightly longer" and those for higher levels "slightly
shorter" than that of the 6th level. On the basis of purely
stepwise relaxation an appreciable difference would have been
expected in the half-lives. If we assume‘that the populations
of the 8th and higher ievels were hegligible at the start of
the half-life there should have been a factor of approximately
three between the half-lives of the 6th and 7th levels. Oh
the same basis, we should have expected our value for the
decay constant for the 6th level to have been lower than that

of L.N.T.21

by a factor of approximately five sirce we find
an essentially equal population of all levels up to the 13th,
Furthermore, the difference between kSO(

12) and k50(6) should
be at least twice thaé observed if, as expeéted; the-true '
relaxation rate for the 12th level is at -least equal to that
for the 6th level.

It appeérs either that relaxatign occurs by a multi-
quantum process or that it ié slow enough for a near resonance

exchange process

* * ' * %
Oy (v =n) + 02(V =m) - 02(v=n-1) + Oz(v = m+1l)

to be competitive.
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2) " High Flash Energies

The rate of relaxation of O; was found to be highly
dependent on flash energy, thevhalf—life of O; decreasing by
a facter of @35 where the energy wes increased over the range
160 to 1060 J; This can be seen}f;em_fig.(SO). This variation
is illustraﬁed for aﬁbinitial ﬁressﬁfe:efeO.ZS torr of ClO2 -
in fig.(sl) where the sharp decrease in the half-life is seen
to occur over the range of energies corresponding to 40 to 60%
primary photolysis.. The other data are presented in Table XXIV.
Also shown in fig. (51), are two theoretlcal curves, the calcu-
lation of which will be dlscussed below. | ‘ |

The rapid relaxation of O2 observed at higher energles

& is clearly due to species other than ClO and C10, or O2 and we

2
propose that the species responsible for the rapid relaxation
are chlorine and oxygen atoms. The complete mechanism following

photolysis is thus

o + clo, . =~ c10 + o; (7)
o + clo > cl + o} (6)
cl + c1o'2 N 2 c10 } (8)
€10(C10,) + 05(v''=n)" = ClO(ClO,) + O,(v''< n) (50)
Cl + OZ(V"sn) > Cl + O;(V"< n) (52)

o + O;(v"=n) o + O;(v"< n) (53)



Figure 49. Rise and Decay of O;. a) Lower levels D) v'-12

Cl0,='0.25 torr, Argon=75 torr, £E=600 J

(@)

. Blank

Before

N.D.
5 usec
33

61¢



Figure 50. Decay of O'; (v":l2) when Cl0, is flashed at high and low flash energiles.
a) Cl0,=0.25 torr, Argon =200 torr, E =1060 J.
b) Clo,= 0.25 torr, Argon=200 torr, E= 260 J.
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Figure 51, A plot of t, of O, (v'=z 12) agalnst percentage primary photolysis of clo,.
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Qualitatively this mechanism predicts the following
sequence of events. At low energies when [ClOZ] > [C10] and
reaction (6) is unimportaﬁt, those chlorine atoms which are
produced react very rapidly with the remaining Cl0, while the
oxygen atoms react even more rapidly, so that neither contri-
butes to the relaxation of O; over the period used for measure-
ments. As the energy incfeases both the total concentration
-ofichlorine atoms produced and their life-times increase.

Their presence begins to have an appreciabie effect on the
relaxation of O;. This can be seen in fig.(48) in that the
early measurements depart from the first order plot of O; .
Above 50% primary photoiysis, the'eonCentration of chlorine
atoms produced in reaetion (6) exceeds that of the clo, remain-
ing and steys essentially constant duriné the relaxation. - This
conceﬁtration thereafter inereases almost:lihearly with energy.

At still higher energies, the oxygen atoms must be
taken into account. At low and moderate enerqies, it.is reason-
able to consider £he production of oxygen atoms by photolysis
and their removal by reaction with C10 and ClO2 to occur at
~comparable rates (th(o)f 3 ﬁeec fof 0.25'torrief ClOz) and the
concentration of oxygen aﬁoms is very low. At very high ener-
gies, a better approximation would be to consider the photolysis
to‘occur virtually instantaneously foilowed by chemical reac-
tions. The total concentration of exygen atoms present during

*
the formation of O, is thus increased, both by virtue of the
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total photolysis and the increase of th_bf oxygen atoms. Undér
these conditions, the half-life of O; is'comparable with that
of oxygen atoms so that [0] >.[C1] during the decay of O; and
reaction (53) is rate determining.

The evidence in favour of this explahation is convincing.
The rate constant for reaction (6) is known to be very high and
the independent evidence for the impbrtance of this reaction in
thé flash photolysis of ClO2 is discussed in connection with the
variation of the apparent extinction coefficient of Cl0 and of
the initial rate of decay of ClO0 with flash energy. Our abso-

lJute values for k7 and k6 calculated»on>this basis are consistent

23 énd, more

with the lower limit values of Clyne and Coxon
important for the present purpose, our value for k7/k6 = 4.4
is in excellent agreement with the value of_4 found by Clyne
and Céxon.23 The fact that the initial rapid decay of ClO at
the highest energies occurs essentially after photolysis is
completéd, also supports the assumption»that, at these energies,
the oxygen atoms ére major cause of'fapidvrelaxation of 0%,
Further evidence can also be seén in that atoms have
been proposed as very fast quenchers. It has been found that
nitrogén'atpms have a very high efficiency for the relaxation
of NZ(A3Z+u) in low levels (v = 0,1), the rate constants foﬁnd

10 1 -1 104-106 9 N
c

to be 3 x 100 1 mole — se and . .3 x 10°.

1 ec—l’107

1 mole = s where for higher levels an upper limit of

3 XIO8 1 mole_l sec_1 has been found.108 Oxygen atoms have
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" also been found to be very efficient for the vibrational relax-
ation of oxygen109 and nitrogen110 although both these systeﬁs
have been studied with shock tubes at very high temperatures.
| The rapid relaxation of O;_by atoms produced from c1éo and Cl0O
and the effect of Cl2 and C120 on the‘relaxation of O;_provide
further evidence for the high efficiency of chlorine and oxygen
atoms. These results obtained from these systems will be
discussed in this chapter.’

