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been experimentally shown (Chapter 2 • Section ! . ) that the 

radical does not arise from .c2H
5

Cl by mean . of a radiation 

induced secondary reaction and it is unlikely that the rearrange ent: 

, 
Cl. 

could take place to any great extent since the rearrangement si.t.e is 

remote from the f ree radical. centr e . 

A complete mechanism wich includes the formation of' 

is given belo\-1: 

Initiation 

H + liCl 

Prop ation 

"CR CH Cl 
2 2 

+ Cl 

H" + Cl• 

CH
3 

:ICl 

(1) 

(2) 

(3) 

(4) 

(5a) 

(6) 

:6a) 

(?) 

(?a) 



•CH2ca2f CH} + HCl 

Cl 

Sk6 
•CH2CH2Cl + HClads 

CH-.CHCl + HCl d -_, a _s 

Termination 

c1• + • c 
2

CR
2

CH
2

CH
2

Cl 

c1• + • GH2.CH2 \ CH3 
Cl 

CH
3

CHC12 

sk8 > l ,.4-c
4

H
8

Cl
2 

(8) 

·(8a) 

(9) 

(9a) 

(10) 

(lOa) 

(ll) 

(lla) 

Since· the amount of 1- chlorobutane formed is much greater 
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t an that of 2-chloro-butane • . being about 20 to l. , the expression derived 

ro1• l-c.hlorobutane in part .£. is a good approximation to the correet 

one. The .rato expressio.n for the production of 2-chlorobutane would 

have an identical form to that of l·chlorobutane only if the equilibrium 

expressed in reaction 5a is very rapid in relation to the rates of 

consumption of the CH3 HCl radical . o experimental difference in the 

kinetics of the l-ch2orobutane and 2-chlorobutane has been found and 

thus it is assumed t hat the equilibrium is indeed rapid. Since the 

proportions of 1-chlorobutane and 2-chlorobutane have been found to be 

about 20 to l at room te perature , a difference in the stability o£ the 
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two r adicals of about 2 Kcal per mole would be expected if their 

reactivities were similar . The estimated difference (Appendix II) 

is about 4 Kcal/mo.le. This value , which was obtained from the ff.erence 

of two larger numbers , is reasonably close to that required to account 

for the observed proportions. 

Th.e hypothesis that these two species are in equilibrium 

could be checked by carr.yipg out ra~ol.ysi.s of HCl - c
2

H
4 

mix ures 

at various temperatures. The relative proportions of the two 

chlorobutanes would be expected to be temperature dependent. 

! · The Formation of 1., 2-Dichloroet.hane 

l:t as at first suspected that the obse.rved 1,2-dichloroethane 

was formed by the termination reaction 10: 

Sk 
Cl ' + 'C;}i

4
Cl ? ) C1C

2
H4<a. 

This mo e of formation would have required the rate t o be linearly 

dependent on HCl concentration which it as not . Experimentally, 

its rate of formation becomes independent of .H ·1 coneent.ration and 

its rate of formation is greater than the rate of initiation. i'his 

implies that it a further mode of production, i nvolving a chain 

proc Its production was a lso found to depend on the s q re root 

of the vailable surface aTea. Thi.s is consistent with reaction 9: 

(9) t 

providing it is assumed that the concentrati.on ot adsorbed HCl is 

independent of HCl pressure . :'he results of the experiment with 

racnoaoti ve HCl descr:i.bed in C..'hapter 2., Section !!.· , show that HCl 

is adsorbed on glass surfaces even at very low HCl pressures. It may 
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be seen from the i soth e represented by t he broken line in . ig. 2 't 

that the amount of adsorbed H l is virtually co tant in the r ange 

of pressures (up to~ c . ) in which t he reaction kinetics were s tudied. 

he required HCl and surfac.e dependences are given by 

reaction 9 which is t hus considered to be the main mode a.f fo rmation 

of 1 12- diehloroethane . arying small proportions , de pen ing on the 

particular reaction conditions ~ are also fo d by terminat i on 

reaction 10. 

G. Further Ad-di t ion , :eaction.s Leading to Higher -
Malec~ .eight Clllorinated Hydroca rbons. 

Sin·ce it has been shown t ~at the addition of a ehloroethyl 

radical to ethylene to give a chlorobutyl radical i s a fairl y comnon 

rea ction , it rlli.ght be expec.t e<i t nat the addition of a chlorobutyl 

r adical to ethylene to . ive a chlorohexyl radical w- ul.d occur to very 

nearly the sa e extent . The end product of this re ction would be 

1- chlorohe.xane as sh<»m in the f~llowing .s equence : 



120. 

