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The reactions of O(21D) with CFCl,, CF,Cl,, CF,Cl and CF,HCl

2772 3
have been investigated using flash photolysis and time resolved

kinetic spectroscopy.

The dominant reaction ( v 50%) is Cl atom abétraction

;€1 > CF; +CloO ' (1).

while quenching of 0(21p) to 0(23P) accounts for about 25% of

o(2p) + cF

the reaction cross section

o(2lp) + CF,Cl > CF.Cl + 0(23p) (2)
Reactions (3) and (4) were found to be minor channels
o(2lp) + CF,Cl >~ CFy0 +Cl (3)
> CF20 + FCl ' (4)

The branching ratios into reaction (1) to (4) were similar for all

the molecules investigated.

The reaction mechanism is discussed in terms of a singlet €F3Clo

species which may fragment to give either reaction (1) or (2).

The reactions of OH were investigated using flash photolysis with
resonance absorption. New data are reported for the reaction of
OH with CD,Cl, and CDClB.

Rate data for the novel reactions of OH with CF3I, C2FSI, C3F§I and

Cl2 are presented. This reaction is thought to proceed via a RIOH

(ClZOH) complex to yield R and.HOI (Cl and HOC1).
"OH + RI - RIOH -~ R -+ HOI _ (5)

Evidence is presented to indicate a rapid reaction between OH and ClO,
-12 3 -1 -1 :
‘k =3.5 x 10 cm molec s . This reaction displays a pressure

dependency and is considered to proceed by reaction (6) or (7) or both.
OH + ClO -» HOC1lO (6)

+ HO, + Cl _ (7)
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CHAPTER ONE

INTRODUCTION




1.2

Introduction:

The reactions of electronically excited oxygen atoms)
0(21D),and of QB(in') have been the subject of a great

many experimental studies . This has been stimulate @

by the: importance of these species to atmospheric chemistry .
The reactions of O(2!D) have been well reviewedl,2,3,4,3

and only certain aspects of o(21p) chemistry. relevant to

the work presented here = will be discussed . In particular

the :eactions of 0(21lD) with methane and the alkanes will be

surveyed. in detail , and will serve as a basis for the discussion

of the reaction of 0(21D) with chlorofluérocarbons and

'_hydrogen containing chlorofluorocarbons .

In the. latter part of this chapter certain aspects of OE
chemistry will be presented .

Experimental ﬁechniqpes

" and Yamazaki 122, who photolysed N

Absolute rate data for the deactivation of 0(210) by a wide range
6f  compounds. have been obtained by Davidson et al & 7,8, who
monitored the weak O(2!D + 2%P) emission at 630 nm following

the photolysis of O3 . Huéaing;lI cbtained absolute rate data

.by following the absorption of the 0(31D € 21D) line at 115 nm,

also after the photolysis of 0,

Relative rate data have been obtained from competitive experiments .

The first detailed work of this kind was done by Cvetanovic’

O to obtain 0(2lD) .

2
In the absence of any quenching {2} rapidly follows {1}
N0 by N, + 0(2'D) {1}
1;
o(2'p) + N,0 > N, +0, { 2a}
+ NO + NO : {2p}

where k’{2a} / k{Zb} is close to unity ( sgct::.on 5) .

The yield of N per quantum of Light absorbed is then 1.5 .

, 2 " ¢N2 !
In the presence of some quencher of o(zp) 2a} and 2b} do
not occur , and QNZ is 1.0 , and hence by varying the pressure of
the quencher relative rate data have been obtained . Such
rate data are normally expressed relative to C0212b .

Reference 3 contains a compilation of such data .
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1.3

_cont'd

fThese'techniques-only'provide information on the overall rate

of 0(21D) deactivation and are complemented by studies of the
reaction products . Steady state photolysis with gas-liquid
chromatography and mass spectrometric analysis has been

extensively used , for example , by Cvetanovic and Yamazaki12c

- in the study of o(21lp) .reacting with alkanes .

Much information on‘thé reaction products has been provided
by flash photolysis of a suitable O(ZID) precursbr coupled
to suitable detection methods. , for example plate

photometry13 ; or the study of chemical laser emissionls15

The rates of removal of OH(X¥2Il) radicals have been studied in
discharge flow systems , where OH was monitored by laser

16

magnetic resonance r or by resonance fluorescence

(CH(a25 + XZH)) near 308 nml17,18;1% | Rate data have also
been obtained from flash photolysis with resonance fluorescencs?’

or resonance. absorption detection of om21,22

Pulse radiolysis of water vapour with rescnance absorption

detection of OH has been utilised by Gordon and Mulac 23

Reactions of 0(21D)

‘The reactions of 0(210) with the noble gases , O

0(21D) is the first excited state of the oxygen atom lying
some 15,868 cm ! 2%above the ground state O(23P) . The long

‘radiative lifetime ( ty=> 100 s ) of the 0(2!p + 23P) transition

indicates that radiative decay will be of little significance
compared to collisional removal under laboratory conditions .

. N. , N.O and

2 2 2
CO. have been reviewed! . These reactions generally ‘proceed

vii camplex formation , Uiz

0@2'p) + 0,(x3) » o2%) + 0,(x’ ) v"=n {3a}

with formation of O, in v"=.l3', 14 , 15 . The electronic
excitation energy of 0(21D) is only sufficient to populate

up to v'= 10 , and it has been pdstulatea that the translational
energy of 0(2!Dp) is also transferred . This would require a
long lived complex ( O3 } with triplet-singlet crossing occurring

many times .



cont'd .
Reaction {3bl} competes with {3-a} ‘
o2l +o0,(x3) > oz®) +o0,' ) Gb)

Evidence foi complex formation in these réactions is found

in the isotopic scrambling of O atoms observed in the reaction
of O(21D) with CO12b,25,26 and 0,26 -

16 02'p) + ct® %, > c!® 1% + %2, {4}

~Reaction of 0(21D) with H_ has been shown to proceed via

2 .
27 , that is by insertion , although abstraction

a BOH* complex
is an allcwéd process .

The overall rate constants for 0(21D) removal 6-11, are generally
close to gas kinetic collision frequency ¢ this and the
experimentally observed lack of significant temperature
dependence indicate that there is no early barrier to
reaction.; Tully28 has calculated rate constants ,

product branching ratios and temperature dependencies , which

are gemevally in good agrEemént with the experimental

results .

The reaction oﬁigjzlb) with methane and the higher . alkanes

The reaction of O(2!D) with CH, was first studied by

4
Basco and Norrish13 , who cbserved OH ( YV < 2 ) formation
following the flash photolysis of 03 in the presence of
CH4 . = They suggested the major reaction was

o(2'p) + ca, > ca, + om : (5}

De More and Rnper29 photolysed O3 / CE, mixtures at liquid

4
Ar temperatures , and proposed that insertion {6a} was
the major process accounting for about 37% of the reaction

cross section .

o(2'p) +ca, > CH,0B™ M - CH,0H {6a}
¥
CH, + OH {ép}

They also found evidence for quenching {7} ( 30%.)
molecular elimination {8} ( 5% ) and OH formation ( 28% )
o2'o) + ca, > cu, + o2’ {7}
> o) (g}
CH2 + Hz 8
and suggested that {5} may occur , in part at least ,

through the fragmentation of the excited methanol .



cont'd

Cvetanovic et al studied the reactions of 0(2!D) with
propane'2€ , isobutane3®@ , neopentané3°p and cyclopentane3!
In this study NZO was photolysed to yield 9(210) .. and the products
detected by gas-liquid chromatography and mass spectrometry .
The branching ratios into {5} to:{8} were found to be
approximately constant for the different alkanes . . Insertion
into a'C—H bond to form an excited alcohol was observed to be
the dominant channel ( = 60% ) . Insertion océurred in a
statistical manner ', showing no preference for tertiary ,
secondary or primary bonds . The alcchols formed in {6}
could be stabilised if the pressure was sufficiently high .
The lifetimes of these excited alcochols were measured as

. : -9
125 for methanol to 10 s for necpentanol ,

ranging f£rom 10
the increase being due to the greater number of degrees of
freedom in the higher alcohols . The alcohols fragmented
to yield R and CH . CH formatiqh.was observed at pressures
sufficiently high to completely stabilise the excited.
alcohols indicating the occurrence of {5} , that is H atom
abstraction . This was estimateﬁ to have a branching

ratio of 20 - 30% .

Butene3? was used to scavange 0(23P) , and' from measurements

.0of the products of this reaction , quenching of o0(2lp) by

alkanes was estimated at < 2% . .Reaction {8} was found to
occur to a small extent,< 3% ( but 9% for neopenténe )
Cvetanovic alsoc ocbserved a correlation between the rate of
removal of 0(2!D) by an alkane and the number of C-B bonds
possessed by that alkane .

Lin and De More33 in a similar study of the reaction of 0(2lp)

] 276
showed that {8} was an independent pathway and not a

with CH4 and C,BH. , cbtained essentially similar results , and

break up product of the excited alcochol .



1.4

1.5

cont'd

OHAformétion may occurlat long range interactions of

0(2!D) and RH and should occur with éll alkanes with.approximately-
‘constant probability.. o ' . . The large rate constant for

overall removal of O(Zlb) by CH, and the approximately constant

4
branching ratios found by Cvetanovic support this contention .

‘At smaller.impact parameter collisions insertion to give ROH

( corresponding to a minimum on the potential surface ) will occur,
but the complex will have enocugh energy to fragment unless it is
stabilised by collision . It is likely that {8} occurs at very

‘small impact parametér collisions , where the energy of the inccoming

O(ZlD) is channeled directly into C-H motion, and leads to

concerted elimination of Ez . .
The mechanism of the reaction of O(ZlD).with alkanes has recently

Been investigated.in some detail by Luntz-and this work is discussed

on page 143.

Effect of translational energy on the reactions of O(ZlD)

.There is cpnsiderablé interest in whether the translational energy

cf O(ZlD) has any effect on the reaction dynamics .
Most of the work in this field has been done on the reaction of

O(ZlD) with N0 , which. can proceed by two pathways .

o@2lp) + N0 » N, +0 4 ‘ {2a}

2 2 2
+ NO + NO : {zp}

Quenching is insignificant ( < 2 % ) . The ratio of K{Za} to k{Zb}
has been the subject of several determinations and is about unity 34
Although some authors claim to have found that the ratio is

dependent on the translational energy of O(ZlD) 34 , the balance

" of the evidence tends to suggest otherwise . The experimental

results have been reviewed. by Marx , Bahe and Schurath 34 .

Overend et al 35 extended their studies to the reactions of

O(ZlD) with CO_, , Xe , CO and N_ and again found no evidence that

2 2
the reaction products were affected by thé-translational

energy of O(ZlD) .
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‘OH reaétions.

The rates of reaction of OH with methane and chlorbfluorobromomethénes

1 ,
have been measured by Howard t6 and by Clyne 19 . These reactions

have been shown to proceed by H atom abstraction , and no reaction
16b

is observed with fully halogenated methanes . Howard has

cbserved a correlation between the rate of H atom abstraction

by OH fram a halomethane and halcmethane C-H bond strength .

Devterium isotope effects have been reported by Smith and Zellner 36

for the reaction of OH with HZ/DZ and BC1/DCl , and by Gordon and Mulac23

for the reaction of OH with CH, , CH

4 3

D '.CHZD2 ’ CHD3 and CD4 .

The reaction of OH with alkenes proceeds by addition to the alkene . .

The reactions of OH with radical species have not been extensively
investigated. due to the experimental problems , but combination of

OH with OH , NO and NO 38 o yield H , HONO and HNO_. has been -

o]
2 39 272 3
shown to occur . Smith has recently shown that quenching of

CH (Vv = 1) by NO and NO, proceeds by an intermediate complex

2
e.g.
OH * + NO + HONO* - OH + NO : {9}

The rate of quenching of CH (V' = 1) by NO and,Noz,is similar to

the high pressure limiting wvalue  for the combination of OH with Ehese

species

Camplex formation has been invoked to explain the reaction of OH

t
with COS and CSZ+

OH + COS # ( HO-C{J )* +CO, + HS {10}

Evidence for such complex formation has been obtained by Kurylo

who cbserved isotopic scrambling in the reaction of 18OH with CO,. .

2
A similar mechanism has been postulated for the reaction of OH

with CO , this will be discussed in chapter 8 40
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EXPERIMENTAL TECHNIQUES




2.2

. Introduction.

'FlashAphotolysis, originally developed by Porter and Norrish“3

has become one of the most useful and versatile techniques

" for the study of excited states. In this study two adaptions
‘of flash photolysis have been used, flash photolysis with

time resolved kinetic spectroscopy and flash photolysis with
kinetic spectrophotometry. The first is useful when
investigating a reaction for the first time, as it provides
information on the nature of the reaction Qroducts. This
technique was used to study the reaction of 0(21D) with
chlorofluoroccarbons. For kinetic work, it has the disadvantage
that many experiments must be done, to build up a complete

concentration profile.

Flash photolysis with kinetic spectrophotcmetry{ wherein the
concentration of a species is followed by its absorption of
light at scme characteristic wavelength, has the advantage
for kinetic studies of providing information over the whole
decay in one experiment. This technique was used to‘study

the reactions of COH radicals.

Flash photolysis with time resolved kinetic spectroscopy.

This technigue has been well reviewed"*and only a brief
description will be given here.. A diagram of the apparatus'

is shown in figure 2.1l.

Reaction vessel -.

Two reaction vessels were used in this study. The first was
of quartz (length lm, o.d. 2 cm), thus limiting photolysis

to A > 200 mm. Spectrosil windows were attached by epoxy

resin.
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2.2

cont'd.

Thé second was. similar to<thé first, bdt had an outer quartz
jacket (o.d. 5 cm) constructed such that the outer wall of
the reaction vessel forméd the inner wall of the jacket.
This outer vessel could be filled with filtgr solutions or-

gases.

Flash lamp.

This was a lm quartz flash lamp (o.d. 1.5 am) filled with

Kr to about 800 Nm‘?

The flash lamp was discharged at
12 kV from a 10 pf capacitor dissipating 720 J. The lamp
was fired by means of a low impedance mechanical plunger.
Aluminium foil, wrapped around the flésh lamp and reaction
vessel, acted as a condenser to increase photolysis and to

reduce scattered light.

Spectroscopic lamp.

This was a conventional quartz capillary tube. The discharge
between the tungsten electrodes is mechanically'pinched by

a narrow quartz capillary (i.d. limm) resulting in a hot plasma
and a good. continuum emission. Continued flashing gradually
increased the éapillary diameter with a resultant loss in
continuum emission. This necessitated replacing the capillary

at regular intervals.

The spectroscopic lamp was fired in a similar manner to that
of the photolysis lamp, except that electronic switching was
used. When. the capacitor was charged a 165 MS2'resistor in
parallel with the lamp allowed both electrodes to go to a-
high potential.

The delay unit was triggered by a Regowski induction coil-
which picked up the current of the discharging photolysis lamp
and after the pre-set delay sent a 100 Vspike to the grid of
the hydrogen thyratrén- This allowed the thyrétron to conduct,
and the lamp to fire. The 1 yf capacitor was charged to -

10 kV and dissipated 50 J. The delay and triggering circuit

is shown in figure 2.{..



2.2

cont'd.. -

A second Regowski coil, coupled to a Tektronix ' type 549

oscilloscope, was used to check the time delay between the

:photolysis and spectroscopic £flashes.

Detection and g;pcessing of results.

Séectra were dispersed on a Hilger Watts medium quartz
spectrograph (slits 60 uym x 3 mm) and recorded on -Kodak
Panchro Royal film. Plates were developed for five minutes
at 20°C in Ilford Contract FF developer, diluted 1 + 3.

A single quartz lens was used to focus the light from the
spectroscopic lamp on to the slits of the spectrograph.

Initial alignment of the reaction vessel, spectroscopic lamp

- and spectrograph was achieved with the aid of a helium neon

laser.

Processing results.

The characteristic curve, or D-logﬁﬁis a plot of optical
density versus the logarithm of the exposure. For quantitative
work, it is necessary to be in the linear region of the curve,
scattered light from the photolysis flash normally being
sufficient to take images into thiS'region.- At high optical

densities plate saturation and non linearity occurs.

Plates were microdensitcmetered on a Joyce Loebl double beam
recording microdensitometer mark 3. The absorbance is related

to concentration by the relationship.

A = Y.log(I,/I) =y.log(E,/E)=D - D,, where
A =  absorbance o
Y = slope of the linear part of the D-log E curve.

I and Igare the light intensities incident on the plate at

scme wavelength, with and without some absorbing species

present. E and E: D and Do are respectively the exposures

and optical densities under the same condit:.ons.
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2.3 cont'd _ .
If the Beer Lambert law is obeyed then ,
log(I_/I)= €.c.l , and thus ‘

D - D= y.€.c.l. , where

c

1

concentration of absorber

length over which absorption occurs
€ = extinction cocefficient
Hence optical density on the microdensitometer trace is propdrtional
to concentration . Y was measured by the methed of.Basco 45
" wherein the photographic plate is subjected to a series of exposures,
each greater by a constant factor than that of the preceeding one ;

. and the resultant opticél densities measured .-

Beer Lambert law

The Beer Lambert law relates absorption and concentration of absorber
by the expression

I-= Io.exp(-a;c.i)_ or

log(Io/ﬂ = e.c.l

This may be more generally written as

log(I_/1) = (e.c.1) &

where B is the Beer Lambert exponent and can vary from zero to one ,
the latter béing the optimum value . Factors which affect B are the
resolving power of the spectrograph or monochromator , and in kinetic
speptrophotometry', doppler broadening and. reversal of ;he emission line .
B can be determined by masking off half of the reaction vessel and so
halving 1 ; B_was so determined by Donovan and Gillespie 46for clo
to be 1.0l £+ 0.06 and so the Beer Lambert law was used without |

"modification ..



2.4 Computer modelling.

The. chemical kinetics simulation program CHEK , develdped by
Curtis and Chance 42 , is extensively used in this work to

analyse the experimental results .

_ Input data are in natural free format language . . Integration steps
are taken by Gear's ( 1971 ) predictor corrector , which is
suitablé for stiff sets of differential equations .

Data are printed out in tabular and graphical form . The program
was run on an IBM system/360 or 370 computer .

As a considerable portion of the reaction occurs during and
immediately after the flash , it was necessary to simulate accurately
the photolysis flash profile . A subroutine , PatchD , using the .
following expression , simulated the flash intensity and profile .
I = A.t.exp(-B.t)
where , I is the flash intensity at time t

A is a.constant

B is inversely proportional to the time at which the flash

intensity is at a maximum .

The photolysis flash profile may be measured using a photomultiplier

to record the light output . However a different approach was uéed'here .
It was assumed that the removal profile qf O3lduring the flash
photolysis'oi 03/002 ( where removal is by photolysis alone ) mirrors

the flash intensity profile . The percentage complétion of

O3 removal during the photolysis of 03/C02 mixtures waé plotted

against time ( figure 2.2 ) and A and B varied until the program ..
simulated accurately the experimental results . The dotted line

( figure 2.2 ) is the computer fit to the experimental data .
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2.5

Flash photolysis with kineﬁic spectrophotometry

The experimental apparatus is essentially similar to that
described by Smith and Morley 21 . A diagram of the apparatus

is shown in figure 2.3 .

The reaétion vessel/photolysis lamp arrangehent i1s identical to that
described above ( section 2 ) . A 50 om quartz reaction vessel

( 0.d. 2 cm') with spectrosil windows attached by epoxy resin

was used . A coaxial - outer quartz jacket ( o.d. 5 cm ) was

filled to an atmosphere of Cl_, to absorb scattered light in the

region of the OH absorption .2 Parallel to the reaction

vessel was a'SO cm quartz flash lamp ( o.d. 1 cm ) filled with Kr
to about.800 N m-2 . The lamp was fired at 9 kV from a 2.5 uf
capacitor by a plunger and dissipated 100 J .

The capacitor was charged by an Applied Photophysics Ltd. power

supply .

OH emission lamp and detection of OH

The kinetics of OH were followed by the méasuring the extent of
absorption of the Ql(3) line at 308.15 mm emitted by an OH

flow lamp .

- Resonance lamp

" A strong OH (A221+ XZH) emission was produced by passing argon
-containing a small percentage of water vapour through a

~microwave discharge . The flow systém is shown id figure 2.4

The flow lamp ( length 22 am , o.d. 2 cm ) was made of quartz ana
fitted with spectrosil windows . The lamp was powered by a

Microtron 200 mk 2 microwave generator working at 70 watts

incident power . The cavity was tuned to give the minimum

reflected power , and the resulting-discharge'filled the entire tube .

The emission spectrum is shown in figure 2.5 , with an assignment

"of the various features , it 1s essentially similar to that reported

by Carrington and Broida 47

The monochromator was a McKee Pederson mp lO81lB grating

monochrcmatbr operated with a slit width of 60 um .
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cont'd. ‘

Absorption signals were detected by means of an EMI S5 9661B
photcmultipLief'tube, mounted at the exit slit of the
monochramator . ~ This photomultiplier was a 9 stage'side
window tube, with a Corning 9741 glass window, which
transmitted down to ﬁbo nm, with a maximum sensitivity from
300 to 400 nm. The circuit diaéfam is shown (figure 2.8 .
The photamultiplier was run at 670 to 730 V (Brandenburg
472R Power Supply( with the outpuﬁ developed acrossla 10kQ
resistoi.béfore being fed'to.a fast analogue to digital
converter (Datalab DL 905) in parallel to a 100 k@
resistor. The analogue to digital convertekr had an 8 bit
x 1024 word integral memory. Signals were displayed on a
Telequipment . DM 64 oscilloscope and recorded on' 3 Bryans

26000 X-Y plotter.

Analysis of results.

The decay of OH reacting with some species is given by the
expression-
+a{oB} = k{om}{s} | {1}
at : .
where k is the second order rate constant. If {s}>>{0CH} :such
that {S} does not significantly change during the reaction,
then {1} may be rewritten as -
. -d{og} = x!{oH} , where k! = k{s} {2}
dt :
The decay of OH is then 'pseudo first order' and x! is the
pseudo first order rate constant. The integrated form of {2} is

In {oBd = k't +cC {3}
{oB} :

where>{OHo} is the initial OH concentration and {OH} is the
concentration at some time t on the decay.- From . the.Beer Lambert
law discussed above

{0H} oL log(Io/T) 7
where {OH} is expressed in units of absorbance. It is not
necessary to know the absolute OH concentration here as only

ratios are required in {3} .
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cont'd.

