
ABSTRACT OF THESIS 

Nameof Candidate .............................................. Pete.rCnp.beLlBea4le..............................................................................................................................  

Address ...............  

Degree of..... ........................................................................ Date .................................... ..th 	....1970................. 

Title of Thesis ...............he....ole .of ...A.ctivate.4.Jadica1sn....t 	Chlorination....of....Q.ef.s ....... 

The chlorination of both 1, 2-dichloroethylenes  was studied, in 

canpeti(iion with propane, at 350 K. and rate constants for the following 

reactions were obtained. 

A + Cl = Ai* 	 (2) 

ACL* 	= x.cis- + (1_x)?,trans_ + Cl 	(a) 

The results Showe 	TDca and c-c-.1Ce te startioiq otefm.S)  tha 

k2(TDCE) 	= 	(3.55 0.32)x 10 r.mols 

k2(CDCE) 	=. (3.55 Z 0.51)x 10 l.mois' 

ka(TDCE) 	= 	(3.02.:t 0.20) x 10 
s 	- 

ka(CDCE) 	= 	(1.71 ± 0.14)x i 9  s 

Reactions carried out using radiochiorine enabled the factor x, in (a) 

above, to be directly measured. Fran the ratio of isomers formed on 

decomposition we find that x = 0.67 ± 0.03. 

Tetrachioroethylene was chlorinated canpetively at 300 K, 320 K, 

and 350 K. and the Arrhenius parameters for reactions (2) and (4) were 

obtained, TTT1:.13 
iC.i + C4 	RCi, +- Ct 	 (3) 

AC1 = A + Cl. 	 (4) 

The value of k4  at 350 K was confirmed by the use of chlorine - 36 to give 

direct measurements of I[ci]/k41 and an estimate of the maximum value of 

ka was obtained at 300 K. 

log10(k/s) = (13.47 6.50) - (.35500 Z 700) 
4,576,T 

k2 	= 	
(1.84 ± 0.10) X 1010  l.mo1 1s 'l 

Use other side if necessary. 



	

k(C2C14) 	< 2 x 10 s 

The effect of chlorine and sulphur hexafluoride on the tn-

ãhloroéthylene chlorination was studied directly, at 350 K, W using 

radiochiorine. The results showed that, at this temperature,, the relative 

collisional deactivation efficiencies of Cl2  and SF  are 0.7 and 1,0 

respectively. Thus It was found that,ssomn -SR6 was conpet&y efficeftt )  

	

ka(TXcE) 	= 	4 x 108  s-.' at 350 K. 

The photochlorinatioñ of 1,1 -dichloroethylene was shown to be masked 

by a rapid heterogeneous reaction which casts doubt on some previous 

reports, 

The experimental rate constants (ka)t  and the A-factors (A2), 

were compared with the theoretical predictions of the RPKM and transition 

state theories respectively. -Agreement was generally,  found to be poor 

and no self-consistent modification could be proposed to account for the 

differences, 
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ABBREVIATIONS 

The following abbreviations have been used in the text. 

PrH Propane 
i-PrC1 1soPropy1 Chloride 
n-PrCI nPrapy1 Chloride 

TOCE Trans-dichloroothyiene 
COCE Cis.'dichloroethylene 

I ,l-DCE 1 ,1.'Oichloroethylene 
TrCt 1,1,2..Trichlotoethy1ens 
TtX Tatrachloroethylone 

aymoTCEN 1,19 2 9 2..Thtrachloroethano 
unsym-TCEN 1,1,1 ,2*Tetrachloroethana 

PCEN Pentachioroethana 
HCEN Hexachioroethane 

P.V.C. Polyvinyl chloride 

In some cases the symbol i- is inserted before OCE to indicate 

that either isomer of 1 02-dichloroothylene is intended. The letter 

A is used to denote an olefin and thus AC1 and AC12  represent the 

chioroalkyl radical and chloroethane respectively, Similarly RH is 

used to indicate an alkane giving the radical R and the product RC1. 



ABSTRACT OF THESIS  

The chlorination of both 102-dichioroethylenes was studied, 

in competition with propane, at 350K and rate constants for the 

following reactions were obtained. 

+ Cl = AC1* 
	

(2) 

AcI* 	ft x cis-M + (lx)trans..A . Cl 	(a) 

The results show:--   thar.roci 	84d CDC indicate the tartLn9 0Lt 

k2(TDCE) = 	(3.55 1 0.32) x 101fi.moi.4s. 

k 2(CDCE) = 	(3.55 0.51) x 1010iomol. 1s. 1  

k0(TDCE) (3.02 0.20) x 10s. 

k(CDCE) (1.71 0.14) x 

Reactions carried out using radiochiorine enabled the factor x, in 

(a) above, to be directly measured. From the ratios of the isomers 

formed on decomposition we find that x a 0,67 0,03. 

Tetrachioroethylena was chlorinated competitively at 300, 320, and 

350K and the Arrhenius parameters for reactions (2) and (4) 
+ 	 + ci () 
AM = A+C3. 	(4) 

were obtained. The value of k at 350K was confirmed by the use of 

chlorine-36 to give direct measurements of k3LC12/k4  and an estimate 

of the maximum value Of k was obtained at 300K. 

(1.88 	0.10) x 10101.moi.s. 

1o910(k4(C2C14)/ 	- 	s.') 	(13.47 	0.5) 	150500 1 700 

4.5761 

k(C2C14) 	2 x 10 
8 

The effect of chlorine and sulphur hexaf'louride on the trichioro-

ethylene chlorination was measured directly at 350K using radiochiorine. 

The results showed that, at this temperature, the relative collisional 



deactivation efficiencies of Cl2  and Sr5  are 0.7 and 1,0 respectively. 

Thus it was found that, Ssn 	sr was compatet' efficr, 

k(c2Hc13) 	4 
108 s 	(at 350K) 

The photochlorination of 1,1dIch1oroethy1ene was shown to be 

masked by a rapid heterogeneous reaction which casts doubt on some 

previous reports. 

Experimental rate constants (k3), and Afactors (A2), were 

compared with the theoretical predictions of the RRKM and transition 

state theories respectively. Agreement was generally poor and no 

self-consistent modification could be proposed to account for the 

differences, 
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CHAPTER —1 

Intoduction: 

Gas phase photochiorinations involve the reactions of chlorine 

atoms which, being extremely reactive, undergo a vast number of 

reactions. In practice however only a few comparatively simple 

systems have been studied in detail and among these we can include 

those involving hydrogen, oxygen, hydrocarbons, and various halo-

genated hydrocarbons. Even these apparently simple systems have 

proved to be complex and have yielded a great deal of information on 

the nature of chain reactions and relatecJ. topics. Results obtained 

have been used to test various rate theories and difficulties 

encountered in the study of these systems have helped stimulate the 

development of several experimental processes, including gas chroma-

tography and actlnometry. 

The first photochiorination system studied was that involving 

hydrogen and it was for this reaction that Nernst1  proposed the 

atomic chain mechanism later substantiated by other workers28  and so 

widely accepted today. In subsequent years the concept was used to 

explain other types of chain reaction, including oxidation  and 

thermal decomposition 10. However the lack of accurate methods of 

product analysis prevented early workers from obtaining reliable data 

on the individual reactions making up the chains although they did, 

in general, evaluate possible reaction mechanisms by following the 

reaction manometrlcally. Stimulated by the introduction of the trans-

ition state theoryU,  and the theoretical calculation of activation 

energies 
12,  workers eventually developed satisfactory techniques for 

studying chain reactions. Vast reactions can now be adequately studied 
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using techniques such as flash photolysi. 3and shack tubes14# and the 

products of radical reactions, and even the radicals themselves, can 

be measured by mass spectroscopy and election spin resonance spectro- 

scopy. The separation and measurement of homologues, for so long a 

problem in the study of hydrocarbon reactions, was largely solved by 

the introduction of gas chromatography. 

Experimentalileview 

This review is orientated towards the chlorination of ethylene 

and its chlorinated derivatives, a field in which most of the results 

have been obtained through the use of the rotating sector technique 

(Appendix 1) and competing reactions 15, and so we must consider the 

reactions used as standards for competitive reactions. Other types 

of photochioriristion can be found in any of the several reviews on 

the subject 16-19 

Standard Reactions:  

In the competitive photochiorination of hydrocarbons the ultimate 

standard is the reaction between hydrogen molecules and chlorine atoms. 

H2 +C1 = HC1+H 	(2) 

The Arrhenius parameters for this reaction have been obtained oer an 

extremely wide temperature range 8020-24 and they have been corrected 

using contemporary thermochemca1 data 170 24 • However the recent work 

of Westenberg and de Haas 
23  indicates that the ratio of the experimen- 

tal rate constants for reactions (2) and (4) where, 

HCI+H = H2 +C1 	(4) 

is not the equilibrium ratio. They studied each reaction separately 

in a fast flow system using C.S.R. Spectroscopy to measure the atom 

concentrations. Each reaction was studied over a temperature range 



greater than 200K and a linear Arrhenius plot was obtained for each 

one1 They found that whereas thermochemical data (.A.N.A.F. Thermo-

chemical Tables, 1960) gave the equilibrium constant, 

i.gs exp (.1110/Ri) 

the experimental data could be expressed as, 

k/k4 = 0645 exp (000/RT) 

This would explain why Benson 
24  found disagreement between the values 

of k measured directly and those calculated from the results of Clyne 

and Stedman 
22 
 on k41 At high temperatures the discrepancy is not 

nearly so great and so the difference was not noticed in the results 

of Steiner and Rideal20. The presently available data is presented 

in Table t 1 from which, using only direct measurements, we obtain 

the values of k2  and k1 shown below. 

k2 = 	3.8 x 10 
io 

exp (-5090/Ri) l.mol,a. 

2.4 x lO10exp (3570/RT) l.mol.s. 

,'. k,/k, = 1,58 exp (-1520/RI) 

This ratio is still significantly different from the equilibrium 

constant although closer than the results of Wastenberg and de Haas. 

In this work the standard reaction is the abstraction of hydrogen 

atoms from propane. The Arrhenius parameters for these reactions 

were determined by Knox and Nelson 
25  in a series of competitive photo-

chlorinatlons involving hydrogen and various hydrocarbons. Using the 

new value ftr k2(H2) shown above we can recalculate his results and 

obtain the values, 

k2(pri C385) = 	4.98,  x 1010  exp (-590/RI) l.mol. 1s. 

k2(see C3H8) 10  3.50 x 10  exp (-270/RI) l.mo1.4 	1  s. 
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Figure 1.1: Arrhenius parameters for the reactions, 

H 2  + Cl = HCl + H 	 (2) 

HC1+HI = H2  +C1 	 (4) 



T1Q I. 	I 

Rate Constants for tho reactions  

H2 4C1 (2) 

1sC1+H H2 +C1 (4) 

1/K 1oç 0k9  Ref. 1/K 1oq1 k4 Ref. 

273 6.516 8 105 6.544 22 

290 6.914 0 273 7.398 22 

251 6.337 23 24 7.500 22 

273 6.444 23 373 0.225 22 

27 6.909 23 195 6,422 23 

332 7.16 23 225 6.919 23 

364 7.468 23 250 7.258 23 

369 7.505 23 273 7,580 23 

455 6.030 23 207 7.026 23 

523 0.601 21 314 7,019 23 

476 8.270 24 333, 8.037 23 

470 8.253 24 413 8.53 23 

545 8.595 24 497 8.792 23 

594 8.742 24 901 9.498 20 

610 6.735 24 960 9,594 20 

1013 9.64 20 

1073. 9.756 20 

(,D.: Kate constants above are expressed in 1.ro1_1s) 

where the activation energies are in 1.io1, the prefixes pci.-

and sec roper not to the molecule but the type of hydrogen atom 

under attack, and the A factors eta the sums for all hydrogen atoms 

of a given typo. 

Olefin Photothlorir,atjon: 

The study of the series C2HXCI4 	(3x) was first ettptsd 



by Schumacher and his colleagues26  in what appears to have been the 

first attempt to correlate reaction rate with molecular structure. 

Although not quantitatively reliable their results contributed a 

great deal to the establishment of the basic mechanism the presently 

accepted form of which is shown below. 

C1 	+ 	hs =2C1  

A+Cl = 	ACI*  

ACl* A+Cl (a) 

AC1* + Mi a 	AC]. + Mi (bi) 

AC]. + C12 = Ad 2  + Cl  

AC]. = 	A+Cl  

AC].2  • Cl a 	AC]. 	C].2   

2C1+M = 	C12 +M  

AC]. 	Cl AC12  or A • Cl2   

2AC1 A2C12  or A + PCI2   

In this representation of the mechanism A, AC1 and AC]. represent 

the olefin, activated chioroalkyl radical, and thermalied radical 

respectively. Mi refers to a deactivating species where the subscript 

i identifies the particular gas. (Subscript I is used for C12, 2 for 

alkane competitor, 3 for olefin, etc.). The reactions of the 

activated radicals were originally,  expressed by Dainton at al27  in the 

form, 

AC1* 	= A+Cl 

ACl.+ C1 	
= A +dl3(C12  + Cl) 	() 

AC]  + Cl2 	AC]. + Cl2 	 (-v) 

ACI + A 	= A + C1R* 	 () 

but Knox end Rjddickshowed that both atom transfer reactions () and 

(S) were negligible and that deactivation (v) could occur by collision 

of the vibrationally excited radical with any species, each gas having 

a characteristic efficiency of deactivation. This latter fact was 



verified by Dainton29  although he still included the atom transfer 

reactions. 

Application of the steady state approximation to the mechanism 

leads to an expression for the rate of photochiorination (Hp). 

Hp = d[A C12 	= 	Ia 1<3  [C1] 	 Eq. 1. 1 

dt 	(1<5  + k7oL+ ko(.2[M]) 

In this equation la represents the absorbed light intensity ando(is 

the ratio of concentrations of active intermediates ([Cl] /ACi ) 

where, 

= k3[c12] 	k4 	 E. I 2 

k2[A] 

for, if activated radicals are being considered, 

LX 	k3fl]+ kak3  [Cl 2]/kb[li] 	Eq. I. 3 

k2[A] 

The measurement of the absorbed light intensity, in experiments 

with intermittent or steady illumination, has been achieved by the 

use of trichioroethylene photochlorintion as an internal actinometer31  

and a forrioxalate actinomoter30. Besides giving an estimate of the 

chain lifetime the rotating sector technique yields the rate constants 

for the main termination reaction (kt) and the rate determining propa-

gation stop (kp). Above a certain clef in pressure all chlorine atoms 

will be effectively taken up in reaction (2) and the only significant 

term in the denominator of Eq. I. I should be 1< This has been 

demonstrated for chioroethylene32, 1.1-aichloroethylene290  cis-

dichloroethylena33, trichloroethylene34, and tetrachloroethylane35'36, 

although Gold?inger at al 35t36 have shown that the kf  term in Eq. I. 1 

becomes significant as the temperature Is increased above 400K. At 

vary low olefin, and high chlorine, pressures kp and kt should become 



-7- 

k2  and k5  respectively, but although Dainton at al 
33  studied cis-

dichioroethylene under these conditions, they only obtained rough 

estimates of the rate constants and had to allow for up to 50% linear 

removal of chlorine atoms at the wail. Reactions carried out under 

constant illumination normally yield complex rate constants from 

which individual ones can be obtained by combination with results 

obtained by other means and this is well Illustrated in the study of 

trichioraethyiena at higher temperatures by Huybrechts, Meyers and 

/orbekQ37. The greatest difficulty encountered in these studios of 

the pure olefin has been the exceptionally high purity of chlorine 

which is required since the chain length is extremely susceptible to 

trace impurities. 

The competitive technique is much better in this respect since 

the termination reactions do not enter into the competition, provided 

the chains are long, and the experimental technique is simplified 

since it is not necessary to know the absorbed light intensity. The 

majority of competitive systems studied have involved olefins and 

.28,38-42 	 38,40 	 43 
olKanes 	or alkyl chlorides 	although pairs of olefins 

have also been studied. The mechanism of alkane photoohiorination 

is well known and is shown below.; 

RH + Cl 	R + H CI 	 (2) 

R + Cl2 	. R CI s Cl 	 (3 0) 

R+HCI 	RH+Ci 	 (40 ) 

RCI+Cl 	R+C1.2 	 (59 

R+Cl 	=RCI6rA,ACI 	(71 ) 

2R. 	= R2 orRH+/ 	(a') 

The approximations inherent in the competitive method can beat be 

illustrated if we consider the simple case where not ouen:ievèrs -

reactIons affect the competition. It cn therefore be said that, 
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dRHJ/dt = k2  [R H] 	
Eq. I. 4 

-d [A] /dt 	k2  t 

which, on integration, leads to the expression, 

k 	in([RH3 i/  tiil1J) 	Eq 1. 5 
k2 	in( [A] / LA 

in which the subscripts i and f refer to the initial and final states 

respectively, If we introduce,ALX3 	[x]i - rx3i, Eq. I. 5 can be 

rewritten in the form, 

jj) 	 " I:RlI 	Eq. I. 6 

ln(i +A] / [A]f) 

jT,his expression can be simplified if the extent of chlorination of 

either component is small since then we can use the approximation, 

ln(l • y) = y 	
2 	3 	.... 
y /2 • y /3 	+ (-1)m-1 y

m  un + 

Eq. 1. 7 

Therefore, by taking H1 andAj as the product concentrations, we 

can define a selectivity ratio such that, 

	

k2 	[RC1] [A] 	Eq. I. 8 AU 2 
	

[Ac1fl'411 

In reality the system is more complex but can be treated in ihe same 

way to obtain the selectivity ratio, 

	

RU 	1 + 	ko 	1 + k 

	

Rc1 	= 	2 	4 	E. It 9 
2 	k2 	Zkbit.M1 	k3LC12J 

in which normally only one of the bracketed terms need be considered. 