Thus the relaxation of O; by atoms may be represented
in terms of a strong interaction; The oxygen atoms may be
forﬁing an 0-02 complex and thus resembllng the ozone molecule,
which_is qguite stable. With chlorine atoms, the C1-0-0 radical
which.has been proposed in the photolysis of C12/02, has been
observed in U.V. spectrum.18 Since both the chlorine and
6xygeh are paramagnetic, their attraction for O; is quite
likely.

The mechanism was also tested quantitatively in the

following manner.

* .
a) Relaxation of O2 by chlorine atoms

The total concentration of chlorine atoms produced for
each percentage primary photolv51s was calculated at intervals
of 10%. For these calculations, the ratio of k7/k6 was taken
to be 4.4 and for each, the calculatien included the effect of
changing clo, and Cl0 concentration as the photolysis and the

oxygen atom reaction proeeeded. The final clo, and Cl0 concen-

tration were thus calculated. For the 0 to 60% photolysis, the



225

rate of ﬁroduction of okygen atoms by phétolysis was assumed
to be sufficiently slow for the oxygen atom to be removed by
reaction with clo, and Cl0 as fast as they are produced. The
calculation was repeated for another extreme assumption, i.e.,
- all oxygen atoms are produced instantaneously and then react.
It can be seen from the Table XXV that there is only a differ-
ence of three to four percent between the two. For 70 to 100%
phétolysis, the latter assﬁmption had to be used to obtain 70%
photolysis and in fact 85% photoiysis was AChieved experimen-
tally, which is further evidenée for the importance of oxygen‘
atoms at the highest energies. The résﬁlts of these calcula-
tions are shown in Table XXV, thé concentration of all épecies

being given as a percentage of the initial ClO2 concentration.

Table XXV

Concentrations of ClOz, Cl0 and Cl Atoms Present After the

Primary Photolysis and Chemical Reactions

.%. _P‘hotlolysiAs [ColOZ] [Cé'l.O] [Col] [C%OZ] [C.}O] [Cal]

| % P % & P
10 80.2 19.5 0.3 ~ 80.2  19.5 0.3
20" 61.3 '37.3 0.4 61.1  37.8 1.1
30 43,7 52.6 3.7 42.8  54.4 2.8
40 - 27.8 64.4 7.8 25.8  68.4 5.8
50 14.7 70.7  14.6 11.0 78.0 11.0
60 5.4 69.2 25.4 0.5  79.0  20.5
70 1.0 . 58.1  40.9 :
80 - 40.0. 60.0
90 -- 20.0 80.0

100 , -- Co-- 100.0
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. . . ,
The half-life of»O2 for the 12th level was calculated

as follows.
"For less than 40% photolvsis, the removal of chlorine
atoms by clo, in the reaction (8) was taken to be psuedo first

order, using average value of ClO2 concentration and our wvalue

of k8 = 5.0 x 109

second orderequation was used. For 60% photolysis, the chlor-

c

ine atom concentration is given by equation (s). The appro-

1 mole-l sec”t. For 50% photolysis, the

priate equations are then

. a v
[c1] = [0]_ - k +.[C1] (s)
o b e”6-at—l )
' !
where a = [Clo]lo - [O]O
b = [Clolo
1
[0]O
For less than 40% photolysis
. K52 kg ty, S
In 2 = ké- (1 -e )+kéotl/2 (t)
‘When theprimary photolysis = 50%,
._}i“s_z_. ve : RN ' . '
;n 2 = k8 lIn (1 + k8 tﬁ) + k50 ty, _ (u)
and if the primary photolysis 2 60%,
: ke.a ty
e o 6T
» .k52 b e -1
ln 2 = k52t|/2([0]o +a+ [C1])) - ;—— InC p _ 1 )W)

6
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where kg, = kSZ[CI]o
1 X
kg = k8[0102]
IR | _
kSO = kSO([CloZ]o + [ClO]O)

The details of the above equations have been discussed

in Appendix 2. » /

~

The results for the trial values of kg, = 5 X 10°

9 1 mole™! sec”! were calculated and listed in Table

and
10 x 10
XXVI. The ty was plotted in fig.(51). The value of 320 usec

was assumed to correspond to the lowest possible energy. A

9 1 -1

value of k = 7 x 10° 1 mole °~ sec is thus obtained from the

52

fit at moderate energies where the effect of oxygen atoms is
unlikely to be important. The value of ke, was calculatedrat

the highest enefgy corresponding to 82% primary phdtolysis»
assuming that oxygeh atoms do not play any part in the relaxation.

10

A value of 2 x 10%0 1 mole™? sec™! was obtained for k.. but this

52
value does not satisfy the experimental plot and was thus re-

jected.

b) Relaxation by oxygen atoms

At the highest energy, when the primary photolysis is
around 85%, the oxygen atoms are in much greater concentration
*

than chlorine atoms. An equation for the relaxation of 0, by

oxygen atoms was derived by assuming that all the ClO2 has been

A
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Table XXVI

Calculated Half~life of O2 at Various % Primary Photolysis of

ClO2 Using Equations (t), (u), (v)

Prim. Photo.‘ , » tvl(lZ,O) jisec
% A B
0 | 320 320
30 | . 240 200
40 165 90
50 50 30
60 38 24
70 30 18
80 o 20 . 13
90 13 10
. 100 11 8
‘Note: A = half-lives are calculated with k., = 5.0 x 107
1 mole~l sec™!;
B = half-lives are calculated with k52 = 10.0 x 109
1 mole~l sec_l.

decomposed by the time (10 ﬁsec) measurements were started. It
has been actually observed that at this time the Cl0, concen-
tration was always <5%. The oxygen atom's concentration wasv

calculated in the same manner as described in Chapter 1V,

section p, i.e. [ClO]o - [Clo]g. The equation obtained (details
as described in Appendix 2) is:

L
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- al10,]
- 3 = k53[0] + k52([Cl]O + [c1]t)
t
....... a - - .
[O] = k.a t
' be 6 -1
-a
[cl1}] = [0o]_ - kK.a t
: © b e 5 -1
k.a t
Lo kea by
In2= a(Xs3 ~ Ksp)(inbe L e
kg ke a (b - 1)

A

+ kSZ[O]otVz + k52[Cl]Ott/l

[c1o0}, - [O];-

p = [C10]
/ .

where a

[01,

Substituting the experimental values of t%, k7,'k6,'k5

: 0
and k52’ the values of k53 obtained are listed in Table XXVII.

