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SUMMARY 

The reactions of 0(2 1D) with CFC1 31 
 CF2 C1 2 , CF 3C1 and CF 2HC1 

have been investigated using flash photolysis and time resolved 

kinetic spectroscopy. 

The dominant reaction ( " 50%) is Cl atom abstraction 

O(2 1D) + CF3C1 - CF 	+ do 	 (1). 

while quenching of 0(2 1D) to 0(2 3 P) accounts for about 25% of 

the reaction cross section 

0(2 1 D) + CF 3C1 - CF 3C1 + O(2 3P) 	 (2) 

Reactions (3) and (4) were found to be minor channels 

0(2 1 D) + CF 3C1 -'- CF0 	+ Cl 	 (3) 

- CF 20 	+ FC1 	 (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 CF 3CIO 

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

The reactions of OR were investigated using flash photolysis with 

resonance absorption. New data are reported for the reaction of 

OR with CD 2C12  and CDC1 

Rate data for the novel reactions of OR with CF 3I, C2F 51, C 
3 
 F 7  1 and 

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

(C12OR) complex to yield R andHOI (Cl and HOC). 

OR + RI -3  RIOH -- R + HOI 	 (5) 

Evidence is presented to indicate a rapid reaction between OR and CIO, 

k 3.5 x 10 12 cm3molec 1s l• 
	

This reaction displays a pressure 

dependency and is considered to proceed by reaction (6) or (7) or both. 

OR + CIO -* HOC10 	 (6) 

H02 +Cl 	 (7) 

iv 
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CHAPTER ONE 

INTRODUCTION 



1.1 Introduction: 

The reactions of electronically excited oxygen atoms 3  

0(2 1 D) and of OH(X211) have been the subject of a great 

many experimental studies . This has been stimulate d 

by the importance of these species to atmospheric chemistry 

The reactions of 0(2 1 D) have been well reviewed 1 i 2 ' 3 '' 5  , 

and only certain aspects of 0(2 1 D) chemistry. relevant to 

the work presented here . will be discussed . In particular 

the reactions of 0(2 1 D) with methane and the alkanes will be 

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

of the reaction of 0(2 1 D) with chlorofluorocarbons and 

hydrogen containing chlorofluorocarbons 

In the latter part of this chapter certain aspects of OE 

chemistry will be presented 

1.2 Experimental techniques 

Absolute rate data for the deactivation of 0(2 1D) by a wide range 

of' compounds. have been obtained by Davidson et aZ. 6, 7, 8, who 

monitored the weak 0(2' 1 D + 2 3P) emission at 630 am following 

the photolysis of 0 3  . Eusain911  obtained absolute rate data 

by following the absorption of the 0(3'D<- 2 1D) line at 115 nm 1  

also after the photolysis of 0 3  

Relative rate. data have been obtained from competitive experiments 

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

and Yamazaki12 a,  who photolysed N 2  0 to obtain 0(2 1D) 

In the absence. of any quenching (2 ) rapidly follows Ci } 

.N20 hV  N2  + 0(2 1 D) 	 {'i} 

0(2 1D) + N 2  0 ± N +2 	
C 2a} 

- N0+N0 	 . 	{2b} 

where k {2}  / kb} is close to unity ( section 5 

The yield of N 2 ,. N2 , per quantum of Light absorbed is then 1.5 

In the presence of some quencher of 0(2 1D) {2a } and {2b) do 

not occur , and 4) N 
 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 CO  12b 

Reference 3 contains a compilation of. such data 

2 
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1.2 	cant 'd 

These techniques only provide information on the overall rate 

of 0(2 1 D) 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 Yalna zakil 2C 

in the study of 0(2 1 D) reacting with alkanes 

Much information on the reaction products has been provided 

by flash photolysis of a suitable 0(2 1D) precursor coupled 

to suitable detection methods , for example plate 

photometry13  , or the study of chemical laser emissioni 15 

The rates of removal of OH ( X211) radicals have been studied in 

discharge flow systems , where OH was monitored by laser 

magnetic resonance 16  , or by resonance fluorescence 

(OH(A2  - X211)) near 308 	17,18,19 . 	Rate data have also 

been obtained from flash photolysis with resonance fluorescence 20  

or resonance. absorption detection of. 0H2' 2 

Pulse radiolysis of water vapour with resonance absorption 

detection of OH has been utilised by Gordon and Mulac 23 

1.3 Reactions of 0(2 1D) 

0(2 1D) is the first excited state of the oxygen atom lying 

some 15,868 cm -1 2 above the ground state 0(2 3P) . The long 

radiative lifetime ( tyx= 100 S ) of the 0(2 1D + 2 3P) transition 

indicates that radiative decay will be of little significance 

compared to collisional removal under laboratory conditions 

The reactions of 0(2 1D) with the noble gases 	2 ' N2  , N 
2 
 0 and 

CO2  have been reviewed 1  . These reactions generally proceed 

via complex formation , viz 

O(2 1D) .+ 02 (X 3 E ) + 0(2 3P) + 02 (XZ ) v"= n 	{3a} 

with formation of 02  in V"= 13., 14 , 15 . The electronic 

excitation energy of 0(2 1D) is only sufficient to populate 

up to v"= 10 , and it has been postulated that the translational 

energy of 0(2 1D) is also transferred . This would require a 

long lived complex ( 0 3  ) with triplet-singlet crossing occurring 

many times 



1.3 	cont'd 

Reaction C3b} competes with {3a} 

0(2 1D) + 02 (X 3 E ) - 0(2P) + 02 (b 1 E ) 

Evidence for complex formation in these reactions is found 

in the isotopic scrambling of 0 atoms observed in the reaction 

of 0(2 1D) with CO2b,25,26 and 026 

16 0(2 11)) + C 18  "0 - c18 160 + 180(2 3P) 	4} 

--Reaction of 0(2 	with H2  has been shown to proceed via 
27 a H0*  complex 	, that is by insertion , although abstraction 

is an allowed process 

The overall rate constants for 0(2 	removal 6-11, are generally 

close, to gas kinetic collision frequency 1, this and the 

experimentally observed lack of significant temperature 

dependence 	indicate that there is no early barrier to 

reaction.. Tully 28  has calculated rate constants 

product branching ratios and temperature dependencies , which 

are gerreraily in good a ;réement with the experimental 

results 

1.4 The reaction oF 0(2 1D) with methane and the h,gher.alkanes 

The reaction of 0(211))  with CH  was first studied by 

Basco and Norrish 13  , who observed OH ( V< 2 ) formation 

following the flash photolysis' of 0 3  in the presence of 

• They suggested the major reaction was 

0(211)) + CH 4 - CH  + Qfi* 	. 	 {5} 

De More and Raper 29  photolysed 0 3  / 4 mixtures at liquid 

Ar temperatures , and proposed that insertion {6a} was 

the major process accounting for about 37% of the reaction 

cross section 

0(2 11)) + 
CH 	

CH3OH*+ M 	CH 
3
0. H(6a} 

CH3 +OH . 	 {6b} 

They also found evidence for quenching (7 } ( 30%. 

molecular elimination C81 C 5% ) and OH formation ( 28% 

0(2 1D) + CH 	CH  + 0(2 3P) 	 {} 

CE22 	 {8} 

and suggested that (5 } may occur , in part at. least 

through the fragmentation of the excited methanol 
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1.4 	cont'd 

Cvetanovic et al studied the reactions of 0(2 1D) with 

propane12.0 , isobutane3 	, neopentane  30I and cyclopentane 31  

In this study N 
2  0 was photolysed to yield 0(2 1D) , and the products 

detected by gas-liquid chromatography and mass spectrometry 

The branching ratios into {5} to. C8} 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 occurred in a 

statistical manner , showing no preference for tertiary 

secondary or primary bonds 	The alcohols formed in {6} 

could be stabilised if the pressure was sufficiently high 

The lifetimes of these excited alcohols were measured as 

ranging from 10 
12 
 for" methanol to 10 9s for neopentanol 

the increase being due to the greater number of degrees of 

freedom in the higher alcohols . The alcohols fragmented 

to yield R and OH . OH formation was observed at pressures 

sufficiently high to completely stabilise the excited 

alcohols indicating the occurrence of C51 , that is .H atom 

abstraction . This was estimated to have a branching 

ratio of 20 - 30% 

Butane 32  was used to scavange 0(2 3P) , and" from measurements 

of the products of this reaction , quenching of 0(2 1D) by 

alkanes was estimated at < 2% . Reaction { 8} was found to 

occur to a small extent)  < 3% ( but 9% for neopentane 

Cvetanovic also observed a correlation between the rate of 

removal of 0(2 1 D) by an alkane and the number of C-H bonds 

possessed by that alkane 

Lin and De More 33  in a similar study of the reaction of 0(2 1 D) 

with CH and. C2H6  , obtained essentially similar results , and 

showed that 18} was an independent pathway and not a 

break up product of the excited,alcohol 
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1.4 cont'd 

OH formation may occur at long range interactions of 

0(2 1 D) and RH and shöüld occur with all alkanes with approximately 

constant probability.. 	- 	- . The large rate constant for 

overall removal of 0(2 D)  by cE 4  and the approximately constant 

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 enough energy to fragment unless it is 

stabilised by collision . It is likely that {8} occurs at very 

small impact parameter collisions , where the . energy of the incoming 

O(21D) is channeled directly into C-H motion, and leads to 

concerted e1imthation  of R2  
1 The mechanism of the reaction of 0(2 D) with alkanes has recently 

been investigated-in some detail by Luntz-and this work 'is discussed 

on page 143. 

1.5 Effect of translational energy on the reactions of 0(2 1D) 

There is considerable interest, in whether the translational energy 
1 

cF 0(2 D) has any effect on the reaction dynamics 

Most.of the work in this field has been done on the reaction of 

O(2 1D) with N 
2 
 0 , which. can proceed by two pathways 

.0(2
1 
 D) + N 2  0 	N2 + 02 . 	 {2a} 

-'N0+N0 	 . 	 {b} 

Quenching is insignificant C < 2 % ) . The ratio of k 
2a} 

 to k 
} 

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 0(2 1D) 	, the balance 

of the evidence tends to suggest otherwise '. The experimental 
34 results have been reviewed, by Marx ,. Bahe and Schurath 

Overend et al 35 extended their studies to the reactions of 

0(21D) with CO  , Xe , CO and N 2  and again found no evidence that 

the reaction products were affected by the . translational 
1 energy of 0(2 D) 
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1.6 OR reactions 

The rates of reaction of OR with methane and chiorofluorobromomethanes 

have been measured by Howard 	and 	by dyne 19 	These reactions 

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

is observed with fully halogenated methanes . Howard 16b 
has 

observed a correlation between the rate of H atom abstraction 

• by OR from a halomethane and halomethane C-H bond strength 

Dtiterium isotope effects have been reported by Smith and zeilner 36 

for the reaction of OR with H
2  /D2 and EC1/DC1 , and by Gordon and Mulac 23  

for the reaction of OR with CH  , CE 3D , CH2D2  , CHD 3  and CD  

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

The reactions of OR with radical species have not been extensively 

investigated, due to the experimental problems , but combination of 

OH with OH , NO and NO  38  to yield H 2O2  , HONO and HNO 3  has been 
39 shown to occur 	Smith 	has recently shown that quenching of 

OR (V = 1 ) by. NO and NO  proceeds by an intermediate complex 

e.g. 

OR * + NO HONO* - OR + NO 	• 	 {9} 

The rate of quenching of OR (V = 1.') by NO and NO 2. is similar to 

the high. pressure limiting value' for the combination of OR with these 

species 

Complex formation has been invoked to explain the reaction of OR 

with COS and CS  

OR + cbs 	( HO-C( ) * CO2  + ES 	 C 10 } 
Evidence for such complex formation has-been obtained by Kurylo 

who observed isotopic scrambling in the reaction of 180H with CO  

A similar mechanism has been postulated for the reaction of OR 

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



2.1 Introduction. 

Flash photolysisi 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 products. This 

technique was used to study the reaction of O(2 1 D) with 

chlorofluorocarbons. For kinetic. work, it has the disadvantage 

that many experiments must be done, to build up a complete 

concentration profile. 

Flash photolysis with kinetic spectrophotometrY, wherein the 

concentration of a species is followed by its absorption of 

light at some 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 OH radicals. 

2.2 Flash photolysis with time resolved kinetic spectroscopy. 

This technique has been ell reviewed w 	 and only a brief 

description will be given here.. A diagram of the apparatus 

is shown in figure 2.1. 

Reaction vessel 

Two reaction vessels were used in this study. The first was 

of quartz (length lm, o.d. 2 cm), thus U.miting photolysis 

to X > 200 am. Spectrosil windows were attached by epoxy 

resin. 

9 



Figure 2.1 

Apparatus for flash photolysis with time resolved kinetic spectroscopy 

I I 

Thyratron 

Delay Unit 

SL 

T 

DU 

	

S 	Spectrograph. 

	

RV 	Reaction vessel 

PL 	Photolysis lamp 

C 	Capacitor 

Cu 	Charging. Unit 

P 	Plunger 

R 	Pick up coil 



2.2 	cont'd. 

The second was. similar to the first, but had an outer quartz 

jacket (o.d. 5 cm) constructed such that the outer wall of 

the reaction vessel formed the inner wall of the jacket. 

This outer vessel could be filled with filter solutions or 

gases. 

Flash laxp. 

This was a ]in quartz flash lamp (0 .d. 1.5 i) filled with 

Kr to about 800 N xn 2  The flash lamp was discharged at 

12 kV from a 10 j.f capacitor dissipating 720 J. The lamp 

was fired by means of a low impedance mechanical plunger. 

Aluminium foil, wrapped around the flash 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. L) resulting in a hot plasma 

and a good. continuum emission. Continued flashing gradually 

increased the capillary 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 MO 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 V spike to the grid of 

the hydrogen thyratron.  This allowed the thyratron to conduct, 

and the lamp to fire. The 1 Uf capacitor was charged to 

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

is shown in figure 2.1.. 
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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. 

2.3 Detection and processing of results. 

Spectra were dispersed on a Huger Watts medium quartz 

spectrograph (slits 60 jim x 3 mm) and recorded on Kodak 

Panchro Royal film. Plates were developed for five minutes 

at 200C 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— log(E)is 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 microdensitometered on a Joyce Loebl double beam 

recording microdensitometer mark 3. The absorbance is related 

to concentration by the relationship. 

A = y. log (10  /i) = y. log(E01'E) = D - D0 ,, where 

A = absorbance 

Y = slope of the linear part of the D-log E curve. 

I and roars  the light intensities incident on the plate at 

some wavelength, with and without some absorbing species 

present. E and F,, D and D 0  are respectively the exposures 

and optical densities under the same conditions. 



2.3 cont'd 

If the Beer Lambert law is obeyed then , 

log(10/I)= c.c.l , and thus 

D - 	y.c.c..l..- , where 

c = concentration of absorber 

1 = length over which absorption occurs 

C = extinction coefficient 

Hence optical density on the microdensitometer trace is proportional 

	

to concentration . y was measured by the inethad 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 optical densities -measured 

Beer Lambert Law 

The Beer Lambert law relates absorption and concentration of absorber 

by the expression 

I.= I .exp(-c.l). 	or 	- 

log (I0/ = 

This may be more generally written as 

iog(I/I) = (e.c.l) 8 . 	 - 

where 8 is the Beer-Lambert exponent and can vary from zero to one 

the latter being the optimum value 	Factors which affect 8 are the 

- resolving power of the spectrograph. or monochromator , and in kinetic 

spectropho tome try -, doppler broadening and. reversal of the emission line 

- 

	

	8 can be determined, by masking off half of the reaction vessel and so 

halving 1 . 8 was so determined by Donovan and Gillespie 46 for ClO 

• 

	

	 to be 1.01-t 0.06 and so the Beer Lambert law was used without 

modification . - 



2.4 Computer modelling. 

The chemical kinetics simulation program CHEK , developed 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 

suitable 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 used here 

It was assumed that the removal profile of 0 3  during the flash 

photolysis of 03/CO 2  ( where removal is by photolysis alone ) mirrors 

the flash intensity profile . The percentage completon of 

03  removal during the photolysis of 0 3/CO 2  mixtures was 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 



Figure 2.2 

Simulation of the 0 3  removal profile = flash profile in the 0 3/CO2  system 
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2. 5 Flash photolysis with kinetic 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 reaction vessel/photolysis Lamp arrangement is identical to that 

described above ( section 2 ) . A 50 cm quartz reaction vessel 

• 	( o.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 Cl2  to absorb scattered light in the 

region of the OH absorption . 	Parallel to the reaction 

vessel was a' 50 cm quartz flash lamp ( o.d. ]. cm ) filled with Kr 

to about. 800 N m 2  . The lamp was fired at 9 kV from a 2.5 lif 

capacitor by a 	 plunger and dis9ipated 100 J 

The capacitor was charged by an Applied Photophysics Ltd. power 

supply 

2.6 03 emission lamp and detection of OH 

The. kinetics of OH' were followed by the measuring the extent of 

absorption of the Q 1 (3) line at 308.15 nn emitted by an OH 

flow lamp 

Resonance lamp 

A strong OH (A 2  - x2T1) emission was produced bypassing argon 

containing a small percentage of water vapour through a 

microwave discharge . The flow system is shown id figure 2.4 

The flow lamp C length 22 cm , o .d. 2 cm ) was made of quartz and 

fitted with spectrosil windows . The lamp was powered by a 

Microtron 200 ink 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 is essentially similar to that reported 

by Carrington and Broida 47 

The monochromator was a McKee Pederson mp 10813 grating 

monochromator operated with a slit width of 60 i.im 

V 



Figure 2.3. 

Apparatus for monitoring the OH (A2E -- X 211) absorption 
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Figure 2.5. 

Part of the OH(A 2 E + x21r)spectrum 
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2.6 cont'd. 

Absorption signals were detected by means of an - EMI S5 9661B 

photomultiplier tube, mounted at the exit slit of the 

monochromator. This photomultiplier was a 9 stage side 

window tube, with a Corning 9741 glass window, which 

transmitted down to 200 ran, with a maximum sensitivity from 

300 to 400 rim. The circuit diagram is shown (figure 2.4). 

The photanultiplier was run at 670 to 730 V (Brandenburg 

472R Power Supply( with the output developed across a 10k 

resistor before being fed to a fast analogue to digital 

converter (Datalab DL 905) in parallel to a 100 k 

resistor. The analogue to digital converter had an 8 bit 

x 1024 word integral memory. Signals were displayed on a 

Telequipment.. Dfrl 64 oscilloscope and recorded on a BryanS 

26000 X-Y plotter. 

2;, 7 Analysis of results. 

The decay of OH reacting with some species is given by the 

expression- 

• -d{QH} = k{oH}{s} 	 Ci} 
dt 

where - k is the second order rate constant. If. (S)>>{0a} such 

that {s} does not significantly change during the reaction, 

then {i} may be rewritten as - 

• -d{OH} = k1  {QH} , where k 1  = k(s) (2) 

The decay of OH is then 'pseudo first order' and k 1  is the 

pseudo first order rate constant. The integrated form of (2} is 

• 	in {OH 0) = k1  	+ C 	 . (3} 
(OH 

• 	where (OH0 ) is the initial OH concentration and (OH) is the 

concentration at some time t on the decay. . From. the Beer Lambert 

law discussed above' 

(oH) e& log(1 0/I) 

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) 

20 
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27 cont'd. 

Pseudo first order rate constants,k 1 , 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 tate constant. 

However, there are other removal processes of OH in addition 

to {i} , namely, 

OH + OH 	E20 + 0(2 3P) 	 C+} 

OH + OH --M- H202 + M 	 {5} 

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. 

2.8. Gas handling. 

Gases were handled on conventional glass vacuum lines. 

Pressures were measured by glass spiral gauges backed by mercury 

manometers. Appendix ]. lists the preparations and purifications 

of the gases used in this work. 
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CHAPTER THREE 

REACTION OF 0(2 1 D) WITH CF3C1, 
CF22_

AND  CFC13 

24 



3.1 Introduction. 

• In 1974 Rowland and Molina 48 proposed that release of man made 

'chlorofluorocarbons (CFCs) into the atmosphere could have long 

term deleterious effects on the Earth's ozone shield. There are 

detectable concentrations of these molecules in the atmosphere, 

particularly CF2C12  and CFC1 3 . CFCs are inert in the troposphere, 

and are transported into the stratosphere, where photodissociation 

in the atmospheric window between 190 and 210 rim, and reaction with 

0(2 1 D) atoms produce Clatoms and ClO. This could eventually lead 

to a depletion of ozone in the stratosphere by way of the C1OX cycle. 

cl+03-Cl0+02 	 {l} 

CIO +0(2 3P) - C1+02 	 {2} 

0(23P) + 03 	2 + °2 {l}+ {2} = 	{3} 

There have been several studies of the photolysis products of 
5 

CFCs. 50,51  

Although the absolute rate constants for the reactions of 

0(2 1D) atoms with a large number of CFCs are now well established, 

little . is known about the reaction mechanism and products. 