This reaction sequence reveals that the proportion of 1-chlorohexane 

will be greatest in reactions where the concentration of HCl is low. 

An attempt to find 1- chlorohexane in the reaction products was 

unsuccessful , as shown by the results given in Chapter 2 , ~ection ~. 

Here the molar proportion of c2H4 to HCl was 1540 to l . For these 

conditions it was found that the amount of ethyl chloride , 1- chloro­

butane and 1- chlorohexane were in the proportions of 41:59: < 1. 

hus , the selected conditions have yielded no measureable 1-chloro­

hexane , even though the 1- chlorobutane was favoured over the ethyl 

chloride . This implies that the rate constant ratio k~9 is more 

than 100 times greater than k3/k4, and suggest s that the proximity 

of a chlorine atom to the free radical centre enhances the rate of 

addition as opposed to extraction. 

~· Examination of Other ~ossible Mechanisms 

ln an effort to determine whether other mechanisms would give 

r ate expressions in agreement with the observed results , the various 

possible initiation and termination sequences were individually 

investigated. ( ~ee Appendix III) The determination of the rate 

expressions for the formation of ethyl chloride and 1-chlorobutane 

showed t h· t only the mechanism given in section~., with possible 

modifications of Sections Q. and~. , gave expressions in agreement 

with the experimental data. 

The important observation arising from the above investigation 

i s the f act t hat the ethylene i s apparently not taking part in the 

initiation. In other words , energy deposited in the ethylene does 
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not lead to any of the observed reaction products. Although 

unquestionably the ethylene is undergoing a series of complex 

reactions under the influence of the radiati on, these not being 

chain reactions \-till have relativel y small G values . 'I'he yields of the 

resulting productE ill thus be insignificant compared to the yields 

of those being for ed by m ans of the chain process. 

I . The Initi ation Process -
Since it has been ki netically shown that the et hylene does not 

contribute significantly to the formation of chlorine atoms . it is 

assumed t hat all the iuitiation comes abou" by the direct interaction 

of the gamma rays and fast electrons with the HCl. '!'here are two 

main weys in which this int eraction takes place; ionizati on and 

excitation. 

When interaction of the radiation takes place to give ions• 

by far the most common event 1ill be that in which an HCl+ ion is 

formed , along t+Jith a secondary electron. Several reactions involving 

HCl+ have been proposed (35) to account for the production of chlorine 

atoms in irradiated HCl . These reactions can all be ex~luded in the 

case of t he HCl - c
2
H4 experiment · described in the present work as 

the HCl+ ion is probably neutralized by a charge trans f er reaction 

with ethylene. 'Ih e i onization potenti of ethylene is 2 eV below 

that of HCl , favouring this charge ~ransfer process . 

he reaction: HCl + e __ .,.,. H + Cl' .. , has been giv~n (35) 

as a possible reaction occuring in irr adiated liquid HCl . This 

r eaction has been shown to be an insignificant contributor to the 
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initiation process i n the gaseous HCl - c2H4 system. The application 

of a high voltage across the irradiation vessel did not result in a 

measureable decrease in product yield. h magnitude of the field 

\'Ia high enough to cause the major fraction of the electrons and 

positive ions to be collected while not high enough to cause 

secondary dissociative excitation. 

From these observations it has been concluded that i n t he 

presence of ethylene , the decomposition of HCl occurs mainly through 

the dissociation of electronically excited HCl molecules. When 

ionizing radiation and fast charged particles dissipate nergy by 

excitation, it i s mainly by causing excit tion to the lo~est electronicalLy 

excited state (cf 1 ) . pectroscopic data ( 36) shows that the lowest. 

excited state of Cl dissociates, the maximum intensity of t he 

continuUJll oceurjng at 8.1 eV above the ground state. It has been 

shown , (Appendix V) , that it i s energetically possible to e lain the 

obser ved rate of initiation as arising sol ely from the decomposition 

of excit ed molecules .• 

erimental evidence has been given in Chapter 2 , Section 

! • to support the view that excited molecules are contributors to the 

initiation process. se re lts , however , do not prove that excited 

mol ecules are ·he sol e contributors although the discussion above would 

indicat e that t Lis is indeed the case . 