10

The average of three experiments is 1.8 t 0.8 x 10 1

mole ! sec”l. Though there is a variation of a factor of two
among the results themselves, considering the measurements of

. *
the half-life of O2 the agreement is not bad. It was found that

e .
an error of 10% in tvl of O2 would make an error of 25% in

- the final value of k53.
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Table XXVII
: *
Rate Constants for Quenching of O2 (0,12) by C1lo0, C102,

Cl and O atoms

Plate [Cl0,] Argon Energy Prim. k x1078 k_.x1072 ko,x10"2
2 50 52 53
no. Photo. -1 -1
torr torr - J % (1 mole secC )
107 .08 75 1060 85 - - 18
152 .25 200 1060 80 = - 10
154 .09 200 600 62 - -— 25
7.0 -
118  0.25 200 160 30 1.6 - -
121 0.1 200 160 30 1.8 — -
110 0.1 200 160 30 2.0 -- —
Average , 1.8%.2 7.0 1 8=7

*

2

3) Effect of Cl1,0 on the Relaxation of O

ClO2 was flashed in the presence of C120 with the ratioé
varied from 1:4 to 1:20. The.total ﬁressure of argon was kept
constant at 200 torr. The flash energies used weré enough to
cause primary phofolysis of clo, from 22 to 85%. A Corning

0-52 filter was used to prevent the photolysis of C120. The
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‘half-life of the 12th level was measured and is listed in
Table XXVIII. The tvzin comparable experiments without Clzo.
are also listed for compafison.v‘The.lbwer levels could nof

be measured due to the C1,0 continuum. The difference in the
behaviour of O; with and without C120 is illustrated in fig.
(52) . |

| It can be seen from Table XXVIII that ty, of 12th level
has been increased dramaticaily Ey}CIZO,'the extent depending
upon its pressure. No‘quantitative‘measufements were.made.but
the results can be explained qualitatively with the hélp of
results described in the case Qf ClO2 aione. It is clear that
Clzo acts as a scavenger for both oxygen and chlorine atoﬁs
and thus helps in decreasing ﬁhe relaxation rate. This éan be
seen from the following example. For‘an initia1 pressure of
0.1 torr of ClO2 and BS%Iprimary photolysis, approximately 70%
of oxygen atoms will react with ClO to give chlorine atoms.

The half-life of oxygen atoms is‘nearly equal to. that of O;.
But in the presence of 0.4 torr of C120 the half-life of oxy-“
gen atoms 1s reduced from 8 tom4 usec and at the same time

only 14% instead of 70% of the oxygen atoms will react with Cl0
‘ 20+ the Half—life

of chlorine atoms is also reduced to 30 to 60 usec, depending

to give chlorine atoms. - In the presence of Cl

upon the pressure of C120.
At low flash energies, the C120, as expected from this

argument, is found to have much less effect.



Figure 52. Rise and Decay of OZ(V": 12) when C10_ is flashed with and without C1,0.

2
a) Cl0,= 0.25 torr, Argon=200 torr, E=1060 J.

b) ClO2 0.25 torr, Cl,0=1.0 torr, Argon =200 torr, E =1060 J.
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Table XXVIII
* N
Comparison of t.h_of 0, (0,12) level With and Without

° .
Cl1l,0 Using 3400 A Filter

2

“Plate [C10,] [c1,0] Energy | Prim.Photo. t ./l(iisec)
- no (107%m) (1078 g B - |
763 13,7 | - 1060 85 15
64  13.7 55.0 1060 . 120
155 5.5 - 1060 85.0 19
65 5.5 22.0 1060 230
66 1.4 27.5 1060 S 250
177 4.0 - 600 140.0 103
177 4.0 44.0 600 236
180 4.7 — 600 40.0 130
180 4.7 36.2 600 ‘ 200
179 4.8 - 260 30 | 206
179 4.8 36.2 260 . 315 3
176 41 -- 260 22 200
176 4.1 1 57.0 260 | 270

v ' *
4) - Effect of Chlorine on the Relaxation of O2

2 and Cl2 (in'the ratios of 1:5 to 1:10)

were flashed using flash energies of 1060, 260 and 160 J. Two

Mixtufes of Cl0

. o
filters, 3700 and 3100 A, were used. The half-life of the 12th
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level was measured and is listed in Table XXIX. For compari-
son t, without Cl,, is also listed in Table XXIX. ‘The differ-
.ence in the behaviour of O; with and without Cl, is illus~-
trated in fig. (53).

It can be seen from Table XXIX that at each flash
energy the half-life is decreased.in the presence of C12; It
also decreases with increase of Cié’pressure at the same energqgy.
The above results can easily be explained with thekhelp of the
previous fesults, i.e., chlorine atoms are efficient in remov-
ing the O;. It is, however, also possible that the effect is
due to the chlorine molecule rather than atoms, since it was
not poésible to vary the chlorine atom concentration at the
same Cl2 pressure without simultaneously changihg the degree
of photolysis of ClO2 which itself chahges the rate of relaxa-
tion 6f O;. An attempt was méde to differentiate between the
éffect due to chlorine atoms and chlorine molecules by varying
the flash energy o?er a 4-fold range using 3700 i filter.
Since the absorption of C1, and ClO2 are in the same region,
the results of these experiments were equivocal, being equally
.well explained by relaxation by. chlorine mdlecu;eswith a rate
constant 6.5 x 10 1 mole L sec™! or by éhidgiﬁénatéms with a
‘rate constant of 2.8 x 102 1 mole ! sec™!. The latter possi-
bility is reasonably consistent with our previous estimate
though-hb.firm conclusion can be drawn until the relaxation of

* : ' :
O, by chlorine has been independently measured, no data on this

has yet been seen in the literature.
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Figure 53. Comparison of Decay of O2 (0,12) level following the flash photolysis of ClO2

iIn the presence and absence of 012.

€10,=0.25 torr, Cl,=2.5 torr, Argon =200 torr, E =260 J, Fllter =Glass filter A.
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Table XXIX

2

Comparison of ty, of O;(O, 12) Level With and Without Cl

.................................