The reaction of 0(2 1D) with CH  has been discussed above (Chapter 1) 

and by analogy, the following reactions bear consideration. 

0(21D) + CFC14_ 
"' 

. do + CF x 3-x Cl 	 {4} 

4. C1+cFCl.0 	 {5} . x  3-x 

	

-+ 0(2 3P) + CF x 4-x Cl 	 {6} 

	

CFC1_O + Cl2 	 (7} 

- CF 1C13 O + FC1 	 C8} 

Employing flash photolysis of 0 3  with time resolved kinetic 

spectroscopy, Donovan. Gillespie and Garraway reported lower 

limits into (4) for the reaction of 0(2 1 D) with CF3C1, 

• 	'22' cFC1
3 , dF2EC1 and CFHC12 46,52• 

2 
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3.1 	cont'd. 

Under their experimental conditions, however, the halflife 

of Cl atom removal by fl} is only a few is, and formation 

of ClO by reactions C51. and. {l}. would be ±ndiatinguishable 

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

CF3C1 298{5}. .= - 239 kJ.inoJe 	and H9à,C4}  =-98 kJ mole1 5 

If insertion occurs, a major pathway in the reaction of O(2 1D) 

with CE41' then an excited hypochlorite ROC1.* would be formed, 

which might be stabilised at high pressures. CF 3OC1 is a 

well characterised molecule
54
. which on thermolysis or pyrolysis 

is thought to yield CF 30 and Cl, indicating that {5} could be. 

an important pathway, if the primary step is insertion. Direct 

abstraction would, however, favour C41 

'Prior to this work no direct measurement of the branching ratio 

into {6} had been reported. As a result of this and other work 
55 

Addison, Donovan and Garraway have recently reported the 

occurrence of, and branching rations into {6 } in the reaction 

of 0(2 1D) with CF2RC1 and CF3C:l 56 . In earlier experiments. 

however, Heicklen and co-workers concluded that quenching of 

0(2 1D) to 0(2 3P) by Cd41 CFC13  and CF2C12 was negligible 

Pitts et a1 57came to a similar conclusion. 

Evidence for reactions of the type {7} and C81 was obtained 

by Kauñnann,. Donovan and Wolfr 58 , who employed flash photolysis 

in a fast. flow system with nozzle beam mass spectrometric 

sampling and detected species such as FC1., 	(from CFC13) 

and CF 20  (from CF2C12). Unfortunately, no-quantitative values 

have been reported. 

Studies of HF and HCI chemical laser emission following the 

reaction of 0(2 1D) with hydrogen containing CFCs were explained 
59'GO 

by Lin as occurring through an insertion elimination process, 

analogous to {7} and C81. 

In this chapter the branching ratios obtained for the reaction 

of 0(2 1D) with CF3C1, CF2C12 and CFC13 will be presented, and 

in the succeeding chapter for the reaction of 0(2 1D) with CF2HC1. 
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3.1 	cont'd 

In chapter 5 the reaction of 0(2 1D) with CF2ClBr will be presented 

and the results obtained in chapters 3-5 discussed 

3.2 Experimental 

The apparatus for flash photolysis with time resolved kinetic 

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

photolysis of-CF 2 Cl  2 and CFC]. 3  , both of which absorb appreciably 

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

by means of a filter solution , ( aqueous KI , 0.3 g 1 ). 

0(2 
1  D)  was produced by the photolysis of 0 3  in the Hartley 

continuum ( A = 210 - 310 nm) . The concentration of 0 3  in a 

mixture was measured by recording the UV absorption around 

250 rim on a spectrophotometer ( Perkin Elmer model 402) 

Extinction coefficients were taken from the work of Griggs 61 

In order to determine branching ratios , it was necessary to 

measure the yield of 0(2 1D) atoms arising from the photolysis of 

0 3  . This was. done by measuring the change in 0 3  continuum 

absorption. on photolysis of 0 3  in. the presencs of an excess of 

CO  ( 2.7 kN 1112 ) or He ( 2.7 kN m 2  ) . There is some 

controversy surrounding the quantum efficiency of the 0 ( 2 1D) 

yield from {9} 

hV , A=210- 310 n 

	

0 	 . 	 + 0(211D) 3   

while it. has generally been accepted as unity 2 - 5 

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

0(21D) decreases steadily from 0.93 to 0.87 in the wavelength 

	

region 300 to 274 om 66 
	In this work the quantum efficiency 

of the photolysis of 0 3  in the wavelength region 210 - 310 rim 

to produce 0(2 1D) was taken as unity . In the 0 3/CO2  

system 0(2 1D)' is rapidly quenched by {lo} , and the initial 

quantum yield for 0 3  removal is 1.0 

0(21D) + CO  - CO  + 0(2 P) fio} 

In the 03/He system O(2 1D) is not quenched efficiently 

and reacts with 0 3  , so that the initial quantum yield is 2.0 



3.2 	cont'd 

• 0(2 1D) + 03 	2 + 	
{lla} 

- 0(2 3P) + 0(2.3P) +02 	{lib} 

Removal of 0 3  by °2  (
1 6)+and 0(2P) is insignificant at 

times< 50 jis. 	The depletion in the presence of CO. 2 
 was 

found to be 11.8± 0.9 % and in He was 24.3±1.2 %, and 

suggests that 0(2 3P) production from the photolysis of 0 3  

	

• in the Hartley continui 	is negligible. 

Quantitative determination of do concentrations. 

+ 

 

X2 113 ) spectrum of do consists of a series The (A2113,  
• 	/2 

of bands in the region 273 to 312 rim. The concentration 

of ClO was determined from (5,0) band at 295.4 nm. Extinction 

coefficients (base 10) at 298K for the (11,0) band have been 

determined by Clyne and Coxon 6 s c = 3.15 ± 0.10 x 10 1 om 
- 	 - 	2. 	-1 

molec 1  and by 2asco and Dogra as 	2.82 x 10 cm molec 

The ratio of the (11,0) to (5,0) band was measured from good 

quality ClO spectra obtained by the flash photolysis of CFC1 3/02  

mixtures. The ratio was found. to be 2.10 ± 0.13. Taking an 

average of 3.00 ± 0.20 x 10 l8cm2molec  for the (11,0) band, 

then E (5,0) is calculated to be 1.43 ± 0.13 x 10 18 om2mo1ec. 

These values for the (11,0) and (5,0) bands. are in good agreement 

with recent determinations 6970 

No appreciable dependence upon slit width of intensity of 

absorption by C10 was observed by dyne and Coxon. 

Quantitative determination of OC10 concentrations. 

The (2A + 2B.)  spectrum of OC10 consists of a series of 
2  

regularly spaced bands extending from 320 to 370 nm, with 

a maximum intensity at the band at 351.5 nm. The extinction 

coefficient (base 10) was measured by dyne and Coxon as 

18 2 	-1 	 68 5.0 x 10 cm molec and by Basco and Dogra as 5.13 x 

io18an2inoiec. No dependency of intensity of absorption 

upon slit width was observed by dyne and Coxon 7 . 

*  
Recently however Lee et al 175 appearto have shown conclusively 

that there is about a 10 % yield of 0(2 3P) from the photolysis 

of 0 3  . This is discussed in more detail on page 39 



3.3 The reaction of 0(2 1D) with CF2C12  and CFC13 . 

When 03  (27 N 	was photolyse4 in an excess of cP 2cl2  

or CFC1 3  (2.7kN n1 2 ) a strong spectrum of dO was observed. 

No do was observed when N 2  or CO 2 
 was added to quench 

0(2 1 D) indicating that CIO arises from reaction between 

0(2 1D) and the CFC. The growth of ClO continued for several 

hundred us after the completion of the flash indicating the 

occurrence of secondary ClO formation reactions (see figures 

3.1, 3.2 ). 

To distinguish between initial ClO formation by C4} and by 

{5} followed by (l), a small pressure of C 2  H  6 
 (66 to 266 N 

was added to remove Cl atoms by {121,  k ç  = 6.7 ± 0.7 X 10 
-1 -1 72 	

12 
ommolec s , 

	

Cl + C 
2 
 H 6 - Ed + C 2E 5 	 C121 

Under the conditions used > 95 % of the Cl atoms were removed 

by {12 

Some 0(2 1 D) reacted-with C H 6 , C131 , in competition with (4} 
-1 	-1 1 9 to (8},k {13}  = 3.1 x 10 ommolec S 

0(2 1D) + C 2  H 
 6 - OH + C 2E5  

and a small correction to the branching ratios into {4} and 

C61 calculated by the graphical method described below is 

required. OH is assumed to be rapidlyremoved by {14} 
-13 3 	-1-1 	3 

k(1}  = 3.0 x 10 	molec 

	

OH + C2E6  - HO + C 
2  H  5 
	 . 	 (14} 

and to have no effect on dO kinetics. 

Similarly, C 2E5  is assumed to have no effect. 

The result of the addition of C 2 H 6 
 is shown in figures 3.3  and 

3.4. Note that there is now no secondary growth of CIO, 

indicating that C 2  H  6 
 has reacted with some intermediate in 

the secondary formation scheme. The decay of CIO after 150 us 

is extremely slow, and is ascribed to the d.isproportionation 

reactions of CIO. These are discussed in. detail in Section 7. 
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3..3 cont'd. 

The initial rapid decay of ClO could be due to either 

(a) quenching of 0(2 1D) to 0(2 3P) by CF2C12  or 

• 	 CFC13  followed by {2} and {12 

or 

• 	(b) recombination with CF2CI, CF2C1O or 

• 	• CFC12 CFC120. 

Alternative (b) is -unlikely in that it would require an 

• 	extremely efficient recombination reaction, k 5 x 10
1  

CM inolec s 	-. And there is evidence to suggest that 

the major reactions of these radicals are combination, 

and reaction with 0 3  (see Section 4). 

Alternative (a) was shown to be the correct one by 

M.C. Addison who was able to detect the formation of, 

and measure the yield of 0(2 3 P). following the reaction of 

0(21 D) with CFCs. 

The apparatus for flash photolysis with resonance absorption 

of 0(23 P) at 130 rim has been described 
5-5 
 The  experimental 

approach was to measure the 0(23 P) absorbance when a given 

concentration of 0 3  was photolysed in an excess of N 2 , such 

that all the 0(2 1 D) was. quenched to 0(23 P). The same 0 3  

concentration was then photolysed in an excess of CFC. 

The fractional branching ratio into {6} was found by comparing 

the 0(2P) absorbance in the latter. experiment with the 

absorbance in the former. 

Because of problems of absorption by CFCs. in the region of 

the 0(2 3P) absorption, Addison was only able to measure 

0(2- 3p)  yields for CF3C1 and CF2EC1. However, it is reasonable 

to assume that quenching also occurs in the reaction of 

0(2 1D) with CF2C12  and CFC13  

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 10 .is 

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 CIO removed by then, and was added on to the experimental 

concentration of ClO at that-time. 
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3.3 	cont'd. 

The dO decay and estimate of total ClO, yield is shown in 

figure 3.5. (This method has been illustrated for the 

03/CF2Cl2 /C2H6 system shown in figure 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(2 3P) yield. These values (corrected for loss of 

0(2 1 D) by {1311were taken as initial values in a computer 

simulation (using the Harwell 'CEEK' program, Chapter :2) 

of the ClO decay. Rate constants for the reaction of 0(2 1 D) 

with CF2C12 1  CFCl3 10and d296 9  were taken from the work of 

Fletcher and Husain. These authors reported. two values for 

the rates of removal of 0(2 1 D) depending on whether the 

Beer Lambert exponent 8 was 0.41 or 1.0. Although Fletcher 

and Husain preferred B= 0.41, their values of. rate constants 

are only j.r agreement with other determinations if = 1.0. 

And there are theoretical reasons supporting O= 1.0 76 

Thus the rate constants used in the simulation are Fletcher 

and Husain's values when . = 1.0. 

The best fits for the decay of ClO for CF2C12. and CFC13 are 

shown in. figure. 3.3 and. 3.1.  Tables 3.1 and 3.2 list the 

equations used in the simulation for CF2C12 and CFC13. 

Table 3.3 lists the branching ratios. (See note on page 45) 

Branching ratios into {5}, {7} and C 81 

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

into CX2 O and X. Thus it was assumed that {5} was on a us time-

scale effectively, 

0(2.1D) + CFxCl.4_x CFCi2 O 
 + Cl + Cl 	 {5 .  b 

AH ° = - 336. kJ mole- ' for CF Cl 
298 	 2 2 

and = 29 kJ mole-' for CFC1 3  

An upper limit into C5.b} may be obtained from the difference 

between the experimenttl Cia 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 dO concentration 

from secondary formation reactions. 
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Table 3.1 

Best fit computer simulation of the reaction of 0D) with CF 2C1 2  

No. Equation k/ommoiec 1s 1  Ref. 

03  0+ 0(1D) 
2  

61-65 

5b 0( 1D) + cp 2c1 2  - CF2  O + Cl + Cl 1.0 E -11 caic. 

4 0( 1D) + 	'22 -' 
	FC1 + cia 1.0 E -10 caic. 

6 0( 1D) + cF2C12 	' 22 
+ Q(3) 4.0 E -11 calc. 

7 0( 1D) + 	22 	'2° + 
Cl2  5.0 E -11 balc. 

1 Cl + 0 3  - 	CIO + 2 
1.2 E -ii 74. 

17 cF 2C1 + c 2ci - C 2F4C1 2  2.0 E -11 78 

iSa CF 2C1 + 03 	+ Cl + 2.0 E -12 caic. 

2 0( 3P) +C109-C1+02  5.3E-1l 75 

13 0( 1D) + C 
2  H  6 	

C 
 2 

H  5 + OH 3.0 E -10 9 

12 Cl + 
C 2 

H  6 - HCl + C 
2  H 

 5 6.3 E -ii 72 

The equations above the line simulate the 0 3 /CF 2C1 2  system , inclusion 

of the equations below the line simulates the 0 3  /CF 2C1 2/C 2H6  system 
-2 Two experiments with 

C2
-H6 ( 270 and 66.N m ) were done 

Table 3.2 

Best fit computer simulation of the reaction of 0(D) with CFC1 3  

9 03 •+02() 	+ 0( 1D) 61-65 

Sb 0( 1D) + cpc1 3  - cPCiO + C 	+ C  2.3 E -Li calc. 

4 0( 1D) + CFC1 3  - cF12  + dO 1.0 E'-10 calc. 

6 0(1) + CFC1 3  - CFC1 3  + O(P) 4.5 E -11 calc. 

7 0( 1D) 	+ cFd1 3  - 	CFC1O. + Cl2  5.6 E -11 caic. 

1 Cl + 0 3  - 	ClO + 02 1.2 E -11 74 

17 cFCl2  + CFC12 - C 2F2 C1 4  2.0 E -11 est. 

15 PC1 2  + 0 3 	FC10 + ClO + °2 
5.0 E -12 caic. 

2 O( 3P) 	+ ClO 9- Cl + °2 
3.0 

E. 

E 

-11 

-10 

75 

9 13 0( 1D) + C 2 H  6 - C 2 H 	+ OH 

12 Cl + C 
2  H 

 6 + HCl + C 
2  H 

 5 6.7 E -11 72 

- The equations above the line simulate the 0 3/CFC1 3  system , inclusion 

of the equations below the line simulate9 the 0 3/cFcl 3/c 2H6  system. 

One experiment with C 2  H  6 ( 270 N m- 2 ) was done 

* The rate of combination of CFCI2  was assumed to be the same as that 

of CF2C1 



Table 3.3 Product branching-ratios for the reactions ofo(2 1 D) with CF 3C1, CF2Cl2  and CFC1 3  

CF3C1 	 0.55 ± 0.10 

CF2C1 2 	 0.50 ± 0.10 

cEc1 3 	 0.45 ± 0.10 

{5} t7} 	+ 	{81 W (Aison) 

CX 20+ 2X CX2 0 1- X2 0(2 3P) 0(2 3P) 

0.23 	± 0.10 < 0.10 

< 0.25 

0. 27 ± 0.10 

0.20 	± 0.10 

0.30 	± 0.10 
0.15 

- 
0.05 	± 0.10 

0.05 

0.10 	± 0.10 < 0.25 0.20 	± 0.10 - 

Reaction No 	I 	{4) 

reaction products CIO +CX 

Lee et al 175 photolysed 0 3  in a supersonic molecular beam and the measured the translational energy of the 

primary products . They detected five peaks corresponding to centre of mass translational energies of 	250 

55.2, 42.8, 26.4, and 9.9 kJ rnol 	. The only reaction capable of giving products with translatiçnal energies 

around 250 kJ mol 1 is 

03 	- 	02(r) + 0(2
3 
 P) 

and was estimated to have a branching ratio of 0.10 

An 0(2 1D) yield of 0.9 rather than unity does not greatly alter the branching ratios shown in figure 3.3 	 Uj 

except for the yield into 0(2 3P) . The revised figures for CF 3CI. for example are now 0.61, 0.25 and 0.11 

for reactions 4,5, (7 + L.-),respectively, but now only 0.19 for reaction 6. 
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3.3 	cont'd. 

These upper limits were taken as initial values in the computer 

simulation of the secondary growth(section. 4). The best fit 

values are given, in table 3. Branching ratios. into f7} and 

(a} were estimated from mass balance calculations ,i.e. as 
the difference between 1.0 and the sun of the branching ratios 

into {5} ,{4} and (61. 

	

3.4 	Secondary growth of CIO 

From the branching ratios obtained above ,. the only species 

which could react to give secondary ,C10 formation is CX
3  

formed in (4}. The oxidation of CX3  radicals is:-  not well 

understood , but two mechanisms have been postulated for 

reaction with 0276  ( some 0 is always present with 0 3  

CX3  + 02 - CX20 + OX 	 (A). 

CX3 + 02 	CX302 	 (B). 

2CX302  C30 + 

Cx30-CX2O+X 	 - 

With, in Heicklen' s opinion, the balance of evidence favouring 

{Al. However, the suppression of secondary growth by C 2H6  

indicates that reaction proceeds via Cl. atom release, since 

removal of CX 3  by reaction, with CE 6  is too slow to be 

significant7 	Thus (Al must be ruled out, while secondary 

growth can occur by {B} a more likely reaction scheme has 

been proposed by Kaufmannet a19 ,who similarly observed 

secondary ClO formation following the reaction of 0(2 1D) 

with Cd4. 

They suggested 

CX3 + 03 + 30* + 2 	 (15). 

CX30*+  CX20 + X 	 {16} 

The overall reaction is exothermic for CF 2C1 and CFC12. 

The secondary growth of ClO. in CF2C12 1  and CFC13 was 

simulated assuming that 
a) CX30* . disintegrated immediately, so that (15 } and (16). 

could be written as 

CX3  + 03 -CX20 + X + 2 	 (iSa). 



Is 

34 	cont'd. 

b) (15a} competes with the combination of 

CX3  radicals .,{171 

The best fits are shown in figures 3.1 and 3.2. 

Tables 3.1 and 3.2. List th4 equations and rate constants 

used in the best fit simulations. 

3.5 	03  depletion. 

The amount of 03  removal following the photolysis of 03 in the 

presence of CF 2C121  CFC13 and CF 3C1 (Section 6 	) was measured. 

The experimental values were in good agreement with the values 

predicted by the best fit simulations. The amount of 03 removed 

was approximately twice that photolysed even at short times, and 

explained the low values into ClO branching ratios obtained by 
46 , 52 

Donovan et al, who monitored the amount of 03 removed at 101.xs 

following photOlysis of the 03/CPC-system, and assumed thatth 

0(2 1D) yield was equal to the amount of 03 removed. 