There exists a considerable discrepancy between reports, of the 

magnitude of the heterogeneous reaction, from different workers. 

Knox and his co-workers have found it to be so large for ethylene 41,42  

and chloroethylene42  that it prevented them obtaining results for the 
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photochemical reactions  On the other hand Dainton at a132  reported 

that for ethylene, the olefin most susceptible to heterogeneous 

reaction, the dark reaction was only about 2% of the photochemical 

one at 298K. While Goldfinger30  found up to 20% dark reaction for 

ethylene at 310K they also found that the ratio of substitution : 

addition was the some as for the photochemical reaction, For 1,2-

dichioroethylene, and more highly chlorinated ethylene, the dark. 

reaction has been found by all workers to be negligible. 

Rrrhenius. Parameters: 

The propagation reactions, (2) and (3), have been measured for 

most of the olefins in the series but when referring to the values of 

k2  shown in Table is 2 two factors must be borne in mind. Firstly, 

in several cases 
16t37  the presence of activated radicals was not 

considered. However, Ayscouqh and Oeinton19  have shown that in the 

case of COC(, where the radical participation can be directly measured, 

this omrnission makes little difference to the parameters. Secondly, 

Dairiton at al have interpreted their results in terms of an incorrect 

mechanism and if we assume that E is zero and recalculate their 

43 i 
results 	n terms of Knoxs mechanism we obtain the values shown 

below. 

C2H3C1 	C2HCI3  

10.6 	10,1 

These are in excellent agreement with other values and we can approx-

imate log A2  as 10,4 1 0.5. Reaction (3) has been measured for all 

except trans-dichloroethylene and the activation energy, as expected, 

has been shown to increase from about 1 kcaLrnol.
-1  for ethylene, to 

5,4 kcsl.mol. 1  for tetrachinroethylene, while log A3  decreases 



TABLE I. 2 

Arrhenius Parameters for the C 	hlorination of Olefins 

(2) () (4) (7) (8) 
OLEFIN REF. 

La log A La log A La log A La log A Ea log A 

C2  H4 0 10.2 1.0 9.4 (23.1 13.9)* (0 11.3) 0 10.1 16 
39 O 10.6 

.0 93 . . . 
. 41 

• .. (21 13.6) 40 

CH3C1 2  0 102 1,0 8.8 (23.8 13.8) (o 11.3) 0 9.8 16  
32 1.0 9.5 0.9 8.8 0.3 9.9 27, 

cis...C2H2C12  0 10.0 2.5 8.7 (20.3 13.7) (0 11.3) 0 9.5 16 

1.2 10.3 2.7 8.7 . 005 10.5 33 
0.2 10.9 

. 

28 

trans-C2H2C12  -0.2 10.5 28 

l,1-C2H2C12  
4.1 8.8 1.2 10.0 29 

CH Cl 2  0 9.8 5.2 8.8 20.4 13.7 0 10.9 0 9.5 37, 16  

• 0.7 9.6 5.1 8.5 . . . 
. 0.5 9.6 34, 27 

• -0,6 10.2 . . . 
. 	 42 

CC1 	. 2 	4  0 9.6 5.43 8.31 16.8 12.8 0.06 11.03 0 8.7 35, 36  

0 10,1 16.1 13.5 . 40 
0 9.3 	. . .• 	 • 

: 	'. . . . . . 	 • 42  
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slightly, but systematically, from 9.4 to 8.3. 

Of the inhibition reactions which do not involve activated 

radicals only reaction (4) has been measured. Reaction (5) is highly 

37 endothermic and only calculated values have been reported 	• These 

indicate no marked trend through the series but an activation energy 

of about 20kcal, and log A5  about 11.3. Parameters for (4) have 

37 
been measured above 400K for trichloraethyiene, and for tetrachloro-

ethylene35'35'40  between 300K and 500K. Although Knox estimated that 

activated radicals should have been detected in the former case the 

results are in excellent agreement with the thermochemical predictions 

with E4  approximately the C-Cl bond dissociation energy. 

Reaction (8) is the only ,termination reaction which has been 

extensively measured in photochlorination experiments and excellent 

reement has been found by different workers showing that E8  is 

negligible and log A8  is about 9-10 with no systematic variation. 

Parameters for reaction (7) have been measured for trichloroethylene37  

and tetrachioroethylene 359,36  and the results, in agreement with the 

thermochemical values, show zero activation energies and log A7  of 

around 11, The recombination of chlorine atoms, reaction (6), is not 

readily measured during photochiorinations although, as has already 

been mentioned, Dainton and his co-workers 33  did manage to obtain an 

estiate in the case of cis-dichioroethylene. Their values, shown 

below, are in 

k6 	= (6.5 	0.4) x 10 
11  1.2mol. 2s. 	at 313K 

(7.18 	0.4) x lO 
11  1.2  mol 2So  l at 335K 

poor agreement with the values of 8 x 10 1.2mo1. 2s. 	reported by 

* 	45 
Gold? iriger at al 44 • Hutton and Wright have shown that reaction 

(6) can be explained in terms of the following reactions. 
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C! + c12 = Cl3 	 (g) 

C1 	= Cl + C1 	(-9) 

C1  + Cl 	= Cl2  + C1 	(10) 

Cl + wall = 	C12 	(11) 

When the wall reaction is negligible the overall rate constant can be 

written as 

910 	 Eq. 1.10 

k 9  + k10  ECII  

H. and W. studied the pressure dependence of Eq. I. 10 and found that, 

at zero chlorine atom pressure, 

2 x ig101.2mol. 2s. 	at 293K 

Reactions of Activated Radicals: 

Oaintcn27'46  introduôed this concept to explain the otherwise 

unaccountably high rate of geometrical isomerisation accompanying the 

photochiorination of cis" and trans-dichloroethylene. Since only 

decomposition and deactivation are now considered to be important 

isomerisation can only occur by reactions (a) or (4) which is very 

much slower in the case of 1,2-OCE. '. AC1* = x - cis-A + (1 - x)trars-R + Cl 	(a) 
Dainton et al 

46t47
maintained that the atom transfer reaction () 

lso produced isomerisation and they obtained the results shown in 

Table 1. 3. 

AC1* + CI = y cis.A + (1 	y)trans-A + C1 	() 

These results for k,,Ikg  are incompatible with the results of Knox 

and Riddick28  although a more direct comparison shows reasonable 

agreement for COCE but definite disagreement for 10CC. Dainton's 

estimate of ka shown in Table I. 4 is vastly different from those of 

48 
Knox and also Wai and Rowlands , further evidence that his mechanism 
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is incorrect. When Dainton's43'47  results are recalculated in terms 

of Knox's mechanism they show excellent agreement with other values, 

despite being obtained by the approximation shown below. 

Table 1. 3 

Parameters derived by Dainton et al 47  for reactions of 

AC1* radicals in the photochiorination of 10 2-OCE 

i/K x y kJk 

303 0.64 0.60 3.65 x 10 

313 0.68 0.62 3,74 x 10 

328 0.66 0.63 3.48 x 

338 0.67 0.63 3,35 x 10 

These results for k/k are incompatible with the results of Knox 

and Riddick28  although a more direct comparison shows reasonable 

agreement for COCE but definite disagreement for TOCE. Dainton's 

estimate of ka shown in Table I. 4 is vastly different from those of 

Knox and also UIai and Rowlands 48, further evidence that his mechanism 

is incorrect, When Dainton's 43047results are recalculated in terms 

of Knox's mechanism they,  show excellent agreement with other values, 

despite being obtained by the approximation shown below, 

ftACX 	d[AC12] /dtA'] 1 + 	ka 
A'C 2 	

d[AC12] /dt[A] 	2kb1[Mi] 

k2  /1 + 	k'a 

kbt[Pi 

k k'a .2 	2 	
Eq. 1.11 

kt k2 Z[N] 

Franklin at al 40 have already pointed out that, as ka,kbi decreases 

throughout the series, k4/k3  increases and their results are shown 

in Table 1. 5. Thus for ethylene only activated radicals, and for 
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Table I. 4 

Rate Constants for the decomposition of 

Activated Ch1oroal<yi Radicals 

OLEFIN 	10 8(ka/s) 1/K Ref, 

C 2  H  4 20 310 39 

C2H3CX 39 313 43 (1) 

1,2-C2H2C12  25 352 28 

1 303 47 

21 303 47 (i) 

14-20 (300) 48 

C2HC13  3.4 352 42 

2.8 354 43 (i) 

C2C14  <0.3 352 42 

<0.4 310 40 

(1) Recalculated using Knox's mechanism 

ICE only thormailsed ones should be observed* in the case of 1,2-OCE 

and IrCE however they suggest that both should be possible to observe 

by choosing suitable temperatures and pressures. 

Table 1.5 

Comparison of ks/i i.LmJ and  k4/k3[C12]  for 

Chioroalkyl radicals 

C2K4  1,2-OCE IrCE ICE 

ka/kbj P; (P 100 torr) 	 ~4 	~4 	0.6 <0,04 

k4/k3LC1 ; (P(c12) 	20 torr) : 310K 	 2x10 4 	2x10 3 	4 

	

423K 	 0.4 	2 	600 

The relative rates of formation of COCE and TOCE have been 

46,47 	28 	 48 
discussed by Oaxntcin 	, Knox , and Wai. and Rowlands • Dainton's 

estimate comes from a comparison of the rates of isoinorisation of 

both isomers. The steady state approximation gives us, 



-15- 

R TCEN = kbi[MiJ /(l-x)ka 	Eq. I. 12 
TOCE 

and 

TCEN 
COCE = ZkbL[11i] /xka 	 Eq. I. 13 

By assuming that the overall rate constant for decomposition is the 

same for the cis-isomer (kac) and the trans-isomer (kat) a value for 

x can Pe found. Although Knox and Riddick28  estimated that kat 

O.B5kac it made little difference whether they calcu)ed x by the 

above method or individually for both isomers as shown below. 

Neglecting the k4/k[C12] term in Eq. I. 9 we can write, 

RICEN 	k2 	.kbi[r'iiJ 	
Eq. I. 14 

nPrCl 
k2  (ka + kbi[11i] 

and by combining Eqs. I. 12, 13 and 14 we find that for the cis-isomer, 

TCEN 	k cis 	1 	TCOE A 	= 	2 	R 	Eq. I.15 
nPrC], ' 	 nPrCl (1-x) 

and for the trans-isomer,. 

ATCEN 	= k2trans - 1 TDCE 	Eq. I. 16 
nPrCj. 

k 	x nPrCl 

Both Knox and Dainton found x to be independent of temperature and 

starting isomer but their estimates were quite different. Originally 

Dainton 46 reported a value of 0.76 which he later corrected 47 to 0.66. 

Recalculation of his results in terms of Knox's mechanism, however, 

gives a value of 0.57 which is directly in contrast with Knox's value 

of 0.78. Wai and /Rowlands measured x directly by reacting ground 

' 	state Cl atoms-,/possessing excess kinetic energy from nuclear 

recoil, with '1,2-DCE', The amount of radioactivity incorporated 
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in each isomer was measured by a proportional counter attached 

directly to the gas chromatography column outlet and a value of -x 

was found, irrespective of pressure or starting isomer. Using 

this value, and assuming that k 2  cis k 2trans, we can calculate the 

equilibrium constant for the reactions 

k2cis 	k2trans 

Cl + cis-A 	AC1* 	 Cl + trans-A 

xka 	(l-x)ka 

By the principle ofmicroscopic reversibility, 

	

Keq = (trans-A] eq 
	kcis • (l-x) 

[cis-A ] eq 
	

k2trans . x 

This gives an equilibrium constant of 0.50 which is identical with 

the thermodynamic value quoted by P3.tzer and Hollenberg 
49

for 352K. 

One cause for concern in Knox's results was the need for inclusion 

of a unimolecular deactivation (ci) of the excited radical. 

AC1* = AC]. 	(d) 

This is also necessary In Dainton's results since graphs of R 12 rs 
iA 

pressure do not pass through the origin, Introducing kd for the CDCE 

system we have, 

R 	= 
TCEN 	kbiEi:1 + kd 	Eq. I. 17 
bCE 	(l-x)ka 

Knox 42  has suggested that kd is In fact an artefact of the pressue 

dependence of ka which would seem a likely explanation. 

The values of ka shown in Table 1. 4 are maximum values obtained 

from the ratios ka/kbi by assuming that the most efficient deactivat 

is totally efficient. The standard collision number (Z0) between 

radical and deactivating species is then sot equal to kbi to obtain ka. 
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However, However, as Table I. 6 shows, there is considerable discrepancy 

between different reports on the relative collision efficiences of 

various gases. The reported officlences of SF for C2H4C1* and 

Table I. 6 

Collision Efficiencea of Various Gases in 

deactivating excited chioroalkyl radicals 

Mi Radical C2H4Cl* 1.1.2- C2H2C13* C2HC14* 

Cl2  0.5 1.0 0.13 0.5 

A 0.5 0.9 0.11 0.8 

C2H5  1.0 - - - 
C 3  H  8 - 0.9 - 015 
Ar o,s 0,7 

CO2  0.5 0.5 0.8 0.8 

Sf 0.3 = 1.0 1.0 

Ref. 39 28 47 42 

C2HCI4* vary considerably as do the values given for chlorine and 

dichloroethylane with C2H2C.13* radicals. However, with the exception 

of Dainton's report 4', all efficiences are within a factor of 3 of 

one another and collision numbers are directly proportional to the 

square of the collision diameter which is extremely uncertain. The 

results would therefore appear to support the strong collision 

assumption although not conclusively. 

There remains, therefore, some work.to  be done before the series 

can be gaid to be completely defined. Data is required for the 1,1-

dichlorothylane system, for which only k3  and k8  have been obtained, 

which could yield valuable information on the rate of formation of 

different radicals. The actual significance of kd must be resolved 

and the value of log A2  for C2C14  which varied by a factor of 10 in 
- 	42 	 40 

the reports of Knox and Gold?xnger should be verified. 



CHAPTER II j 

THEORETICAL 

Nearly all presently accepted theories of elementary reaction 

rates give rats constants which can be expressed to a good spprox 

imation by the Arrhenius equation, 50, 

i.e. k a A. cxp(E/RT) 	Eq. II. 1 

In this expression A is called the frequency factor and E the 

activation energy of the reaction. For a simple bimolecular 

reaction E is the energy which is dissipated at the moment of 

impact of reacting molecules and exp(-E/AT) is the probability 

that a collision liberates at least this energy. For more complex 

reactions involving energy stored in vibrational and rotational 

degrees of freedom E Is only an approximation to the minimum energy 

required for reaction. The theoretical calculation of reaction rates 

therefore involves the evaluation of both A and E and this has been 

attempted in several ways. 

II The Transition State Theory t 

This theory enables the Calculation of the rate of passage 

through an "activated complex" or "transition state". The reactants 

re assumed to be in equilibrium with the complex, which is 

considered to decompose at a definite rate. Therefore, if we 

consider the bimolecular reaction, 

k 
A + 	2 AG 4_—) Products 

k 
C 

we can see that, 
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= k2 	[AB] 

[A] [B] 

= Q1 
0-Eo/RT 	

Eq. II. 2 

QAQB 

where the Q's are the partition functions per unit volume and E 

is the activation energy at absolute zero. Evaluation of k0, and 

the removal of the partition function for translation of the complex 

along the reaction coordinate, gives Eq. IX. 3. 

+, -Eo/RT 1(2 = kT.K. 	= 1(1 • Q 	 Eq, II. 3 

k YB  

whore c' is the partition function of the complex with the contri-

bution for translation, along the reaction coordinate, removed. 

Normally this expression is multiplied by a factor K the transmission 

coefficient, which allows for the fraction of forward moving complexes 

forming products. The nature of k is not fully understood and, since 

it isflormally taken to be unity, when comparing calculated and 

experimental results, it will be ignored here. It is necessary to 

define the properties of the complex in order to obtain the partition 

function but normally it is considered as being similar to an ordinary 

molecule with the vibrational frequency, in the coordinate of decomp-

osition, removed. Two reviews l6tVhave appeared on the application 

of the transition state theory to the reactions of chlorine atoms. 

If the reaction under consideration possesses an activation 

energy then the complex is situated at the top of a potential energy 

barrier whose magnitude can, in principle,, be determined theoretically 

from a potential-energy surface11'51052. in practice however the 

theoretical calculation of potential energy surfaces often proves 
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to be so difficult that experimentally determined values of the 

activation energy are used. The reactions of chlorine atoms with 

alkanas fall into this category,  and various aikanos have been 

studied 
53054 

 with rather mixed success. Knox and Trotmen-Dickenson 53 

calculated the relative A-factors for the reactions of hydrogen 

and methane, and several pairs of alkanes, with chlorine atoms. 