he initiation react:ons thought to occur in the system are: 

HCl ~ HCl• ~ H• + c1• 

o )o H + cr 
2 

(1) 

(2) 



W + C H 
2 4 

·c + Cl 
2 5 

actions (2) and (3) both have activation energies of about 

(3) 

(4) 

4 Kcal/mole (37,38) and sine ~ the ethylene concentration w sin 
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excess in all the experiments. reaction (3) probably predominates. The 

important thing to note is that r gar ess of the reaction tv ch the 

hydrogen at m un oes , t he end result of the dissociation in (l) 

is the production of two chlorine atoms. Since neither H2 nor 

c
2
H6 are pro due d by a cha:in mechrulism, the quant.iti s formed would 

be too small to be quantitatively determined by the techniques used 

in this ork. In any case , the prod ction of hydro en fron1 ethyl · ~. 

by th hydrogen s l:it-out mechanism would make interpret ati o of such 

data difficult. 

i • The e;mination I'rocess 

The termipation reactions which give kinetic expressions in 

agreement with the experimental data, predict the formation of 

o 1 ,4-dichlorobutane was 

chromatographically detected d it appears that the 1 ,2-dichloroethan 

which was observed came almost entirely by the chain reaction 

involving the adsorbed HCl. 

'l'he termination reaction: 

c1· + c1· + s C12 + S t 

might have been expected to occur but no trace of chlorine could be 

found in the reaction products . lso, it has been sho\m in Appendix III 

that the kinetics do not agree with the experimental data when the 



mechanism having this reaction as the major termination process is 

considered. It must therefore be concluded tha t this mode of 

tenr.i nation is not important . 
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~he reaction mechani sm discussed in the preceding sections 

has satisfactorily explained the formation of the four pr oducts 

observed for the reaction conditions employed. Cert ain aspects of 

the mechanism , ho\-tever , have bee.,p presented as postulates , which lead 

to predictions ~hich can be subjected to further experimentation. 

(1) Concentration stu ies 

TlJ.e mechanism predicts that at sufficiently high H 1 

concentrations, only ethyl chl oride will be observed as a ~reduct . 

•urther work i s necessary to check the hypothesis that ethyl chloride 

is partly being formed by means of a surface reaction. 

(2) 'l'emperature .ytudies 

~eaction rates at various temperatures should give t he 

ac tivation energy of th ini t i ation reaction as ~ell as tha t of 

the addition of a chlorine atom to e hylene . Differences in the 

a c ivation energies for the other reactions could also be obtained. 

In particulart how~ver, ten, erature variation could e used to check 

the echanism fOS~ulated to explain the formation of 2-chlor obutane. 

If t he prop sed mechanism is .... Drrect , the r elative proportions of 

1- chlorobutanc and 2-chlorobutane should becom mur e nearly equal at 

high t emperatures. 



(3) Apelied voltage s tudies 

'Ihe measurement of product yields at various voltages could 

shed more light on the actual mode of interaction of the gamma 

rays and fast electrons \'lith the reactants. 



APP DIX I 

D · VATION OF ATE l!.X.FRESSl O S 

Using the steady state approximation, the following expressions 

can be written down from the mechanism outlined in Part III, Chapter 3 , 

Section ! •: 

d(~! · ) = 0 = 2k1I(HCl)-Sk
7
(cl• )( •c2H4Cl)•Sks(Cl " )( •c4H8Cl) (l) 

d( •cZH4Cl) = 0 = k
2
(cl• )(C

2
H
4

)-k
3

( •c
2
R
4
Cl)(HCl) 

dt 
-k4 ( · c2H4 Cl)(C

2
H4}-Sk

7
(cl• }( •c2H4Cl) 

-Sk6( •C2H4Cl)(HCl ads) (2) 

(3} 

I = radiation intensity 

S = surface area 

The above equations, when solved, lead to complicated rate 

expressions which would be very difficult to deal. with . In order to make 

the expressions more manageable , some simplifications can be made . 

