
THE PENNSYLVANIA
 
STATE UNIVERSITY
 

IONOSPHERIC RESEARCH
 

Scientific Report 462 

THE PHOTOLYSIS OF CHLORINE IN THE
 

PRESENCE OF OZONE, NITRIC OXIDE AND
 
NITROGEN DIOXIDE
 

by 

Wanee Wongdontri Stuper 

August, 1979 

The research reported in this document has been supported 
by the National Aeronautics and Space Administration under 
Grant No. NGL-39-009-O03. 

IONOSPHERE RESEARCH LABORATORY
 

4 N
W -- 58853 )1 THE-PHOTOLYSIS Op.tCHt010 E V79-28827 

-~iq ARAD*ITHX"PBESZ14GE'OE-;0OZrlNf, 
, lROGEN DIOXID E (PenDsyr2afnl ,%t:ate -,Univ. .f 
182 p-HCA9/1EAQ-1 G3/46 31674px-CC OA 3 , 6 Uca 

University Park, Pennsylvania
 



SECURITY CLASSIFICATION OF THIS PAGE (When Die,, Entered) 

REPORT DOCUMENTATION PAGE READ INSTRUCTIONS 
BEFORE COMPLETING FORM 

1. REPORT NUMBER 2. GOVT ACCESSION NO. 3 RECIPIENT'S CATALOG NUMBER 

462 7 
4. TITLE (and Subtitle) 5. TYPE OF REPORT & PERIOD COVERED 

The Photolysis of Chlorine in the Presence Scientific Report 462
 
of Ozone, Nitric Oxide and Nitrogen Dioxide
 

6. PERFORMING ORG. REPORT NUMBER 

PSU-IRL-SCI-462
 
7. AUTHOR(.) 8. CONTRACT OR GRANT NUMBER(s) 

Wanee Wongdontri Stuper NASA IRL MD 5947
 

39-009-003
 
ELEMENT. PROJECT, TASKNAME AND 10.9. PERFORMING ORGANIZATION ADDRESS PROGRAM 

AREA & WORK UNIT NUMBERS 

National Aeronautics and Space Administration
 

Washington, D. C. 20546
 

12. REPORT DATE11. CONTROLLING OFFICE NAME AND ADDRESS 

August, 1979
 
13. NUMBER OF PAGES 

177
 
14. MONITORING AGENCY NAME & ADDRESS(II differnt from Cont Office) 15. SECURITY CLASS. (of this Tort) 

NONE
 

ISa. DECLASSIFICATION/DOWNGRADING 

SCHEDULE
 

16. DISTRIBUTION STATEMENT (of this Report) 

Supporting Agencies
 

17. DISTRIBUTION STATEMENT (of the abstract entered In Block 20, If different from Report) 

IS. SUPPLEMENTARY NOTES 

19. KEY WORDS (Continue on reverse side lInecesr and Identify by block number) 

Chemical Aeronomy
 

20. ABSTRACT (Continue on reverse side If necasaty"and Identify by block number) 

The following three systems were investigated: the C12-03 system, the
 

C12-02-NO system and the C12-N02-M system. In the first system, the reaction
 

between C10 and 03, the reaction between 0C10 and 03, and the mechanism of the
 

C12-03 system were studied. In the second system, the reaction between C100
 

and NO was investigated. In the last system, the reaction between Cl and N02
 

was investigated as well as the kinetics of the chemiluminescence of the
 

Cl-N02-03 reaction.
 
In the first system, C12 was photolyzed at 366 nm in the presence of 03
 

FORM ~vDD I JAN 73 1473 EDITION OF I NOV 65 ISOBSOLETE 
S/N 0102-014-6601 1
 

SECURITY CLASSIFICATION bF THIS PAGE (When Dais E.r1d) 



.LLIJtRITY CLASSIFICATION OF THIS PAGE(I"hn, Dto jntarod)' 

within the temperature range 254-2970 K. 03 was removed with quantum yields
 
of 5.8 ± 0.5, 4.0 ± 0.3, 2.9 ± 0.3 and 1.9 ± 0.2 at 297, 283, 273, and.252 0K
 
respectively, invariant to changes in the initial 03 or C12 concentration, the
 
extent of conversion or the absorbed intensity, Ia The addition of nitrogen
. 

had no effect on -(D{031. The C12 removal quantum yields were 0.11 ± 0.02 at
 
297 0K for 012 conversions of about 30%, much higher than expected from mass
 
balance considerations based on the initial quantum yield of 0.089 ± 0.013 for
 
0C10 formation at 297 0 K. The final chlorine-containing product was C1207. It 
was produced at least in part through the formation of 0CI0 as an intermediate 
which was also observed with an initial quantum yield of i{0C10} = 2.5 x 103 

exp{-(3025 ± 625)/T} independent of [03) or Ia . The addition of nitrogen and
 
oxygen had no effect on the values of 'iOC00 and -4'{C12}.
 

The results showed that 0C10 was formed by C10 radical combination as in
 
reaction 23c.
 

2C10 + C100 + C1 23a
 
+C12 + 02 23b
 

0C10 + Cl 23c
 

The relative importance of the channels for reaction 23 at 296 0K are the
 
following: k2 3a/k23 = 0.63; k23b/k23 = 0.34; k23c/k23 = 0.032. Also, k23c/
 

23b = 2.5 x 109 exp[-(3025 ± 625)/T].
 
The rate coefficient for the reaction of OC10 with 03 was studied by a
 

direct mixing method and by the photolysis method.
 
0C10 + 03 + Products 26
 

The temperature dependence of k26 was studied in the temperature ra 264

297 0K. However, at temperatures below 2970K, the quilibrium reaction 29 com
licated the kinetics.
 

C10 + 0C10 + M C1203 29,-29
 
Thus the temperature dependence of k26 obtained from the photolysis method
 
could only be evaluated from the steady state values of 0C10. The recommended
 
value for k26 is 2.3 x 0-12 exp[-(473Q ± 630)/T] cm3sec -I .
 

The upper limit for the rate coefficient of the reaction between CI0
 
3 - I
and 03 was found to be less than 1 x 10-18 cm sec .
 

CI0 +'03 + Products 25 
The low values of k25 and k26 indicate that reaction 25 and 26 are probably not 
important in atmospheric chemistry. 

-In the second system, the reactions of CI00 with NO were studied by -the
 
hotolysis of C12 in the presence of NO and 02 with or without added'N 2 using
 

steady state photolysis. C100 is formed by the reversible reaction
 
C1+ 02 + M t Cl00 + M 31,-31
 

The results indicate that C100 reacts with NO via two channels:
 
CIO0 + NO N02 + CIO 20a
 

+ CIN0 + 02 20b 

The ratio k20b/k2Oa was found to be 11.0 ± 2.2. The atmospherically important
 
- 32 6 -1
values k20a K31,_31 = 1.5 ± 0.6) x 10 cm sec and k20b K31,_31 = 

-
(1.6 ± 1.0) x 10-31 cmsec 1 were evaluated at 298 0K. From the results, it can
 

be concluded that reactions 20a and 20b are probably not important in the
 

-Stratosphere.
 

In the third system, C12 was photolyzed at 366 nm and 219-2730K in the
 
presence of NO2 with added N2 or 02. The reaction mixture was bled contin
uously to a stream of ozonized oxygen from which chemiluminescence was observed
 
during photolysis or shortly thereafter. The dark decay of-the chemilumines

-I .
 
cence was first order with a decay constant of 46.1 exp[-(2000 ± 300)/T] sec
 
During the irradiation the initial relative quantym yield of the chemilumines
cence, qVel{IK was independent of the absorbed intensity, the total pressure,
 
the C12 pressure, and the diluent gas (N2 or 02). It incieased with the N02
 

SECURITY CLASSIFICATION OF THIS PAGEW~hO Dft. Enered) 



.LL1IJQtITY CLASSIFICATIONOF TH IS PAGE(Whan Dal. I~njarod) 

pressure at 2730K, but was independent of the N02-pressure at 238 or 2190K.
 
The observed chemiluminescence was due to the reaction between an inter

mediate N204CI and 03.
 
N204 CI + 03 > Products + hv (red) 43
 

N204C1 was formed by the following reactions:
 
Cl + N02 + M+ ClONO + M 22a
 

ClN02 + M 22b
 
ClONO -N02 + M + N204Cl + M 40 

The formation of N204C1 required that the major product of reaction 22 was 
CIONO rather than CIN02 . The upper limit for the rate coefficient of reaction 

3 l
40 is 1 x 10-16 cm sec . Therefore, reaction 40 is too slow to compete with
 
the atmospheric photolysis of ClON0. Thus, reaction 40 is not important in
 
atmospheric chemistry.
 

NONE
 
SECURITY CLASSIFICATION OF THIS PAGE(Y/han Data Ent.t.d) 



PSU-IRL-SCT-462 

Classification Number: 1.9.2
 

Scientific Report 462
 

The Photolysis of Chlorine in thePresence
 
of Ozone, Nitric Oxide and Nitrogen Dioxide
 

by
 

Wanee Wongdontri Stuper
 

August, 1979
 

The research reported in this document has been supported by the
 
National Aeronautics and Space Administration under Grant No.
 
NGL-39-009-003. 

Submitted by: kZ A k 4A-
P. Heickleh, Professor
 

Chemistry
 

Approved by: 
* Nisbet, Director 

,,oa--4no phere Research Laboratory 

Ionosphere Research Laboratory
 

The Pennsylvania State University
 

University Park, Pennsylvania 16802
 



ABSTRACT
 

The following three systems were investigated: the Cl2-03
 

system, the C12-02-NO syqtem and the Cl2-N02-M system. In the
 

first system, the reaction between C10 and 03, the reaction between
 

OC10 and 03, and the mechanism of the Cl2-O3 system were studied.
 

In the second system, the reaction between C100 and NO was investi

gated. In the last system, the reaction between Cl and NO2 was
 

investigated as well as the kinetics of the chemiluminescence of
 

the Cl-N02-03 reaction.
 

In the first system, C12 was photolyzed at 366 nm in the presence 

of 03 within the temperature range 254-2970 K. 03 was removed with 

quantum yields of 5.8 ± 0.5, 4.0 ± 0.3, 2.9 ± 0.3 and 1.9 ±,0.2 at 

297, 283, 273, and 252 0K respectively, invariant to changes in the 

initial 03 or C12 concentration, the extent of conversion or the 

absorbed intensity, I . The addition of nitrogen had no effect on 

-${03. The Cl2 removal quantum yields were 0.11 ± 0.02 at 297 0K for 

C12 conversions of about 30%, much higher than expected from mass 

balance considerations based on the initial quantum yield of 0.089 ± 

0.013 for OC10 formation at 297 0K. The final chlorine-containing
 

product was Cl 207. It was produced at least in part through the
 

formation of OC10 as an intermediate which was also observed with an
 

initial quantum yield of i{OClO} = 2.5 x 103 exp{-(3025 i 625)/T}
 

independent of [03] or Ia- The addition of nitrogen and oxygen had no
 

effect on the values of 1.{OCIOI and - f{Cl2}.
I 
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The results showed that OC10 was formed by C10 radical
 

combination as in reaction 23c.
 

2C0 o C100 + Cl 23a
 

+0 12 + 02 23b
 

4-OC10 + Cl 23c
 

The relative importance of the channels for reaction 23 at 2960K are
 

the following: k23 a/k23 = 0.63; k23b/k23 = 0.34; k23c/k23 = 0.032. 

Also, k23 /k23b = 2.5 x 103 exp[-(3025 + 625)/T].
 

The rate coefficient for the reaction of OC10 with 03 was studied
 

by a direct mixing method and by the photolysis method.
 

OC10 + 03 + Products 26 

The temperature dependence of k26 was studied in the temperature
 

range 264-2970 K. However, at temperatures below 297 0K, the equilibrium'
 

reaction 29 complicated the kinetics.
 

CIO + OC10 + M 1 C1203 29, -29
 

Thus the temperature dependence of k26 obtained from the photolysis
 

method could only be evaluated from the steady state values of OC10.
 

-
The recommended value for k26 is 2.3 x 10 12 exp[-(4730 + 630)/T]
 

3 -1
 
cm sec 

The upper limit for the rate coefficient of the reaction between
 

-1 8 I
C10 and 03 was found to be less than 1 x 10 cm3sec-


CIO + 03 Products 
 25 
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The low values of k25 and k26 indicate that reaction 25 and 26 are
 

probably not important in atmospheric chemistry.
 

In the second system, the reactions of C100 with NO were
 

studied by the photolysis of 0l2 in the presence of NO and 02 with
 

or without added N2 using steady state photolysis. C100 is formed
 

by the reversible reaction
 

C1+ 02 + M * CI00 + M 31, -31
 

The results indicate that C100 reacts with NO via two channels:
 

C100 + NO + NO2 + CIO 20a 

+ CiNO + 02 20b 

The ratio k20b/k20a was found to be 11.0 + 2.2. The atmospherically 

important values k20a K31,-31 = (1.5 + 0.6) x 10-3 2 cm6sec and 

-3 1k20b K31 ,_31 = (1.6 + 1.0) x 10 cm6sec were evaluated at 2980 K.
 

From the results, it can be concluded that reactions 20a and 20b
 

are probably not important in the stratosphere.
 

In the third system, C12 was photolyzed at 366 nm and 219-2730K
 

in the presence of NO2 with added N2 or 02. The reaction mixture was
 

bled continuously to a stream of ozonized oxygen from which chemilum-

inescence was observed during photolysis or shortly thereafter. The
 

dark decay of the chemiluminescence was first order with a decay
 
-l 

constant of 46.1 exp[-(2000 + 300)/T] sec During the irradiatioh 

the initial relative quantym yield of the chemiluminescence,
 

rel
 
ilIII was independent of the absorbed intensity, the total pressure,
 

the Cl2 pressure, and the diluent gas (N2 or 02). It increased with
 



V 

the NO2 pressure at 2730 K, but was independent of the NO2 pressure
 

at 238 or 2190 K.
 

The observed chemiluminescence was due to the reaction between
 

an intermediate N204C1 and 03.
 

N204Cl + 03 > Products + hv (red) 43
 

N204Cl was formed by the following reactions:
 

C1 + NO2 + M ClONO + M 22a
 

-*CNO2 + M 22b
 

CIONO + NO2 + M - N204Cl + M 40
 

The formation of N204 C1 required that the major product of reaction 22
 

was ClONO rather than CINO2. The upper limit for the rate coefficient
 

-1 6 of reaction 40 is 1 x 10 cm3sec . Therefore, reaction 40is too
 

slow to compete with the atmospheric photolysis of ClONO. Thus,
 

reaction 40 is not important in atmospheric chemistry.
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Chapter 1
 

INTRODUCTION
 

A. The Role of Stratospheric Ozone
 

One of the most important goals in the study of upper atmospheric
 

chemistry is to be able to determine the effect of pollutants on
 

the ozone content. Ozone is one of the most important constituents
 

of the earth's atmosphere because it absorbs solar radiation between
 

220 and 320 nm (I). It therefore provides a shield against the
 

harmful ultraviolet radiation for man (2) and at the same time is an
 

energy source for the stratosphere and mesosphere. The depletion
 

of the stratospheric ozone concentration may have both biological
 

(2,3) and climatological effects (4). Because of the thinner ozone
 

shield, more harmful ultraviolet radiation may reach the ground. This
 

could lead to an increase in the incidence of skin cancer. There are
 

quite a few catalytic cycles capable of influencing the stratospheric
 

ozone concentration. In this thesis, only chlorine, oxides of
 

chlorine, and oxides of nitrogen will be considered. The reactions
 

recently studied in this laboratory and their atmospheric implications
 

will also be discussed.
 

B. The Role of C10 in the Atmosphere
 

Gas-phase chlorine forms a number of different species in the 

atmosphere. The most common ones are HC, Cl, C00, 0010, C100, and 

Cl2 The suf of all of these species will be defined as C0x . The 

sources of C10x are from both natural and anthropogenic origins. At 



2
 

the ground level, the natural sources of HCl and Cl are volcanic

2
 

explosion (5,6) and sea salt spray (7,8). The anthropogenic sources
 

are halogenated hydrocarbons used as solvents, herbicide sprays,
 

aerosol propellants, and refrigerants. It is known that chlorine
 

can cause plant damage. The chlorinated compounds are known to
 

attack the liver (1) and some of them are also carcinogenic.
 

Recently Rowland and Molina (9-12) have pointed out the
 

possibility that the commonly used chlorofluoromethanes might
 

adversely affect the stratospheric ozone concentration. Two of the
 

most important compounds are CFCI3 and CF2 C12, used primarily as
 

aerosol propellants and refrigerants. Because of chemical inertness,
 

their lifetimes in the troposphere (0-15 km) may be as long as
 

40-150 years (9). They seem to have no sinks in the troposphere.
 

Their lifetimes are controlled by diffusion into the stratosphere
 

(15-50 km) where they can be photodissociated by ultraviolet light
 

(9). The photodissociation of chlorofluoromethanes releases chlorine
 

atoms which can catalytically destroy stratospheric ozone. Wofsy
 

et al. (13) predicted that the concentration of ozone could be reduced
 

by an amount as large as 3% by 1980. This estimation was based on
 

the 10% increasing rate of CFCI3 and CF2 CI2 consdimption per year.
 

It is worthwhile to note that the production of both CFC 3 and
 

CF2C 2 were ceased at the beginning of this year (1979). According
 

to Cicerone et al. (14), the effect of CI0 on stratospheric ozone
 

would still remain significant for several decades.
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C. The-Role of NO in the Atmosphere
 

The common NOx constituents are NO, NOV NO3, N205 and hydro

genated compounds such as HNO3 and HNO2. 'Of these oxides, only NO 

and NO2 are important man-made pollutants (1). In the troposphere, 

the natural source of NO is mainly biological activity in thex 

earth's surface. The major man-made NO sources are from motor
 

vehicles and fuel combustion (1). It is known that oxides of
 

nitrogen have harmful effects on materials, vegetation, and animal
 

and human lives.
 

Nitrogen oxides are also one of the potential ozone destroyers
 

through their catalytic cycle reactions with ozone and atomic
 

oxygen. The important sources for stratospheric NO are the oxidation
 

reaction between N 0 and O( D) (15-19), and the ionization and

2
 

dissociation of N2 following absorption of cosmic rays (20-22).
 

Crutzen (23) and Johnston (24) have done extensive work on the NO
 

cycle. The ozone destruction efficiency of the NO catalytic cycle

is known to be less than that of the C1Ox cycle. However, it is
 

difficult to accurately predict the effect of the catalytic cycles
 

in stratospheric ozone chemistry. This is because of the uncertainties
 

in the actual concentration of the species involved, the possible
 

heterogeneous reactions, and finally the possible interconnecting
 

of the catalytic cycles.
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D. Reactions of NO and CIO in the Stratosphere
 

The reactions in the stratosphere are mainly the reactions
 

between the minor constituents and ozone. Ozone concentration
 

reaches a maximum at the altitudes of 20-25 km. General reviews
 

on the stratospheric ozone reactions were made by Crutzen (25)
 

and Nicolet (26). Only the reactions of ozone with the NOx and
 

CO cycles will be discussed here. Chapman (27) proposed that
x 


-ozone is produced in the upper atmosphere by the reactions:
 

02 + hV (<240 nm) + 20(3) 

O(3P) + 02 +M 03 + M 2 

Ozone is destroyed by
 

03 + hV (<310 nm) 02 + 0 3
 

3 2
0 + 0 3 2024
 

The electronic states of the products in 03 photodissociation depend
 

on the absorbed wavelength of the solar radiation. The more
 

important ozone destroying reactions are those catalytic cycles
 

involving NO (23,24) and C1O (9-12).
 

The NOx cycle involves NO and NO2 as catalysts for the
 

combination of ozone and atomic oxygern through the following pair of
 

reactions:
 

NO + 03 - N02 + 02 .5
 

NO2 + 0(3P) -)- NO + 02 6
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03 + 0(3P) 202 net reaction
 

10
The rate coefficient for.reaction 5 is (2.34 +,0.23).x - 12 

exp[-(1450 + 50)/T] cm3sec (28-32). At 2980K, the rate coef

- 3ficient for reaction 6 is (9.1 + 0.2) x 10 12 cm sec-1 (33-35). The
 

major sink for NOx in the stratosphere appears to be the formation
 

of HN03 via the following reaction:
 

NO2 + OH + M +HNO 3 + M
 

HNO3 may photodissociate to give OH and NO2 as major products. HN03
 

can be removed from the stratosphere by its downward transport into
 

the troposphere where it will be rapidly removed by rain.
 