Pseudo first order rate constants,k!, at 'various concentrations
of S are calculated from {3} and plotted against the
concentration of S. The gradient of this plot gives k, the

second order rate constant.

© However, there are other removal processes of OH in addition

to {1} , namely,
OH + OH - H0 + 0(23p) {u}
"OH + OH +:->H207 + M {s}

These are generally considered to be insignificant, in this

work, however, because of the relatively high OH concentrations

a small correction for {4} and {5} was required. This will be

discussed in detail in Chapter 6.

Gas handling.

Gases were handled on conventional glass vacuum lines.

22

Pressures were measured by glass spiral gauges backed by mercury
mancmeters. Appendix 1 lists the preparations and purifications

of the gases used in this work.
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Introduction.

In 1974 Rdwland and Molina“® proposed that release of man made

chlorofluorocarbons (CFCs) into the atmosphere could have long

term deleterxous effects on the Earth's ozone -shield. There are
detectable concentrations of these molecules in the atmosphere,

partlcularly CF Cl2 and CFCl3 CFCs are inert in the troposphere,

and are transported Lnto the stratosphere, where photodissociation

in the atmospheric window between 190 and 210 nm, and reaction with
0(21D) atoms produce Cl atams and ClO. This could eventually lead
to a depletion of ozone in. the stratosphere by way'of the-Cle cycle.

Ccl + o3 +> ClO0 + o2 {1}
clo + 0(23) ~ C1 + 0, {2}
0(23P) + 05 > 0, + 05 {1}+ {2} = {3}
There have been several studies of the photolysis products of
50,51 ’
CFCs.

Although the absolute rate constants for the reactions of
0(21D) atoms with a large number of CFCs are now well established,

little .is known about the reaction mechanism and products.

- _The reaction of'O(élD) with CH4 has been discussed above (Chapter 1)

and by -analogy, the following reactions bear consideration.

o2lp) + cF.CL, - ClO + CFCly . {4}
+~ Cl + CF.Cl, .0 {5}
>~ o2 +cF 1, {6}
> CF Cl, O +Cl, {7}-
> CF_Cl, o+ Fel | . {8}

'Employing flash photolysis of O, with time resolved kinetic

spectroscopy, Donovan, Gillespie and Garraway reported lower

limits into {4} for the reaction of 0(2p) with CF3Cl,

46,52
CF,Cl,, CFCl,, CF,HCL and CFHCL, 6732,
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cont'd. _
Under their experimental conditions, however, the halflife
of Cl atom removal by {1} is pnly'a few us, and formation

of ClO by reactions {5} . and {1} would be indistinguishable

from formation by {4}.{5} is more exothermic than {4}, for

cr3c1,Aﬂ§98{5}.= - 239 kJ. mole“! and ABSgg,{4} =-:98 kJ mole”! 33-

If insertion occurs, a major pathway in the reaction of 0(21D)
with CH,, then an excited hypochlorite ROCL* would be formed,
which might be stabilised at high pressures. CF,OCl is a

3
Su
well characterised molecule , which on thermolysis or pyrolysis

is thought to yield CF30 and Cl, indicating that {5} could be.

an important pathw;y, if the primary step is insertion. Direct

abstraction would, however, favour {4} .

-

Prior to this work ho direct measurement of thevbranching ratio
into {6} had been reported. As a result of this and other work
Addison, Donovan and Garrawa?shave recently reported the
occurrence of, and branching rations into {6} in the reaction
of 0(2!D) with CFpHCl and CF3C156. In earlier experiments, .
however, Heicklen and co-workers concluded that quenching of
o(2!p) to 0(23P) by CcCl,, CFCly and CF,Clp was negligible

Pitts et alS7came to a similar conclusion.

Evidence for reactions of the type {7} and {8} was ocbtained

- by Kaufmann, Donovan and Wolfrums8, who employed flash photolysis

in a fast. flow system with nozzle beam mass spectrometric
sampling and detected species such as FCl, CFCIO (from CFClj)
and CFZO (£xom CFCl,) . Unfortunately, no quantitative valués

have been reported.

" Studies of BF and HCl chemical laser emission following the

~reaction of o(2lp) with hydrogen containing CFCs were explained -

59:60
by Lin as occurring through an insertion elimination process, .

analogous to {7} and {8}.

In this chapter the branching ratios obtained for the reaction
of 0(21D) with CF3Cl, CFpCl, and CFCl3 will be presented, and
in the succeeding chapter for the reaction of o0(2!p) with CF,HCL.
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cont'd

In chapter S the reaction of O(ZIDY with CF2

ClBr will be-presented
and the results obtained in chapters 3-5 discussed . '

Experimental
The apparatus for flash photolysis with time resolved kinetic

spectroscopy has been described above (chapter 2) . To prevent

photolysis of CF C12

between 210 and 230 nm , photolysis was restricted to A > 245 nm

by means of a filter solution , ( aqueous KI , 0.3 g l-l ).

and CFCl3 , both of which absorb appreciably

O(2lD) was produoed'by the photolysis'of O3 in the Hartley
continuum ( XA = 210 - 310 nm) . The concentration of 03 in a
mixture was measured by recording the UV absorption around

250 nm on a spectrophotometer ( Perkin Elmer model 402) .
Extinction coefflclents were taken from the work of Griggs 6l .
In order to determine branching ratios , it was necessary to
measure the yield of O(ZID) atoms arising from the photolysis of
03 . This was done by measuring the change in O3 continuum

absorption on photolysis of O, in the presence of an excess of

. 3
CO2 (2.7 kN m -2 ) or He ( 2.7 kN n=2 ) . There. is scme

controversy surrounding the quantum efficiency of the O(2lD)
vield from {9} .
hv , A = 210 - 310 nm
0 ‘ — o 1y + o2y {9}

3
while it has generally been accepted as unity 62 - 65,

Lawrence et al have claimed to have shown that the vield of

0(2 D) decreases steadily from 0.93 to 0.87 in the wavelength
66

. region 300 to 274 nm . In this work the quantum efficiency

of the photoly515 of O_ in the wavelength region 210 - 310 nm

3

© to produce 0(2 D) was taken as unity . In the 03/CO2
system O(2 Dr is rapidly quenched by {10} , and the initial

quantum yield for 03 removal is 1.0 .
o(2'p) + co, > Co, + 6(2°p) {10}

In the 03/He system 0(21D) is not quenched efficiently

. and reacts with O. , so that the initial quantum yield is 2.0 .

3
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A3.2' ‘cont'd.

1 L .
. 0(2'D) + 0, 70, +0, - {11a}

> 0(23) + 9(2.39) +0 {111}

2. A
‘Removal of 0, by O, ('8} and 0(2%P) is insignificant at
times < 50 us. ' The depletion in the'presence of coé was

found to be 11.8 # 0.9 % and in He was 24.3+1.2 %, and
suggests that 0(23p) production fram the photolysis of O
*

. ) 3
in the Hartley continuum . is negligible.

Quantitative determination of ClO concentrations.

The (A2H3/2 « 'ins;zk spectrum of ClO consists of a series
of bands in the region 273 to 312 nm. The concentration

of ClO was determined from (5,0) band at 295.4 nm. Extinction
coefficients (base 10) at 298K for the (ll,Oi band have been
determined by Clyne and Coxon®%s € = 3.15 + 0.10 x 10 !8cm?’

1 68

- - I8 =1
molec and by Basco and Dogra®® as € = 2.82 x 10 ‘cﬁzmolec .

The ratio of the (11,0) to (5,0) band was measured from good
quality ClO spectra cbtained by the flash photolysis of c&*c1_3/'o2
mixtures. The ratio was found to be 2.10 *# 0.13. Taking an
average of 3.00 + 0.20 x ].O-lecmzmolec_l for the (11,0) band,
then € (5,0) is calculated to be.1.43 % 0.13 x lO—lecmzmqlec-l.
These values for the (11,0) and (5,0) bands are in good agreement
.with recent determinatiqns 69.70

No appreciable dependence upon slit width of intensity qf

absorption by Cl0 was observed by Clyﬁe and Coxon.

Quantitative determination of OClO concentrations.

The (2A + 281) spectrum of OClO consists of a series of
requlariy spaced bands extending from 320 to 370 nm, with

a maximum intensity at the band at 351.5 nm. The extinction
coefficient (base 1l0) was measured by Clyne and>Coxon as

5.0 x lO-lacmZmolec-l and by Basco and Dogra68 as 5.13 x
lOPlecmZmolec—l. No dependency of intensity of absorption

upon slit width was observed by Clyne and Coxon’?t.

* . ’
17
Recently however Lee et al 3 appear to have shown conclusively

that there is about a 10 % yield of 0(23P) from the photolysis

of O3 . This is discussed in more detail on page 39 .



3.3 The reaction of 0(2'D) with CF,Cl, and CFCL

2 3°

When O3 (27 N m.z) was photolysed in an excess of Ccml2

or CF_Cl3 (2.7kN m-Z) a strong spectrum of ClO was observed.

. No ClO0 was observed when N2 or CQ2 was added tofquench
0(210) indicating that ClO arises from reaction between
o;zln) and the CFC. The growth of ClO continued for several
hundred us after the completion of the flash indicating the
occurrence of secondary ClO formatiocn reactions'(see figures

3.1, 3.2 )

To distinguish between initial C1l0 formation by {4} and by

{5} followed by {1}, a small pressure of C2 o (66 to 266 N m_2)
was added to remove Cl atoms by {12}, k =6.7 £ 0.7 x 10 -1l
-1 -1 72 (12}
an%nolec ’ . :
ClL + CZHG - HCl + czss {12}
Under the conditions used > 95 % of the Cl atoms were removed

by {12}
Scme 0(21D) reacted-with C_H_, {13} , in competition with {4}

6
to {8} k{13} = 3.1 x 10 ;¢m3molec 171 9

1 .
0(2 D) + c256 -~ OH + CZHS {13}

and a small correction to the branching ratios into {4} and
{6} calculated by the graphical method described below is
required. OH is assumed to be rapidly:removed by {14}

_ -13_3 -1 -1 73
k{lu} = 3.0 x 10 cm molec s

OH + CZH6 + H O + C2H5 A {l4}~

and to have no effect on ClO kinetics.

Similarly, CZES is assumed to have no effect.

The result of the addition of CZH is shown in figures 3.3 and

3.4. Note that there is now no sgcondary growth of Cl0,
indicating that CZHG has reacted with scme Lntermedlate in

the secondary formation scheme. The decay of ClO after 150 us
is extremely slow, and is ascribed to the disproportionatioh

reactions of ClO0. These are discussed in detail in Section 7.

29
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13.3 cont'd.
The initial rapid decay of ClO could be due to either

(a) quenching of 0(2!D) to 0(23%) by CF

2Cl2 or
.crc13'followed by {2} and {12}
. or
(b) reccmbination with CF,Cl, CF,ClO or
.CFCL,,CFC1,0.
‘Alternative (b) is unlikely in that it would require an

extremely efficient recon-xbination.reaction, kvs x 10_11

cmzamolec-ls -1 - And there is evidence to suggest that
the major reactions of these radicals are combination,

and reaction with d (see Section 4).

Alternative (&) was3shown to be the correét one by
M.C. Addison who was able to detect the formation of;
and measure the yield of 0(23P) following the reaction of

- 0(2lp) with CFCs.
Thelapparatus.for.flash photolysis with resonance absorption
of 0(23P) at 130 nm has been described?s.Thevexperimental V
approach was to measure the 0(239) absorbance when a given
concentration: of O3 was photolysed in an excess of NZ' such
that all the 0(2!D) was. quenched to 0(23P). The same o,
concentration was then photolysed in an excess of CFC.
The fractional  branching ratio into {6} was found by comparing
the 0(23P),absorbance'in the latter experiment with the
absorbance in the former.
Because of problems of absorption by CFCs in the region of
the 0(23p) absorption, Addison was only able to measure
0(2%p) yields for CF,Cl and CF,HCl. However, it is reasonable

to assume that quenching also occurs in the reaction of

1 .
O(? D) with CF2C12 and CFcl3.

To determine the branching ratios into {4} and {6} it was
necessary to measure the amount of ClO removed in the decay.
A first approximation was obtained by a graphical method.
Tangents (figure 3.5) were drawn to the ClO decay at 1O us
intervals and the gradient plotted against time (figure 3.6).
The area under the curve up to time t was taken as the amount
of Cclo removed by then, and was added on to the experimental
concentration of ClO at that time,
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Evaluation of amount of ClQ removed in Figure 3.6

Cl0 removed at time t total removed .
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110 0.05 1.31
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3.3

cont'd.

The Cl0 decay and estimate of total ClO yield is shown in

figure 3.5.  (This method has been illustrated for the i
O3/CF2C12/C236 system shown in figure 3.3).. The difference
between the estimated value of total ClO production and -
experimental value at the end of the decay .is a measure of
the 0(23P) yield. These values (corrected-for loss of
0(21D) by {13})were ﬁaken és initial values in a’ computer
simulation (using the Harwell 'CHEK' program, Chapter 2)

of the ClO decay. Rate constants for the reaction of 0(21D)
with CF,Cly, CFC13}°and_C2569 were taken from the work of
Fletcher and Husain. These authors reported two values for
the rates of removal of 0(21D) depending on whether the
Beer Lambert exponent B was Q.41 or 1.0. Although Fletcher
and Husain preferrxed B= 0.41, their values of rate constants
are only in agreement with other determinations if 8= 1.0.
And there are theoretical reasons supporting 8= 1.0 76
Thus the rate constants used in the simulation are Fletcher
and Husain's values when 8 = 1.0.

The best fits for the decay of Clo for CF2Cl, and CFClj are
shown in figure. 3.3 and 3.4. Tables 3.1 and 3.2 list the
equations used in the simulation'for CFoCly and CFClj.
Table- 3.3 lists the branching ratios. (See note on page 45)

Branching ratios into {5}, {7} and {8}

The CX30 species formed in {5} have enough energy to dissociate

into CXZO and X. Thus it was assumed that {5} was on & us time-

scale effectively,

; . A -

0(21D) + CRyCly .~ CFXCLZ-&OI +ClL +cl {5 v}
s AH§98:= ~ 336 kJ mclg for CF2C12

and = - 29 kJ mole ! for CFCl

3
An upper limit into {54} may be obtained from the difference

between the experimental ClO concentration at the end of the
flash (t v40 us) and the calculated ClO yield from {4} ;
(illustrated in figures 3.1 and 3.2). This is an upper limit

as there will be some contribution to the ClO concentration

" from secondary formation reactions.



Table 3.1

Best fit computer simulation of the reaction of 0@D) with CFC1,

No. Equation - - f k/c.:l:\3m<:o].ec.]‘s'l Ref.
9 ) 03 -+ O ( A) + O D) ; ’ 61-65
Sb O(lD) 2Cl2 - CF20 + Cl + C1 1.0E -11 calc.
4 (l D) 2C12 2Cl + Clo 1.0 E =10 calc.
~“O(lD) CF,Cl Cl + O( P) 4.0 E -11 calc.
1 2 2 7 2 2
o( D) 2c12 CF,0 +CL, . 5.0 E -11 calc.
1 Cl + O3 -+ Clo + O2 1.2 E -1% 74 .
17 Ccml + CFZCl -+ C2F4C12 2.0 E -11 78
15a CFECl + o3 > CFZO + Cl + o2 2.0 E -12 ) calc.
2 O(°P) + ClOo - Cl + O2 ' + 5.3 E -11 |75, |
1 A :
13 O("D) + C,H, ~ C,H, + OH . 3.0 E 10 9
12 | Cl + CZHG -+ HC1 + czas 6.7 E =11 72

The equations above the line simulate the OB/CFZCl system , inclusion

2

of the equations below the line simulates the 03/CF Ccl /C system .
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© Two experiments with C,H. ( 270 and 66 N n 2 ) were done .

Table 3.2

Best fit computer simulation of the reaction of Od‘D) with CFCl.,

9 0, > 0,(*8) +0(D) | 61-65
5b o(*p) + cFcl, > cFclo + CL + Cl | 2.3 -11 cale. |
o(lp) + CFCl, ~ CFGl, + ClO 1.0 E -10 calc.
oc*p) + crel, + cFel, + o’ey - 4.5 E =11’ calc.
7 ot + cre1, + crclo + cl, | s.eE -1 calc.
1 CL + 0, > Clo + 0, ' | 12 -11 [7a
17 CFCL, + CFCL, > C,F,Cl, | 2.0 -11 est.
15a] CFCl2 + O3 -+ CFCl0 + ClO + O2 5.0 E -12 calc.
2 o(’s) +clo > cl + o0, 5.3 E -11 75
13| ooy + CH, ~ C,H, + OH 3.0 E -10 3
12 CL + C,H_ + HCL + C,H, 6.7 E -11 72

The equations above the line simulate the 03/CFC13 system , inclusion
of the equations below the line simulategthe O /CFCl /C2 6 system.

One experiment with CZB ( 270 N m -2 ) was done .

* The rate of ccmbination of CFCl, was assumed to be the same as that

2
of CF2C1 .



Table 3.3 Product branching-.ratios for the reaCtions_of0(21D) with CF3CI, QE2C12 and C?Cl3

Reaction No {4} {5} (7} + {8} {6} (Agéison)
' ' 3 3
reaction.products| ClO + CXjy _ CX201+ 2X cx2o + X2 0(2°P) 9(2 P)
Cr._Cl 0.55 ¢ 0.10 0.23 + 0.10 < 0.10 0. 27 £ 0.10 0.30 * 0.10
3 0.15
CF, Cl 0.50 t 0.10 0.05 t 0.10 < 0.25 : 0.20 * 0.10 -
- 22 - 0.05
i CE‘C].3 0.45 ¢+ '0.10 0.10 + 0.10 < 0.25 0.20 + 0.10 _ | -
l

5
Lee et al 17 photolysed O, in a supersonic molecular beam and the measured the translational energy of the

3 .
primary products . They detected five peaks corresponding to centre of mass translational energies of ~ 250
-1
55,2, 42.8, 26.4, and 9.9 kJ mol . The only reaction capable of giving products with translational energies
-1 ' ‘ .
around 250 kJ mol is v
' ' 3 23
0, - + .
;o 0,0D) 0(27P)
and was estimated to have a branching ratio of 0.10 .

e
an 0(2°D) yield of 0.9 rather than unity does not greatly alter the branching ratios shown in figure 3.3 : w

. . 3 . .
except for the yield into O(27F) . The revised figures for CF.Cl for example are now 0.61, 0.25 and 0.1l
for reactions 4,5, (7 + g),respectively, but now only 0.19 for reaction 6.



3.3

3.4

cont'd.

These upper limits were taken as- initial values in the~éomputer‘
simulation of the secondary growth(section 4). The best fit
values are given in table 3. Branching ratlos into {7} and
{8} were estimated from mass balance calculations ,i.e. as

the difference between 1.0 and the sum of the branching ratios

.intb {5} .{4} and {6}.

Secondary grbwth of CloO

From the branching ratios cbtained above ,. the only species
which could react to give secondary ClO formation is CXy o

formed in {4}. The oxidation of Cx3_:adica15515fn0t well

understood , but two mechanisms have been postulated for

reaction with 0276( some 02 is always present with 03 ).

CXy + O, + CX,0 + OX {a}
Xy + 0, > CX30, {B}
2Cx302 - cx30 + O2
CX,0 + CX,0 + X -

With, in Heicklen's opinion, the balance oﬁlevidence favouring
{A}. However, the suppression of secondary growth by C2§6
indicates that reaction proceeds via Cl atom release, since
removal of cx3 by reaction with Céaé is too slow to be
s;gnlficant7z Thus {A} must be ruled out. While secondary
growth can occur by {B} a more likely ieaction scheme has
been proposed by Kaufmann et al5 ,who similarly observed
secondary Cl0 formation following the reaction of o(2!p)
with CCly.
They suggested

CX3 + Oy + CX40% + Op {15}

CX30%+ CX20 + X {16}
The overall reaction is exothermic for CF,Cl and CFCl;.
The secondary growth of ClO in CF,Cl,, and CFCl3 was |
simulated assuming that

a) CX30* disintegrated immediately, so that {15} and {16}

could be written as

CX3 + 03 »CX,0 + X + Oy {1sa}



3.5

3.6

cont'd. . ] .
b) {15a} competes with tﬁe combihation of
CxX3 radicals, {17} . . |
The best fits are shown in figures 3.7 and 3.2.

Tables 3.1 and 3.2. list the equations and rate constants
used in the best fit simulations.

O3 depletion.

The amount of 05 removal following the photolysis of O3 in the
presence of CF2C12, CFCl3 and CF3Cl (Section 6 ) was measured.
The experimental values were in good agreeﬁent with the values
predicted by the best fit simulations. The amouﬂt of O3 removed
was approximately twice that photolyséd even at short times, and
explained thﬁs}gg values into ClO branching ratios obtained by
Donovan et al, who monitored the amount of O3 removed at 1O.us
following photblysis'of the 03/CFC system, and assumed that the
0(2!p) yield was equal to the amount of O3 removed.

The reaction of 0(2lD) with CF.Cl

e

- The temporal development of Cl0 following the flash photolysis of

O, in the presence of ‘an excess of CF,Cl ( 2.7 kN m 2 ) is shown

.in figqure 3.7 . In contrast to the behaviour obserwved in the

reaction of 0(2!D) with CrF,Cl, and CFCl, , here the concentration
of ClO was observed to decay rapidly after about 50 us , with a
contempoianeous formation of OClO . This decay will be discussed

later .

Branching ratios into 4 }and {6} were cbtained in the manner
described above for C§2Cl2 and CFClé . The effect of addition of
CZHS (66." to 270N m - ) is shown in figure 3.8.. No OClo0
formation is now observed , and the fast decay of ClO is complete
by about 150 us . - This fast decay is similar to that observed

in the 0,/ CECly/ C,Hy and 0./ CF,Cl,/ C)Hy systems and is -ascribed
to the effects. of {2} and {12} .

41
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3.6

3.7

cont'd

The lack of continued fast ClO decay after 150 us: indicates that

" the decay process observed in figufe 3.7 has been suppressed in

the presence of CZHG . - Figure 3.8 shows the best fit simulation

- of the ClO dgcay in the presence Of-CZHG and table 3.4 lists the

best fit eguations . Table 3.3 lists the branching ratios into
) 3. ,
reactions {4} and{6}. The value of the O(2 P) branching ratio

‘determined directly by Addison is in good agreement with the

indirect determination .