~quation (l) cannot be simplified. However , it will be observed in 

expression (2) that the terms k7 (Cl• )( •c2n4cl) and k6 HClads ( •c2n4cl) 

will be small in comparis n to the terms k
3 

{HCl) (•c2H4Cl) and 

k4 (C2H4 ) (• c2H4Cl) if Sk
7
(cl• ) and Sk6 HCl ads are a great deal smaller 
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than k
3

(HC1) and k4Cc2H4). This should be the case for Sk
7
(cl• ) 

since the chlorine atom concentration is undoubtedly a great deal 

127. 

lower than that of HCl or c2n4 and the rate cons tant would not be 

expected to outweigh this concentration difference. Since the amount 

of 1 ,2~C2H4c12 formed was much less than c2n5
c1 and c4H

9
Cl in all 

the experiments, Sk6 HClads ( •c2H4Cl) can also be neglected. By 

an argument similar to t hat used above, the Sk8(cl• )( •c4n8cl) term 

can be neglected in the third expression. Using these simplified 

equations the following expressions are obtained for the steady 

state concentrations of t he three free radicals: 

he rates of formation of the various products are given by: 

d{C4H
9

Cl) = k
5 

(HCl) ( •c4n8
Cl) 

dt 

d(Clc2u4Cl) = Sk6 (•c2H4Cl) HClads 

dt 



Since H 1 d has been found to be essentially independent as 

of H 1 pressure in the range of pressures used, HCl d ~ ~ where as 

A is an adsorption constant. 
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1'he rate -xpression given in art I I, hapter 3, Section 

! · follow from t hese relations . 



APPENDIX II 

CALCULATION 

To enable this calculation to be carried out, it has been 

assumed that the heats of formation of t he two radicals can be 

obtained from the h~ats of formation of 1,2-dichloroethane and 

1 ,1-diohloroethane by subtr cting the energy required to break a 

carbon-chlorine bond. This value is probably not too different for 

the two compounds as evidenced by the fact that the carbon-chlorine 

bond lengths in CH3Cl and CH2c12 differ by less than one percent . 

The heats of formation of 1.2-dichloroethane and 1,1-

dichloroethane, i n the liquid phase , were calculated from their 

heats of combustion and found to be - 62. 1 and -58.4 Kc~mole 

respectively. The value for the carbon-chlorine bond energy given 

by Pauling (39) is 78.5 Kcal/mole . The heats of formation of 

•CH2CH2Cl and CH39HC1 are +16.4 Kcal/mole and +20. 1 Kc 1/mole 

respectively. 1he •c.a2CH2Cl is therefore the more sta le by about 

4 Kcal/mole. 



The reaction mechanism leading to the formation of ethyl 

chloride. which includes the initiation ana termiaation reactions 

which have been de•ed possible• is as foUowa: 

Initiation by interaction of radiatioa with HCl 

HCl 
kli 

....... & 

F4Vi ~ a• + c1• (l) 

a• + HCl 
k2 

H
2 

+ Cl .. (2) 

k' 
a• + 0tfl4 •ctf!, (3) 

•c H + ac1 
k3a CtJ6 + Cl• z 5 

(4) 

Initiation by interaction of radiation with etbJlene 

kl 
c
2
a

4 
.}t. • • c

2
H
3 

+ H • (,5) 

k 
a• + HCl 2 :. H + c1• (6) 

2 

k 
H• c a 3 ,. ·c~_a5 + z 4 z--

k 

Cl" + C;}i4 

k 
3a~ CB + Cl• z 6 

5 ~ CtJ4 + 01• 

(?) 

(8) 

(9) 

(10) 
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k7 
· c2H4 l + HCl 2a

5 
l + 01• {ll) 

'!ermination 

cr + c1· 
SkB 

Cl2 
(12) 

· c1 + · ctti4c1 
Sk9 lC2H4Cl (13) 

·c1 + H. 
Skl O 

HCl {14) 

·c1 + wall 
Skll 

l/2 Cl2 (15) 

•c2H4Cl + •c2H4Cl 
Skl2 

)o Cl c4H8Cl (16) 

or the purpose of examining the v rious possible combinations 

of reactions, the reaction in which the addition of a chloroethyl 

r die 1 to ethylene takes place has been excluded to simplify the 

derivations. e rate expression for etllyl chloride which is obtained 

will thus be the rate of formation at HCl cone ntrations where th 

ddition reaction is a neg_ , ible contributor. ollowing the method 

used by Trotman-Dickenson 38) in his examination of the echanisms 

of th photo-chlorination of unsaturated molecules, two general cases 

will be considered. ase I: only Cl decomposition leads to initiation. 

Five subcases have been <iealt with , each of the termination reactions 

in turn eing considered to be the main mode of termination. 