The-problem with chlorine species begins after the chlorine
 

containing compounds diffuse upward through the troposphere into the
 

stratosphere. Chlorine atoms are released by the photodissociation
 

of these chlorine containing compounds upon absorbing the ultraviolet
 

radiation. The photodissociation occurs mainly at 175-220 nm. The
 

solar radiation between 180 and 240 rim is weakly absorbed by 02 and
 

03 (1), and therefore it can penetrate all the way down to 20 km.
 

The dominant photochemical processes are
 

CFCl3 + hV (<226 nm) - CFCl2 + Cl 8 

CF2CI2 + hv (<215 nm) -CF2Cl + Cl 
 9
 

The quantum yields of b6th reactions 8 and 9 are unity as reported-by
 

Marsh and Heicklen (36), Jayanty et al. (37), and Milstein and
 

Rowland (38).
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When a chlorine atom is generated it reacts immediately with
 

stratospheric ozone as in the following sets of reactions
 

(9,29,39,40).
 

+ 02
Cl.+ 0 3 0CI0 10 

0 +0'( 3 P) + Cl + 02 11 

.03 + O(3P)+20 2 net reaction 

The rate coefficients forreactions 10 and 11 at 298
0K are 1.2 x 10-11
 

3 -1 i-ii 3 -i
 
cm sec (41) and 5.3 x'10 cm sec (42) respectively. The result
 

of reaction 10 is the production of chlorine monoxide, C10, which
 

in turn reacts readily with oxygen atoms in reaction 11 to regenerate
 

the chain carrier. The net result of this cycle is that C1 and C10
 

catalyze the combination of ozone and atomic oxygen.
 

The chain is interrupted by reactions which convert Cl to 1CU
 

(9-12). For example:
 

Cl + CH4 + HC1 + CH3 12
 

C1 + H2 HC1 + H 13 

C1 + HO2 -- HC1 + 02 14 

C1 + H202 - HCI + H02 15 

Chlorine atoms are removed from the chain reaction until HC reacts
 

with OH or (1D) atoms to release Cl once again. The chain is
 

terminated when the long-lived species such as HC1 reach the
 

troposphere by downward diffusion. They are presumably removed from
 

the atmosphere by rain in a relatively short time.
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There are several other reactions affecting chlorine species
 

such as the presence of NO and NO below 35 km (39). At this

2
 

altitude NO and NO2 compete effectively with oxygen atoms for C10
 

as in reaction 16 and 17 below.
 

C10 + NO - C1 + NO2 16
 

C10+110 + M lCONO2 + M 17
 

The rate coefficients of reactions 16 and 17 at 29,80K are
 

repciey18x1-11 3 -1 -31 6 -1
respectively 1.8 x- cm sec (43,44) and 1.5 x 10 cm sec,
 

for M = N2 (45,46).
 

To estimate the importance of reaction 16, the three catalytic 

cycles which are the pure CIO x cycle, the pure NO x cycle, and the 

mixed C10x-NOx cycle, must be-considered. The pure CIOx cycle 

consists of reactions 10 and 11, and the pure NO cycle consists 
X 

of reactions 5 and 6 as mentioned previously. The mixed C10 -NO
 
x x 

cycle actually consists of two cycles, cycle A where there is no net 

-change in the odd oxygen 
-

[03, O(
3
P), and cycle B where two odd 

oxygen are destroyed. Cycles A and B consist of the following set

reactions: 

Cycle A:
 

Cl + 03 CIO + 02 
 10
 

C10 + NO *C1 + NO2 
 16
 

NO +hV NO+ 0 18
 

0 + hv -*0 + 0 net reaction
 
3 - 2 



8
 

Cycle B: 

C1 + 03 ) CIO + 02 10 

01 + NO2
CIO + NO C 16
 

NO2 + O(3P) + NO + 02 6 

03 + O(3P) -+202 net reaction 

The significance of reaction 16 is that it converts NO to NO2 .
 

Reaction 16 also connects the CIO cycle to the NO cycle.
x S 

Above 35 km, the rate of reaction 11 is expected to be higher 

than the rate of reaction 16. Hence the pure C10x cycle is expected 

to be more effective than the mixed CO -NO cycle. At lower altitudesS x 

(<35 km), the rate of reaction 16 is faster than that of reaction 11
 

due to the low concentration of oxygen atoms. Hence the contribution
 

to ozone loss by the pure C10 cycle decreases because of the existence
x 

of the mixed CO -NO cycle.
x S 

Reaction 17 is a termination reaction for both the C10 and NO
x x 

cycles. Birks et al. (46) and Rowland et al. (47) found that CIONO2
 

is quite stable in the gas phase and is unreactive towards NO, NO2
 

or HCI. The reaction of ClONO2 with 03 is an order of magnitude
 

slower than the photolysis rate of CIONO2 (46). The average
 

phatolysis time for CIONO2 is about 4.5 hours (47). The products of
 

the photolysis are not known. However, the products are assumed to
 

be C10 and NO2 for modeling calculations. The presence of CIONO2
 

in the stratosphere reduces the concentration of C10 and at the same
 

time ties up NO2 into an inactive form until it photodissociates.
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Since C1ON02 is only significant in the lower stratosphere (15-35 km),
 

it is expected to affect the NO cycle more than the C10 cycle.
 

This is because the former cycle occurs mainly in the lower strato

sphere, whereas the latter cycle occurs mainly in the upper strato

sphere.
 

Another species which became of interest recently is chlorine
 

nitrite, ClONO. Jesson et al. (48) suggested that ClONO might be
 

important in the atmosphere. ClONO may be formed in the stratosphere
 

by the following reaction:
 

10 + NO + M - ClONO + M 19
 

The third order rate of reaction 19 is quite slow because of the low
 

total pressure, M, in the stratosphere. Therefore, there is not
 

likely to be any significant amount of ClONO produced in the strato

sphere. Molina dnd Molina (49) recently obtained the absorption
 

cross section of ClONO. They concluded that ClONO would be readily
 

photodissociated and would not be important in the atmosphere.
 

The chemistry of Cl0 strongly depends on the concentrations 

of other species such as NO and HO . It is clear that in order toIC x 

accurately predict the effectiveness of the C10x and NOx catalytic
 

cycles on the stratospheric ozone, more quantitative determinations
 

of stratospheric trace gases are needed. There is also a critical

need for the rate coefficients of the reactions interconnecting the
 

catalytic cycles as well as the understanding of the reactions of
 

higher chlorine oxides.
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E. This Work
 

The three systems studied here were:
 

. C12- 3 system
 

2. C12-02-NO system
 

3. CI2-NO2-M system, where M is N2 or 02'
 

The main purposes for studying the first system were to investigate 

the mechanism of this system, to estimate the rate coefficients of 

the reaction between C10 and 03 as well as the reaction between OC10 

and 0 . In the second system, the purpose was to obtain the rate 

coefficient of the reaction between ClO0 and NO and also estimate its 

possible importance in the atmosphere. The purpose for investigating 

the third system was to study the chemiluminescent reaction of Cl
 

atoms with NO2 and 03 and the mechanism of the reaction of CI atoms
 

with NO The details of previous works done in each reaction will
 

be discussed individually in the following sections.
 

E.1. The Cl -0 System
 

An understanding of the Cl2 photocatalytic decomposition of
 

ozone is of relevance to the understanding of the atmospheric C10
 

cycle. This system was extensively investigated 30 to 40 years ago
 

(50-59). However, the details of the mechanism remain obscure.
 

Davidson and Williams (60) have recently-studied the C12-03 system
 

by measuring the stable products. The only product observed was
 

Cl20 However, it seems that a satisfactory explanation for the
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formation of Cl207 has not been reached. It is apparent that more
 

work should be dona to clarify the mechanism of this system.
 

E.2. The Reactions of C10 with 03
 

Even if the reaction of C10 with 03 is relatively slow, it is of
 

potential importance in determining the effect of the CIO on
 
x 

stratospheric ozone. Very little information is available concerning
 

this reaction. There were two independent studies by Clyne et al.
 

(61) and Birks et al. (46), both using a discharge flow system with
 

mass spectrometric detection of CIO. Clyne et al. have obtained an
 

upper iimit for the rate coefficient of 5 x 10-1 5 cm3sec- and
 

-14 
Birks et al. have found the value of 5 x 10 cm3sec- . Lin et al.
 

(62), using a steady state photolysis study of the Cl2703 system,
 

reported the upper limit to be 1 x 10 cm sec This work intends
 

to resolve this discrepancy.
 

E.3. The Reaction of OCIO with 03
 

The kinetics of the reaction of OC10 with 0 had never
 
3
 

been studied directly before our work was initiated. It is unlikely
 

that this reaction would be of much importance in the atmosphere.
 

This is because OC10 would probably be readily photodissociated.
 

Nevertheless it seemed appropriate to obtain the rate coefficient
 

of this reaction. The rate of the reaction between OC10 and 03 can
 

then be compared with the photodissociation rate of OC10.
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E.4. The Reactions of C100 with NO
 

The assumption that reactions of C100 radicals with other
 

atmospheric constituents are unimportant is probably correct for
 

most of the middle and upper stratosphere. The reasons for the
 

low densities of C100 radicals at that altitude are the relatively
 

high temperature and low 02 densities. However, in the lower
 

stratosphere at altitudes between 15 and 20 km; significant
 

concentrations of C100 may be present. The CO0 radicals may
 

participate in the reactions with other atmospheric constituents
 

if the rate coefficieints are large enough.
 

C100 radicals may react with nitric oxide, NO. This is possible
 

because the concentration of NO is quite significant. The reaction
 

between CO0 and NO has not been considered or studied previously.
 

C100 + NO C10 + NO2 20a
 

+ CINO + 02 20b 

We estimate that this reaction could compete with reaction 10 if
 

-
 1cm3sec-1
the rate coefficient, k20 , is 1 x 10 


C + 03 ClO0 + 02 10
 

- "
 
'Also reaction 20 can compete with reaction 21 if k20 is 1 x 10 12
 

3 -1
 
cm see
 

HO2 + NO HO + NO2
 21 
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,Thus a measurement of the rate coefficient for reaction 20 seems
 

important.
 

E.5. 	The Mechanism of Cl-NO -M Reactions and the Kinetic
 

Study of the Chemiluminescence in the Cl-NO -O System
 

Chlorine atoms are known to add readily to NO2 It was
 

commonly assumed that the only product of the reaction is nitryl
 

chloride, ClNO2 (63,64). However there is another possible channel
 

for this reaction, that is, the production of.chlorine nitrite,
 

ClONO.
 

C1 + NO2 + M CINO2 + M 	 22a
 

+ CIONO + M 	 22b 

CIONO 	is known to be a rather unstable compound. It rapidly
 

undergoes isomerization to form the more stable ClNO2 via hetero

geneous processes (49). Niki et al. (65), using a Fourier transform
 

spectrometric method, recently observed that both CINO2 and ClONO
 

were 	the products in the photolysis of C12-NO2 mixtures. -The
 

observed yield of CIONO was 80%. They suggested that Cl adds to
 

the 0 	atom rather than the N atom of the-NO2 molecule.
 

Jesson 	et al. (48) suggested that CIONO might be important in
 

the chemistry of stratospheric chlorine. Molina and Molina (49)
 

recently obtained its ultraviolet absorption cross section. They
 

concluded that its lifetime against photodissociation in the
 

atmosphere is two to three minutes. Thus it is unlikely that ClONO
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would play any significant role in the stratosphere. It is never

theless important that the mechanism of the Cl-NO2 reaction be
 

reinvestigated.
 

A strong emission in the red was observed when the photolyzed 

mixtures of C12-N02-M were mixed with a stream of ozonized oxygen.-

Presumably an unstable intermediate, which was formed from the 

reaction of Cl with NO02, reacts with 03 in the chemiluminescent 

reaction. It was of interest to investigate this chemilurminescent 

reaction in the CI-N02 -03 system. 
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Chapter 2
 

THE C12-03 SYSTEM: THE REACTIONS OF ClO AND OClO WITH 03
 

A. Experimental
 

A.l. Materials and Their Purification
 

All gases except OClO, azomethane, and 03 were supplied,by
 

Matheson Gas Products. The C12 (Matheson high purity research
 

grade, 99.96% purity) was first degassed at -196 0 C and then
 

purified by distillation from -130*C to -1600C.- At -1960C, the
 

color of the purified solid was yellow with no trace of white
 

color. Several experiments were run in which prior to distillation,
 

Cl2 was slowly passed through a glass column packed with KOH
 

pellets. This was.to insure that the C12 was free from any HCl
 

impurities. The KOH treatment was stopped after it was found that
 

the experimental results were not influenced by this procedure.
 

The purified C12 was stored in the dark at room temperature.
 

Chlorine dioxide, OClO, was prepared from a procedure by King
 

and Partington (66) with some slight modifications. Purified C12
 

was slowly passed over a U-shape Pyrex tube, packed with glass
 

beads and dry AgClO3 (K and K Laboratories). The U-tube was submerged
 

at a bath kept at 80 + 100 C. The product was condensed in.another
 

U-tube at -196 0 C and the noncondensable product (02) was discarded.
 

OC1O was separated from the excess Cl2 by distillation from -130'C
 

to -1600 C and then further purified by distillation from -60'C to
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-196oC. 0C10 is a red-orange liquid at -230 C and a canary yellow 

solid at -196oC. OC10 was stored in the dark at liquid N2
 

temperature.
 

Ozone was prepared from oxygen by the following method. A
 

Tesla coil was used to subject low pressure oxygen (<12 Torr) to
 

an electrical discharge. The ozone produced was collected in a
 

U-tube trap maintained at -1960C. The noncondensable gas was
 

discarded. The ozone was purified by distillation from -186 0 C
 

to -196°C. It was stored in the dark at liquid N2 temperature.
 

Azomethane, CH3N2CH3, was prepared from a procedure described
 

by Renaud and Leitch (67) with some modifications. Ten .grams of
 

sym-dimethylhydrazine dihydrochloride (AKdrich Chemical Company)
 

were dissolved in 30 cm3 of water made basic with 2 g NaOH. The
 

3
mixture was then added dropwise while stirring to 100 cm of water
 

containing 30 g of HgO (yellow form). N2 gas was bubbled through
 

this mixture while the reaction was carried out. Water was removed
 

from the evolved gases by passing them through a CaCl2 trap. The
 

azomethane was collected in a liquid N2 trap and was purified by
 

distillation from -900C to -1300C. It was stored in the dark at
 

.room -temperature.
 

For the distillations, only the middle fraction of the gases
 

was collected. The first and last fraction were discarded. The
 

,chlorine dioxide, ozone and azomethane were degassed at -196oC
 

immediately before use.
 

The 02 and N2 were Matheson C.P. grade and were used without
 

further purification. It was observed by Jayanty (68) that the
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experimental results were not influenced by whether the 02 (>500
 

Torr) was passed through a liquid N2 trap to remove any condensable
 

gases. This was also the case for high pressure N2 (>500 Torr)
 

under our experimental conditions.
 

A.2. The Vacuum Line
 

All experiments were carried out in a conventional mercury-free
 

high vacuum line utilizing Teflon stopcocks fitted with Viton "0"
 

rings. A pressure of less than 1 mTorr was achieved by pumping
 

continuously through a Welch Duo Seal Model 1402 mechanic pump in
 

conjunction with an oil diffusion pump. Pressure was measured by a
 

Veeco thermocouple gauge Model TG-7 with a vacuum-gauge tube Model
 

DV-IM and an alphatron vacuum gauge (NRC 820). Pressures below
 

30 Torr were measured'by a silicone oil manometer (704 Dow Coming
 

Oil). Pressures less than 0.8 Torr were obtained by expansion.
 

High pressures (>30 Torr) were measured by an alphatron vacuum gauge
 

-calibrated with an oil manometer. A diagram of the vacuum line is
 

given in Figure 1.
 

A.3. Reaction Vessels and Radiation Source
 

The reaction vessel was a cylindrical quartz cell 10 cm long
 

and 5 cm in diameter. This cell was enclosed in a Styrofoam box
 

which served as an insulator for low-temperature experiments. The
 

Styrofoam box and the detection system were enclosed in a dark metal
 

box. This box was used to prevent room light from interfering with
 

the measurements. The Styrofoam box contained three evacuated double
 



Figure 1. Vacuum Line for the C12-0 3 System H 
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wall quartz windows. The window perpendicular to and centered
 

along the reaction vessel allowed passage of the photolysis beam.
 

The other two windows centered on the ends of the reaction cell
 

served as access for the analysis beam and detection system. An
 

evacuated double wall quartz window was actually a cylindrical
 

Pyrex cell 5 cm long and 5 cm in diameter with a quartz window
 

on each end of the cylindrical Pyrex cell. This cell was evacuated
 

before being used to prevent condensation at low temperature.
 

A diagram of this arrangement is given in Figure 2.
 

The temperature inside the Styrofoam box was lowered by passing
 

nitrogen gas through a copper coil immersed in liquid nitrogen and
 

flushing this cold gas through the box. The temperature was measured
 

with two iron - constantan thermocouples attached to the reaction
 

vessel. The positions of the thermocouples were carefully chosen
 

to avoid being directly cooled by the blowing of the cold nitrogen
 

gas or directly heated by the photolysis beam.. The thermocouple
 

potential was measured with a precision potentiometer made by the
 

Rubicon Company of Philadelphia, Pennsylvania. The temperature was.
 

manually controlled by changing the flow rate of the nitrogen.
 

The photolysis source was a high pressure Hanovia.Hg arc lamp,
 

200 watts (Type 202-1003). The 366 nm line was obtained by passing
 

the beam through a Coming filter (CS 7-37) prior to entering the
 

reaction cell. A diagram of the reaction cell and the radiation
 

system is shown in Figure 2.
 

http:Hanovia.Hg


Figure 2. Reaction Cell and Radiation Source for the C12 -03 System
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A.4. Product Analysis System
 

The absorption of the reaction mixture was monitored at 400 nm
 

as a function of irradiation time using the dual beam spectra

photometer. The 400 rn line was obtained by passing the radiation
 

from a 300-watt tungsten lamp through a Corning filter (CS 7-59).
 

Before entering the reaction cell the analysis beam was modulated
 

using a PAR model 125 chopper. The chopper consisted of a chopping
 

wheel with 16 slots and 16 mirrors. This provided a modulating
 

frequency of 667 Hz. When the analysis beam impinged upon a slot,
 

the beam was allowed to pass through the reaction vessel and was
 

focused on a RCA 935 phototube. When the beam impinged upon a
 

mirror, it was reflected and focused on to the second RCA 935
 

phototube without passing through the reaction vessel. Hence the
 

outputs from the two phototubes were 90* out of phase. The outputs
 

were then electronically added and introduced to a lock-in amplifier
 

(PAR model 121).
 

Before photolysis,. the positions of the two phototubes were
 

adjusted so that both tubes received equal amounts of light from
 

the analysis lamp. The signal from the phototubes, before entering
 

the lock-in amplifier could be finely tuned by-using a phase/amplitude
 

adjustor. The circuit for the phase/amplitude adjustor is shown in
 

Appendix I. The square wave, 667 Hz, from the chopper served as.a
 

reference signal to the lock-in amplifier. Any input signals other
 

than 667 Hz were eliminated by the lock-in amplifier. The change
 

in absorption caused by either the intermediate species or the
 

products initiated by the photolysis unbalances the -outputs of the
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two phototubes. The unbalanced signal would be registered by the
 

lock-in amplifier and recorded as a function of time by a strip
 

chart recorder. The-arrangement of the analysis system is shown
 

in Figure 3. A schematic diagram for the circuit of the analysis
 

system is given in Figure 4.
 

A.5. Procedure
 

Using the dual beam spectrometer the reaction mixture absorption
 

was monitored at 400 nm as a function of irradiation time. Initially
 

the absorption increased linearly, then leveled off and finally
 

reached a steady state (corresponding to several mTorr of OCIO). The
 

steady state value slowly increased with continued irradiation until
 

near the end of the reaction, i.e., when nearly all the 03 was
 

consumed, the absorption then increased to a sharp maximum and
 

finally declined to zero upon continued irradiation. The change in
 

the absorption profile of OC10 with the irradiation time is shown
 

in Figure 5. The absorption spectrum of the photolysis mixture at
 

this maximum absorption was studied by Jayanty (68). The mixture was
 

condensed in a liquid N2 trap and the residual Cl2 was removed from
 

the mixture by distillation at -130oC. The greenish-yeliow product
 

remaining after distillation was identified to be OC10 by its
 

absorption spectrum.
 