Branching ratio into {5} and{ 8} .

The difference between the total yield of ClO and.the yield
calculated for{ 4} is an estimate of the branching ratio into
reaction{ 5} . The total yield of Cl0 ({ 4} +{ 5} ) was obtained
by graphical extrapolation of the decay in figure 3.7 .

The branching ratio intbf g } was calculated by mass balance .

Branching ratios for these reactions are shown in table 3.3 .

The decay of ClO and the formation of OClO

The concentration profiles of ClO and OClO over 1O milliseconds
are shown in figure 3.9 . ( It should be noted that in order to
improve sensitivity , no filter solution was used in this

experiment allowing higher percentage photolysis of O3 r ( CF3C1

"is not photolysed at A > 200 nm , the reaction vessel cut-off ) )

At long times the disproportionation reactions of ClO must be
considered. There has been considerable dispute about these

reactions , but the situation now seems reasonably well resolved .

Recent studies by Basco and Hunt’?2 using flash photolysis With
photographic and photometric detection , and by Johnston et al80
and Cox et alal, both groups using molecular modulation
spectroscopy have indicated that there is a third order

cambination reaction .

ClO + ClO + M > CL,0, + M : - {1sa}

Basco79~observed'a new absorption spectrum in the ultraviolet

and which he ascribed to Cl1L,0, . . Determinations of k ., are
272 {184}

listed in table 3.5 .



Table 3.4

Best fit computer simulation of the reaction of O(lb) with CF_Cl

No. ~ Equation o ' k/cz’n3molec—l.s-l Ref.
: 1 1 ‘ .

9 0, »0,(78) +0(D) . . .|61-65
sb | o('D) + CFCL > CF,0 + F +Cl 2.3E -11  eatc.
4 otl;y + CF,Cl > CF, + ClO 5.4 E -11  |cale.

ooy + CF,CL + CF,CL + O(3P)_ - |l 2.6 E -11 calc.
CL + 0, ~Clo + 62 , 1.2 E -11 74
2 o’p) +clo »c1L + o, : | s.3E -11 75
17 CF, + CF, ~ C,Fg 9.0 E -12 91
19 |, CI-‘3. + o3 > CFZO + 0-2 + F 3.0 E ~-13 . calc’.'
20 | F+0;~>F0+0, : 1.3 E -11 83
2la FO + ClO - FClO2 8.1 E -12 calc.
21b FO + ClO0 - F + OClO : 3.2 E -11 -~ | eale.
Oz(la) + 03+~ 0y + 05 + 0(2%p) 4.0 E -15 - | 169
| F I C236+ HF + CZHS _ 5.2 E -11 84
13 | 0(D) + CyHg > C,Hy + OH 3.0 E -19 g
14 | Cl + C,H, ~ HCL + C,H, | 6.7 E -11 72

The equations above the line simulate the 03/CF3C1 system , inclusion

of the equations below the line simulatesthe 03/CF'C1/CZH system ..

6
" Three. experiments with C H, ( 270 , 67 and 27 N m ) were done.

Note from page 37

 The 03/CFC/C2H6 experiments were simulated first. There were two
variables in these simulations, the Cl0 and the 0(23P).yield.

Small changes (0.05) in the 0(23P) branéhing ratios had significant
effects on the slope of the simulated ClO:decay over the period 40

to 150 us. Similar changes in the ClO yield had .much smallér'effects
on the slope of the ClO decay but did of course increase or decrease

the simulated ClO concentration. Thus, unique values for the branching

. . 3
ratios into 0(2°P) and ClO could be determined.
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Table 3.5

Literature values for the reaction., ClO + ClO + M ® CL O + M

Ref. |(k/ cm6molec-zs-l)x 10-3:3 remarks
79 : 9.7 £ 0.4 " M =Ar
79 |- 7.7 M = He
79 22 : M =0,
8la 305 M=N2+o2
80| 50%5S M =0,




" value of k

‘are thus too fast to be due to {isa} - {18@} . It is proposed

{1%

' cont'd.

.BaSco73 found evidence for an independent second order reaction ‘

_but was unable to distinguish between {18b} ~ {184}

Clo + Clo + Cl, + O, : - {usp}
Clo + Cl0 +.C100 + Cl ' {18c}.
.Cl0o + Clo - Cl + 0OClo ‘ {1sd}

81

However , Cox was able to determine , by computer analysis ,

rates into {18b} - {18d} . His total second order rate constant ,

=14 -
=1.0 x 10 cmsmolec 1s 1 is in goocd agreement with the
-1

k{18bca}
-l% 3 -1 - 9
= 1.3 x 10 cm molec s obtained by Basco’ 2 .

{18bcal
These results are in disagreement with those of Clyne82 who

monitored the decay of ClO mass spectrometrically in a flow

~14 3 -1 -1
system . They determined k{le ar = 2.3 X 10 cm molec s '
and considered that {18clwas the major reaction at low pressures

with {184} as a minor ( 5% ) reaction , but were unable to

. determine the extent of {18b} .

C1202 is estimated to be a fairly stable molecule .
AHzge { Cl } =<136 * 3 kJ mole and a bond strength of

-1
D {Clo0-Cl } = 79 + 5 kJ mole have been estimated by Basco’? ..

Subsequent removal of c1202 is likely to be complicated , and the

following reactions , in addition to -{18a} , have been suggested .

Cl,0, ~ Cl0 + Clo - -{18a}
Cl,0, + M >'CL + Cl0O + M : { 18e}
c1202 + M- Cl2 + o2 + M . {18¢f}
C1,0, + ClL,0, >~ Cl, + 20, + 2C1 _ { 18}
Cl +ClL0, *Cl, +OCLO { 18k}
Cl + CL0, ~Cl, + Cloo { 184} .

The decay of ClO and the formation of OClO over the first millisecond

here that rapid reaction of ClO with FO leads to the observed
Cl0 removal and OClO formation . F atoms may be formed by two
reactions . Initially by {5b} ,

0(2lp) + CF.C1 > CF.O* + C1L > CF.O + F + Cl1 {sb}

o 3 34 2
AH79g= -165 kJ mole '




cont'd
and secondly by {19} . .
% . ' : .
CF, + O, + CF,O0* +0, > CF,0+0, +F {19}

Aﬁggg = -210 kJ mole-

- F atoms are rapidly cgnverted.into FO by reaction with O 83

k =13 %107 tec?s™ ' ’
{20} =1. . cm molec s .

F+0;+ FO+0O, » {20}

Reaction of FO with ClO could pro;eed by_two pathways to give
the observed kinetics ,, '
FO + Clo > FCl + 0, / FClO, {21a}
FO + Cl0 + F + OClO - - {21b}

with a ratio k{Zla}/ k{Zlb} =4

Evidence for the intermediacy of F atoms is ;
(a) , No 0OClO formation and no ClO decay was observed in the
presence of Czﬂ

F atoms®" .

6 ' which is a good scavenger of

(b) No OCl0 formation and no rapid ClO decay was observed
( 60 N m-z') which reacts rapidly

1 -1 -
Ocmsmolec 1s 1 85

in the presence of 012

with F atoms k{zé} = 1.6 x‘lo-

F+Cl, »FCL +Cl : {22}
This experiment was not , unfortunately, quantitative

‘as Cl2 photolysis ocurred .

-2
(c) Addition of O2 (1.1 kN m ) to partially scavenge

CF, radicals , reduced by more than half the OClO yield
and the amount of ClO removed . ‘

(4). FO has been detected mass.spéctrcmetrically in the
CF3Br / O3vsystem86 . . In the CFBCl / O3 system it
was not possible to distinguish between the FO and the

'Cl m/e peaks , but it seems reasonable to assume that

' FO was present .

Cross halogen oxide reactions between Q1O and BrO have been reported

by Clyne and Watson87 , and by Basco and Dogra88 . Clyne87 showed
that two pathways. were of equal importance. | _
Clo + BrO + ClOO + Br - {23a}
Clo + BrO + 0OClO + Br = {23}

k = k = 6.7 x 10" “%m ol -
£3a¥f “Ra} - cm molec s .



cont'd

Reactions {21a} and {21b} ~are thus reasonable . .Reaction {2la}
. Y 4

may yield FCL + O, (4 Hogg = - 2§o kJ mole )

or FClo, (4 - - ag= 240 kJ mole ). FClO, has a diStorted

pyramidal structure with the Cl atom at the apex .

It was first prepared by the reaction of Fz with OClO90 .

Reaction {21b} may bé an independent pathway , exactly analogous
to {23b} , or it may arise from the disinteg;ation of .
vibrationaliy excited E‘Clo2
FO + ClO - FClOZ* + M- FClO2
+
F + OClO

The decay of FClO

89

2 has been shown to yield OClO .

The decay of ClO and the formation of OClO were simulated ,
and the best fit is shown in figure 3.9 .. o .

AAgain it was assumed here that , as in the case of CF2C12/ O3

and CFCl3/ O3 systems  , reaction {5} and {19} could be written
as one step , that is the intermediate CF3O* species disintegrates :
immediately on a us time scale . The best fit equations are listed

in table 3.4 .

The decay of ClO after about 1 ms could be well simulated by
a second order decay, corresponding to either reaction {18a}
or {18b} , these reactions being indistinguishable in our

system. The rate of decay, about 2 x lo—l4cm3molec-ls_l'

corresponds to a third order decay of about 3 x 10-32cm6molec-2s-l
which agrees well with the rate data for .{18a} presented in table

3.5.
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CHAPTER FOUR

REACTION OF 0(2!D) WITH CF_HCl
. L
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4.2

By analogy with the reactions of O(21D) with CF

Introduction.

ClL,
CF,Cl, and CFC13} the following reactions of 0(;1D) with
CFZHCl bear consideration.
o(2lp) + CE‘2HCl - CFZH + Clo - {1}
: + CF,HO + C1 (2}
~ CF,HC1 + 0(23P) (3}
> CE‘ZO + HCl {4}
_ + CFClO + HF {5}
_and by analogy with the reactions of 0(21p) " with CH,
o(31lp) + CFZHCJ. - c5'2c1 + OH ' {6}
Donovan et al 52, have reported a lower limit into {1} .
.60

Lin  observed HF, but not BCl, chemical laser emission following

2
by an insertion-elimination process.

the reaction of 0(21D) with CF_HCl, which he propoéed proceeded

o(2lp) + cs'23c1-» cs'zcma* > CPC1l0 + HF {5}

In this chapter the reaction of 0(21p) with CFZHCl is considered

in some detail and branching ratios into channels {1} to {6} are

presented. Same novel chemistry of CF, oxidation by ClOX will

2
also be discussed.

Experimental.

The apparatus for flash photolysis with time resolved kinetic
spectroscopy has been described (Chapter 2).

The lower O, concentrations used in these experiments allowed
the ClO concentrations to be measured at the (8,0) or (11,0)
bands of the (A2l <« X2n3/2) system. Extinction coefficients
of ¢ (11.0) = 3.0 £ 0.2 x 10 ‘Zn’molec ' and € (8,0) = 2.5 £ 0.2

b4 1018 cmzmolec were used. € (8,0) was determined in the

manner described in chapter 3, and is in gocd agreement with

recent reports in the literature 69 70,

The (AlB « xlAl) system of CF2 consists of a series of regularly

1
spaced bands in the region of 230 to 260 nm°2. The concentration
1

of CF2 was monitored at the ¢v2 = 6) band at 248.8 nm.

52
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4.2 cont'd )
An extinction coefficient for this band of 1.27 x 10  'ém’
.xnolec.1 was taken from the work of Tyerman93 . Absorbance
of a band was found by Tyerman to be independent of slit width
over 25 to 200 microns , fhe plate faétpr of Tyerman's
spectrograph ( 2.5 & mm™?! ) being similar to that of the
Hilger Watts medium'quartz.spectrograph used in this work
(1.5 2 mm’l ) . No significant variation in optical density

_was observed with pressures of added Nz,between 2.8 and 28 kN m-z .

4.3 Results and discussion.

When‘o3 (13 N m-'2 ) was photolysed in the presence of CFZHCl

-( 2.7 kN m“2 ) strong spectra of CF, and ClO were observed ,

2 _
figures 4.1, 4.2 - " . The formation of bothACF2 and Clo

followed the integrated f£lash profile .

Branching ratioc into ClO formation, {1} and Cl formation {2}

-

The branching ratio into {1} + {2} is easily measured from

figure 4.2 . To determine the relative importance of {1} and

{2}} CH ( 66 N,rn-'2 ) was added . The result of this experiment

is shown in figure 4.2, and indicates that the predominant source

(> 80% ') of ClO is {1} . The rapid decay of ClO to an undetectable
concentration by 150 us indicatés that it is likely that there

is a large branching ratio into 0(23P) proauction . This will

be discussed later . Branching ratios into {1} and {2} are listed
in table 4.1

Branching ratio into OH formation ,{6} .

The lack of secondary growth of ClO in the 03/ CFZHCl system
suggests’ that therg was little CFZCl.formation and no CH was
detectable by plate photometry . The much more sensitive
technique of flash photol&sis with OH resconance absorption
detection was used to look for OH formation . The yield of OH
following ;he photqusis of O3 ip.an excess of 820 was used as
a standard .

o(2!p) + H.0 - OCH + OH ' {7}

2
This reaction was assumed to give 2 CH radicals®®
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Table 4.1

' 1
Product branching ratios for the reaction of O('D) with CF_HCl

Reaction No. 1 2 4 + 5. 6 3 3
(Addison)
Product CF_H
2 CF,HO CF.0 + HCl1 CF.Cl 0(39) 0(3p)
+ Cl10 + cl 2 2
' CFC10 + HF + OH
L : 0.10
Branching 0.55 + 0.05 < 0.10 < 0.10 0.055 t 0.01. 0.42 t 0,05 0.28 10 15
ratio

- 95



4.3

cont'd.

On this basis, the yield of CH from the reaction -of o(21p)
‘with CH4 was 0.75 £0.10 in excellent agreement with the

results of Lin and De More3?®. The branching ratio into {6}

is shown on Table 4.1.

Branching ratio into CF, formation
. : : 2.

* Branching ratio into CF, production is 0.42£0.05. Two direct

reactions leading to CF; production are possible,. viz
0(2!p) + CF,EC1 ~CF, + HCL + 0(2°p) { 3a}
+CFp + OH + Cl - {8}

{8} can be dismissed as a major pathway (< 0.05) as the yields
of OH and Cl have beén shown to be insignificant. Before
considering {3a} , {9} to {14} will be discussed and shown
not to contribute significantly to CF, production

croact B CF,+ Bl {9}
At the pressures of CF,HCl used, no CF,; was observed when
CF2HCL was flashed in the absence of 0.

2CF,H + CF, + CFHj {lo}
Disproportionation is a minor process competing with {11},
k{10} /k{11} ~o0.17 35 |

2CF,H +(CF,H) , {11}
Thus {10} can not account for all the CF, production but may
contribute to an extent of < 0.1lO. |

CF,H + 0(2%P) + CFp+ OH {12}
Aagge = -136 kJ mc:le-1

A major contribution from this pathway may be ruled out,from
the low branching ratic into OH formation. {12} would compete
with {13} . ‘

o(2*s) + clo+ c1 + o0, {13}
and any increase in ClO concentration would affect the CF,
vield. No change in CFszield was observed when the Cl0O
concentratibn was varied from 3.0 x 101“ to 11.5 x h&q‘molec
cm . This was achieved by the addition of Cl, (< 95 N m~2)
to the 03/CF23C1 system, Cl atoms were prcduced by photolysis
of Cl, and reacted with O3 to give ClO

Cl + O3 > ClO + Oy {14}

57



-pyrolysis an equilibrium is set up between CF

cont'd.

Finally, CF,T was used to scavenge 0(2%)

k =1.1 +0.2 x 10—11;m3 molec ls 1 55

o2%®) + CF3I > CFy + I0 . . {15}

and again no change in CF, yield was observed when small.

2

pressures of CF.I (60 Nm 2) were added to the 03/CFZHC1'

3
and Nzo/CFZHCl systems. These results all argue stxrongly

against any significant occurrence (< 0.05) of {12},

CF2 was observed when N20 was used as a source of 0(21Dp),

indicating that CF2 is not formed by the reaction of some

CF2 containing molecule with 03.

that {3a} was the predocminant CF

It was thus concluded

2 producing pathway.

{3a} is essentially similar to the quenching process observed
in the reaction of 0(2!D) with CF,Cl, CF,Cl, and CFCl,,
the only difference being that CFZHCl can gain enough energy

from the quenching of 0(2!D) to 0(23P) to fragment to
CF2 and HC1. This process has been shown to occur readily
on photolysis96 and'pyrolysi597 of CFZHCl, and, indeed, in

BCl, CF., and

2 2

HC1.

cF,HCl  CF, + ECL {16}

Similar disintegration  reactions for CF,Cl, CF,Cl, and
CFCl3 are endothermic.

It is perhaps surprising that 0(23P) escapes from the force
field of CFZ' as CFZO is a very strongly bound molecule.
This can be understood when it is realised. that CFZ(XIAI )

and 0(23P) do not correlate with the ground state of CF,0,

. 2
but with-an excited triplet state which may not allow efficient

combination. A similar explanation has been applied to the low

reactivity of CF, to recombination®? .

The yield of CF, is taken as an upper limit into 0(23p)

2
formation (other processes may contribute to about 30% of

the CF2 yield). There is satisfactory agreement between the

0(23P) yield based on the CF. yield, and that measured by

2
Addison. The branching ratios for {1} to {6} are shown in

Table 4.1.
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4.3 coﬁt'd-

Lin observed only HF laser emission, although forﬁationwof
HCl is more exothermic follbwing'the flash phdtolysis of
04/CF,HC1 mixtures®? . He postulated that reaction occurred
by an insertion-elimination mechanism. The present results
show that HF elimination cannot accoﬁnt for more than
10-20% of the total reaction cross section, (this is based on
the error bounds for the products which are observed) and
that elimination of ground state BCl is a major process.
It seems unlikely that chemica; laser emission would occur
fram a minor reaction channel. In a separate series of studies
Lin has suggested that the reaction

0(23P) + CFH -CFO + HF* {17}
can give rise to HF laser emission. The above results show
that both 0(23pP) and CF9H are major products of the reaction
of 0(21D) with CFZHCl, and it is suggested here that reaction
{17} could account for Lin's observations in the O3/CPZHC1

photochemical laser system.

4.4 _Effect of translational energy of O(ZlD) on the CF, yield

The thermochemistry of {3a}{aH5qg= + 17 + 18.5 kJ mole )

would seem to disfavour the reaction , in that it would
require essentially all the electronic energy of O(ZID) to

be channeiled into vibrational energy of CFZHCl y and none to
go into translational energy of 0(23P) or CFzﬂCl . However this
restraint may be relaxed somewhat if it is considered that

-0(21D) reacts with.CFzHCl on every collision and has no time to
lose its excess translational energy which is therefore available
to the reaction . Transfer. of electronic and translational energy
into vibrational excitation. of the products has been observed
for the reaction of O(2!D) with 02 . To deteimine whether
the excess translational energy of O(ZID) affects the reaction

,0(21D) was thermolysed by the addition of He ( 7.2 kN.m 2))
2

14
(pressure of CF2HC1 was 760 N m - in this experiment ) . No
reduction in CF2 yield was cbserved . It was thus concluded
that {3a} is exothermic and that the excess translaticnal

energy of 0(2) D) is not required for reaction to occur .



Decay of CFj

CF2 in the sxnglet ground state is surprlslngly inert

towards a wide range of molecules including 0, (31) and alkenes100
The major removal process under the cond;t;ons p;eVLOusly

studied is dimerisation , k{18} = 3.7 x 10 ll"cxnsmolet_::- 1571 93 |
CF2 +.CF2 + M C2F4 + M {18}

CF, , formed by the reaction of 0(2!D) with CF,HCl , decayed
at a rate considerably in excess of {18} . Species which Sould
react with CF2 under the experimental conditions were QB ’
02(15) and ClO . The ClO concentration was varied as described
above , and the results. (figure 4.3 ) indicate a clear
relationship between the rate of CF: removal and the ClO
concentration . In the case when no Cl0 was present ( cbtained
by the addition of C2 g, L300 N m 2 ) the rate of CF.- decay
was 1n excellent agreeiment wifH Tyerman's value for {18} 93.

For most experlments the decay of ClO was about that due to the
disproportionation reactions of c1079-82, At the highest ClO
concentrations however , when sufficient C12 was photolysed to
remove all the O3 , the rate of ClQ decay was greatly eqhanced ’
and was similar to that of CF2 . These results suggest that

Cl atoms are a produet of the reaction of CF2 with Cl0 ,

CF, + clo - CF20 + C1 : {19}
AHS45(19) = - 428 kJ mole” o1
This reaction is analogous to that proposed by Lin
CF, + NO.>CF,0 + N { 20}

Rate of reaction of CF, with ClO

The rate of CF2 decay is given by the expression '
-d{CFz} = k{CFz}{C}O}
dt

However , as ClO was being regenerated by {14} , and removal
of Cl0 by disproportionation was slow , the concentraticn of ClO
was approximately constant over a considerable portion of the
CF2 decay . It was thus possible to treat the CF2 decay as pseudo

first order .. ~First order plots of the CF_  decay were linear

2
over several milliseconds .
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Figure 4.3.

Decay of CF, in the presence of ClO.

(0) , no ClO present

(x) ,{clog} ~ 2.7 x 10'"*molec cm 3

(8) ,{Cl0g} ~ 7.3 x 10'%molec cm 3

|G



4.6

62

cont'd

Table 4.2 lists the first order rate constants and the average
ClO concentration over the time of the decay . N
Least mean squares analysis gives kg4 = 6.3+ 0.6 x1c 13

cmdmolec s ! .

‘Decay of CF_, in the presence of 02_

In the presence of 02 ( 460 N m-{-2 ) CF2 decayed rapidly

over the first millisecond , and then more slowly with a

rate comparable to that of {19} over the remainder of the

. decay ( figure 4.4 ) . IfC,H_ ( 130 N n~ 2 ) was added ,

276

the decay of CF, was very slow over the entire decay and

2

. had a rate in excellent agreement with Tyerman's value

for {18}93 . This indicates that a Cl containing species is

responsible for the rapid initial decay of CF, , the most

likely species be;ng Cloo . In the presence_if 02 , ClOO
is formed by {20} in competition with {14} .