3.6 The reaction of 0(21 D) with CF 39j 

The temporal development of C10 following the flash photolysis of 

03  in the presence of an excess of CP 3C1 ( 2.7kN m 2  )' is shown 

in figure 3.7 . In contrast to the behaviour observed in the 

reaction of 0(21  D) with CF 2C1 2  and CFC1 3  , here the concentration 

of ClO was observed to decay rapidly after about 50 us , with a 

contemporaneous formation of OC10 . This decay will be discussed 

Later 

Branching ratios into 	land { 6} were obtained in the manner 

described above for CF 2C12  and CFC1 3  . The effect. of addition of 

C
2  H6

(66. to 270 N m ) is shown in figure 3.8 . 	No OC10 

formation is now observed , and the .  fast decay of ClO is complete 

by about 150 U s . This fast decay is similar to that observed 

in the 0 3/ C2c1 3/ C 2  H  6  and 0
3/ CP 2C12/ C256  systems and is ascribed 

to the effects of 21 and [ 12} 
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Temporal development of CIO and OC10 in the 0 3/CF3CI system 
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Figure 3.8 

Temporal development of CIO in the 0 3 /CF 3C1/C2H6  system 
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3.6 cont'd 

The lack of continued fast dO, decay after 150 1s indicates that 

the decay process observed in figure 37. has been suppressed in 

the presence of C 2H6  . Fijure 3.8 shows the best fit simulation 

of the do decay in the presence of C 2H6  and table 3.4 lists the 

best fit equations . Table 3.3 lists the branching ratios into 

reactions C 4 } and C 6 } . The value of the O(23 P) branching ratio 

determined directly by Addison is in good agreement with the 

indirect determination 

Branching ratio into { 5 } and C. '8 } 

The difference between the total yield of'ClO and-the yield 

calculated for{ 41 is an estimate of the branching ratio into 

reaction{ 51 . 	The total yield of ClO ('C 4.1 + 'C 5 } ) was obtained 

by graphical extrapolation of the decay in figure 3.7 

The branching ratio into{ g } was calculated by mass, balance 

Branching ratios for these reactions are shown in table 3.3 

3.7 The decay of do and the formation of OC1O 

The concentration profiles of ClO and OC10. over 10 milliseconds 

are shown in figure 3.q . ( It should be noted that in order to 

improve 'sensitivity , no filter solution was used in this 

experiment allowing higher percentage photolysis of 0 3  ( CF3C1 

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

At long times the disproportionation reactions of dO, 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 79  using flash photolysis with 

photographic and photometric detection , and by Johnston et al-80  

and Cox et aZ. 81 , both groups using molecular modulation 

spectroscopy have indicated that there is a third order 

combination reaction 

C10+Cl0+M-C1202 +M . 	. 	 . ' CiBa} 

Basco79  'observed a new absorption spectrum in the ultraviolet 

and which he ascribed to Cl 2 2 	 (18a-- 1 
.' . Determinations of k 	.} are 

listed in table 3.5 
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Table 3.4 

Best fit computer simulation of the reaction of 0 ( 1D) with CFL 

No. Equation 	 . 
.3 	-1-1 kim niolec 	.s Ref. 

9 03  -0 	A) 	+ 0( 1D) 	 . 
2 

61-65 

Sb - 	
+ F + Cl 0( 1D) + CF CF 0 3C1 2.3 caic.  E -11 

4 0( 1D) + cF 3CI - CF 	+ ClO 5.4 £ -11 	. caic. 

6 0( D)+ cF 3C1 - CF3C1 + 0( 3P) 2.6 E -11 calc. 

1 Cl + 03  9 co + O 1.2 E -11 74 

2 0(3) + do 	Cl + 02 5.3 E -11 75 

17 CF 	+ CF 	C 2 F 6 	 . 9.0 E -12 91 

19 , 	CF+ 03 	CF2O 
+

+ F 3 . 	
2  

3.0 E -13 caic. 

20 F + 0 3  - FO + 02 1.3 E -11 83 

21a FO + C 1 - FC1O 2  8.1 E -12 calc. 

21b FO + C 1 - F + OC10 3.2 E -11 calc. 

- 02( 1 ) + 03 	2 + 02 	+ 0(23 P) 4.0 E -15 169 

F + C2H6- HF + C 2 H 
5 

5.2 E -11 84 

13 0( 1D) + C2H6 - C
2  H5

+ OH 3.0 E -10 9 

14 Cl. + C
2  H6

-  HC1 + C
2  H 5 

6.7 E -11 72 

The equations above the line simulate the 0 3/CF 3C1 system , inclusion 

of the equations below the line simulates the 0 3/CF3C1/C2H6  system 

Three. experiments with C
2  H6

C 270 , 67 and 27 N in 4) were done. 

Note from page 37 

The 03/CFC/C2H6  experiments were simulated first. There were two 

variables in these simulations, the ClO and the O(2 3P) yield. 

Small, changes (0.05) in the O(2 3P) branching ratios had significant 

effects on the slope of the simulated C1Odecay over the period 40 

to 150 Ps. Similar changes in the ClO yield had much smdlir effects 

on the slope of the dO decay but did of course increase or decrease 

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

3  ratios into 0(2P) and do could be determined. 



Figure 3.q 3. 3 . 	Decay of ClO and formation of OC10 following the reaction of O(]D) with CF 3C1 

(1)0 = 27 Nm21 p_ 	2.7 k Nm2). 
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Table 3.5 

Literature values for the reaction., ClO + dO + M * Cl
2  02 

 + M 

Ref. (k/ cm 6 xnolec -2 
 s

-1
)X 10

-33 
 remarks 

79 9.7±0.4 M=Ar 

79 . 	7.7 M=Ee 

79 22 	 . M=02  

81a 30±5 M = N 	+ 0 
2 	2 

80 50±5 M02 

47 



3.7 cont'd 

.Basc079  found evidence for an independent second order reaction 

• 	but was unable to. distinguish between (18b} - { 18d} 

CIO + do - Cl + 2 	
{tab}. 

CIO + CIO .C100 + Cl  

•Cl0 + CIO -Cl +OClO 	 {18d} 

However , Cox81  was able to determine , by computer analysis 

rates into {18b} - {18d} . His total second order rate constant 
_14 3 	-1 -1 

k1 , , = 1.0 x 10 cm molec s is in good agreement with the 
- 

value of k 	 1.3 x 10 
_14 

 cm 3 
	1 -1 
molec s 	obtained by Basc& 9  

These results are in disagreement with those of Clyne 82  who 

monitored the decay of ClO mass spectrometrically in a flow 

system . They determined 	 = 2.3 X l0'cm3molec1s1
flObcdl 

and considered that C 18c} was the major reaction at low pressures 

with C 18d} as a minor ( 5% ) reaction , but were unable to 

determine the extent of C18b}  

C1 202  is estimated to be a fairly stable molecule 
0 E298 { Cl..0., } =-136 ± 3 kJ mole and a bond strength of 

hh 	 a 
D {C100-Cl } 	79 ± 5 kJ mole have been estimated by Basco 79 .. 

Subsequent removal of Cl 202  is likely to be complicated , and the 

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

c12o2  - do + do 	 -[18a) 

Cl202  + M +Cl + C 10 + M 	 {18e} 

C1 202  + M - Cl2 + 2 + M 	 t 18f 

Cl202  + C1202  Cl2 + 202 + 2C1 	 C 1.8g} 

Cl + d1202 	Cl2  + oclo 	 { l8b} 

Cl + C1202  - Cl2  + ClOO  

The decay of CIO and the formation of 0C10 over the first millisecond 

are thus too fast to be due to {18a.} - C18&} . 	It is proposed 

here that rapid reaction of ClO with FO leads to the observed 

ClO removal and OClO formation . F atoms may be formed by two 

reactions . 	Initially by (5b) 

0(210) + CF3C1 - CF 3O* + Cl 	+ F + Cl 	{5b} 

-165 kJ mole1 



3.7 cont'd 

• 	and secondly by 191 

cF3 
 +

0
3 
	Q 	 02 + F 	{19} 

3 	 2
• AH298 = -210 kJ mole 

83 • F atoms are rapidly converted into FO by reaction with 0 
• 	 ._i]. 	3 	-1 -1 3 
k 20}  = 1.3 X  10 cmmolec s 

F+03 - F0+02 	 {20} 

Reaction of P0 with dO could proceed by two pathways to give 

the observed kinetics ,r 

FO + do 4- FC1 
+ 
0
2  / Ed0

2 	 {21a} 

F0+CIO 	F+OC1O 	 (21b} 

with a ratio kC2i }/ k2Th} 

Evidence for the intermediacy of F atoms is ; 

, No OClO formation and no ClO decay was observed in the 

presence of C 2  H 6 , which is a good 
-scavenger of 

F atoms 8  

No OC10 formation and no rapid do decay was observed 

in the presence of Cl2  ( 60 N in 
2) 
 which reacts rapidly 

with F atoms k {22}  = 1.6 X  10 	3mo1ec1s1 	5 

F + Cl2 - FC1 + Cl 	 {22} 

This experiment was not , unfortunately, quantitative 

as Cl 2 photolysis ocurred 
2 

Addition of 02  1.1 kN 
in ) to partially scavenge 

CF  radicals , reduced by more than half the OC1O yield 

and the amount of CIO removed 

FO has been detected mass spectrometrically in the 
86 • 	 CF3Br / 03  system 	In the CF 3C1 / 0 3  system it 

was not possible to distinguish between the EQ and the 

Cl nile  peaks , but it seems reasonable to assume that 

FO was present 

Cross halogen oxide reactions between dlO and BrO have been reported 

	

87 	 88 	 87 
by dyne and Watson , and by Basco and Dogra . Clyne showed 

that two pathways were of equal importance. 

dO + BrO 4- C100 + Br 	 23a} 

dO + BrO + OC10 + Br 	 C 23b} 

	

-12 3 	-1-1 
k 3 }=kf23b } 6 . 7X lO ommolec 



3.7 cont'd 

Reactions C21a} and {21b} are thus reasonable . 	Reaction C21a} 

may yield FC1 + 0 2 (A E1298 8 = - 260 kJ mole 1  ) 

or FC10 (I no  = - 240 kJ mole ). FC10 has a distorted 
- 	2 	298 	 2 

pyramidal structure with the Cl atom at the apex 89  

It was first prepared by the reaction of F 2  with ad0 90  

Reaction {21b} may be an independent pathway , exactly analogous 

to {23b} , or it may arise from the disintegration of 

vibrationally excited FC10 2  

FO + dO - FC102* + 14 - Fda2  

4. 

• 	F+OC1O 
• 	 89 

The decay of FC102  has been shown to yield OC10 

The decay of ClO and the formation of OC10 were simulated 

and the best fit is shown in figure 3. q 

.:\Again it was assuned here that , as in the case of CF 2C12/ 03  

and CFCI3/ 03  systems , reaction C51 and {19} could be written 

as one step , that is the intermediate CF 3O* species disintegrates 

immediately on a jis time scale . The best fit equations are listed 

in table 3.4 

The decay of do after about 1 rns 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 10 14om 3molec 1s 1 ' 
-32 

corresponds to a third order decay of about 3 x 10 Cm
6 
 molec

-2  s -1 
 

which agrees well with the rate data for .{18a} presented in table 

3.5. 
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CHAPTER FOUR 

REACTION OF 0(2 1 D) WITH CF HC1 
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4.1 Introduction. 

By analogy with the reactions of 0(2 1D) with CF 3C1, 

CF2C12  and CPC13 , the following reactions of 0(2 1 D) with 

CF HCl bear consideration. 

0(2 1 D) + CF 2HC1 	cP 2E + do 	 {i} 

	

dF2H0 + Cl 	 {2} 

cF2Ec1 + 0(2 3P) 	 (3) 

	

-.CF20+HCl 	 {4} 

	

+ FC10 + HF 	 {5} 

and by analogy with the reactions of. 0(2 1D) - with CH 4  

	

0(21D) + CF 2HC1 -. CF2C1 + OH 	 {6} 

Donovan et al 52,  have reported a lower limit into {1 } 

Lin 60observed HF, but not EC1, chemical laser emission following 

the reaction of 0(2 1D) with CF 2EC1, which he proposed proceeded 

by an insertion-elimination process. 

0(21D) + CF 2HC19.CF 2C1OH* +CFC1O + HF 	{5} 

In this chapter the reaction of 0(211))  with CF2HC1 is considered 

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

presented. Sane novel chemistry of CF  oxidation by ClO will 

also be discussed. 

4.2 Experimental. 

The apparatus for flash photolysis with time resolved kinetic 

spectroscopy has been described (Chapter 2). 

The lower 0 3  concentrations used in these experiments allowed 

the do concentrations to be measured at the (8,0) or (11,0) 

bands of the (A211312 - Xll 3 /) system. Extinction coefficients 

of c (11.0) = 3.0 ± 0.2 x 10 cm1molec l and C (8,0) = 2.5 ± 0.2 

x lo czn2tnolec -1 were used. C (8,0) was determined in the 

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

recent reports in the literature 69 70 •  

The (A1B1 - X 1A 1) system of CF  consists of a series of regularly 

spaced bands in the region of 230 to 260 nm92 . The concentration 

of CF  was monitored at the \)21 = 6) band at 248.8 nm. 
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4.2 cont'd 
18 

An extinction coefficient for this band of 1.27 x  10 2  ni 

molec 1  was taken from the work of Tyerman 93  . Absorbance 

of a band was found by Tyezman to be independent of slit width 

over 25 to 200 microns , the plate factor of Tyerivan' s 

spectrograph ( 2.5 K mm-1  ) being similar to that of the 
Huger Watta medium quartz spectrograph used in this work 

1.5 K mm 1  ) . No significant variation in optical density 

• was observed with-pressures of added N 2 .between 2.8 and 28 kN ma 

4.3 Results and discussion. 

When 03  ( 13 N m-2  ) was photolysed in the presence of CF2HC1 

.( 2.7 kN m 2  ) strong spectra of CF 2 and CIO were observed 

figures 4.1, 4.2 	. The formation of both. CF 2 
 and ClO 

followed, the integrated flash profile 

Branching ratio into Cia formation, {l} and Cl formation {2} 

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

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

(2}, C 2  H 
 6 ( 66 N.m 2  ) was added . 	The result of this experiment 

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

(> 80%). of CIO is {i}.. The rapid decay of CIO to an. undetectable 

concentration. by 150 i.is indicates that it is likely that there 

is a large branching ratio into 0(2 3P) production . This will 

be discussed later . Branching ratios into {l} and {2} are listed 

in table 4.1 

Branching ratio into OH formation , [6 } 

The lack of secondary growth of C10 in the 0 3/ CF2HC1 system 

suggests that there was little CF2C1. formation and no OR was 

detectable by plate photometry . The much more sensitive 

technique of flash photolysis with OH resonance absorption 

detection was used to look for OH formation . The yield of OH 

following the photolysis of 03  man excess of 320  was used as 

• a standard 

Q(21D) + 2° - OH + OH 	 [7} 

9  This reaction was assumed to give 2 OH radicals 



Figure 4.1. 

Temporal development of CF2 in the 03/CF 2  HC1 system. 
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Table 4.1 

Product branching ratios for the reaction of 0( D)with CF 2HC1 

Reaction No. 1 2 4 + 5 6 3 3 

(Addison) 

Product CF H 
CFH0 2 0( P) 

3 
O( P) CF2O + HC1 CF2C1 

+ 	10 
+ Cl. 

CFC1O + HF + OH 

0.10 
Branching 0.55 ± 0.05 < 0.10 < 0.10 0.055 ± 0.01 0.42 ± 0.05 0.28 

ratio 

U-' 

0) 
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cont'd. 

On'this basis, the yield of OH from the reaction of O(2 1D) 

with CE4  was 0.75 ±0.10 in excellent agreement with the 

results of Lin and De More 33 . The branching ratio into {6 } 

is shown on Table 4.1. 

-. branching ratio into CF2  formation 

- Branching ratio into CF2 production is 0.42 ±0.05. Two direct 

reactions leading to CF2 production are possible,. viz 

0(2 1D) + CF2HC1 --CF  + Ed + 0(2 3P) 	{ 3a} 

-CF2+OH+C1 

(8 } can be dismissed as a major pathway (< 0.05) as the yields 

of OR and Cl have been shown to be insignificant. Before 

considering {3a} , {9} to {14} will be discussed and shown 

not to contribute significantly to CF2 production 
hv 

CF 2HC1 	CF2 + Ed 	 {9} 

A.t the pressures of CF2RC1 used, no CF2 was observed when 

CF2EC1 was flashed in the absence of 0 3 .. 

2CF2H - CF2  + CF2H2 

Disproportionation- is. a minor process competing with Cll}, 

k{10} /k{ll} 0.17 

2CF2R-(CF2H) 2 	 (1l} 

Thus {10} can not account for all the CF 2  production but may 

contribute to an extent of < 0.10. 

CF2E + 0(2 3P) - CF2+ OH 	 {12} 

298 = -136 kJ mole 1 

A major contribution from this pathway may be ruled out,from 

the low branching ratio into OH formation. (12} would compete 

with {l3} 

0(23 P) + ClO - Cl + 02 	 (13} 

and any increase in . C10 concentration would affect the CF2  

yield. No change in CF 2  yield was observed when the dO 
14 	 14 

concentration was varied from 3.0 x 10 to 11.5 x 10 molec 

cm 3 . This was achieved by the addition of C1 2.  (< 95 N 

to the 03  /CF 2Ec1 system, Cl atoms were produced by photolysis 

of Cl2  aid reacted with Oj to give C1O 

Cl + 0 3  ClO + 2 	 { 14} 



4.3 cont'd. 

Finally, cF 3I was used to scavenge 0(2 3P) 

k = 1.1 ± 0.2 x 10 11om 3  molecs 1  55 

O(2 3P) + cF 3I -cF 3  + to 

and again no change in CF2  yield was observed when small. 

pressures of CF 3I (60 N M
-2) were added to the 0 3/CF2EC1 

and N20/CF2HC1 systems. These results all argue strongly 

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

CF 2 was observed when N 2  0 was used as a source of 0(2 1D), 

indicating that CF  is not formed by the reaction of some 

CF 2 containing molecule with 0 3 	It. was thus concluded 

that .{3a} was the predominant CF  producing pathway. 

{3a} is essentially, similar to the quenching process observed 

in the reaction of 0(2 1D) with CF 3C1, CF2C12  and CFC1 3 , 

the only difference being that CF2HC1 can gain enough energy 

from the quenching of 0(2 1 D) to 0(2 3P) to fragment to 

CF 2  and HC1. This process has been shown to occur readily 

on photolysis 96  and pyrolysis 97  of CF2HC1, and, indeed, in 

pyrolysis an equilibrium is set up between CF 2HC1, CF2  and 

ac l. 

CF EC1 --  cF + EC1 	 {16} 2 	
2 

 

Similar disintegration reactions for CF 3C1, CF2C12  and 

CFC13  are endothennic. 

It is perhaps surprising that 0(2 3P) escapes from the force 

field of CF
2' 
 as CF20 is a very strongly bound molecule. 

This can be understood when it is realised, that CF
2  (X 1 A1 

and 0(2 3P) do not correlate with the ground state of CF 2O, 

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 recombination98  

The yield of CF  is taken as an upper limit into 0(2 3P) 

formation (other processes may contribute to about 30% of 

the CF  yield) . There is satisfactory agreement between the 

0(2 3P) yield based on the CF  yield, and that measured by 

Addison. The branching ratios for { l} to (6} are shown in 

Table 4.1. 
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4.3 cont'd.. 

Lin. observed only HF laser emission, although formation..of 

HC1 is more exothermic following the flash photolysis of 

03/CF2HC1 mixtures 60  . He postulated that reaction occurred 

by an insertion-elimination mechanism. The present results 

show that HF elimination cannot account 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 Ed is a major process. 

It seems unlikely that chemical laser emission would occur 

from a minor reaction channel. In a separate series of studies 

Lin has suggested that the reaction 

0(2 3P) + CF2E -"'CM + HF* 	 (17} 

can give rise to HF laser emission. The above results show 

that both 0(2 3P) and CF2H are major products of the reaction 

of 0(2 1 D) with CF2HC1 1  and it is suggested here that reaction 

{17} could account for Lin's observations in the 03/CF Ed. 
2 

photochemical laser system. 