Agreement with the experimental values was poor but 3ohnston and 

Coldfinger54  found fairly good agreement in the reactions of chlorine 

atoms with the CH C1 4-x(0x4)  series, 

Table II. .1 

Theoretically calculated A-factors for 8imolecular 

Reactions in the Chlorination of C2HCl4(0x44) 

REACTION 	(2) 	 (7) 	 (8) 

OLEFIN CALCD. REF. EXPTL* CALCD, REF. EXPTL. CALCO. REF. EXPILS 

C2f44  11. 54 10.4 	10,7 	54 	- 	10.7 	54 

C2H3C1 11.2 54 10.4 	10.7 	54 	- 	10.7 	54 

1,2-0CC 10.7 	54 

COCE 9.8 55 10.4 

9.7  

9.8  

TDCE 9.9 55 10.4 

10.0  

10.1  

TrCE 	11.3 54 	10.4 	10.7 54 10.9 10.7 54 9.5 

TCE 	11,3 54 	10.4 	10.7 54 11.0 10,7 58 8.7 

A-factors in the above table are in units of 16mol.-1  s.-1  . Experi-

mental values are as In Chapter I and the reaction numbers apply to 

the mechanism given there. 11*11  denotes the average experimental value 

for the whole series and (a) and (b) refer to the "radical" and "olefin" 

type complexes respectively, (see following section on unimolecular 

10.1 

9,9 

reactions). 
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Reactions with no activation energy, such as the recombination 

of radicals and the addition of Ci atoms to double bonds have also 

54-56 been studied theoretically 	but the results show considerable 

disagreement with experiment. (sea Table ii. 1), 3. and G. 54  used 

a form of the activated complex theory, put forward by Garin 57, 

which calculates the rate of reaction as the rate of crossing of 

"rotational barriers", Knox 55 , and Tardy and Rabinovitch 56, 

Calculated the A-factors for the reaction of Cl atoms with cis 

and trans-dichloroethyiene and their result are shown in Table II. 1. 

tjciimoleculer Reactions: 

The bimolecular excitation of molecules involved in unimolecular 

reactions was first suggested by Lindemann 58  when he proposed that 

the processes involved could be represented by the simple scheme, 

A+ — A*,1 

k2  

ka 
A*. 	> Products 

The most important facet of the proposed scheme was the time lag 

between-activation and reaction, which enables a proportion of the 

activated species to be deactivated. Application of the steady state 

approximation to this schema gives Eq. ii. 4 for the rate of product 

formation, 

Rate t 	
k1ka 	

Eq. 1I..4 

ha + k 2 x ) 
Various, more sophisticated, theories have been developed from 

Lindemanns concept but only those which have been directly applied to 

the decomposition of chloroalkyl radicals will be considered hero. 



59,6O 
RRK Theory 

This theory was developed by Rice, Ramsperger and Kassel and 

assumes that the reacting molecule must have a minimum energy for 

reaction (Cc) and that the probability of reaction increases as 

the energy exceeds Co. Thus reactions (1) and (a) in the Lindemann 

scheme are taken to be energy dependent although the rate constant 

for deactivation, 	is still sat equal to the standard collision 

number (Zo). If both active and inactive forms of A are taken to 

be in equilibrium, in the energy range C to E + dE, then, 

k,E): 	
Eq. II. 5 

Ic * [A] 

The molecule is considered as a set of s weakly coupled harmonic 

oscillators whose energy can be described by 2s squared terms. The 

weak coupling means that intramolecular energy transfer is facilitated 

without introducing any significant anharmonicity. Evaluation of 

the concentration ratio in Eq. ii. 5, in terms of the phase space 

accessible to each form of A, gives an expression for k1(E)dE. 

i.e. k1(E)dE = Z0(EAT) 
8-1 	d(E/kT) 

Eq. It. 6 

The specific rate constant for the decomposition of molecules of 

energy C (ka(E)) can be calculated since it is proportional to the 

probability that, when the total energy of the oscillators is in 

the range £ to C + dE, one of the oscillators has at least the 

minimum energy for decomposition (Ca). 

.'. ka(E).  = A 	
s-i

( C - Eo 	 Eqi II. 7 

C 

Substitution of Eqs. II. 6 and 7, in Eq. II. 4 gives the overall 
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rate constant for a particular energy E. In order at obtain the 

observed rate constant this expression must be integrated over the 

energy range EoE<, The variables are-essentially A, En and s 

and the integration must be carried out numerically. Since the 

high pressure expression for ka reduces to the Arrhanius form, A 

and La can be determined experimentally. Thus the value of s, 

which gives the best fit between the theoretical curve and the 

experimental pressure dependence, can he found. Generally $ is 

about half the total number of oscillators but a reasonable value 61 

is given by the effective number of classical oscillators 

contributing to the heat capacity. 

Benson and Haugen62  calculated the average rate constant for 

the decomposition of the chemically activated 1,112-trichioroethyl 

radicals formed from 1,2-OCE's. Using an approximation 
63  to count 

the number of configuratIons of the distribution of the quanta 

among the active states they modified Eq. II. 7 to give, 

9 

ka(E) = A. 
	

Eq. N. 8 

where q is the number of vibrational 	that can be excited by 

energy C - La and a is the number excited by energy C; 6vi is the 

energy in the ith. vibrational state. Counting the number of 

quantum states that could be excited by energies E(22 kcal.mol.) 

and C - Eo(2 kcal.mol.) established the values of q and a as 6 

and 15 respectively, The use of these values and Eq. N. 8 gave B. 

and H. the value, 

ka = 1.6 x 10 s-i 
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compared to, 

1<8  = 6x107 s 1  

when they used Eq. II. 7. The former value compares well with the 

experimental value 28 for ka of 2.5 x 10 9 but the use of the adjustable 

parameters might be considered to detract from the value of the result. 

RRKM Theory63'64: 

R. A, Marcus developed the RRK theory, introducing the transition 

state treatment into the calculaticn. He recognised three types of 

degrees of freedom. 

Active degrees which can transfer their energy freely 

to the reaction coordinate at any stage of the reaction. 

Adiabatic degrees which stay in the sane quantum state 

throughout reaction and so can contribute no energy. 

Inactive degrees which contribute energy only in the 

complex. 

The mechanism is somewhat more detailed than the simple Lindemann 

scheme and, when applied to the reaction between olefins and chlorine 

atoms, may be written, 

A+C1 	)ACI*(EtOE+dE) 

zo  

ACI*(E) + 19 	) ACI + 19 

k5(E,y) 	 O(Y) 

AC1*(E) < 	AC1#(E,y to y • dy) < 	Products 

k(y) 

where £ is the total energy and y is the energy in the reaction 

coordinate. The derivation of k5(E) is somewhat lengthy and, since 

it has been dealt with elsewhere 65, 
 it will not be given here. It 



is is given by the equation, 

+ 	4 
k(E) = 
	. 	ad Eq. ii. 9 

k 	ad Nvr 

where Q A is the ratio of the partition functions for the ad ad 

adiabatic degrees of freedom of the complex and the activated 

radical;ZP* (E ) is the total number of rotational-vibrational yr yr 

eigenstates for the activated complex with energy between Eo and E, 

the energies being measured from the ground state of AC1; N(E) is 
vr 

the density of the rotational-vibrational eigenstates, in the active 

degrees of freedom of ACPO  at energy E 

The observable rate constant is the properly weighted mean of 

ka(E) and Is given by Eq. II. 10, 

00 k(E)f(E)z0[5] dE 

k 	
)E0 	< 	+ g 	 Eq. II. 10 

Z[P1] dE 
I 	f(E) 

00 	k(E) + z0 fj] 

In this expression f(E) dE is the fraction of the total flux of 

molecules, from A + Cl into AC1*, with energies in the range E to 

+ dE. 

It is not practical to count the elgenstates exactlyup to 

the energies of interest for chioroalkyl radicals, and thus approx-

imations must be relied upon to calculatePr(Evr) andVr 

Many methods have been proposed, most of which are reasonably 

66 accurate, and they have been discussed by Forst at. al. 

55 	 -. 
Knox has applied the RRK1 theory to the same reaction as 

w-25- 2S- 

was studied by Benson and Haugen using frequencies for the molecule 

and the radical from the same source 67. The vibrational quantum 
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states were counted by the semiclassical approximations given by 

Marcus and Rice 631,,64  and free rotation was allowed in both the 

radical and the complex. RabInouitch56  has since criticised 

Knox's model for f(E) dE which helped to make the value of 

lower than the-experimental by a factor of 20. 

i•5• k(CELlCdi) 	125 X iO 	
-i 

Rabinovltch and Tardy treated the same system using slightly 

different assumptions. They based their models for the complex 

on both the radical and the parent olefin and the frequencies of 

the complex were modified from the normal, in accordance with 

their findings on the decomposition of deutaroethyl radicals 68, 

as shown below. 

"Olefin" Complex 	 "Radical" Complex 

Is Two additional C-Cl bonds, 

reduced by a factor of 89  

were added* 

C a C torsion frequency was 

reduced by 20%. 

C - Catretching frequency 

was reduced by —1S% , of the 

difference between double 

and single bond stretching 

frequencies. 

1, Torsion (c - C) raided to 

80% of stable olefin 

frequency. 
equicie 

Two C-Cl bond were reduced 

by a factor of S. 

C C stretch was raised 

to 1500 cm_i. 

The number of active rotations in the radical and complex was also 

varied. Calculations were made for, 

One free rotation in the radical. 

One overall rotation active in the radical and complex 

and a free internal rotation in the radical (gave best 

agreement in deuteroethyl system). 



One overall rotation in both radical and complex. 

No active rotation and a libration in the radical. 

The aigenstates were counted by a different method 
69 

 from Knox and, 

using a different model for f(E)dE, they obtained resultsor models land 2Ir 

excellent agreement with experiment (see 

TOCE Precursor 	: 352K 	: 10k00 (TOTAL)/s1 

Rotational Model 1 2 3 	4 

Olefin Complex 4.52 3.44 46.2 

Radical Complex 3,92 287 30.2 	40.8 

The theory was applied to the decomposition of the complete 
70 

series (C2HCl5)  by Beadle, Knox, Placido and Waugh . 	copy of 

this publication is included in Appendix 3 and gives fuller details 

of the methods of calculation. Nr(E)  and 
p+(E)  were calculated 

using approximations given by Rabinovitch and Whitten 
71 
 and most. 

calculations were based on the olefin type complex (rotational model 

2). The results indicate that the excellent agreement found by R. 

and T. was rather fortuitous since agreement for the other radicals 

was not nearly so good and did .not seem to follow any definite trend. 
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CHAPTER  HI 

EXPERIMENTAL 

1. Materials 

a) 	GAS SOURCE IMPURITIES 

Chlorine  I.CJ.liquefied gas 

Chlorine -36 Sealed ampoules from the none 
Radiochemical Centre, Amersham 

Propane Phillips Petroleum Co. M.S. 
(Research grade) showed none 

Nitrosyl chloride  NO2  passed over moist KC1 

Nitrogen dioxide Matheson cylinder supplied by 
Cambrian chemicals 

Sulphur Hexafluorida Matheson Co. Inc. M.S. 
showed none 

Argon .O.C. cylinder 

Hydrogen B.O.C. cylinder 

Those gases marked with the superscript s were freed from moisture, 

and condensable impurities, by repeated distillation between 193K and 

79K. The middle fractions were collected in conveniently sized bulbs 

on the storage line and thoroughly degassed. The chlorine -36 was 

received in 2O4 ampoules and was stored in a separate gas-line in 

a radio-active laboratory. Measured amounts, usually about Sji, were 

mixed with normal chlorine in a 250m1, bulb on the storage line but 

care was taken to ensure that there was never more than 19Ci in the 

main apparatus at any one time, 

The liquids marked with the superscript s were purified by 

fractional distillation, in a nitrogen atmosphere, on a 6 ft. column 

packed with glass helices which had a reflux ratio of about 20:1. 

They were stored in dark bottles until needed, the 1,2-dichioro-

ethylenes also containing a little hydroquinone to prevent isomerisation, 

and then introduced into traps on the storage line and thoroughly 
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LIQUID, 	B.Pt./°C 	 SOURCE 	
IMPURITIES 

y 

transC2H2C129 	46.6 	47.0 	8,0.14, Tech grade 	C.C.(0.2% 
cis-isomer 

cis -C2H2C129 	60,05- 60,15 	Aldrich Chain. Co. 	(0.4% 
trans-isomer 

I ,l.C2.H2C1 8  

C2HC135  

c2C14s  

n-C3H7C1 

i-C.3147C1 

syrn-C2142C14  

unaym..C2H2C14  

C2c16  

31.5 - 31.7 

86.2 - 86.3 

120,9 -121.2 

Ralph N. Emanuel 

8.0.14. Lab. reagent 

8.0.14.. Tech, grade 

B.D.H. Lab. reagent 

8.D.H. Lab. reagent 

0.0.14. Lab. reagent 

Ralph N. Emanuel 

8.0.14. Lab, reagent 

none 

none 

degassed. The 1,1-dichioroothylene was purified just before use and 

stored in the dark at 79K to prevent po1ymersation. Haxachioroethane 

was purified by sublimation. 

Miscellaneous Compounds 

Chromosorb W 	 s 60-80 mesh, HIIDS treated. 
Supplied by Phase Sap. Ltd. 

Silicone Oil MS200/200 	 : 8.0.14. Lab. reagent 

Toluene 	 : 8.0.14. ANALAR reagent 

1,1,1,3,3,3Hexamethyldisilazane 	: Aldrich Chain. Co. 

ufluoralloyn Scintillation cocktail : Beckman Analytical Chemicals 

2. Apparatus 

a) (inotoSystom (Fig. III, 1). The apparatus was a conventional 

high vacuum system constructed out of pyrex glass. The storage and 

kinetic manifolds were evacuated by a different mercury diffusion 

pump, to that evacuating the Inhibitor and injection manifolds, although 

both diffusion pumps were backed by the same 'Speadiva1" rotary oil 



Figure III. 1: Kinetic Apparatus 
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pump. A pressure of about 10 torr was achieved and was measured by 

a simple mercury vacuostat. Greased taps were used on the vacuum 

lines but avoided on the rest of the apparatus because of the solubility 

of highly chlorinated products in the tap grease. Stainless steel 

needle values with teflon seals (r.3. Hone Ltd., 19 Eldon Park, 

London, SJ25) were used exclusively in the kinetic manifold and almost 

so in the other manifolds. Glass to metal seals were made using 

"araidite" epoxy resin. However, although they have the advantage of 

a small dead volume, they tend to slow product transfer and so a glass 

tap with a teflon barrel (iencons "Rotaflow") was inserted between 

the inhibitor and Injection manifolds, 

Reactant Storage: The reactants and oxygen were introduced 

through the reagent ifl1at on manifold 1. and were stored in suitable 

traps and bulbs on this manifold. Nitrosyl chloride was introduced 

via the removable trap on manifold 3 and was at all'times excluded 

from manifolds 1 and 2. 

Pressure Measurements Pyrex spiral gauges (G. Springham Ltd.), 

immersed in liquid paraffin to lessen vibration, were calibrated 

against a mercury manometer. The gaue on the inhibitor line gave a 

calibration factor of 5.63  scale rnm./torr and although that on the 

kinetic manifold gave a factor of 4.36 scale mm./torr some correction 

for non-linearity was necessary. The letter gauge was the one used to 

measure reactant pressures and it was therefore imperative that it was 

accurately calibrated and so a separate calibration graph was constructed 

for low pressures and a deviation curve used for high pressures. (see 

Fig. III. 5). 

Mixing Vessel: The darkened vessel had a volume of 300m1. and 

was equipped with a side arm for condensing, or heating, enclosed gases. 
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Reaction Vessel: This had a volume of 85m1* and both quartz 

and pyrex vessels were used, Apart from a short capillary lead, of 

negligible volume (0.02ml,), the vessel was immersed in a thermo-

statting vapour bath provided by one of the following liquids. 

Isopentana 	 (300.5 l)K 

Tranedichloroethylene 	(320 + i)K 

Ethanol 	 (350 1)1< 

The thermometers used to read the lower three temperatures were 

checked against National Physical Laboratory standards and that used 

to measure the higher temperature was calibrated by means of a 

standard thermocouple. The reaction vessel was kept in a dark box 

with a moveable window and all glass parts outside the box were 

darkened. 

flLlumination,: Chlorine atoms were generated by means of a 250W 

Atlas projector lamp. A 10% solution of copper sulphate, in a 600m1, 

beaker, acted as a heat filter and the light intensity could be 

adjusted by inserting layers of wire gauze. 

bi Analysis System Analysis was effected by temperature 

programmed gas chromatography while facilities were built in for 

trapping products simultaneously with analysis. 