Cl + 0, + M > ClOO + M {20}

Cl00 is unstable and is removed by {21} to {23} .

Cl00 + Cl + O, {21}

Cl + CloO - Cl, + O, {22}

Cl + ClOO -+ ClO + Cl0 : {23}

and Cl00 will only be present in significant concentrations
when there is a significant source of Cl atoms , 1.e, during

and just after the flash . . Production of Cl00 by {24} is not

- likely to be significant due to the slow rate of {24)82

. Cl0 + Cl0 -~ Cl + Cl00 . {24}

There was no rapid removal of ClO during the time of the

ch decay

Due to the uncertainty in the rate of {20}102,87 | it ig’
difficult to estimate the ClO concentration accurately ,
however from the value of Clyne,the Cl00 concentration should
be less than 1% of the ClO concentration and it is therefore

difficult to explain such a large removal of CF2 .



Table 4.2

. First order rate constants of CF, decay and ClO concentration -
. -

Exp. | | ClO x 10" Y4/molec cm™3 x/ st
No.

10 2.1 ‘ 75

10 2.7 120

19 5.4 ' 270

18 5.1 © 360

18 7.3 435

p
16 . 7.5 463
16 ' 10.5 ' 590
CF, + ClO > CF,0 + cl { 19}

13

k =6.3 £ 0.6 x 10 cm3molec—ls
{ 10}
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Decay of CF, in the presence of 0,
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Reaction of CF2 with Cl00 c_ould procegd either by_ {25} .
analogous to {19} , ‘

CF, + clo0 -+ CF,0 + C10 . {25}

or -, since the Cl-0, bond is much weaker

2
than the Cl0-0 bond , by {26} .,

CF, +Cloo »CFo_ + Cl - {26}

2 272

More work is required to determine whether Cl00 or some other
Cl containing species is responsible fdr the ocbserved
CFzAkinetics .

Reaction of CF, with O, , 0, (1) and 0(23p)
> &

In the absence of ClO the decay of CF2 was second order with a
=14 =1 21
rate. constant of 4 x10 can molec s in excellent agreement

with AT,yerma'n's value for {18}23 There was no evidence for

removal of CE. by reaction with O, , 02(1A) or 0(23p) .

2 3
An upper limit for these reactions may be estimated .
. =16 32 -1 -1
CF. + O, +- products . k < 6 x10 cmmolec s .

2 3 15 3 1 -1
1 1072 lec s
CF2 + 02( A) » products . k< 2 x 10 - cm molec s .

3 -12 3 -1 -l
CF2 + 0(2%p) - products . k< 1lx 10 cm molec -s-. .



'CHAPTER FIVE

REACTION OF O(2lD) WITH CF.C1Br AND DISCUSSICN

OF THE REACTION OF 0(21D) WITH HALOMETHANES
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Reaction of O(2!D) with CF, CIBr and CF Br

-3—

Photolysiséof 0, (27N m 2 ) in the presence of CF,C1Br

(530Nm ) and SF6 (4.2 szm—z ) led.to.strong spectra

of BrO and 0ClO (figure:r 5.1 ) . The BrO

concent.rata.on was measured at the (4.0) band of the (AZH“x m
absorption at 338 nm . In this work an extinction coefficient
for this band ,e = 4.8 + 1.2 x lO-lacmzmolec—l', was taken from the
work of Clynelo3 . This value is in good agreement with-an'earlier
determination of Basco and Dogra's88 , but is in poor agreement
.with an earlier vélue of Clyne'slOot |

The'following pathways in the reaction of 0(21p) with CFZClBr

bear consideration .

o(2lp) + CF,ClBr » CF,CL + BrO o {1}
~ CF,ClO + Br {2}
N CFZBr + Clo - (3}
+ 'CF,Bro + Cl (4}
+ CF,ClBr + 0(23P) (5}
+ CF,0 + BrCl ‘ {6}

4
No ClO was detected ( limit of detectability 0.5 - 0.75 ><lO1

-3 : =2
molec cm ) . However addition of C236.( 60 N m ) completely

suppressed:.the formation of OCl1l0 . This may be understood if
0Clo is formed by {7} ' |
BrO + Clo + Br + OCl0 . _ (7

_ . and that Cl0 is formed_by the reaction
of CL atoms with Oy , %8} . |

Cl + 03-+ Clo + o2 {8}

.

Cl atoms. being formed by {4}
or by the reaction of CFZCl with O ( chapter 3 ) .
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Figure 5.0. -

Temporal development of B¥O and OCl0O in the 03/CF2C1 Br system

O BroO

X 0cClo

The solid lines are the best computer simulated fit to the

experiméntal data.
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p(03) = 27 N m-'2

p(CF2ClBr)

=2.7kNm
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-cont'd

"It was. not possible to determine branching ratios' into

reactions ( {1} + {2} ) directly,because removal of BrO by
{76} ,» {9} ana {10} 1is fast ,

BrO + ClO > Br + Cl + O, _ | {7o}
Bro + 0(2°®) > Br + ozli {9}
Bro + BrO > Br + Br + O, ‘ {10}
, while reformation by {11} is slow.
Br + O, > Bro + o, {11}

And thus a significant proportion of BrOy is present as Br atoms.
Nor was it possible to distinguish between {1} and {2} as Br
atoms. are not removed to any significant extent by reaction with
6256 .

However approximate branching ratios were obtained by computer
simulation of the BrO and OClO concentration profiles . Initial

values were taken from the work o the reaction of 0(2'D) with

CF.Cl. , and assuming that Br atoms were abstracted in

2772
preference to Cl atoms . It proved possible to simulate

accurately the BrO and OClO concentration profiles after a
few attempts . The simulated profiles are shown in figure 5./

and the best fit equations. are listed in table 5.1 .

The slow decay of BrO is presumably due to {12}

“BxO + BxO > Br, + O _ {12}

2 2
in competition
with {10} . The decay was second order with a rate of
K{12} 23, 10 an’molec s™! , and accounts for about 5%

of the total reaction cross section,. -

The temporal. development of BrO following the £lash photolysis of
04 ( 27 Nm 2 ) in the presence of CF,Br ( 2.7 kN m 2) is
shown in figure 5.2



Table 5.1

._7 O

' Best fit computer simulation of the reaétion of O(lD) with CF_ClBr
* ’'4

No. Eéuat;ién k/cm3molec-ls-l Ref.
0, » 0 (*a) +o('D) | 61-65
1 o('D) + CF,ClBr ~ CF,CL + BxO 2.6 E -11 calc.
2 otoy + CF,ClBr + CF,0 + Br + CL . l1.0E -11 calc.
5 o(lp) + CF,ClBr + CF,ClBr + o’p 2.5 E -11 calc.
6 “o(tpy + CF,ClBr ~ CF,0 + BrCl 3.9 E -11 calc.
8 Cl +0,>Clo +0, 1.2 E -11 {74
11 Br + 0, > Bro + O, 1.2 E -12 103
o(’p) + clo + cL + o, 5.3 E -11 |75
9 O(3P) + Bro + Br + O, 2.5E -11 151
10 "BrO + BrO - Br + Br + 02- 6.4 E -12 103
BxO + BrO -+ Br2 + 02 3.3 E -12 calc.
Cl + BxClL - Cl, + Br 1.5 E -11 370
Cl + OClC + ClO + ClO 5.9 E -11 171
CF,Cl + CF,Cl + C,F,CL 2.0 E -11 78
CF%CJ. + 03: > CF,0 + '02_ + Cl 2.0 E -13 calc.
. O(°P) + BxCl - BrO + Cl 2.1 E ~11 15k
7a BrO + ClO = Br + OClO 6.7 E -12 87
7b BrO + Cl0 +~ Br + ClL + O, . 6.7 E -12 87
. Oz(lA) +0,>0,+0, + o(3p) 4.0 E -15 169

The simulated branching ratios are thus :-

Reaction

1
2
5
6

26 %
10 %
25 %
39 %
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Figure 5.2.

Temporal development of Bx® in’ the 03/CF3 Br system

-9(03) =27 N m?
2

p(CF3Br) =2.7 kNm
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5.1  cont'd

5.2

The deéay of BrO after ~ 30 ps is, too fast to be due to {9}

’

and may be due to the involvement of F atoms or FO radicals ,

whose formation in this system has been observed by Kaufmann86

It did not prove possible to simulate the reaction kinetics
A lower limit into BrO formation of 0.25 may be estimated .

Discussion.

Table 5.2 lists the branching ratios for the reactions of
1 . .

0(2°D) with CFBCl,-CI-Ezcl2 3 2HCl,

CH Cl and CCl, . (Values for the last two species. were

3 4 ,
cbtained by M.C. Addison using the apparatus described in

, CFCl1_,, CF

Chapter 2). It can be seen that the branching ratio into
any particular channel is approximately similar over the
entire range of compounds. This mirrors the similarity in
branching ratios found by Cvetanovic3? for the reaction of
0(21D) with a series of alkanes. However, there is a

considerable contrast between the products. of the reaction

.of 0(21D) with CFCs andAhydrogen containing CFCs (collectively

halqmethanes)and.with alkanes. For the former direct abstraction
of a halogen atam, and quenching of o(2!p) to 0(23pP) are the
major pathways, while for alkanes insertion into a C-E bond

is the major channel and quenching is insignificant, < 3 %.

It is interesting to compare the branching ratios for the
reactions of -0(21D) with halomethanes with -the bond additivity
relationship of Davidson® et al whichirelates the total rate
constant to the number of F, H and Cl atoms in a particular

molecule, viz,

k(Cn Ha Fb Clc) = a.kH + bkF + ckcl

where
kH = 0,32 £ 0.02 x ].0"]'ocmamolec-ls“1
kp = 0.030 £ - 0.003 x 107 dm3motec™ s}
-E =0.74 £+ 0.03 x lO_locmgmolec_ls_l



Table 5.2

Branching ratios for the reaction of O(lD) with some CFCs and H containing CFCs

r .
Compound Halogen Halogen atom | Halogen 0(?P) OH
oxide ( XO ) X molecule x2
+

CF.Cl 0.55 ¥ 0.10 0.23 t0.10} <0.10 0.27 +0.10 -

3 0.30 t 0.10

‘ 0.15
+ + 0.10

CF.Cl 0.50 ¥ 0.10 0.05 % < 0.25 0.20 t 0.10 -

2772

0.05
CFc13 0.45 ¥ 0.10 0.10 * 0,10} < 0.25 0.20 * 0.10 -
< 0.42 t 0.65

CF_HC1 0.55 ¥ o. < 0. < 0. N :

HHC 55 ¥ 0.05 -o 10 0.10 o 10 0.055¢ 0.61

0.28 + 7
0.15

ccl 0.28 + 0,14 < 0.33 < 0.20 0.22 + 0.10]

.4
ciCl < 0.36 > 0.29 < 0.20 not measured | 0.35 * 0.06

€L
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cont'd.’

It would appear reasonable to assume that these figures

-reflect the preference of 0(2lp) towards attack at a particular'

atom. For attack at Hydrogen the major reactions are likely -

to be insertion into the C-H bond or H atom abstraction, both

leading to OH formation in the presence of 03, and thus the -

branching ratio into OH foxmation following the reaction of
0(21D) with hydrogen containing species should be close to the
value of the fractional reactivity at the H atom. For CFyHCl
the expected yield is then 0.32/1.06 = 0.30, against an

- experimental value of 0.05 £0.0l, and for CH3Cl 0.96/x.70 =

0.56 against 0.35 + 0.06 observed. experimentally. It thas
appears that the trends in reactivity cobserved by Davidson
et al are not diréctly related to 0(21D) attack at individual

sites on a molecule.

This preference for abstraction of halogen atoms by o(2lp) is
similar to the behaviour of the isocelectronic species

cﬁz (!a;).. - Singlet CH,
into the C-H bond, but with chloroalkanespredominantly by

reacts with alkanes by insertion
Cl atom abstractionl?3

This behaviour can be understood if the interaction which occurs
between the vacant p orbital of 0(2!D) (or CH,(!A;)) and the lone
pairs on the halogen atom is considered. The potential surface
contains an. attractive basin surrounding the chlorine atom

which facilitates attack at this point on the molecule.

There will be a-further attractive region in the potential
surféce, corresponding to 0(2lp) insertién to form-a hypochlorite,
however, this region is apparently less accessible)possibly due

to inertial effects. Both Cl and CFj are relatively heavy species

" and need to move a considerable distance for insertion to

occur (in contrast to the situation for C-H insertion, where
the much lighter H atom can move rapidly to accommodate the
insertion process). And possibly: because 0(2lp) will feel
the outer attractive basin surrounding the chlorine atom and
will react there, before it can experience the inner attractive

well.



5.2

cont'd. - _
An argument similar to that used. to explain the products of
the reaction of O(ZID)_with CH., may thus be applied..

4
The large rate constants for overall removal of o(2lp) by

‘halomethanes, indicate that reaction occurs at large impact

parameter collisions where the 0(210) atom will only experience
to any significant extent the attractive well surrounding the
Cl atom and will react by abstraction. At closer impact
parameter collisions,in addition to Cl atom abstraction,
insertion into C-Cl bonds and C-H bonds will occur and at
small impact parameters a concerted insertion-eliminaéion_.

process leading to molecular elimination may occur.

By this explanation the total rate of 0(2!D) removal would
be expected to increase as the number of Cl atoms wag
increased or as Cl was _ replaced by Br or, I. The first
trend is well established ®. And in this laboratory the
total rates of 0(2!D) removal by CFBBr and.CF3I were found
to be 1.4, and 5.3 relative to CF3c11°6, in support of the

sécond'prediction.

However, in addition to the above reactions, quenching of
0(2!p) to 0(23pP) is an important process, indicating that
the singlet surface must be crossed by cne or more triplet
surfaces correiéting with 0(23P) and halomethané, and that
non adiabatic transitions at these crossings must be
favourable, as evidenced by the relatively high branching
ratios into 0(23P) formation. A possible potential energy
diagram is shown in figure 5.3. The species RCl1l0, postulated
as a. reaction complex, is not known but the CE‘3I analogue
CF3101°7 has been prepared in solution at low temperature,
and is a singlet molecule. It is suggested that the RClO
(or RIO) species is sufficiently long lived to pass through

_the singlet-triplet crossing region several times leading to

quenching. It may also break up. to yield R + ClO ( or IO).

75



Figure 5.3
Potential energy d:.agram of the reaction of 0(21D) + RC1l

o(2!p) 4+ RC1

\\' Direct abstraction

’.““\_ NG R + ClO

7
. . , / /\
singlet-triplet crossing A/
’ /.
: / : RClO(singlet)
o(2%p) + RCl /
/
‘Figure 5.4

Potential energy diagram for the reaction of

o(2!'p) and 0(23P) + RI

0(2lD) + RI

.

singlet-txriplet. crossing

0(23P) + RI > R + IO

a——

RIO(singlet)
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The reactions of 0(23P)_with'CF3II‘.°8 and with hélogenslog‘lll'
have been shown to proéeed via a long lived camplex,

CF3IO or OXY.. For reaction of 0(23P) with the interhalogens
the least electronegative atom is observed to be in the
central position, in accord with the predictions of Walsh's
rules. And species such as Fc10112 and ClC10113 have. been
observed in matrix isolation experiments, these species- have

a normal Cl-O bond, but a weaker and longer FP-Cl or Cl-Cl
bond. Insertion of 0(23P) into the halogen molecule to give
the most stable configuration XOY is not observed. There is

predicted. to be a considerable barrier to this procéss-llo.

The reaction of 0(23P) with CF3Br is endothermic
(AHozga =+ 65 £ 5 kJ mole-l) and is negligibly slow at
300 XK. However, the reaction has been studied at elevated

temperatureslll+

(800 - 1200 K) and Arrhenius parameters
determined as A = 1.5 % 0.5 x 10" cm3 molec st ana
E=571%4 kJ mole _l. The activation energy is thus close
to the endothermicity. The Arrhenius pre-exponential factor
for the reaction of 0(23P) with CF,I is likely to be similar
to that of 0(23P) with CF3Bt. Donovans® ¢t al have shown
that the activation energy for the former reaction is

<6-kJ mole—l, and the fact that the rate constant for

0(23P) reacting with CF3ISs is close to the pre-exponential
factor for the reaction of 0(23P) with CF3Br, suggests that
the assumption of similar pre—-exponential factors is wvalid.
Thus it would seem that the reactions of 0(23p) with halomethanes
and ﬁalogens proceed with negligible activation energies but
with low pre-exponential factors relative to o(2p). This is
surprising as the kinematic features are similar for 0(2lp)
and 0(23P).

This has been explained by the suggestion that the reaction
complex oxyl09 ig only stable in a near linear configuration,
and hence that only colinear or near colinear approach leads

to successful reaction.
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" cont'd. .

‘Herschbachllohas suggested that the OXY species will be

a triplet in a near linear configuration 4f the 3o*"

molecular orbital falls below the'jw*f molecular orbital.

However, Andrews et al 112, 113 gstimate the bond angle in
FClO and Cl1lClO to be about 120o , and CFBIO.has been shown.

to be a singlet molecule 107

It is, therefore, suggested here that the reaction of -
0(23P) with CF3I and-CF3Br proceeds by é,singlet surface,

and that the low pre-expocnential factor is the result of

a low triplet-singlet transition probability (figure 5.4).

An ekactly similar explanation may be applied to the reaction

of 0(23P) with halogens.
Conclusion:.

In conclusion, the branching ratios for the reaction of

. 0(2lp) with various CFCs are approximately constant, with

abstraction of a Cl atom to form CIO, or quenching

to 0(23P) being the major process.

The reaction is considered to proceed predominantly by a
RC1l0 complex. This complex is likely to be a singlet,
but crossing to a triplet surface corresponding to RC1l and
0(23P) is favourable. Fragmentation of RC1O to R and clo

is also a likely process.

OH formation occurs in the reaction of 0(2!pD) with hydrogen
containing CFCs, but the relatively low yields of CH
jndicate that attack at the H atoms is disfavoured relative

to attack at Cl atom(s)i.

Minor pathways in the reaction of 0(21D) with CFCs and hydrogen
containing CFCs are insertion into a C-Cl bond, leading to RO
and Cl atom formation, and a concerted insertion elimination

mechanism leading to molecular elimination.



Chapter Six’

Reaction Qf OH with CHCl3 CDC13, C32C12, CD2C12 and NH3




6.1 Introduction

6.2

In this chapter the rates of abstraction of H atoms' from NH3 ’
CHC13 and CHZCJ.2 by OH will be presented . These rates are well
established in the literature and will serve as a comparison to

the rates obtained here . The rate of abstraction of D atoms from
CDClj and CD2Cl2 will also be presented and the kinetic isotope
effect , kH/ kD , will be discussed .

Howardl® observed a good correlation between the rate of reaction
of CH wifh halomethanes and the C-H bond strength . As the
pre-exponential factors for all these compounds are similar

this suggests a relationship between activation energy and

bond strength . In this chapter the correlation between

rate of reaction and dipole moment of the E donor will be

discussed in terms of nascent product repulsion.-

. Finally , the yield of OH from the reaction of o(2lp) with

NH3 will be presented.

ggggrimental

The apparatus to monit@r OH has been described in chapter 2 .-
CH was produced by the reaction of O(ZID) with HZO following the

flash photolysis of O, in the Hartley continuum

3

hv ,A = 210 - 310 nm .
0, ~ 0(2'D) + 0,(ta) {1}
o@2!p) +8,0>208 (v'<3) 2}
OH (v<3)+M~ OH(v=0)+M - {3}

Simoniatis and Heicklen have shown that {2} accounts for > 96 %
of the reaction cross section of 0(21D) with 8209“ .
CH* is efficiently quenched by 320115 , and no problems with

vibrationally excited OH were observed in the above system .

8 O
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cont'd

'However , when H, was used as a source of OH , the observed

yield of CH (v =0 ) was greatly reduced .. The reaction

scheme was then ,

o(2lp) +H, » OH (v < 3) +H {4}

H+ Oy > OH ( v<9) +0, {5}

OH (v <9 ) is also formed by the reaction of OH with H, ,
k(g} = 8.0 % lO-lc:msmolec"ls_1 118 ,

OH + Hy * Hy0 + H {6}

followed by {5} . Reaction of OH ( v = 9 ) with Oj is

approximately 100 times faster than that of OH (v =0)

176

and leads to quenching and reaction .

CH (v=9 ) +03>0H (v<8 ) +0; (7}
+ products 4 {8}

and hence vibrationally excited OH is likely to react

. chemically with O3 , thus leading to removal of OB from the

system , before it can be quenched all the way down to:
OH (vp =0 ) . A low yield of OH ( v = 0 ) would then be
expected . Addition of small pressures of HpO greatly

2

anreésed the OH ( y = O ) concentrations .

Experiments with varying O3 concentrations and constant flash

energy showed the expected logarithmic dependence of the

'maximum OH absorption on the O3 concentration , that is

log(I_/ 1)= k{O3} , for absorbances up to-=0.30 ( figure 6.1 ) .
A plot of log { log(I./ I)) versus log {Q3} was linear with

a slope of 1.01 £ 0.06 , as expected from a non self-reversed
emission line . Thus the Beer Lambert law was used in its

normal form .

Experiments were done in a standard fashion . The pressure
2

of 03 was normally about 4 N m™ , H,0 , 2.0 kN m-2, varying

pressures of added reactant , and diluted to about 5.3 kN m~2

with BEe or SF6 .
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6.3 Results and discussion

Figure 6.2 shows a typical OH decay trace ( from the reaction
~of OH with NH3 ) . Figure 6.3 shows the first‘order plots of
 the decay shown in figure 6.2 , and of decays at other NH3 pressures.
The plots were linear over about two halflives , after which
the absorption was generally too small to measure accurately .
Figures 6.4 , 6.5 and 6.6 show plots of first order rate constants
against reactant for the reaction of OE with NH3, CHCl3 , CDClj
CHéClz , and CD2Cly . Second order rate constants for these

reactions ( least mean squares ) are listed in table 6.1 .

These values required to be correéted for the effects of {9}
and {10} on the kinetics of the OH decay .
OH + CH ~ H,0 + 0(23p) {9}
OH + OH + M ~ H,0, +M - { 10}
As the pressure of added reactant is increased two opposing
effects occur

(a) . the rate of removal of OE by reaction with

. added reactant increases .
(b) the rate of removal of OH by {9} and {10}
decreases - .