4.4 Effect of translational energy of 0(2 1D) on the CF  yield 

The thermochemistry of {3a}(i 98=+ 17 ± 18.5 kJmole 1 ) 

would seem to disfavour the reaction , in that it would 

require essentially all. the electronic energy of 0(2 1D) to 

be channelled. into vibrational energy of CF 2HC1 , and none to 

go into translational energy of 0(2P) or CF2HC1 . However this 

restraint may be relaxed somewhat if it is considered that 

0(2 1 D) reacts with CF2HC1 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 excitatiãn. of the products has been observed 

for the reaction of 0(2 1 D) with 0 . To determine whether 

the excess translational energy of 0(2 1 D) affects the reaction 

10(21 D) was thermolysed by the addition of He ( 7.2 kN.m 2  ) 

(pressure of CF 2HC1 was 760 N M_ 2  in this experiment ) . No 
reduction. in CF 2  yield was observed 	It was thus concluded 

that (3a} is exothermic and that the excess translational 

energy of 0(21 D) is not required for reaction to occur 



Decay of CF2 

CF 2  in the singlet ground state is surprisingly inert 

towards a wide range of molecules including 02  3 E) and alkenes 100, 

The major removal process under the conditions previously 

studied is dimerisation k 1  = 3.7 x 101n3molec1s 1 93 

CF  +F2  + M-+ C 2  F 
 4 + M  

CF 2  , formed by the reaction of 0(2 1D) with CF2HC1 , decayed 

at a rate considerably in excess of C181 . Species which could 

react with CF 2  under the experimental conditions were 0 3  

02 
( 1) and ClO . The do concentration was varied as described 

above , and the results. (figure 4.3 ) indicate a clear 

relationship between the rate of CF 2 
 removal and the dO 

concentration . In the case when no dO was present ( obtained 

by the addition of C 2 H 6 , 130 N M-* - 2) the rate of CF 2- decay 

was in excellent agreement with Tyerman's value for (18} 93. 

For most experiments the decay of CIO was about that due to the 

disproportionatiOn reactions of C10 7982 . At the highest dO 

concentrations however , when sufficient Cl 2  was photolysed to 

remove all the 03 . the rate of CIO decay was greatly enhanced 

and was similar to that of CF2 	
These results suggest that 

Cl atoms are a product of the reaction of CF 2  with ClO , 

CF 2 + do ' '2 + Cl 	 {19} 

a 9  	 1  2 	 ' 
This reaction is analogous to that proposed by Lin 

CF2 	0. CF20+N 	 {20} 

Rate of reaction of CF2 
 with dO 

The rate of CF  decay is given by the expression 

-d{CF 2 } = k{CF2 }{Cl0} 

dt 

However ,. as ClO was being regenerated by {14} , and removal 

of ClO by disproportionation was slow , the concentration of ClO 

was approximately constant over a considerable portion of the 

CF  decay . It was thus possible to treat the CF 2 
 decay as pseudo 

first order . First order plots of the CF 2  decay were linear 

over several milliseconds 

ON 
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Figure 4.3. 

Decay of CF  in the presence of do. 
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4. 5' cont'd 

Table 4.a lists the first order rate constants and the average 

C10 concentration over the time of the decay . 

Least mean squares analysis gives k 	6.3 ± 0.6 xlC 13  

cm3molecs 1  

4.6 •Decay of CF 1  in the presence of 02_ 

In the presence of 02 C 460 .N m 2  ) , CF decayed rapidly 

over the first millisecond , and then more slowly with a 

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

decay ( figure 4.4 ) . 	If C 2 H  6 ( 130 N m- 2 ) was added 

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

had a rate in excellent agreement with Tyerman' s value 

for C18193  . This indicates that a Cl containing species is 

responsible for the rapid initial decay of CF  , the most 

likely species being ClCO . In the presence of 02 , C100 

is formed by {20} in competition with {14} 

Cl + °2 + M.- ClOO + M 	 (20} 

C100 is unstable and, is removed by {21} to (23} 

Cl00 - Cl + °2 	
{21} 

Cl + ClOO - 	
+ °2 	

C22} 

Cl + CiCO CIO + CIO 	 , 	 {23} 

and CiCO will only be present in significant concentrations 

when there is a significant source of Cl atoms , i.e. during 

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

likely to be significant due 'to the slow rate of C241 8  

CIO + CIO - Cl + ClOO 
	

{24} 

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

CF2  decay 

Due to the uncertainty in the rate of (20} 102, 87 , 'it is 

difficult to estimate the CIO concentration accurately 

however from the value of Clyne,the ClOO concentration should 

be less than 1% of the dO concentration and, it. is therefore 

difficult to explain such a large removal of CF  



Table 4.2 

First order rate constants of CF 2  decay and ClO concentration 

Exp. 

No. 

cio x 10- 14/molec cxn 3  k/ 

10. 2.1 75 

10 2.7 120 

19 5.4 270 

18 5.1 360 

18 7.3 435 

16 7.5 463 

16 10.5 590 

CF + ClO - CF20 + Cl 
	

(19} 

k (ig} = 6.3 ± 0.6 x 10- 13 an molec 3 	-1 S- 
 I 
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4.6 cont'd 

Reaction of CF  with C100 could proceed either by {25} 

analogous to { 19 } 

CF 2 + C100 - CF0 + dO 	 {25} 

or - , since the Cl-C 2  bond is much weaker 

than the dO-C bond , by {26 } 

CF 
2 
 +ClCO 4CF 2 2 0 	+ Cl 	 . {26} 

More work is required to determine whether C100 or some other 

Cl containing species is responsible for the observed 

CF2  kinetics 

4.7 Reaction of CF1  with 03 	() and 0(2.3P) 

In the absence of dO the decay of. CF was second order with a 
_1J+ 3 	_i 21 

rate. constant of 4 x 1.0 cm molec s in excellent agreement 

with .Tyerman' S value, for (18} 9 	There was no evidence for 

removal of CF  by reaction with 0 3  I °2 	
or 0(23 P) 

An upper limit for these reactions may be estimated 
-1 -.1 

CF, + 0.., - products . k < 6 x 1 	cm-- inolec s 
-15 3  

CF,., + Q,(i) - products . k < 2 x' 10 -'cm,mOlec s 
-12 	3 	-1--I 

CF2  + 0(23 p) - products . k < 1 x 10 cm: molec - s- 
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CHAPTER FIVE 

REACTION OF 0(2 1D) WITH CF2C1Br AND DISCUSSION 

OF THE REACTION OF 0(2 1 D) WITH HALOMETHANES 

wo 



5.1 Reaction of 0(2 1D) with CF 2C1Br and CF 

Photolysis Of 0 3  C 27 N m- 2 r in the presence of cF 2C1Br 

530 N m 2 and SF6  (4.2 kN m 2 
	led, to strong spectra 

of BrO and OC1O (figure 5.1 	) . 	The BrO 

concentration was measured at the (4.,0) band of the (? 2 flX2 Tr) 

absorption at 338 nm . In this work an extinction coefficient 
-182 

for this band , = 4.8 ± 1.2'x 10 cm molec , was taken from the 

work of Clyne 103  . This value is in good agreement with an earlier 

determination of Basco and Dogra's 88  , but is in poor agreement 

with an earlier value of Clyne's 10  

The following pathways in the reaction of 0(2 1D) with CF 2C1Br 

bear consideration 

0(2 1 D) + cP2C1Br - 	cF2C1 + BrO (l} 

- 	2C 	+ Br  

CF 2 
 Br + dO  

- 	CF2BrO + Cl (4} 

+ 0(2 3P) 51 

+ SrCl {6} 

No dO was detected ( limit of detectability 0.5 - 0.75 x10 14 

molec cm -.3 ) 	. 	However addition of C 2  H  6 
 ( 60 N m-2 ) completely 

suppressed:.the formation of OClO .. This may be understood if 

OC1O is formed by (7} 

BrO + ClO - 	Br + OC10 	. { 7} 

and that CIO is formed by the reaction 

of Cl atoms with 0 3• 

Cl + 03 	+ 02 
Cl atoms. being formed by 1 , 41 

or by the reaction of CF 2CI with 0 3 . C chapter 3 ). 
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Figure 5.1. 

Temporal development of tO and OC1O in e /Cr. 	Br systemth 32   
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5.1 : contd 

It was. not possible to determine branching ratios into 

reactions ( {i} + {2} ) directly )because removal of BrO by 

{7b} j. (9} and Cio} 	is fast , 

BrO+C1OBr+Cl+O, 	. 7b} 

BrO+ 0(2P) 	Br + 

3rO+BrO 	Br+Br+02  iO} 

while reformation by {ll} 	is slow. 

Br+O3 	BrO+02 {U} 

And thus a significant proportion of BrOs is present as Br atoms. 

Nor was it possible to distinguish between {i} 	and {2} 	as 8r 

atoms are not removed to any significant extent by reaction with. 

c23G  

However approximate branching ratios were obtained by computer 

simulation of the BrO and OClO concentration profiles . Initial 

values were taken from the work od the reaction of 0(2 1D) with 

CF2C12 	arid assuming that Br atoms were abstracted in 

preference to Cl atoms . It proved possible to simulate 

accurately the BrO and OC1O concentration profiles after a 

few attempts . The simulated profiles are shown in figure 5.1 

and the best fit equations. are listed in table 5.1 

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

Br0+BrOBr2 +02 	 {12} 

in competition 

with {1 01  . The decay was second order with a rate of 

k( 121 	
3 x lO 13 om3molec 1 s 1  , and accounts for about 5% 

of the total reaction cross section,. 

The temporal. development of BrO following the flash photolysis of 

03  ( 27 N m 2 ) in .  the presence of CF 3Br ( 2.7 kN m 2  ) is 

shown in figure 5.2. 
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Table 5.1 

Best fit computer simulation of the reaction of 0(
1  D)with CF2C1Br 

I- 

No. Equation 	 . k/cm3niolec 1s 1  Ref. 

03  - 	 +0( 1 D)  61-65 

1 
Q(11)) + cF2ClBr - CF2C1 + BrO 2.6 E -11 caic. 

2 0( 1D) 	+ CF2C].Br 	'2 	
+ Br + Cl 1.0 E -11 caic. 

5 0(D) + 	 - 	cF2C1Br + 0( 3P) 2.5 E -11 calc. 

6 0( 1D) + CF- CP2O + BrC1 2C1Br 3.9 E -11 	. caic. 

8 . C1+0-ClO+0 2 .1.2E-11 74 

11 Br+03 Br0+02  1.2E-].2 103 

0( 3P) + dO - 	Cl + 02 5.3 E -11 75 

9 0( 3P) + BrO 	Br + °2 
2.5 E -11 151 

10 BrO + BrO 	Br + Br + 0 6.4 E -12 103 

BrO + BrO - Br2 + 0 3.3 E -12 caic. 
2  

Cl + BrC1 - 	Cl2  + Br 1.5 E -11 170 

Cl + OC1O - dO + dO 5.9 E -11 171 

CF Cl + CF2C1 - C2F4C1 2.0 E -11 78 

CF C1 + 0- 	'20 	°2 + Cl 2.o E -13 caic. 

0( 3P) + BrC1 - 	BrO + Cl 2.1 E -11 151 

7a BrO+Cl0-+Br+OC1O 6.7E-12 87 

7b BrO + ClO - Br + Cl + 
° 

6.7 E -12 87  
2 

+ 03 - 	02 + 0+ 0( 3P) 4.0 E -15 '169 
2  

The simulated branching ratios are thus - 

Reaction 

1 	26% 

2 	10% 

5 	25% 

6 	39% 



Figure 5.2. 

Temporal development of BrO in the 03  /CF 3  Br system 
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5.1 cont'd 

The decay of BrO after " 30 .is 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 Kaufmann 86  

It did not prove possible to simulate the reaction kinetics 

A lower limit into BrO formation of 0.25 may be estimated 

5.2 Discussion. 

Table 5.11. lists the branching ratios for the reactions of 

0(2 1D) with CF 3C1, : 2Cl2 , cFc1 3 1 cF2HC1, 

CH3C1 and CC14  . (Values for the last two species- were 

obtained by M.C. Addison using the apparatus described in 

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 Cvetanovic 3 ' for the reaction of 

0(2 1D) with a series of alkanes.. However, there is a 

considerable contrast between the products of the reaction 

of 0(2 1 D) with CFCs and hydrogen containing CFCs (collectively 

halomethanes) and. with aikanes. For the former direct abstraction 

of a halogen atom, and quenching. of 0(2 1 D) to 0(2 3P) are the 

major pathways, while for alkanes insertion into a C-H bond 

-is the major channel and quenching is insignificant, < 

it is. is. interesting to compare the branching ratios for the 

reactions of 0(2 1 D) with halomethanes with the bond additivity 

relationship of Davidson6  et al which-relates the total rate 

constant to the-number of F, H and Cl atoms in a particular 

molecule, viz, 

k(C E Fb Clc) = ak.d + bk + cki 

where 

ICE = 0.32 ± 0.02 x 10cm3molecs 1  

kF  = 0.030 ± 0.003 x 1013molec_1s 

k 

	

	= 0.74 ± 0.03 x 1o 10 om3moiec l s l  
Cl 
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Table 5.2 

Branching ratios for the reaction of 0( 1D) with some CFCs and H containing CFCs 

Compound Halogen Halogen atom Halogen O(P) OH 

oxide ( X0 ) X molecule X 2  

• 0.27 + - 0 10 
CF Cl 0.55 ± 010 0.23 ± 0.10 < 0.10 

0 30+ 0 . 10  
- 

• 0.15 

CF2C12  0.50 ± 0.10 0.05 ± 0.10 < 0.25 0.20 ± 0.10 - 

0.05 

CFC1 3  0.45 ± 0.10 0.10 ± 0.10 < 0.25 0.20 ± 0.10 - 

0.42 ± 0.05 
CF2HC1 0.55 ± 0.05 < 0.10 < 0.10 0.055± 0.01 

0.10 
0.28 ± 

--_.• 0.15  ___________ 

0.28 ± 0.0 

__________ 

< 0.33 

___________ 

< 0.20 0.22 ± 0.10  
ccl• 4  

• 

CH 3C1 0.36 > 0.29 < 0.20 not measured 0.35 ± 0.06 

() 



5.2 cont'd. 

It would appear reasonable to assume that these figures 

reflect the preference of 0(2 1 D) towards attack at a particular 

atom. For attack at E.ydrogen 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 1 and thus the 

branching ratio into OH formation following the reaction of 

0(2 1D) with hydrogen containing species should be close to the 

value of the fractional reactivity at the H atom. For CF2HC1 

the expected yield is then 0.32/1.06 = 0.30, against an 

experimental value of 0.05 ±0.01, and for cH 3Cl 0.96/1.70 = 

0.56 against 0.35 ± O. O6 observed experimentally. It thus 

appears that the trends in reactivity observed by Davidson 

t aZ. are not directly related to 0(2 1 D) attack at individual 

sites on a molecule. 

This preference for abstraction of halogen atoms by 0(2 1 D) is 

similar to the behaviour of the isoelectronic species 

CH 2 ( 1 A1 ). Singlet CH 2 reacts with alkanes by insertion 

into the C-H bond, but with chloroalkanes predominantly by 

Cl atom abstraction 105  

This behaviour can be understood if the interaction which occurs 

between the vacant p orbital of 0(2 1 D) (or CH2 ( 1 A1)) 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 

surface, corresponding to 0(2 1 D) insertion to form a hypochiorite, 

however, this region is apparently less accessible1 possibly due 

to inertial effects. Both Cl and CF 3  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 

insert-ion process). And possibly. because 0(2 1 D) will feel 

the outer attractive basin surrounding the chlorine atom and 

will react there, before it can experience the inner attractive 
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5.2 cont'd. 

An argument similar to that used. to explain the products of 

the reaction of 0(2 1D) with CH 4, may thus be applied.. 

The large rate constants for overall removal of 0(2 1D) by 

halomethanes, indicate that reaction occurs at large impact 

parameter collisions where the 0(2 1D) 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-a bonds will occur and at 

small impact parameters a concerted insertion-elimination 

process leading to molecular elimination may occur. 

By this explanation the total rate of 0(2 1D) removal would 

be expected to increase as the number of Cl atoms was 

increased or as. C1 was replaced by Br or, I. The first 

trend is well established 6 And in this laboratory the 

total rates of 0(2 1 D) removal by CF 3Br and CF 3I were found 

to be 1.4, and 5.3 relative to CF 3C1 106 , in support of the 

second prediction. 

However, in addition to the above reactions, quenching of 

0(2 1 D) to 0(2 3P) is an important process, indicating that 

the singlet surface must be crossed by one or more triplet 

surfaces correlating with 0(2 3P) and halomethane, and that 

non adiabatic transitions at these crossings must be 

favourable, as evidenced by the relatively high branching 

ratios into 0(2 3P) formation. A possible potential energy 

diagram is shown in figure 5.3. The species RC1O, postulated 

as a reaction complex, is not known but the CF 3I analogue 

10107  has been prepared in solution at low temperature, 

and is a singlet molecule. It is suggested that the RC10 

(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 10). 
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Figure 5  

Potential energy diagram of the reaction of 0( -2 1D) + RC1 

0(2 1D) + RCI 

/ 	RC10(singlet) 

O(2 3P) + RC1 

Figure 5.4 

Potential energy diagram for the reaction of 

0(2 1 D) and 0(2 3P) + RI 

0(21D) + RI 
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5.2 cont'd. 

The reactions of 0(2 3P) with CF 3 1 108  and with halogens 109-111 

have been shown to proceed via a long lived complex, 

c 310 or OXY. For reaction of 0(2 3P) 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 FC10 112  and CiC10 3  have, been 

observed in matrix isolation experiments, these species have 

a normal Cl-0 bond, but a weaker and longer F-cl or Cl-Cl 

bond. Insertion of 0(2P) into the halogen molecule to give 

the most stable configuration XOY is not observed. There is 

predicted. to be a considerable barrier to this process 

The reaction of 0(2 3P) with CF 3Br is endothermic 

(H0298 = + 65 ±. 5 kJ mole-  ) and is negligibly slow at 

300 K. However, the reaction has been studied at elevated 

temperatures 114  (800 - 1200 K) and Arrhenius parameters 

determined as A = 1.5 ± 0.5 x iO 11cm molecs and 

E = 57 ± 4 kJ mole . 
	The activation energy is thus close 

to the endothermicity. The Arrheniu.s pre-exponential factor 

for the reaction of 0(2 3P) with CF 3I is likely to be similar 

to that of 0(2 3P) with CF 3Er. Donovan 55  et aL have shown 

that the activation energy for the former reaction is 

.jej mole , and the fact that the rate constant for 

0(2 3P) reacting. with CF 3 155 is close to the pre-exponential 

factor for the reaction of 0(2 3p) with CF 3Br, suggests that 

the assumption of similar pre-exponential factors is valid. 

Thus it would seem that the reactions of 0(2 3P) with halomethanes 

and halogens proceed with negligible activation energies but 

with low pre-exponential factors relative to 0(2 1D). This is 

surprising as the kinematic features are similar for 0(2 1 D) 

and 0(2 3P.). 

This has been explained by the suggestion that the reaction 

complex 0xY 109  is only stable in a near linear configuration, 

and hence that only colinear or near colinear approach leads 

to successful reaction. 
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5.2 cont'd. 

Herschbach 110has suggested that the OXY species will be 

a triplet in a near linear configuration if the 3 

molecular orbital falls below the 31r molecular orbital. 

However, Andrews et al 112, 113 estimate the bond angle in 

FC1O and C1C10 to be about 1200 , and CF 3IO. has been shown 

to be a singlet molecule 107 

It is, therefore, suggested here that the reaction of-

0(2 3p) with CF 3I and-CF 3 
 Br proceeds by a singlet surface, 

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

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

An exactly similar explanation may be applied to the reaction 

of 0(2 3P) with halogens. 

5.3 Conclusion:- 

In conclusion, the branching ratios for the reaction of 

0(2 1 D) with various CFCs are approximately constant, with 

abstraction of. a. Cl atom to form CIO, or quenching 	- 

to 0(2 3P) being the major process. 

The reaction is considered, to proceed predominantly by a 

RC10 complex. This complex is likely to be a singlet, 

but crossing to a triplet surface corresponding to RC1 and 

0(2 3P) is favourable. Fragmentation of RC10 to a and ClO 

is also a likely process. 

OH formation occurs in the reaction of 0(2 1 D) with hydrogen 

containing CFCs, but-the relatively low yields of OH 

indicate that attack at the H atoms is disfavoured relative 

to attack at Cl atom(s)i.: 

Minor pathways in the reaction of 0(2 1 D) with CFCs and hydrogen 

containing CFCs are insertion into a C-Cl bond, leading to RIO 

and Cl atom formation, and a concerted insertion elimination 

mechanism leading to molecular elimination. 
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Chapter Six 

Reaction of OH with CHC1 CDC1, CH 2 C12 , CD2C12  and NH 3 	3  3 
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6.1 Introduction - 

In this chapter the rates of abstraction of H atoms from NH  

C1 3  and cH2C12  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 

CDC1 3  and CD2C12  will also be presented and the kinetic isotope 

effect , kJ kD , will be discussed 

Howard 16  observed a good correlation between the rate of reaction 

of OH with 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 B donor will be 

discussed in terms of nascent product repulsion. 