Injection $ystem: The reaction products were condensed in the 

U-tube (Fig. I1I 2) at 79K. The carrier gas was diverted through 

the U-tube and the productsheated up to 373K to facilitate rapid 

injection. This was further aided by maintaining the values of the 

injection system, and the pre-column leads, at a temperature of 70°C. 

Columns: A choice of columns was available depending on the 

system to be studied. In the case of the dichloroothylanas a 4m. 
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stainless column, of 0.25" i.d, was supplied by Perkin-Elmer Ltd. 

already packed with 15% W/W Apiezon L on silanized chromosorh P 

( 80-100 mesh). For the trichloroethylene and tetrachloroethylene 

systems a 1.5m. pyrex column of 4mm. i.d., packed with 25% hJ/W 

Silicone Oil !fliS200/200 on 60-70 mesh silenized celite, was used. 

The columns were mounted in a Pye "Series 104" chromatography oven 

the temperature of which could be kept constant or increased at a 

rate between 1 and 48C deg. min by means of a Pye "Temperature 

Programmer Controller". 

Stream Splitter: In order to give a constant flow split 

between the detector and the trapping system a stream splitter was 

inserted at the column outlet. it was maintained at 700C, as were 

all leads between it and the detector and trapping system, to 

minimise sample condensation and subsequent irreproducibility. The 

splitter itself was constructed of specially drawn .pyrex capillary 

of such length and diameter as to give an 8:1 split and a pressure 

drop of about 100 torr. This high pressure drop ensured that any 

small differences in pressure drops across different traps did not 

affect the splitting ratio and the low carrier flow rate to the 

detector (about 1/9 total) ensured that, even as the carrier flow 

rats varied during programming, the variation in the detector hydrogen 

supply was minimal. 

]appinq System: A heated manifold consisting of S 3encon's 

"Rotaf low" taps was built onto the high-flow outlet of the stream 

splitter (Fig. 111.2 ). The traps themselves were joined to the taps 

with silicone rubber tubing and were made from pyrex glass and packed 

with lead glass beads coated with 0.4% Silicone Oil ifft8200/200. When 

products were bein6 trapped the traps were kept at 79K (liquid nitrogen). 
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Detector: A flame ionization detector, after the design of 

Desty, (Fig. II!. 3) was placed at the low-flow outlet of the stream 

splitter. The platinum wire maintained the flame at -270t1, with 

reference to the collector, by using three 90U thy batteries. 

Hydrogen and air supplies were maintained directly to the detector. 

Amplifier: The detector output was fed into a Vibron Electro-

meter, model 33B20  (Electronic Instruments Ltd.) which was used in 

conjunction with a shunt unit, model A49-A, supplied by the same 

firm. The shunt unit contained resistors of 10 5-  10 ohms enabling 

currants between ID and 1043  amps to be measured. 

Recording: The amplified output was recorded on a imU. Honeywell 

Brown 'Electronik" recorder and peak areas were measured simultan-

eously by an electronic integrator (Gas Chromatography Ltd.; model 

1E165). 

Gas Supplies: (i) Carrier Gas: Hydrogen was used as carrier gas 

and was purified by passing it over molecular sieve (6080 mesh). 

The flow rate was allowed to vary during programming since the carrier 

flaw rate to the detector was only a small percentage of the total 

detector supply. flow rates were varied according to column and the 

analysis required. 

(ii) Detector supplies: The hydrogen supply to the 

detector was purified as above, and, like the air supply, was kept 

at constant pressure and was continually monitored by a mercury mano-

meter. A capillary restriction was inserted in the hydrogen supply 

and was kept in an isothermal water bath, Fine adjustment of flow 

rate could be made by use of an Edward's "High-Vacuum" needle valve. 

The hydrogen flow to the detector was maintained at 53 mlo min 
-1 
 and 

did not vary by more than 5 during programming, The air supply was 

kept at 1 l.min 4 
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c). Scintillation Counting System (i) The scintillation cock-

tail was prepared by dissolving 32.2g. of "Fluoralloy' Scintillation 

cocktail mix in 1 American gallon (3151.) of cinalon toluene. This 

gave a cocktail containing 8g.i. 	butyl P80 and 0.5g.l. 	P560 

which was stored in a darkened 51. flask (FIg. III. 4) in an argon 

atmosphere. The mix was dispensed with a "Zipett&' automatic pipette 

(encon's Ltd) of 30m1. capacity and counting was carried out in 

20m1. phials. 

(ii) Scintillation Counter: A Backman LS-133 Liquid Scintillation 

System Was used, which was capable of taking 100 20m1.sample vials 

and counting In any of three preset channels,. Output was given In 

together, with the 95% confidence limits on a Teletype, model 33* 

Quench calibration on this instrument was effected by the combined 

External Standard-Channels Ratio method using a 
137Cs external 

standard source.. The quench calibration factor was found to be 

reasonably constant for all samples duo to the very small concentrations.. 

3. Product Analysis and Identification 

Reaction products were identified by matching their retention 

times against those of authentic samples, and, when necessary, by 

trapping them out and analysing them on a mass-spectrometer (A.E.I. 

M5902). The chlorination of 192-dichioroethylenes was thus shown 

to give only sym-tetrachloroethane while the trichloroethylene and 

tetrachloroethyiene systems gave only the corresponding addition 

products up to about 30% conversion. The 1 01-dichioreethylene 

system however was shown to give also trichioroethylene even at 

conversions lower than 5%. For small conversions (<10%) the only 

products from the chlorination of propane were iso-propyl chloride 

and n-propyl chloride. At high percentage reaction other products 

were formed which assumed to be the dichioropropanes since their 
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retention times matched those of the products of the chlorination 

of iso- and n-prcpyl chloride. 

In quantitative studies of the competitive systems the reactions 

were stopped before a maximum of 10 of any reactant was used. in 

the tetrachioroothylene system ae 350K this was very difficult and 

correction for secondary products was necessary. Gas chromatographic 

analysis of the reaction products was carried out on the columns 

previously described and under the conditions specified below. 

(1) The 1,2-dichiorosthylenes: The 4rn A.P.L. column was 

maintained at 720C for 10 minutes, with a flow rate of 72m1. min-1  

. and was then programmed at 24C o  mm
-1 	0 

to 180 C. Under these conditions 

the retention times of the main components were as shown below. 

B,Pt./0 
 C 	Retention Time/mmna, 

IPrC1 30.8 4.0 

nPrCl 46.4 5.6. 

TOCE 47.7 7.2 

COCE 60.2 8.6 

sym..TCEN 146.2 21.3 

1,1-dichioroethylene: The A.P.L. column waskept under 

the same carrier gas conditions but the temperature was kept at 50°C 

. for 10 minutes and then increased at 24C o  mm  -1 	a to 140 C. 

9.Pt./0 
 C 	Retention Time/mins. 

IPrCI 5.6 

101-OCE 	 31,7 7.5 

nPrCl 9.0 

TRCE 	 86.7 17.0 

unsym-TCEN 	 130.5 22.4 

In- and Tetrachioroethylenes: The A.P.L. column gave 

far too great retention times for the more highly chlorinated products 

and was therefore replaced by the shorter silicone oil column. The 

carrier gas flow was set at 64m1. min-1  (250C) and the temperature 

was kept at 25 0 
 C for 4 minutes and then programmed at 24C 0 

 min-1  to 

135°C. 
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Retention Times/mins. 

IPrCI 1.40 

nPrCl 2,20 

IrCE 8.80 

TCE 120.8 6.80 

PCEN 160.5 9.16 

HCEN 185.6 (sublimes) 10.00 

The sensitivity of the detector to the various products, relative 

to dichioroethylene whose "effective carbon number" (ECN) was taken as 

2, was obtained from the peak area ratios of standard mixtures (Fig. 

111. 5). The effective carbon number or the compounds under study 

are shown below. 

E CN 

CDCE 2,00 

TOCE 2.00 

11,1-DCE 2.10 

iPrCl 3.00 

nPrCl 3,00 

sym.TCEN 1,57* 

unsymTCEN 1.38 

PCEN 1.25 

HCEN 0.81 

As the column deteriorated with use it became necessary to check 

the ECN's of the higher boiling products regularly by reference to 

Fig. III. 6). 

The olefin formed by decomposition of the radicals was measured 

directly by its radioactivity content. As will be shown later, the 

count rate (CPu) was taken to be proportional to the concentration 

with suitable correction being made in the case of the ch1ooethanes 

for incorporation of two atoms of chlcirine.-35. In order to obtain 

the background count rate a similar sized sample of unadulterated mix 



PrC1 

MO 
/1, 2.-DCE 

syni—TC1 

unE3ym-TCEN 

HCE14 
2S0 

 

1.0 	 2.0 
Solute Injection /1078mal. 

Figure-111.6: Calibration of flame-ionization detector. 



was counted. 

4. Experimental Procedure 

The kinetic apparatus was evacuated to: about 106  torr and 

each reactant was thoroughly degassed at 79K for 20 minutes. 

Manifolds I and 2 were then evacuated and the required pressure of 

olefin was measured in the reaction cell, the vessel isolated and 

excess gas frozen down into the removable trap on manifold 1, and 

both manifolds re-evacuated. A pressure of propane, sufficient to 

give the desired pressure in the reaction vessel, was let into the 

manifolds 1 and 2, the reaction vessel opened up, and the gases were 

allowed to equilibrate. The cell was again isolated, the excess gas 

trapped dawn, and the manifolds evacuated. In some experiments 

with radiochiorine no propane was used. The procedure was repeated 

for chlorine and then inert gas, if required, and the total reactants 

were allowed to mix in the dark for 2 minutes. A mixture of olefin 

and propane, sufficient for seve'ral runs, was prepared in the 

mixing vessel when the reactant pressure was to be very low. 

The incident light intensity was adjusted to give a desirable 

rate of reaction (<JJI% consumption of any component) and the illum-

ination period was normally between 1 and 5 minutes. The necessary 

intensity was found by trial and error and illumination periods of 

up to 12 minutes were required for some runs at very low pressures. 

In order to test for any dark reaction runs were carried out period-

ically without illumination. 

When the last of the reactants had been allowed into the 

reaction vessel, and the manifolds 1 and 2 evacuated, manifolds 2 and 

3 were isolated. A small pressure of oxygen (2mm.) was let into 



manifold 2 and 1mm. nitrosyl chloride was allowed into manifold 3. 

These gases have been used before 28042,46 as inhibitors of chlorine 

atom reactions and are necessary since the rate of chlorination is 

appreciable even in normal light. Oxygen was used since it was 

desirable to exclude nitrosyl chloride from the kinetic manifold, 

it being such an effective inhibitor. On the other hand oxygen, 

unlike nitrosyl chloride, has a low solubility at the temperature 

used for distillation of excess chlorine (150K). 

After a suitable extent of reaction the light source was shut 

off from the reaction cell and the taps between the reaction cell 

and manifold 2, and manifolds 2 and 3 0  were opened quickly in succession. 

Manifold 3 was then isolated, except in the case of low pressure 

runs when the total reaction mixture was required for analysis, and 

the contents trapped down into the injection U-tube at 79K. In 

order to ensure complete transfer manifold 3 was evacuated, through 

the U-tube, for 5 minutes. When the chlorine pressure was less than 

about 50 torr the sample was analysed immediately. For larger chlorine 

pressures the U-tube was isolated, the sample warmed up to 150K (melting 

n-.propanol), and then pumped on for 15 minutes, In this way most of 

the excess propane and chlorine were removed while control experiments 

showed that no products were lost. 

When chlorine-36 was used the traps were attached to the outlet 

taps well before analysis and thoroughly flushed out with the hydrogen 

carrier gas before being cooled down to 79K. Before closing off the 

trap in use care was taken to open the one next in use. Control 

experiments, with two and more traps in series, showed that negligible 

amounts of products passed through the first trap and one was regarded 

as satisfactory. 



The traps were removed from the liquid nitrogen trap singly 

and attached to the scintillation mix dispenser (see Fig. ii!. 4). 

It was then filled with the solution and warmed up to 373K, allowed 

to stand for 5 minutes, and slowly flushed out with 1mlo solution 

which was collected in a 20m1, vial ready for counting. The traps 

waiting in the liquid nitrogen trap were kept in a hydrogen atmos-

phere although the gas was not passing through them. In the case 

of the chioroethanas the traps were flushed out with two 16m1. 

aliquots, giving two Vials to count, to ensure that all of the 

product was dissolved in the toluene, 4 "blank" vial, containing 

l&ml. of mix, was counted along with each run to give the back-

ground count and an indication of the state of the cocktail mix. 

The chromatographic analysis was estimated to give an accuracy of 

about S% while the radioactivity results were probably about 

5. 	Calculation- of Results 

a) 	 The peak areas on the chromatograms 

were measured either by integrator or by planimater. Absolute 

calibration factors were obtained for each method of measurement, 

i.e. I square Inch = 472 Integrator Units = 100 Planimeter Units. 

All areas were converted to the 10 -10
amps f.s.d* scale and AC,he 

following functions were calculated, 

(i) l,2-01chloroathylena : Propane System t 

RSTCEN 	[s.TCEN] f flPrHJi 	Eq. III. 3. nPrCl 	
[nPrci] f EocEJ I 

Now if C = relative concentration 

Area/ECN 



we can say, 

C(TCEN) P(PrHI) 	Eq. 111. 2 nPrCl 	
C(nPrCl) P(DCE) 

Similarly, 

Rrci 
iA 	

CiPPrj 	Eq. III. 3 

C(nPrCl) P(DCE) 

Eq. lU. 4 

C(s-TCEN) 

1 01-Dichioroethylene 2 Propane System : 

The rate of formation of iiPrCl was taken as standard In this 

case. 

Ra_TCEN 	C(a.TCE)1?rHI 	Eq. IIi 5 i-PrC1 	
C(i-PrCI) P(DCE) 

Tetrachloroethylena : Propane System : 

HCEN 	C(HCNY P(PrH) 	Eq. 111, 6 Rpci 	
C(nPrCl) P(TCE) 

b) -Radioactivity Measurements: The rate of decomposition could, in 

principle, be measured in every case by this method and direct 

information of the isomerisation of 1,2-DCE's. If a fraction, r, 

of the chlorine used is radioactive then we can obtain expressions 

for the relative amounts of products formed If we assume that count 

rate Is proportional to concentration. 

Reactions (a) and (4): 

AC1* or AC1 = (r(n_l)/n)M* + (l-r)A + 

where the superscript,*,  denotes the incorporation of one chlorine-36 

atom and n is the number of chlorine atoms on the most substituted 

carbon in the radical. Therefore, the radioactive olefin concen-

tration is a fraction, r(n-l)/n, of the total olefin produced in the 
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decomposition ([A] TOTAL). If we designate the observed activity 

(in C.P.M.) of the olefin (A) as A then, 

[A] TOTAL 	 A 	 Eq. III. 7 

(n-l)r 

Reaction (3) 

ACI + Cl2  = r2AC1** . 2r(l-r)ACI + (l-r)2AC12  

where, **, denotes the incorporation of two chlorine-36 atoms which 

will give double the count rate. 

Now [Acir] 
= 	r 

(l-r) 

and therefore we can say, 

A 	= 2r A* ACI2 	 AC12  
(1-i,) 

The observed activity of the cliloroethane (Aci ) is equal to the 

* 	 2 
sum of the activities of AC! 2  and AU 	and so we can write, 

A 	 A ** = 
AU 2r AC! AC1 

A0  
2r 	MCi2 AU 2 

and therefore ,r A 
0 	 ** 
AC! 	< LAcl J 

	

(l+r) 	2 

Similarly i-) Aci 
	Ac4] 

(1+02 

and so we can say that the total concentration of radioactive chioro- 

	

athens is proportional to A 	/(l+r), However the racloective  product 

	

' 	3 2 
is only a fraction, r(2-r), of the total product and so we have 

therefore, 

[ACLJ o 	Aci 

r(l.r)(2-r) 

It is, in fact, not necessary to know ' exactly since it is very much 



smaller than unity At the greatest concentrations of chlorine-36 

used r. was loss than 0.04 and so we con use the approximation, 

[Ac12]K Ai 	 . u. 

	

Therefore, [AC1 	= (n-i) A0  
2 
	

Eq. III. 9 

	

[A] 	
2n  

0 

and, in the case of the 1,2-OCE's, 

[COCE] = 
CDCE 

[TOCE] TOCE 

Eq. III, 1.0 



CHAPTER IV 

RESULTS 

1,2-Dicbl2roethylenes: 

,,, 47 All previous Studies 	 of these systems have failed 

to detect any variation of k0  with pressure. Unimolecular rate 

theory predicts that ka  should increase from a limiting low 

pressure value (k) to a limiting high pressure one (tv. This 

would moan that the normal expression for RTCEN , as a function of 
i-DCE 

pressure, 

RTCEN = kbi[Mi1 

COCE 	
X 

would not give a straight line. The gradient (kbi/xka) should 

decrease, until it reaches a constant value, as the pressure increases. 

The study of both TDCE and COCE was therefore undertaken in an 

attempt to measure this pressure dependence, in the 0-200 torr 

pressure region, at 350K1 The results of these investigations are 

shown in Tables IV, 1 to 3. 