”-Plate [clo,] [c1,] Filter .giigé. Energy | ty{ﬁsec)
.AfQQ' ..... torr torr = B - J-
40  0.25 - - 85 1060 10
46  0.25 2.5 - 85 1060 - 7
61 0.25 = -- 3700 45 1060 130
62 0.25 2.5 3700 45 1060 55
164 0.25 - R 40 260 125
164 0.25 2.5 P 40 260 45
118 0.25 - P 30 160 320
59  0.25 1.25 P 30 160 95
59 0.25 2.5 P 30 160 Aéso

5) Decay of Excited Oxygen in Case of Cl1,0 and Cl0 Photolysis

2

The relaxation of the half-life of 12th level was mea-
sured for four flash energies, using both pYrex and quartz
,réaction vessels. Measurements of lowe£llevels were not

. possible because the continuum of C1

2O was always present. The

results are listed in Table XXX.

No attempf was made to_calcuiate the rate constant of
quenching of O; by various species. Because of the two primary
processes it is difficult to calculate the amount of oxygen and

chlorine atoms formed. The results confirm the theory developed
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from the Clo,,

atoms play the impoftant role in the relaxation of O;). For

C102/C120 systems (i.e., chlorine and oxygen

the same flash energy and pressure;gthe half-life of O; pro-
duced from C120 is greater than that produced from ClOz. This
can be explained as follows.

Firstly, the extincﬁion coefficient of Cl,0 is much
less than the clo, and therefore there isva lower percentage
of primary photolysis and lower concentration of chlorine and
oxygen atoms. Seccndly, the concentration of C120 present
after the primary phofolysis is élwayé_higher than Clozvand the
larger proportion of atoms will react with Cl,0 rather.than
quenching O;, |

- It has also been observed that at théisame.initial

pressure of Cl,0, the half life decreases with increase in

2
the flash energy as can be seen from fig;'(54). The increase
of flash energy will increase the production of atoms and
decrease the C120 concentration and hence increase the rate
"of relaxation Of'OZ.

Inlfhé flésh photolysis of ClO radiéal, only a low con-
,centratioh of O; is formed and the decay waS'fapid. The spec-
~trum was too weak to do any quantitative measﬁrementé;' Quali-
tatively, however, the results support the COnclusién drawn

previously. The.rapid relaxation can be explained by the

presence of chlorine atoms produced in the primary process as
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Figure 54, A first order plot of 0,
'Cl?O: 1.0 torr, Argon = 200 torr, E 1060 J.
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: Table XXX , »
*
Half-Lives for the 02(0,12)Af0110wing the flash photolysis of Cl20.

Plate  R.V. Ic1zo] Argon  Energy ty, (0,12)

.‘_§95.Au' ..... .. torr - . torr J . . (ﬁsec)

5 P 1.0 - 100 800 _ '125

70 P 1.0 200 1060 120

71 2 0.5 200 1060 - 150

3 o 1.0 200 800 17

6 Q 1.0 100 800 15

7 Q 0.5 75 800 | 27

77 Q 0.5 200 600 35

79 Q- 1.0 200 260 35

80 Q 0.5 - 200 260 60

él Q 0.25 | 200 260 85
102 Q

1.0 200 600 38

well as by the chlorine atoms remaining from the first flash
and formed by reaction (6). The chlorine atom concentration
was calculated directly from reactions (6-1) and (6-2) and

that remaining from the first flash taking into account the

" recombination of chlorine atoms found by Linnett and Booth79

29,30 10 3 mole™t sec™?

and Bader and Ogryzlo. Taking 1.8 x 10
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and 7 x 10°

1 mole ! sec”! for kg5 and kg, respectively; and the
'conceﬁtrations of atoms found above, the half-life for the 12th
level was found to be between 5 to 20 ﬁsec, depending upon the
initial ClO2 pressure and ClO concentration before the auxiliary
flash. The experimental value forAthe total life time was

found to vary from 20 to 60 msec and thus the agreement is

quite good.



CHAPTER VII

CONCLUSION

The flash photolysis of ClO2 at room temperature and

. ’ A . o
with radiation of 2800 to 3700 A has been investigated. The
following reactions have been shown to occur and to account

completely for all observations.

ClO2 + hv+>Cl0 + O

x _ 10 1 -1
0 + Cl0, » Cl0 + O, (v''< 15) k, = 3.1 x 10771 mole “sec ~
O+ Cl0 ~ C1 + O;(V"ﬁ 14) k6 = 7 x 109 1 mole-'lsec—1
2 Cl0 > Cl, + O, kg = 2.7 X 107 1 mole ! sec”?
Cl0(C10,)+ OX(v''=12)+ ClO0(Cl0.,)+0% (v''<12)
2 2V 2792 1

kSO =2 x 10% 1 mole-l.secv

ClO(C102)+O;(v"=6)+ €10(C10,) +0} (v' ' <6)

kgy = 0.8 108 1 mole lsec
Cl + Oz(v"=12)* Cl +-O;(v"<l2) k52 = 7 X lO9 1 mole-lsec-1
Ccl + o;(v"=6) + Cl + o;(v"<6) kgp = 2> 10° 1 mole ! sec?
0 + 03(v''=12)> 0 + 03(v''<12)  kgy = 2 x 100 1 mole”! sec”!
O+ 05(v'' = 6) >0+ 05(v''<6) kgy=93% 10° 1 mole™t sech,

. The mechanism differs from the mechanism originally pro-
posed by the addition of reactions 6, 52 and 53 and by the
omission of reactions involving ClO3 and C1203vénd it.extends.
earlier work by the measurements of the rate constants k7, k6,

k52, k53 and kso(v"=12). A further important differencé

between the present study and previous work is the demonstration

©
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that the energy of highest vibrational level of d; produced in
reactions 7 and 6 is that corresponding to the exothermicity
of thé reactions (59, 55 Kcals) rather than to v'' = 8 (34
Kcals).

Measurements of the relative values for k7 for the
levels v'' = 5 to v'' = 13 have shown that these are approxi-
mately equal. Unless there is a discontinuity in the values

for k., for the levels v'' = 0 to v'' = 5, it follows that the

7
major part of the energy of the reaction appears initially in

the form of vibrational excitation of 0,.

are explained

. The exceptionally high values of k and k

52 53
by the strong interaction between Cl and O atoms and O; which
may lead to the transient formation of the intermediates C1-0-0
and 0-0-0. | " |
The flash photolysis of C120 and the chlorine and bromine

photosensitised decompbsition of C1,0 have been studied. The

2

rate constants for all the reactions involved have been measured.