Finally ,. the yield of OH from the reaction of 0(2 1 D) with 

NH 3  will be presented. 

6.2 Experimental 

The apparatus to moni1r OH has been described in chapter 2 

OH was produced by the reaction of 0(2 1 D) with H 2 
 0 following the 

flash photolysis of 03  in the Hartley continuum 

h\.) ,X = 210 - 310 nm 
03 	 0(2 D)+ O2(L) 

0(2 1D) + E20 + 2 OH ( 1)< 3 ) 	 {2} 

OH ( v < 3 ) + M 4- OH ( v = O) +M 	 (3} 

Simoniatis and Heicklen have shown that {2} accounts for > 96 % 

of the reaction cross section of 0(2 1 D) with 

OH is efficiently quenched by H 20 	, and no problems with 

vibrationally excited OH were observed in the above system 

M.-  



6.2 cont'd 

However , when H2  was used as a source of OH , the observed 

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

scheme was then , 

0(2 1 D) + H2 	OH ( v 	3.•) •+. H 	 {4} 

H+O3 -- OE (V9) 	02  
OH ( v < 9 ) is also formed by the reaction of OH with H 2  

.k{6} = 8.0 X 10_15 _1 -1 116 
CM molec s 

I 

OH+H2 - H20+H 	 {} 

followed by {5} . Reaction of OH ( v = 9 ) with 0 3  is 

approximately 100 times faster than that of OH C V = 0 
176 

and leads to quenching and reaction 

OH ( v = 9 ) + 0 3  - OH ( v 	8 ) + 03 	{71 

- products 	 C81 

and hence vibrationally excited OH is likely to react 

chemically with 03  thus leading to removal of OH from the 

system , before it can be quenched all the way down to 

OH ( v = .0 ) . 	A. low yield. of OH ( v = o ) would then be 

expected . Addition of small pressures of H20 greatly 

increased the OH ( v- = 0 ) concentrations 

Experiments with varying 03 concentrations and constant flash 

energy showed the expected logarithmic dependence of the 

maximum OH absorption on the 03 concentration , that is 

log(I/ i) k{03} , for absorbances up to,0.30 C figure 6.1 

A plot of log ( log(10/ 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 

Of 03 was normally about 4 N m- 2, 520 , 2.0 kN nf 2 , varying 

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

with He or SF  

I 
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Figure 6.1 

plot of log (lo/1) of the OH absorption at 308.15 rim against 0 3  pressure 
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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 NH 3  pressures. 

The plots were linear over about two haiflives , 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 OH with NH3, CHC13 ,. CDCl 

, and CD2C12 . Second order rate constants for these 

reactions ( least mean squares ) are listed in table 6.1 

• . 	These values required to be corrected for the effects of { 9} 

and {lO} on the kinetics of the OH decay 

OH+OH 	20 +O(23 P) 	 {g} 

OH + OH' + M - H 2 0 2 + M 	 lO} 

As the pressure of added reactant is increased two opposiiig  

effects occur 

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

added reactant increases 

(b) the rate of removal of OH by 91 and {IO} 

decreases 

Effect (b) may be understood if it is considered that at any 

given time during the OH decay , the OR 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 (g} and 

{lO} , 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 rate constant will be low 

To determine the quantitative effects of { 9} and { lO} , 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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Decay of the OH absorption at 308.15 nmin the presence of NH  
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Plot of first order decay constants of OH against NH 3  pressure 
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Table 6 '.-  1 

Rate of reaction of OH with NH 3  CHC13  , CDC1 3 	H2C1 2  and CD2C12  

Reaction experimental rate / corrected rate / literature value Ref 

3 -1 -1 3 -1 -1 3 -1 -1 
cm molec 	s cm molec s cm molec S 

-13 
10 

117 

13 -13 
1.5 ± 0.1 x 

118 OH+NH 3 -*-H 20+NH2 
 

1.2±0.1 x10 1.4±0.1 x10 1.56 ±0.1 x10 

1.4 ± 
-13 

0.1 x lo 119 

OH + CHC1 1.0 ± 0.1 x 10 -13 1.15 ± 0.1 x 10- 13 1.01 ± 0.15 x 
16 

H20. + CCI 1.04 ± 
13 

0.20 x 10 121 

OH + CDC13  + 7.6 ± 0.5 x 10 14  8.7 ± 0.6 x 1014 

DHO 	+ Cd3  

1.45 ± 
-13 

0.2 x 10 122 

OH+CH2C12 + 1.3±0.1 x10 
-13 

1.5±0.1 x10 
-13 

1.55±0.14x1013 
16 

H2  	+ CHC12  1.09 ± 0.2 x.10- 13 121 

OH + CD2C12  4.4 ± 0.4 x 10 -14 5.1 ± 0.5 x 10- 14 

HDO + CDC1 

N  

00 
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6.3 cont'd 
First order rate constants were measured on the simulated decays 

and. second order rate constants for the reaction of OR 

with the added reactant obtained in the normal way . The 

simulated second order rate constants refer to the net increase 

in rate of OH removal :(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 second order rate constant 

i.e. the value used in the computer simulation ) gives a 

measure of the underestimation caused by {9 } and {lo} 

This procedure is illustrated in figure 6.f 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 

least mean squares analysis of the experimental points 

gives {111=1.2 ± 0.1 	10 13molec 1 s 1  
13 3 14 ± 0.2 X 10-  ammolec S 1  is required to 

give the correct simulated points . in 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 OH concentration in 

the simulations.. To obtain this the yield of 0(2 1 0)on 

photolysis of 03 was determined as described in chapter 3 

except that the 03 concentration was measured spectr'photometriCa1lY 

at 282 n ( a convenient emission line from the flow lamp 

The values for CHC13 , 	and NH 3  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) 

NH2 + HO 	NE  + 2 	
-1. 	

(16} 
_11. 3 	._J. 

k 1161 
= 2.5 ± 0.5 x ' 10 CM molec S 	135 

NH2 +O(23 P) -  NH+OH 	 (17) 
12 3 	1 ...1 	136 

k( 17} = 35 X 	cm niolec s 



Table 6.2. 

Equations used in the Simulation Of the OH + NH  reaction 

No. Equation 
-1 -1 

k/cm 3 molec 	s Ref. 

1 03 	02(& 	
+ O(LID) 61-65 

2 0( 1D) + H 
2 
 0 -. OH + OH 2.3 E -10 130 

OH+03 .HO2 +02  5.6E-14 131 

0 + °2 OH + so 	H 3.0 E -11 132 

9 
2 

OH + OH 	- EO + O(3P). 2.1 E -12 133 

10 OH+OH+M-3.H202+M 6.8E_13* 133 

134 

11 OH 
+ 
NH 	H 0 + NE  

1.4 E -13 calc. 
2  

* To obtain k10  for t1 = E2O ( 2.0 kN m 2  ) , the value of 

, M = N 133 was combined with the relative data of Caldwell 
10  
and Black 14 



6.4 Isotope effects in the reactions of OH with CHC1 3  / CDCl 

and CHc1., / CD,C12 

There is observed to be an isotope effect of kE/kD = 1.3 ±0.2 

and ka/kD = 2.9 ± 0.4.. for the reactions of OH with CHC1 3  / ctcl 3  

and CH2Cl2 / CD2C12 respectively 

The simplest explanation of isotope effects ascribes the 

cause to the difference in zero point energies between the isotopic 

substrates 	For C-H and C-D species this difference is about 

4.75 kJ mole , and the predicted isotope effect is thus at 298 K 

about seven . While some reactions do show isotope effects of 

this size , many show a much smaller effect . This indicates 

that isotopic substitution affects not 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 normal modes of vibration can be represented as 

4- 	- 	- unsymmetrical stretch V3 

reaction co-ordinate) 
- 

A ..... H.....B 	 symmetric stretch V1 

motion of a indeterminate) 
1' 

	

A.....H.....B 	 bending V2 

4' 	 ( doubly degenerate) 

Wes.theimer 120 writesfor motion along the line of centres of 

A.....H.....B 

2iV = k1r + k2 r + k12 r1 r2  

where the distance A.....H is r 1  , and H.....B is r 2  

V is the potential energy and k is the force constant 

With the assumption that k12  =( k1k2  ) ½, ( k12  is not known 

Westheimer derives a simple expression for the isotope effect. 

For CHU 3  / CIDC1 3  and CH2C12  / CD2c12  this is calculated to 

be about 4 

92 



6.4 cont'd 

The large value is due to the fact that the C-H and 0-H 

force constants are similar (5 - x 10 5  and 7.5 x 10 5  dynes am 

respectively ) 	Had the force constants been equal , 

would have been -totally symmetric ( corresponding to no 

movement of H ) and an isotope effect of 7 would have been 

predicted 

The assumption that k 12= ( k1k2)½ has been criticised by Bell 124  

who claimed that k 2  was at least 2 ( k 1k 2) ½and showed that 

increasing k 12  reduced the isotope effect . AJ.bery 125  has 

calculated the effects of varying k 12  

However , Bell 	considers that the above approach is not 

a satisfactory explanation of low isotope effects and suggests 

that, five centred transition states 5hould be considered 

The above discussion has only considered the effect on the 

rate of reaction of isotopic substitution of an atom 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 he isotope effect measured for CH2c12  / cD2cl2  

The low isotope effect. for CHC13 / CDC13 may reflect a transition 

state in which the C-H or C-D bond. is not greatly perturbed y  and 

thus there being little net change in zero point energy between 

the substrate and transition state . The situation may be 

analogous for CH 2C12  / CD2C12 but is complicated 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 determining the magnitudes of activation 

energies of. reactions, with similar C-H bonds 126  

On this basis the activation energy should depend on the dipole 

moment of the H atom donor, 

X3C-H -0 

The dipole moments of the CX3E and the nascent HOE oppose each 

other , and may be considered to give rise to a repulsive term, 

opposing the formation of the new 0-H bond , and hence affecting 

the rate of reaction . Such a relationship between rate of 

reaction of, F atoms and the dipole moment of CX3H has been 

demonstrated by dyne127 . Figure 6.7 shows a plot of 

rate of reaction of OH with halomethaneS , Ed , HBr and NH 3  

against dipole moment . The pre-exponential factors of all 

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

3 	-1 cm molec S 	) and thus it may be valid 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 -lix 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 CX2H 2  CXE 

and NH'3  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 dependence' 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 



-12•O 

-130 

-4 

IMLAILS 

OMM 

95 

Figure 6.7 

Plot of log (rate of reaction of OH with X) against dipole moment of X 

61k 

U 

1•0 	 l•5 	 20 

Dipole moment/Debyes 



6.6 Yield of OH from the reaction of 0(2 1 D) with NH. 

The method of production of OH used in this work , the reaction 

of 0(2 1 D) with H 2 0 , can readily be adapted to give 

• quantitative information on the yield of OH following the 

reaction of 0(2 1 D) with hydxogen containing molecules 

The technique has been described in chapter 4 for the reaction 

of O(2 1 D) with CF2HC1 

Norrish and Wayne 128  observed OH and. NH formation following 

the flash photolysis of 03 in the presence of NH  . The following 

reactions bear consideration. 

0(2 1 D) + NH 3 	NH  + OH 	 (18} 

	

+ ENO + H2 	 C]g} 

	

+NH2O+H 	 {20} 

	

NH+H2O 	 .{21} 

The yield of OR was measured following the flash photolysis of 

03  / NH 3  / He mixtures , ( there is a slow reaction between 0 3  
- 	129 and NE 	 , however removal of 0 3  and NH 3 was observed to be 

insignificant in the time required to mix and flash the system 

Figure 6.9 shows the OH. yields from the 0 3  / NH 3  / He and 

03 / H2O / He systems . Unfortunately OH removal by {g } 

OH + NH 3 	NH + H 2  0 	
. (91 

Is fast 720  , and the pressure of NH 3  was kept at 'C60 N m 2  

to permit accurate extrapolation of the OH concentration to 

zero time . There was consequently some loss of 0(2 1  D) by 

reaction with 0 3  The yield of OH , after correction for 

this loss ( 18 ) was found to be close to 100 %. 

Reaction (18} is likely to be the dominant, pathway leading 

to OH formation , and hence the dominant pathway in the reaction 

of 0(2D) with NE  . Although 201 followed by {5} 

would lead to OH formation , the vibrationally excited OH 

so formed , would be likely to react with 0 3  or NH  before it was 

quenched to the ground state, and hence {20 } is not likely 

to contribute significantly to OH ( V = 0 ) 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 NH  and 

electronically excited NE 2 
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6.7 Conclusion 

Rate constants for the reaction of OH with CHC1 3  , CH 2C12 

and NH  have been measured and are in satisfactory agreement 

with literature values . New data are reported for the reactions 

of OH with CDC13 and CD2C12  

The major pathway in the reaction of 0(2 1D) with NH 3  has been 

shown to be OH formation 

There is a good correlation between the rate of reactivity of OH 

with halomethanes , 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 
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CHAPTER SEVEN 

REACTION OF OH WITH ALKYL IODIDES AND MOLECULAR 

CHLORINE 



7.1 Introduction 

A large number of H atom abstraction reactions of OH have 

been reported , 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)108,114 , F137,138 
141 Br139 , I °  , CF 3 11  , and CH 	 . 	The reaction-  of 0(2 3P) 

with CF 31 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 Bozzelli 137  showed that the major reaction was 

I atom abstraction. { ]} , although I displacement (2 } , was more 

exothermic , and that reaction proceeds via complex formation-. 

F + CF3I - CF3 + IF 
	

(1]. 

+ CF4 +I 	 (21 

Farrar and Lee138  obtained similar results for the reaction of 

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

C33 IF 1142. 

The reaction of 0(2 3 P) 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(2 3P) + XY - OXY -1- ox + ' 	 { 3} 
OXY species have been observed in matrix isolation.. 

experiments 2 ' 3 .Similar results have been obtained for the 

reactions of D atoms ' 143  , halogen atoms14' 1145, and CH 31146  

with halogen molecules 

In this chapter evidence and rate data for the reaction of 

OH with CH31 , CF 3I , C2F5I,C3F7I and. C12 will be presented 

It is considered likely that these reactions proceed by halogen 

atom abstraction. 



7:2 Reaction of OH with CH 31.,  CF -4I , C2F51 and 

The experimental apparatus has been described in chapter 2 

and the technique in chapter 6 . A rapid decay of OH ( figure 7.1) 

was observed when small pressures of RI ( < 75 N m 2  ) were 

added to the 03 /.E20 / SF6 system .. Figures 7.2 and 7.3 show 

plots of the first order rate constant against RI concentration 

The second order rate constants are shown in table 7.1 

These values were corrected as described in chapter 6 for 

{4} and C51. 

OH. + OH 	+ 0(2P) 	 {4} 

OH+OH+M - H202 +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 energies 

The results for the reaction of OH with CFI and CH 31 at 100 

and 50 J flash energies are shown in figure 7.2 

It can be seen that varying, the flash energy has no effect on 

the reaction kinetics . It was thus concluded that secondary 

reactions of photolys-is products of RI with OH were 

insignificant . It was. considered reasonable to extend this 

conclusion to cover CFgI and C3F71 , as these compounds were 

present in. lower pressures , but absorb to about the same 

extent as CP3I and CR31 

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

the concentration of 03 was increased , so that the yield of 

OR was similar to that in experiments at high flash energy 

Thus the effect of {4} and {5} was similar in both sets of 

experiments 

101 
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Table 7.1 

Experimental and corrected rate constants for OH + RI and OH + Cl 2  

Compound Experimental rate / 

cm 3  ui 	
-1 -1 

olec 	s 

Corrected 

cm 	
-1 

molec 

rate / 
-1 

s 

cH 3I 2.3 ± 0.1 x 10- 13 2.7± 0.2 x 10 -13 

L•05  ± 0.1 X 10 1.2 ± 0.1 x 10- 13 

C2F51 6.3 ± 0.7 x 10- 13 7.5 ± 0.8 x 10 -13 

C3F71 1.4 ± 0•15  x 10 -12 1..6 ± 0.2 x 10- 12 

Cl2  1.6 ± 0.1 x l013 1.9 ± 0.1 x 10 -13 

The reaction between OH and CE I was investigated and found 
- 	 -12 	

2 
to be very fast 5 x 10 	cn molec s . 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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7.3 Nature of the reaction 	 .. 

Reaction of OH with CP3I , C2F51 and C 3F71 could proceed by 

two pathways {6} and C71 

OH + CP3I 4. CF  + BOl 	 {6} 

	

CF30H+I 	 {7} 

and for CH 3I additionally {8} 

OH + CH3, 	2I + H20 	 {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(2 3P) with RX , these are shown ( where known) in 

table 7.2 . The large increase in rate of reaction of 0(2 3P) 

with RX , on going from the F , Ci , or Br species to the I 

species reflects a change in reaction mechanism 

With CH3X , where X = Cl. , Br ; O(2 3P) reacts by H atom abstraction. 

O(2 3P) + CH3X 	CH2X + OH 	 . 	{} 

and with CF3X where X = F , Cl , or Br , the rate of reaction 

is insignificant at room temperature . For CF 3I however 

O( 2 3P) reacts rapidly via complex formation to abstract I 

atoms 	
(101 
 = 1.1 ± 0.3 x 10-11 

 om 3mo1ec5 

0(2 3P) + CF 3I - CF 3  + 10 	 flo} 
A similar reaction has been suggested between 0(2 3P) and CH 3I 9  

In view of the similar pattern in the rates of reactions of 

OH with CH3X and CF 3X to 0(2 3P) and the general propensity of 

diverse species to react with cH 3I and CF 3I by I atom 

abstraction ( although more exothermic channels may be available 

it is reasonable to suggest that OH reacts with RI by I atom 

abstraction.. For {6} to be exothermic requires 

A 9  {H011. < - 29 kJ mole 1 which may be compared to a literature 

value of - 86 ± 40 kJ mole" 150. In support of the contention that 

OH reacts via I. atom abstraction , there is observed a good 

correlation between the rate of reaction with OH , and the 

R-I bond strength for CP3I , C2  F5 1 and C 3F71 ( figure 7.4 



Table 7.2 Rates of reaction of O(2 3P) and OH with CH 3X and CF 

k 0( 3
P ) / cmmoiec 1s 

"3. 	-I__i koHl cmmolec S 

CH 3X Ref CF3X Ref. CH 3X Ref. CF3X Ref. 

- reaction - 1.6 ± 0.2 x 10 -15 16 4 x 10- 16 16 
F - 

endothermic - * 

4.5 x 16 17  172 reaction - 3.6 ± 0.8 x 10 16 7 x 10 -16 16 
Cl 

endothermic. * 

Br 4.5 x 1017 172 reaction 3.6 ± 0.8 x 10 -14 16 - 

endothermic  

I data but fast no 149 1.1 ± 0.3 x 10- 
11  55 13 2.7 ± 	0.2 x 10 

13 1.2 ± 0.1 	10 

Table 7.3 Calculated activation energies for OH + RI - 

CH 3I CF3I C2F51 C 3F71 -, 

E / kJ mole- 1 16.1 17.7 13.6 11.5 

_p 	l.O_ - 

E / kJ mole 1  4.6 6.6 2.1 0.3 

* denotes H 

abstraction 

0 



Figure 7.4 

Plot of log of rate of reaction of OH with RI against D(R-I) 
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7.3 cont'd 

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

abstraction With CH3I. However in view of the large increase in 

rate of reaction between CB 3I and CH 3CL / CE 3Br , 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..exp(_E/RT) 

where p is the possibility of a collision leading to reaction 

and Z is the collision frequency . Activation energies ,
ab  

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.Z ) of OH reactions with halomethanes are
ab _12 3 	_1 -.1 

commonly 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 moleciila.r bean study of these reactions would 

be of interest to determine conclusively the reaction 

products , and to determine the reaction mechanism , i.e. 

whether reaction is direct abstraction or occurs via complex 

formation 

7.4 Reaction.of OH with Cl 
— 2— 	 _2 

Addition of small pressures of Cl 2  ( < 30 N m ) to the 

03  / H 2 0 / SF  system led to a rapid decay of OH . The pressure 

of C1  was kept at < 30 N m 2  , as at higher pressures appreciable 

absorption of the OH emission line by Cl 2  occurred 

Photolysis of Cl2  was prevented by the C1  filter surrounding 

the reaction vessel 

Figure 7.5 shows a plot of first order rate constants of OH 

decay against Cl 2  pressure . The experimental second order 

rate constant , and the rate constant corrected for {4} and 5} 

are shown in table 7.1 



U) 

m 
1 0  

:4 

Figure 7.5. 