The initial rates of OC10 formation and its steady state
 

concentration were determined from the initial increase in absorption
 

and the initial steady state value, respectively. In order to obtain
 

absolute OCI0 concentrations, the effective absorption cross section
 



Figure 3. Schematic Diagram of the Dual Beam Spectrophotometer
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was determined under identical conditions for the lamp-filter
 

combination described in Section A.4. A known-amount of OCIO was
 

introduced into the reaction cell and the percentage of the
 

analysis light transmitted through the reaction cell was obtained;
 

The absorption cross section of the OCIO was calculated from
 

Beer's law. The results of these measurements are listed in Table 1.
 

The rate of the reaction of OC10 with 03 was determined by
 

two methods. In the first method mixtures of C12 and 03-were
 

photolysed until some OC10 (6sually the steady state value) was
 

produced. The light was then turned off and the OC1 decay
 

monitored as a function of time. This method could be used only
 

at room temperature, because at lower temperatures C1203 complicated
 

the kinetics.
 

In the second method, OCIO and excess 03 were mixed directly
 

in the quartz cell. The OC10 decay was monitored as a function Of
 

reaction time. With this direct technique, experiments were possible
 

at low temperatures because C1203 formation could not occur. In
 

order to obtain the "minimum" rate of the reaction at lower
 

,
temperatures, it was necessary to warm the cell to room temperature.

and pump on it for some time. Additionally, it was necessary to 

periodically clean it with a HNO3 solution. If this prdcedure was 

not followed, the rate of the reaction for subsequent runswas 

always higher. 

Chlorine removal rates were determined in the photolysis
 

experiments by measuring the chlorine concentration at 366 nm with
 

the dual beam spectrophotometer. To provide the 366 nm analysis
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Table 1
 

The Extinction Coefficient of OC1O at 400 nm and 2970K
 

18
 
[OCIO], % Transmittance 10 2a
 

cm
Torr 


1.21 65.5 1.17
 

1.32 63.6 1.14
 

1.33 63.3 1.15
 

1.36 62.5 1.15
 

1.56 58.9 1.16
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beam, a low-pressure Hg lamp (Phillips 93109 E) was used with a 

Corning filter (CS 7-37). This lamp was used because of its stable 

beam and also because C12 has a maximum absorption cross section at 

366 un. In order to observe a 30% change in the Cl2 pressure, 

approximately one hour of irradiation was required. Because-of 

.instrument baseline drift over the long irradiation times, the change
 

in C12 concentration was determined by observing the change in the
 

signal level during the short pump out time of the cell. It was
 

possible that some OCIO which was the intermediate of the C12-03
 

photolysis system, might interfere. To prevent this, 03 was present
 

in excess for each run. Thus any 0010 present was readily converted
 

to higher chlorine oxides. To check this, several experiments were
 

run in which excess 03 was added after the end of the experiment.
 

The mixture was allowed to stand for some time to allow complete
 

reaction of any OC10 which might be present. These experiments
 

indicated that no interference from OC10 was detected.
 

The ozone removal rates were determined by photolyzing.the
 

C12-03 mixtures at 366 nm. The change in the 03 concentration with
 

irradiation time was followed by 260 nm. The 260 nm analysis light
 

was obtained by passing the radiation from a Phillips Hg resonance
 

lamp (93109 E) through a C12 gas filter cell and a Corning filter
 

(CS 7-54). 

The 02 production rates were measured by photolyzing of 03
 
3
 

and C12 in a 200 cm quartz cell. 'The 02 produced was measured by
 

condensing the reaction mixture in a trap at -196 0 C and measuring.
 

the pressure of the non-condensable 02 with an oil manometer.,
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The 02 was then removed by pumping on the reaction-mixture at -196°C.
 

The reaction mixture was warmed to -189oC, and the residual 03 was
 

then measured with an oil manometer. Calibration for expansion was
 

done with comparable known pressures of 02.
 

The possibility that other chlorine oxides might interfere with.
 

the absorption measurements in our system were considered as follows:
 

C1207 is completely transparent at wavelengths higher than 320 nm
 

as reported by Goodeve et al. (69) and Lin (70). CI03, as reported
 

by Goodeve et al. (71); absorbed in the ultraviolet and had a
 

threshold at about 350 rm. Calculations usiig the maximum expected
 

CIO3 concentration, and the known absorption cross section showed
 

that C103 would not contribute significantly to the absorption in
 

the region 350 nm to 420 nm. As reported by Rigaud et al. (72),
 

the absorption cross section for C10 is very low at wavelengths
 

higher than 300 nm. Its absorption cross section is about two orders
 

of magnitude smaller than those of OCIO at 400 tim. Therefore, C10
 

would not contribute significantly to the absorption measurements
 

in the system. Thus, it appears that other chlorine oxides would not
 

interfere with the OC10 measurements.
 

A.6. Actinometry
 

The absorbed light intensity was determined for each temperature
 

by photolysis of an optically equivalent amount of azomethane. N2 has
 

been shown to be a primary product of the photolysis at 366 nm. The
 

quantum yield of this reaction is unity and is independent of
 

pressure, temperature, light intensity, or photolysis time (73-75).
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The amount of N2 produced was measured by a thermistor gas chroma

tograph. The column was a 10 ft. long, 1/4 inch O.D. copper tube
 

packed with 80/100 mesh 5A molecular sieves. The column was kept at
 

room temperature. -,Helium was used as a carrier gas. Prior to
 

entering the column, the carrier gas was passed through Drierite and
 

Ascarite to remove water and'CO2. The flow rate was 1.0 cm3/sec.
 

A Gowmac model 10-777 stainless steel block thermistor detector was
 

used. The detector was kept at 0°C and operated at 15 milliamps.
 

The gas chromatograph was calibrated using standard N2 samples. The
 

retention time for N2 was approximately nine minutes. A schematic
 

diagram of the gas chromatograph is shown in Figure 6.
 

B. Results
 

B.l. OC10- Formation Quantum Yield
 

The photolysis of Cl2-03 mixtures at 366 nm led to the removal 

of 03 and C12.: As found by Jayanty et al. (76),.0 2 and C12 07 are 

the final products of the photolysis and OC10 is produced-as an 

intermediate.- Typical OCIO growth profiles during irradiation and 

the decay profiles when the irradiation light is turned off'are
 

shown in Figure 7. Initially, the OC10 concentration grows
 

linearly and then levels off to a steady state value. When the
 

light is turned off and 03 is still present in excess, the OC10
 

decays exponentially. As seen in Figure 7, at 2950 K the OC10 decays
 

immediately in the dark. However, at lower temperatures there is a
 

clear inducti6n period before the 00O Aecayt.
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Figure 6. Diagram of-the Gowmac Thermistor Gas Chromatograph
 



Figure 7. 	OC10 profiles in the Photolysis of C12-03 Mixtures. 
The points are experimental values and the solid 
curves are computer simulations using the following 
rate coefficients for calculation: 
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The quantum yield for OC10 formation was obtained from the
 

initial OC1O growth rate as determined from the initial slope of
 

the absorption profiles. The results at 297 + 30K are given in
 

Table-2. The reactant pressures were varied as follows: 03 was
 

varied from 3.4 to 12.5 Torr and Cl2 was varied from 7.8 to-13.'5 Torr.
 

The absorbed light intensity, Ia, was changed by varying the chlorine.
 

pressure. Pressure and temperature effects were also studied, and
 

the results are presented in Tables 3 add 4.. It is apparent from
 

Tables 2,and 3 that the OC10 formation quantum yield, 4.{OCI01, is
1
 

invariant to I1a, 03 and the presence or the absence of0 2 and N
 

From Table 4, it is clear that 'i{OC10} decreases with decreasing
 

temperature. The results are also presented in Figures 8 and 9.
 

An Arrhenius plot of i{0ClO} obtained from the initial rates
 

is presented in Figure 10. The plot is reasonably linear and leads
 

to the following Arrhenius expression: i{OClO} = 2.5 x 103
 

exp[-(3025 + 625)/T]. At 297°K and 2750K the addition of up to
 

600 Torr N2 or 02 reduced ifOC101 slightly. The average value of
 

M.{OCl0} as a function of temperature is given in Table 5..
 

B.2. Chlorine Removal Quantum Yield
 

The chlorine removal quantum yield, - {Cl21, was measured at 

2970K under the following conditions: [03] = 15.'4'+ 1.6 Torr, 

[Cl] = 1.16 + 0.16 Torr, and I = (2.82 + 0.44) x 1013 cm-3sec


2 'a
 

The measurements were made after 30% of the C12 was consumed. For
 

these conditions, -f{Cl 2} = 0.11 + 0.02. The result is-independent 



Table 2 

Photolysis of C12-03 Mixtures at 366 nm and 297 + 30K 

13~~ 919 10OCOb 

[03], 

Torr 

[C12],
3 2)-3
Torr 

Temp, 

0c 

10-

cm 

I 
-1 

sec 

sfOc10 scOio}b 
is 

[OC01], 

mTorr 

1019 k26, 
3 -1 cm sec 

10 k26, 
3 -1 cm sec 

3.42 7.78 24.0 4.34 0.076 0.061 3.38 2.61 2.68 

3.40 6.87 25.0 3.84 0.14 0.12 4.45 2.24 3.34 

3.81 12.9 23.7 7.19 0.079 0.085 5.55 2.81 2.52 

4.08 12.8 22.0 7.12 0.083 0.087 5.69 2.22 2.39 

5.91 13.4 27.0 7.47 0.,13 0.12 3.61 2.28 4.17 

5.95 13.4 23.1 7.47 0.11 0.13 3.30 2.82 3.93 

6.38 13.1 23.0 7.30 0.085 0.095 3.67 2.93 2.49 

7.90 13.0 23.4 7.28 0.12 0.14 2.71 3.14 3.84 

7.94 14.3 22.4 7.99 0.087 0.095 2.78 2.62 2.96 

8.01 13.6 26.9 7.58 0.10 0.13 2.80 3.49 3.17 

8.21 13.0 22.0 7.28 0.083 O.90 2.66 2.60 2.60 

8.91. 13.2 22.0 7.39 0.079 0.085 .2.35 2.62 2.62 

9.57 13.4 27.0 7.47. 0.10 0.14 2.54 3.76 2.89 

10.3 14.0 21.7 7.84 0.092 0.13 2.73 3.44 2.43 

11.3 14.2 21.2 7.91 0.080 0.081 1.78 2.44 2.96 

11.4 13.0 23.5 7.28 0.075 0.098, 2.10 2.80 2.14 



Table 2. (continued)
 

aFrom initial rate of formation.
 

bFrom equation XVII.
 

CFrom decay curve.
 

dFrom the steady state value of OClO, equation XVIII.
 

U) 



Table 3
 

Photolysis of Cl2-03 Mixtures at 366 nm and 297 + 30K in the Presence of 02 or N2
 

[03], [C12], [02] , [N2 ], Temp, 10-13 1a' ciD{OClO}a %{OCl}b [OC10] , 1019 k26 c 1019 k26d 

Torr Torr Torr Torr C cm sec mTorr cm sec cm sec 

4.66 16.8 382 23.0 9.38 0.067 0.057 4.48 3.04 2.83 

5.48 13.7 625 --- 27.1 7.67 0.070 0.075 2.43 3.35 3.78 

5.95 14.1 590 --- 27.0 7.08 0.090 0.086 4.43 3.80 2.59 

5.97 14.0 640 --- 27.0 7.81 0.074 0.083 3.90 3.72 2.40 

6.87 13.8 --- 629 27.2 7.71 0.070 0.13 2.23 3.35 3.40 

7.08 13.9 629 --- 27.0 7.76 0.074 0.072 3.33 2.93 2.35 

7.93 13.0 589 --- 26.7 7.45 0.068 0.11 2.39 3.66 2.54 

9.41 13.2 577 --- 27.1 7.39 0.063 0.16 1.76 3.48 2.64 

9.61 14.9 625 --- 27.0 8.32 0.075 0.079 2.61 3.03 2.40 

10.5 15.2 --- 614 27.2 8.49 0.072 0.069 2.37 3.37 2.36 

10.7 16.1 584 --- 27.0 9.01 0.067 0.069 2.32 3.77 2.35 

12.5 13.5 --- 450 23.8 7.55 0.092 0.080 1.29 3.53 4.06 

aFrom initial.rate of formation. 

bFrom equation XVII. 

cFrom decay curve. 

d
From the steady'state value of 0010, equation XVIII. 
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Table 4
 

Photolysis of C12-03 Mixtures at 366 nm
 

and at Low Temperature
 

-[Cl2 , Temp, 10- 13 a fOC lO1a [OC 01, 9 k 
21 30 1a-l ss -26'
 

- Torr- Torr c0 .cm 3sec1 - nTorr cm 3sec 

T = 283 + 10 K
 

3.91 10.1 10.2 4.56 0.053 4.23 1.25
 
6.54 13.5 10.2 '6.09 0.059 5.59 0.84
 
9.14 13.0 10.3 5.86 0.077 3.98 0.98
 
9.45 12.8 i0.0 5.77 0.071 3.71 1.00
 

11.3 13.5 10.5 6.09 0.057 2.56 1.03
 

T = 275.5 + 10K
 

3.62 13.5 3.3 5.50 0.042 6.63 0.78
 
4.08 13.0 2.1 5.29 0.042 4.98 0.87
 

.4.90 13.7 110 5.57 0.036- 4.88 0.67
 
5.41 15.3 2.0 6.24 0.043 5.92 0.67
 
5.84 14.4 1.4 5.86 0.048 4.69 0.84
 
5.94 13.7 2.2 5.58 0.049 5.45 0.69
 
7.55 . 12.8 2.2 5.21 0.045 3.98 0.64 
7.62b 12.9 0.0 5.25 0.040 3.34 0.66 
8.56 14.7 0.7 5.98 0.030 3.70 0.45 
8.89 13.5 2.5 5.50 0.041 3.64- 0.57
 
9.26 12.8 2.5 5.21 0.036 3.18 0.52
 

10.0 14.3 2.3 5.82 0.044 2.90 0.72
 
11.2 13.4 2.3 5.46 0.033 2.32 0.57.
 
11.4 15.1 0.0 6.14 0.033 2.97 0.48
11.6 15;7 0.0 6.40 0.024 2,09 0.51
 
11.7 14.2 0.0 5.76 0.034 2.32 0.58'
 
11.9c 11.6 0.0 4.74 0.037 2.82 0.42
 

T =263.6 + 10 K
 

3.93 13.5 -9.2 5.82 - 0.022 7.29 .0.33 
4.01 13.1 .'-9.2 5.65 0.027 8.70 0.33''
 
7-20 12.6 -9.1 5.44 0.027 4.93 0.31
 
9.96 *13.0 -9.7 -5.61 0.022 2.81 0.34
 

11.1 12.8 -9.7 5.52 0.027 2.98 0.34
 

aFrom initial rate of formation.
 

With 600-660 Torr 02 also present.
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Table 4. (continued)
 

CWith 450-640 Torr N2 also present.
 

dFrom the steady state value of OClO, equation XVIII.
 



Figure 8. Plots of j{0C1O} vs. Ia at 297 + 30 K. E,
 
with N2 present; U, with 02 also present; x,
 
without 02 or N2 present.
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Figure 9. Plots of Oi{OClOI vs. [031. At 297 + 30K: 0, with N2 
present; NA, with 02 also present; x, without 02 or N2 
present. At 275 + IK: A, with N2 also present; A, 
with 02 also present; A, without 02 or N2 present. 
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Figure 10. Arrhenius Plot of 4i{OC10} for the Photolysis of C12-03
 
Mixtures
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Table 5
 

Average Value of 1i{0loo}
 

a
io fociol Oi{OC0}b
 Temp, K 


297 0.089 + 0.013 0.100 + 0.030
 

297 0.075 + 0.011*
 

297 0.073 + 0.008**
 

283 0.063 + 0.010
 

275.5 0.041 + 0.005
 

275..5 0.034 + 0.009*
 

275.5 0.033 + 0.003**
 

263.6 0.025 + 0.03 

aFrom initial rate of formation.
 

bFrom equation II.
 

*450-640 Torr N2 also present.
 

**6007660 Torr 02 also present.
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of the absence or presence of 650 Torr of N2 'or 02. The results
 

are presented in Table 6.
 

B.3. Ozone Removal Quantum Yield
 

Jayanty and associates (76) used both infrared and ultraviolet 

absorption spectroscopy to study the 03 removal quantum yield at 

297 + 30 K. Our results using ultraviolet spectroscopy were consistent 

with those obtained by Jayanty. Many experiments were done at . 

lower temperatures, covering 03 pressures from 0.098 Torr to 

0.499 Torr and I values from 2.1 x 1013 to 8.3 x 1013 cm 3sec
-1
 

a 

To satisfy the p~eudo-first order condition, Cl2 was always present
 

in excess. The results are given in Table 7. Typical decay plots"dff
 

of 0' with time at various temperatures are shown in Figure 11. The
 

constant rate of 03 removal indicates the decay rate is zero order in
 

03 pressure.. However, at high percentages of conversion (>90%), the
 

rate slows indicating the possibility of competitive process for
 

chlorine atoms.-


Th6 values of -(4{03I at 297 0K are 5.9 ± 0.4 and decrease with
 

decreasing temperature. The results at room temperature agree
 

-qualitatively with those of Jayanty and associates (76), Norrish and
 

Neville (59) and Lin et al. (62). The value of -({03) is-invariant to
 

changes in either [03] or the Ia. The addition of 02 reduced the value
 

of -{o (76). It was also found by Jayanty and associates (76) that
 

addition of up to 680 Torr of N2 had no effect on -{03 .
 

B.4. 02 Formation Quantum Yield
 

The 02 formation quantum yield was obtained from the ratio of
 

02 produced to 03 lost. This ratio was measured at 296 ± 10K for
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Table 6
 

.Chlorine Removal Quantum Yield at 30% Conversion in
 

the Photolysis of Cl2-03 Mixtures at 366 nm and 2960K
 

[0310, [C12101 10-13 1a1 -#{C12} 

Torr . Torr cm sec 

13.8* 1.32 3.26 0.12
 

15.0** 1.28 3.16 0.11
 

15.0 1.17 2.88 0.13
 

15.5** 1.24 3.06 0.11
 

16.7 1.28 3.16 0.09
 

17.1 1.01 2.49 0.09
 

*With 650 Torr N2 also present.
 

**With 650 Torr 02 also present.
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Table 7 

Ozone Removal Quantum Yield in the Photolysis
 

of C12-03 Mixtures at 366 nm
 

[0310, [Cl 21 	 10-13 ,. -{03}
 
cm -sec
Torr
Torr 


Experiments at 297 + 30K 

0.048 . 0.86. 3.2 	 5.5 

0.112 3.31 1.2 	 5.6
 

0.482 11.1 	 .4.1 6.2'
 

0.534 10.3 	 3.8 6.2'
 

Experiments at 283 + 10K
 

0.098 11.5 	 4.9 3.7: 

0.099 11.1 	 4,7 .3.4
 

0.106 11.6 	 4.9 3.8
 

0.114 11.1 	 4.7 3.8
 

0.146 4.90 2.1 	 4.2 

0.147 11.1 	 4.7 4.1
 

0.162 17.9 	 8.3 3.6

0.1:74 10.5 	 4.5 3.9 

0.185 10.8 	 4.6 3.9
 

0.244 11.8 	 5.0 4.2
 

0.306 11.3 	 4.8 4.2
 

0.340 6.07 2.6 	 4.5
 

0.369 21.2 	 9.0 3.8
 

0.449 - 11.1 	 4.7 4.7 

Experiments at 273 + 10K.
 

0.113 11.1 	 5.7 2.4
 

0.124 3.93 	 2.0 2.7
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Table 7. (continued)
 

[03] O [C 1 '10-13 a 1 -$031
 

Torr Torr cm sec
 

0.149 20.0 .11.3 2.6
 

0.154 18.2 9.3 2.6 

0.180 11.1 5.7 2.7 

0.193 5.14 2.6 3.3 

0.220 11.1 5.7 .2.9 

0.363 8.64 4.4 2.7 

0.429 20.9 10.7 3.2
 

0.449 6.00 3.1 3.0 

0.494 10.7 5.5 3.4 

0.537 11.1 5.7 3.2 

0.547 11.1 5.7 2.9 

Exjeriments at 252 + 10 K 

0.131 10.6 9.2 1.9 

0.155 10.7 9.3 1.7 

0.188 11.4 9.9 1.-9 

0.395 10.7 9.3 1.9 

0.413 3.97 3.4 1.1 

0.427 10.7 9.3 1.8 

0.465 14.4 15.1 2.2 
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Figure li. Plots of [03 ] vs. Photolysis Time.
 