C120 + hv - Cl0 + Cl

Cl

5t hv - 2 C1 o -
Br2 + hv - 2 Br ’
€l + cl,0 » Clo + Cl, kyg = 4.1 x 108 1 mole ! sec”?!
Br + C1,0 » BrCl + ClO kys = 6.1 x 108 1 mole™! sec”!
clo + 1,0 ~» clo, + Cl, Ky = 2.6 X ;05 1 mole ! sec”?
€10 + CL,0 » CL+Cl, + 0,  ky = 6.5 x 10° 1 mole”! sec™!
€10 + Clo > ClL, + O, kg = 2.9 x 107 1 mole™! sec”?!
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The Valués obtained for rate constants k20 and k21 are-

higher by factor 3 and 10 than those previously reported, while .

the value for k19 agrees with the value previously given as a
lower limit. Reaction 25 is of interest in that the alterna-
tive reaction

Br + C12O + BrO + C1l

2
does not occur.

The quantum yield for the photolysis and chlorine photo-

sensitised decomposition of C120 has been measured and found to

agree with that predicted from the values of the rate constants

found.
The flash photolysis of mixtures of C120 and ClO2 has

been used to measure the value of the rate constant

35

0+ Cl,0 » 2clo k.. = 5.3 x 102 .1 mole lsec”

and it has been shown that the alternative reaction

o+ Cle > O2 + C1

2

- does not occur to a measurable extent. A significant new
result of thé study of C120 ié the observation that O; is pro-
duced byvreaction 6 following the secondary photolysis of ClO.

The rate constants for the reactions

cl + Cl0 9

5.0 x 102 1 mole ! sec

2

- 2 Clo k8

Br + ClOo, » BrO + C10

2 k

9 1 mole™?! sec

16 7.2 x 10

-1
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have been measured by flash photolysing mixtures of Cl2 and

Br2 with ClOé. It has been established that neither of the
reactions
Cl + Cl_O2 - Cl2 + O2 (12)
Br + Clo, - BrCl + O, _ (14)

are significant. This contradicts previous results (obtained
by a flow technique) in which the absence of BrO as an:obser-
vable product of reaction 16 and the presence of electronically
excited BrCl lead to the proposal that reaétion 14 predominated.
The extinction coefficient of BrO radical has been measured and
using this Value and the measured rate of decay}of BrO pro-

duced by flashing Br2/02 and Bré/ClO mixtures, absolute rate

2

constants for the reactions of BrO with BrO and ClO0 have been

measured:
BrO + Cl0 » BrCl + 0, k, = 1.5x10° 1 mole ! sec™?
BrO + BrO =+ Br, + O, kqg = 1.3x102 1 mole t sec”!

Reaction 40 could explain the production of Brc1”

(3n$

v £ 8). Another interesting feature of these reactions

is that their rate constants are so much higher than k5.
k5 itself is interesting in that there appears to be
two mechanisms for the reaction. The values previously obtained
by flash photolysis of C102, C120 and of C12/O2 mixtures 1ie
in the raﬁge 1.9 to 8.3 x 107 l,mole—l.sec—l. .These values

‘have been measured and the reaction also studied using c120/c1oé
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and C12/C120 as sources of ClO. The same value has been ob-

tained from all systems and is independent of total pressure

7 1

in the range 75 to 200 torr. The value of 1.4 x 10" 1 mole”
_sec—l obtained at low (1 to 4 torr) pressure by a fast flow
technique appears to be reliable and the mechanism at these

pressures involves the formation of peroxy radical

2 Clo > Cl00 + C1

Cl + Cl00 ~ Cl2 + 02

The possible involvement of a commbn intermediate
(ClO)2 is discussed.

The overall mechanism for the bromine photosensitised
decomposition of ClO2 appears to be complex with evidence that
a very rapid recombination of Br atoms OCCurs;in;thé;pfééénée
of Cin, possibly due to the formation of ClOz;Br complex;

A new technique has been developed whereby the products
of flash photolysis can themselves be flash photolysed. This
techniéue-has been applied to the Cl0 radical and has contri-
buted significantly to the conclusionsireached on reactions

6, 52 and 53.



BIBLIOGRAPHY

:
Lol



(1)
(2)

(3)

(4)
(5)
(6)
(7)
(8)
(9)

- (10)

(11)

(12)
(13)

(14)
(15)

(16)

(17)

(18)

v 246

G. Porter. Proc. Roy. Soc., A200, 284 (1950).

G. Porter. Technique of Organic Chemistry, edited by
A. Weissberger, 2nd ed., vol. 8, part 2, Chapter
19, Interscience, New York (1963).

G. Porter, Chapter 5; B.A. Thrush, Chapter 6; A.B.
Callear, Chapter 7. Photochemistry and Reaction
Kine_tics, edited by P.G. Ashmore, F.S. Dainton
and T.M. Sudgen. Cambridge University Press (1967).

R.G. W. Norrish. Proc. Chem. Soc., 247 (1958).

R.G. W. Norrish. Chemistry in Britain, 289, July (1965).

R.G. W. Norrish. Proc. Roy. Soc.,-A301, 1(1967).

R.G. W. Norrish and B.A. Thrush. Qﬁart. Revs., 10, 149
(1956) .

A.B. Callear. Applied Optics, 145 (1965) .

" F.H.C. Edgecombe, R.G.W., Norrish and B.A. Thrush. Chem.

Soc. Special Publication, 9, 121 (1957).

Bondenstein, Padelt and Schumacher. Z. Phys. Chem., B5,
209 (1929). v

R.G. W, Norrish and G.H.J. Neville. J.‘Chem. Soc.,
1804 (1934). :

W.D. McGrath and R.G.W. Norrish. 2. Phys. Chem., 15,
245 (1958). '

W.D. McGrath and R.G.W. Norrish. Proc. Roy. Soc., A254,
317 (1960).

G. Porter. Discuss. Faraday Soc., 9, 60 (1950).

G. Porter and F.J. erght.' Dlscuss._Faraday Soc., li,

23 (1953).
R.A. Durie and D.A. Ramsay. Can. J. Phys., 36, 35(1958).