Plot of first order decay rates of OH versus Cl 2  pressure 

0 

p (CI 2)Nm2 



TA cont'd 

The Cl2  contained a small amount of HC1 impurity , which it was 

not found possible to remove completely by fractional 

distillation due to the closeness of the melting points 

( Cl2  172 K , HC1 158 K ). The percentage impurity 

was estimated at <2% from the intensity of the I. R. 

spectrum of EC1 near 3000 	 This leads to an error 

in the rate. of reaction of OH with C12  of < 10 % I 

It would seem reasonable to suggest that the reaction of OH with 

C1  is similar to that of 0(2 3P) with C1  
OH + Cl2  - aoci + ci 
For {} to be exothermic requires AH 98  CEOC1}. < - 80 kJ xno ].1 	 le 1  

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 Br  , T.Br , ICl and 12 

all react spontaneously and rapidly with 0 3  and hence the 

experimental apparatus could not be used in its present 

design .. Further work on the other halogens would be 

interesting in order to determine whether the trend of reactivity 

of OH with the halogens mirrors that of 0(2 3P) and S(3 3P)  

whether the order of reactivity is - 

(I 2
}{Br2} > (C12) > {F } 

And secondly the reaction of OH with halogens might , by analogy 

with the reactions of 0(2 3P),' -  proceed via a complex , and 

lead to formation of SOX , where X. is the more electropositive 

halogen atom 

OH + XY - HOXY 0 SOX + Y 	 . 12-1 

Molecular beam studies would be of interest to determine 

whether reaction occurs by direct abstraction or by 

complex formation. 

7 . 5• Conclusion 

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

mechanism is halogen - atom abstraction 



CHAPTER EIGHT 

i12 

REACTION OF OH WITH ClO 



8.1 Introduction: 

Reaction between OH and ClO was first indicated by unexpected 

,results from the 0 3/CF 3C1/H2  system. As discussed in Chapter 

3, there is considerable evidence of production of F atoms 

following the reaction of O(2 1 D) atoms with CF 3C1. 

H2  (130 N m 2) was added to remove F atoms by C11 152  

F +H2 -HF + H  

The formation of OC10 was totally suppressed, but the, rapid 

decay of CIO over the first millisecond only partially so 

(note,> 95 % of the F atoms were removed by Cl} ). This may 

be understood when it is considered that {1} leads 'to OH 

formation in the presence of 03  by {2 } 

H .+ 03OH +. 02 . 	 C21 

and that OH may then react with CIO. 

OH + CIO - Product 	 C3} 

It should be noted that while OH was formed in the O'3/CFC/ 

C 2  H  6 
 experiments by the reaction of 0(2. 1D) with C2H6 , OH 

would have been rapidly removed by C41 
-3 3 	_1 _1 

k .f4} 	= 2.64 ±.0.17 x 10 	ammolec s 

OH + C 
2  H 

 6 - H 2 0 + C 2  H  5 
	 {} 

and reaction of OH with ClO would have been insignificant. 

Further indication of a reaction between OH and CIO was 

obtained from measuring the CIO yield. following the flash 

photolysis of 0 3  in the presence of HC1. At high HCI pressures 

(i •3 kN m 2) , 	153 {6 } an {7 } completely describe the 

reaction kinetics. 

O(2 1D) + Ed  - -OH + C 	 C51 

OH + Ed 1 - E2O + Cl 	 {6} 

Cl + 	 2 
and thus the dO yield is twice the 0(2 1D) yield. 

This was observed experimentally. At lower HC1 pressures, the 

yield of ClO decreases because (6} now competes with C81 to Cii} 

OH + OH 	H 2 
 0 + 0(2 3P) 	 {8} 

OH + OH+t4-3. E 202  +M 	 [g} 

OH + 03 	HO 	 {io} 

OH 	HO 	H 2  0 + °2 	
{1i} 

However, the drop in ClO yield was greater than that due to 

reactions C8} to (11} , indicating the possible occurrence of 

other reaction (s) 

13 
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8.1 	cont'd. 

Although these experiments provide only tenuous evidence 

of a reaction between OH and ClO, it was decided that in 

view of the potential stratospheric importance of such a 

reaction a full investigation 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 ClO. Leu and Lin 155  used a discharge flow system with 

resonance fluorescence detection of OH, in an excess of CIO,. 

to determine k (  = 9.1 ± 1.3 x 10 2cm 3  molecs 1  

They considered that {3} might proceed by two pathways,V1z: 

OH +C1O-HO2 +C1 
	

{3a} 

4-HC1 +02 	 { 3b 

and estimated a lower limit into {3a} /({3a} + {3b} ) of 

0.65 by measuring {HO 2 } produced/{OH}renioved. As HO  could 

be.removed by secondary kinetic processes the authors conclude 

that {3a} /({3a} + C3b})1 could approach uni ty.- 

8.2 Results: 

The rate of reaction of OH with dO was measured by following 

the decay of OH by resonance absorption in. the presence of an 

excess of ClO. OH and dO were produced, in situ, by the 

reaction of 0(2 1 D) with H 2 0 (160 N m 2 ) and CF 2C12  (1.04 kN m 2 ), 

follàwing the flash photolysis of 0 3 . The concentration of ClO 

was varied by varying the pressure of 0 3 . 	Figure 8.1 shows 

a typical OH decay trace, and figure 8.2 shows a plot of first 

order rate constants of OR decay against 0 3  pressure. The dO 

concentration is related. to the 0 3  pressure by expression (A). 

(A), {C10} = {O3}.y. 	 k2(H20}).f 

where, 

y = the yield of 0(2 1 D) following the photolysis of O 3 • 

f = the yield of ClO following the reaction of 0(2 1 D) 

with CF2C12 , and is equal to 0.9 



I 
tOIi J 	 Time-) 	 t85OPS 

M. 

full scale = Ims 

{03} 	
= 	38.8Nrn2  



experimental points 

corrected for reactions 
{lo} and {ll} 

EI 

3 

0 

1 (J) 

Figure 8.2. 

Plot of first order decay of OH against 0 3  in the 03/CF2C12/H201 system 
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8.2 cont'd. 

- k1  and k2  are the rate constants for the reaction bf 0(2 1 D) 

with CF,Cl and H20 respectively. k1 and k, have been 
2 	 130 	 3-10 

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 Eusain' s work, 

assume B = 1.0 and not a:= 0.41 as preferred by Husain. 

This question of which B value to adopt has been discussed 

above (chapter 3) where it was shown that .B = 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(2 1 D) reacting with CF2C12  is obtained 

whether k1  and k2 is calculated assuming B = 0.41 or 1.0 

The yield of do, expressed as a fraction of the 0 3  pressure, 

is shown in column 4 of table 8.1. 	For 0 3  ( p = 40ND1- 2 ), 

the cio concentration is calculated to be in the range 5.3 - 5.9 

x 	 c 3  (photolysis of 0 3  = 7.3 %). 

However, the increase in OH decay in figure 8.2 with increase 

of 03  pressure is due to increase in OH removal by both. {3} 

and {lo} 

The contribution from {io} was measured in separate experiments 

wherein the 0 3  pressure in an 0 3/H20/SF6  system was varied. 

To minimise the effects of {8} and 91 on the decay kinetics 

the decay of OH was measured from a standard initial OH 

concentration, although the total OH yield increased with the 

03  pressure. Figure 8.3 shows a plot of first order rate 

constants of OH decay against 03  pressure. 	The second 

order rate constant is = 1.2 x 10- 13 CM
2  molecs 

This is approximately twice the literature value for reaction 

{lO}13 1 , 156158  and is because Cio} is rapidly followed by {ll} 

3.0 x 10 11 om 3molecs 1 )1 32 . Thus two OH molecules 

are removed for each one reacting by io}. computer simulation 

of the OH decay, in the 0 3/H20/SF 6  system showed that this 

interpretation was correct, and gave a value of k 101 = 7.5 x 

l0 1 n 3tno1ecs 	(assuming 	3.0 x 10 	cm molec1s1). 



Table 8.1 

Rate constants for the reactions of O(2D) with H 
2 
 0 and CF2 C1 2  and yields of ClO 

k{0(2 1 D) 	+ H20} k l {o(2D) + CFfI2 ,. 	O(21D) 	
reacting * 

with CF 7C12  
yield of ClO 	+ 
relative to 10 'A 

ref. 

1.3± 0.1 x 10 1 0 2.0 ± 0.1 x 10 10  0.91 	± 0.09 o.Q60 ± 0.07 

-1-]. 
a cmi 3molec 

1 -1 
cm 3molec 	s 

and 8,10 

0.065 	± 0.07 

2.3 ± 0.1 x 1010 1.45 ± 0.5 x 1010 0.053 	± 0.027 6,130 

-1 -1 3 	-1 	1 
0.80 	Ô.4l ±  and 

cm3moi.ec 	s an molec 	s- 0.057 	± 0.030 

* Yield calculated from formula) y = k 1  {CF 2C12 )/(k 1  {CF 2C12 } + k {H20 )) 

P {H 20} = 160 Nm 2 , p {cF 2cl2 } = 1.04 kN m 2  

+ Yield of ClO calculated from the formula, 	= {0(2 1D)} x y x f 
(03 ) 

where f = the yield of dO from the reaction of 0(2 1D) with CF2C12 , (= 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 %. 
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Figure 8. 3. 

Plot of first order decay of OH against 0 3  pressure 
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8.2 cont'd. 

The experimental decays obtained in the 0 3/CF2C12/H20 

system were corrected for the effects of {lo} and {11} 

and the revised values are shown in figure 8.2 These 

revised points are then a measure of the rate of reaction 

c3} 

In the following section, the kinetic analysis of this 

data will be discussed, as the rate constants calculated 

from the data depended on the nature 	 of the 

reactions involved. 

Addition of SF6 ( p <36 kN rn2 ) lead to a definite incre.asein 

the rate of OH. removal. A much smaller effect was observed 

withHe (p< 36kNm 2 ) 

These effects will be discussed quantitatively in the 

following section. 

8.3 Nature and rate of reaction of OH with ClO. 

The value for the rate. constant of {3} obtained from figure 8.2 is 

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} 

	

- 	Hc1+02 	 {3b} 

HOC1O 	 f3c} 

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

These will be considered together, since if it is assumed that 

HOC 10 is stable, then (3b} and { 3c } are indistinguishable in 

the present experiments. 

Reaction {3b} is exothermic, &H298 = - 229 kJ mole -1 

and there is evidence from molecular beam studies of the 

reaction of H atoms with OCIO, that HOC10 is thermodynamically 

stable 159 



8.3 cont'd. 

The rate of 3bc } is obtained directly from figure 8.2 
-12 3 	-1.-i 	 -12 3 	-1 1 

as 3.5 x 10 cm molec S or 3.9 x 10 cm molec s 

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

and k2 ). 

Figure 8.4. shows some simulated OH decay rate constants 

(based on Husain.s rates for k 1  and k 2 ) 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 dO concentration is only 

about 5 times the oa 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 {i].} ). 

The discrepancy is due partly to the small change in dO 

concentration over the period of the OH decay (the simulated 

change in cio concentration was 12 %), and probably to errors 

in the correction applied for the effects of {lO} and {1i}. 

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 CIO would be regenerated by the reaction 

of Cl with 03 ; reaction C7 } ) would be effected by {12} 

k (12}  = 3.8 x 1012cm3molec1s' 

	

HO  + C10'-+'EOCl'+ 02 	 , {12} 

Reaction (3o.} is thermoneutral, AH 98 	8 kJ mole 1 

Computer simulation of this scheme, assuming k 	= 3.5 x 

10 cm molec s is shown in figure 8'. 4 

This value leads to too high a value as OH is, in turn removed 

by the HO  produced in {3a. . The corrected values for {3a}are 

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 

C3a} 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 0 3  pressure. 
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Table 8.2 

Rate constants forreactions {3a} and {3bc} 

3 
k/cm molec 	s 

* 3 	-1-]- 	* k/cm molec 	s 
No. reaction 

(Husain) - (Schiff) 

OH 	+ 	CIO - HOC1O 4.0 	± 0.8 x 10 -12 4.5 	± 2.2 x 10- 12 
{3bc} 

+HC1+02  

(3a} OH + CIO + HO 	+ Cl 3.3 ± 0.7 x 1012 
12 3.7 ± 	1.9 x io_ 

{3a} + OH + dO ± HO 	f Cl 50 % 
12 - 	

12 
{3bc} 

2  - 3•5 ± 0.7 x 10 39 ± 	1.9 x 10- 
+  HOC1O 
HC1+02). 

153 	 -12 3 	-1-1 
Leu & Lin 	measured k{3} = 9.1 ± 1.7 x 10 cm molec s 

with k {3a} 	 > 0.65 
k {3a} + k{3b} 

* % 03 photolysis in fig.8.2. was 7.3 % 

I') 
IL) 
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Plot of the second order rate constant for the reaction, OH + CIO - HOC1O/HC1 + 02 versus pressure of He or SF
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8.4 	Discussion: 

In the preceding section, several reactions between OH and 

dO 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 + dO - 	HOC10 	 {3c} 

- 	H02+Cl 	 . 	{3a} 

and a third has been postulated by Leu and Lin 

OH + dO - 	HC1 +2 	 {3b} 

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

dependency, and may be rewritten as: 
M 

OH + dO + HOC10* 4 HOCIO 	 (3c} 
H 

OH + dO -) 0.. 0 	HCI + {3b} 

(l 

Of the two {3c} is the preferred reaction. {3k} would require 

considerable 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 dO to 

the reaction of OH with CO. This reaction displays a 

pressure dependency161' 162.nd the following mechanism has 

been postulated by Smith 63  

OH + CO - EOCO* -+ H + CO 2 	
{13a} 

IM 
HOCO 	 {13b} 

an essentially similar mechanism has been proposed by Bsermann 

et al 162 . HOCO has been observed in matrix isolation 

experiments 16• Smith
163  has concluded that HOCO is stable 

to dissociation to OH + do, and H + CO2, and suggests that 

HOCO is removed by reaction with 02 

02  + HOCO 	- H02: + CO 
	

161 	
. 	 (14} 

also, Overend and.Paraskevopoulos suggested HOCO 

removal by - 

OH + HOCO - Products 	 {15} 



8.4 cont'd. 

As there is evidence for HOC1O being thermodynamically 

stable 159  , reaction {3c} (which is exactly analogous to 

{13b} ) seems sensible. 

However, it is unlikely that HOC10 will re-arrange to give 

H02  + Cl. This channel, for which Leu and Lin claim evidence 

of direct observation, is likely to be a distinct pathway, 

arising from a HO..00l collision geometry. Reactions ({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 L'eu and Lin is not good. The discharge flow system 

with resonance fluorescence detection of OH, used by these 

authors, should be capable of giving more reliable and accurate 

results than the rather unsatisfactory technique used. in this 

work. Sources of errors in this work are, the low excess of 

CIO (only 5 X) over the OH concentration, and the fact that 

the ClO concentration was not measured directly, but calculated. 

It was assumed above that HOC 10 was a stable molecule, at 

least on the time scale of. the experiment. However, HOC10, 

has not been isolated and is only known in solution (chlorous 

acid) where it rapidly decomposes, OC10 being one of the products. 

Thus it may be that self reaction of HOlO (this is considered 

to be important for H000 165 ) or reaction with species such 

as 02  or 0 3  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 H0'.O is less efficiently removed by the reactions 

discussed above, then {17} may be important in flow system 

OH + HOC10 	-9- 	 products 	 C171 

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 Lcu.. and Lin are purely speculative and more 

work is required to resolve 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 + dO -)-H02  + Cl 
	

{32} 

-. Hoclo 	 (3c } 

but it is not possible to estimate the relative importance 

of each. 

128 



129 

Appendix 1 

Materials 

CF C1: I.C.I. 'Arcton' liquified gas was thoroughly degassed 

by repeated freeze-pump-thaw cycles before use 

CF 2  C1  2 
as CF3C1 

PC1 3 	: as CP 3C1 

as C13C1 

as CF 3C1 

CF3Br Mathieson , degassed as for CF 3C1 

C H  6 see Appendix 2 
2  

C1 	: B.O.C. 	Degassed as for CF 3C1 , and purified by fractional 

distillation 

CDC1•3  B.O.C. 98 % D • Was degassed by repeated freeze-pump-thaw 

cycles 

CD 22 
as CDC1 3  

CEC1 3 	: Fisons laboratory reagent . 	Was degassed by repeated 

freeze-pump-thaw cycles 

CH2C12 	: as CHC1 3  

CE! 3I Pierce chemical company • 	Was degassed by repeated 

freeze-pump-thaw cycles., and stored in a blackened 

bulb 

C 
2  F  5 

 1 as CF31 

C 3F71 	: as CF31 

CH3I as CHC1 3  and stored in a blackened flask 

He 	: B.O.0 cylinder grade •. Used directly after passing through 

liquid N2  traps to remove water 

Kr B.O.0 'grade V 	Used directly from breakseal flasks 

NH 	: S.O.0 . Degassed by repeated pump-freeze-thaw cycles 

B.O.C. 'white spot' grade . Used directly after passing N2  

through liquid N 2  traps to remove water 

SF  Mathieson 	Was thoroughly degassed by repeated freeze- 

pump-thaw cycles 
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Appendix 2 

Preparation of C 2R6_ 

Mixtures of 03  and C 2 H  6 ( Nathieson 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 reported in the literature 

for the reaction between 03  and C2E 6 tkOlefinic impurities were 

considered to be the likely reactive species and their presence 

in the C 
2  H 
 6 was shown by proton NMR 

To remove the alkenes (. and any acetylenic impurities ) the ethane 

was treated with Br2  , thus converting the alkenes into relatively. 

high molecular weight dibromo compounds The ethane was recovered 

by successive fractionations from a solid CO 2/isopropanol bath 

through a pet-ether! liq. N2  bath to a trap held at liquid N 2  

temperatures 

Reaction of ethane , so purified , with 0 3  was slow ( < 10 % removal 

per hour ) allowing the preparation of 0 3/C2H6  mixtures for 

experimental purposes 



Appendix 3 

Preparation of Ozone 

Ozone. was prepared by the method of Thrush and dough 67 

The trap , filled with 4-6 mesh silica gel, was cooled to 195 K 

using a. solid CO 2/isopropanol slush , and attached to a Tower's 

ozone apparatus . After flushing out the apparatus with 
 02 dried 

over H2SO4  ) the ozoniser was : turned 011 and 0 3  allowed to absorb onto 

the gel . When sufficient 0 3  was collected ( about 30 minutes to 

an hour ) the trap was closed 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 02 . Any 0 3  coming 

off was destroyed by passage over a hot nickel catalyst , before 

reaching the rotary pump 

When the trap was pumped 

the 03  desorbing off the 

bulb . Pressures of 0 3  

He was added as a diluta 

slow( 1% per day ) 

down the slush bath was removed , and 

gel was collected in an aged blackened 

in the bulb were kept at < 3.5 kN 

it gas . The decay of 0 3  was very 

At regular intervals the trap was baked. for several hours in 

an oil bath to remove impurities . After this process several loads 

of 0 3  were required to deactivate the gel with respect to 

0 destruction 

The safety aspects of this method of preparing and handling 0 3  

have been considered. by Cook 168 
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The following lecture courses were attended:- 

Why Chemists use Neutrons 

History of the Chemistry Department 

N.M.R. Spectroscopy 

Chemistry of the Anosphere 

Detergency 

Computing 

In addition, regular departmental colloquia and group 

meetings were attended. 
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ADDENDUM 

Luntz 173 has recently investigated the reaction of 0(2 1D) with 

alkanes using laser photolysis of 0 3  with laser induced fluorescence 

of OH . He concluded that there were two distinct modes of reaction 

leading to the formation of OH , which he termed ' insertion 

and ' abstraction 	The first predominated for small alkanes , the 

latter for. the larger alkanes 

Insertion as its name implies , proceeds by the. insertion of 0(2 1D) into 

the RH bond to give ROE . This may undergo prompt fission to yield 

R + OH before equipartition of the excess energy occurs If equipartition 

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 RBXM 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 ROE
* 
 but crossed to the triplet surface corresponding to 

the O(2 3P) + RE reaction 

It can be seen . that this mechanism is essentially similar to that 

proposed in this work ( chapter 5 ) for the reaction of 0(2 1D) 

with halomethanes The reaction initially proceeds along a singlet 

surface leading to ROE or RC1O and may continue along this singlet 

surface to products .However in both cases crossing to a triplet 

surface is readily possible For O(2 1D) + RE this reaction accounts 

for about 20 % of the reaction cross section a similar figure 

is observed in the reaction of O(2 1D) with halomethanes 
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Summary 

The reactions of O(2 1 D3 ) with the haloniethafleS CFCI 3 , CF2 Cl 2 , 

CF3 CI, CF2 IICI, CFIICI2  and CF 3 Br have been studied using flash photo-

lysis with kinetic spectroscopy (0(2'1)2) atoms were generated by photo-
lysis of 03  or N 20 in the ultraviolet). Formation of CIO has been observed 
and lower limits for the branching ratio Into the channel 

O(2 1 D2 ) + CF5C14_ ' CIO + CF5 C1 3 , 

relative to the total cross section for removal of 0(2 1 13 2 ) were determined as 

0.39.0.47, 0.39, 0.27 and 0.36 for the molecules CF3 CI, CF2 Cl 2 , CFCI 3 , 

CF3  DCI and CFIICI3 , respectively. The secondary yields of CIO following 
the reaction of CFC1 3_, radicals with 02 are also reported. 