.The reaction conditions are as
 
follows:
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03 conversions ranging from 18% to 100%. The initial 03 pressures
 

range from 5.76 to 12.7 Torr and the initial C12 pressure from 6.85
 

to 25.9 Torr. The results are presented in Table 8. The ratio of
 

02 formed to 03 consumed was about 1.5 as expected for a catalyzed
 

decomposition of 03. From the known value of -fO3I, the average
 

value of K4021 at 2960K is 8.6 + 0.3 in.the absence of added 02 or
 

N2 . The uncertainties due to pressure measurement by the-expansion
 

method are less than 2%.
 

B.5. Kinetics of the OC10 + 0 Reaction 

The rate of the reaction of OC10 with 03 was determined in two
 

ways. In the first method, mixtures of C12-03 were photolyzed until
 

the steady state value of OCIO produced. When the radiation was
 

terminated OC10 decayed as shown in Figure 7. Presumably the decay
 

is due to the reaction with 03.
 

OCIO + 03 + Products 26 

Typical first order plots of OCIO decay in the dark at 2970K are
 

shown in Figures 12, 13, and 14 for [03 , pressure, and temperature
 

variations respectively. Since the amount of 03 change during the
 

reaction was negligible, the values of k2 6 were obtained-by dividing
 

the slope obtafned from the first order plot with the initial 0
 

pressure. Figures 12 and 13,showed the deviation from linearity after
 

80% of OCIO was consumed. This deviation might be due to the additional
 

loss of OC10 through other processes.
 

From Figure 14, it is apparent that the plot is linear only at
 

2970K. Below this temperature, there is a significantly increasing
 

deviation from linearity with decreasing temperature. The decay data
 



Figure 12. First Order Plots of OCiO Decay in the Dark after
 
the Photolysis of C12-03 Mixtures at 297 + 30K
 
and at Different 03 Pressures. The reactTon
 
conditions are as follows.
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Table 8
 

02 Formation in the Chlorine-Photosengitize
 

Decomposition of 0 3- at 366.0 nm and 296.+ 10K
 

13 	 _ 

1 3[03]' [Cl12], a' A[O]/A[03] % Conversion
 
.3 2 -3 -l12
 

Torr Torr cm sec 	 of 03
 

5.76 i9.9 4.47 1.53 	 100
 

7.55 25.9 5.83 1.46 	 100
 

8.05 	 22.6 5.09 1.55 100a
 

100a
 8.56 7.39 1.66 	 1.49 


100a
 10.9 11.5 2.59 	 1.55 


11.4 6.85 154 1.46 	 100a
 

100a
11.6 10.0 2.25 	 1.46 


11.6 11.1 2.50 1.39 	 86
 

12.7 20.3 4.57 1.44 	 81
 

12.7 20.3 4.57 1.45 	 78
 

aPhotolysis time is twice that calculated to be necessary for
 

100% conversion of 03
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Figure 13. 	 First Order Plots of OC10 Decay in the Dark after
 
the Photolysis of C12-03 Mixtures at 297 + 30K
 
and in the Presence of 02 or N2 . The reaction
 
conditions are as follows.
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Figure 14. 	 First Order Plots of OIO Decay in the Dark after
 
the Photolysis of 012-03 Mixtures at Various
 
Temperatures. The reaction conditions are as
 
follows.
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at 297 0K are given in Tables 2 and 3. The average value of k26
 

- 19 3 at 297'K is (3.02 + 0.49) x 10 cm sec I independent of Ia, [03]
 

and the presence or absence of N2 and 02' All of the values of
 

k26 obtained from the decay curves are summarized in Figure 15.
 

The data at lower temperatures cannot be summarized in-this form.
 

The values of k2, were also computed from the steady state 

expression for OCO during irradiation. The results are presented
 

in Tables 2, 3, and 4.
 

In the second method, the pure OC10 was used to study the
 

kinetics of OCiO + 03 reaction. The OCIO was directly mixed with
 

excess 0 in the reaction cell. Excess 0 was used to satisfy the

13 3 

pseudo-first order condition. The loss of OCIO was followed at
 

400 nm. The OC10 decay was observed to be first order in OC10 in
 

the presence of 0 Typical first order. plots of OCO decay at
 

four temperatures for the same 0 are shown in Figure 16.
 
3 

The rate coefficient k26 obtained from the plots are presented 

in Table 9. The value of k26 is independent of the 03 pressure; 

thus the reaction is first order in 03 An Arrhenius plot of k26 is 

6hown in Figure 17. The best -straight line through the three data 

points gives an Arrhenius expression of k = 6.1 x 10-1 3 

26
 
3 exp[-4308/T] cm see . Also shown in Figure 17 are the data points. 

obtained from the steady-state of OCIO in the photolysis of Cl2-03
 

mixtures. The Arrhenius expression which best fits these data is
 

-
1.9 x 10 11 expf-(5360)/T] cm3sedl. The average of the two Arrhenius 

-expressions is 2.3 x 10 1 2 exp[-(4730 + 630)/T] cm3sec- , and is the
 

recommended value.
 



Figure 15. 	 Plots of k26 (Obtained from the OC1O Decay Curve 
after the Photolysis of C12-03 Mixtures) vs. [03] 
at 297 + 30 K. E, with N2 also present; EU, with 
02 also present; x, without 02 or N2 present. 	 Ut 
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Figure 16. First Order Plots of 0CI0 Decay in the Presence of
 
Excess 03 (Direct Reaction of OC10 with 03)
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Table 9 

Reactions of OC10 with 03 

[031, 

Torr 

[OC101] 

mTorr 

Temp, 
OK 

1019 
cm3 sec 

Temperature = 296.3 + 1.70 K 

4.82 54.9 297.7 2.67 

4.90 37.3 297.7 2.69 

5.45 59.7 297.6 3.02 

5.91 43.5 297.4 2.98 

5.99 38.2 297.6 2.82 

7.39* 40.2 295.0 3.36 

7.43* 42.2 293.4 3.12 

8.36 42.8 293.2 3.44 

8-.40 35.0 295.0 3.39 

8.71 44.1 296.5 3.48 

11.1 65.9 297.7 3.06 

17.5 53.1 297.4 3.24 

19.2 31.1 295.1 2.79 

Temperature = 273.4 + 1.00K 

2.84 161;0 273.5 0.73 

4.47 88.4 275.5 0.89 

4.75 201.0 273.0 0.92 

5.41 75.1 274.5 0.73 

5.52 40.9 273.0 0.62 

6.02 34.9 273.0 0.73 

8.48 50.3 274.0 0.92 

8.79 43.5 273.5 0.74. 

8.87 48.3 273.0 0.93 

9.49 43.5 273.3 0.94 

9.49 43.5 273.1 0.87 

11.2 41.5 273.0 0.92 
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Table 9. .(continued) 

[03]? [OCO], Temp, 1019 k 

Torr mTorr cm sec 

23.8 44.2 272.8 0.94 

29.0 41.5 273.0 0.88 

Temperature 262.0 + 1.00K 

2.53 131.3 262.0 0.48 

4;40 49.05 263.0 0.48 

4.59 153.7 262.0 0.41 

6.42 58.75 261.4 0.46 

7.70 131.3 261.7 '0.45 

*With 100 Torr N2 also present. 
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Figure 17. 	 Arrhenius Plots of k2 6. 0, values from the direct 0C10-03
 
reaction; x, values from the steady state OCIO values.
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At room temperature both determinations give essentially the
 

-19 
same value for k2 6 [(3.08 + 0.25) x 10 cm3sec- from direct mixing

6 -19 3 

and (2.88 + 0.59) x 10 cm sec from the steady-state value of OC10
 

in the Cl2-03 photolysis]. Furthermore, the value obtained in the
 

dark decay of OC10 after photolysis of C1 -0 mixtures is (3.02 +
 
2 3
 

-
0.49) x 1019 cm3sec in excellent agreement with the other two

values. Lin et al. (62) have made two independent determinations
 
O-19 3 -i
 

cm sec
of k26 at room temperature, both of which give 3.0 x 10 


in excellent agreement with our three determinations. The value for
 

k26 = (1.20 + 0.15) x 10- 19 
cm3sec- obtained by Birks et al. (46)
 

at 2980K appears to be too low.
 

C.' Discussion
 

The major conclusions that can be drawn from the Cl2-03 system
 

are:
 

1. The photolysis of Cl -0 mixtures'at 366 nm leads to the
 
2 3
 

removal of 03* and C12 and to the production of 02 and C1297 as final
 

products. OC10 is prdduced as an intermediate.
 

2*. The reaction of OC10 and 03 is first order in both OCO and
 

03. The value of the rate coefficient for this reaction is indif

ferent to the presence or absence of 02 and N2 (>500 Torr).
 

3. The 03 removal quantum yield is approximately 6 at 297 0K
 

and is invariant to changes in [031 and Ia As it was observed by
 

Jayanty and associates (76), the addition of N2 (680 Torr) has no
 

effect on -0{03}, however; the addition of 02 reduced -0{031.
 

http:k26[(3.08
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4. The chlorine removal quantum yield is very small (0.11 +
 

0.02) and is invariant to the presence or absence of 02 and N2
.
 

5. The oxygen formation quantum yield is about one and one half
 

times the 03 removal quantum yield.
 

6. [ifOC10I=2.5 x'i03 exp[-(3025 + 625)/T]. The OCIO formation 

quantum yield is invariant to ,changes in [03], Ia and the presence or 

absence of 02 and N2 ' 

The fact that the values of ti{OCiO} and -{01 2 -are low, and 

the fact that the ratio of 02 produced to 03 consumed is 1.5 indicates 

that the photolysis of Cl2-03 mixtures is primarily a photocatalytic 

decomposition 'of 0 The mechanism of the photolysis can be discussed 

in terms of a set of-reactions which have been shown to be important. 

At 366 rm only C12 absorbs and it photodecomposes to give chlorine 

atoms which can then react with 03. 

Cl2 + hV (366 nm) + 2Ci rate 

C1 + 03 CIO + 02 10
 

The rate constant for reaction 10 iSkl0 = (2.7 + 1.2) x 10I I 

-1-0 
-
exp[-(257 + 106)/T] cm3sec ' (77-82). 

There are two extreme cases to be considered:- case -(a), the
 

CIO radicalsproduced in 10 do not react with 03 under any conditions
 

and case (b), the C10 radicals always react with 03. Thus for case (a)
 

2CIO Cl + CI00 23a
 

Cl2 + 02 23b
 

OC10 +0C 23c
 

i 
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24
C100+ M + Cl + 02 +M 


and for case (b)
 

C0O + 03 OClO + 02 25a
 

C1 + 202 25b
 

In either case (a) or case (b), the subsequent reactions of OCIO will
 

be
 

OCO + 0 3 sym-ClO3 + 02 26
 

2CiO3 + 03 207 3+ 0 27
 

since Cl 0 is found to be a final product of the photolysis reaction

2 7 

and OCO is an intermediate (76). Reaction 26 might also give C10 + 

202 as products, but the data of Birks et al. (46) is inconsistent 

with the occurrence of this channel. We ignore this channel since 

it does not significantly alter the kinetic analysis. 

The C1O0 radical is unstable and decomposes rapidly at room temper

ature via reaction 24 (61). Reaction 26 is known (53). Presumably 

the reaction leads to symmetrical C103 initially, but an unsym

metrical form cannot be ruled out. The subsequent fate of C103 is 

not entirely clear. Early workers observed both Cl206 and C1207 as 

products of the Cl2-photocatalytic decomposition of 03 (83). The rela

tive amounts of the oxides appeared to depend on experimental conditions. 

At higher temperatures (300C), Cl207 is favored, whereas at lower 

temperatures, C206 could be observed (83). It seems likely that 

under conditions such that C103 formation is rapid and the temperature 
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is low Cl206 condensation would be favored. This suggests that the
 

reaction of CIO3 with 03 is slow and has an actiyation energy.
 

However recently, Davidson and Williams (60) could detect only C104
 

after hydrolysis of the reaction products indicating that C127
 

was the 'only product even though they worked under conditiohs,-in
 

which earlier workers detected Cl206 formation.
 

In the present work C103 formation was not observed by spectro

scopic methods because of the low concentration of'ClO3 ([CI03]'<
 

20 mtorr). However, the formation of C20 and the reaction of OC0
 
2 7 n h ecto f01 

with 03 requires that C103 must have been present as an intermediate. 

Mechanisms (a) and (b) are mutually exclusive, because the data 

shows that -${O31 is invariant to [03] and the absorbed light 

intensity, I . If both mechanisms were operating simultaneously, a 

-'NO3 ) would be dependent upon [03] because reaction 25 involves 03,
, 


but reaction 23 does not, -[031 would also be dependent on Ia,
 

because reaction 23 is bimolecular in radicals and reaction 25 is not.
 

Therefore, our task is to decide whether mechanism (a) and (b) is
 

operative.
 

First, let us consider that mechanism (b) is operating. This
 

mechanism predicts that -4{031 = 4{021 = 7, $OC101 = 2'and -({Cl 2 }
 

1. The measured -44031 is nearly 7, but 4o2}A s 50% greater than 

- {O31. i{00O}10 = 0.089 + 0.013 and -P{CI2} = 0.11+ 0.02 at 2970 K; 

clearly mechanism (b) is not important and need not be considered any 

further. 

Thus, mechanism (a) can be summarized as the following set of
 

reactions:
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C62 + h (366 nm) - 2C1 Rate = Ia 

CI + 03 CIO + 02 10 

2C10 Cl + CIO0 23a 

C12 + 02 23b
 

+ OClO + Cl 23c 

C100 + M C1 + 02 + M 24 

OC10 + 03 + sym-ClO3 + 02 26 

2C103 + 03 + 01207 + 02 27 

The values of the known rate coefficients for the reactions in
 

mechanism (a) are summarized in Table 10.
 

An analysis of the above reactions leads to the following
 

steady-state concentration expression for the radicals in the
 

system.
 

21 + 41+ 21 
[CI] a ak23a a I


5 k10[03]I 

1 2
[CO] (2Ia6) / Ii 

21a *a Ill
[0l0]ss 2 

k26 [031 

1 . 1/2 

[Cl03]ss = k;-3 IV
 

where a = k23c+) 
I
 

R= (k23c + 2k23b
)



Table 10
 

The Rate Coefficients foi the Reactions in the Photolysis of' 12-03 Mixtures
 

-
Rate Coefficient cm3sec	 Temp, 0K Reference
 

k 1 (2.7 + 1.2) x 10- 11 exp[-(257 + 106)/T] 205-298 77-82
 

14  
2.3 x 10-	 300. 90
 

23 	 4.4 x 1014 298 41
 
-
k23a 1.2 x 10 1 2 exp[(-1179)/T] 90
 

-
k23 2.1 x 10 1 2 exp[(-2201)/T] 90
 
-
k24 1.14 x 10 11 exp[-(3370 + 350)/T] 	 41'
This lab
 

-x 10-18

k2 5< 


S5 x 10-15 	 61 
-
< 5 xi0 14 46 

k 2.3 x 10-1 2 exp[-(4730 + 630)/T] This lab 
k2 1.7 x 10-33(a) 275.5 This lab 

k1.15 x 10-33(a) 
264 
 This lab
 

-
k-29 2.68 x io 1 9 275.5 This lab
 
-
.1.08 x 10 19 	 264 This lab
 

aaThe unit for k29 is, cm6sec-1
 



78
 

Mechanism (a) leads to the following rate laws.
 

Vi1C10) 2
1 + 2k23b/k23c
 

4 + 3k23c/k23  
 VI
 
3= 2k23b/k23 + k23c/23
 

-{ = i f0c10(1/2)DO VII
 

4402 = (3/2)[-{03}] VIII
 

The mechanism predicts that i{0Cl0}, -0{031 and -{C1 2 }.are
 

invariant to [03] and I a 3af
and 4{02} is one and one of -4{03}.
 

These predictions are completely consistent with the observed data.
 

The fact that -fCl 2} does not equal one half of.$1 {OClO } is discussed
 

later. Equation V can be rearranged to give:
 

S2k 23c k23 e
i{OO 
 k23c + 2k23b k23b
 

if k23 c << 2k23b .  i{OCl was determined as a function of 

temperature (see Table 6 and Figure 10). Since 0i{OClO1 is nearly
 
k23c/k23b, the Arrhenius expression for k23e/k23b is the same as
 

k23c = 2.5 x 103 exp[-(3025 625)/T] X
 
k23b
 

The ratio of the three channels of reaction can be computed from
 

equations V and VI.
 



79
 

k2 3b 1 4
 

k23 = %i{OC1O 2y + [-O{0 3 }] - 3
 

k23= 4 
 XII
 

k23 2y + [-O{03] - 3
 

23a k23b " 23c XIII
 

k23 k23 k23
 

[-{03}]
 

Y = 

where the measured value of -0{03} = 5.8 and i{0C10} = 0.089.at 
3
 

2730 K. The.values computed from equations XI, XII, and XIII are the
 

following' k 23a/k = 0.63, k23b/k2 3 = 0.34 and k23./k2 3 = 0.032. 
23a 23
 

Since 0i'{OClO} and -${031 are pressure invariant (76), these
 

ratios are also invariant over the range of pressures employed in
 

this study.
 

At lowtemperatures, equation XI can be rearranged to
 

k23 = 1 -O{O3} ] xIVk23b 2
 

The ratio of k /k is obtained from the study of the temperature

23 23b
 

dependence of -O{0 . The values of k /k calculated from
 
3 23 23b
 

equation XIV are 1.99 at 2830K, 1.45 at 273 0K and 1.0 at 2522°K. This
 

implies that reaction 23 proceeds predominantly through channel 23b
 

at low temperatures.
 

From the Arrhenius expression of k23 /k2 3' (equation X), the large
 

value of the preexponential factor A23 c/A23b suggests that the
 

http:0.089.at
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reaction channel 23b and 23c proceed through very different transition
 

states. From the large value of A23c it is reasonable to assume
 

that the reaction 23c is an atom abstraction reaction with atlinear
 

transition state. The lower value of A23b suggests that reaction 23b
 

involves a tighter transition state than that to reaction 23c. It is
 

reasonable to assume that reaction 23b involves a four center
 

transition state.
 

The reactions of C1O with itself, reaction-23, have been studied
 

in some detail recently, but there is still controversy about the*
 

relative importance of the three channels'at higher pressure. Basco
 

and Dogra (84,85) have interpreted their flash phitolysis data at

high pressures (about 75 Torr argon) in terms of reaction 23b
 

exclusively. Johnston et al. (86) working at low light intensities
 

found a pressure effect on C10 dispr6portionation and proposed the
 

reaction
 

2CIO + M.+ C12 + 02 + M 28 

In a more recent paper, Wu and Johnston (87) have confirmed the effect 

of total pressure on their results, but now feel that the pressure 

effect'may'actually be associated with other reactions in their 

system or that at low light intensity the mechanism of ClO disproL 

portionation differs from that at higher light intensity. 

At low pressures, Clyne and coworkers (61,88,89) have conclusively
 

shown that reaction 23a is dominant and in their most recent paper
 

(61) have shown that the distribution at low pressures is the
 

following: 23a (95%), 23c (5%). They have also done computer
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modeling of the results of Basco and Dogra.and find that their
 

results can be reinterpreted in terms of reaction 23a as the
 

-dominant channel contrary to the interpretation of Basco and Dogra.
 

Recently Clyne and Watson (90) have reevaluated all the data
 

in terms only of reactions 23a and 23c and recommend the expressions
 

-23 -1
 
k23 = 1.2 x 0-1 2 exp[-9.8 KJ/mole/RT] 
cm sec
 a 


-12 exp[-18.3 KJ/mole/RT] cm3sec-1
k23 c = 2.1 x 10


though the data do not exclude reaction 23boccurring to some extent
 

and k23a may really represent k23a + k23b '
 

It is not clear how all these results-can be brought.into
 

harmony, however; it seems likely to us that reactions 23a and 23b
 

are important under all pressure conditions. The data of Clyne et al.
 

(61) are consistent with a contribution from both reactions 23a'and
 

23b, and in fact in our system reaction 23b must be the major

termination step. It is possible ,that C1 atom formation in the
 

Basco and Dogra work may have been overlooked.
 

Th& upper limit for k25 may be computed by requiring that

reaction 25 be negligible compared to reaction 23. Then
 

k23 I l /2 
k- - XV
25 < [03] (k23b)
 

'where k = 2.3 x 10-14 cm3sec according to Clyne and Watson (90) 
• 1-14 3 -l
 

and 4.4 x 10 cm sec according to Watson (41). Even at our
 

highest value of [03]/(Ia) I/2 = 1.6 x l0l (sec/cm3)/2 , there is 

no variation of ').{OCl}. This means there is no contribution to1 
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OC1O due to reaction 25a and for this to be true k25 must be less
 

than 1 x 10 cm sec . This upper limit of k25 is in good 

-agreement with a conclusion reached by Lin et al. (62). The low 

value of k25 is also consistent with the upper limit of about
 

3 - 5 x 1015 cm see obtained by Clyne et al. (61) and 5 x 10

3 -1
 

cm sec obtained by Birks et al. (46). However, Clyne et al. using
 

a discharge flow technique found that in the presence of 03 more
 

OCIO was produced than could be explained by reaction 23c alone and
 

considered it probable that their upper limit was the actual value
 

for k2 5 . 