Another point of contention in these systems is the relative 

rate of formation of each isomer during decomposition, i.eo the 

value of x where, 	 - 

ACI* = x cis-A + (l-x)trans-A + Cl 	(a) 

The different values which have already been determined 28947 

have been mentioned in Chapter 1. It was hoped that the use of 

chlorine-36 would enable the amount of each isomer, formed by 

decomposition, to be directly measured. Several rund in each 

system were therefore carried out using radio-chlorine and the 

results are shown in Tables IU, 4 and 5. 
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Table IV, 1 

Pressure dependence of the trans- 

dichioroethylene chlorination at 350K 

Olefin pressure = Propane pressure = 21.3 torr 
Chlorine pressure = (Total pressure - 42.6) torr 

Run 	 Relative Concn. 	TCEN 	TCEN 	COCE 

No. 	
P/torr 	nPrCl 	COCE 	TCEN 	 RCDCE 	Rnprci 

1 67.4 927 835 351 0.38 0.42 0.90 

2 67.4 1306 1150 442 0.34 0.39 0.88 

3 67,4 1436 1230 507 0.35 0.41 0.86 
4 67.4 1879 1580 592 0.32 0.38 0.84 

5 67.4 1796 1455 539 0.30 	. 0.37 . 	0.81 
6 69.0 2087 1695 805 0.39 0.48 0.81 
7 67.4 2990 2400 1102 0,37 0.46 0.80 
8 70.0 2770 2355 1090 0.39 0.46 0.85 
9 70.0 2310 2040 797 0.35 0.39 0.88 
10 70.0 3320. 2940 1158 0.35 0.39 0.85 
11 70.0 2080 1560 680 0.33 0.44 0.75 
12 70.0 3933 3450 1235 0.31 0.36 0.88 
13 80.0 3030 2625 1133 0.37 P0.43 0.87 
14 80.0 3630 3060 1509 0.41 0.49 0.84 
15 100.0 1690 1510 830 0.50 0.56 0.89 
16 100.0 1950 1600 1018 0.52 0.64 0.82 
17 100.0 5927 4750 . 	2786 0.47 0.59 . 	0.80 
18 100.0 5717 4880 2845 0.50 0.58 0.85 
19 100.0 - - - - - - 	0(15) 
20 100.0. 4670 3555 2235 0.48 0.63 0.76 
21 100.0 1472 1250 703 0.48 0.56 0.85 

22 100.0 3240 2475 1603 0.49 0.65 0.76 

23 100.0 234 - 158 0.68 - - 	0(16) 
24 100.0 . 	2750 2145 1262 0.46 0.59 0.78 

25 110.0 5350 4260 2866 . 	0,54 0.67 0.80 

26 150.0 4730 3195 2550 0.54 0.80 0.68 

27 150.0 3873 2805 2085 0.54 0.74 0.73 

28 200.0 3853 2390 2490 0.65 1.04 0.62 

29 200.0 4600 3195 210 0.63 0.91 0.70 

N.B. D indicates a reaction carried out in the dark and the 
h pkptc arp thp reaction times in minutes. 
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Table 

Pressure dependence of the trans-dichicroethylene 

chlorination, at low pressures, at 350K 

Ole fin pressure 	Propane pressure = P(Nix) 
Chlorine Pressure z (Total pressure 	P(tix)) 

Run 	Press./torr 	Relative Concn, 	RTCEN 	ATCEN RCDCE 
No, Mix C12  nPrCl CDCE TCEN nPrCl CDCE nPrCl 

0 20.0 30,0 284 264 70.3 0.25 0.27 0.92 
31 20.0 31.0 338 319,5 78,8 0.23 0,25 0.94 
32 2060 30.0 37 312 77.1 0.23 0.25 0.93 

3 3  
20.0 48.8 1220 1070 394 0.32 0.37 0.87 

34 21.6 50.0 430 414 148.2 0.34 0.36 0,97 
35 10.0 15.0 87,3 113,5 17.53 0.20 0.15 1.29 
36 5,0 15,0 409 388.5 64,4 0,16 0,16 0.95 
37 1.3 

3 •4 
29 31 1.69 0,06 0.05 1.05 

38 1.3 3.4 46 52,5 2.46 0.05 0,05 1.15 

Table It!. 4 

Activity measurements of the trars- 

dichioroethylene chlorination at 350K 

Olefin pressure z Propane pressure = 21.3 torr 
chlorine pressure 	(Total pressure - 42.6) torr 

Run 	P1torr 	activity / CPfI 	 RTCEN 
No. 	 TOM 	CDCE 	TCEN 	 CDCE 

B 70,0 720 1470 2768 0.67 0,47 
9 70.0 613 1186 2040 0.66 0.43 

10 70,0 934 1976 3241 0.68 0.41 
11 70.0 448 9.4 1756 0.67 0.48 
12 70.0 1080 2002 3132 0.65 0.39 
13 80.0 1268 2557 3977 0.67 0.39 4 

80.0 1585 3204 5592 0.67 0.44 
22 100.0 747 1383 3436 0.65 0.62 
24 100.0 602 1218 2998 0.67 0.62 
25 110.0 2335 4845 12485 0.67 0,64 

N.B. CPM denotes "counts per minute", 
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Table Zv.3 

Pressure dependence or the cis-dichioro-

ethylene chlorination at 350K 

Olefin pressure = Propane pressure 
(Total pressure - Chlorine pressure) 

Run Press./torr Relative Concn. R TCENRICEN RTDCE 
No, C12  TOTAL nPrCl TOCE ICEN nPrCi TDCE nPrCl. 

1 2.1 3.4 193 90 25 0.13 0.28 0.47 
2 2.1 3.4 157 74 20.4 0.13 0.28 0.47 
3 10.0 15.0 173 75 46 0,27 0.61 0.43 
4 10.0 15.0 540 240 153 0.28 0.64 0.45 
5 157.4 200.0. 14300 4260 15890 1,11 3.73 0.30 
6 153,4 196.0 9200 2400 9180 1.00 3.82 0,26 
7 153.4 196.0 13680 3750 14510 1.06 3.87 0.27 
8 157.4 200.0 14680 4200 15000 1.02 3,58 0.29 
9 107.4 150.0 10380 3090 9100 0.88 2.94 0.30 

10 107.4 150,0 10490 3090 9370 0.89 3.03 0.29 
11 57.4 100.0 4300 1505 3530 0.82 2.35 0.35 
12 57.4 100,0 7970 2600 6370 0.80 2,45 0.33 
13 57.4 100.0 11000 3593 8470 0.77 2.36 0,33 
14 57.4 100.0 13120 4551. 10650 0.81 2.34 0.35 
15 24.4 67,0 5700 1745 3310 0.58 1.90 0.31 
16 22.4 65.4 8140 2565 450 0,60 1.89 0,32 
17 30.0 50.0 5790 2320 3610 0.62 1.56 0.40 
18 30.0 5068 3130 1115 1660 0.53 1,49 0.36 
19 20.0 30.8 1050 363 374 0.36 1.03 0.35 
20 157,4 200.0 3015 860 3430 1.14 3.99 0.29 
21 157,4 200.0 2300 620 2400 1.04 3.87 0.27 
22 57,4 100.0 15000 5430 12300 0.2 2.27 0.36 
23 57.4 100.0 5200 1750 3960 0.76 2.26 0.34 
24 20,0 . 30.0 2030 981 907. 0.45 0,92 0.48 
25 20.0 30.0 1050 363 374 0.36 1.03 0.35 



Table 

Activity measurements of the cia- 

dichioroethylene chlorination at 350K 

Olefin pressure z Propane pressure 
= (Total pressure - Chlorine pressure) 

Run 	Press ./torr 	 Activity/CPM 	 RTCN 
No. 	C12 	TOTAL 	TOCE 	COCE 	ICEN 	

X 	 TOCE 

20 157.4 200.0 135 330 2142 0.71 3.97 
21 157.4 200.0 821 1842 13321 0,69 4.05 
22 57.4 100.0 777 1522 7203 0,66 2.32 
23 57.4 100.0 1790 3726 16370 0.67 2.28 
24 20.0 30.0 833 110 3326 0.66 1.00 
25 20.0 300 278 515 1053 0.65 0.95 

In these olefins the relative rate of isomerisation to addition can 

be measured by gas chromatographic analysis and. they therefore 

provide a useful check on the accuracy of the radioactive technique. 

From Tables 4 and 5 it can be found that x. is independent of 

the starting isomer. It also appears to be independent of pressure 

in the range studied and is in excellent agreement with the results 

of Wei and Rowiands 48• The values of x obtained for both trans-

and cis-dichloroethylene are shown below, 

0.666 0.02 

0.673 0.04 

and the mean value for both isomers was calculated to be, 

x = 0.668 0.03 

where the errors represent the 95% confidence limits* This final 

value of x contrasts markedly with those values obtained by Knox 28942 

and Ayscough at. al. 47 
 and it would appear that Wei and Rowlands were 

correct when they maintained that the only accurate method of 

obtaining x was to measure it directly. This value was used in 
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subsequent determinations of the rate constants. 

28 
As has already been mentioned in Chapter 1. Knox and Riddick 

were forced to propose a unimolecular deactivation reaction (d) in 

order to explain the apparent pressure dependence of R TCEN . They i-OCE  

did not in fact work at low pressures but later work 
42  seemed to 

substantiate their findings. If reaction (d) is considered then 

Eq. IV. 1 becomes modified to give, 

RTCEN. 	kbi EM] + kd 	q. IV. 2 cc cc 
x ka 

Thus a graph of R 
TCEN  as a function of total pressure will give an 
COCE 

intercept (kd/xka). They found this intercept to be dependent both 

on temperature and starting isomer but still had difficulty in 

accounting for the nature of reaction (d). Knox 
42  suggested that 

the intercept might indeed be an artefact of the pressure dependence 

of ka. This is borne out by the data shown in Tables IV. 2 and 3 

and plotted in figs. IV. 1 and 2. It can be seen in these graphs 

ICEN that 	falls to zero as the pressure approaches zero in 

accordance with unirnolecular reaction rate theory. In the 50-200 

torr region, ka appears to be approximately independent of pressure 

and the gradients are in good agreement with the values found by 

TCEN 
the previous workers, The gradient of the plot of Rj_OCL  against 

chlorine pressure glues kbj/ka  if the value of x is known and 

estimates of this ratio were obtained by a least squares treatment 

of the data and are shown in Table IV. 6. Using the collision 

diameters (o 	
28 shown below the collision number (Z0) can be 

calculated. 

10 10 cr/M 

Cl2 	 4,5 

C2H2C13* 	5.5 
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the TDCE chlorination at 350K. 
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Figure IV. 2: Pressure dependence of the CDCE chlorination at 350 K. 
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i,e. Z(C2H3C13  *SCI 2) 	8.6 x 10  torr1s1 

By using this we can obtain an estimate of ka. 

Table IV. 6. 

Values of ka obtained from graphs of 
TCEN R 	us Chlorine pressure at 350K 
i-DCE 

±artLn 	 103(kbi/ka)/to'1 	 10 9ka/s 
Olefin 	x=0.668 	x0.78 	x=ft.668 	x=0.78 

TDCE 	2085 0.20 3.32 0.24 3.02 0.20 	2.59 

CDCE 	5.03 0.34 	 1.71 1 0.14 	0.18 

When x is given the value, 0,78, assigned to it by Knox and Riddick28  
is 

then the resultant estimate of ka/very close to their value of 

2.4 x 10 S. 	The data gives the ratio k3/kat = 0.6 compared 

with 1.1 obtained by Knox and Riddick., 

The rate constants for the propagation reaction (2) were 

obtained in a different manner to that used by Knox and Riddick. 

They employed the rdationship, 

	

RTCN - t<2 	1 COCE - — — — 	 Eq. V. nPrC1  	nPrCl 
k2  

TCEN 	i-DCK Graphs of RnprCl 	 glue a wide spread of results and 

necessitate considerable extrapoltion to find k2/k2 . However 

	

nPrCl 	COCE another expression, relating RTCEN  to  RTc 	can be derived from 

the mechanism, 

nPrCl 	k 	k ' COCE 

	

i.e. RTCEN = _ 	+ _L 	Eq. IV. 

	

k2 	xk2  

This expression has been used In this work (FiqsIVb 3 and 4) and 

has been found to give a smaller spread of vth,iea and involved less 
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Figure W0 3: Evaluation of k2,/k2)  for TDCE at 350 K. 
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Figure IV. 4: Evaluation of k2,/k2  for CDCE at 350 K. 
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extrapolation to find k2 /k2. Since x is already known to be 0667 

We know that in a plot of R 
nPrCl 

 vs R CDCE the gradient will be 

3 x intercept/2. For CDCE the corresponding graph gives a gradient 

of 3 x intercept. Using these relationships estimates were obtained 

for k2(CDCE) and k(TOCE). Since k2 (RrH) is known to have the 

value 2,133 x 10 
10  l.mai.s. 	at 350K. 

Table IV. 7 

Values of 1<2  for 10CC and COCE at 350K 

Olefin 	k2 /k 
	

1010k2/l .mol 

10CC 	0.60 ± 0.05 
	

(3.55 ± 0.32) 

COCE 	0.60 ± 0.10 
	

(3.55 ± 0,51) 

These values differ from previous estimates in that k20  and k are 

both the same. K. and R. 
28 obtained the values, 

1< 	= 4 x 10 10  l.mol.-1 
 S.

-1  

bo k 2C = 6 x xo 	l.moi.1s.1 

/ 



1 .l0ichlorcethy1ene: 

There has been relatively little work done on the chlorination 

of ttis olefin and only for reactions (3) and (8) have any values 

been reported. The reaction is interesting because two radicals 

are possible on the addition of a chlorine atom to 1 91-OCE. 

i.e. CH2:CCX2  + Cl 	CH2CI.CC12* or CH2.CCI3 	(2) 

(A) 	() 

From the accepted potnt of view radical (A) should be more likely 

to be formed than (8) but only if (a) is formed will there be any 

incorporation of radioactivity in the olefin formed by decompoit1on. 

The study of this system was therefore undertaken in the hope of 

measuring k2, and <a'  and also of obtaining information on the 

rolathi.e rate of formation of (A) and (8). 

The results are shown in Table IV. B and are seen to be very 

irreproducible. We consider this an indication that the chlorination 

of 1,1-OCE is largely heterogeneous and is more complicated than the 

other olefins in the series. Runs 1 and 18 were conducted in the 

dark and very little reaction was ?ouhd to take place In reaction 

times which were much larger (10 and 20 mine. respectively) than those 

under illumination. The trichloroethylene formed in Run 1 is about 

0.6% of the final total l,l-DCE concentration and so the overall 

reaction is probably less than 2%.  Therefore a series of runs with 

4 minutes illumination was carried out. Although the rate increased 

the products were still TrCE and TCEN although, for some reason which 

is not understood, no TrCE could be detected in Runs 4 950  and 6. 

There are two routes for formation of TrCE and these are shown below. 



Table 

Pressure dependence or the 

1 9 1-dichioroethylene chlorination at 350K 

Olefin pressure = Propane pressure 
(Total pressure a  Chlorine pressure)x' 

Run 
No. 

Press./torr 
Cl2 	TOTAL 

Relative Concn. 
iPrCl 	TrCE 	TCN 

TCEN 
1.PrCl 

TrcC1 
cTc (NJ Surface 

1 80,0 100.0 190 7 a Quartz 0(10) 
2 E0.0 100.0 - 2400 3400 0.71 it 

3 80.0 10000 - 825 1325 - 0,62 " 
4 30.0 50.0 713 - 981 1.37 - 
5 30,0 50,0 1353 2000 1,44 - 
6 30.0 50.0 2267 - 3420 1.50 - 'I  

7 20,0 30.0 290 90 416 1.18 0.22 " 
8 20.0 3010 484 100 613 1.27 0.16 " 
9 5.0 10.0 50 30 54 1.08 0,56 u 

10 60,0 100.0 153 1780 1616 10.5 1.10 " 
11 60.0 100.0 407 510 1144 2.81 0.46 " 
12 60.0 100.0 153 1155 1440 9,42 0.80 " 
13 60.0 100,0 83 1555 2700 32.6 0.58 " 
14 60.0 100.0 3333 500 543 1.63 0.09 Lead Glass 
15 60.0 100.0 2120 250 5250 2.48 0.04 is 
15 60.0 100.0 140 4000 3980 28.4 1.01 Pyrex 
17 60.0 100.0 1525 3670 3980 2.61 0.92 " 
18 60.0 80.0 - 615 900 - 0,68 " 	0(20) 
19 60.0 100.0 730 325 1029 1.41 0632 P.V.C. 

N.B. In Runs 1-4, and 18 the Propane pressure was zero 
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Scheme A: 

C2H2C12  + Cl = C2  HCl 2  +HCI 	(s') 

C2  HCl 2  + Cl2  =C2HCI3  + Cl 	(31) 

Scheme B: 

C2H2C12  + Cl = C2H2C13 	(2) 

C2H2C13 = C2KC13  + H 	(a') 

Of these, the latter is extremely unlikely because the C-H bond is 

80 much stronger than. the C.C1 bonds. The former scheme still 

appears unlikely in the homogeneous phase and the product ratios 

for Runs 243 are not reproducible, It was therefore decided to 

investigate the effect of a change in surface on the reaction. In 

a pyrex reaction vessel packed with lead glass beads the TrCE/TCEN 

ratio was much smaller but the rate appeared to increase with the 

increase in surface area. Clean pyrex vessels gave almost equal 

amounts of TrCE and TCEN. Coating the reaction vessel with P.tl.C, 

did not improve matters although It did not seem to give quite so 

much TrCE. 