S.W. Benson and K.H. Anderson. J. Chem. Phys., 31, 1082
(1959) . ‘“' :

E.D. Mdrris, Jr, and H.S. Johnston. J. Am, Chem. Soci},
90, 1918 (1968). |



(19)

(20)
(21)
(22)
(23)
(24)
(25)

(26)
(27)

(28)

(29)

(30)

(31)
(32)

(33)

(34)
(35)

(36)

247
J.E. Nicholas and R.G.W. Norrish.. Proc. Roy. Soc., A307,
391 (1968). ' ‘

F.J. Lipscomb, R.G.W. Norrish and G. Portef; Nature,

F.J. Lipscomb, R.G.W. Norrish and B.A. Thrush. Proc.
Roy. Soc., A233, 455 (1956).

F.H.C. Edgecombe, R.G.W. Norrish and B.A. Thrush. .Proc.
- Roy. Soc., A243, 24 (1957).

M.A.A. Clyne and J.A. Coxon. Trans. Faraday Soc., 62,
1175 (1966). ‘ :

M.A.A. Clyne and J.A. Coxon. Trans. Faraday Soc{;fég,
2175 (1966) . : _ s

M.A.A. Clyne and J.A. Coxon. Proc. Roy. Soc., A303,
: 207 (1968). ' ,

S.W. Benson and J.H. Buss. - J. Chem. Phys., 27, 1382 (1957).

G. Burns and R.G.W. Norrish. Proc. Roy. Soc., A271, 289
(1963) .

F. Kaufman, N:U.lGerri and D.A. Pascale. J. Chem. Phys.,
24, 32 (1956). : :

L.W. Bader and E.A. Ogryzlo. Nature, Lond., 201, 491
(1964) .

L.W. Bader and E.A. Ogryzlo. J. Chem. Phys., 41, 2926
(1964) . : T

Present work.

M.I. Christie, R.S. Roy and B.A. Thrush. Trans. Faraday
Soc., 55, 1139 (1959). ’

H.J. Schumacher and G. Steiger. 2. Phys. Chem., B7,

363 (1930).
H. Booth and E.J. Bowen. J. Chem. Soc., 127, 510(1925).

J.W.T. Spinks and H. Taube. J. Am. Chem. Soc., 59,
1155 (1937). : -

C.F. Goodeve and C.P. Stein. Trans. Faraday Soc., 25,
738 (1929).



248

(37) W. Finkelnberg and H.J. Schumacher. Z. Phys. Chem.,
Erganzungsband, p.704 (1931). '

(38) - J.W.T. Spinks and J.M. Porter. J. Am. Chem. Soc., 56,
264 (1934). -
(39) C.F. Goodeve and F.D. Rlchardson. Trans. Faraday Soc.,
© 33, 453 (1937).

(40) E.T. Mchale and G.V. Elbe. J. Am. Chem. Soc., 89, 2795
; | (1967) . —

(41) E.T. Mchale and G.V. Elbe. J. Phys. Chem., 72, 1849
, (1968) . T

(42) H.J. Schumacher. Trans. Elektrochem. Soc., 71, 409 (1937).
(43) J.W.T. Spinks. Chem. Revs., 26, 129 (1940).
(44) M.A.A. Clyne and J.A. Coxon. Chem. Comm., 285 (1966) .

(45) M.A.A. Clyne and J.A. Coxon. Proc. Roy. Soc., A298,
424 (1967). :

(46) E.J. Bowen. J. Chem.,Soc., 123, 2328 (1923).

(47) M. Bodenstein and G. Klstlakowsky, Z. Phys. Chem., Bl2,
: 93 (1931). ' : .

(48) C.F. Goodeve and J.I. Wallace. Trans. Faraday Soc., 26,
254 (1930). ‘

(49) H.J. Schumacher and C. Wagner. 2. Phys. Chem., B20,
375 (1933). : '

(50) W. Finkelnberg, H.J. Schumacher and G. Stelger. 'Z. Phys.
Chem., B15, 127 (1932).

(51) H.J. Schumacher and R.V. Towned.” 2. Phys. Chem., B20,
' 375 (1933). ‘ . : - L

(52) C.N. Hinshelwood and C.R. Prichard. J. Chem. Soc., 123,
1841 (1924). - -

(53) C.N. Hinshelwood and J. Hughs. J. Chem. Soc., 125, 1841:
(1924).

(54) A.G. Brown and J.W.T. Spinks.' Can. J. Research, 15B,
113 . (1937). '

(55) J.D. McKinley, D. Garwin and M.J. Boudart. J. Chem. Phys.,
23, 784 (1955).



249

(56) N. Basco and R.G.W. Norrish. Can. J. Chem., 38, 1769
(1960) . )

(57) N. Basco and R.S.D. Morse. Unpublished results.

(58) - W.D. McGrath and R.G.W. Norrish. Proc. Roy. Soc., A242,
265 (1957). -

(59) N. Basco and R.G.W. Norrish. Proc. Roy. Soc., A260,
293 (1960)L_

(60) K.K. Yee. Ph.D. Thesis.
(61) Corning Glass Works, Bulletin CF-1, Corning, New York.

(62) J.G. Calvert and J.N. Pitts. Photochemistry, John Wiley
and Sons Inc., Table 7-12, page 748 (1966).

(63) R.G.W. Norrish, G. Porter and B.A. Thrush. Proc. Roy.
' Soc., A216, 165 (1953). _ o

(64) R.S.D. Morse. M.Sc. Thesis.

(65) R.I. Derby and W.S. Hutchinson. Inorganic.Synthesis,
vol. 4, p.152, McGraw-Hill Book Company.

(66) G.H. Cady. Inorganic Synthesis, vol. 5, p. 156, McGraw-
Hill Book Company. ' : S

(67) F.R. King and J.R. Partingon. J..Chem.'Soc.,'129, 925
o (1926) . o

(68) Handbook of Chemistry and fhysics, 49th ed., p.D-112
- (1968) . ‘

(69) S.W. Benson and A.E. Axworthy. J. Chem. Phys., 26,
T 1718 (1956). :

'(70) W.M. Jones and N. Davidson. Abstracts of the papers,
135th Meeting of Am. Chem. Soc., p.37-R (1959).

(71) Gas phase reaction kinetics of neutral oxygen species,
N.S.R.D.S.-N.B.S. 20, p.42, edited by H.S. Johnston,
September (1968). ' SRR S

(72) F. Kaufman, Table 4, p.20, Progress in Reaction
Kinetics, vol. I, edited by G. Porter, Pergamon
Press, 1961. ' '

(73) G.G. Freeman and L.F. Phillips. J. Phys. Chem., 72,
' 3025, 1968.