The OC1O profile at 2980K shown in Figure 7 may be analyzed
 

quantitatively for self consistency over the entire region (light
 

and dark) by integrating the differential equations for OC1O
 

formation and decay. The differential equation during irradiation
 

is
 

d
dk[OClO] = #i{OClO} Ia - k26[03][0Ci0] XVI
 

Integration gives
 

[Ocio3t = (i{OCiO} I a/k 2 6 [0 3 ])(l - exp{-k 2 6 [O31t}) XVII 

A plot of [OC0O] vs. expf-k 26 [03]t} should be linear with a slope and
 

intercept of 0i{OCiO}Ia/k26[031. Figure 18 shows that the plots at
 

297 + 30K are reasonably linear as required. Values of t'{OCl0}
 

obtained from the slopes of these plots are presented in Tables 2, 3,
 

and 5. They are in good agreement with the values obtained from the
 



Figure 18. Plots of [0C10] vs. exp(-k2 6 [03 ]t) for Selected Data at CD
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initial growth rates.- At lower temperatures, plots of equation XVII
 

are not linear.
 

Equation II, the steady state expression for 0CO during
 

irradiation, can be rearranged to:
 

[001 OCiOtIa XVIII 
ss k2 6 [03] 

Values of k2 6 computed from equation XVIII using the observed values
 

of [OCiO]s s are also presented in Tables 2, 3, and 4. At 297 0K
 

these values are in good agreement with those obtained from the
 

decay plots (see Figure 19).
 

At temperatures below 297 0K the OC10 decay profiles in the dark
 

show an induction period (Figure 7) and the integrated grdwth curves
 

(equation XVIII) are not linear indicating that the mechanism thus
 

far outlined is not complete at lower temperatures.- These observations
 

can be interpreted in.terms of the equilibrium
 

CI0+ OClO + M t Cl0 + M 29,--29
2 3 

The C1203 acts as a reservoir of OCiO leading to the slow initial
 

rate of OCO depletion upon the termination of light.-


As a test of this hypothesis, profiles for 0O were calculated
 

for all temperatures by numerically integrating the rate equations
 

for ClOand C1203. The oily assumption made in this computation was
 

that C1 has reached its steady state value. An adaptive pattern
 

search routine (91) was used to calculate the rate coefficients for
 

•reaction'29 and -29. The details are given in Appendix II. This
 

C ,2
 



Figure 19. 	 Plots of k26 vs. [03] at 297 + 30K. x, values obtained
 
from the initial slope of the decay curves in the dark
 
after the photolysis; *, values obtained from the
 

steady state OClO values during the photolysis; ',
 
values obtained from the direct reaction-of OCI0 with 03.
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algorithm varies the rate constants k2 9, k_2 9, k2 3 c, and k26 such that
 

the mean square error between the calculated and the experimental
 

values of OC10 ate minimized. The OC10 growth is controlled initially
 

by the parameter k2 3c/k2 3b and the decay is controlled by k2 6.
 

However, absolute values for k23b and k23c are needed for the
 

computation. These were obtained from the values of 'i.fOc1O},
 

- 1 4 -
-4{031 and the literature value for k23 (4.4 x 10 cm3sec ) (41).
 

In order to test the validity of this integration method, room
 

temperature profiles for OC10 were also fitted. For this-case the
 

values of k29 and k-29 used were zero. This is equivalent to
 

having a complete C1203 dissociation.
 

At 275 0K and 2640 K, k2 9 [M] was varied from 1.00 x 10-11 10
 

1 6 - 1.00 x 10- cm3sec 1 and k_29[M] from 10.00 to 0.01 sec l The 

constant k23c was allowed to vary within +20% of the calculated 

value from Di{OClO},-{03 1 and k23 . The constant k26 was varied 

within the range of values obtained from the steady state of OC10
 

and from the direct mixing experiments. Typical computer profiles,
 

together with the experimental profiles are shown in Figure 7.
 

The overall errors of the computed profiles were within +20% of
 

the experimental profiles. The average value of k2 9[M] is
 

1 6

(1.2 + 0.4) x 10 1 5 cm3sec at 275.50 K, and (5.5 + 1.5) x 10

3 -l 

cm sec at 264 0K. The average value of k_2 9 [M] is (0.19 + 0.08)
-l -1 

sec at 275.5 0K and (0.08 + 0.03) sec at 2640 K. The results are 

the average of six runs at 275.5 0K and four runs at 2640K. At both
 

temperatures, the average pressures for the runs used to determine
 

k2 9 [M] and k_29[M] were 20.2 + 3.2 Torr. When converted to third
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and second order rate coefficients, we obtain k29 =.1.70 x 10- 3 3 and
 

- 33 - I
1.15 x 10 cm 6sec at 275.5 and 2640 K, respectively, and 

-19 .3 -1k_29 = 2.68 x 10-19 and 1.08 x 10 cm sec at 275.5 and 2640 K 

respectively.
 

We estimate that these values are accurate to within a factor
 

of two. Of course, at 296 0K, Cl203 formation is not important
 

because of the rapid reverse reaction, and below 2640K the reactions
 

are too slow to obtain meaningful results. The values of k2 9 show
 

a slight positive activation energy, though this may just.reflect
 

the error in the measurements. The rate coefficients for k-29 are
 

consistent with a bond dissociation enthalpy of about 12 kcal/mole
 

for C1203
 

So far a discussion of -(fCI 2} was neglected in interpreting the
 

data. 'Mass balance considerations require that in the initial part
 

of the experiment -01C1i21 = i{OClOl/2. In our experiments, -O{C12 }
 

was measured, by necessity, for large conversions, and it was found
 

to be much greater than 0i'{OCl01/2 . Possibly secondary reactions
 

may be involved in which the higher oxides of chlorine (C1031 CO4,
 

and possibly C1205 or C1206) react whether with Cl2 or C10 to produce
 

C1207' This may be a surface reaction. The details of such a
 

reaction cannot be determined from our data.
 

If the reaction removing additional C12 does not involve OC10
 

as an intermediate, then the 0C10 concentration is not affected by
 

it. However, if additional OC10 is produced, as seems likely, then
 

the steady state concentration of OC10 should show an accelerated
 

rise as the reaction proceeds toward completion. The steady state
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value of OCO is inversely proportional to [03] even if OC10 is not
 

an intermediate in the secondary reaction. We attempted to monitor
 

[OC01] for long conversions, but the uncertainty in the measurements
 

caused by instrument drift made it difficult to determine if [0C10]
 

increased more than would be expected due to the depletion of 03.
 

D. Atmospheric Implications
 

To estimate the importance of reaction 25 in the stratosphere,
 

the reaction rate was compared with the following:
 

1. The photodissociation rate of C10,
 

2. The rate that C10 reacts with other species present in the
 

stratosphere such as 0(3P) and NO.
 

The photodissociation rate, J, of any species can be calculated
 

using the following equation,
 

J = solar flux intensity x the absorption cross section
 

of that species XIX
 

Thus for the C10-0 3 system the ratio of the photolysis rate of C10 

vs. the rate of reaction with 03 is 

Photolysis Rate J{CIO}101
 
k25 [03]
R25 


015 -2 -l
 
Assuming the solar flux intensity to be 1 x 10 cm sec (1), the
 

1 8 2
absorption cross section of C10 at 303.45 rim= 0.7 x 10- cm (41)
 

- 3
and [03] at 20 km to be 4 x 1012 cm (1), the result from equation
 

XX shows that the photolysis process is at least 175 times faster than
 

reaction 25.
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The rate of reaction 25 was also compared with the rate of
 

reactions 11 and 16.
 

CIO + 0(3p) C1 + NO2 11
 

C10 + NO C1 + NO 16
 

= 5.3 x 10- 1 cm3sec-1 at 298 
0K (42) and k = 1.8 x 10-11where k 


11 16
 
3 -1
 

cm sec at 298 0K (43,44). The reaction ratios for these equations
 

are:
 

11/R25 = k11 [O]/k 25[03] XXI
 

RI6/R25 = k16 [NO]/k 25 [03] XXII
 

The pertinent concentrations at 20 km were taken to be (1):
 

3 ,6 -3 12 -3 8 -3
0(3P) = 1 x 10 cm, , 03 = 4 x 10 cm , and NO = 2 x 10 cm The
 

results show that at 20 km reactions 11 and 16 are at least 13 and
 

900 times respectively more important than reaction 25.
 

The importance of reaction 26 in the stratosphere was evaluated
 

in a similar manner. Using the absorption cross section for 0C10 at
 

-
351.2 nm, 1.1 x 10 17 cm2 (41), the photolysis rate is approximately
 

1 x 104 times faster than reaction 26. It can be concluded that the
 

values of the rate coefficients for reactions 25 and 26 are too low
 

to make these reactions of any significance in the earth's atmosphere.
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Chapter 3
 

THE Cl2-02-NO SYSTEM: THE REACTION OF C100 WITH NO
 

A. Experimental
 

A.I. Materials and Their Purification
 

All gases were supplied by Matheson gas products. The Cl2 was
 

purified by distillation from -130'C to -160C as described in
 

Chapter 2 Section A.l. NO was purified by distillation from -186oC
 

to -196 0 C and stored at room temperature.
 

Before use, N2 was slowly plassed through two U-tube traps
 

maintained at -1960 C. Chromatographic analysis of N2 showed that less
 

than 2.5 ppm of CH4 was present. There were no detectable levels of
 

other hydrocarbon impurities. The 02 was freed of hydrocarbon
 

impurities by the following method: A mixture of approximately
 

2 Torr C12, 20 mTorr NO and 750 Torr 02 was photolyzed in a 5-liter
 

Pyrex bulb with a medium-pressure mercury are lamp (Hanovia 404101).
 

After irradiation the mixture was purified by distillation from -1860 C
 

to -196*C and stored. Chromatographic analysis of the purified
 

oxygen indicated less than 0.8 ppm CH4 and less than 0.1 ppm C2H6.
 

There were no detectable levels of the heavier hydrocarbons.
 

The quantitative analysis of the hydrocarbon impurities present
 

in 02 and N2 was done using a gas chromatograph equipped with a
 

flame ionization detector. A four-foot seven mm O.D. glass column
 

packed with either 80/100 mesh Chromosorb 101 or 80/100 mesh 5A
 

molecular sieves was used for the analysis. The column was kept at
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room temperature. Helium was used as a carrier gas with a flow
 

rate of 72 cm3/min. The retention times of methane and ethane,
 

using the 80/100 mesh Chromosorb 101 column are approximately
 

0.5 and 2.0 min respectively. The retention time using the 5A
 

molecular sieve glass column is approximately 0.4 min for CH4 . A
 

schematic diagram of the flame ionization gas chromatograph is
 

shown in Figure 20.
 

A.2. Vacuum Line
 

The vacuum line was divided into four parts. Two parts of
 

the line were for C12 and 02/N2 purification. These parts were
 

always isolated from the whole system when they were not in use.
 

This was done because the Cl2-02-NO system was sensitive to
 

residual surface as well as gaseous impurities. The other two
 

parts of the vacuum line were for handling C12 and NO. Two separate
 

silicone oil manometers were used to measure Cl2 and NO pressures.
 

A 0-800 Torr Wallace and Tiernan vacuum gauge was added to the system
 

to measure the absolute pressure of 02 and N2. A diagram of the
 

vacuum line is given in Figure 21.
 

A.3. 	Reaction Vessel and Photolysis Source
 

3
 

The reaction cell was a 200 cm cylindrical quartz cell, 10 cm
 

long and 5 cm in diameter. It was enclosed in a Styrofoam box
 

with-an access for cold'N2 gas to pass through. The temperature of
 

the reaction cell was measured using an iron-constantan thermocouple
 

as described in Chapter 2, Section A.3.
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The photolysis source was a high pressure Hanovia Hg arc
 

lamp, 200 watts (type 202-1003). The 366 nm line was isolated
 

by passing the photolysis beam through a Corning filter (CS 7-37)
 

before entering the reaction cell. A diagram of the reaction
 

vessel is given in Figure 22.
 

A.4. The Analysis System
 

The chemiluminescence analysis system was similar to that
 

3It consisted of a 100 cm3
described by Stedman et al. (92). 


cylindrical quartz cell with two inlets, one for the ozonized 02
 

and the other for the reactants. The 03 and the sample inlet
 

tubes were concentrically arranged for efficient mixing. The
 

ozonized 02 was prepared by passing the stream of 02 ("1.30 cc/min)
 

through a high voltage discharge. The reactant mixture was leaked
 

out of the reaction cell through a capillary tube and to the
 

chemiluminescence cell either continuously or intermittently. The
 

capillary was placed right in the center of the reaction cell as
 

shown in Figure 22. The diameter of the capillary tube was chosen
 

such that the pressure drop in the reaction vessel was approximately
 

1% per minute. The pressure in the chemiluminescence cell was kept
 

between 1-3 Torr by continuously pumping with a Welch high velocity
 

mechanical pump.
 

The red emission due to the chemiluminescent reaction between
 

03 and NO was passed through a Corning cut off filter (CS 2-62) and
 

was viewed with a photomultiplier (EMI 9785B). The chemiluminescence
 

cell and the photomultiplier were kept in the dark at room
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temperature. The photomultiplier was operated at a cathode to
 

anode voltage of 1 KV. The photocurrent was amplified using a
 

Kiethly electrometer 601 with a d.c. zero offset and displayed on
 

a strip chart recorder. A schematic diagram of this system is
 

shown in Figure 23.
 

A.5. Chemiluminescent Reaction
 

The reaction between NO and 03 has been extensively investigated
 

by Stedman et al. (92), Clough and Thrush (93), Fontijn et al. (94),
 

and Clyne et al. (95). It is known that the reaction between NO
 

and 03 results in light emission. This chemiluminescence is due to
 

the following reactions.
 

NO + 03 NO2* + 02 5a
 

NO2 (electronic ground state) + 02 5b
 

NO2* NO2 + hv (red) 30
 

The relative intensity distribution of the emission spectrum (93)
 

shows that no light is emitted below about 600 nm. The use of a 600 nm
 

cut-off filter (CS 2-62) and the upper limit of our photomultiplier
 

system (800 nm) limited our measurements to the region between 600 and
 

750 nm. The emission intensity is linearly proportional to [NO] and
 

[031. It is inversely proportional to the total pressure in the
 

chemiluminescence cell (94). Since the stream of the ozonized oxygen
 

and the pumping speed were kept constant, it was observed that the
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emission intensity was linearly proportional to [NO] throughout our
 

experimental conditions.
 

A.6. Procedure
 

Mixtures of Cl2, 02, and NO with or without added N2 were
 

irradiated at 366 nm and 2980 K. The photolysis ieads to the removal
 

of NO. The NO concentration was monitored continuously during the
 

irradiation using the chemiluminescent reaction with 03. The cell
 

contents were bled into a chemiluminescence chamber through a sampling
 

capillary tube attached to the reaction cell as shown in Figure 22.
 

02 or N2 served as a carrier gas. The reactant samples were then
 

mixed with the ozonized oxygen. To obtain the absolute concentration
 

of NO, the emission intensity of the chemiluminescent reaction was
 

calibrated with known NO samples.
 

A.7. Actinometry
 

The absorbed light intensity, Ia, was determined by photolysis
 

of optically equivalent amounts of azomethane in the presence of NO.
 

At 366 nm, azomethane photodissociates to yield two methyl radicals
 

(73,96) which in turn react with NO. The NO removal quantum yield
 

for this system is 2.0. The NO concentration was monitored
 

continuously using the chemiluminescent reaction with 03
 

B. Results
 

The photolysis of C2 in the presence of 02 at 366 am and
 

2980K leads to the formation of CIOG radicals. The photolysis leads
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to the removal of NO if there are small amounts present in the
 

Cl2-02 mixture. Initially the rate of NO removal is rapid, but it
 

decreases as the reaction proceeds. A typical profile is shown in
 

Figure 24.
 

Initial NO removal quantum yields, - i{NO}, were evaluated from
 

the initial slopes of the NO loss profiles. The initial rate of NO
 

removal was corrected for the pressure drop in the reaction cell as
 

well as for the electronic time constant of the measurement system.
 

2
 

The pump out rate through the sampling capillary was 1.58 
x 10

min 1 , leading to a correction of less than 10% for the initial rate.
 

The measurement time constant ranged between 3 and 6 sec leading to
 

a typical correction of 10-15%.
 

Experiments were done covering a wide range of experimental
 

conditions: [Cl2 ] from 1.44 to 5.33 Tor, [NO] from 3.8 to 38.1
 

mTorr, [02] from 222 to 642 Torr, [N2] from 278 to 609 Torr, and
 
13~ 113 j

-
Ia from 0.65 x 1013 to 6.06 x 10 cm-3sec . When NO is present
 

at more than 36 mTorr, the reaction with C12 in the dark becomes
 

significant. To avoid any complications due to the dark reaction
 

between C12 and NO, the maximum NO used 'for the -4.{NO} deter

minations was limited to 31.9 mTorr. The results for Ia, [NO],
 

[02], and [N2 ] variations are presented i. Tables 11, 12, 13, and
 

14 respectively. The results are also shown in Figures 25, 26, and
 

27. It is apparent that the initial NO removal quantum yields are
 

independent of Ia, [NO], and [02]. The average value of -(D.fNO} is
 

0.11 + 0.02 at 2980K. However, if [02] is reduced while the total
 

pressure is maintained constant with added N2, - 'i{NO} decreases.
 



Figure 24. NO Concentration Profile vs. Irradiation Time
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Table 11
 

NO Removal Quantum Yield in the Photolysis
 

of Cl2-02-NO Mixtures at Various Ia Values
 

[Cl 2 ], [NO], [02], 10-13 Ia -0.{NO} 

Torr mTorr Torr cm-3sec  1 

1.44 19.8 564 0.65 0.13 

1.98 10.5 564 0.90 0.10 

2.82 11.1 567 1.28 0.13 

3.54 9.1 562 1.60 0.12 

4.74 10.4 593 2.14 0.12 

2.52 7.3 585 3.50 0.13 

3.50 13.2 541 4.87 0.13 

3.61 10.4 584 5.02 0.14 

4.,02 9.4 554 5.59 0.12 

4.36 9.7 584 6.06 0.10 
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Table 12
 

NO Removal Quantum Yield in the Photolysis
 

of C12-02-NO Mixtures at Various NO Pressures
 

[Cl 2], [NO], [02], 10-131a, -4i{NO}

-3 -1i
 

Torr mTorr Torr cm sec
 

a) Experiments Done at Low Ia 

3.11 5.4 561 1.41 0.13
 

3.85 6.3 555 1.45 0.10
 

3.54 9.1 562 1.60 0.12
 

2.37 25.1 567 1.07 0.12
 

2.50 25.4 642 1.11 0.11
 

b) Experiments Done at High I
a 

3.07 3.8 566 4.27 0.12
 

2.46 5.6 579 3.42 0.11
 

2.94 6.2 586 4.08 0.12
 

3.70 6.9 530 5.15 0.11
 

2.50 9.7 581 3.52 0.11
 

2.45 10.8 545 3.41 0.11
 

2.78 11.1 588 3.87 0.11
 

2.37 16.9 564 3.29 0.10
 

2.68 18.0 559 3.73 0.08
 

2.53 18.6 583 3.52 0.08
 

2.84 19.3 548 3.95 0.11
 

2.92 20.2 538 4.05 0.09
 

2.10 28.2 507 2.92 0.10
 

2.14 29.1 591 2.97 
 0.09
 

2.49 31.9 585 3.46 0.11
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Table 13 

NO Removal Quantum Yield in the Photolysis
 

of C12-02-N0 Mixtures at Various 02 Pressures
 

[Cl2], [NO], [021, 10- 13 1a -C.{NO}
23 -2
 
Torr mTorr Torr cm see
 

3.85 25.2 222 1.46 0.10
 

3.97 26.4 240 1.78 0.13
 

4.28 13.6 273 1.94 0.10
 

4.08 38.1 287 1.85 0.12
 

4.16 12.3 316 1.88 0.11
 

5.33 13.5 422 2.41 0.13
 



Table 14
 

NO Removal Quantum Yield in the Photolysis
 

of C12-NO Mixtures at Various 02 and N2 Pressures
 

[N21/[0 2] [C12], [NO], [021, [N2 1, 10-13 la' -i.{NO}
-3 -li
 
Torr mTorr Tort Torr cm sec
 

3.35 18.6 --- 609 1.51 0.015
 

.a 1.05 18.6 --- 525 1.46 0.033
 
7.06 3.66 16.0 72.8 514 1.66 0.043 C 

6.52a 4.15 16.2 72.2 471 1.87 0.066
 
4.97a 4.05 16.4 88.3 439 1.83 0.071
 

4.02 3.73 19.5 117.0 470 1.69 0.059
 

3.36a 1.52 23.3 125.3 421 2.12 0.079
 

3.36 -1.59 24.5 126.9 426 2.21 0.068
 

2.00 3.42 16.9 218.0 437 1.55 0.071
 

1.85 4.16 25.2 250.0 462 1.88 0.065
 

0.98 2.22 24.4 282.8 278 3.08 0.077
 

aThese data were obtained in a later set of measurements and -4.{NO} values are
 

systematically somewhat higher.
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This effect is shown in Table 14. Note that the limiting value of
 

-4.{NO} with no 02 present is small but not zero. Table 14 also
 

shows that -$.{NO) is reduced if the total pressure is increased
1
 

while maintaining a constant 02 pressure.
 