Effect (b) may be understood if it is considered that at any
given time during the CH decay , the OH concentration will
be less in experiments with higher pressures of added reactant
relative to experiments with lower pressures .
This is due to effect (a) . Thus removal of OH by {9} and
{10} , which is dependent on the OH concentrations , becomes
progressively less important as the pressure of added reactant
increases . In consequence the observed increase in rate of OH
removal with increase in pressure of added reactant is less
than the true increase due to this reaction , and the

experimentally measured second order Tate constant will be low .

To determine the quantitative effects of {9} and {10} , the
decay of OH , due to the former reactions and due to reaction
with varying pressures of added reactant , was simulated using

the CHEK program .
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Figure 6.2

Decay of the OH absorption at 308.15 nm|in the presence of NH
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Figure 6.4

Plot of first order decay constants of OH against NH, pressure
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Plot of first order OH decay rates against CC_13X pressure
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Plot of first order OH decay rates against CC12x2 pressure
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Table 67|

Rate of reaction of OH with NH_ , CHCl. , €nCl_ , CH Cl_ and CD,Cl
: 3 3 3 272 —=2""2
Reaction experimental rate / corrected rate / literature value Ref .
cmz‘molec“ls“l cxrn:imole,c“ls_1 Agmzmglgc-ls“l
13 13 1.5 + 0.1 x 10712 117
OH + NH, » H,0 + NH, 1.2 £+ 0.1 x 10 1.4 £ 0.1 x 10 1.5, £ 0.1 x 10 118
1.4 + 0.1 x 10713 119
OH + CHCL; » 1.0 £ 0.1 x 1013 1.15 + 0.1 x 1023 | 1.01 ¢ 0.15 x 10713 16
HyO. + CCl, 1.04 + 0.20 x 10—13 121
OH + CDCl, 7.6 + 0.5 x 10 14 8.7 + 0.6 x 10 14
DHO + cCl 3
13 13 1.45 £ 0.2 x 10 12 122
-+ . + -—
OH + cn2c12 > 1.3 + 0.1 x 10 1.5 £+ 0.1 x 10 1.55 + 0.14 x 10 13 16
H,0 + CHCL, 1.09 + 0.2 x.10713 121
OH + CD,Cl, * 4.4 % 0.4 x 101 5.1%0.5 x 10 -4
HDO + cnc12

68




cont'd .

First order rate constants were measured on the simulated decays:
and. second order rate constants for the reaction of OH

" with the added reactant obtained in ‘the normal way . The
simulated second ordér rate constants refer to the net increase

in rate of OH removél_(i.e.the net result of effects (a) and (b) ) .
as the pressure of added reactant inceases .. Comparison of this
value with the nominal value of the secbnd order rate constant . |
( Z.e. the value used in the computer simulation ) gives a

measure of the underestimation caused by {9} and {10} .

This procedure is iliustrated in figure 6.4 for the reaction

of OH with NH3 . The equations used in these simulations

are shown in table 6.2 . It can be seen that whereas

ieast mean squares analysis of the experimental points

gives k{ll}= 1.2 + 0.1 x 10~ 1c3:111:‘}znc,le.c"ls'1 ’ _
_ 13 3 11
k(1) = t-4 * 0.2 x 107 cm'molec” s is required to

give the correct simulated points . IR general it was found
that a 15% increase in the experimental second order rate constant

was required , and the corrected values are shown in table 6.1 .

It was necessary to know the absolute CH concentration in

the simulatilons . To cbtain this the yield of 0(21D) on

photolysis of O3 was determined as described in chapter 3 }

except that the O3 concentration was measured spectrdphotometrically

at 282 nm ( a convenient emission 1line from the flow lamp ) .

The values for CHCly , C32C:L2 and NH, are in satisfactory
agreement with literature values . - The simulated result for
the reaction of OH with NH, was not affected by inclusion of
{16} and / or {17} .

NH, + HO, - NH, + Op s r {16}

k{16} = 2.5 + 0.5 x 10 cm molec™ s~ 135

NH, + 0(23P) - NH + OH {17}

. 12 3 1 Jd 136
k{17} f 3.5 X 10 ch molec™ s



Equations used in the simulation of the OB + NH3 reaction

Table 6.2

Sl

Nd. Equation k/cm3molec— Ref.
1 0, »0,(*a + oC'D) | 61-65
o(*p) + H,0 -~ 06 + OH 2.3 E -10 130
OH + 03 - H02 + 02 5.6 E -14 131
CH + HO2 -> HZO + 023 3.0 E -11 132
9 OH + CH ~* H20 + O(°P). 2.1 E -12 . 133
10 OH + CH + M H202 + M 6.8 E -13 * 133
134
11 CH + NH3 - HZO + NH2 1.4 E -13 calc.
* VTo cbtain k, for M = Hzo ( 2.0 kN m A the value of

k s M=N 133 was combined with the relative data of Caldwell

10
and Black

134
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6.4 Isotope effects in the reactions of OH with CHCl, / CDCly
and CHpCl, / CDoCly | |

' There is observed to be an isotope effect of kH/kD>= 1.2 tvC.Z

and kg/ky = 2.9 % 0.4, for the reactions of OH with CHCly / CICl,
and CH5Cly / CD,Cl, respectively . : o

The simplest explanation of isotope effects ascribes the

céuse to the difference in zero point energies between the isotopic
substrates . For C-B and C-D species this difference is about
4.75 kJ mole'1 , and the predicted isotope effect is thus at 298 K-
about seven . While some reactions do show isotope effects of
thisAsize , many show a much smaller effect . This indicates

that isotopic substitution affects nét only the initial

substrate but also the transition.state. ‘The isotope effect on
this basis is related to the change in zero point energy in

the isotopic substrates minus the change in zero point energy

in the isotopic transition states .

If the transition state is regarded as a linear triatomic

species , its nommal modes of vibration can be representsd as

£....8...% unsymmetrical stretch V3
. ( reaction co-ordinate)
?
<« . -3 )
A.....H.....B symmetric stretch v
( motion of H indeterminate)
/r
A.....H.....B bending v
N7

( doubly degenerate)
120
Westheimer 2 writes for motion along the line of centres of
A.....H.eoo B
. 2 . 2
28V = k}Arl + kyAr; + k,,8z,81, |
where the distance A.....B is r; and H.....B is r, -

vV is the potential energy and k is the force constant .

b
Wwith the assumption that k,, = ( klkz ) P ¢ klz is not known )

Westheimer derives a simple expression for the isotope effect.

For CHCl, / CDCl, and CH2Cl, / CD,C1, this is calculated to
be about 4 . ’
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cont'd

~ The large value lS due to the fact that the C-H and O-H

force constants are similar (5% 165 and 7.5 x 103 dynes cm™ -1
respectively ) . Had the force constants been equal , v
would have been totally symmetric ( corresponding to no
movement of.H ) and an. isotope effect of 7 would have been

predicted .

The assumption that kj,= ( kjkj) % Las been criticised by Belll2"
who claimed that k,, was at least 2( kk,) %and showed that

‘increasing ki, reduced the isotope effect . Albery125 has

calculated the effects of varying k,, .

However , Bell considers that the above approach is not
a satisfactory explanation of low isotope effects and suggests
that_five centred transition states should be considered .

The above discussion has only considered the effect on the
rate of reaction of isotopic substitution of an atem which is

transferred in the reaction . However the rate of reaction

“may also be affected by isotopic substitution near to the reaction

centre of an atom which is not directly involved in the reaction .
This is the secondary kinetic isotope effect , which likely .
contributes to the isotope effect measured for CH,Cl, / CDCl, .

The low isotdpe effect. for CHCly / CDClj may reflect a transition
state in which the C-H or C-D bond is not greatly perturbed , and
thus there being little net change in zero point energy between
the substrate and transition state . The situation may be
analogous for CHZCl2 / CD2C12 but is compllcated by the

secondary kinetic isotope effect. ’
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6.5 Correlation of H donor dipole moment with rate of reaction with OH

Nascent reaction product repulsion has been suggested as a
significant factor in detemmining the magnitudes of activation
energies of reactions with similar C-H bonds!26

On this baéis the activation energy should depend on the dipole
moment of the H atom donor, '

=

The dipole moments of the Cx3H and the nascent HOH oppose each
other , and may be considered to give rise to a repulsive term,
opposing the formation of the new O-H bond , and hence affecting
the rate of reaction . Such a relationship between rate of
reaction of F atoms and the dipole moment of CXiE has been
demonstrated by Clynel27 .  Figure 6.7 shows a plot of

rate of reaction of OH with halomethanes , HCl , HBr and NHj3 .
against dipole mcment . The pre—exponential factors of all

the compounds shown in figure 6.7 are similar ( = 10-12

-1 -1
cmamolec s ) and thus it may be wvalid to correlate

activation energy with dipole moment .

It can be seen that there are two distinct correlations

in figue 6.7 -. Sensibly the CX3H and HX molecules in which
the dipole moment lies along the C-H or H-X axis show a more
sensitive dependence on the dipole moment. than do szﬂz , CXH3
and NH; molecules in which the dipole moment is directed off the
C-H or N-H bond axis . Both correlations show an increase in
rate constant with decrease in dipole moment . These results
strongly indicate a dépendencé'of activation energy on the
dipole moment of the H atom donor and suggest that this
activation energy arises , in part at least , from opposing

dipole repulsion of the nascent products in the transition state .
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6.6 Yield of OH from the reaction of 0(2!D) with NH,

The method of production of OH used in this work , the reaction
.of 0(21D) with Hzo , can readily be adapted to give )
- quantitative information on the yield of OB following the

. reaction of 0(2!D) with hydrogen containing molecules .

The technique has been descfibed in chapter 4 for the reaction
of o(2'py with CFaCL . ' |

Norrish and Wayne128 observed OH and NH formation following

the flash photolysis of O3 in the presence of NH3 . THe following

reactions bear consideration.

o(2!p) + NE; > NH, + OH {18}
~ HNO + H, {19}
~ NE,O + H , {20}
> NH + H,0 {21}

The yield of OH was measured following the flash photolysis of
O3 / NHy / He mixtures , ( thefe is a slow reaction between O,
and NH3129 , however removal of O3 and NH3 was observed to be
insignificant in the time required to mix and flash the system ) .
Figure 6.8 shows the OH yields from the O, / NHy / He and
Q3 / H,0 / He systems . Unfortunately OH removal by {9}
OH + NH +N32+320 -, {9} .
is fast!l7-120 | ang the pressure of NH; was- kept at <60 N m~ 2
to. permit accurate extrapolation of the OH concentration to
zero time . There was consequently scme. loss of O(iln) by
reaction with O, ‘The yield of CH , after correction for
this loss ( = 18 ) was found to be close .to 100 %. »
Reaction {18} is likely to be the dominant pathway leading
tp'OH formation , and hence the dominant pathway in the reaction
of 0(2'p) with NH, . Although {20} followed by {5}
would lead to OH formation , the vibrationally excited OH
so formed , would be likely to react with o3 or NH3 before it was
quenched to the ground state, and hence {20} is not likely
to contribute significantly to:OH ( v = O ) formation. -

174
Reaction {18} has been investigated by Kinsey et al
"to determine how the excess energy is distributed

. They

observed that the reaction yielded both ground state NH2 and
electronically excited NH2 .

96
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Conclusion

Rate constants for the reaction of OH with CHCl, , C32C12

and NH3 have been measured and are in satisfactory agreement:
with literature values . New data are reported for the reactions
of CH with CDClj3 and CD2C12

The major pathway in the reaction of o(2!p) with NH, has been

shown to be OH formation .

There is a good correlation between the rate of reactivity of OH
with halcmethanes., hydrogen halides and NH;3 and the dipole moment
of the H atom donor . This may be interpreted as indicating
that the activation energy of these reactions arises , in part

at least , from nascent product repulsion .



CHAPTER SEVEN

' REACTION OF OH WITH ALKYL TODIDES AND MOLECULAR

CHLORINE
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7.1 Introduction

A large number of H atom abstraction reactions of OH have
been ;eported , however , there has been no report of halogen
atom abstraction reactions . This is somewhat surprising as
halogen atom abstraction from RI , RBr and molecular
halogens has been reported for 0(23P)1°8r11“ p Fl37, 138
Br!3% , 1140, cr 1*! |, and cmy!*! . The reaction of 0(2%P)
with CF,I hag-previously been discussed in chapter 5 , and
proceeds via a complex . A similar reaction mechanism
. obtains for the reaction of F atoms with RI .

Kaufman and Bozzellil37 showed that the major reaction was
I atom abstraction {1} , although I displacement {2} , was more
exothermic , and that reaction proceeds via complex formation..
F + CF3I > CF3 + IF {1}

> CF, +1I {2}
Farrar and Leel38 obtained similar results for the reaction of

F atoms with CH3I and were able in other experiments to detect
CH3IF 142,

The reaction of 0(23P) with molecular halogens has been. discussed
in chapter 5.. - Again this reaction proceeds via complex formation,

with the most electropositive atom in the centre .

0(23P) + XY » OXY + OX + ¥ {3}
OXY species have been observed in matrix isolation .
experimentsllz'113.Similar results have been cbtained for the

reactions of D atams!“3 , halogen atomsl%%. 145, and CH,l46

with halogen molecules .

In this chapter evidence and rate data for the reaction of

OH with CH3I , CF3I , C2FSI"C3F7I and. Clp; will be presented .
It is considered likely that these reactions proceed by halogen

atom abstraction.



7.2

Reaction of CH with CH3I + CF4I , C2F5I and C3F5I

The experimental appératus has been described in chapter 2
and the technique in chapter 6 . A rapid decay of OH ( figure
was observed when small pressures of RI ( < 75 N m‘zy) were

added to the O3 / Hp0 / SFg system .. Figures 7.2 and 7.3 show

The second order rate constants are shown in table 7.1 .

Thése values were corrected as described in chapter 6 for

{4} and {5} .

"OH. + OH - H.0 + 0(23%p) {4}

2
OH + OH + M > Hy0, + M {5}

The corrected values are shown in table 7.1 .

RI absorbs in a broad continuum from about 230 to 310 nm .

" To determine whether photolysis of RI affected the kinetics of

the OH decay , experiments were done at differing flash energie
The results for the reaction of OH with CF3I and CH3I at 100
and 50 J flash energies are shown in figure 7.2 .

It can be seen that Qarying.the flash energy has no effect on
the reaction kinetics . It was thus concluded that secondary
reactions of photolysis products of RI with OH were
insignificant . It was considered reasonable to extend this
conclusion.ﬁo_cover Cy,FgI and C3F7I , as these compounds were
present in lower pressures , but absorb to about the same
extent as CF3I and CH3I . '

It should be noted that in the experiments at low flash energy

the concentration of O3 was increased , so that the yield of

OH was similar to that in experiments at high flash energy .
Thus the effect of {4} and {5} was similar in both sets of

experiments .
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7.1

_ plots of the first order rate constant against RI concentration .
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Figure 7.1
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" Table 7.1

Experimental and corrected rate constants for OH + RI and OH + Cl2

-

Ccampound Experimental rate / Corrected rate /
PR 3 -1 -1 3 -1 -1
cm™molec s cm molec s

CH,I 2.3 0.1 x 1013 2.7 £0.2 x 10>

cF I 1.0, t 0.1 x 10713 1.2 + 0.1 x 10 13

C, F I 6.3 + 0.7 x 1013 7.5 £ 0.8 x 10 > ,
CF I 1.4 £ 0.1, x 10”12 1.6 £ 0.2 x 10 12

c1, 16to0.1x10 | 1.0to0.1x10

“The reaction Between OH and CH I2 was investigated and found
to be very fast ~ 5 x 10'12 t:mgmc:lec—ls_l . Accurate rate
data could not be obtained because the low vapour pressure
of this compound could not be accurately measured on the

glass spiral guage .
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Nature of the reaction

Reaction of OH with CF3I , CyFgI and C3F9l could proceed by
two pathways {6} and {7} ,

CH + CFI + CF, + HOI ' {6}
+ CF30H + I {7}

and for CH3I additionally {8} . ,

OH + CHJI + CHpI + Hy0 ' {8}

Walden inversion {7} is rare in the gas phase and thus {7}

is unlikely . It is interesting to compare the rates of reactions
of OH and 0(23P) with RX , these are shown ( where known) in

table 7.2 . The large increase in rate of reaction of 0(23P)

with RX , on goihg from the F , Cl1 , or Br species‘to the I
species reflects.a change in reaction mechanism .

With CH3X , where X = Cl., Br ; 0(23P) reacts by H atom abstraction.
0(2%pP) + cH3x > CHyx + OH , {9}

and with CF3X where X = F , Cl1 , or Br , theArata of reaction

is insignificant at room temperature . For CF3I however

o( 23p) reacts rapidly via complex formation to abstract I

atoms , k = 1.1 + 0.3 x lo-ncmsmolec-'ls-l 55

{10}
0(2%p) + CF,I » CF; + IO {10}

A similar reaction has been suggested between 0(23p) and CHBI“"3 .
In view of the similar pattern in the rates of reactions of

OH with CH3X and CF3X to 0(23P) and the general propensity of

diverse species to react with CH3I and CF3I by I atom

abstraction ( although more exothermic channels may be available )

it is reasonable to suggést that OE reacts with RI by I atom
abstraction. . For {6} to be exothermic requires

AH?SB{HOI}, < - 29 kJ mole’lwhich may be compared to a literature
value of - 86 + 40 kJ mole~! 150, In support of the contention that
OH reacts Qia I atom abstraction , there is observed a good
correlation between the rate of reaction with OB , and the

R-I bond strength for CF3I , czFSI and C3F7I {( figure 7.4 )



Table 7.2 Rates of reaction of 0(239) and OH with CH_X and CF X

3=
k .,3 / cﬁamolec—ls- k / cﬁaholec_ls—
o(’p ) OH
CH3X Ref| CF3X Ref. CH3X_ Ref. CF3X kef.
F - - reaction - 1.6 £ 0.2 x 10_15 16 4 x 10—16 16
endothermic *
cll 4.5 x 10717 172| reaction _ 3.6t 0.8x10] 16 7 x 10716 16
endothermic * '
Br " 4.5 x 10717 172 reaction 3.6t 0.8 x 10-14 16 -
*
endothermic
I no data but fast| 149 1.1 + 0.3 x 10—11 55]12.7% 0,2 X 10—13 1.2 £+ 0.1 R 10-'13

Table 7.3 Calculated activation energies for OH + RI

; s J
cH,T CFsI cszI C,F.T
E / kJ mole * 16.1 17.7 13.6 11.5
p= 1.0
E / kJ mole © 4.6 6.6 2.1 0.3
| p=o0.01

.* denotes H

abstraction .

Lol
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cont'd

Reaction of OH may proceed by either I atom , or H atom

~apstraction with CH3I. However in view of the large increase in

rate of reaction between CH,I and CHBCl./‘CH3Br , it is reasonable.
to suppose that the major reaction is I atom abstraction .
Activation energies for I atom abstraction by OH from RI

may be calculated from the expression ,

k = p.z‘ab.exp(-E/Rfr)

where p is the possibility of a collision leading to reaction
and zab is the collision frequency . Activation energies ,
assuming p = 1.0 , are listed in table 7.3 . The actual
activation energies are , however , likely to be considerably
smaller'than these values , as the pre-exponential

values (- = p.Zab ilgf 28 reaffii?s with halomethanes are
coammonly about 10 = cm molec s . This corresponds to

a p equal to .about. 0.01 . Activation’ energies assuming

p = 0.01 are also shown in table 7.3

A molecular beam study of these reactions would

be of interest to determine conclusively the reaction
products , and to determine the reaction mechanism , z.e.
whether reaction is direct abstraction oxr occurs via complex

formation .

Reaction. of OH with Cl

2—
=2
Addition of small pressures of'Cl2 (< 30Nm ) to the

O3 / Hzo / SF_ system led to a rapid decay of OE .. The pressure

6
-2

of Cl2 was kept at < 30N m , as at higher pressures appreciable

absorption of the OH emission line by Cl2 occurred .

Photolysis of Cl2 was prevented by the Cl2 filter surrounding

the reaction vessel .

Figure 7.5 shows a plot of first order rate constants of OH
decay against'Cl2 pressure . The experimental second order
rate constant , and the rate constant corrected for {4} and {5} .

are shown in table 7.1



Figure 7,5.

Plot of first order decay rates of OH versus Cl2 pressure
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cont'd

The Cl2 contained a small amount of HCl impurity , which it was

not found possible to remove completely by fractional
distillation due to the closeness of the melting points
( Clz- 172 KX , BC1 158 K ). The percentage impurity
was estimated at < 2% from the intensity of the I.R.

spectrum of HCl near 3000 an ! . This leads to an error

15
in the rate of reaction of OH with'Glz of < 10%. *

It would seem reasonable to suggest that the reaction of OH with
Cl, is similar to that of 0(23P) with c1,

OH + c12 -~ HOCl + Cl {1}

" For {11} to be exothermic requires Aﬁggs {BOC1}. < - 80 kJ mole

7.5

which may be compared to a literature value of - 87 £ 41 kJ mole

Unfortunately it was not possible to extend this work to cover

the other halogens . This was because Br2 , IBr , ICl and I

3
experimental apparatus could not be used in its present

2

all react spontaneously and rapidly with O, , and hence the

design . Further work on the other halogehs.would be

1

-t

interesting in order to determine whether the trend of reactivity

of OH with the halogens mirrors that of 0(23P) and S(33P) , Lege,
whether the order of reactivity‘is -

1
{I,} > {Bry} > {Clpz} > {Fj }
And secondly the reaction of OH with halogens might , by analogy

S

with the reactions of 0(23P)," proceed via a complex , and
lead to formation of HOX , where X is the more electropositive
halogen atom

OH + XY - HOXY -» HOX + Y {12}

Molecular beam studies would be of interest to determine
whether reaction occuis by direct abstraction or by

cquégg formation. .

Conclusion

OH radicals react rapidly with RI and Cl2 , the most plausible

mechanism is halogen "atom abstraction .



CHAPTER EIGHT

REACTION OF OH WITH ClO

| 12



Introduction:

Reaction between OH and ClO was first indicated by unexpected
results from the 03/CF3C1/H2 system. As discussed in Chapter

3, there is considerable evidence of production of F atoms
following the reaction of 0(21D)_atcms with CF3C1.