The second general case is that in which the thylene is 

considered to be the main contributor to the initiation. The same 

termination reaction as in Cas I have been considered in the five 

subcases. 
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n the erivations , the fol l owing symbolism has been used: 

A c ( Cl ) 

y = B = ( C
2
H4) 

z = (a • > 

Case I 

(a) Terminat ion reacti on (12) main contri butor t o t he termination pr ocess 

(l ) + (2) 

• • • y = k6B [ 2k1.IA] l/
2 

k-/ .Sk8 

d (C2H2Cl) = k6B [ 2kl ! A] l/
2 

dt SkB 

• • • 

(l) 

(2) 

(b) Ter mi nati on r eact ion (13) main contr i butor t o t he termination process 

(1) 

(2) 

The t hird term may be neglected as i t wi l l be small compared 

t o t he s econd. 

(l) + (2 ) 2kl!A - 2Sk8~j = 0 .· . X= ~IA 
SkBy 



subst. in (2) klik6AB w,k~y = 0 

Sk8y 

• • • 

• • • 

• • • 

2 
k1Ik6AB " Skak?Ay = 0 

y = ~kl Ik6BJ l/2 

LSk8k7 

d(C2H5Cl) = 
dt 

(c) eaction (14) main contributor to the termination process 

(l) - (3) + (2) 

from (3): z = 
k2A + k

3
B 

.·. X= 2(k2A + k3B} 

s~o 

subs. (5) in (2 ) 

• • • d(C2H
5
Cl ) 

-dt = 

y = 2k6B {k2A + kdB) 

k?A SklO 

2k6B (k2A + k3B) 

~klO 

(l) 

(2) 

(3) 

(4) 

{d) Reaction (15) main contributor to the termination process 

(1) 

(2) 
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y = k6.il 2kli 

k.fSkll 

d( 2H5Cl) = 2k1tk6A 

dt Sk11 

{e) action (16) main contributor to the termination process 

(1) + (2) 

• • • 

C 9e :u 

(1) 

(2) 

(a) Reaction (12) main contributor to t he termination process 

(1) + (2) 

• 
• • X c 

~2k4IB l l/2 

L" Sk8 j 

(l) 

(2) 



• • • 

( o) Reaction (13) main contributor to the t ermination process 

(l) 

(2) 

'lhe third term may be neglected as it will be small compared 

to the second. 

(l) + (2) 

X = 2k4IB 

Sko/ 

Substitute in (2) , disregarding the third term 

• • 

• • . • y = 

••• d( C2H
5
Cl) 

dt = 

(c) Reaction (14) main contributor to the termination process 

~ = 0 = k4IB - k2Az - k3Bz - Sk10xy 
dt 

(l) + (2) ~ (3) k4IB + k2Az + k3Bz = 0 

••• z = k4IB 
- .,.(k.;..2-A-+k-3'""'B~) 

(1) 

(2) 

(3) 



• 
4

• X= 2(k2A + k3B) 

s~o 

and y = 2k6B (k
2
A + k

3
B) 

k~ S k10 

••• d(C2U5C1) 
dt = 

2k6B (k
2

A + k3B) 

Sk10 

{d) Reaction (15) main contributor to the termination process 

(1) + (2) 

d(C2H
5
Cl) 

dt = 

• . ~ 

(e) Reaction (16) main termination• 

S = 0 = 2k4IB - k 6Bx + k{Y 
dt 

2 
,& = 0 = k6Bx - k~y - Sk1~ dt 

(1) + (2) 

d(C2H
5
Cl) 

dt = 

(1) 

(1) 

(2) 
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1'his is the onq aHhalliam, other than the one which baa been 

accepted aa the meehani• of the reaction (l(h)) which gives a rate 

expresaion for etb7l ohloride in agreement with the experimental 

results, When the tu1l aeOh&nie wu vo:rked out, inolu41Dg the 

for.ation ot l•ohlorobutane• the rate expression tor this product 

did not agrn with the experimental :results aa it predicted that 

it depended oa the square of the HCl concentration at high HCl 

concentratiou while it was exper.lllentally obsened to become 

independent ot HCl concentration. 



reaction HCl 

APPENDIX IV 

absolu e value for the rate constant of the initiation 
k I l . • • 
"''' ,._ R + Cl has been obtained. his was done 

by observing the rate of production of NOCl in irradiated NO-HCl 

mixtures , the value obtained being 4.9 x 10-8 sec-1 • he validity 

of ·transferring the value of k1I found in the absence of ethylene , 

to systems containing ethylene , requires some discussion. Xhe 

question as to whether or not the presence of the ethylene is leading 

to additional initiation must be answered. Since the kinetic 

expressions derived from mechanisms which assume that the ethylene 

leads to initiation do not agree with the experimental results , 

t his sugges ts that initiation resulting from ethylene decomposition 

is unimportant . 