C. Discussion
 

On the basis of the experimental results, the following
 

mechanism for the photolysis of chlorine in the presence of 02 and
 

small amounts of NO at 2980K is proposed.
 

Cl2 + hv (366 nm) + 2C1 Rate = Ia 

Cl + 02 + M C00 + M 31, -31
 

C100 + NO - C10 + NO2 20a 

CINO + 02 20b
 

C10 + NO NO2 + Cl 16 

C1 + NO + M > CINO + M 32 

Cl + ClNO - C12 + NO 33 

Reactions 31, -31, 16, 32, and 33 are well known, having been
 

reported previously by Watson (41) and Hampson and Garvin (97).
 

Reaction 20a is proposed to account for the observed NO removal, and
 

reaction 20b is a possibility which must be considered. An analysis
 

of the above mechanism leads to the following steady state expression
 

for the radicals in the system.
 

[ClO0]ss = K3 1 31[02] [Cl]ss 
 XXIII
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r 0 1 1 K31,-31k 20a[O 2 ][C1]ss XXIV
 
ss 
 k16
 

=] a
 
s K31,_31k20b[O 2] [NO] + k32 [NO][N]
 

The initial NO removal quantum yield under steady state conditions
 

is expressed in equation XXVI.
 

-4.{NO} = 2K3 1 -3 1k2 0a [02] XXVI
 

I K31,31k20b[0 2I + k32[M]
 

where [M] = [02] + [N2], and K31,_31 is the equilibrium constant for
 

reaction 31.
 

In deriving equation XXVI, Cl, C100, C10, and CIN0 were 'ssumed
 

to be in their steady states. The Cl, C100, and C10 radicals reach
 

their steady state values almost instantaneously. The lifetime of
 

CINO can be calculated from equation XXVII.
 

T lNO = 1/k33 [Ci] XXVII 

From equation XXV, the steady state value of Cl atoms is inversely
 

proportional to [NO]. To calculate the longest possible lifetime
 

of ClNO, the highest NO value was used. The result shows that the
 

lifetime of CINO can be as long as 2 sec. The minimum time interval
 

over which the initial rates were measured was at least 30 sec, thus
 

the assumption of the steady state for CINO is a good approximation.
 

Equation XXVI predicts that -LfNO} should be independent of
 

Ia' [NO], and [02] when [M] = [02]. Due to the addition of N2, the
 

value of -t.{NOI should decrease as [M] increases. These predictions

1 
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are completely consistent with the observed data (see Figures 25, 26,
 

and 27). Equation XXVI also predicts that the value of -Li{NO}
 

should approach zero as [02] approaches zero. Although the -i.{NO}
 

'in the absence of 02 is low, it is not zero. As shown in Table 14,
 

-(D{NO} ranges from 0.015 to 0.033. The residual NO removal process
 
1 1 

may be attributed to hydrocarbon impurities in the N2 and the small
 

amount of 02 present in the N2. The mechanism for this residual NO
 

removal process is as follows:
 

C0 + RH dCl +-R 34
 

R + 02 + RO2 35 

RO2 + NO R0+ NO 2 36 

RO + NO + RONO 37
 

C1 + NO + M - ClNO + M 32
 

C1 + ClNO C12 + NO 33
 

The expression for the residual NO removal quantum yield -0 {NOT is:
 

-4 {NOT = 4k 3 4 [RH] XXVIII
0 k3 4 [RH] + 2k3 2 [NO][M]
 

1 3 
If RH is CH4, then at 3000K k34 is 1.1 x 10- cm3see- and k32 is
 

3 1 
1.1 x 10- cm6sec- as reported by Hampson and Garvin (97). This
 

reaction sequence could account for -0 {NO} = 0.11 when CH4 present
 

in the N2 is 2.5 ppm. This is the level of CH4 detected in the
 

chromatographic analysis of N2. This problem does not occur when 02
 

is used in place of N2 since the 02 was made free of all hydrocarbons
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as described in Section A.l. Equation XXVIII predicts that -i.{NO}
 

is [NO] dependent because the hydrocarbons are competing with NO
 

for C1 atoms. However in the absence of hydrocarbon impurities, that
 

is when the 02 was used in place of the N2, the NO removal quantum
 

yield would be independent of [NO] as predicted by equation XXVI.
 

When N2 was used as a carrier gas, the measured quantum yields were
 

corrected by subtracting the residual quantum yield, -0 {NO) as in
 

equation XXIX.
 

-0Ce{NOI = [-0l{NO}] - [-0{NO}] XXIX 

An alternative possibility for consuming NO in this system is
 

the sequence:
 

C1 + CIO0 C12 + 02 38a
 

+ 2C0 38b 

C1O + NO NO2 + C1 16 

C1 + NO + M + ClNO + M 32 

Cl + ClNO -- C 2 + NO 33
 

This mechanism assumes that all Cl00 radicals react with Cl atoms
 

through reaction 38,and reaction 16 is the only reaction responsible
 

for NO comsumption. If reactions 38a and 38b were important under
 
A 

these conditions, then .{NO} would depend on I due to the radicals
 
1. a 

recombining in reaction 38. The NO removal quantum yield would also 

depend on [NO] because the Cl00 radicals were competing with NO for
 

Cl. atoms. These predictions are contrary to the observations. The
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rate of NO consumption due to reaction 16 alone can be calculated
 

from equation XXX.
 

-d[NO] - 2k38bK [0 ][C] 
2 cm-3sec-1 XXX 

dt 3831,-31 2 

1.4 x 10- 1 2 cm sec (97), 5.6 10-33 cm6 ecwhere k3 8b38 	 mse (9,k31 56xc e 

-14 -15 3 -1 
(41), and k_3 1 = 1.14 x 10 or 1.15 x 10 cm sec (41). The
 

results show that the rate of NO consumption due to reaction 16
 

alone is 50-100 times slower than the observed rate.
 

The competition between reaction 33 and the photodissociation
 

of CINO as in reaction 39 was also considered.
 

ClNO + h% (366 nm) - C + 	NO 39
 

The ratio of the photodissociation rate and the rate of reaction 33
 

is given in equation XXXI.
 

R3 o.I *Z
 
.39 a XXXI
 
R33 k33[CiI
 

= 4 x 10- 20
 
where the absorption cross section for CiNO at 366 nm, a 

3 
cm (41), the photolysis path, k, = 10 cm, and k33 = (3.0 + 0.5) x 

- I10-11 cm3sec at 298 0K (41). The result shows that the photolysis
 

rate of CiNO is at least three orders of magnitude less than the rate
 

of ClNO with Cl atoms. Equation XXVI may be rearranged to:
 

1 _____________k	 3 2 [N2 ] 

PPi{NO}]- I = k20b + 32 + 	 xxxii2k20 + 2k2031,-31 2k20aK31  31[02]
 

A1	 vs [N2/[0 2] should be linear with a slope of
A plot of [-@i{NO}]- I 
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k32/2k20aK31 ,_31 and an intercept of k20b/
2k20a + k32/2k20aK31,31-


Figure 28 shows that the plot is reasonably linear and gives
 

k20b /k20a = 11.0 + 2.1 and k3 2/k20aK3 1,31 = 7.2 + 1.6. In
 

evaluating k20b/k 2 0a we have implicitly assumed that for reaction 32,
 

the efficiency of 02 and N2 are equal as third bodies. It was found
 

that k20aK31,-31 = (1.5 + 0.6) x 10- 3 2 cm6sec- 1 and k20bK31,31 =
 
3 13 1 
(1.6 + 1.0) x 10- cm 6sec- at 298K, using k3 2 = (1.1 + 0.2) x 10 

6 -l 
cm sec (M = N2 ) (97). 

The total third order rate coefficient for the combination of
 

Cl and NO with 02 as the third body can be obtained by considering
 

two mechanisms. In the first mechanism, the termolecular process
 

may be divided into two steps: the combination of Cl and NO and
 

the subsequent stabilization by a third body, 02. The presence of
 

the third body provides a means to remove the energy released and
 

stabilize the molecule formed from the combination of Cl and NO.
 

Cl + NO - ClNO*
 

C1NO* + M - ClNO + M 

Cl + NO + M 4 CINO + M 32
 

where M = 02.
 

In the second mechanism, the net reaction 32 occurs via the
 

C100 intermediate as the following:
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Cl + 02 + M - CIO0 + M 31, -31
 

C10O + NO + CINO + 02 20b 

Cl + NO + M - CINO + M 32
 

where M = 0 . The third order rate coefficient for the second 

mechanism, k20bK31,-31 , is (1.6 + 1.0) x 10
31 cm 6sec I from our
 

results. The total third order rate coefficient for the combination
 

of Cl and NO with 02 as a third body is the sum of k3 2 from the
 

- 31 I
first mechanism and k20bK31,_31 which is (2.7 + 1.0) x 10 cm6sec

-31
 
The value of k32 used for this calculation is (1.1 + 0.2) x 10

6 -1
 

cm sec for M = N2 (97), assuming the efficiency of 02 and N2 are
 

the same. The value of the total third order rate coefficient is
 

31.6 -1
 a factor of 2.1 larger than the value (1.3 + 0.3) x 1031 cm sec
 

determined by Clark et al. (98), using a low pressure flow discharge
 

system. However, within the stated error limits the two values
 

nearly overlap.
 

The ratio of [CINO] ss/[NO] was calculated from equation XXXIII.
 

[CINO]ss k20bK31,31[O2] + k32[H]
 

[NO] k33 XXXIII
 

31 -I -1 1
 Using the values of k20bK31,31= 1.6 x 10- cm6sec , k 3 x 10

3 -i =1-31 6 -1
 

cm sec (41), and k32 1.1 x 10 cm sec (97), the ratio of
 

[C1NO]ss/[NOI was calculated to be 0.15. Since the lifetime of CINO
 

is approximately 2 sec, the NO profile should have a rapid drop by
 

15% of the initial [NO] within 2 sec. This is because NO is tied up
 

in CINO due to reaction 32 for approximately 2 sec before CINO reacts
 

further with Cl atoms to regenerate NO as in reaction 33. This drop
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is not observed in the NO profiles (see Figure 24). The 15% drop in
 

NO may be toosmall for us to have detected, or else the reported
 

value for k33 may be in error by about a factor of two.
 

Figure 24 shows that the reaction rate decreases as the reaction
 

proceeds. Presumably this inhibition is due'to the reaction of NO2
 

produced in reaction 20a with Cl atoms by way of the known reaction
 

C1 + NO2 + M C1ONO + M 22a
 

SC!NO2 + M 22b
 

-31 
which has a third order rate coefficient of 7;2 x 10 cm6sec 1
 

reported by Watson (41). Analysis of the fall in the rate indicates
 

that under our conditions, reaction 22 is too slow to influence the
 

initial rate measurements.
 

D. Atmospheric Implications
 

In order to approximate the importance of reactions 20a and 20b
 

in the stratosphere,.the rates of reactions 20a and 20b were compared
 

with the rates of reactions 10 and 21 in the 15 km region where the
 

maximum effect is expected.
 

C1 + 03 > CIO + 02 10 

HO2 + NO - HO + NO2 21 

The ratios of the reaction rates are expressed in'equations XXXIV and
 

XXXV.
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R20 K31,_31k20[02][NO] 


RI0 k10[03]
 

R20 K31,-31k20[Cl] [02]
 
R21  k21 [H02]
 

In these computations our values of k20aK31,31 and k20bK3131
 

at 298 0K were employed in conjunction with the maximum values of
 

K31-31 given by Watson (41). The rate coefficient data were also
 

taken from Watson (41) and Hampson and Garvin (97). A Cl density
 

of approximately 3 x 105 cm- 3 was estimated at 15 km from the CIO
 

densities measured by Hudson (99) and from the ratio of [Ci]/[CIO]
 

given in equation XXXV1.
 

[Cl] k 7[NO] XXXVI
 
[CIO] klo[02]
 

=The other pertinent concentrations were taken to be [HO2] 2 x 107
 

-3 =2 09 -3 012 -3
 
cm , [NO]=2 x cm and [03] = 1 x cm
 

-The results show that at 15 km reactions 10 and 21 are about 400
 

and 100 times more important than reaction 20a. Reaction 20b is about
 

11 times more important than 20a, but under stratospheric conditions,
 

the product ClNO is rapidly photodissociated to regenerate Cl and NO
 

as in reaction 39. Therefore, it is concluded that reaction 20a and
 

20b are probably not important in the earth's atmosphere.
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Chapter 4 

THE C12-NO2-M SYSTEM: THE MECHANISM OF THE Cl-NO -M REACTION 
2 2 2 

AND THE KINETIC STUDY OF CHEMILUMINESCENCE IN THE C1-N02903 REACTION 

A. Experimental
 

A.1. Materials and Their Purification
 

The NO2 and Cl2 were obtained from Matheson Gas Products. Cl2
 

was purified by the distillation method described in Chapter 2 Section
 

A.l. NO2 was purified by the method described by Stockburger et al.
 

(100). Fifty to one hundred Torr of Nd2 with 600 Torr of 02 was
 

repeatedly frozen at -196 0d and then warmed to room temperature until
 

the blue color of N203 disappeared. The mixture was then condensed
 

in a trap in -1960 C, and the 02 pumped out. Since the concentration
 

of NO2 needed in our experiment was on the order of 50 mTorr, only
 

a few Torr of purified NO2 diluted with 500-600 Torr of 02 and N2
 

was used. This dilute NO2 mixture enabled us to measure the pressure
 

accurately. The dilute NO2 mixture was kept in the dark at room
 

temperature.
 

Chlorine nitrite, CIONO, was prepared in the reaction cell by
 

mixing C120 with CINO at low temperature as reported by Molina And
 

Molina (49).
 

Chlorine monoxide, C120, was prepared from a procedure by
 

Schack and Lindahl (101). Freshly baked HgO (yellow form) was added
 

into a U-shaped Pyrex tube packed with glass beads. The beads served
 

to increase the reaction surface. Excess C12 was condensed into this
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U-tube and allowed to react overnight at -78oC. The product was
 

separated from unreacted Cl2 by distillation from -117C to -196C.
 

The C120, a red solid, remained in the -l17C trap. Its gas phAe 

UV spectrum taken on a Cary 14 spectrophotometer was in Agreement 

with the C120 spectrum reported by Lin (70). 

The purity of the 0120 was determined by the following procedure. 

The C120 was photolyzed at 366 nm using a medium pies~ure Hg lamp 

(Hanovia 404101). 

20120 + hu + 2012 + 02 

After photolysis, the UV spectrum of the only condensable product,
 

C12, was obtained. The concentration of the C2 produced was
 

calculated using the known absorption ctoss secion at 406 nm. It
 

was found that the Cl2 concentration was 1.77% more than the
 

stoichiometric ratio. Hence, the purity of C120 was 98.23%, the
 

main impurity being 012.
 

CINO was prepared by mixing 012 "ith an excess of NO. The
 

mixture was allowed to react in the dark for approximately two hours.
 

The product was purified by distillation from -78oC to -117'C. CINO,
 

an orange solid, was collected at -117oC. Its gas phase infrared
 

spectrum was obtained using a Beckman IR spectrophotoineter. The
 

product was identified as ClNO by comparing this absorption spectrum
 

with the known spectrum (102).
 

N2 and 02 were purified by the method described in Chapter 3
 

Section A.l.
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A.2. Vacuum Line
 

The mercury-free vacuum line described in Chapter 3 Section A.2
 

was used, with the addition of a section for C120 preparation.
 

A.3. Reaction Vessel and Photolysis Source
 

The arrangements of the reaction vessel and the photolysis source
 

are essentially the same as described previously in Chapter 3
 

Section A.3. A capillary tube was used which gave an evacuated
 

leak rate of (4.3 + 0.3) x 10-4 sec- . The total pressure drop in
 

the reaction cell was approximately 2.6% per minute.
 

A.4. The Analysis System
 

The analysis system is the same as described in Chapter 3
 

Section A.4.
 

A.5. Procedure
 

In the reaction cell, mixtures of Cl2 and NO2 were irradiated at
 

366 nm. N2 or 02 was added to serve as a carrier gas. The experi

mental procedure was essentially the same as that used to determine
 

NO by the chemiluminescent reaction with 03 described in Chapter 3
 

Section A.6. Through a sampling capillary tube attached to the
 

reaction cell, the cell contents could be leaked into a chemilum

inescence chamber where they were mixed with ozonized oxygen. The
 

resulting chemiluminescence was viewed with a photomultiplier
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(EMI 9785B) through a Coming filter (CS 2-62). In one experiment a
 

Coming filter (CS 2-64) was also used. The results were identical.
 

The chemiluminescence intensity was monitored continuously
 

during irradiation and also after the radiation was terminated.
 

A.6. Actinometry
 

The absorbed light intensity, Ia, was determined by photolysis of
 

optically equivalent amounts of NO2 in the presence of N2. NO is
 

known to be a product of the photolysis as reported by Jones and
 

Bayes (103). The NO produced was determined by the chemiluminescent
 

reaction with 0 . The overall NO formation quantum yield for this 

system is 2.0.
 

B. Results
 

Mixtures of Cl2 and NO2 using N2 or 02 as a carrier gas were
 

photolyzed at 366 nm in the reaction cell. Chemiluminescence was
 

observed when the photolysis mixture was leaked into the chemilum

inescence chamber and mixed with ozonized oxygen. A typical emission
 

profile is shown in Figure 29. The initial emission intensity grows
 

rapidly and soon reaches a steady state value. If the radiation is
 

terminated, the emission intensity decays exponentially. If the
 

radiation is not terminated, the emission intensity eventually declines
 

as the NO2 is consumed.
 

The chemiluminescence is observed only when the photolysis is
 

performed in the presence of both Cl2 and NO2, and only when the
 

ozonizer is on. The results were independent of the carrier gas
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used. From the known values of the absorption cross sections for
 

Cl2 and NO2 (42,97), chlorine was always present at concentrations
 

three to ten times more than that required to compete with the NO2
 

photolysis. Therefore, the contribution to the total-emission
 

signal from the formation of NO due to NO2 photolysis was negligible.
 

Values of [C12] , [NO2 ], [M], and Ia were varied over a wide
 

range at each temperature. The results of the kinetic study are
 

presented in Tables 15, 16, and 17 for Ia, [NO2], and [M] variation
 

at 273°K respectively. The results of the kinetic study at 238
 

and 219'K are presented in Tables 18 and 19 respectively. Emission
 

could also be observed at 296 0K, but the intensity was too low
 

for any meaningful kinetic study.
 

The initial rates of the chemiluminescent emission were obtained
 

from the initial slope of the emission profile. They were corrected
 

for the electronic time constant of the measurement system which
 

was 0.73 sec. This leads to a typical correction of 20-30%. Since
 

the initial rates were obtained within approximately fifteen seconds
 

of the irradiation, the correction due to the evacuation rate is
 

negligible.
 

Since the absolute calibration for the emission intensity could
 

not be obtained, the relative values are reported. Relative initial
 

emission quantum yields for all temperatures e.{T}, were obtained by
 

normalizing to a value of 2.0 when No2 approached infinity. The
 

reason for this normalization will be discussed in a later section.
 

Ia was varied by changing the C2 pressure and also by using
 

more than one filter to cut down the photolysis light intensity. The
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Table 15
 

The Effect of I Variation on ''el III and k42 at
 
a 2. 