-2 152
Hz (130 Nm ) was added to remove F atoms by {1}

F+32->3F+H : . : {1}

' The formation of OClO was totally suppressed, but the rapid

decay of ClO over the first millisecond only partially so
(note,> 95 % of the F atoms were removed by {1} ). This may
be understood when it is considered that {1} leads to OH
formation in the presence of O, by {2} .

H .+ 034-03 + o2 : {2}
and that OH may then react with ClO.
OH + Cl0 - Product {3}

It should be noted that while OH was formed in the 03/CFC/

C2H6 experiments by the reaction of o(21p) with CZHG' OH
would have been rapidly removed by {4} .
-13 -1

k{4} = 2.64 £ 0.17 x 10 cm3 molec s

OH + CyH, >H0 + C,H, {4}

and reaction of OH with €10 would have been insignificant.

Further indication of a reaction between OH.and Cl0O was

‘cbtained from measuring the ClO yield following the flash
photolysis of O, in the presence of HCl. At high HCl pressures

3
- - 153 . 154
(13 kNm 2) , 5} “{6F  and {7} completely describe the

reaction kinetics.

o(2lp) + BOL »0E + Cl "~ {s}
OH + HCl ~HO + cl {6}
CL + 0, »Clo +0, {7}

and thus the ClO yield is twice the 0(2!D) yield.

This was observed experimentally. At lower HCl pressures, the

113

yield of ClO decreases because {6} now competes with 8} to {111} .

OH + OH > H)O + 0(23p) (8}
OB + OH+ M. HO, +H {9}
CH + O, > HO, +0O, {10}
E ->= + o
OH HO,> H,0 o, (11}

However, the drop in ClO yield was greater than that due to
reactions {8} to {11} , indicating the possible occurrence of

other reaction (s).
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Although these experiments pro&ide only tenuous evidence
of a reactioﬁ between OH and ClO0, it was decided that in
view of the potential stratospheric importance of such a
reaction a full investiqatibn was merited. The results

are presented below.

Subsequent to the completion of this work, there has been

a report at a Gordon Conference of a reaction between OH
and Cl0. Leu and Lin}55 used a discharge flow system with
resonance fluorescence detection of OH, in an excess of ClO,
to determine k 5y = 9.1 % 1.3 x 10" 2cn® molec”'s™?

They considered that {3} might proceed by two pathways,vtz?

OH + ClO -~ HO, + Ccl {3a}

>~ HC1 + O, {3b}
and estimated a lower limit into {3a} /({3a} + {3b} ) of
0.65 by measuring {HOZ} produced/{OH}removed. As HO, could
be removed by secondary kinetic processes the authors conclude

that {3a} /({3a} + {3b}) could approach unity.

Results:

The rate of reaction of OH with ClO was measured by following
the decay of OH by resonance absorption in the presence of an
excess of ClO0. OH and ClO were produced, in situ, by the
reaction of 0(21D) with H,0 (160 N m ©) and CF,CL,(1.04 kN m"2),
following the flash photolysis of 03. The concentration of ClO
was varied by varying the pressure of-03._ Figure 8.1 shows
.a typical OH decay trace, and figure 8.2 shows a plot of first
order rate constants of OH decay against 03 pressure. The ClO
concentration is related to the O3 pressure by expression (3).
(8), {ClO} = {Os}.y. (ky{CF,CL,}/k {CF,CLo}+ 'kz{HZO}).f‘

where,

Y
£

the yield of 0(2!D) following the photolysis of O,.

the yield of ClO following the reaction of 0(2!D)
with CF2C12, and is equal to 0.9
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Decay of OH absorption in the 03/HZO/CF2012 system
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Figure 8.2.

Plot of first order decay of OH against 0, in the O3/CF2C12/H20

-

system

0] . experimental points

A corrected for reactions
{10} ana {11}




8.2

cont’d.

kl and kz are the rate éonstants for the reaction of 0(21D)
with CF2C12 and HyO re;pec%%gely. ki and ky %Eg%.been
measured by Davidson et . al ° and Husain et al and are shown
~ in table 8.1 .

It should be noted that the values quoted from Husain's work,
assume B = 1.0 and not 8: = 0.41 as.prefgrred by BHusain. -

This question of which 8 value to adopt has been discussed

above (chapter 3) where it was shown that 8 = 1.0 is the
preferred value. In this context of course no uncertainty

in. the ClO yield arises from the uncertainty in B as the same
value for the fraction of 0(21D) reacting with CF2Cl2 is obtained

whether k; and kj is calculated assuming B = 0.41 or 1.0

The yield of ClO, expressed as a fraction of the O3 pressure,
is shown in column 4 Jf table 8.1. For o5 (P = 40NN 2),
the ClO concentration is calculated to be in the range 5.3 - 5.9

3

% 10'% molec. cm~ (photolysis of 0y = 7.3 %).

However, the increase in OH decay in figure 8.2 with increase
of 0, pressure is due to increase in OH removal by both {3}

and {lo} .

The contribution from {10} was measured in separate experiments

wherein the O3 pressure in an 03/320/513‘6 system was varied.

To minimise the effects of {8} and {9} on the decay kinetics

the decay of OH was measured from a standard initial OH

concentration, although the total OH yield increased with the

O3 preséure. Figure 8.3 shows a plot of first order rate
constants of OH decay against O, pressure. The second

order rate constant is = 1.2 x 10 13cm? molec !'s ! .

This is approximately twice the'literature value for reaction
{10}131,156-158 ang is because {10} is rapidly followed by (11}
(ktll}= 3.0 x lO-llcm3molec—1s-1)}32. Thus two OH molecules

are removed for each one reacting by {101}. Computer simulation
of the OH decay in the 03/HZO/SF6»system showed that this
interpretation was correct, and gave a value of k lO}= 7.5 x

-14 -
10 1cm3molec s (assuming k

= -11 ~1.71
(11} 3.0 x 10 cm molec ‘s *).



Table 8.1

Rate constants for the reactions ofO(ZJI» with H20 and CF2C12 and yields of Cl0
1 reacting * |yield of Cl0 . +
1 1 1 £.
k{0(21D) + H,0} k{o(2'D) + CFfl,} Y. O(2°D) .. cF.Cl, |relative to (0} re
1.3+ 0.1 x 10 10 2.0+ 0.1 x 10 10 0.91 '+ 0.09 | 0.060 t 0.07 .
3 -1--1 3 -1 -1 . and 8,10
cn’molec s cm>molec .s 0.065 * 0.07
1.45 + 0.5 x 10 10 0.053 * 0.027 6,130

2.3 + 0.1 x 10 10
3

-1 -1
cm molec s

3 -1 -1 0.80 % 0.41
cm molec s

and
0.057 + 0.030

* Yield calculated from foxmulé)y = kl{CF2C12)/(kl{CF2012} + k {HZO 1

P {HZO} = 160 Nm"*, p{ngmz} =
+ Yield of ClO calculated from the formula, = {0(210)} xyxf
{o,} -
3

1.04 kN m 2

where f = the yield of ClO from the reaction ofo(2lD)w1th CF2012, (= 0.9)

The photolysis lamp was refilled during the course of the experiments so that

{0(21D)}/{03} , the % photolysis, has two values, 7.3+ 0.4, and 7.9 * 0.9 &.

g1t
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8.2 cont'd.

8.3

The experimental decays obtained in the'03/CF2C12/Hzo
system were corrected for the effects of {10} and {11} ,
and the revised values are shown in figure 8.2 These

revised points are then a measure of the rate of reaction

{3} .

In the following section, the kinetic analysis of this
data will be discussed, as the rate constants éalculated
from the data depended on the nature - . ' of the

reactions involved.

Addition of SF_( p <36 kN'ﬁa) lead to a definite increase in
the rate of OH removal. A much smaller effect was observed
with He ( p < 36 kN m 2) .

THese effects will be discussed quantitatively in the

following section.

Nature and rate of reaction of OB with ClO.

The value for the rate constant of {3} obtained from figure 8.2 i;
dependent on the reaction products. No direct evidence on

the nature of the reaction was provided in this work} but the
experiments discussed in Sections 1 and 2 do indicate that

both ClO and OH are removed from the system.

Three reactions will be considered -

OH + Clo =~ HO, + Cl {3a}
> HC1l + O, {3b}
- HOC10 ' {3c}

Reactions ( {3b} and {3c} ).

These will be considered together, since if it .is assumed that
HOC1lO is stable, then {3b} and {3c} are indistinguishable in
the present experiments.

Reaction {3b} is exothermic, Aﬂgga = = 229 kJ mole -1 ’

and there is evidence from molecular beam studies of the
reaction of H atoms with OClO, that HOClO is thermodynamically
stable 13°



8.3

cont'd.

The rate of {3bc} is obtained directly fram figure 8.2

as 3.5 x lO_lzv::m3 molec 1's-l or 3.9 x 10 lémsmolec- ls_1

(based respectively on Husain's or Davidson's value for

kl andlgz).

Figure 8.4.shows sdme simulated OB decay rate constants

(based on Busain,s rates for kl and k2) superimposed on the
experimental data.  (The simulated OH decays gave good first
order plots, supporting the validity of a first order analysis
of the experimental data, although the ClO concentration is only
about 5 times the OEH concentration). The simulated points

lie slightly below the experimental points (it should be noted
that the uncorrected experimental data were used here, as the
simulation included {10} and {11} ). A

The discrepancy is due partly to the small change in Cl0
conéentration over the period of the OH decay (the simulated
change in ClO concentration was 12 %) , and probably to errors
in the correction applied for the effects of {10} and {ii}.
The corrected rate constant for {3bc} is shown in table 8.2.
Figure 8.5 shows the pressure dependency results evaluated on

the above mechanism.

‘Reaction 3a

Reaction {3a} would lead to removal of OH.  Removal of ClO,

(in the above experiments ClO would be regenerated by the reaction -

of Cl with 03; reaction {7 } ) would be effected by {12}

= 3.8 x ].O-]'zcmsmolec-ls-1

(12}

302 + Clo -=>HcoeCl + o2 {12}
‘Reaction {3a} is thermoneutral, AH:%_ = - 1+8 kJ mole 1
Computer simulation of this scheme, assuming k {3a} = 3.5 x

-12

10 cmsmolec_ls -lis shown in figure 8.4
This value leads to too high a value as OH is, in turn removed
by the HO2 producéd in { 3a } . The corrected values for {3alare
shown in table 8.2. Figure 8.6 shows the pressure dependency
results evaluated on the above mechanism.

Figure 8.4 and table 8.2. also show the intermediate case, where

{3a} and {3bc} each account for 50 % of the reaction cross section.

121



Figure 8.4.
Plot of experimental and simulated first order decay of OH against Oj pressure.
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Table 8.2

Rate constants for reactions {3a} and {3bcl

-1 -1 . * -1 -1 *
No. reaction k/cm3molec 1s 1 k/cm3molec ls
(Husain) (Schiff)
' ~ ~-12 - -12
{3bc} QH + ClO0 -+ HOClO 4,0 + 0.8 x 10 4.5 + 2.2 x 10
! + HC1 + O
: 2
~ -12 - : -12
{3a} . oi 4 CloO » 1102 + Cl 3.3 £+ 0.7 x 10 3.7+ 1.9 x 10
{3a} + |OH + Cl0 » HO, + C1 = 50 % -12 _12
' ' : - t " 3.9+ 1.
{3pbc} | » HOCIO ) ~sg 4 3.5 0.7 x 10 3.9+ 1.9 x 10 |
. HCl + Op) ’ : ' -
Leu & Lin!%3 measured k{3} = 9.1 £ 1.7 x 10--12cm3molec"ls-l
with k {3a} > 0.65
k {3a} + k{3b}

* % O3 photolysis in fig.8.2. was 7.3 %
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Discussion:

In the preceding section, several'reactions between OH and
Cl0 were postulated to enable rate data to be determined
from the experimental data. As previously stated, there is

no direct evidence for the nature of the reaction in this

work, except that both OH and ClO are removed. Two reactions

are postulated in this work.

OH + Cl0 -+ HOClO {3c}
> HO, + Cl ~ {3a}

and a third has been postulated by Leu and Lin
OH + ClO -~ HCL + 0, {3b}

Reaction {3a} and {3c} would be expected to show a pressure

dependency, and may be rewritten as:
M

OH + Cl0 % HOClo* —;—4 HOC10 {3c}

OH + C10 » 0..0 > HCL+0O {3b}

. 2
H.-.Cl
Of the two {3c} is the preferred.reaction.{3k} would require
consiaerable internal re-arrangement of the reaction inter-
mediate for successful reaction, which may be considered to
disfavour it.
It is interesting to compare the reaction of OH with ClO to

the reaction of OH with CQ. This reaction displays a
161,162
7

pressure dependency” and the following mechanism has
been postulated by Smithl63
%
OH + CO —> HOfO > H + CO, {13a}
m o
HOCO {13b}

an essentially similar mechanism has been proposed by Beermann

et al 162 ., HOCO has been cbserved in matrix isolation
experimentslsu. VSmithlsahas concluded that HOCO is stable
to dissociation to OH + CO, and H + COj, and suggests that
HOCO is removed by reaction with o2

0, + HOGO > HOy + CO, el {14}
also, Overend and.Paraskevopoulos suggested HOCO
removal by -

OH + HOCO —+ Products {15}

126



. cont'd,

As therxe is evidence for. HOC1lO being»thermodynamicaliy
stable!5? , reaction {3c} (which is exactly analogous to

{13b} ) seems sensible. -

However, it is unlikely that HOClO will re-arrange to give

HO, + Cl. This channel, for which Leu and Lin claim evidence
of direct observation, isvlikely to be a distinct pathway,
arising from a HO..OCl collision gecmetry. Reactionms ({3a}
and {3c} ) may thus be considered as reasonable possible
reactions, although it is not possible to say to what extent
either occurs. Reaction {3b} is considered unlikely.

Agreement between the rate data obtained in. this work and that
reported by Leu and Lin is not good. The discharge flow system
with resonance fluorescence detection of OH, used by these
wmumsMﬂndw&mOfﬂﬂmmuemh&haMa&uae
results than the rather unsatisfactory technique used.in this *
work. Sources of errors in this work are, the low excess of
Cl0 (only 5 X) over the OH concentration, and the fact that

the Cl0 concentration was not measured directly, but calculated.

It was assumed above that HOClO was a stable molecule, at
least on the time scale of the experiment. However, HOC1O,

has not been isolated and is only known in solution'(chloroué
acid) where it rapidly decomposes, OClO being one of the products.
Thus it may be that self reaction of HOE1O (this is considered
to be important for B0col63) or reaction with species such

as 0y or-o3 may be important, and could lead to the formation
of OH or H atoms (which would form OH by reaction {2} ). Any
such reactions are more likely in the system used in this study
due to the much higher concentrations of reactants compared to
the flow system of Leu and Lin, and could lead to a low value

for k{3}.

Conversely, if HOCLO is less efficiently removed by the reactions
discussed above, -then {17} may be important in flow system.

OH + HOC1lO > products {17}
which would lead to a high value for k{3}.. These explanations
for the discrepancy between the rate data reported in this work
and in the work of Lew and Lin are purely speculative and more

work is required to resalve the matter.
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8.5

Conclusion.

Reaction between OH and ClO has been shown to occur.
The reaction exhibits a pressure dependency and two reaction

pathways are considered likely, viz:
OH + ClO - HO, + Cl {32}

<+ HOC1O ‘ {3c}
but it is not possible to estimate the relative importance

of each.
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Appendix 1
Materials .

CF3Cl : I.c.I. 'Arcton' liquified gas was thoroughly degassed

by repeated'freeze—pump-thaw cycles before use .

CF2C12 : as CF3C1

CFCl3 : as CF3Cl

CFZHCl : as CF3Cl

CFZClBr : as CF3C1

CFBBr : Mathieson , degassed ;s for CF3C1

CZHG : see Appendix 2 7

Cl2 : B.0.C. Degassed as for CF3C1 , and purified by fractional

distillation .
CDCl. Tt B.O.C. 98 % D . Was degassed by repeated freeze-pump-thaw

3
cycles .
CD2C12 : as CDCl3
CHCl3 : Fisons laboratory reagent . Was degassed by repeated

freeze-pump-thaw cycles .

CH.Cl : as CHCl3

CE3I : Pierce chemical company . Was degassed by repeated
freeze-pump-thaw cycles. , and stored in a blackened
bulb . ‘

CZFSI : as CF3I

C3F7I H as CF3I '

CH3I : as CHCl3 and stored in a blackened flask .

He : B.0.C cylinder grade . Used directly after passing through
liguid N2 traps to remove water .

Kr : B.0.C 'grade X' . Used directly from breakseal flasks .

NH3 : B.0.C . Degassed by repeated pump-freeze-thaw cycles .

N2 : B.0.C. 'white spot' grade . Used directly after passing
through liquid N2 traps to remove water .-

SF6 : Mathieson . Was thoroughly degassed by repeated freeze-

pump-thaw cycles



Appendix 2

Preparation of C2H6

Mixtures of O3 and C2 6 ( Mathieson research grade ) were observed

to react spontaneously and rapidly , too rapidly to ‘allow the

preparation of mixtures for experimental purposes . This
reaction was much faster than that reporteq in the literature'
for the reaction between 03 and C236e€u01efinic impurities were
considered to be the likely reactive species and their presence

in the C2H6 was shown by proton NMR .

To remove the alkenes ( and any acetylenic impurities ) the ethane
was treated with Brz , thus converting the alkenes into relatlvely
high molecular weight dibromo compounds . The ethane was recovered
by successivefractionations from a solid Coz/xsopropanol bath
through a pet-ether/ liq. N2 bath to a trap held at liquid N2

temperatures .

Reaction of ethane , so purified , with 0, was slow ( < 10 % removal

per hour ) allowing the preparation of‘OB/CZH6 mixtures for

experimental purposes .
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Agpendix 3

Preparation of Ozone

Ozone. was prepared by the method of Thrush and Clough }67

The trap , filled with 4-6 mesh silica gel., was cooled to 195 K
using a solid Coé/isopfcpano; siush , and attached to a Tower's

ozone apparatus . After flushing out the apparatus with O2 ( dried
over HZSO4 ) the ozoniser was . turnediomn and 03 allowed to absorb onto
the gel . When sufficient O3 was collected ( about 30 minutes to

an -hour ) the trap was clqsed and the ozoniser switched off . The

ozoniser was flushed with 02 ( by-passing the trap ) for a few

moments .

The trap was attached to a greaseless vacuum line ( using silicon

grease ) , and slowly pumped down to remove O2 . Any O3 coming

off was destroyed by passage over a hot nickel catalyst , before
reaching the rotary pump .

When the trap was pumped down the slush bath was removed , and

the O3 desorbing off the gel was collected in an aged blackened

bulb . Pressures of O, in the bulb were kept at < 3.5 kN S

He was added as a dilutant gas . The decay of O3 was very

slow ( 1 % per day )

At regular intervals the trap was baked. for several hours in

an oil bath to remove impuritiés . After this process several loads
of O3 were requiied to deactivate the gel with respect to

o) 3 destruction .

The safety aspects of this method of preparing and handling O3

" have been considered by Cook 188 .
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The following lecture courses were attended:-

Why Chemists use Neutrons

History of the Chemistry Departﬁent
N.M.R. Spectroscopy

Chemistry of the Atmosphere
Detergency

' Camputing

In addition, regular departmental colloquia and group

meetings werxe attended.
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ADDENDUM
Luntz 173 has recently investigated the reaction of'O(ZlD) with
alkanes using laser photolysis of O3 with laserlinduced fluorescénce
of OH . He concluded that there were two distinct modes of reaction
leading to the formation of CH , which he termed ' insertion '
and ' abstraction ' . The first éredcminated for small alkanes , the

latter for.the larger alkanes .

Insertion as its name implies , proceeds by the insertion of 0(21D) into
the RH bond to give ROH* . This may undergo prompt fission to yield

R + CH before equipartition of the excess energy occurs . If equipartition
S . of the excess energy occurs , and this is favoured by
increasing size of the alkane , then the breakdown of the alkane

occurs as predicted by RRKM theory with C-C bond fission being

favoured .

Luntz also concluded that the distinct ' abstraction'reaction initially
proceeded along the same singlet potential surface as the reaction
leading to ROH* but crossed to the triplet surface corresponding to

the 0(23P) + RH reaction .

It can be seen.that this mechanism is essentially similar to that
proposed in this work ( chapter 5 ) for the reaction of O(ZlD)

with halomethanes . The reaction initially proceeds along a singlet
surface leading to ROH or RClO and may continue along this singlet
surface to products .However in both cases crossing to a triplet
surface is readily possible . For O(ZlD) + RH this reaction accounts
. for about 20 % of the reaction cross section, a similar figure

is observed in the reaction of O(ZlD) with halomethanes .
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" Swinmary

The recactions of 0(2'D;) with the halomethanes CFCly, CF;Cly,
CF,Cl, CF;liCl, CFHCl; and CF;Br have been studied using flash photo-
Jysis with kinetic spectroscopy (0(2'P;) atoms were generated by photo-
lysis of O, or N3O in the ultraviolet). Formation of ClO has been observed’
and lower limits for the branching ratio into the channel .

0(2'D,) + CF,Cl,_, - ClO + CF,Cl;_,

relative Lo the total cross section for removal of O(2'D,) were determined as
0.39, 0.47, 0.39, 0.27 and 0.36 for the molecules CF;Cl, CF,Cl;, CFCl;,
CF,1ICl and CFHCIy, respectively. The secondary yiclds of ClO folloviing
the reaction of CF,Cl,_, radicals with O; are also reported.

The reaction of O(2'D;) with CF3Br is shown to yield BrO as a primary
product. The photolysis of CCl;Br in the presence of O, is also shown (o
yicld BrO, but in this case via secondary reactions.