The reaction of 0(2 1 D3) with CF 3 Br is shown to yield BrO as a primary 
product. The photolysis of CCl 3 Br in the presence of 02  is also shown to 
yield BrO, but in this case via secondary reactions. 

( 

1. Introduction 

There is considerable current interest 11, 21 in the CIO, cycle which is 
one of the catalytic processes leading to removal of odd oxygen (0 3  and 0) 
In the stratosphere; 

C!+03  -'CO +02 	 (1) 

O+ CIO -03  +Cl 	 . 	 (2) 

(k1  1.25 X lOhi  cm3  molecule- ' s7l  13, 41, k 2  5.3 x 10" cm 3  mole-
cule ' s (5] at 300 K). Injection of Cl0 into the stratosphere by 
reactions of both naturally occurring and synthetic halogenated alkanes (the 
latter including in particular the commercially important CF 2 CI 3  and CFCI 3 5) 

has been considered 11, 21. Photolysis by solar UV radiation and reaction 
with electronically excited oxygen atoms O(2 1 D2 ) may each release C10 1 : 

'i 
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1 
RCI+hv-'R+Cl (3)  

RCI+O('D)-.RtCIO 	 (4) 

RCI + O( 1 D) - other channels 	 (5) 

There may be further release of CIO, in subsequent reactions of the 
fragment II. and in photolysis or reactions of products of other channels 
(5). Several studies of the photo-oxidation of haloalkanes employing end 
product analysis 16 - 81 indicate that a carbonyl 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 halounethyl radicals with 0 2  and of the contribu-
tion of the various possible channels in the reaction of O('D) atoms with 
haloinethanes. 

The complexity of the reaction of O('D) atoms with Cit 4  is now reason-
ably well understood (9) and studies by Lin 1101 of ilCl and hF chemical 
laser emission following the reaction of O(aD) atoms with various hydrogen-
containing chiorofluoromethafles 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(ID) 

with a molecule CFC1 4 _ merit consideration: 

O( 1 D) + CFg CI 4 . z 	ClO + CFaCI3_jc 	 (6) 

-. Cl + CFC13O 	 (7) 

- O(i') + CF'Cl4_ 	 (8) 

CFC12 _ 0 + C12 	 (9) 

- CF. -, Cl 3 0+ FCI 	 (10) 

There is no reason to çliscount reaction (7) a priori, although its analogue 
has not been observed for O( 'D) + Cu.. Equation (7) is more exothermic 
than equ. (6) (with CFCl, (eqn. (6)) —OS ki mor' and Iie 

(eqn. (7)) 	—239 k.J mol ' ). Since it appears that certain reactions of 
0('l)) atoms occur by insertion followed by fragmentation in a statistical 
manner governed by the volume of phase space available for different 
channels 1131, reaction (7) appears quite plausible. It should be noted that 

the molecule CF 30CI is well characterised (14) and might be stabilised at 
very high pressures if the reaction proceeds via CF 3OCI. Furthermore, hypo-
chlorites are known to be useful reagents for producing alkoxy radicals and 
the photolysis and thermal reactions of CF 3 0CI are thought to proceed 
through the formation of CF'O, thus supporting our suggestion that channel 
(7) deserves serious consideration. Direct abstraction, on the other hand, 
would Lvour reaction (6). Evidence for reactions of the type shown in 

'Thcrm0ChCmic1 data have been Laken from id. U, w ith the exceptions of CF30 

161 and CIO 1121.  

eqns. (9) and (10) has been obtained (15) by employing flash photolysis in 

a fast no w system with nozzle beam mass spectrometric sampling. Heicklen 
and coworkers (7) have concluded from steady photolysis experiments that 

deactivation of O( 1 D) to O( 3 P) by Cd 4 , CFCI 3  and CF2 Cl 2  Is negligible. 

Pitts et al. 1161 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 CIO formation in the reaction of 6( 1 D) with 

CF3 CI, CF2 Cl 2  and CFCI 3 , employing 03 as the source of O( 1 D) atoms. 

However, these experiments are open to the possible objection that CIO 
could be produced indirectly via 

O('D) + CFC14 _ g  CFC13_0 + Cl 	 (7) 

CI+03 	- CIO +O2 	 (1) 

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 gas, 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 20 

as i.he  source of O( 'D). We also describe some experiments on the oxidation 
of halomethyl radicals. 

2. Experimental 

The apparatus for flaii photolysis with time-resolved absorption 
sictroscou' in the Ultraviolet (X > 200 nm) has been described (17). 
During work where measurements were made on the NO )(0,0) and 6(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 the spectroscopic flashlamp when this whs discharged at 15 kV as in 
previous experiments. Reducing the voltage to 13 kV did not significantly 
alter the output of the lamp but greatly prolonged the useful life of the 
window. 

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 
1181. 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 
optical density tracings obtained using a Joyce- Loebi double beam record. 
ing microdensitometer. The concentration of CIO was determined from 
the optical density in the (8,0) or (11,0) bands of the A 2 11 X211 system. 
The contrast at the wavelength of these bands was determined for the 



32 

majority of plates and remained constant throughout this work at about 1.2. 
Extinction coefficients (base 10) of e(11,0) = 3 X 10 -16 cm2  Molecule- I 
and e(8,0) = 2.5 X 10 16 cm 2  molecule were employed-(see below). The 
Beer-Lainbert law was obeyed in the concentration range of these experi-
ments ([CIO] 4 5 X 10" molecule cm - 3 )_ The concentration of 
NO(u" = 0) was calibrated directly using standard mixtures of NO in the 
presence of the same pressure of N 2 0 or NO + CF3 CI, as used in kinetic 
experiments. Because of the low plate density at the wavelengths of the 
various NO(v" 4 4) transitions employed, the contrast was not constant 
and was determined for the wavelength of each band; plots of D versus log 
£ were approximately linear for small optical density changes in this region, 
the contrast falling to about 0.6 at 227 nm. Concentrations ofvibrationally 
excited NO were norinalised to the NO(u" 0) calibration using Franck-
Condon factors from the compilations of Jain and Sahni (19) (y bands) and 
Ory (20) (3 bands) together with a value for the relative oscillator strength 

= 0.08 calculated as the mean of several reported values for these 00 
two quantities 121 - 251. 

2.1. Materials 
03  was prepared by passing dried O through an ozonizer and trapping 

the product on silica gel at 195 K. Alter pumping to remove 03 , the 03  was 
allowed to expand into a large blackened bulb. 	O of B.O.C. medical grade 
(99%) 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. CF3 Cl 2  and C. 	(given by l.C.l.) were degassed 
and used without further purification. CF3 C!, CF 3  Br (Matheson) and 

CF2 1ICI, CFIlCl 2  (I.C.l. Arcton) were taken from cylinders, degassed 

4 	by repeated freeze-pump-thaw cycles and used directly. 

3. Results and discussion 

3.1. Branching ratio for ClO formation using O 
The determination of a lower limit to the branching ratio for CIO 

formation, k 4 /014  + l:), for CF3 CI, CF2 Cl 2  and CFCI 3  has been described 

(171. In these experiments, 0 3  was photolysed in the presence of a large 

excess (10.7 kN m 2 ) of chlorofluorofliethafle. Under such conditions the 

half-life for removal of O( 1 D) is about 1 ns, so that the early appearance of 
CIO followed the integrated profile of the photolysis flash. Branching ratios 
for CIO formation were estimated by comparison of the extent of 0 3  

renoval at 10 us with the amount of CIO produced. An improved measure-
ment of the relative extinction coefficients of ClO(A 2 11 - X2 11 ) bands and 

continuum has now been carried out, using the photolysis of N 30 in the 
pesence of CFCl to produce CIO in the absence of other absorbers in the 
spectral region of interest (250 - 290 mm). Extinction coefficients relative 
to the CIO continuum at 257.7 nun, which was taken as unity, in the (8,0) 

TABLE t 
Lower  lim its to the branching 
ratio for CIO Formation In 
removal of O(2'D3) atoms by 
chlorofluorOtflethtines using O 

Molecule 	k,/(h4 • 

CF3CI >0.39 
CF2CI 3  >0.47 
CFCI3  >0.39 
CF2IICI >0.27 
CFI1Cl2  >0.36 

and (11,0) bands were found to be 1.25 and 1.46, respectively. Clyne and 
Coxon 1261 determined absolute extinction coefficients at 298 K of (257.7 
nm) (2.11 ± 0.07) X 10- Is cm  molecule- I and c(11,0) = (3.15± 0.10) X 

10 18•cni2  molecule-  Basco and Dogma (27) have obtained c(257.7 nm) 

1.91 X 10 	cm 2  molecule- I and i (11,0) 2.82 X 10 -  18  cm 2  molecule I *. 

Combining these results, we have used e(11,0) 3 X 10- Is cm  molecule' 

and c(3,0) 2.5 X 10-11 c111 2  molccule 	The (11,0) band was employed 
for concentration measurements in experiments using N 30 as the source of 
exciuvl atoms, hile the (8.0) band was used in experiments with 0 3 , the 

intensity of aInorlt ion by 0 3  being less at the wavelength of the latter band, 

285.2 jun. 
lt.sults for C1. 130, CF2 CI 3  and CF0 3 . modified in the light of the above 

determination of the CIO extinction coefficient, and of a small systematic 
error in 03  concentration measurement,' are listed in Table 1. Also included 
are lower limits for the CIO formation branching ratio for CF 2 IICI and 
CFIICI 3 . It is emphasised that these results represent lower limits only, since 
it appears that removal of CIO may be important even at a very early. stage of 
the reaction. In contrast, secondary formation of CIO is fairly slow in the 
cases where it is possible. Since these experiments involved a rather impre-
cise measurement of reduction in 0 3  concentration using plate photometry, it 
was not possible to, circumvent this problem by calculating CIO formation 
and 03  removal for delays less than 10 Ps. 

3.2: Secondary reactions in the presence of 03  and 02 
The kinetic behaviour of CIO subsequent to the initial rapid formation 

is of interest; results for CF 3C!, CF2 CI 3  and CFCI3  appear in Fig. 1. For 
CF3 CI, the disappearance of CIO may be divided into two distinct regions. 
Immediately after the photolysis flash, CIO removal is rapid'and cannot be 
explained solely by the bimolecular reaction of CIO 

*The vibrational numbering In the A state has recently been revised 1281 and differs 
(ruin 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 tact that the reaction of 
O('D) with N 2 0 releases a substantial part of the available excess energy in 
channel (15b) as vibrational excitation of NO(u" 4 6) (371. In the present 
work the (0,0), (0,1) and (0,2) bands in the system could be monitored, 
together with the (0,1) 6 band, but measurement by plate photometry of 
the very small concentrations of NO(u°> 0) near I = 0 was imprecise. The 
ratio of vibrationally excited to ground vibrational state NO in the early 
stages of reaction of the N 30/CF3CI system was estimated to be 0.3 and the 
branching ratio foi CIO formation to be greater than 0.27. This does not 
improve upon the limit determined using 0 3  (Section 3.1) which is there-
fore to be preferred. While these results confirm that formation of CIO is by 
the direct reaction of 0(l)) with CF 3 CI, this does not appear to be a promis-
ing method for precise determination of the branching ratio into reaction (4) 
because of the relatively imprecise nature of plate photometry measurements 
and the difficulty of making due allowance for the contribution of 
vibrationally excited NO formation. 

The production of CIO in a primary step suge.sts that the reaction 
proceeds via direct dynamics; one would expect the product CF30 to be 
favoured if the insertion complex CF30CI were formed (see Section 1). 
There is, however, an alternative structure for the collision complex which 
has the geometry CF3CIO (analogous to iodoso compounds). This type of 
complex, while probably less stable than the hypochlorite (CF30CI) struc-
ture, would be more likely to yield CIO and CF 3 . Observations on the energy 
distribution in CIO are needed before more detailed conclusions can be 
drawn about the dynamics of this reaction. 

34 Reaction of 0('D) with CF3IIr 
Formation of BrO has been observed from the reaction 

O('D) + CF3 Br -. CF3  + BrO 

using both N0 and 03  as the source of 0(11))  atoms. Concentrations were 
measured at the (4,0) band head at 316.9 nm in the A 4 11 - X2 11 system. 
When 03 was employed, the photolysis radiation was filtered (X > 240 nm) 
so that no appreciable photolysis of the CF 3 Br occurred. The reaction 

Br + 03 - BrO + 04 	 (19) 

is slower than that of the chlorine ana!ogee (h 	(1.2:t 0.2) X 	cm 3  
mokcule' s' (381) so that in this case all the initial rapid BrO formation 
must be due to reaction (18). This conclusoa is confirmed by the observa-
tion of BrO following the photolysis of NO in the presence of CF 3 Br. 
Rapid disappearance of BrO was observed during the tail of the flash (Fig. 2) 
so that no useful estimate of the branching ratio for reaction (18) could be 
made. This disappearance might be attributable to the occurrence of an 
apprqciable degree of quenching of O('D) to 0( 3 P), followed by the rapid 
reaction (ko = ( 5 i 2) X 10-11  cm 3  molccule' s 1381) 

0 + BrO - Br + % 	 (20) 

f1  

2 

X 
a 

this 
Fig. 2. Formation and decay of DrO after the photolysis of 03 in the presence of CF3Br. 
The various symbols used indicate the scatter in data obtained from three lndependcnt 
ezperirnenaI runs. The same experimental conditions were used for all three runs: P05  - 

40.0 N m-2  ;Pcv,u, 0.56 kN m 2 ;Pit. - 2.27 kN m— 2. 

until the 0(3 P)atoms are substantially 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 0 3  has been removed, the BrO decay 
was found to he second order in IBrOJ ; using the extinction coefficient 
c(4,0) = (8.0 0.8) X 10  Is  cm2 molecule- I obtained by Clyne and Cruse 
:iu). a second order rate constant for LlrO disappearance, k. = (4 ± 2) X 

10 u  ens 3  molecule 	was obtained. Clyne and Watson 1381 have deter- 
mined k 	6.1 t 1.3) X 10 12  cm 3  molecule s 1  for the reaction 

3.5. Oxidation of halomeihyt radicals 
Reactions of radicals CF5 Cl 3 _ with other species which are present in 

systems where photo-oxidation is occurring are not well understood. Milstein 
and Rowland 181 have photolysed CF 2 CI3  in the presence of 04  and deduced 
a quantum yield of 2 for the formation of (CI + CIO). lleicklcn and 
coworkers 171 have investigated the photolysis of CCI 4  and chlorofluoro-
methanes in the presence of 04  and 03 using static photolysis with end 
pr.duct. analysis. The points of interest for the present discussion are that 
the following mechanism of oxidation of the radical CCI 3  by 0 was proposed: 

Cd3 + 04 + M -s  CC1304 	 (22) 

2CC1 304 	- 2CC130 + 0 3 	 (23) 

CCI3O 	- - CCl0 + Cl 	 (24) 

Also it was concluded that the contribution of the following reaction, earlier 
favoured by Heicklen (61, is negligible; 

lisO + BrO -. 20r + 04 	 (21) 
(18) 
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(25) Acknowledgments 

Cd3 +04  - CCI 3 0 + CIO 

Reactions analogous to cqns. (22) - (24) were proposed for CF2 CI and CFCI 2 . 

We have observed CIO formation following photolysis of CFCI3 (5.33 

kN in 2 ) in the presence of 02 (4.67 kN m- 
2). However, this might arise 

solely from the Cl/02  reaction and provides no definitive information on the 

reaction of Cl"Cl 4  with 02. Studies of the reaction CCI 3  + 0, using photoly-

sis of CCI 3 Br to produce the CCI 3  radical, are more revealing. Our observa-

tions are consistent with dissociatiqn to give CCI3 + Br in the first continuum 

(),,, 	236 urn) with dissociation giving Cl atoms at shorter wavelength. 

Photolysis of CCI3Br (133 N m- 2) in the presence of 02 (3.87 kN m- 2) 

using unfiltered radiation (X > 200 nm) gave both BrO and CIO. BrO, which 
has a larger rate constant for removal, passed through a maximum concentra-
tioO at about 50 ps; CIO continued to increase until about 300 Ps. The reac-

tion of Br with 02 is very slow 1391 and cannot be responsible for the 
observed rapid formation of BrO. Nevertl)eless. Br and Cl atoms are responsi-
ble for the production of BrO and CIO, as the following observations 

Indicate. 
With photolysis down to 200 nm, the addition of 4.2 kN m of 

C2116 to intercept Cl atoms reduced the CIO yield to an undetectable level, 

while the BrO yield was only slightly reduced. 
With filtered photolysis radiation (X > 223 am), so that the formatl 

of Cl atoms in photoiysis of CCI3Br was reduced, the ratio BrO/CIO increas- 

ed fivefold. 
These observations demonstrate that reaction (25) is indeed 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 C113 + 02) and might 

be followed by abstraction reactions such as 

CCI304  + Br - BrO + CCI30 	
(26) 

The inclusion of such reactions is consistent with the end products which 

have been observed. 
The secondary formation of CIO from reaction of CF2 CI and CFCI 2  

with 04 , referred to in Section 3.2, can now be accounted for by the seqUen-

ceof reactions 

CF5 CI3_5  + 04  + M _" CFCl3_5 04 + M 	 (27) 

2C1i'Cl3_02 -, 2CFC13_50 + 02 	 (28) 

CFC13_O - CF'5 Cl 2 _5 0 + Cl 	
(29) 

Cl + CFCl3.-502 -+ CIO + CFCl3.50 	
(30) 

Further study of these systems is clearly warranted. 
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product branching ratios for the reaction of O(21D2) with the halogenomethanes CF3CI, CF)Br, 

CF3I and CF 2HC1 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'D2) 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 1D2) with CF2HCI leads to the formation of CO (55 %) and to the elimination of 
HCl (40 %). The latter process is accompanied by the formation of CF,, and 0(23P). 

The reactions of O(2 1D2) are compared with those for O(2F), where these are known, and the 
absolute rate for reaction of O(2 3P) with CF3I is determined as (1.1 ± 0.3) x 10" cm3  molecule -1  

at 300 K. 
The results are discussed in terms of the main topological features on the potential surfaces 

involved. 

Reactions of 0(21 D2) with hydrocarbons have been studied extensively. 13  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 .3  A number of other reaction channels have also been recognised and 
may be summarised as follows, 

0(21D2) + RH - ROW 	ROH (65 %) 	 (1) 

— R + OH (20-30 %) 	 (2) 

— R'O + H2(10 %) 	 (3) 

RH + 0(23P)(<z3 %). 	 (4) 

It is clear that quenching is negligible and that a direct abstraction reaction, leading to 
OH formation, plays an appreciable role. 