(74)
(75)

(76)
(77)

v(78)
(79)
(80)

(81)
(82)

(83)
(84)

(85)
(86)

(87)

(88)
(89)

"(90)
(91)

- (92)

‘ | 250

D Hussain and R.G. W Norrlsh Proc. R0y.'Soc.,'A273,
165 (1962). | -

1

. . | .
G.A. Oldershaw and R.G.W. Norrish. Proc. Roy. Soc.,
" 'A249, 498 (1958). o ‘

|
J.C. Polanyi. J. Chem.Phys., 31, 1338 (1959).

G.R. Hebert and R.W. NlChOllS. Proc. Phys. Soc., 78,
1024 (1961). .

N. Basco, J.E. Nicholas, R.G.W. Norrish and W.H.J.
Vickers. Proc. Roy. Soc., A272, 147 (1963).

J.W. Linnet and M.H. Booth. Nature, Lond., 199, 1181
(1963) . S S

R.J. Donovan and D. Hussaln. Trans. Faraday’Soc., 62,
2643 (1966) '

H. Niki and B. Weinstock. J. Chem. Phys., 47, 3249 (1967).

R.L Strong, J.C.W. Chein, P.E. Graf and J.E. Willard.
J. Chem. Phys., 26, 1287 (1957). .

G. Burns. Can. J. Chem., 46, 3229 (1968).

M.I. Christie, R.S. Roy and B.A. Thrush. Trans. Faraday
Soc., 55, 1139 (1959).

G. Burns and D.F. Horing. Can. J. Chem., 38, 1702 (1960).

M.R. Basila and R.L. Strong. J. Phys. Chem., 67, 521
(1963) . ‘ ’

G; Porter, Z.G. Szabo and M.G. Townsend. Proc. Roy. Soc.,
~A270, 493 (1962).

T.C. Clark and M.A.A. ClYne.' Chem.‘Cdmm., 10, 287 (1966) .

M.A.A. Clyne and B.A. Thrush. Trans Faraday Soc., 57,
1305 (1961). :

F. Kaufman. Proc. Roy. Soc., A247, 123 (1958).

N. Basco and A.E. Pearson. Trans. Faraday Soc., 63,
2684 (1967).

N. Basco and R.G.W. Norrish. Discuss. Faraday Soc., 33,
99 (1962). '



251
:(93Y J.K. Cashionland J.C. Pbianyi. J. Chem. Phys.,'29, 455
- (1958) . ‘ :

(94) J.K. Cashion and J.C. Polanyi. J. Chem. Phys., §g,;
- 1097 (1959). ’ .

(95) F. Kaufman and J.R. Kaslo. J. Chem. Phys., 28, 510 (1958).
(96) K. Dressler. J. Chem. Phys., 30, 1621 (1959); |

(97) B.A. Thrush. 7th International Symp031um on Combustlon,

243 (1959). : i
(98) M.G. Evans and M. Polanyi. Ttans. Féraday Soc., 35,
178 (1939).
(Sﬂ) jbhquTbM/ ﬂhﬂdxd'd—vawu&bﬁgczdiAy& - AMO G@% ﬁx
9 % -, 1969

(100) H. Yamazaki and R.J. Cvetanovic. .J. Chem. Phys., gg,
1902 (1963). S

(101) H. Yamazaki and R.J. Cvetanovic. J. Chem. Phys., 40,
' 582 (1964). : :

(102) D.R. Snelling and E.J. Bair. J. Chem. Phys., 47, 228
(1967) . :

-(103) M. Clerc, A. Reiffsteck and B. Le51gn1. J. Chem. Phys.
50 3721, (1969)

(104) R.A. Young. Can. J. Chen., 44, 1171 (1966).

(105) R.A. Young and G.A. St. John. J. Chem. Phys., 48, 895
S (1968) . - T

(106) K.L. Wray. J. Chem. Phys., 44, 623 (1966).
(107) . B.A. Thrush. J. Chem. Phys., 47, 3691 (1967).

(108) M.P. Weinreb and G.G. Manhélla. J. Chem. Phys.,’§g,
3129 (1969). ‘ _ T

- (109) J.H. Keifer and R.W. Lutz. 11lth International Symposium
on Combusion, 67 (1967).

(110) WwW.D. Breshears and P.F. Bird. J. Chem. Phys., 48, 4768
(1968) . : '



APPENDICES



253

APPENDIX T

Quantum Yield of C120 Decomposition by C10

After the photolytic flash and the reaction of chlorine

atoms w1th C120 the reactions taking place in this system are

Clo + Cl0 - Cl, + O, (5)
clo + c120.+ c1o2 + elz : (20)
clo + c;zo > Cl +Cl, + O, (21)
Cl + C1,0 =~ clo + c1, : (19)

and the decay of Cl0 and C120 can be written as **

~d[c1o] 2 |
e = kg[Cl0]° + k,,[Cl0][C1,0]
_Z-i['_Cl_-’:i = k.,.[Cl0][C1.,0] +-2k [c10] [¢1 0]
It 20 2 | 21 2
(k,g + 2 k,y) [ClO][C1,0]

—

Dividing the two equations

2 _ o _ .
d[ClZO] (k20 + 2 k21)[C10]IC120]- k20+2k21 k20+ 2k21_[C120]
Let x = [Cl0]

y = [Clzo]
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= a and - = b
k + 2k k

So the above equation becomes

dx - N
dy

.or .
Cax
dy

which is a standard form of the equation of type
4= - Ply)x = Q(y)
where P(y) = -— and Q(y) = a

The solution of the above equation is

X = ‘c yb + %:%

where c = constant of integration

when [Cl0] = O0,. [C120] = [ClZO]O°
i.e. X = 01 Yy = y
Yooa ' .- a‘ :‘

and ¢ = - =

(1-b) y P  (-ny >t

..oa yb . y a yva b~1
therefore x = —5=1 " = — [( b4 )

(b-1)y,_ (b-1) :b-1 Yoo
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If x =X, Y=Y, | [c10] = [C10]