1. Introduction

There is considerable current interest [1, 2] in the ClO, cycle which is
one of the catalytic processes leading to removal of odd oxygen (O; and O)
in the stratosphere:

Cg+0, »CIO.+02 . 1

0+CI0~+0, +Cl

(ky =1.25 X 107" cm® molecule™! 57 [3,4],k, =53 107" cm® mole-
cule”? 571 [5] at 800 K). Injection of ClO, into the stratosphere by
reactions of both naturally occurring and synthetic halogenated alkanes (the
latter including in particular the commercially important CF;Cl, and CFCly)
has been considered [1, 2]. Photolysis by solar UV radiation and reaction
with electronically excited oxygen atoms O(2'D;) may each release ClO,:
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RCl+hv - R+Cl : ‘ (3)
"RCl +O('D)+ R +CIO - . (4)
RC1 + O(*D) ~ other channels o (5)

There may be further release of ClO, in subsequent reactions of the
fragment R and in photolysis or reaclions of products of other channels
(5). Several studies of the photo-oxidation of haloalkanes employing end
product analysis (6 - 8] indicate that a carbony] halide is the main and
possibly the only oxidation product; however, the complete mechanism has
not been established unambiguously and there is a clear need for more direct
studies of the reactions of halomethyl radicals with O and of the contribu-
tion of the various possible channels in the reaction of O(’D) atoms with
halomethanes. : .

‘The complexity of the reaction of O('D) atoms with Cli, is now reason-
ably well understood [9] and studies by Lin [10] of HCl and HF chemical
laser emission following the reaction of O(*D) atoms with various hydrogen-
containing chlorofluoromethanes have provided some information on the
occurrence of insertion-elimination reactions with these molecules. Given
this background, a number of possible channels in the reaction of O(*D)
with a molecule CF,Cl,_, merit consideration:

O('D) + CF,Cl,_, ~ CIO +CF,Cly-, ' (©)
- Cl+ CF.C1,.,0 ‘ (7
-» O(3P) + CF,Cly_, - (8)
-+ CF,Cl;., 0+Cl, (9)
- CF, ., Cl;.,0.+ FCl (10)

There is no reason to ¢iscount reaction (7) a priori, although its analogue
has not been observed for O(*D) + CHj,. Equation (7) is more exothermic
than eqn. (6) (with CF;Cl, Al (eqn. (6)) = =98 kd mol™! and A/l
(eqn. (7)) = —239 kJ mol™)¥%. Since it appears that cerlain reactions of
O('D) atoms occur by insertion followed by fragmentation in a statistical
manner governed by the volume of phase space available for different
channels {13], reaction (7) appears quite plausible. It should be noted that
the molecule CF;0C! is well characterised [14] and might be stabilised at
very high pressures if the reaction proceeds via CF30CL Furthermore, hypo-
chlorites are known to be useful reagents for producing alkoxy radicals and
the photolysis and thermal reactions of CF30CI are thought to proceed
through the formation of CF;0, thus supporting our suggestion that channel
(7) deservés serious consideration. Direct absiraction, on the other hand,
would favour reaction (6). Evidence for reactions of the type shown in

*Thermochemical data have been taken from ref. 11, with the exceplidns of CF30
(6] und CIO [12). )
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eqns. (9) and (10) has been obtained [16] by employing flash photolysis in
a fast flow system with nozzle beam mass spectrometric sampling. Heicklen
and coworkers [7] have concluded from steady photolysis experiments that
deactivation of O(*D) to O(*P) by CCl,, CFCl; and CF,;Cl; Is negligible.
Pitls ct al. {16} have come to a similar conclusion but no direct measure of
any contribution from this channel has been reported. .
In a preliminary report (17] we described measurements of a lower

limit to the branching ratio for ClO formation in the reaction of O('D) with
CF,Cl, CF;Cl; and CFCl,, employing Oj as the source of O('D) atoms.
However, these experiments are open to the possible objection that Clo
could be produced indirectly via :

O('D) + CF,Cl,-, = CF,Cl;_,0 +Cl . (7)

Cl + 0y -+ ClO +0, ‘ ' ()

The possible involvement of reaction (7) has been mentioned; under the
conditions of our experiments {17} the half-life of a Cl atom with respect to
reaction (1) is about 5 us, so that a large contribution from reactions (7) and
(1) would not be readily distinguishable from the occurrence of reaction (6)
alone. For this reason we have carried out further studies employing N;O

as vhe source of O(*D). We also describe some experiments on the oxidation

of halomethy! radicals.

2. Experimental

The apparatus for flash photolysis with time-resolved absorption
spectroscopy in the ultraviolet (A > 200 nm) has been described (17].
During work where measurements were made on the NO 1(0,0) and §(0,4)
bands it was found that the spectral intensity in the region below 230 nm
fell quite rapidly owing to the deposition of powdered silica on the window
of Ll?e spectroscopic flashlamp when this whs discharged at 15 kV as’in
previous experiments. Reducing the voltage to 13 kV did not significantly
alter the ouiput of the lamp but greatly prolonged the useful life of the
window. . ' e

The concentration of ozone in mixtures was measured by recording the
UV absorption around 250 nm on a spectrophotometer (Perkin-Elmer .
model 402); absorption coefficients were taken from the work of Griggs
{18]. Pressures of other gases were measured with a glass spiral gauge
backed by a mercury manometer. Gases were handled in a conventional
greaseless glass vacuum system. :

' Photographic plates were developed under standard conditions and
pptlca} densily tracings obtained using a Joyce-Loebl double beam record-.
ing microdensitometer. The concentration of CIO was determined from
the optical densily in the (8,0) or (11,0) bands of the A%ll «~ X2 systém.'
The contrast at the wavelength of these bands was determined for the

o




——.on o —— 4 G - S0

FIPES PPN S S S e S

. v o et e s B

32

majority of plates and remained constant throughout this work at about 1.2,
Extinction coefficients (base 10) of ¢(11,0) = 3 X 107 *® cm? molecule™?
and ¢(8,0) = 2.5 X 107*® cm? molecule™? were employed-(sce below). The
Beer-Lambert law was obeyed in the concentration range of these experi-
ments ([C10] < 5 X 10 molecule em™?). The concentration of ‘

NO(v" = 0) was calibrated directly using standard mixtures of NO in the
presence of the same pressure of N3O or N.O + CF3Cl, as used in kinetic
experiments. Because of the low plate density at the wavelengths of the
various NO(v"” < 4) transitions employed, the contrast was not constant
and was determined for the wavelength of each band; plots of D versus log
E were approximately linear for small optical density changes in this region,
the contrast falling to about 0.6 at 227 nm. Concentrations of vibrationally
excited NO were nornalised to the NO(v” = 0) calibration using Franck-
Condon factors from the compilations of Jzin and Sahni {19) (y bands) and
Ory [20] (5 bands) together with a value for the relative oscillator strength‘
f3/f% = 0.08 calculated as the mean of several reported values for these
two quantities {21 - 25]. )

2.1. Materials

0, was prepared by passing dried O, through an ozonizer and trapping
the product on silica gel at 195 K. Alter pumpirg to remove Oz, the O3 was
allowed to expand into a large blackened bulb. N, O of B.0O.C. medical grade
(299%) was thoroughly degassed and used directly. NO (Matheson) was
fractionally distilled several times from 90 K to a trap held at 77 K, retain-
ing the middle fraction. CF,Cl; and CFCl, (given by 1.C.1.) were degassed
and used without further purification. CF;C!, CF;Br (Matheson) and
CF,HC), CFHCl, (L.C.). Arcton) were taken from cylinders, degassed
by repeated freeze-pump-thaw cycles and used directly. ‘

3. Results and discussion

3.1. Branching ratio for CIO formation using O .

‘The determination of a lower limit to the branching ratio for CIO
formation, k,/(lig + ks), for CF3Cl, CF;Cl, and CFCly has been described
{17]. In these experiments, Oy was photolysed in the presence of a large
excess (10.7 kN m~?) of chloroflucromethane. Under such condilions the
half-life for removal of O(*D) is about 1 ns, so that the carly appcarance of
CIO followed the integrated profile of the photolysis flash. Branching ratios
for ClIO formation were cstimated by comparison of the extent of O,
removal at 10 ps with the amount of Cl0 produced. An improved measure-
ment of the relative extinetion coefficients of CIO(A®1 « X?i1) bands and
continuum has now been carried out, using the photolysis of N3O in the
presence of CF;Cl to produce ClO in the sbsence of other absorbers in the
spectral region of interest (250 - 290 mrm). Extinction coefficients relative
to the ClO continuum at 257.7 nm, which was taken as unity, in the (8,0)

a3

TABLE 1 : "

Lower limits to the branching
vatio for C10 formation in
semoval of 0(2'D3) atoms by
chloroNuoromethanes using Og

Motecule k(g + ks)

CF,Cl >0.39
CF,Cl, >0.417
CFCly >0.39
CFliCl '50.27
CFUCl, >0.36

and (11,0) bands were found to be 1.26 and 1.46, respectively. Clyne and
Coxon {26] determined absolute extinction coefficients at 298 K of €(257.7
nm)=(2.11 £ 0.07) X 10~ '8 cm? molecule™? and €(11,0) = (3.15 £ 0.10) X
10~ '®. cm? molecule™; Basco and Dogra [27] have obtained «(257.Tnm) =
1.91 X 1078 cm? molecule™ ! and €(11,0) = 2.82 X 1078 cm?® molecule™'®,
Combining these results, we have used €(11,0) = 3 X 107'® ¢m? molecule™?
and €(8,0) = 2.5 x 107'® cm? molecule™!. The (11,0) band was employed
for concentration measurements in experiments using N,O as the source of
excited stoms, while the (8,0) band was used in experiments with 0;,the

intensity of absorption by Oy being Jess at the wavelength of the latter band,

285.2 un.

Rtesults for CF,C), CF,Cl; and CFCl,, modified in the light of the above
determination of the Cl0 extinction coefficient and of a small systematic
error in O, concentration measurement, are listed in Table 1. Also included
are lower limits for the CIO formation branching ratio for CF;HCl and
CF1ICl,. 1t is emphasiscd Lhat these results represent lower limits only, since
it appears that removal of ClO may be important.even at a very early.stage of
the reaction. In contrast, secondary formation of Cl0 is fairly slow in the
cases where it is possible. Since these experiments involved a rather impre-
cise measurement of reduction in O, concentration using plate photometry, it
was not possible to circumvent this problem by calculating ClO formation-
and Oj removal for delays less than 10 ps. ' .

3.2, Sccondary reactions in the presence of O3 and O, i
The kinetic behaviour of ClO subsequent to the initial rapid formation
is of interest; results for CF;Cl, CF,Cl, and CFCl; appear in Fig. 1. For
CF,Cl, the disappearance of CIO may bé divided into two distinct regions.
Immediately after the photolysis flash, Cl1O removal is rapid and cannot be
explained solely by the bimolecular reaction of ClO )

*The vibrational numbering in the A state has recently been revised (28] and differs
from that given in refs. 26 and 27; the revised values are lower by unity.
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Calculation in this manner is made difficult by the fact that the reaction of
O('D) with N3O releascs a substantial part of the available excess energy in
channel (15b) as vibrational excitation of NO(v” < 6) [37]. In the present
work the (0,0), (0,1) and (0,2) bands in the y system could be monitored,
together with the (0,1) § band, but measurement by plate photometry of
the very small concentrations of NO(v" > 0) near t = 0 was imprecise. The
ratio of vibrationally excited to ground vibrational state NO in the early
stages of reaction of the N;O/CF4Cl system was estimated to be 0.3 and the
branching ratio fok Cl10 formation (o be greater than 0.27. This does not
improve upon the limit determined using O4 (Section 3.1) which is there-
fore Lo be preferred. While these results confirm that formation of ClO is by
the direct reaction of O(*D) with CF3Cl, this does not appear to be a promis-
ing method for precise determination of the branching ratio into reaclion (4)
because of the relatively imprecise nature of plate photometry measurcments
and Lhe difficully of making due allowance for the contribution of
vibrationally excited NO formation. -

The production of ClO in a primary step suggests that the reaction
proceeds via direet dynamics; one would expect the product CF;0 to be
favoured if the insertion complex CF30C] were formed (see Section 1).
There is, however, an allernative structure for the collision complex which
has the geometry CF;3ClO (analogous to iodoso compounds). This type of
complex, while probably less stable than the hypachlorite (CF30Cl) struc-
ture, would be more likely to yicld C10O and CF,. Ohscrvations on the energy
distribution in CIO are neceded before more detailed conclusions can be
drawn about the dynamics of this reaction.

3.4. Reaction of O('D) with CF3Br _
Formation of BrO has been abserved from the reaction

- O('D) + CF3Br ~ CF3 + BrO (18)

using both N, O and O3 as the source of O('D) atoms. Concentrations were
measurcd at the (4,0) band head at 316.9 nm in the A%)) « X system.
When O3 was employced, the photolysis radiation was filtered (A > 240 nm)
so that no appreciable photolysis of the CF3Br occurred. The reaction

Br+0;- BrO + 0, . ’ - (19)
is slower than that of the chlorine analogue (ke = (1.2 £ 0.2) X 107' cm?.
molccule™? 57! [38]) so that in this case 2ll the initial rapid BrO formation
must be due to reaction (18). This conclusion is confirmed by the observa-
tion of BrO following the photolysis of N2O in the presence of CF;Br.
Rapid disuppcarance of BrO was observed during the tail of the fash (Fig. 2)
<o tirat no usecful estimate of the branching ratio for rcaction (18) could be
made. This disappearance might be attributable to the occurrence of an |
appreciable digree of quenching of 0O('D) to O(®P), followed by the rapid
reaction (o = (5 1 2) X 1071 ¢cm? molecule™ 57! [38])

O+ BrO- Br+Q, ' A (20)

\
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107" X | BrO) /molecute em™

00 706 300 400 500 800 700

tis
Fig. 2. Formation and dccay of BrO after the phololysis of O3 in Lhe presence of CF3Br.,
The various symbols used indicate the scatter in data obtained from three independent
experimental runs. The same experimental conditions were used for all three runs: Pg, =
0.0 N'm i Pcy,ne = 0.56 KNm ™% Py = 2.27 kN m™ 2,

" until the O(*P) atoms are éubstuntiully depleted. The rise in BrO concentra-

tion in the range 40 - 100 ps is consistent with the known rate of reaction
(19). At longer times, when most of the O; has been removed, the BrO decay
was found to he second order in [BrO); using the extinction cocfficient
€(4,0)= (8.0 : 0.8) % 10" ™ ¢m? molecule™ ! obtained by Clyne and Cruse
[39], a si:cond order rate constant for BrO disappearance, by = (4 2 2) X
101 cn® molecule ! 57, was obtained. Clyne and Watson [38) have deler-
mined kyy = 6.4 = 1.3) X 107" em® molecule™! 57! for the reaction

BrO + BrQ - 2Br + O, (21)

3.5. Oxidation of halomethyl radicals .
Reactions of radicals CF,Cl;_, with other species which are present in
systems where pholo-oxidation is occurring are not well understood. Milstein
and Rowland [8] have photolysed CF,Cl; in the presence of Oy and deduced
a quantum yield of 2 for the formation of (C) + ClO). Heicklen .and
coworkers [7]) have investigated the photolysis of CCly and chlorofluoro-
methanes in the presence of O, and Oj using static photolysis with end
product analysis. The points of interest for the present discussion ara that
the following mechanism of oxidation of the radical CCl; by O;.was proposed:

CCl; + 0, + M ~ CCIy0, : : (22)
2CCl1,0, + 2CC1;0 +0, (23)
CCl;0 ~ceo+al ‘ _ (24)

Also it was concluded that the contribution of the following reaction, earlier .
favoured by Heicklen [6], is negligible;

\
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CCl; + 0, » CCl,0 + CIO (25)

Reactions analogous Lo cqns. (22) - (24) were proposed for CI,Cl and CFCl;.
We have observed ClO formation following photolysis of CFCl; (6.33
kN m~?) in the presence of O: (4.67 kN m~2). However, this might arise
solely from the CI/O; reaction and provides no dcfinitive information on the
reaction of CICly with O,. Studics of the reaction CCly + Oy, using photoly-
sis of CCl,Br to produce the CCly radical, are more revealing. Our obscrva-

tions are counsistent wilh dissociation to give CCl3 + Brin the first continuum

(Max = 236 nm) with dissociation giving Cl atoms at shorter wavelength.
Photolysis of CCl3Br (133 N m™?) in the presence 0f O, (3.87 kN m™?)
using unfiltered radiation (A > 200 nm) gave both BrO and CIO. BrO, which
has a larger rate constant for removal, passed through a maximum concentra-
tiop at aboul 50 ps; ClIO continued to increase until about 300 ps. The reac-
tion of Br with O, is very slow [39] und cannot be responsible for the
observed rapid formation of BrO. Nevertheless, Br and Cl atoms are responsi-
ble for the production of BrO and ClO, as the following obscrvations
indicate.
(1) With photolysis down to 200 nm, the addition of 4.2 kN m~2 of
C,Hg to intercept Cl aloms reduced the ClO yield to an undetectable level,
while the BrO yicld was only slightly reduced.

(2) With filtered photolysis radiation (A > 223 nm), so that the formatia
of Cl atoms in photolysis of CCl3Br was reduced, the ratio BrO/CIO increas-

ed fivefold.

These observations demonstrate that reaclion (25) is indced negligible,

but that reactions (22) - (24), while they may occur, do not constitute a
complete mechanism since OX radicals are also present as intermediates.
Reaction (22) is expected to be rapid (by analogy with Cll; + O;) and might
be followed by abstraction reactions such as

CC);0; + Br ~» BrO + CCL,O (26)

The inclusion of such reactions is consistent with the end products which

have been observed.
The sccondary formation of
with Oy, referred to in Section 3.2, can now be accounte

ce of reactions
CF,Clz, + O + M~ CF.Cl;.,0; + M

CIO from reaction of CF;C! and CFCl;
d for by the sequen-
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Product branching ratios for the reaction of O(2'D;) with the halogenomethanes CF,Cl, CF,Br,
CF,I and CF;HC! are presented. The dominant channel is shown to-be abstraction yielding a
halogen oxide. This contrasts with the behaviour observed with hydrocarbons, where insertion into
C-H bonds dominates. Quenching of O(2'D;) to the ground state is also observed with the halo-
genomethanes and accounts for =30 %, of the total removal cross-section.

Reaction of O(2!D,) with CF,HCI leads to the formation of ClO (55 7;) and to the elimination of
HC1(40 %). The latter process is accompanied by the formation of CF,; and O(23P)).

The reactions of O(2'D,) are compared with those for O(2°P,); where these are known, and the
absolute rate for reaction of O(2*P,) with CF:l is determined as (1.1 £ 0.3) x 10~*! cm® molecule~*
s~!at 300 K. )

The results are discussed in terms of the main topological features on the potential- surfaces
involved. .

Reactions of O(2!D,) with hydrocarbons have been studied extensively.'> The
reaction cross-sections are large and the main reaction channel involves insertion into
C-H bonds. Insertion has been shown to proceed indiscriminately and the total
reaction cross-section found to be proportional to the number of C-H bonds in the
molecule.? A number of other reaction channels have also been recognised and
may be summarised as follows, '

0(2!D,) + RH — ROH: 2> ROH (65 %) S ()
— R + OH (20-30 %) @
— RO + Hy(<10 %) )
— RH + O(°P,)(<3 %). @)

~ Itis clear that quenching is negligible and that a direct abstraction reaction, leading to o

OH formation, plays an appreciable role. .

By comparison the reactions of O(2'D,) with halogen-containing molecules have
been little studied, although it is known that the reaction cross-sections are again
large.*S The formation of halogen oxide products has been observed and lower
limits for branching into this channel presented.®’

In the present work we have made a detailed study of the branching ratios into
different reaction channels for a number of halogen-containing molecules. The domi-
nant channel is shown to be abstraction of a halogen atom. Quenching to the ground
state is also an important process.

We also present data for the reaction of O(2°P;) with CF;l and compare these,
together with data for the other halogenomethanes, with those for the analogous re-
actions involving O(2!D,).
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222 REACTIONS OF O(2!D;) AND O(2°P;) WITH HALOGENOMETHANES

EXPERIMENTAL

Three separate experimental arrangements were empioyed for this work, all of them based
on the flash.photolysis technique. .

(i) FLASH SPECTROSCOPY -

A conventional arrangement, suitable for photographing transient spectra in the visible
and ultraviolet regions, was used to obtain kinetic data on the halogen oxides and CF..
Spectra were dispersed on a Hilger-Watts medium quartz spectrograph and recorded on
Kodak Panchro-Royal fillm. A more detailed description of this technique and the data
processing has been given in ref. (6) and (7). :

(i) TIME-RESOLVED PHOTOMETRY IN THE VACUUM ULTRAVIOLET

This apparatus employed a conventional flash photolysis unit coupled to a vacuum ultra-
violet monochromator and fast photometric recording system. It was used to monitor the
formation and decay of O(23P;) (via the resonance lines at A =~ 130 nm), following quenching
of O(2 D,) by the halogenomethanes, and also to obtain absolute rate data for reaction of
O(2°P,)with CF;I. The experimental arrangement was similar to one described previously s
for work on S(3°P;), however, for the present work an EMRS542 solar blind photomulitiplier
was used. The use of this photomultiplier eliminated the effect of scattered light from the
flash lamp and allowed kinetic measurements to commence during the flash. A flow system
was used for the atomic lamp and the best results were obtained when very low (<0.1 %)
oxygen/helium ratios were passed through the microwave discharge. An extensive series
of experiments were carried out to establish that this new arrangement gave a linear photo-
metric response with stable molecules such as O,. Curves of growth for 0(23P,) were then
determined by photolysing O, under optically thin conditions {in the presence of excess N.
to quench O(2'D,) to O(2*P,)] over a range of pressures (fig. 1). As a final check the rate of
the reaction between O(22P,) and NO, was determined * as k = (1.1 £ 0.3) x 10~"* em®
molecule=* s-*!, in excellent agreement with the accepted result obtained by resonance
fluorescence® [k = (9.12 4 0.44) X 10~'2 cm® molecule ~'s~" at 295 K].

0.5
0.4
s 0.3
R 8
s 0.2 :
= o)
0.4p
1 1 ) 1 1 ‘ 1 1
0 1 2 3 4 S 6 7

0(237,)/arb. units

Fic. 1.—Curve of growth for O(2*P,) using the three resonance lines at 130.2, 130.5, 130.6 nm.
The O(2°P;) concentration was taken to be proportional to that of Os, which was. varied over the
e . range 0.4-6.1 N m~2.

- *Inthese experiments O(2*P,) was formed byphot‘oly‘sis of NO, (21 %) in the visible and near
u.v. regions. L.
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In all of these experiments the output from the photomultiplier was fed to a fast analogue- -
to-digital converter (Datalab DL305) and data were processed in the standard way.