It was therefore concluded that the reactIon taking place on 

the surface was completely masking the homogeneous photochemical 

reaction, Even although the reaction speeded up when under illum-

ination the results still indicate a heterogeneous reaction since 

the product ratios are dependent on the nature of the surface. This 

would seem to indicate that the species produced under illumination 

also react at the surface, 

It is interesting that, of those olefins which have been studied, 

the only olefins which have given trouble with heterogeneous reaction 

are those which possessa:CH2  group 41'42. This might indicate that 



the bulky chlorine atoms prevent adsorption onto the surface and 

that, instead of an "overall li=bond" being formed between the 

molecule and the surface, the bond involves only one end of the 

molecule. 
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Tetrachioroethylene: 

Although this has been one of the most studied olefins in 

the series, the most recent investigations 
40042  have resulted in 

different values for k 2 # It has never proved possible to-detect 

the participation of activated radicals in this system. which makes 

tetrachloroethylene different from the other olefins in the series. 

It was therefore decided to chlorinate ICE in competition with 

propane, In order to resolve the uncertainty over the value of k 2t 

and to investigate the effect of an inert gas such as sulphur 

hexaflouride on the rate of addition to the olefin to ascertain 

whether activated radicals participated. The results can be 

described by Eq. No S reproduced belowi, 

nPrCi 	k 
RHCEN 

1+ 	1(a 

EkbiN 

1+ k4  

k  [Cl2] 

Eq. IV. 5 

If activated radicals take part in the reaction then the first 

bracketed term, in this expression, will predominate but if they 

do not take part then only the second term in paretheses will be 

effective. The results are shown in Tables XI. 9-12, The rate 

of photochiorination of ICE Is much slower and, at constant chlorine 

pressure, decreases in rate relative to propane with increasing 

nPrCl 
tenrature. This means that the values of R HCEN  at higher 

temperatures are subject to considerable error. In order to provide 

a second measurement at 350K ICE was also chlorinated using 

chlorine-36 and the results are shown in Table IV. 13. in this 

case the relative amounts of ICE and HCEN, formed by decomposition 

and addition respectively, and apprcxi411 obeyed the relationshxp 
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Table It!. 9 

Chlorine pressure dependence of 

tetrachloroethylene chlorination at 301K 

Olefin pressure e 10.0 torr 	Propane pressure = 7.7 torr 

Run 
No. P/C1 11tarr 2 Relative 

nPrCl 
Conco. 
HCN 

HCEN 
nPrCi 

RflPDC1 
HCEN 

1 10.3 997 105 0.08 12.34 
2 • 12.3 590 69 0.09 11.10 

1.5.3 920 117 0.10 10.20 
4 1.3 1040 154 0,11 8.76 

30.3 1120 262 0.18 5.57 
6 32,3 710 173 0.19 5.27 
7 32.3 340 80 0.18 5.51 
8 32. 710 172 0.19 5.34 

32.•3 730 173 0.19 5.41 
10 32.3 1700 426 0.19 5.20 
11* 30.0 1560 276 0.18 5.65 
12 42.3 1240 384 0.24 4.20 
13 52.3 1310 482 0,25 3,97 
14 52.3 620 219 0.27 3.69 
15 62.3 737 306 0.32 3.17 
16 82.3 1240 641 0.40 2.52 
17 82.3 8 6 3 445 0.40 2.52 
18 82.3 1910 971 0.39 2.56 
19 132,3 1037 64 0.50 2.00 
20 182.3 1350 963 0.55 1,82 
21 182.3 1157 815 0.55 1.83 
22 12.3 663 78 0.09 11.08 
23 12.3 650 75 0.09 11,21 
24 12.3 mo - - . 	0(12) 

* The Propane pressure in this case was 10 torr 
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Figure IV. 5: Dependence of the TCE chlorination on chlorine 

pressure at 301 K. 
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TablelU. .10 

Dependence of the tetrachioroethylene 
chlorination on Sr6  pressure at 301K 

Olefin pressure = 10 torr 	Propane pressure = 7.7 torr 
Chlorine pressure = 12.3 torr 

Run 	p(5f 	., 	Rol, Concn. 	RHCEN 	RnPrC1  No. 	' 6" 	nPrC]. 	HCEN 	nPrCl 	HCEN 

22 0 663 78 0.09 11.08 23 0 650 75 0,09 11.21 24 0. - - 	0(12) 25 20.0 897 111 0.10 10.50 26 50.0 963 115 0.09 10.90 27 50.0 1073 130 0109 1000 28 80.0 1020 120 0.09 11.10 29 80.0 1010 120 0.09 10.96 30 120.0 690 78 0.09 11.53 31 120.0 1160. 139 0.09 10.81 32 170,0 1340 163 0.09 10.70 33 170.0 1350 160 0.09 10.92 3 4  
170.0 - - - 	0(12) 

Chlorine pressure 	2.0 torr 

Run Press./torr Rol, Concn. RnPrC1 No., ICE 	PrH 	Sr nPrCl HCEN HCEN 

62 1.13 0.87 0 23 9.6 28.80 63 1.76 0.24 0 48.7 12.8 28.50 64 1.76 0.24 0 79.7 19.5 30,70 55 1,75 0,24 . 	6.0 11567 28.8 30,50 
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Table XU. 11 

Chlorine pressure dependence of the 

tetrechioroethylone chlorination at 320K 

Olefin pressure 	10.0 tovr 	Propane pressure = 7.7 torr 

Run 
N P(C12)/topp Rel. 

nPrCl 
Concn, 

HCEN 
nPrC1 

R HCEN 

54 52,3 1030 145 9.26 
55 52.3 1120 173 8.41 56 02.3 2067 420 6.40 57 122.3 393 111 4.60 58 122.3 1420 395 4.67 59 122.3 2040 615 4.30 60 232.3 1460 662 2.87 61 232.3 1743 878 2.58 

Table IV. 12 

Chlorine pressure dependence of the 

tetrachioroethyjene chlorination at 350K 

Olefin pressure = 10.0 tarp 	 Propane pressure = 7.7 tarp 

Run 
P(C12)/torr Rel. 

nPrCi. 
Canon. 

HCEN 
nPrCl 
HC EN 

35 8,3 3533 57 110,8 36 8.3 2500 4 
96.9 37 12.3 3767 77 81.3 38 12.3 4033 62 85.0 39 17.3 3533 68 68.7 40 17.3 3733 70 70.0 41 52.3 3033 143 27.3 42 52.3 3133 143 28.9 43 82.3 3633 248 1910 44 62.3 3067 172 23.3 45 82.3 2633 185 18.5 46 62.3 1640 88 24.3 47 62.3 1.160 58 24.7 48 82.3 2433 178 17.8 49 82.3 1050 82 16.8 50 82,3 1267 9 3  
17,8 51 132.3 4267 554 10.0 52 182.3 3533 539 8.54 53 182.3 2133 301 9.21 



10.0' 

0 1.0 	 2.0 

102to./;(c12)  

Figure W. 7: Dependence of the 'RE chlorination on chlorine pressure at 320 K. 
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Figure IV. 8 : Dependence of the RE chlorination on chlorine pressure at 350 K. 



Table JV. 13 

Activity measurements of the chlorine 
pressure dependence of the totrachioro-

ethylene chlorination at 350K 

Olefin pressure = 20 torr 	Chlorine pressure variable 

Run 	 Activity/CPiI 	QHCEN1  P(CL)/ orr No. 	 ICE 	HCEN 	TCE]f 

65 30.0 10190 1713 0.056 
67 30.0 12112 1454 0.040 
68 80.0 11875 2598 0.073 
69 8 0.0 14201 3498 0,082 
70 130.0 21609 7070 0 0109 
71 130.0 15584 551 0.121 
72 180.0 10499 4540 0.144 
7 3 180.0 19621 7833 0,131 
74 202.5 18360 8101 0.147 
75 202.5 15145 7543 0.166 

RHCEN 	ijICEN1 	k3  [C121Eq. IV. 6 
Tc 	[icc] t' 

The concentrations were measured in the way shown in Chapter III so 

that, 

[HcN] = c.A(HCEN)/2 

ftTrc] = 3 c.A(TCE) /2 

The dependence of the rate on both chlorine and SF5  pressure 

was studied at 301K since the decomposition of activated radicals 

(a) is much less dependent (on temperature) than reaction (4). 

As can be seen from Table IV, 10 and Fig. Xv. 6 the ratio R 	is HCEN 

independent of SF  pressure even down to very low pressures and the 

value ka (2 x 10 7  $.-1 	 42 confirms the result of Knox and Waugh . The 

intercept of Fig. IV. 5 shows that k2(TCE) is almost as large as 

k2 (rH) and, using the parameters for reaction (2 0 ) given in Chapter I 
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we find, 

1og10k2(TCE) = 10.30 at 301K 

This compares reasonably well with the value of 10.1 (301K) found 

by Franklin and his co-workers 40  and disproves Knox and Waugh's42  

estimate of 9.4. 

In order to check the Rrrhenus parameters given by Franklin 

at a., the system was also studied at 320K and350K. The results 

obtained (Fig. IV. 7-9) are tabulated in Table 1V, 14. 

Table IV.. 14 

Rate constants obtained for the 

chlorination of tetrachloroethyleno 

10k2 k4  /torr (k4  /torrs4  10 0k2/ 
I K 	k 	\kk 	k 	 1nol11 	k4/s 

301 	0.94±0.10 1,42±0.04 151± 	22 1.90±0.23 184± 	27 

320 	1.10±0.50 4.11±0.42 374± 323 1.78±0.56 741 645 

350 	1.1510.60 14.050.80 122211500 1.7730.60 457015600 

350 	- 1611± 200 6003± 760 

The values of k4  shown in the above table were obtained using the 

parameters given by Goldfinger at al. 36 for k3. 

i.e, 1og10(k3/1.mo1. 1s.) = 8.31 - 5430/4.5761 

From the Arrhenius plot (Fig. IV. 10) reaction (2) would appear to 

have a zero activation energy while the parameters for (4) may be 

expressed as, 

1og10(k4/s.'?) = (13.47 	0.50) -. (15500 ± 700) 

4.5761 

40  This compares well with the value found by Franklin et. al. which 
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Figure IV.10 : Arrhenius paramaters for reactions (2) and 

(4) in the chlorination of ICE. 
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login  (k4/s, 1) 0 13.51 16080/4.5761 

At 320K. these expressions give the values 749 s. 	and 339 

for k4  giving a difference of just over a factor of 2. The mean 

value of 1ogibk is 10.266 and therefore k 2 = lo,84 x 10 in 1.mol,a.0 



Trchlorgthy1ene: 

The chlorination of this olefin has recently been reported 

by Knox and Waugh 42, Since they did not use radioch1orno they 

were obliged to obtain ks/kbj by successive approximations. Using 

the radiochlorjno method we have now measured this directly. If, 

as they reported, reaction (a) is the dominant decomposition in 

this system than the relative rate of addition to decomposition: 

can be expressed as 

PCEN - [PcEN] 	Zkbi[fj] 	Eq. Iii, S TrC  
[rCE]I! 

The dependence of this ratio on both chlorine and sulphur 

kL
xaore. 

cfitfpressura was investigated at 350K and the results are 

shown in Tables IV. 15 and 16. The graphs of R PCEN against 
TrCt 

pressure show an intercept which, by analogy with the 1,2-dichioro. 

ethylenes, we can assume to represent the pressure dependence of kaø 

From these graphs. (Figso lU, 11 and 12) we obtain the values shown 

below for kbj/ka. 

C1  	 5F  

102(kbj/k)/torr 	1.48 0.16 2.14 0.14 

Knox and Waugh worked at 352K and obtained the values 76 10 torr 

and 40 16 torr for ka/kbi and k5/kb6 respectively.,  (i = 6 refers 

to sr6). These values compare well with the values now calculated 

from activity measurements which are 68 B torr and 47 t 3 torr for 

i'= 1 and 6 respectively. 

Since the difference in temperatures between the two studies 

was only 2K 9  the values for the standard collision numbers were 

calculated by Knox and Waugh have been used.. Using 4.2A, 5.5, and 
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cp 

5.SA for the chlorine, SF5, and C2HC1 molecules respectively 

they obtained values of Z0(AC1*.Ni) as shown below 

CI 	SF  

	

10_6  x Z0/torr4s. 1 	8.4 	8,6 

Thus, since kbj/kb6  has the value 0.69 0.15, the collision 

efficiency of chlorine is 0.71 If SF is assumed to be totally 

efficient. This is somewhat different from the value of 0.55 found 

by K. and W. but falls within their experimental error, This gives 

the result, 

kbj(350K) ze 5.96 x. 106  torrs.1 

and therefore 

	

k 	
= 4 x 108 so 4 

tab1eJV. .15 

Chlorine pressure dependence of 

trichloroethylene photochiorinatlon at 350K 

Olefin pressure = 20 torr 	Chlorine pressure- variable 

Run 	 .. 	ActvIty/CPM 	PCE 

	

Not.P(C12)/torr 	TrCE 	PCEN 	RICE 

1 30.0 18 962 1.43 
2 NO 129 651 1.26 

80.0 14.7 1243 2.10 
4 80,0 144 1312 2.27 
5 80.0 116 994 2.15 
6 80.0 132 1052 1.99 
7 130,0 121 1347 2.79 
8 130.0 152 1820 2.99 
9 130.0 132 1501 2.84 

10 130.0 160 1749 2.73 
11 180.0 94 1408 3.76 
12 180.0 139 1893 3.41 
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Table IV'*  16,  

Dependence of trichioroethylane photochior- 

ination on SF  pressure at 350K 

Olefin pressure ft Chlorine pressure = 20 torr 
SF  pressure variable 

Run 	P(3F )1tc,rr 	Activty/CPM 	RPCEN No. 	6 ' 	TrCE 	PCEN 	TrCC 

13 30.0 142 1094 1.93 
14 30.0 105 735 1.75 
15 30.0 181 1289 1.78 
16 80.0 176 1627 3.08 
17 80,0 190 2121 2.79 
18 80.0 154 1813 2,94 
19 130.0 157 2420 3,85 
20. 130,01 143 2272 3.97 
21 130.0 132 2199 4.16 
22 180,0 113 201 5.09 
23 18060 127 2652 5.21 
24 180.0 109 2093 4.80 
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Figure W.Z : Dependence of the TrCE chlorination 

on SF  pressure at 350  K. 
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CHAPTER U 

DiSCUS80fl 

1.--',THE- PROPERTIES OF ACTIVATED RADICALS 

Vibrationally excited radicals were known to exist long before 

Oair,ton27'46  suggested that they participate in the photochlorination 

of olefins and it is worthwhile to discuss their properties and to 

illustrate the experimental evidence for their existence. 

The most common method of formation is the addition of an atom 

or radical (a.) to a compound containing a multiple bond () in a 

reaction which can be designated a, 

I+D. a .A$* 	(2) 

The reaction has been called (2) since it corresponds to reaction (2) 

in the scheme for olefin photochlorinatjon given in Chapter 1. These 

reactions are generally exothermic and the resultant radical (AR*) 

will initially possess this energy of axothermlclty plus any excess 

energy which species B. may have possessed. If these radicals are 

not deactivated by collision, 

oAB* + M 	•JtB + N (bi) 

they are likely to decompose, often forming the parent (A) or isomers 

Of it. 

.AB* = A.B 	(a) 

These products are often difficult to explain unless the energy from 

reaction (2) is available for decomposition of the radical. This is 

well illustrated by the reaction of isopropyl and tbutyl radicals 

with acetylene 72. The normal products would be 3methy1butl*erie and 



393-dimethylbutN.1.aens respectively but it was found that some pent* 

lera, and 4methylpert-1-one respectively, were formed. These can 

only be formed by migration of the methyl groups in the alkenyl 

radical and so it was concluded that the radical was vibrationaily 

excited and contained about 30 kcal,mol. 	excess energy (from (2)). 

Many reactions giving activated radicals, and products, have 

now been reported and a few are shown in Table V. 1, 

Table Yo-l.  