Irradiation studies on mixtures of ethylene and deuterated 

ethylene (24) , has shown that essentially all the molecular hydrogen 

produced in the radiolysis results from molecular hydrogen split-out . 

'l'his observation in itself does not rule out the possibility t hat 

hydrogen atoms are being produced , us any that were produced would 

undoubtedly be scavenged by the ethylene to produce ethyl radicals. 

he independence of t he rate of initiation on ethylene concentration , 

however , does give evidence to the fact that the removal of a hydrogen 

138. 
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atom from an ethylene molecule is a relatively rare event . 

If the ethylene is not contributing to t he rate of initiation, 

the question remains as to whether or not it is preventing some 

reaction from taking place which is a significant contributor to the 

rate of fo rmation of chlorine atoms in the HCl - NO system. The 

ionization potential of NO is about 4 eV below that of HCl . lt is 

t hus quite possible that t he presence of t he I 0 in the HCl - NO 

irradiations leads to the elimination of the ion-molecule reactions 

u1volving HCl+ . If t his is indeed the case , this would indicate 

that ion-molecule reactions are not contributing t o the rate of 

production of chlorine atoms, even in pure HCl , since Lee et al 

(40) have found t hat t he G value for hydrogen formation in i r radiated 

HCl is 8.0. This would predict a G value of 16 for the rate of 

production of chlorine atoms which is the value obtained from t he 

HCl-NO experiments described in this work . 

From t hese considerations , it would aypear that all the 

chlorine atoms arise by the dissociation of molecules which have been 

excited from the ground state to the lowest excited state by the 

direct interaction of t he r adiat i on . 



APP~NDI V 

CALCULATI ON TO SHO\-J THA'l' ON EN£RGB"ri C GROUNDS, THl!: OBSERVED RATE 

OF FOHMAT l ON OF CHLORlNE ATOMS CAN BE EXPLAINED AS ARISING SOLELY 

l''ROM THE .Oi tiSOCIA'1'10N u EXCITED OLECULES 

The calculation requires t he knowledge of t he rate of 

formation of chlorine atoms, the rate of formation of ions and the 

rate of deposition of energy in HCl. The rate of formation of 

chlorine atoms at the distant i r radiation position used for the ion 

current measurements was found to be 6.7 x 1012 atoms/g/see. Since 

it has been postulated t hat one dissociation of an HCl molecule leads 

to t he production of t\10 chlorine at oms, this gives a value of 

3.4 x 1012 dissociations/g/sec. for the r ate of dissociation of liCl . 

'.l'he rate of dissipation of energy by t hi s process is t hus 2. 7 x 1013 

eV/g/sec., assuming the average value of 8.1 eV for the excitation 

energy of HCl. 

I on current measurement s gave a value of 1.98 x 1012 ion 

pairs/g/sec. for the rate of pr oduction of ion pairs. Assuming t hat 

the majority of t he positive ions formed are HCl+ ions , this leads to 

a value of 2. 5 x 1013 eV/g/sec. for the rate of dissipation of energy 

by ionization .• r ecent value of 12. 6 (4i ) fo~ the first ionization 

potential of HCl has been ·Used. 

Ion current measurements with air gave a value of 1. 7 x 1012 

ion pairs/g .jsec. for t he rate of production of ion pairs in air. aJ. 
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' aking a value of 32 . 5 eV for . , this means that the rute of 
a~ 

deposition of energy in the air was 5 . 5 x 1013 eV/gairlsec, 

Multiplying this value by the stopping power ratio for HCl and air , 

obtained from reference 40, oH~l = 1.16), gives the rate of 
,~r 

13 deposition of energy in the HCl as 6. 4 x 10 eV/gHC~sec. Since 

141. 

the sum of the rates of dissipation of energy by ionization and 

13 excitation to the lowest excited state is only 5 . 2 x 10 eV/gHCl/sec,, 

this indicates that it is energetically possible for all the chlorine 

atoms to be originating from excited molecule decomposition. 
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