273 + 20K in the Photolysis of C12-NO2-M Mixtures
 

[NO2], 


mTorr 


69.7 


67.3 


59.1 


67.0 


54.5 


58.5 


68.0 


57.0 


63.7 


57.8 


66.0 


61.1 


55.8 


59.2 


60.4 


59.1 


61.1 


[C12]' 

Torr 


1.05 


3.84 


4.14 


1.05 


8.52 


2.22 


2.61 


3.42 


3.77 


3.89 


3.97 


4.05 


4.32 


4.78 


6.96 


7.39 


7.97 


[02]1 

Torr 


603.2 


583.6 


470.0 


586.9 


574.6 


328.6 


144.2 


553.1 


587.1 


579.3 


585.9 


586.6 


584.8 


[N2], a 

Torr 


543.0 


543.0 


539.2 


280.0 


428.0 


543.6 


I0-13 Ta' 

-
c -3s
 

0.53 b 


2.09b 


2.25 b 


2.92 

43b
 

4.63 


6.17 


7.26 


9.51 


10.5 


10.8 


11.0 


11.3 


12.0 


13.3 


19.4 


20.5 


22.2 


Dre 11 1  


0.44 


0.44 


0.51 


0.44 


0.38 


0.48 


0.50 


0.42 


0.59 


0.52 


0.64 


0.58 


0.54 


0.54 


0.52 


0.50 


0.55 


102 k42,
se4-2
 

2.45
 

3.22
 

3.29H
 

2.92
 

3.22
 

3.77
 

4.25
 

3.16
 

3.88
 

3.43
 

2.83
 

3.65
 

4.00
 

3.38
 

2.24
 

3.76
 



Table 15. (continued)
 

a	The amounts of 02 present in the reaction ranged from 0-5 Tort because NO2
 
was stored in 02 .
 

b~wo Coming CS 7-37 filters (rather than one) were used to isolate 366 nm
 

photolysis beam.
 

H 



Table 16
 
The Effect of [NO] Variation on tell} and k
 

at 273 + 20K in the Photolysis of Cl2-N 2-M Mixtures
 

[NO 2], [Cl2], [02], a
[N2], 

-1310 a, tel W{} 02k102 42' 

mTorr Torr Torr Torr cm-3sec sec - I 

32.6 1.67 --- 537.7 4.67 0.28 2.94 

32.6 2.26 --- 537.1 6.28 0.28 3.03 

33.1 2.29 --- 542.1 6.37 0.30 2.42 

43.7 2.73 --- 543.0 7.58 0.36 3.96 

47.3 4.05 495.4 --- 11.3 0.42 2.44 

48.2 3.28 --- 535.8 9.12 0.36 4.03 

50.4 1.91 --- 536.6 5.30 0.39 2.98 

52.6 4.24 547.6 --- 11.8 0.47 2.40 

55.9 4.32 587.1 --- 12.0 0.54 3.65 

61.1 4.05 --- 543.6 11.3 0.58 2.83 

65.9 3.97 553.1 --- 11.0 0.64 3.43 

69.3 4.40 --- 539.3 12.2 0.50 4.59 

70.5 4.12 --- 432.4 11.5 0.58 3.89 

81.5 3.73 549.4 --- 10.4 9.71 4.63 

99.2 3.89 527.3 --- 10.8 0.89 2.69 

101.8 4.01 583.9 --- 11.1 0.90 3.80 



Table 16. (continued)
 

[NO 2], [C 2]' [02]5 [N2],a 10-13 	a' rel{} 102 k
 
-1  mTorr Torr Torr Torr cm sec	 sec 1
 

106.0 4.40 --- 533.6 2.29b 0.80 3.96
 

120.0 3.70 566.8 --- 10.3 0.75 3.69
 

122.3 2.37 --- 535.3 6.59 1.03 3.29
 

140.6 3.97 464.4 --- 11.0 1.00 .....
 

152.9 4.40 --- 537.7 12.2 0.83 4.63
 

159.0 2.41 --- 536.6 6.70 0.96 3.37
 

aThWi,~neUThe amounts of 02 present in the reaction ranged from 0-5 Torr because NO2 was 0 
stored in 02. 

bTwo Coming CS 7-37 filters (rather than one) were used to isolate the 366 nm 

photolysis beam. 



Table 17
 

The Effect of [M] Variation in iel I and k42 
1 I n 42 

at 273 + 20K in the Photolysis of C12-N02-M Mixtures 

[NO2 ],, di02]2 	 [N2], a el{I 102 k42'
 
-
mTorr Torr Torr Torr cm-3sec	 see

75.4 1.48 --- 297.1 4.11 0.54 2.98
 

77.5 1.67 --- 329.9 4.64 0.52 2.97
 

73.4 1.37 --- 547.2 3.81 0.55 3.53
 

61.1 4.05 --- 543.6 11.3 0.58 2.83
 

57.8 3.89 144.2 428.0 10.8 0.52 3.88
 

72.4 3.89 147.4 420.0 10.8 0.57 3.17
 

63.7 3.77 328.6 280.0 10.5 0.59 3.16
 

59.2 4.78 579.3 --- 13.3 0.54 4.00
 

59.1 4.14 583.6 --- 2.25b 0.51 3.22
 

a	The amounts of 02 present in the reaction mixtures ranged from 0-5 Torr because
 

NO2 was stored in 02.
 

Two Corning CS 7-37 filters (rather than one) were us&d to isolate the 366 nm
 

photolysis beam.
 



Table 18
 

Photolysis of Cl2-NO2-M Mixtures at 238 + 10K 

[N02 ], [C12], [N2],a -03 -i' 1m.{I1
a 0-13 Ia, rel{fi 103 k 4j$
 

mTorr Torr Torr cm see sec
 

30.6 1.98 525.0 3.35 1.77 7.47
 
46.6 3.93 525.5 6.65 1.81 7.60
 

49.2 4.47 534.6 7.55 1.69 9.27
 

55.9 3.77 537.5 6.37 2.06 7.60
 
101.9 2.72 523.3 4.60 1.85 9.33 
 H 

142.3 5.76 519.0 0 .27b 1.93 9.09
 

326.4 6.15 524.3 0.29 1.95 11.8
 
389.1 16.7 480.0 0.79 1.95 8.85
 
532.8 6.11 518.5 0 .29b 1.85 7.08
 

567.8 16.8 470.0 0.79b 1.55 9.33
 

a The amounts of 02 present in the reaction mixtures ranged from 0-5 Torr because
 

NO2 was stored in 02.
 

bThree Corning CS 7-37 filters (rather than one) were used.
 



Table 19
 

Photolysis of Cl 2-NO2-M Mixtures at 219 + IK
 

[NO2], [C122], [N2] ,a 01 •~i( 103 k42
 
3 1
mTorr Torr Torr cm- sec-	 sec
 

49.2 3.81 5,18.3 3.14 2.28 	 5.76
 

52.4 3.93 524.0 3.24 2.37 	 6.23
 

55.3 3.54 522.8 2.92 1.98 	 5.03
 

56.0 3.77 529.8 3.11 2.12 	 6.31
 

81.9 2.14 524.5 1.76 1.89 	 ---

96.1 1.83 513.6 1.51 2.37 	 6.15
 

a	The amounts of 02 present in the reaction mixtures ranged from 0-5Torr because
 

NO2 was stored in 02.
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effect of varying Ia, (NO2], and total pressure, [M], on D {I)
 
@rel~i
 

is shown in Figures 30, 31, and 32. It is apparent that 0 iI
 
±
 

is independent of Ia and total pressure, [M]. However, at 2730K
 

rel
0.fI}I increases with increasing [NO 2] but is independent of [NO 2]
 

at lower temperatures.
 

Figure 29 shows that the intensity of the chemiluminescent
 

emission decays when the radiation is terminated. Typical first
 

order plots of the dark decay are shown in Figure 33. The plots
 

are linear indicating that the dark decay of the chemiluminescent
 

reaction follows first order kinetics. Presumably the decay is due
 

to the reaction between the intermediate formed during the photolysis
 

and the surface of the reaction vessel.
 

wall
 
Intermediate Products 42
-l 


Values of the first order decay, k4 2, were obtained from the slope
 

of the plots. They were corrected by subtracting off the evacuation
 

rate. This leads to a correction of less than 10%. Since the dark
 

decay is slow in comparison with the electronic time constant of the
 

measurement system, the correction is insignificant. The corrected
 

values of k42 are also tabulated in Tables 15-19. The average values
 

of k42 at each temperature are given in Table 20. An Arrhenius plot
 

of k42 is shown in Figure 34. The Arrhenius expression for k42 is
 

k42 = 46.1 exp[-(2000 + 300)/T] sec-i
 

The low values of the preexponential factor and the low activation
 

energy in k42 suggest that the decay of the species responsible for
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Table .20
 

Summary of the Average Values of the
 

Rate Coefficient for Reaction 42
 

-l
 

k S42' T, OK
 Sec 


(3.4 + 0.6) x i0 - 2 273
 

(8.74 + 1.38) x 10 - 3 239
 

(5.90 + 5.3) x 10 - 3 219
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the chemiluminescence -is probably heterogeneous. Further evidence
 

that the surface can influence the chemiluminescence intensity comes
 

from attempts to prepare ClONO in the reaction cell. This will be
 

discussed later in the Discussion section.
 

C. Discussion
 

C.1. Chemiluminescent Kinetics
 

All of the observations can be explained by assuming the
 

formation of an unstable compound when C12 is photolyzed in the
 

presence of NO2 In the chemiluminescence chamber the intermediate
 

reacts with 03 to produce the observed chemiluminescence. The
 

proposed mechanism of the photolysis is the following:
 

C2 + hv (366 nm) - 2CI 

C1 + NO2 + M ClONO + M 22a
 

+ CINO2 + M 22b 

ClONO + NO2 + M - N204CI + M 40
 

ClONO CNO2 41
-w 


N204C wl CINO 2 + NO2 42
 

In the chemiluminescence chamber, N204 CI reacts with 03 to produce
 

the observed red emission.
 

N204CI + 03 Products + hV (red) 43
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The reaction between Cl atoms and NO2 is well~known. Clyne
 

and White (63) using a discharge flow system, have obtained a rate
 

3 1 6 -1 
coefficient of 7.2 x 10- cm sec (M = N2, at 298
0 K) at low
 

pressure. Glavas et al. (104) using a competitive steady state
 

31 cm6sec-1
photolysis experiment, have found a value of 2.5 x 10


at 294 0K and at pressure about I atm N It is commonly assumed
 

that the product of this reaction is nitryl chloride, CINO2 (63,64).
 

Niki et al. (65) using a Fourier transform spectrometer method have
 

shown that CINO2 and CIONO are the products of the photolysis
 

mixtures. The principle product (_80%) is chlorine nitrite, CIONO,
 

even though the formation of the ClONO isomer is less thermo

dynamically favored than CINO2 formation.
 

In order to account for the kinetic observation, at least a
 

significant part of the time the product of reaction 22 is assumed
 

to be CIONO. The formation of the intermediate responsible for
 

the chemiluminescent reaction with 03 is proposed to be by
 

reaction 40; because the relative emission quantum yield is [N0 2]
 

dependent at 2730K. The intermediate N204 C1 will be referred to as
 

I in the future.
 

Since &i{I} is [NO2] dependent, it is necessary to have the
 

competing reaction 41 for ClONO removal which is known to isomerize
 

readily via a heterogeneous process to CINO2, (65,105). The dark
 

decay of the chemiluminescence with a very low preexponential factor
 

and a low activation energy requires the introduction of reaction 42.
 



144 

The products of reaction 42 are very reasonable because of the
 

proposed stoichiometry of reaction 22.
 

During the initial stage of photolysis in which reaction 42
 

is negligible, the proposed mechanism leads to the following
 

steady state kinetic expression
 

= 2k40 (k22a/k22)[NO 2] II 

k41 + k 4 0 [N0 2 ][M] 

Equation XXXI can be rearranged to yield
 

1 k22 k41k22
 
i - 2k2 2 a  2k40k2 2a'[N0 2 ][M ]
 

-

.Equation XXXVIII predicts that a plot of [4fil}] 1 or R I l 


-
vs [NO2]1 should be linear with slope/intercept = k41/k40[M]. Because
 

the emission sensitivity for the reaction of N204Cl with 03 is not
 
known, absolute values of 'iI) cannot be obtained. The relative
 

1 

quantum yields were normalized to the maximum possible value of 

2k22a/k22 = 2.0 when [NO2] + -.as predicted by equation XXXVIII. In 

Figure 35, values of [@ elwl are plotted vs [NO2]-1 for three 

different temperatures. The lines are drawn with an intercept of
 

k22/2k22a = 0.50.
 

At 273°K and low [NO2 ], the plot deviates slightly from that
 

predicted by equation XXXVIII. However, the deviation is not
 

sufficiently large to invalidate equation XXXVIII since the data at
 

low [NO2] is the least accurate. Nevertheless, it is possible that
 

the proposed mechanism is not complete or possibly CIONO is not
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completely in the steady state at low [NO2]. At 2390K and 2190 K the
 

plot is of zero slope and of intercept 0.50. This result is
 

consistent with the mechanism if k41 << k40 [NO 2] [M] at 239 and 2190K
 

which'is very reasonable and expected since CIONO isomerization to
 

ClNO2 has a significant activation energy (49,105). From the ratio
 

= x 1015 cm-3
of slope to intercept at 273
0K, k41/k40 [M] (6.2 ± 0.9) 


is obtained. Since reaction 41 must be slower than diffusion
 

controlled to account for the lack of pressure dependence, k41 must
 

- - 3 be less than 0.6 sec . Thus k40 is less than 1 x 10 16 cm .sec
 

An alternative mechanism which is kinetically indistinguishable
 

from the proposed mechanism is
 

NO2 +NO 44,-44
 

N204 + Cl eN204C1 45
 

C + NO2 +NM ClONO + M 22a
 

CINO2 + M 22b
 

Using the literature values of k22 and K44_44 (97) the relative 

rate for Cl atom removal via reaction 45 and 22 is 0.02 for NO2 = 

60 mTorr; thus reaction 45 is unimportant compared to reaction 22. 

Computation using the known value of the emission efficiency for 

the NO-a3 reaction (93) and the relative emission efficiency for 

N204C and NO obtained in the present work shows that the emission 

for reaction 43 would have to be second,order in NO2 at all 

temperatures to account for the observed emission. Thus the 

mechanism involving N204 must be rejected.
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C.2. The Mechanism of the Chemiluminescent Reaction
 

The observed chemiluminescence is probably due to the direct
 

production of electronically excited nitrogen dioxide, NO2* or
, 


to the production of NO in the reaction of N204C1 with 03 (reaction
 

43) which then reacts with 03 via the well-known NO-O3 chemilum

inescent reactions (93).
 

N204C1+ 03 + NO2* + Other Products 43a 

- NO + Other Products 43b 

NO + 03 4 N02* + 02 5a
 

NO2 (electronically ground state) + 02 5b
 

NO* NO2 + hv 5c
 

The NO-producing mechanism and the direct production of electronically
 

excited NO2 in reaction 43a are kinetically indistinguishable. There
 

are many possible channels based upon stoichiometry for reaction 43
 

such as:
 

N204C + 03 NO + ClNO2 + 202 AH = -7.4 Kcal/mole 43c 

- NO + C0 2 + NO2 + 02 AH = 18.7 Kcal/mole 43d 

S2NO2 + CO + 02 AH = 4.2 Kcal/mole 43e 

NO + NO3 + CO + 02 AH = 26.9 Kcal/mole 43f 

Only channel 43c appears likely to be exothermic. The heat of
 

formation for N204C1 is estimated to be >2 Kcal/mole by analogy with
 

the heat of formation for similar compounds N205 and N204. The values
 

for the heat of formation for CONO and C1NO2 were calculated from
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the overall heat of formation for reactions 22a and 22b as reported
 

by Niki et al. (65). For other species, the values used for the
 

heat of formation were the values reported by Calvert and Pitts (96).
 

It is worth noting that if reaction 22a, 40 and 43 are combined
 

together in the following manner
 

Cl + NO2 + M - ClONO + M 22a 

CIONO + NO2 + M N204Cl + M 40
 

N204Cl + 03 + Products 43 

Cl + 2NO2 + 03 - Products net reaction 

The heat of formation for the net reaction is exothermic for all of
 

the possible channels for reaction 43. The values are -50.25,
 

-24.20, -38.70, and -16.51 Kcal/mole for the products by reactions
 

43c, 43d, 43e, and 43f respectively.
 

Other species present in the system cannot be responsible for
 

the emission because 1) there would be a conflict with the kinetic
 

observations, 2) there would be an energy deficiency, or 3) the
 

species are known not to chemiluminesce with 03.
 

The reactants 012 and NO2 do not chemiluminesce with 03 either
 

with or without illumination at 366 nm. However NO2 gives a weak
 

signal due to NO formation from NO2 photolysis. Other species such
 

as CINO2 were considered.
 

CiNO + 0 CIO + NO +O AH = 5.6 Kcal/mole 46a 
2 0 O+NO 02 

-* NO 2+ 010 + 0 2 AH -8.8 Kcal/mole 46b 
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Even though some channels may be exothermic, the reactions are
 

inconsistent with the observed kinetics. The observed results require
 

that the emission be [NO2 ] dependent at 273
0 K.
 

The possibility that CION0 might be responsible forthe
 

chemiluminescent reaction with ozone was also considered. ClONO was
 

prepared directly in the reaction cell by mixing C120 and CINO at
 

226 0K. N2 was added to the mixture after the reaction was carried
 

out. The pressurized mixture was leaked out of the reaction cell to
 

the chemiluminescence chamber and mixed with ozonized oxygen. The
 

emission was completely suppressed. Two possible conclusions can
 

be drawn from this experimental result. Either CIONO did not undergo
 

a chemiluminescent reaction with ozone, or the surface of the
 

reaction cell and the capillary were contaminated by C120 or CINO
 

thus inhibiting the chemiluminescent reaction. The evidence that
 

the surface can influence the chemiluminescent intensity became
 

obvious later when there was no emission observed from the photolysis
 

mixture of C12-NO2-M and ozonized oxygen. This experiment was
 

performed immediately after the CION-O 3 experiment and under
 

conditions in which a strong chemiluminescent emission had previously
 

been observed. After the reaction cell was cleaned with a solution
 

of K2Cr207 and H2SO4 and reconditioned with several Cl2-NO2 -M
 

mixtures, the emission intensity recovered to its original value
 

and became reproducible.
 

If the chemiluminescent reaction is due to the CiONO-O3
 

reaction, the kinetics requires that the emission intensity is
 

independent of [NO2] at any temperature. This prediction is contrary
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to the observations, even though the reaction between CIONO and 03
 

as in reaction 47 is exothermic.
 

ClONO + 03 NO + ClO 2 + 02 AH = r4.45 Kcal/mole 47 

D. Atmospheric Implications
 

In the stratosphere, N204C1 may be formed by the following
 

reactions:
 

CI0 + NO + M + CIONO + M 19
 

ClONO + NO2 + M -- N204C + M 40
 

Reaction 19 was suggested by Molina and Molina (49). However, k40[M]
 

-16
is not likely to be larger than 1 x 10 cm3sec according to
 

our estimation. Therefore, reaction 40 could not compete with the
 

photodissociation of CONO in the upper atmosphere.
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Chapter 5
 

SUMMARY
 

The reactions of ozone with chlorine, oxides of chorine and
 

oxides of nitrogen are important in the chemistry of the stratosphere.
 

A general review of these reactions is given in-Chapter I of this
 

thesis. Of all the interesting reactions in the stratosphere, the
 

research reported in this thesis dealt only with the following three
 

systems.
 

. The Cl2-O3 system in which the reaction of C1O with 03 and
 

the reaction of OC1O with 03 were studied.
 

2. The Cl2-O2 -N system in which the reaction between CIOO
 

and NO was investigated.
 

3. 
The CI2-NO2-M system in which the mechanism of the Cl-NO2
 

reaction was studied as well as the kinetics of the chemiluminescence
 

of the Cl-NO2-O3 reaction.
 

The experimental procedures, results and discussions for each
 

system are given in Chapters 2, 3, and 4 respectively.
 

The major conclusions drawn from the study of the Cl2-03 system
 

are the following. The photolysis of Cl2-03 mixtures at 366 nm
 

and in the temperature range 254-2970K led to the removal of 03 and
 

Cl2 . The final products of the photolysis ate 02 and Cl207 with
 

OC10 being an intermediate (76). The upper limit for the rate
 

8 cm3sec-1
coefficient of the reaction between CIO and 03 is 1 x 10
 

The recommended Arrhenius expression for the rate coefficient of the
 

reaction between OC10 with 03 is
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3 - sec
k26 = 2.3 x 10 12 exp[-(4730 + 630)/T] cm

The low values of the rate coefficients for both reactions, CIO
 

with 03 and OC10 with 03' indicate that they are not important in
 

atmospheric chemistry.
 