Some reactions producing activated radicals and products 

Reactants 	 Adduct 
	

Re?, 
A 	 8 

C2  H4 H C2   73 

2 4 H .C2D4H* 74 
C 2  H  4 0 C2H40* 74 
C2  H4 H and 0 C2  H* & •C2H40* 77 

C2H202  0 C2H2D 68(b) 

butenes H and 0 Various 6,76 

Various olefins 0 82 

-CF 3 "  7980 

1,2-OCE CC1F2  bC3H2C13F 81 

CH 4CHMe .CHCHCHMe* 72 

C2H2  cHCHc8; 72 

Various olefins, --CH 2  R1R2C—c/3R4  78 

CH  

0 + C 2  H  4 	- 
C2H40* 	(A) 

H + C 2  0  4 .C2D4H* 	(a) 

Effect of energy content of the radical onpoduct formation: 

The products formed by the decomposition of the radical will 

depend on the magnitude of the excess energy. When deuterium is added 

to ethylene,, and hydrogen to ethylene-d474, similar radicals are formed 



-67- 

but the products are different. Measurement of the products of the 

combination : dispraportionation reactions involved in () indicated 

that the radicals 'C2H3D2  and C2Hr  were also involved in product 

formation. This indicates both C.-D and C-H bond rupture, whereas 

only .C204H* radicals were detected in (B). The C.D bond is stronger 

than the C-H band and so it would appear that the C2H4D* radicals, 

formed by the addition of a deuterium atom to ethylene, are of 

higher energy than the -C2  HD* radicals under study. It might have 

proved interesting to study the reaction between H atoms and C2H30 

which would also give •C2H4D*, 

Factoa gffecling the stability,  of excited radicals: 

a) Eneqtnnt: From a qualitative viewpoint it is apparent 

that the greater the excess energy a radical possesses the more likely 

it will be to decompose before it can be deactivated by collision, 

The lifetimes of activated species which have been measured support 

this view and this is well illustrated by the studies of the reactions 

of methylene with olefins '78. Methylene adds across the double bond• 

forming vibrationaUy excited cyclopropane. 

:CH2  + R1R2C=C.R3R4 . 	n1R2ç-cR3R 	(2) 

2 

	

R1R2C—,CR3R4* • M = 1R2C-1CR3R4  + Mj 	(bi) 
CH 	 CH  

R12cç R—,CRR = Geometrical and 
CH2 	structural isomers 

The difference in ground state energies of reactants and products in 

Reaction (2) is 4E = -90 kcal,mol., This excess energy., which 

is initially held by the cyclopropane, Is constant but the initially 

formed species will also possess any excess energy which had been 



held by the methylene. Now methylene can be produced from either 

ketene or diazomethane and the frequency of irradiation can be varied 

to change its vibrational and electronic energy content. When the 

above reactions were studiedo using methylene produced in these ways, 

it was found that the relative amounts of decomposition and stabili-

sation products changed, showing that the lower the excess energy, 

the longer lived was the cyclopropene formed. 

bY. Molecu.]ar CgmpXgx: if two molecules, one simple and one 

complex, possess the same amount of excess energy over and above 

the minimum required for decomposition, then the complex molecule 

will, in general, be the more stable. This arises because the energy 

In the complex molecule can be shored between more degrees of freedom 

and there is less likelihood of any one bond, or critical mode of 
es 

motion, possng the critical energy required for decomposition. 

Experimental verification of this is seen in the reactions of iso-

propyl and t-butyl radicals with acetylene 72  which have already been 

mentioneth At high pressures the non-rearranged products, 3methyl-

but1-one and 3,3-dimethylbut.1ene, formed 95% and 100% of the total 

products, showing that the larger radical is the more stable. Or again, 

methylene produced from ketene, by irradiation with light of a constant 

wavelength, when reacted with several olefins 78  gave the results, shown 

below.  

Olefin 	 Radical Lifetime/s 

C 
2  H  4 
	 8.4 x 10 -10 

C 
3  H  6 
	 1.7 x 10 

isobutene 	 3.4 x IO 

The more degrees of freedom possessed by the activated radical the 

greater its stability. 
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Co11is1onal.Deactivation 

The experimentally observed stabilization o?vibrationally 

excited radicals by inert gases indicates that intermolecular energy 

transfer between the various species must take place quite readily 

although the actual mechanism of the energy transfer is not clearly 

understood. Rabinovltch and his co-workers have studied the 

behaviour of chemically activated radicals and investigated the effects 

of various inert gases on the decomposition/stabilization ratio of 

sec-butyl radicals76 . The radicals were formed in a relatively 

narrow energy range by the addition of hydrogen. atoms to cis-but-2-ene. 

Their average vibrational energy was 43 kcal.mo1.. 

H + C4H8 	 CH3CHCH2  CHI 34 	(2,) 

CH3CHCH2CH3* 	e CH3  + C3H5 	(a) 

CH3CHCH2CH.* + P1 	CH3CHCH2CH3  + c (b) 

Since the critical energy for decomposition of the sec-butyl radical 

is 33 kcal.moh there is an average excess energy of 10 kcal.mol. 1. 

It is this energy which must be removed if the radical is not to 

decompose. Some of their results are shown in Table V. 2 where A is 

the value of the relative collision efficiencies obtained using the 

hard sphere cross-section and B is that obtained using the Lennard- 

ones cross-section. Despite the dependence of the calculated 

efficiency on the assumed cross-section it can be seen to increase 

with increasing atomic weight and molecular complexity and it was also 

shown to increase with decrease in temperature. Estimates of AE, 

independent of assumed cross-section, were obtained from comparisons 

of the calculated curves, of ka vs pressure, with the experimental. 

This procedure led to an average energy transfer of about 1.3 kcal. 



Table 't. 2 

Data obtained by Kehimaier and Rabinovitch76  
on the deactivation of chemically activated 

sec-butyl radicals at 300K 

£411 	 R.C.. 
A 	 B 	A 	 B 

He 0.17 0.35 0.8 1.5 
N2 0,27 0,40 1.3 1,9 
Ar 0136 0,41 1,9 2.6 
Kr 0.47 0.46 2.4 2.3 
H, 0,21 0.30 0.8 1.7 
02 0.25 0,35 1.0 1.7 
N 0.47 0.54 2.3 2,6 
C91. 0.75 0.53 

2 CH 0,78 073 4 
CD  1.12 - 
CP4C1 1,18 0,82 
SF 1.06 1.00 ';0 
ci 1.00 1100 9 

*LE signifies the energy transferred per collision 

However the more complex molecules such as CD3 . CH3C1, SF. and the 

original cis-but2-ene, are of similar efficiencies and the high 

pressure results indicated an energy transfer of >,9 kcal, which would 

mean virtual 'deactivaton after every collision. 

The nature of the energy transfer process is not clear but the 

t1heory83  predicts that the transfer efficiency will be greater when, 

a 	The activated species is In a highly excited states 

The amount of energy transferred is small and equal to a 

vibrational quantum in the deactivant. 

The deactivant is of large mass. In general the heavier the 

deactivant the more efficient It will be. 

The deactivant, having absorbed vibrational energy, then undergoes 

vibrational relaxation and energy is transferred to its translational 
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degrees of freedom. Two mechanisms which have been proposed to 

account for energy transfer are resonance interactions 84  and complex 

collisions 
as 
 but the exact mechanism of the transfer will depend on 

the nature of the interacting species. 

ROLE  QFACTIVA1ta RADICALS IN DLThL CHLORINATION 

The results obtained in this work show that activated radicals 

participate in the photochlorinatjon of 1 92-dichloroethylenes and 

trichioroethylene. This confirms the findings of Previous workers 

28, 2,4 on these systems 	• We have. shown that the rate of photo- 

chlorination of 1,1-dichioroethylene is much less than the rate of 

the heterogeneous reaction as was earlier shown for ethylene and chioro-

ethylene42, Goldfinger and his co-workers 39  regarded the dark reaction, 

In the chlorination of ethylene (.20% photochemical rate), as being 

the homogeneous thermal chlorination while Dainton at al. 43  found very 

little dark reaction with chioroethylene. Their results must there-

fore be regarded with suspicion although they do compare well with the 

various estimates for ka in the 1,2-dichioroothylena systems (Table 1. 4), 

With the exception of ethylene, which appears to have too(Jowa 

value, the experimental values of ka for the chioroalkyl radicals 

decrease throughout the series. (Table V, 3). This trend Is parafled 

by the curves depicting the number and density of the energy levels 

(Appendix 39  page 1575) but was not fully explained by the RRK.M theory. 

The theory predicts that, if the models for ACl* and AC.l are of the 

same. type irrespective of A, the rate constant ka becomes much more 

pressure dependent as substitution of C 
2  H  4  increases but, with the 

exception of 1 01-DCE which has a high zero-point energy, does not 
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apparently decrease. The magnitude of ka, and its dependence on 

pressure, can be varied by altering the models for \C1
* 
 and ACI as 

iaI. 

Experimental values for the mean dissociative 
lifetimes of activated chioroalkyl radicals 

Parent Olefin 	 1010_s 	 Re?. 

C 
2  H 

 4 5.0 39 

C2H3C1 2,6 43 

19 2-.C2H2C12  4.0 28 

4*8 47 

5.0 48 

TDCE 3,3 This work 

CDCE 5.9 This work 

C2HC13  29.4 42 

35.? 43 

25,0 This work 

C2C16  >330 42 

)250 40 

>500 This work 

reported in the appended paper# 

It proved impossible to measure ka (expti.) in the C2C14  system 

since the rate of chlorination was found to be independent of total 

pressure of inert gas in the range studied although strongly dependent 

on chlorine pressure.This agrees with previous findings 	and and 

arises because E decreases throughout the series, leading ta an 

increase in k 49 while ka decreases. Thuska/kbi p)<l in the pressure 

range used while (k4/k,C12J)>1, in the general equation for the 

competitive reaction, (Eq. V. 3) the first bracketed term may thus 

be ignored. The chlorine pressure dependence of the R nPrCl
thus gives HCEN 

and the result obtained in this work was in good agreement with 



previous workers. 

R nPrC]. 

HCEN 

k 'I. I + 	k 	1. + 
= 	 a 

biE1'i 

k4  

k3 EC12  

The experimental pressure dependence of the k8's obtained in 

this work can be compared with theory. In the 1,2-dichioroethylefle 

systems the curvature of the R TCEN ia pressure curves has been 

demonstrated (Fig. IV. 1 and 2) 	By ubtrtttfl3' xntoEq. V. 1 and 

Eq. J. 29  and by assuming that Z0(AC1* : ) is 107torr, 18. 9  we can 

obtain estimates of ka  at different pressures. 

Eq. V. I 

e ZkTDCE 	bjj3'ijJ/(lx)k. 	
Eq, V. 2 

In this way both lqg ka(axptl.) and log ka(Calcd.) can be compared as 

functions of log. (p/torr), as in Fig. V. 1, for both TOCE and COCE. 

In both cases the experimental values are greater then the theoretical 

and some particulars are shown in Table V. 4, 

Table V 

Comparison of k.from theory and 
experiment for TOCE and COCE at 35K 

P/torr 10 1 P 
(k/kC)exptl. 200 1.90 

(kt/kC)calccj. 1,52 1.32 

kt(exptl,)/kt(calod.) 3.31 3.33. 

kC(exptl.)/k(calcd.) 2.51 2.30 

The gradients of log k(expti.), and log k(calcd.), vs log (p) are 

identical and those for COCE are almost so. 

If the calculated values of k3  are too small it can only 
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Figure V.--T.--: 
 Comparison of theoretical and experimental pressure 

dependences of k and 	at 350 K. 
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be due to incorrect definition of the nature of the complex, the 

radical, or both. Wher the radical is made more rigid, or the 

complex less rigid, the general effect is to increase ka.  However 

changes in the nature of these species generally change the form of 

the curve and its position on the log (p) scale and since the 

experimental and calculated curves agree so well it may be that the 

structures are satisfactory. 

It could be that the experimental values of ka  are too large 

which would indicate that either the collision frequency was incorrect 

(hence the collision diameters) or that the strong collision assumption 

did not apply. There is considerable uncertainty as to the exact 

value which should be assigned to the collision diameters, However 

they should not vary too much throughout the series and by regarding 

the mean collision diameter as constant any error due to it should be 

predictable. If the discrepancies are entirely due to the fact that 

not all collisions are effective then the. results would indicate that 

30% and 40% of collisions were effective for TOCE and COCE respectively. 

Assuming that the effective collision efficiency = 0.35 x collision 

frequency we can obtain reasonable agreement between theory and sxperi 

ment as shown by th1ower, potntS in rig. V. 1. Due to the considerable 

uncertainty in the value of the collision diameter discrepancies of 

this magnitude cannot be taken to seriously discredit the strong 

collision assumption especially when it is remembered that'tha expert-

mental curves shown are based on the chlorine pressure dependences 

while other gases have been shown to be more efficient deactivators39'42. 

In the trichioroethylene system only a small pressure range was 

covered but the results appear again to be in good agreement with the 
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theoretical predictions (Fig. U. 2). Once again the chlorine pressure 

dependence has been used and, since 5F has been shown to be a more 

efficient deactivator of excited tetrachioroethyl radicals than Cl 20 

the values of k(exptl.) could be lowered. In Chapter IV it was 

shown that kbi/kb6  t 0.7 (relating the efficiencies of Cl 2,and  SF 6) 

and therefore 	 6 should be taken as 7 x 10 torr., .1  s.-1  giving the 

lower line in Fig, V 2. 1ere it appears that the calculated values 

of k . are too high, although only by a small factor, Although the 

agreement appears to be good at any particular pressure It may be 

fortuitous, especially in the light of our previous arguments, and 

the slight curvature detected at high pressures, in the experimental 

results, may mean that k5(calcd.) is too high. We would expect the 

form of both curves to be similar and the k8(calcd.) might be lowered, 

perhaps by a factor of 35, Now the experimental value of k3  for 

tetrachioroethylene, which must be virtually k, is lower than k5(calcd.) 

by at least a factor of 10 and thus the results for trichioroethylene 

might indicate a very significant trend which is not noted in other 

methods of comparison, 

If we consider the results for the series as a whale, neglecting 

chioroethylene, for which the experimental data are suspect, and 1,1-BCE 

for which no value has been obtained, we can compare the theoretical 

and experimental values for k 	BecaUse k5(exptl.) is normally 

measured over a relatively small pressure range the values of ka(calccl.) 

chosen for comparison are those at 100 torr and the same temperature as 

the experimental measuremOtts,, Table U. 5 shows that the difference 

between the two sets of results, measured as k(expt1.)/k(calcd.), 

decreases throughout the series, being almost unity for trichlaroethylsne 
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and much less than unity for ICE. 

Table 	5 

Comparison of theoretical and experimental 
values of k for the Chioroalkyl radicals 

Parent Olefin C2H4  10CC CDCC TrCC ICE 

WS k3(calcd.) 2.8 7,4 5.6 4.4 3.2 

101k(exptl,) 2.0 30.2 17.1 4.0 <0.2 

k9(exptl.) 7.15 4.07 3.05 0.9 <0.06 

(calcd.) 

It would seem perfectly reasonable to expect some increase in 'mean' 

collision efficiency throughout the series since, in general, the 

efficiency has been shown to increase with molecular weight and TrCE 

has also been shown to be more efficient than 19 2-OCE's in deactivating 

chioroalkyl radicals 28942 Thus we might set the collision efficiencies 

at the values 0,14.Z0, 0.25.Z0, and 0.33Z0  for the first three shown in 

Table V. 5 to obtain good agreement. However this typo of adjustment 

is no good for TCE where the k(expt1.)  is already lower than k a(Calcd.). 

If we assume that the collision diameters of the chloroalkyl radicals 

rise consistently throughout the series by 0.3A°  (Knox and RIddIck28  

and Knox and Waugh indicate this-difference between C2H2C13  and 

C2HC14*) then this will Introduce another factor into the calculations. 

The effect is illustrated In Table V. 6 where 'F' is the fraction each 

collision frequency is of that for the C2C15:C12  collisions. Using 

these adjustments indicates that the relative collision efficiencies 

might be more accurately ant at 0.21,Z09  0.28.Z0, 0.37.Z0  for ethylene, 

10CC and CXC respectively. If we were to assume that the discrepancies 

were all due to this effect then we would be forced to assume that the 
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Table V. 6 

Effect of collision diameters on collision frequencies 
between chlorine and chioroalkyl radicals 

&(Cl:ACl*)/j° 
2 

4.2(86) - - - Cl2 

C2H4Cl* 4.9 4.55 17.5 0.66 

C H Cl * 5.2 4.70 18.8 0.71 

C H Cl * 5,5 4.85 23.5 0.89 

C2HC14* 5.8 5.00 25.0 0.94 

C2C15* 6.1 5.15 26.5 1.00 

collision diameter for the C2C15* was much larger than is possible. 

However, as we will see later, there is some doubt as to whether the 

structures of the radicals and complex have been correctly defined. 

The effect of changes in AC1* structures can be discussed here but 

it would be premature to discuss changes in the AU structures before 

outlining the results for the calculations of A2. (Eq. II. 3 and 

Appendix 3, p.1574). It was thought that the radical structure could 

be approximated by removing three C-H modes from the fundamentals of 

the HRC1 alkane. Internal rotation in the alkane is likely to be hindered 

to the extent of several kcal.mol.4  (14 kcal.mol. 1  in C2HC1587) but 

it should be much more free in the radical since the angle at one end 

of the radical is 120°  instead of 109°  and furthermore since the potential 

energy function for the radical has six minima instead of three as in 

the alkane. The radical model used in the calculations was considered 

to have one free internal rotation as well as one active overall 

rotation. In order to reduce the difference ratios for ka  (Table V. 5) 

simply by adjusting AC1* it would be necessary to propose a much more 

rigid structure for the C2H4Cl* radical, gradually becoming looser 

until rotation is free it C2HC1 and. -somehow, - even more loose in CC1. 