(iii) TIME-RESOLVED PHOTOMETRY IN THE NEAR-ULTRAVIOLET

The yield of OH from reaction of O(2!D,) with CF,HCI was determined using an arrange-
ment similar to that described by Morley and Smith.!° The intense OH emission produced
by a microwave discharge through a flowing mixture of water vapour in argon carrier gas
was focused through the reaction vessel and onto the slit of a McKee-Peterson (MP1018B)
monochromator which selected 1° the Q,3 line at 308.15 nm. A chlorine gas filter surrounded
the reaction vessel and reduced scattered light from the flash to a negligible level. The output
from the photomultiplier was fed to a transient recorder (Datalab DL905) and data were pro-
cessed as in section (ii) above.

For all experiments O(2'D;) was produced by the ultraviolet photolysis of O,(1 = 200-
300 nm) and, where required, O(2*P,) was formed by adding an excess of N3, to quench
O(2!D,) to O(2*P;). The experimental conditions used with the three different techniques
varied significantly and will be described in the appropriate section dealing with results.

RESULTS

ABSOLUTE CONCENTRATIONS OF O(2!D;) PRODUCED BY THE FLASH

Photolysis of O; in the ultraviolet (200-300 nm) is known to produce almost
exclusively O(2! D,) and thus the absolute yield of this atomic state can be determined
by observing the amount of O; removed by the flash. In pure O, (or O; + SF; and
O, + He mixtures) O(2'D,) reacts rapidly with a second O, molecule, and under our
conditions the amount of O, removed immediately after the flash will in fact be twice
the amount photolysed .in the primary photochemical step. However, by adding
excess CO, to the ozone, the effect of the secondary reaction can be eliminated, as
O(2!D,) is quenched to the ground state. © We, therefore, carried out experiments to
determine the amount of O; removed after the flash (30 us) both in the presence and
absence of CO,. The depietion in the presence of CO, was found to be 12 + 1 %
(Po, = 26.6 N m~2)and in the absence of CO, 24 + 2 7, this gives a yield of O(2'Dy)
of 8 x 10'* atoms cm ™3 per flash. These results confirm that the yield of O(2°P;) in
the ultraviolet photolysis of O, is negligible (< 10 %;) and that O(2' D) is removed en-
tirely by reaction with O,, physical quenching being unimportant. The decay of O,
at times greater than 30 us was observed to be very slow, as expected from the known
slow rates for reactions involving O(2°P;) and O,(a*4,) with O,.

REACTION OF O(2'D,) wiTtH CF;Cl

When O; is photolysed in the presence of excess CF3Cl (Pcr,ci = 2.7 kN m~ a
_strong spectrum of ClO is observed via the (A2II <— X*II) system, and its rate of
formation closely follows the integrated form of the flash. No ClO is observed when
CO, or N, is added to quench O(2'D,) and it is clear from these, as well as earlier
experiments,®’? that ClO results from a fast reaction between O(2'D,) and CF;ClL
There are however three possible mechanisms for ClO formation. The first and most
obvious is the direct formation of ClO in a primary abstraction step

' 0(2!D,) + CF;C1— CIO + CF,. O

A second possibility is insertion into the C-Cl bond followed by fragmentation to
'yield CIO
O(2!D,) + CF;Cl— CF,0CIt — CF; + ClO. 6)
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The third possibility is that Cl atoms are produced by a displacement reaction, fol- ‘
lowed by the fast reaction of Cl with O, i.e., e

© O(2'D,) + CF;Cl— CF;0 + Cl )
Cl + O,— CIO + O,. t))

Under the conditions of our experiment it would be difficult to distinguish between
these three mechanisms simply by observing the rate of formation of ClO as they are
all very rapid. We can, however, use a chemical method to distinguish between the
first two and the third mechanisms. By adding a small amount of ethane to mixtures
of O, and CF;Cl (Pcu, = 67 N m~?), any Cl atoms formed in the primary step can be
removed before reacting with O;; the yield of ClO will then be reduced by an amount
which depends on the yield of free chlorine atoms in the primary step. As the pressure
of C,Hj used is very much lower than that of CFCl it will not interfere by reacting
with O(2!D,) (>95 % of the excited oxygen atoms react with CF;Cl). Our results
show that the yield of ClOis only slightly reduced by addition of C,H, and Cl atom
formation accounts for 220 % of the total O(2!D,) removal by CF;ClL

Quantitative yields of ClO were determined via the (5, 0) band of the A*TI < X*I1
system ! [see ref. (7) for a detailed discussion}, and when these are compared with the
amount of O(2!D,) produced by the flash we find that 65 7 of the excited oxygen
gives rise to ClO formation in a primary step.

Measuring the yield of O(2°P;) by time resolved photometry in the vacuum uitra-
violet proved more difficult than first envisaged. Absorption by CF;Cl reduced the
intensity of the oxygen resonance line reaching the photomultiplier (the 130.6 nm line
was used), as expected, however we also observed a change in the sensitivity with
which O(23P,) could be detected; as the extent of absorption by CF,Cl increased, the
sensitivity for detecting O(2°P;) decreased. Thus in order to measure the yield of
" O(2°P,) quantitatively, new curves of growth were determined over a range of condi-
tions under which the oxygen resonance lines were attenuated by an absorbing gas such
as CF;CI.

For the present work relative O(2°P,) concentrations were read directly from the
appropriate curve of growth and the yield of O(23P;) formed by the quenching of
O(2'D,) by CF,Cl was determined by comparing the concentrations produced in the
absence and presence of excess N, [the N, quenches a large and calculable fraction of
the O(2'D,) directly to the ground state]. By this means the branching ratio for
O(23P,) formation was determined as 30 x £i§ 9. Typical conditions in these ex-
periments were Po, = 0.5 N m~%, Pcp,qp = 40 N m™2, with a flash energy of 180 J.

The branching ratios for all the channels determined in this work are summarised
in table 1. We also include a recent estimate'? for the elimination channel 125

0O(2!D,) + CF;C1— CF,0 + FCl 9

which is seen to have a small branching ratio.

REACTION OF O(2!D,) wiTH CF;Br aND CFil

Reaction of O(2!D,) with CF;Br results in the rapid formation of BrO; however
the decay is also rapid and this makes the absolute determination of the BrO yield
extremely difficult.” Nevertheless we can obtain a useful lower limit for the yield of
BrO and using the extinction coefficient given by Clyne et al.'* for the (4, 0) band of
the A2TI-X7I1 system we find a branching ratio for BrO formation of >25 7;. It
should be noted that reaction between Br and O, is much slower than the corre-
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sponding reaction for Cl atoms, and that we can therefore distinguish between BrO
formed in a primary step and that formed by secondary reaction of Br with O,.
Experiments to determine the yield -of 10 from reaction of O(2!D,) with CF;I are
considerably more difficult than the corresponding experiments with CF;Cl and CF;Br.
A strong spectrum of IO is observed, however some photolysis of CF,l occurs, (it
absorbs in the same region as O;) and it is known that iodine atoms react rapidly with
O, to yield [O. Preliminary results from our laboratory show that spin—orbit excited

TABLE |.—BRANCHING RATIOS FOR PRODUCT CHANNELS IN THE REMOVAL OF O(2'D;) BY

HALOGENOMETHANES
reactant ' products/%,

quenching halogen halogen other

to O(2*P,) oxide atom - products
CF;Cl 30:18% 65+ 109 Z£20% FCl(= 10 %)
CF,HC! 28 *18%* 55109 Z£10% OH( %)
CF)BT >25 %

* Yield of O(2*P,) based on CF; formation (i.e., via the dissociative excitation channel yielding
.CF; +HCl + 0)is 45 = 10%.

iodine atoms, I(5*Py), react more rapidly with O, than ground state [(5°P;,;) atoms;
the rate constant for the ground state iodine atom reaction has been determined '*
as k = 0.8 x 10-2 cm® molecule~* s~t. Thus [O can be formed by more than one
reaction and detailed experiments are required to distinguish betwéen the various
possibilities. Our present results indicate that the yield of IO from reaction of O(2' D)
with CF;l is substantial and we hope to reporta quantitative measure for the branching
ratio into this channel at the Discussion.

REACTION OF O(2'D,) witH CF,HCl

Strong transient spectra of ClO and CF, were observed following the photolysis
of O, or N,0 in the presence of CF,HCl (Po, = 13.3 N m~?; Pcrua = 2.7 kN m~3).
‘Both spectra were completely suppressed by addition of excess Ny, showing that they
resulted from reaction of O(2!D,) with CF,HCl. Photolysis of CF,HCl in the far-
ultraviolet is known to produce CF,, however this region is not transmitted by our
equipment and CF, was not observed when CF,HCl (Pcruct = 2.7 kN m~?) alone
was flashed in the reaction vessel. The yield of ClO was measured as described for
CF,Cl and found to be 55 x 10 % of the initial O(2'D;) yield. Addition of smail
amounts of ethane to the system had no significant effect on the ClO yield, showing
that Cl atom formation is of little importance (€ 10 %) in the removal of O(2!D,) by
CF,HClL.

The yield of CF, was determined using the known extinction coefficient for the
v, = 6 band (249 nm) of the A4'B, «— X'4, system, given by Tyerman.'* The
branching ratio into this channel was determined as 45 X 10 %.

The branching ratio for O(2°P,) formation was measured using the method de-
scribed above for CF,Cl and found to be 28 * 1§ 9%, which suggests that both CF,
and O(2°P;) must be formed in the same process. :

The formation of OH radicals was not observed using plate photometry, however
we would expect OH to react rapidly with CF,HCI under the conditions employed.
Using the more sensitive technique of time resolved spectrophotometry at 308 nm
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(Pcrmar = 2.0 kKN m~2, P,, = 40 N m~?) formation of OH was detected but in very
low yield. A careful calibration of the system was achieved using the reactions of
O(2!D,) with H,0 and CH,. Assuming that H,O gives two OH radicals for each
O(2'D;) atom reacting, the yield of OH from CH, was found to-be 80 ;, in: good
agreement with previous work.'¢ The yield of OH from CF,HCI, based ‘on the same
method, was found to be only 5§ %;. i

REACTION OF O(2°P;) witH CF;l

The kinetics of O(2°P,) removal by CF,I were investigated using time-resolved
spectrophotometry at 130 nm (the split width used was 800 ym and thus the three
atomic lines at 130.2, 130.5 and 130.6 nm were transmitted by the monochromator).
By photolysing Os(Po, = 1.33 N m~?) in the presence of excess N;(Py, = 800 N m™3),
suitable concentrations of O(2°P;) could be generated (&3 9, photolysis of O; oc-
curred). The decay of the ground state oxygen atom under these conditions was found
to be very slow, as expected. Addition of small partial pressures of CF;I (0.13-0.6 N
m~2) resulted in a marked increase in the rate of decay and by measuring the pseudo
first-order rate coefficients for removal of O(23P;) over a range of CF;l pressures
(data are shown in fig. 2) the second order rate constant was determined as,

Kow?py + crg = (1.1 % 0.3) x 107! cm® molecule~* s~

i } b 1 1 1
Q .04 0.2 0.3 0.4 0.5 0.6

Pegy /N m™?

FiG. 2.—Plot of the first-order rate coefficients for removal of O(23P,) against partial pressure of
CF]I- (Po' =13N m-z', PN' = 800 N m").

A small correction!’ was made for departure from Beer—Lambert behaviour and the
slope of fig. 2 should be muitiplied by 1.3 (y = 0.76 based on the data in fig. 1) to
‘obtain the rate constant given above. )
Some photolysis of CF;I will inevitably occur under the conditions used, however
the percentage photolysis will be much less than that for O; (i.e., <33 %), due to the
lower extinction coefficient for CF;I, and should have no effect on the kinetics of the
oxygen atom decay. As a check, further experiments were carried out over a ‘fange
of flash energies (180-320 J). No significant difference in the decay rate for O(2°P,)
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" could be detected and we conclude that radical-radical reactions do not influence the
observed kinetics and that photolysis of CF;I is unimportant.

Some slow regeneration of O(23P,) will occur via the reaction of O,(a'a,) with
O,, but this is entirely negligible on the time scale used here.

DISCUSSION

REACTION OF O(2'D,) witH CF;Cl, CF;Br aAND CF;l

A major channel in the reactions of O(2!D,) with halogenomethanes (excepting
attack on C-F bonds)?*, is clearly the formation of a halogen oxide molecule. We
shall concentrate our discussion on the reaction with CF,Cl, as the data for this
molecule are most complete, but we expect the same general points to apply for CF;Br
and CF,l.

Formation of ClO from CF;Cl can in principle occur by two mechanisms, the
more direct being abstraction of a chlorine atom. The second possible mechanism
involves insertion of O(2!D,) into the C-Cl bond, to form a vibrationaily excited
hypochlorite CF;0Cl3, followed by fragmentation. CF;OCl is a stable molecular
species and its thermal and photochemical reactions have been examined. The
results suggest that the favoured primary dissociation channel is formation of CF;O
and Cl (thermochemically this is the most favourable dissociation process). Thus if
insertion of O(2'D,) into C-Cl bonds was important, we would expect a high yield
of Cl and not ClIO, contrary to observations. Our results therefore suggest that CIO
formation occurs by a direct abstraction mechanism. Similar behaviour has been
reported previously for reactions of singlet methylene (CH,), which is isoelectronic
with O(2!D,), with halomethanes.’®* Thus, while both singlet methylene and
O(2!D,) undergo fast insertion reactions into C-H bonds, the main reaction channel
with halogenomethanes involves direct abstraction.'®#

The above behaviour can be understood when we consider the strong interaction
that will occur between the vacant p-orbital of O(2! D) (or CH,) and the lone pairs on
the halogen atom. Thus the potential surface contains an attractive -basin which
surrounds the halogen atom and facilitates attack at this point in the molecule. A
further attractive region must exist on the potential surface, corresponding to insertion
of O(2'D,) into the C-Cl bond (the minimum corresponding to the ground state
configuration for CF;0Cl), however it appears that this region is less accessible,
possibly due to inertial effects; both Cl and CF; are relatively heavy and need to
move a substantial distance for insertion to occur (contrast this with the situation for
C-H insertion where the much lighter H atom can move rapidly to accommodate the
insertion process).

Our data also provide information on another aspect of the singlet potential
surface discussed above. Thus the singlet surface must be sufficiently attractive to be
crossed by one or more triplet surfaces correlating with O(2°P,;) + CF,Cl and non-
adiabatic transitions at these crossings must be favourable, as evidenced by the rela-
tively high branching ratio for O(2°P,) formation. .

For O(2!D,) interacting with CF;l the singlet surface may pass below the asymp-
tote for O(23P,) 4 CF,I (fig. 3) and could therefore influence the dynamics of the -
reaction between O(23P;) with CF;I (see below). Stable compounds with the structure
RIO can be prepared (e.g., iodoxybenzene, C4H;IO) showing that the singlet surface
has a very deep minimum in the region occupied by the lone pair electrons of iodine.

) :’Removal of O(2'D,) is much slower by CF, groups*® and appears to proceed entirely by quench-
ing.t® - ‘
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0(2'0,) + R!

0(237,)+RI _ _ R+l

'RIO

FiG. 3.—Section through the proposed potential surfaces for O(2°P,) and 0O(2'D,) interacting with
an iodide. The lowest singlet surface is shown by the continuous line and ‘the: triplet surfaces by
' dashed lines. .

REACTION OF O(2!D;) WITH CFzHCI

Lin® has studied the photolysis of O; in the presence of a number of hydrogen
containing halomethanes, including CF ,HCI, and observed stimulated emission from
vibrationally excited hydrogen halide molecules formed in these systems. He
proposed that this resuited from the insertion of O(2!D,) into C-H bonds followed by
the elimination of a vibrationally excited hydrogen halide molecule from the hot
intermediate, e.g.,

. With CF,HC], only HF emission was observed, although the formation of HCl is
more exothermic. The present resuits clearly show that HF elimination cannot
account for more than 10-20 %;* of the total reaction cross-section and that elimina-
tion of ground state HC) is a more important process.

It seems unlikely that chemical laser emission would result from a minor reaction
channel and an alternative explanation for Lin’s result is that excited HF is produced
by secondary radical reactions. In a separate series of studies, Lin?* has suggested
that the reaction,

O(2*P,) + CF,H— CFO + HF (11
(AH = —433 kJ mol-Y)

can give rise to HF laser emission. OQur results show that both O(2°P;) and CF,H
are major products of the interaction of O(2'D,) with CF,HCI and we therefore sug-
gest that reaction (11) could account for Lin’s observations in the O, + CF;HCl'
photochemical laser system.? : ,

The dominant channel in the interaction of O(2'D,) with CF,HCI is clearly that
leading to the formation of CIO(55 %) and as the branching ratio is similar to that for
CF,Cl, we infer that the mechanism is the same.

. The second most important channel involves dissociative excitation viz.,

0(2'D,) + CF,HCl— CF, + HCl + O(2°P)). (12)

This channel is thermoneutral within the bounds of current thermodynamic data
" (AH = 17 x 19 kJ mol~*) and it is surprising that it competes so effectively with the
other highly exothermic channels. However, the observed rapid formation of CF,
and O(2°P,) cannot be accounted for by any other process. We have shown that Cl
atom formation is unimportant (€10 % of the total cross-section) which rules out
reactions such as :

0(2'D,) + CF,HCl — CF, + OHA + ClL . (13)
* This is an upper limit based on the error bounds for the products which are directly observed.
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This is further confirmed by the very low yield of OH(S %,) observed. -CF, is known
to be formed by the disproportionation reaction C-

2CF,H — CF, + CF,H, (14)

however, this could only account at most for 10 % of the CF, observed as the dominant
removal channel for two CF,H radicals is dimerisation. We, therefore, conclude that
dissociative excitation [reaction (12)] accounts for x40 9 of the total cross-section.
It is interesting to note that both the thermal and infrared multiphoton dissociation?*
of CF,HCl lead to the formation of CF, and HCl. The other surprising feature is that
O(2%P,) escapes from the force field of CF,, as CF,0 is a very strongly bound molecule.
This can however be understood when it is realised that CF,(X*4,) and O(2°P,) do not
correlate directly with the ground state of CF,0, but with an excited triplet state which .
may not allow efficient combination:

" The branching ratio for OH formation (5 %5) is surprisingly low. From the bond
additivity relationships suggested by Cvetanovic et al.3 and by Davidson et al.,* we
would expect OH formation to account for = 30 % of the total cross section. This is
clearly not the case and it appears that the distribution in the product channels does
not follow the simple additivity relationship suggested for the total removal rates.
The low yield of OH is in fact similar to the situation previously encountered with
singlet methylene reactions where it was found that attack at C—H bonds was reduced
to a very low level when a chiorine atom is present on the same, or adjacent, carbon
atom.?

REACTION OF O(2°P,) wiTH CF;Br aND CF;l

Reaction of O(2*P,) with CF;Br, to yield BrO, is strongly endothermic (AH =
465 + 5 kJ mol~') and negligibly slow at 300 K. However, the reaction has been
studied at elevated temperatures (800-1200 K) and Arrhenius parameters determined ?’
as A = (1.5 £ 0.5) x 10~!* cm® molecule ~1g-t and E, = 57 + 4 kJ mol~'. The
activation energy for reaction is thus close to the endothermicity and the pre-expo-
nential factor (A) is low when compared with reactions involving O(2'!D,). We shall
return to the latter point after discussing the corresponding reaction with CF;l.

. The reaction of O(2*P,) with CF,I has been studied in some detail by Gorry er al.®
using the molecular beam technique and has been shown to involve the formation
of a weakly bound collision complex. The product scattering (IO) changes from a
mainly backward, to a near isotropic distribution as the kinetic energy of the incident
O(2°P,) is increased. It was suggested?® that at low collision energies the lifetime of
the complex is shorter than its rotational period (as it is probably formed in low impact
parameter collisions with low angular momentum). At higher collision energies the
rotational period is reduced (higher angular momentum) and this leads to an increase
in the forward scattering. )

The total cross-section for reaction was not determined in the molecular beam work
but a thermally averaged (300 K) cross-section can be obtained from the present data
as o ~ 2 A% It is clear that the reaction must be close to thermoneutral and our
results provide an upper limit for the activation energy of E, € 6kJmol~'. When this
is combined with the bond strength of CF;I,? D(CF;-I) = 221 X 5 kJ mol~!, we
obtain a lower limit for the bond strength of 10 as, Do(IO) > 210 kJ mol~!, which is
consistent with the value given earlier by Radlein er 4l

We might expect the Arrhenius pre-exponential factor for reaction of O(23P;) with
CF,I to be similar to that for the analogous reaction with CF;Br, and the fact that the
rate constant (at 300 K) for O(2°P,) + CF,l is close to the pre-exponential factor for
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O(23P,) + CF,Br, suggests that this is probably the case. These values are sur-

. prisingly low when compared with the analogous reactions for O(2'D;) (where any
kinematic constraints should be the same), but appear to be characteristic of reactions
involving O(23P;,) with halogen, or halogen-containing molecules. ~As these reactions
involve attractive potential surfaces and a bound collision complex we would normally
expect a substantial reaction cross-section or large pre-exponential factor. It has
been suggested that the low values observed result from a very restrictive reaction
geometry and that a near collinear collision is required before reaction can occur.?-*
This was rationalized in terms of the molecular orbital structure for the collision inter-
mediate which favours a linear O-X-Y structure for lowest energy on the triplet
potential surface. However, the above discussion on the quenching of O(2!D,) by
halomethanes leads us to suggest an alternative explanation. We have seen that
crossings between triplet and singlet surfaces must occur and that for iodoxy com-
pounds one of these may be close to the dissociation asymptote for O(2°P;) +~ RI
(fig. 3). Thus the low reaction cross-section could result from a “low ™ triplet-
singlet transition probability, while the scattering dynamics would be determined by
the potential minimum in the singlet surface. '

CONCLUSIONS

Reactions of O(2!D,) with halomethanes proceed with a large total cross-section,
the dominant channel being abstraction to yield a halogen oxide. The singlet potential
surface, on which these reactions occur, is strongly attractive and is crossed by lower
lying triplet surfaces correlating with O(2°P,). This provides an efficient mechanism
by which O(2!D,) is quenched to the ground state.

The reactions of O(2!D,) closely parallel those of singlet methylene.

Reactions of O(23P;) with halogenomethanes have relatively low total cross-sections
(and Arrhenius pre-exponential factors) and may involve a triplet-singlet surface
crossing. :
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