The conclusions drawn from the study of the Cl2-02-NO system
 

are the following. The photolysis of Cl2-02-NO mixtures at 366 nm
 

and at 2980K led to the formation of C100 radicals which in turn
 

reacted with NO via two channels.
 

C100 + NO-NO 2 + CIO 20a
 

+ CiNO + 02 20b 

The ratio of k20b/k 20a was found to be 11.0 + 2.2. From the rate
 

coefficients obtained in this study, it can bet-oncluded that
 

reactions 20a and 20b are probably not important in the stratosphere.
 

From the study of the C12-NO2-M system, the following conclusions
 

can be drawn. An observed red emission when the photolysis mixtures
 

of Cl2-NO2-M were mixed with a stream of ozonized oxygen, was caused
 

by the reaction between an unstable intermediate N204C1 and 03. One of
 

N204Cl+ 03 Products + hV (red) 43
 

the products in reaction 43 was either electronically excited nitrogen
 

dioxide (NO2*) or NO, which in turn could react further with 03 to
 

yield NO2*. The formation of N204C required that the major product
 

of the Cl-NO2-M reaction was ClONO rather than C1NO2.
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Cl + NO2 + M ClONO + M 22a
 

-*ClNO2 + M 22b
 

In the presence of NO2, ClONO reacted further with NO2 as in reaction
 

40 to form N204 C1
 

ClONO + NO2 + M - N2 04C1+ M 


The upper limit for the second order-rate coefficient of reaction 40
 

-16 3 -1
 
is 1 x 10 cm sec Therefore, reaction 40,is too slow to
 

compete with the atmospheric photolysis of ClONO. Thus, reaction 40
 

is not important in atmospheric chemistry.
 

40 
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Appendix I
 

PHASE/AMPLITUDE ADJUSTOR
 

The schematic circuit of the phase/amplitude adjustor is shown
 

in Figure 36. The phase adjustor consisted of two capacitors and
 

a variable resistor, Kl, connected in series. The phase of the
 

signal from the two phototubes could be adjusted between 0* to 900
 

by the variable resistor R,. The amplitude adjustor consisted of
 

two fixed resistors and a variable resistor R2 as shown in Figure 36.
 

The amplitude of the signal from the two phototubes could be
 

adjusted by this variable resistor.
 



00 0 
RCA 935 
PHOTOTUBES 

RI 

+ 

BATTERYT-n 

O.O05/LF 0.005pF 

120J120KR 

120R2 
20Ka 

- TO
LOCK-IN 
AMPLIFIER 

Figure 36. Circuit of the Phase/Amplitude Adjustor 
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Appendix II
 

METHOD OF SIMULATION OF THE ABSORPTION PROFILE OF oCIa AND
 

THE EVALUATION OF THE RATE COEFFICIENTS FOR THE
 

EQUILIBRIUM REACTION 29
 

The three rate equations used to simulate the absorption of
 

OC1O are the following:
 

d[CO] 2
 
dt 2.0 a + 29 [M][C120331 - k29 [Ml[ClO][OClO] 

[OC012 (k2 3 c + 2.0 k23b) XXXIX
 

d[C1203] 

dt = k2 9[M] [CIO][OC1O] - k-2 9 [M][C1203 ] X0KM 

d[OC1O] 2 -O]
 

dt k23 [Cl 
01 + k 29 [M][C 203]

k2 9 [M][ClO][OCIO] - k2 6 [OC10][O3] XXXXI
 

To derive these three equations, Cl atoms were assumed to reach the
 

steady state value. The steady state value of Cl is given in
 

equation I, Chapter 2. The integrated forms for equations XXXIX -


XXXXI are the following:
 

[ClO]t = [2.0 Ia + k_2 9 [M][C1 203 0 - k2 9 [M][C10]0 [OC1O]0 

2 0[OCl0]0
2 (k23 c + . k2 3b)) At + [ClO] 0 XXXXII
 

[C1203]t = [k2 9 [M][Clo]0 [OCIO] 0 - k2 9[M][C1203]0] At +
 

[Cl203]0 XXXXIII
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[OClO]t = [k23c[CI0]02 + k 29 [M][C1 203]0 - k29 [M][ClO]0 [OCI1]0 

k26 [0C10] 0 [03 ]] At + [d0lO0] 	 XXXXIV
 

where 	[x]0 = concentration of x at the time t-At, and 

[x]t = concentration of x at any time t. 

The above integrated equations are applicable when the time interval,
 

At, is sufficiently small. Using equations XXXXIT - XX=XIV, the
 

concentrations of OC10, C1203 and OC10 at any time could be 6alculated.
 

The rate coefficients for reaction 29 and -29 were calculated
 

using an adaptive pattern search routine (91). The routine varied
 

the values of k29 [M], k_29 [M], k23 c and k26 within a specified range.
 

For each set of rate coefficients, the error was calculated by
 

comparing the simulated OCIO profile with the experimental profile.
 

The error at any particular time interval is defined by equation
 

XXXXV.
 

[OC10]calculated - [OC10]experimental XXXXV
 
(Error)i = [0010]eexperimental
 

i [OC101experimental
 

To calculate the total square error and the average error for the 

whole simulated OC10 profile, the following equations were used: 

n2 
Total square error = E (Error). XXXXVI

i=1
 

Mean square error Total square error 
 X XVII
 

n 

Average,error = (Mean square error)I /2 	 XXKXVIII
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where n = the number of intervals. The set of rate coefficients
 

which gave the minimum average error was selected.
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; k2 30 /1 22 - 0.032 Also. k2ak/k23b m 2 5 x 103 

The relative importance of the channels for reaction 23 or 
k3?/k2 - 0.63. k2?b/k23 - 0.34; k23/k23 - 0.032. Also, 

2960K arc 
23h 

the felowieg. 
x 103 

me rate Coefficient for the reaction of 0010 with 03 was studied by a 
direct mixing wtbod and by the photolymis mothod. 

00+03 Products 26 

mArate coeffilcent for the reaction of 0C10 with 03 wes 
direct miing ethod and by the photolyais method. 

0010+03 Prtuct 29 

studied by a 

Tne temperatre dependence of k nae studied in the temperature ranee 264-297OK. ratur depede k e asued in the temperature range 264-2970K. 
w

kbloas 
at t r ebelow H g, the qullibol reaction 29 coopliaated he HOever, at 

kicetics. 
t erature, bely the equllbrium ..... n 29 Complicated the 
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o ;oll..i., three ...veto e . the CL2-03 syse the 
C23-030 system and the C12-W02-H systec. In the first system, the reaction between 
010 snd 03, the reation between 0C10 and 03, and the mechanism of the C12-03[ 
system ware tudied. In the second system, the reaction between C100 ad NO wewa 
investigated. In the last system, the reaction between CL and 02 wAs invesetigated 
as well An the kinetics of the hemilmainescence of the C1-0O2-0 reaction. 

1.9.2 Chemial Aeronoey 
noThofollowing three systems yore Investigated- the C12-0 3 system, the

C1.0 3 .N0 oyster and te C12-NO -H system. In the firot system, the reaction between 
CIO eed03, the reaction between 0C10and 03, and the maclaniumof the C12-03 
...tr ore .tuiod* In the second system. the reaction beteen el0 and wns 
Iavestigated* In the last $yate,, the reetion between Cl a 1 03 wo invent i.ited 
as ell as the kinetics of the chemilenoeecence of the C1-NO2-O roecto. 

9.2 Chemical1 Aeronoy 

i n the fi-t sytem, wan photolymed at 316 rn in t presence of 03 
within the t .eraturramge 254-29701. 0 wastremovd with qoenties yields of 

In the first system, C12 we, photolyed at 366 an in t e presence of 0) 
within the temperature range 254-297CK o wan emoved with quantm yields of 

4.80.3,4.0 d 0.3. 2,90 0.3 and 1 9 t 0.2 at 297, 283, 273, and 252 l respe-
tively, lnveriant to changes in the initial 03 or C3 conentration, the extentI 
of conversion or the absorbed intensity, 

t 
a. The ad ition of nitrogen had no effect 

on -1(03]. The 02 reneval qualiti yields wee 0.11 ± 0.02 at 2970K forf l 
eoavertene of aber I0, auth higher than expected from ses balance Coostdrationo 

, 5.8 r 0.5. 4 0 t 0.3. 2.9 ± 0.3 and 1.9 C.2 at 297, 283, 273, and 252X .. per
tovely, invariant to chans in the nitial 03 or C12 conentretion the extent 
of conversio or the aseorbed ttensity. 0a Th edditcon ofe troen ted n effect 
o -6(03) The C 2 Cayovnl 4uAftu yllde were 0.11 i 0.02 at 2970K taot C 2conversions of abut 30. eouch hier than expected free sas baa.nce consideation 

based n the. initial quant yield of 0.089 ± 0.013 for 0010 formation at 297 0K. 
me final claorino-coaining product was C1107. It was produced at least in part 
through the formation of oco Am AN intermediate which was also oberved with an 

based en the initial quantm yield of 0.08) ± 0.013 for OCI0 formation at 2970. 
The final chlorion-contalning product waenC1207 It we produced .r leant In parc 
through the formation of 0020 as an intemedlae which wes Alae observed with in 

initial qtan yield of .l(Olo) . 2.5 x 103 ..,(-(3025 I 625)/T) Independen of 
(031 or Ia. The addition of nitrooen Ad o.,an had no effect on the values of 

itial quanetu yield of 6t(0Cl0) - 2. 3 10 cxp0-(3025 625)/T) independent of 
1031 or Ia. The addition of nitrogen end oVnpen hd n effet on the value, of 

PIlOCLO) antI -* (012}. 
ne resulla shoaed that 0010 was formed by 010 radical combination as in 

reactioa 23a. 

ti(O.0 

reacton 

and -9(01 I 
TnAe reAuqi 

2c CO 
shooed thAt 0e0 ewas forced by 010 radicel cnobtesticn as t. 

310 0C100 + Cl 
C2 +02 

-cOlO + C 

23a 
23b 
23. 

2010 d10 + Cl 
C012 02 

a O10+ Cl 

S23o 
2b 
23A 

Tne relotive importance of the channels for reaction 23 at 29 6 oK aro the fellain 0.  

k23Ak2 -. 63; /k22 - 0. ; k23/k23 - 0.032 Also, ,3A/k2 3b - 2.5 A 103 
The relative Importanece of the channels for reaction 23 at 296K are the fallowing 
k2U(/k 2 - 0.63. kb/k23 - 0.34, k23c/k23 - 0 032. Also, k23/k2 b s 2 5 A 103 

t o rate coeffictent for the reaction of 0o00 with 03 was arudied by a
direct maxing method and by the photolysis method. 

OC10 + 03 , Products 26 
m e depennco 00 kil aa tudied in the ter e n 304-191<. 

Te rate coefficient for the reactien of OCO with 03 ws astdoed by a 
direct mixing method end by the photolysis method 

0010 . 03 - Products 36 
The temperature dependence of k os steudied I Ite temperature rante 264-297-K 

Noever. at 
kinetics. 

temperatures below 970Ae. the equilibriu reaction 29 complicated the

Kt__--------------------
Hocer, 
kinetics 

at temperatures below 870I, the equilibrim reacon 29 complicated tbe 
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012-03-NO cyste9 and ho C12-02-11 system. In the first system, the reaction betMen 
O0 and 03, the reaction betgeen OC0 and 03, and themechanis of the CIZ-03 

sytom wore studied, In the second syste , the reaction betreon 0100 and o was 
investigated In the last system, the reaction between C1 and N 2 wa Investigated 
as well u the kinetics of co celecn cne. of the C1-02-0 reaction. 

In the first system. C12 wes photolyed at 366 a in t o presence of o 3 
wthin the teoprature r-nge 254-2970K. 0 was removed with 4uanro yields of 

5.6 ± 0.50 4,00 
0 

.s 2.9 ± 0.3 and 1.91 . at ±97. 203, 272, nd 252K reopec-
tively, invariant to chanes is the initial 03 or 01 roncontration. the osgent 
oI conversion or the absorbed inteneity, I s . The dition of nitrocen had (ffeet 
on -,Co3 the 012 reevovl quanrm yields guru 0.11 0 0.01 ut 19701Kfor Cl 
eonrerslogs of about 30%. much higher than enected froemace ebalance conot rations 
based on the initial quan m yield of 0.089 * O.0L3 for 0010 formation at 2970K. 
The fiea ohlorine-oeurtnineg product was C1207. It woo produced at least in part 
through te formation of 0010 ns N intearedito which was also Cbsered with an 
initial qeautuc yield of 4±0CI0) - 2.5 x 103 ep(-(3025 ± 625)/T) independent of 
[033 Or 'a. the addition of nitcoen and o bygonhad oo effect on the vetoe. of 

10 .i{O ad .(u ), 
s res t showed thet O010 was formed by 0IO radical combination as in 

reaction 23o. 
1C10 *0100 + C1 23 

C1
2 
+ 02 23b 

0l0 0C 23c 
te rotetive imortaece of the cehannla for reaction 23 at 2960K are the fullowin-
k21,k 2 - 0,63- k tk - 0.34; It ,/k23 - 0.032. Also, k23s/k2 . 2.5 a 103 

cam_(3825 . 42;/1.23 kz, ~Ikrp 2The rate coefficient for the reaction of OC0Owith 03 was studied by a 
direct tixin method and by the photolyais mothod. 

o010 + 03 . products 26 
Do trumperate dependents of k o st1aded i. the tenoretuOre rege 264-2970K. 
nevewer, at eratutres balom 7K, the equilibrium reaction 29 complicated the 
kinetics. 

1.92 out 
.C1-03-N 

I 

the following three systems weo investigated the CIZ-O3 syetote,theChe 
nyatee nd Cho01 2-N02  syotem. In t first system. thu reaction betMoen 

CI0O d 03, the reaction between 01CO .ad 03, ad the mchanism of the C12-03 
ytm woere studied. In tho send sysoe, the rooction betwen 0100 and O ws 

investi g ated. In the lat system, the reaction between Cl and N02 was investigated 
as well so the kinetics of the chonoseena of the Ml-H02 -0, reaction. 

In the first system, C12 wes photolyzed at 366 on in t e preence of 03 
wtho thu teapotstore tage254297o10 O asre 0vd with qimaten yield, of 

5.0 ± 0.5, 4.0 1 0.33 2.9 ± 0.3 and 1.9 1 .2 at 297, 283, 273, and 2520k Crspec
lively, lovotient to thauges in the initial 03 Or 013 coocentration, the extent 
ofI conversion or the absorbed Intensity. I. the addition of nltroge hod no effect 
on -6(03). the 0l2 remval quanten yields were 0.11 s 0.02 at 297K for 012 
envelona of ahoet 'OX each hieher thu eopectsd from eass balance oonidcrotios 

baed on the Initil quant= yield of 0.089 0 0.013 for 010 formation at 297CK. 
The final ehtorine-contcining product was C1207. It was prodooed at least ie part 
through the fonmaetin of 0010 a. an Ltet.redated whch w o . 1. e observed with on 
Pinal quantium yield of *1{00l} - 2.5 x 103 expl-(025 ± 625)/T) independent of 
(031 or Ia. The addition of nitrogen and oxygen hod no effect on the values of 
# 

e 
and -6(12) 
23 . s . stagd that 0C10 was formed by 010 radical combination as In 

reaction 23c. 
3010 4 0100 + 01 3 

CZ1 + 02 23b 
*010 + C1 23. 

To relative importance of the chanel for reaction 23 at 2960K ore the following 
?2 - 0 ,62 53 1 $b±3 - 0.24 k230 /k 2 3 - 0.032. Aloo, k23e/k23b - 2.5 x 103 

10/2k1 25)
tho rote coefficlin for the reaction of OCIOwith 03 was atroied oy a 

direalc ItLg method ond by the photelyoislmthod. 
0010 + 03 * Products 26 

tO temperature dependenca of k woo studied In the temperature range 264-2970K. 
elewevet, t tepera tore below 270, the equilibrium reaction 29 complicated the 
ki.e.l. 
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the fo lwing three systems wre investigated- the C1-03 system thoC12-03-YO syste ad ts ClZ-N02-H system In the first system, the reoction between 1.9.2 Chemieal Acroe..y 0 T 
following
fo03lHng 

three systems were Investigated- the C12-03C. 1a the firs system, the 
system. ther9e.ton between 1. 

9 
.2 C omo Aer. 

010 and 03, the reaction botwee 0010 and 03, and tho mechanlsm of the 012-03 
system were studIed. In rho second ysto, the reaetiun between 0O sod NOwas , 

investiested. In the last system, the reacton between 01 aend N02 wes investigsated
as well as rho kinetics of the eheeilnuinoscenoe of the 01-NO -0reaction 

CIO and 03, the reaction between 0C10 snd 03, and the oehanismeof the C12-03 
syse were tu died In the second system, the reaction between 0MO0tind NOwas 
ItvostIared. In the last system, the reoction between 01 aed 02 w.s investtesated 
as well as the kinetics Of the chemultsu e neceeof the -02-O0 reot tion. 

In the first syste, 012 wa photolyzed at 366 no in rc presence Of 03 
within the temperatur range 254-297e0. 0 Og s removed with quanroe yields of 

- .0 4.0a0.3, 2 9 0 3 nd 1.9± .2 at 2D7, 283, 273, and 2520K respec 
rivCly. nvarian to change. in the initial 

0 
3 or C1 concentration, the extent 

uA _oversion or the absorbed ntoosity, .. the addition of nitrone had no effect 
o .5(03. the 012 testval qunte yields vet 0.11 6 0.02 at 2970K for C1 
onvarien of about 3Y. much higher thn epected from Oas balance onsi eratons 
booed en the Itial q~umo yield of 0e ± 0.013 for Oto foration at 2970 i 
the final chlorine-Costoinig product woo 01307 It was produced at leat in part 
throngh use formation of OC10no an intermediate which ue ste observed with an 
Initial qneogt yield of 4£OLoM) - 2 5 . 103 ep(02-05 ± 625)/T) independent of 
(033 Or 

1 
,. no odditieon of nitogen end Oxygen had onooffe on the vales of 

#i(0ClO ond .a(00 
toe resuts showed that 000 we formed by 010 rodicel Combin t on .. i 

.threoug 

to the first system, 012 woo photolyzed at 366 no in to presence of 03 
within the temperature range 254-297GK. 0 was removed with quantuo yield. of 
5.0 a0.5. 1.0 1 O.3 2.91 0.3 and 1.91 3.2 at 297, 283, 273. .nd 252oCooea t
tLvoly* invoriant to chaoges in the Initlt 03 or C12 coocentration, the extent 
of conversion or the absorbed Intensity. Ia to addition of ntroen hod no effet 
on -#(03), the C12 re-vol quaum yields were 0.11 a 0.02 at 297-K for 012 
conversto.n of sot 301, each higher then ceparted I.r.esas ho lace considerations 

based on the Iitl queantum yield of 0 089 ± 0.013 for OCt0 formation at 29
7
0K. 

To final chlorcno-cantaitog prodoct was C120? It was produced at least On port 
the formation of 0010 as an Intermediate %hich wos also observed with en 

tnitial quantum ycold of fP0Cl0) - 2.5 x 103 expl-(3025 I 615)/T) Independent of 
(031 or I- the oadditicon ofenitrogen and oo gn had n offec on the volues of 
i=1{000 

1 
and --(C1t2 

ne resultsshooed thaetOl0w fo ed by C10 edirel Cmbtnatien .. 

2010 0100 + 01 23a 2C0 C101 + C 23. 

l0010+ 01 23C 00o + 0l 23e 
the relative importance of the channels for reaction 23 at 296°K ate the folowing 
k2a/k2 g - 0.63. k /k23 - 0.34; k23 jk2 3 - 0.032. ao, b23c/k23s - 2 5 x 103 

tn relative lmportanee of the channels for reaction 23 or 296OKore the fCloloutgA 
k23k2 - 0. 

6 3 
. k2?b 

1 
k23 - 0.34, k23e/k 2 3 - 0 032 Also, k23,/k2b e 2 5 a 103 

the rate coefficient for the reaction of 0CI0 with 03 wa studied by a 
direct imi., method and by the phrotlyste .orhod. 

0010 + 03 produte. 26 
toe teepuroture dependent. of kt as died in the t opra a g 64-297K. 
9owvr. ot temperetores bol T7 

0 
K0,the euOMtriLe rea ution29 compl ted the 

kIcetes. 

The tate roeiffcoiont for the reaction of 0000CI th 03 was studied by a 
direct miling .e.hed ond by the photulyss etod 
D OtO+ 03  products 26 -
the teupratnr dependenc of I wa studied thetemperature ro 26-297K 
However,at remperatures below 1t7G1,the equilobrion reacont n29 cooplicoated the 
kinectls. 