By comparison the reactions of 0(21 D2) with halogen-containing molecules have 
been little studied, although it is known that the reaction cross-sections are again 
large.'-' The formation of halogen oxide products has been observed and lower 
limits for branching. into this channel presented . 67  

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 0(23P) with CF3I and compare these, 
together with data for the other halogenomethanes, with those for the analogous re-
actions involving 0(21D2). 
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222 REACTIONS OF 0(21 D2) AND 0(23P) WITH HALOGENOMETHANES 

EXPERIMENTAL 

Three separate experimental arrangements were employed for this work, all of them based 
on the flash. photolysis technique. 

FLASH SPECTROSCOPY 

Ac onventional  arrangement, suitable for photographing transient spectra in the visible 
and ultraviolet regions, was used to obtain kinetic data on the halogen oxides and CF 2 . 
Spectra were dispersed on a Hilger-Watts medium quartz spectrograph and recorded on 
Kodak Panchro-Royal filth. A more detailed description of this technique and the data 
processing has been given in ref. (6) and (7). 

TIME-RESOLVED PHOTOMETRY IN THE VACUUM ULTRAVIOLET 

This apparatus employed a conventional flash photolysis unit coupled to a vacuum ultra-
violet monochràmator and fast photometric recording system. It was used to monitor the 
formation and decay of 0(23P,) (via the resonance lines at A = 130 run), following quenching 
of 0(2 D2) by the halogenomethanes, and also to obtain absolute rate data for reaction of 
0(23P) with CF3I. The experimental arrangement was similar to one described previously 
for work on S(3 3P), however, for the present work an EMR542 solar blind photomultiplier 
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 03. Curves of growth for 0(23P,) were then 
determined by photolysing 03  under optically thin conditions (in the presence of excess N 2  
to quench 0(21D2) to 0(23P)] over a range of pressures (fig. 1). As a final check the rate of 
the reaction between 0(23P) and NO 2  was determined*  as k = (1.1 ± 0.3) x 10 -  11  cm3  
molecule - L  s , in excellent agreement with the accepted result obtained by resonance 
fluorescence' (k = (9.12 ± 0.44) x 10_12  cm3  molecule -L  s at 295 K]. 

0.5 

0.4 

a 

cm 0.2 
0 

0.1 

0(2 3 P)/arb. units 

FIG. 1.—Curve of growth for 0(23P,) using the three resonance lines at 130.2, 130.5, 130.6 tun. 
The 0(21',) concentration was taken to be proportional to that of 03, which was. varied over the 

range O.4-6.1Nm 2 . 

- la these experiments 0(23P) was formed by .photolysis of NO 2  (=I %) in the visible and near 
v. regions. 
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In all of these experiments the output from the photomultiplier was fed to a fast analogue-
to-digital converter (Datalab DL905) and data were processed in the standard way. 

(iii) TIME-RESOLVED PHOTOMETRY IN THE NEAR-ULTRAVIOLET 

The yield of OH from reaction of 0(2'D 2) with CF 2HC1 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 (MPI018B) 
monochromator which selected 1* the Q13 line at 308.15 am. 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 0(2'D2) was produced by the ultraviolet photolysis of. 036 = 200-
300 nm) and, where required, 0(23P) was formed by adding an excess of N 2, to quench 
0(2'D 2) to O(2 3P). 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 0(2'D2) PRODUCED BY THE FLASH 

Photolysis of 03  in the ultraviolet (200-300 nm) is known to produce almost 
exclusively 0(2' D2) and thus the absolute yield of this atomic state can be determined 
by observing the amount of 0 3  removed by the flash. In pure 0 3  (or 03  + SFr, and 

03  ± He mixtures) 0(2'D 2) reacts rapidly with a second 0 3  molecule, and under our 
conditions the amount of 03  removed immediately after the flash will in fact be twice 
the amount photolysed in the primary photochemical step. However, by adding 
excess CO 2  to the ozone, the effect of the secondary reaction can be eliminated, as 
0(21 D2) is quenched to the ground state. We, therefore, carried out experiments to 
determine the amount of 0 3  removed after the flash (30 us) both in the presence and 
absence of CO 2. The depletion in the presence of CO 2  was found to be 12 ± 1 % 
(F0 , = 26.6 N m 2)  and in the absence of CO 2  24 ± 2 %, this gives a yield of 0(2'D 2) 
of 8 x 10' atoms CM-3  per flash. These results confirm that the yield of 0(21') in 
the ultraviolet photolysis of 0 3  is negligible (<10 %) and that 0(2'D2) is removed en-
tirely by reaction with 0 3, physical quenching being unimportant. The decay of 0 3  
at times greater than 30 ,us was observed to be very slow, as expected from the known 
slow rates for reactions involving 0(2J') and 02(a' g) with 03. 

REACTION OF 0(2'D2) WITH CF30 

When 03  is photolysed in the presence of excess CF3C1 (PCFSCI = 2.7 kN m 2) a 
strong spectrum of CIO is observed via the (A 2fl +- Yfl) system, and its rate of 
formation closely follows the integrated form of the flash. No CIO is observed when 
CO2  or N2  is added to quench 0(21 D2) and it is clear from these, as well as earlier 
experiments,' .7  that CO results from a fast reaction between 0(2' D?.) and CF3CI. 
There are however three possible mechanisms for CIO formation. The first and most 
obvious is the direct formation of CIO in a primary abstraction step 

0(21  D2)± CF3Cl—.. CO ± CF3 . 	 (5) 

A second possibility is insertion into the C-Cl bond followed by fragmentation to 
yield CIO 

0(2'D2) ± CF3C— CF30Cl— CF3  ± Co. 	 (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 0 3 , i.e., 

0(2'D,) + CF3CI —+ CF30 + Cl 	 (7) 

Cl+0,— CIO +0,. 	 (8) 

Under the conditions of our experiment it would be difficult to distinguish between 
these three mechanisms simply by observing the rate of formation of GO 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 03  and CF3C1 = 67 N m- 1), any Cl atoms formed in the primary step can be 

removed before reacting with 0 3 ; the yield of GO will then be reduced by an amount 
which depends on the yield of free chlorine atoms in the primary step. As the pressute 
of C2.H6  used is very much lower than that of CF 3C1 it will not interfere by reacting 

with 0(2'D 2) (>95 % of the excited oxygen atoms react with CF 3CI). Our results 
show that the yield of GO is only slightly reduced by addition of C 2H6  and Cl atom 

formation accounts for <20 % of the total 0(2 1 D2) removal by CF 3CI. 
Quantitative yields of GO were determined via the (5, 0) band of the A'Il *— X'II 

system" [see ref. (7) for a detailed discussion], and when these are compared with the 
amount of 0(2'D2) produced by the flash we find that 65 Y. of the excited oxygen 

gives rise to GO formation in a primary step. 
Measuring the yield of 0(21') by time resolved photometry in the vacuum ultra-

violet proved more difficult than first envisaged. Absorption by CF 3C1 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 0(23P) could be detected; as the extent of absorption by CF 3C1 increased, the 
sensitivity for detecting 0(21') decreased. Thus in order to measure the yield of 
0(21') 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 CF3G. 

For the present work relative 0(23P.,) concentrations were read directly from the 
appropriate curve of growth and the yield of 0(23P) formed by the quenching of 

0(21 l),) by CF30 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 0(21-D 7) directly to the ground state]. By this means the branching ratio for 
0(23P.,) formation was determined as 30 x t 11 15 %. Typical conditions in these ex-

periments were P0  = 0.5 N m', PcF.c, = 4.0 N m', 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 12b 

0(21 D2) + CF3G-- CFO ± FCI 	 (9) 

which is seen to have a small branching ratio. 

REACTION OF 0(21ID2) WITH CF3Br AND CF3 I 

Reaction of 0(2'D,) with CF 3Br 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.13  for the (4, 0) band of 

the A'll-rfl system we find a branching ratio for BrO formation of >25 %. It 
should be noted that reaction between Br and 0 3  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 0 3. 

Experiments to determine the yield of 10 from reaction of 0(2 1D2) with CF3I are 
considerably more difficult than the corresponding experiments with CF 3CI and CF3Br. 
A strong spectrum of 10 is observed, however some photolysis of CF 3I occurs, (it 
absorbs in the same region as 0 3) and it is known that iodine atoms react rapidly with 
03  to yield 10. Preliminary results frbm our laboratory show that spin–orbit excited 

TABLE I .—BRANCHING RATIOS FOR PRODUCT CHANNELS. IN THE REMOVAL OF 0(2'D 2) BY 

HAL.OGENOMETHANES 

reactant productsl% 

quenching halogen 	halogen other 
to 0(21'.,) oxide 	atom products 

CF30 30 + 	% 65 4- 10% 	<20 % FC1( 	10 %) 
CF 2HCI 28 	% * 55 ± 10% 	(10 % OH(5 %) 
CF3Br >25% 

* Yield of 0(23P) based on CF2  formation (i.e., via the dissociative excitation channel yielding 
CF-. ± Ha ±0) is 45 ± 10 %. 

iodine atoms, 1(52P), react more rapidly with 03  than ground state 1(52P312) atoms; 
the rate constant for the ground state iodine atom reaction has been determined" 
as k = 0.8 x l0 2  cm3  molecule' s_ i . Thus 10 can be formed by more than one 
reaction and detailed experiments are required to distinguish between the various 
possibilities. Our present results indicate that the yield of 10 from reaction of 0(2 1  D2) 
with CF3I is substantial and we hope to report a quantitative measure for the branching 
ratio into this channel at the Discussion. 

REACTION OF O(2 1D2) WITH CF2HCI 

Strong transient spectra of CIO and CF 2  were observed following the photolysis 
Of 03  or N20  in the presence of CF2HC1(P0  = 13.3 N m 2 ; PCF,HCI = 2.7 kN m 2). 
Both spectra were completely suppressed by addition of excess N 2, showing that they 
resulted from reaction of 0(2'D2) with CF2HCI. Photolysis of CF 2HCI in the far-
ultraviolet is known to produce CF 2, however this region is not transmitted by our 
equipment and CF, was not observed when CF 2HC1 (Pc ,HcI  = 2.7 kN m) alone 
was flashed in the reaction vessel. The yield of CIO was measured as described for 
CF3C1 and found to he 55 x 10 % of the initial O(2'D2) yield. Addition of small 
amounts of ethane to the system had no significant effect on the GO yield, showing 
that Cl atom formation is of little importance (( 10  %) in the removal of 0(2'D,J by 
CF2HCI. 

The yield of CF, was determined using the known extinction coefficient for the 
= 6 band (249 am) of the A'B -- X'A 1  system, given by Tyerman. 15  The 

branching ratio into this channel was determined as 45 x 10 %. 
The branching ratio for 0(23P,) formation was measured using the method de-

scribed above for CF3CI and found to be 28 11105 %, which suggests that both CF, 
and 0(23P) 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 2HC1 under the conditions employed. 
Using the more sensitive technique of time resolved spectrophotometry at 308 am 
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(P,HcI  = 2.0 kN rn, F0, = 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 
0(21 D2) with H 20 and CH,. Assuming that H 20 gives two OH radicals for each 
0(2'D) atom reacting, the yield of OH from CR., was found to be 80 0/s,  iir good 
agreement with previous work. 16  The yield of OH from CF 2HCI, based on the same 
method, was found to be only 5 %. 

REACTION OF 0(23P1) WITH CF3I 

The kinetics of 0(23P) removal by CF3I were investigated using time-resolved 
spectrophotometry at 130 nm (the split width used was 800 um and thus the three 
atomic lines at 130.2, 130.5 and 130.6 nm were transmitted by the monochromator). 
Byphotolysing 03(P0, = 1.33 N m 2) in the presence of excess N Z(PN, = 800 N rn 2), 
suitable concentrations of 0(23P) could be generated (x 3 % photolysis of 0 3  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 3I (0.13-0.6 N 
in _2) resulted in a marked increase in the rate of decay and by measuring the pseudo 
first-order rate coefficients for removal of 0(23P) over a range of CF 3 I pressures 
(data 'are shown in fig. 2) the second order rate constant was determined as, 

kQ(23pJ) 	= (1.1 x 0.3) x 10 -11  cm-1  molecule' s'. 

I 
C 

'C 

0.1 	0.2 	0.3 	0.4 	0.5 	0.6 

CF3I / N m 

FLG. 2.—Plot of the first-order rate coefficients for removal of 0(23P) against partial pressure of 
CF3I. (F0, = 1.3 N m 2  Ps,, = 800 N m'). 

A small correction 17  was made for departure from Beer-Lambert behaviour and the 
slope of fig. 2 should be multiplied by 1.3 (',' = 0.76 based on the data in fig. 1) to 
'obtain the rate constant given above. 

Some photolysis of CF 3I will inevitably occur under the conditions used, however 
the percentage photolysis will be much less than that for 0 3  (i.e., <33 %), due to the 
lower extinction coefficient for 'CF 3I, and should have no effect on the kinetics 'of the 
oxygen atom decay. As a check, further experiments were carried out over a range 
of flash energies (180-320 J). No significant difference in the decay rate for 0(23P) 
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could be detected and we conclude that radical-radical reactions do not influence the 
observed kinetics and that photolysis of CF3I is unimportant. 

Some slow regeneration of 0(2I') will occur via the reaction of O,(a'A) with 
03, but this is entirely negligible on the time scale used here. 

DISCUSSION 

REACTION OF O(21 D2) WITH CF3C1, CF3Br AND CF3 I 

A major channel in the reactions of 0(2'D2) with halogenom.ethanes (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 3C1, as the data for this 
molecule are most complete, but we expect the same general points to apply for CF3 Br 
and CF3I. 

Formation of CIO from CF 3CI can in principle occur by two mechanisms, the 
more direct being abstraction of a chlorine atom. The second possible mechanism 
involves insertion of 0(2'D2) into the C-Cl bond, to form a vibrationally excited 
hypochiorite CF30C1, followed by fragmentation. CF 30C1 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 CF30 
and Cl (thermocheniically this is the most favourable dissociation process). Thus if 
insertion of 0(21 D2) into C-Cl bonds was important,' we would expect a high yield 
of Cl and not CO. 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 2), which' is isoelectronic 
with 0(21 D2), with halomethanes. 19  Thus, while both singlet methylene and 
O(2 1 D2) undergo fast insertion reactions into C-H bonds, the main reaction channel 
with halogenomethanes involves direct abstraction.' 9  

The above behaviour can be understood when we consider the strong interaction 
that will occur between the vacant p-orbital of 0(2' D2) (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 0(2'D2) into the C-Cl bond (the minimum corresponding to the ground state 
configuration for CF30CI), however it appears that this region is less accessible, 
possibly due to inertial effects; both Cl and CF 3  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 0(23P) + CF3C1 and non-
adiabatic transitions at these crossings must be favourable, as evidenced by the rela-
tively high branching ratio for 0(23P) formation. 

For 0(2'D2) interacting with CF3I the singlet surface may pass below the asymp-
tote for 0(23P)± CF3I (fig. 3) and could therefore influence the dynamics of 'the 
reaction between 0(23P) with CF3I (see below). Stable compounds with the structure 
RIO can be prepared (e.g., iodoxybenzene, C6H510) showing that the singlet surface 
has a very deep minimum in the region occupied by the lone pair electrons of iodine. 

* Removal of 0(2'l)2) is much slower by CF groups' and appears to proceed entirely by quench-
ing." 
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0(2 1 0) + RI 

O(23 P)+RI 

RIO 

Fxo. 3.—Section through the proposed potential surfaces for 0(2 3P1) and 0(2 1 D2) interacting with 
an iodide. The lowest singlet surface is shown by the continuous line and the' triplet surfaces by 

dashed lines. 

REACTION OF 0(21 D2) WITH CF2HC1 

Lin has studied the photolysis of 0 3  in the presence of a number of hydrogen 
containing halomethanes, including CF 2HCI, and observed stimulated emission from 
vibiationally excited hydrogen halide molecules formed in these systems. He 
proposed that this resulted from the insertion of 0(2'D 2) into C-H' bonds followed by 
the elimination of a vibrationally excited hydrogen halide molecule from the hot 
intermediate, e.g., 

0(21 D) + CF2HC1— CF2ClOH— CF10 ± HF:. ' 	(10) 

With CF2HC1, only HF emission was observed, although the formation of HCI is 
more exothermic. The present results 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 HC1 is a more important process. 

It seems unlikely that chemical laser emission would result from a minor reaction 
channel and an alternative explanation for Liii's result is that excited HF is produced 
by secondary radical reactions. In a separate series of studies, Lin 2' has suggested 
that the reaction, 

0(23P1) + CF2H— CFO + HF 	 (11) 
(MI = —433 kJ mot- 9 

can give rise to HF laser emission. Our results show that both 0(21'.,) and CF 2H 
are major products of the interaction of 0(21 D2) with CF2HC1 and we therefore sug-
gest that reaction (11) could account for Liii's observations in the 0 3  + CF3HCI 
photochemical laser system. 

The dominant channel in the interaction of 0(2'D2) with CF2HCI is clearly that 
leading to the formation of Cl0(55 %) and as the branching ratio is similar to that for 
CF3CI, we infer that the mechanism is the same. 

The second most important channel involves dissociative excitation viz., 

0(21  D,) + CF2HC1 - CF2  + HCl + 0(23P). , 	 (12) 

This channel is thermoneutral within the bounds of current thermodynamic data 
(zH = 17 x 19 Id mot - 1) and it is surprising that it competes so effectively with the 
other highly exothermic channels. However, the observed rapid formation of CF2  
and 0(23P) 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 

021 D2) ± CF2Hc1— CF2  ± OH + Cl. 	 (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(5 0/s) observed. CF2  is known 

to be formed by the disproportionati011 reaction 

2CF2H - CF2  + CF2H2 	 (14) 

however, this could only account at most for 10 % of the CF 2  observed as the dominant 

removal channel for two CF2H radicals is dimerisation. We, therefore, conclude that 

dissociative excitation [reaction (12)] accounts for 40 Y. of the total cross-section. 
It is interesting to note that both the thermal and infrared multiphoton dissociation 

25  

of CF2HCI lead to the formation of CF, and HO. The other surprising feature is that 

0(23P) escapes from the force field of CF2, as CF20 is a very strongly bound molecule. 

This can however be understood when it is realisedthat CF2(rA 1) and 0(21',) do not 

correlate directly with the ground state of CF 20, but with an excited triplet state which 

may not allow efficient combination: 
The branching ratio for OH formation (5 %) is surprisingly low. From the bond 

additivity relationships suggested by Cvetanovic et al.3  and by Davidson et aL,5  we 

would expect OH formation to account for z 30 Y. 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 chlorine atom - is present on the same, or adjacent, carbon 

atom.26  

REACTION OF 0(23P) WITH CF3Br AND CF3 I 

Reaction of O(23P) with CF3 Br, to yield BrO, is strongly endothermic (H = 

+65 ± 5 Id mot - ') and negligibly slow at 300 K. However, the reaction has been 
studied at elevated temperatures (800-1200 K) and Arrhenius parameters determined 

27 

as A = (1.5 ± 0.5) x 10W" cm-3  molecule s' and Ea  = 57 ± 4 Id mol_t.  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 0(2'D2). We shall 
return to the latter point after discussing the corresponding reaction with CF 3I. 

The reaction of 0(23P1) with CF3I has been studied in some detail by Gorry et a1. 
using the molecular beam technique and has been shown to involve the formation 
of a weakly bound collision complex. The product scattering (10) changes from a 
mainly backward, to a near isotropic distribution as the kinetic energy of the incident 

0(23P) 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 A2. It is clear that the reaction must be close to thermoneutral and our 
results provide an upper limit for the activation energy of E 6 Id mot '. When this 

is combined with. the bond strength of CF 3I,29  D(CF3-I) = 221 x 5 kJ mol', we 
obtain a lower limit for the bond strength of 10 as, D0(I0) 210 Id mot , which is 

consistent with the value given earlier by Radlein er al.3°  
We might expect the Arrhenius pre-exponential factor for reaction of 0(21'.,) with 

CF3I to be similar to that for the analogous reaction with CF 3Br, and the fact that the 

rate constant (at 300 K) for 0(23P) ± CF3I is close to the pre-exponential factor for 
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0(23P) ± CF3Br, suggests that this is probably the case. These values are ur-
prisingly low when compared with the analogous reactions for 0(2'D) (where any 
kinematic constraints should be the same), but appear to be characteristic of reactions 
involving 0(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.• 3 ' 

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 0(2 1 D2) 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 0(23P) ± 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 0(21 D2) 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 0(23P). This provides an efficient mechanism 
by which 0(2'D2) is quenched to the ground state. 

The reactions of 0(2'D2) closely parallel those of singlet methylene. 
Reactions of 0(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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