[C120]= [C120]o

X - _ '
°o . (¥ )Pt -1
Yo b-1 Yo
Yy c X4 ’ _ '=
or (—2)°= - — +1 [b-1 = c]
: Yo a vy,
P4 1l/c
Yo . 1+ < =2 /
or - a vy
_ V. o
v. X _
Yo L (14 g2)TVE
Y
Yo o
Yo = o - Yo e %o )-l/c
=(l+5§_
Yo To
Ay, X5 -
1 -2 = (1+-§§3)l/c
Yo : o
X
‘ : : c "o ,-1/c
Ay, = A[CIZO]OO' = Yo[l— (l+a'§—o-) ]
AfC1,01, 1,01 - ' a + £ [c10l, _j/c
¢=___——— = — ._ a.___.._
[c1o] [c1o], _ [c1,01,
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APPENDIX II

Chlorine. Atom Concentration

a) For less than 40% photolysis, the removal of chlorine

atoms by C102, reaction (8), was taken as psuedo first order

[C1] + clo, + 2clo | | (8)

Thus the chlorine atoms concentration can be given as

_ d[c1]
at

= kg[ClOZ][Cl] = k8 [Cl]‘

]
where k8 = k8[C102] '
: --k8 t
[Cl] = [Cl]o e

b) For 50% primary photolysié, the second order equation was
used because the amount of chlorine atoms produced will be
nearly same as [C102] left. So the chlorine atom

drcil ' . 2 _
- ST - kg[C1][C10,] = kg[C1] [c1] = [cl0,]

concentration can be represented in termsfof'ClO2
~[C1] : [Ccl0,]

[c1] = (e} - ‘ 2°0

' 1+ k8[C1]ot‘ 1+ k8[C102]ot

~

c) For > 60% photolysis, the'chlorine atom produced by
reaction (6) |

0o+ cClo » 0, +cCl A | (6)

2

. is given by
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‘dfe1] __dlol k¢ [0] [C10]

dt dt

since the decay of chlorine atoms in the absence of ClO2 is
negligible over the period concerned. The other assumption -
involved is that by the time the ﬁeasurements were sta;ted,
ClO2 has been decomposed and the oxygen atom concentration

|
.can be calculated as described in Chapter IV-3A, i.e.,

[ol, = [cloj, - [clol;

Also, at the time of measurements (10 usec), some of
the oxygen atoms must have been reacted with ClO0 to give
chlorine atoms. This can be calculated from fig.(12) as

'follows:
P :
[cil, = [ol, - [0l

‘where [Olé = concentration of oxygen atoms at 10 usec and

this can be determined as

. ] ]
[ol, [c10]l,, - [c1o01’,
Now  [clo] = [clol;, - ([0]L - [o]) = [c10] ,-[0}] + O]
: _dlol  _ | Craq!
therefore —g;— = k6[0].([CIO]J_0 [O]o + [0] )
o
[0] = k6 at
b e =1
- [c10],4, | !
where b = ; : and a = [ClO]lo - [0]O
(0], '
- 1 . a
and [Cl] = [0]o - Y
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Thus the total concentration of chlorine atoms is
a
k. at
be 6 -1

/
[c1] = [c1], + [0l -

s .
" Relaxation of O2

Neglecting the effect of oxygeﬁ atoms, the relaxation
: s

. * :
of O, can be represented as

dl1ln o;]
5 = ksz[c;] + kgo (IC10] + [C10,1)

a) For < 40% photolysis,

_ . dlln 0] . kg t -
T = k52[C1]O:e + kso([C].O] + [C102])
-k! t
_ ' . 8 ]
= k52 e + k50
. 1) _ g ] _ . |
where k52 = k52[Cl]0 and_ k50 = kso([CIO] + [C102])A
k. ko t
or - ln[O;] = —?g e 8 + kegy t + C
kg
T ko *
whep t =0, [02] [0210
o : k!
or - ln[O;] = - 22 + C -
(o] kl
8
. 1 §
. * kg
or c = -ln[02] + —=
(o] 1]
: k
[0%] ° Ko k!
) X - t
therefore 1n 270 = 52 (1 - e 8 } + k..t
| [03] kg >0
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* _ 1 *
k! -k, £
52 g “V '
_1n2=—]-<'—(1=e 7)+k_50t|/2
8 ‘ :
b) For 50% photolysis,
* . . - _ |
~d[1n0J] [cl0,]1 .
T T at T sz T [C10.] k.t ¥ ¥s0
: 2°'0°8
when t = 0, [O;] = [O;]o
: - * 1 *
and also t_ = ti, ., _[02] = > [02]
3y | '
therefore 1n 2 = . In(l + [ClO2]o k8t71) + k50 t‘&‘

8

¢) For 2 60% photolysis,

d[lno;] oy . a '
T Tw kgp(ICLl, + (0], - Koat ) + kg
b e =1
*: / v keat
—1n[02] = k52([Cl]o + [O]O)t - k52a[ln(b e ~1)-t]
: k6a
e
+ k50 t + ¢
3 ’ . * _
: ln(b—l)_k
or ¢ = - 1n[0;] 4 —_— 52
. O
and also when t = t,, , [0%] = & [0F]
nvasowen = \/2, 2_-—2 210
. - k., a t
B { - kgy pe O /2y
In 2 = kg, ([C1]_ + [0] )ty - == In( )
- > kg b -1
1 R
+ t;/la k52 + kso t‘/l



' 4 ' .
= kg, [Cll, + [0], + a Ity - == In(

* Keo tyy

" Relaxation of O; by oxygen atoms

*
The equation for relaxation of O2 by oxygen atoms was

"derived in the similar manner as that derived for ¢hlorine
atoms when photolysis 2 60%. . The rate of relaxatiQn of O;

is given by

_d[anS]’
- —= = k.,[0] + k.,[C1]
at 53° 52
‘ B o o _
The term k can be neglected, being very small.
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Substituting the values of dxygen'and chlorine atoms

~d[1n03] @ | R /- a__
- — = Kgq k., at + k.,[ [C1]_ + [0O)_ - k.at ]
at T U583 T 6 %t ) T Ts2 o © pe® -1

a’ /

= (kg3 ~ Kgp)l g *+ kgp([Cllg + [0])

| be - k_a ti
: 1 be® éﬁl '
or 1n 2 = (k53 - kg,) —Eg [ 1In b - 1 -Qa»tﬁ]

4 ’
+ k52([Cl?o + [O]o)t\/l