However from. a logical- point 
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of view any systematic variation would be expected to go the other 

way since the bulk of the end groups increases from C2H4C1* to C2C15* 

and the barrier to rotation must also increase, 

It would seam much more reasonable to adjust the structure of the c 

complexes since so little is really known about their exact nature. The 

same complex model was used in both calculation of k and A 2  (by the 

transition state theory). In the case of the Arrhenius parameters 

agreement was excellent for ethylene and. tetrachloroethylene but the 

calculated values were low in all other cases as is shown in Table V. 7. 

Table V.1 

Cam arison of calculated and experimental 
A-factors for chlorine atom addition at 350K 

10 9(Af1 ,mo1s) 	A2(Xpt1.) 
Olefin 

calcd. 	exptl1 	A2(calcd.) 

C 2  H  4 
	42.2 	 40 	 0695 

C2H3C1 4.37 35 8.01 

TOCE 9,4 35,5 3,73 

CDCE 6.0 35.5 5.92 

TrCE 4.05 30.0 7.41 

TCE 1911 18.4 0.96 

In the model of the complex the free rotation of the radical was 

replaced by a libration and two Cl bending frequencies were reduced 

eightfold56. The remaining frequencies were taken from the parent 

olefin rather than the alkarm, after the method of Tardy and 

Rabinovitch56. In order to make the difference ratios expressed in 

Table U. 7 unIty,  by adjusting the structure of the complexes only, 

the structures for C2H3Cl2 , C2H2C13  , and C2HCl49  would have to be 



loosened considerably. This would have the. added effect of raising 

the values of k (calcd.) as well and thus the structure of C2HCI4* 

would have to be loosened to counteract It. As has already been 

explained, this latter step does not ft in with logical consider-

ations although it might be possible to improve the agreement, by 

altering the C011isian?iciency. It does not seem possible to make 

the calculated and theoretical values of k 
a 	2 4 for C Cl agree without 

actually making the C2C15* less rigid, and so it would appear that 

there is no systematit way in which theory and experiment may be 

resolved, 

The results obtained in this work on the deactivating effect of 

chlorine and Sr5  on C
2  HCl*radicals supports the previous findings 

of Knox and Waugh42. The relative collision frequency of chlorine 

is slightly higher in our results (o.i compared with 0.6) but this 

only lends stronger support to the strong collision assumption. We 

can therefore assume that the previous findings were correct in that 

simple species such as argon 42947 are almost as efficient as the more 

complicated molecules. The high efficiences of sulphur hexafinuride, 

propane, the chioroethylenes, and chlorine (which has an infrared 

band at 526cm1 88) can be readily understood since they are known to 

have many vibrational and rotational modes* The activated radicals 

are probably deactivated by resonance energy transfer 84  or by a 

complex collision 85  in which most of the vibrational quantum absorbed 

by the deactivant is transferred into its vibrational modes while the 

remaining energy goes directly into translatIon • The efficiency of 

energy transfer Is supposed to Increase with the amount of energy 



trans1'erad and thus the relatively heavy argon atom should accept 

E(—v 4) fairly readily from the excited chioroalkyl radicals. 

In the light of these considerations it is quite acceptable that the 

gases studied should all have comparable deactivating eficiencies. 



CW!CLUSION  

It can now be said that the mechanism of olefin photochlonation 

has been. satisfactorily defined. The rat&ionstant for the decomp-

osition of the activated chlovoaikyi radicals (k3) has been shown to 

decrease as the ethylene becomes more highly chlorinated while the 

converse is true for the thermalsed radicals. This means that the 

detected mechanism varies between two extremes ; ethylene where only 

can be detected, and tetrachlorothylene where only k4  can he 

measured6 By choosing suitable temperatures and pressures, it should 

be possible to measure both k5  and k4  for the dichloro- and trichloro-

ethylenes. The measurement of ka(C2C]•4)  however is extremely difficult 

in a static system since it would necessitate working at very low 

pressures and this would probably be easier in a flow system. 

The rate of addition of chlorine atoms is fairly,  constant through- 

out, the series, the rate constant (k2) varying only by a factor of two 

between ethylene and tatrachioroethyleno. For COCE and TOCE, the 

rate constants (k2) have been shown to be equal at 3SO< whereas Knox 

and RIddjCk2O  found that k 2(CDCE) 	1.5k 2(ThCE). This goes some way 

towards reconciling the experimental and theoretical A-factors since 

the transition state theory predicts that A2(TOCE) > A2(coCE). 

The failure to fully reconcile the experimefltal and theoretical 

results tends to indicate that we do not fully understand the exact 

nature of the radicals and complexes. 	There seems to be no self- 

consistent manner of adjusting the available parameters to make the 

RRKrI, and transition state, predictions agree with experiment The 

results for C 
2  H  4  can be reconciled by assuming that only one in five 

collisions are effective in deactivating the .C2H4Cl* radicals and the 



urious ka  up to ka(TrCK)  can be ndjusted similariy. However ICi: 

can not be treated in this way since k9(cd) is in this case 

already too high. Low theorotical 	actors for CC, 1,20Ci:01  and 

THE, cocitte the loosening of the complexes and, in the case of 

TrCE, the radical u well. In order to obtain agreement for C2C14  

it is neceasery to assume that the radical structure is too rigid 

which is the opposite of what would be expected. When comparing 

calculated and experimental values of k a 
 it must be borne in mind 

that the experimental values are maximum possible values and are 

subject to considerable uncertainty. The strong collision assumption 

is supported by the similar collision efficiencies measured for widely 

differing gases. 

The rates of photochiorinetion, of any olefin in the series contain- 

ing a .CH2  group, cannot be measured in the normal static system 

because of the extremely rapid heterogeneous reactions, It is worth- 

while noting that no noticeable heterogeneous reaction has been 

detected by Dainton at al. for chlarosthylena32'43, or 1,1-dichioro- 

ethylene292  while Coldfinger et 	39 attributed all the dark reaction 

in the ethylene chlorination to the thermal reaction. In view of 

our findings these results seem extremely unlikely and any future 

measurements of these systems should be made in some way which would 

minimise the heterogeneous reaction. This could be achieved by carrying 

out the reactions in the centre of a large vessel but one would 

probably encounter difficulties in sampling. Alternatively the 

reactions could he carried out in an inert gas flow in a flow system. 
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APPENDIX I 

The RatatinQ$otoLThchniue 

In kinetic studios of photochemical reactions It has often 

proved profitable to insert a rotating disc, out of which a segment 

has been out, between the light source and the reaction vsatal, For 

our purposes only an outline of the process is needed although the 

technique has been comprehensively described elsewhere 	and its 

application to photochiorinatlon systems, with subsequent corrections 
1691 

for non-uniform absorption, mixed termination, etc., has been discussed. 

In Chapter 1 it was shown that the rate of olefin photochiorination 

could be described by Eq. Al. 1 above certain olefin pressures, 

j.e. Rp a k3LCl2] Ia/k8 	Eq. Al, 1 

The necessary procedures for evaluating k, k8  and the chain lifetime 

(-to) by this technique can be conveniently split up into f'ivethps 

s outlined below, 

14 By varying the speed of rotation of the sector the Incident light 

can be chopped into pulses of. any desired frequency such that the 

ratio of dark to ,light periods Is some fraction r. Under constant 

illumiration the rate of reaction (Rp) is proportional, to some power 

(n) of the absorbed light intensity. (see Chapter 1 : n = U.S for 

photochlor1nation). When intermittent Illumination is used, and the 

dark period Is much longer than the lifetime of the intermediate, the 

observed rate (Ri) is merely an average of Ap and the zero rate in 

the dark period. 	 - 

.. Ri(sldw sector) = 	• r) 	Eq. Al. 2 
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If the dark is much shorter than the radical lifetime the effective 

light intensity is (Ia/(l + r)) end, 

Ri(fast sector) = A I(1 + r) 	Eq. A1.3 

• Ri/Rp = (1 + r) 	for slow sector Eq. Al. 4 

	

(i. + 	for Vast sector £q. Al. 5 

Eqs. Al, 4 and 5 only differ.,  when n varies from unity as it dos in 

photochlorirations. Eq. Al. 1 can be reritten as k3LCI2JLAC13 where 

LACIJ is the steady state concentration of AC1 which is attained 

during constant illumination. In intermittent light the steady state 

is not achieved as the radical concentration is built up during the 

light period and diminished during the dark one (see Fig. 'Al. 1) 

rig. Al. 1 shows that the radical concentration under fast sector 
conditions quickly achieves a state in which it oscillates between 

two fixed values and under these conditions the rate will be proport-

ional to the average radical concentrations* 

i.e. RI 	k3[Cl2]Li] 	Eq. Al. 6 

	

. Ri/Rp = 	l/ACi 

An expression for the ratio MO /LAC13  can be calculated from the 

mechanism and this should be determined for several values of la at 

slow, fast, and intermediate sector speeds. 

2. A theoretical expression for L/[Aei] can be set up in the form, 

CA —C1(3. + r) 	1 + m .61 ln 	mr 	+ 1 

[AC] 	 i + LAc1J/LAcXI 5  

Eq. Al. 7 

where 
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Figure Al • 1 : Behaviour of Radical Concentration 
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m = k8  t AC11 

t 	duration of light flash 

= concentration of AM at and of flesh 

and, 

r,AC11 	 2(rn + tanh m) 

E?C1]Ø 	mrtanhm + (m2r2tarm2m + 4(mr + tanhrtanhm) 

Eq. Al. B 

Burnett and Melville2  have tabulated these ratios for different values 

of m and r. Values of m ; corresponding to the measured [l/[ACl] 

can be read from the theorotical curve. 

The average lifetime of the chain can then be obtained since it 

is defined as the average time (sacs) AC1 exists at the steady 

state. 

s 	[Ac11 	= 	[AC!] 	.1 	Eq. Al, 9 
dLAcl] /dt 	k8  [AC1 2 
	

k8LACIJ 

t• = (k8!)4 
	

Eq. Al. 10 

A plot of To us I 	will therefore be a straight line passing 

through the origin and its slope will give k. (see Eq. Al. 10 

above). 

5, By using Eq. Al. 1, in which all factors but the rate constant for 

propagation are now known, k3  can be obtained, 



APPENDIX 

Uiiuid Scintillation Counting  

This is one of the more recently developed methods of measuring 

radioactive isotopes. It consists of placing the radioactive sample 

in solution with a fluor, or a mixture of fluors, and counting the 

fluor photon emission in a darkened environment. There have been 

exhaustive reviews of the subject in recent years 92-95 
 and so this 

discussion will be limited to cases concerning -partcle Omission. 

QrganicScintillators: There is a wide range of fluor mixtures in 

general use but the majority are either binary 

or ternary systems. Binary solutions consist of a solvent (x) and a 

solute (V) whereas ternary systems contain an additional, secondary 

solute (Z). Pure solvents are themselves scintillators, but mixtures 

were found greatly to increase efficiency. Hayes and co-workers 96097 

concluded that alkylbenzenes were the best solvents and they separated 

solvents into two groups called "diluters"' and "quenchers", Tests 

were carried out with solutions of the solvents in toluene and diluters 

were defined as those which showed a gradual decrease in scintillation 

pulse height with decreasing toluene concentration. (see A In Fig. P.2. 1). 

Quenchers (a in Fig. P.2. 1) showed an abrupt decrease in pulse height 

while the toluene concentration was still considerable. Diluters were 

found to Include alcohols, olefins, satinated hydrocarbons, and methyl 

borate, while quenchors included ketones,, chioro- and bromobenene, 

amines, and thiophene. Although there are a great many primary solutes 

only a few are in general use due to unavailability and high cost. 

Although no general theory relates molecular structure and scintillation 
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efficiency non-condensed aromatic compounds have been found to be less 

subject to internal quenching than condensed aromatics98. Birks95  

summarised the available results in the form, 

Four linked aromatic rings form more efficient scintillators 

than three ring compounds. This is probably due to the longer wave-

length spectrum of the former. 

Four and five ring systems have sufficient solubility when 

heterocyclic : systems, such as oxazole, are included. 

Generally beneficial ring systems are benzene, naphthalene, 

oxazole, 113 9 4-oxazole, furan, pyrrole, pyridine, indole and benzoxazole. 

Inefficient ring systems include thiàzole, thiophene, and 

pyrazine. 

Substituent groups causing no difficulty are methyl, methoxy, 

fluoro, and chioro radicals but the bromo, iodo, nitro, and phenolic 

hydroxy radicals reduce efficiency. 

Three compounds have been accepted for general use as primary salutes 

and these are shown in Table A2. 1. 

Table A2. 1 

Some Common Scintillation Salutes 

EMISSION. WAVE- 
TYPE 	 * 	

LENGTH (MP) 

PRIMARY P-TERPHENYL TP 360 

PRIMARY Z-Phenyl-5-(5-Biphenyl)- P60 388 
1,3,4-oxadiozole 

PRIMARY or 
2,5-Diphenyloxazole PPO 394 

SECONDARY 

SECONDARY 2,2'-p-Phenylenebis- POPOP 444 
(5-Phenyloxazole) 

Since TP emits at a wavelength (360 m,.t)  less than the optimum for 

detection by a photomultiplier it was suggested 	that a small 



quantity of secondary solute should be added as a wavelength shifter. 

Large volume scintillators have introduced two more reasons for 

shifting the omission to longer wavelength since self absorption by 

the solution is less marked at long wavateflgths. Also Titanium oxide, 

widely used as a reflector material, is very much more effective at 

wavelengths greater than about 400 mp. 

Aadloactiv5 Decs RadiO4sotopea disintegrate, with the emission of 

radiation, to form flew elements and this decay 

process proceeds until a stable Isotope is formed. The emitted 

radiation can be of several types including alpha 	and gamma M 
radiation as well as the -particles considered here, 	particle 

emission involves the toss of an election and therefore any radio-

nuclide undergoing it will experience an effective increase in atomic 

number of one e.m.ui It undergoes no change in mass and moves one 

place to the right In the periodic table, 

e.g. 14C 	 e 4 1'N 

Electrons emitted by any radioisotope are characterised by a particular 

distribution of, and maximum, energy which can be used to distinguish 

between isotopes. 

The Scint lation Prpces: It is initiated by the absorption of 

radiation leading to solvent and solute 

excitation and is terminated by the emission of luminescence which 

accounts for about 12% of the energy dissipated in other ways (mainly 

heat). The process is very complex and demands some knowledge of the 

intramolecular processes initiated by the absorption of radiation. 
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Most efficient scintillators have been found to contain three 

principal bends in their absorption spectrum which have been allocated 

to the electronic excitations from the ground state into the first 

three 1Tsinglet excited states. (see Fig. A2. 2).;. 

Each electronic level can be' considered as having vibrational sublevels 

superimposed upon it. Only three absorption bands of this type are 

found because the 	excited states lie at energies greater than that 

of 93  (E3) and they obscure any further transitions of 1T-eiectrons. 

Three types of luminescence are found in simple molecules, two of which 

are shown in rig A2. 2 while the third is delayed fluoescence. 

I, Fluorescence is a radiative transition from the first singlet 

excited state to the ground state. Vibrational relaxation 10 -12 
 to 

10
-14 

 S) is so fast compared with the fluorescence lifetime (IO to 

lOs) that all. transitions are thought to occur from the lowest 

vibrational state of 	10 	The fluorescence emission decays 

exponentially with time and its spectrum is often the-minor image of the 

S0'--> 1 S transition, 

2. . Phosphorescence was previously known as slow fluorescence*  or the 

'u-process and these terms are still occasionally used. Prigsheim 100  

maintained that the initial nomenclature was correct* it is a radi-

ative transition from the first triplet excited state to the ground 

state but although it decays exponentially with time it has a much 

longer decay time than fluorescente. it is. mainly found in rigid 

solutions at low temperatures where radationiess quenching to the 
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ground state is inhibited. 

3. Delayed fluorescence was originally called phosphrescence or 

the &process. It is an emission with an identical spectrum to fluor-

escenco but has a much longer decay time ('106s,)  and is found at 

normal, and elevated temperatures, Phosphorescence and delayed fluor - 
101 	

o,st 
ascenca have been explained 	as being due to a matable excited state 

(rn), below S which is initially populated by non-radiatita intarcon- 

version from S 	A slow transition from 11 to s0  gives rise to phosphor 

escanca and the metastable state in this case has been designated as the 

lowest triplet excited state 102. On the other hand the molecule may 

acquire sufficient thermal energy to return to S1  and give rise to the 

transition of delayed fluorescence In this Case the meta-

stable state is not necessarily the triplet state and, inded very 

often the energy gap between T ,  and S is sufficient to prohibit it, 

Delayed fluorescence has been linked with,  the formation of excited 

dimers, or excimers103, which cart dissociate thermally to give an 

104 excited 	molecule which is capable of fluorescence 

i.e. A*.A 	"0* 

The secondary energy transfer processes in a ternary system are 

depicted in Fig A2. 3i The primary processes, which involve energy 

transfer from the ionizing radiation to the excitation energy (E ex)

of the solvent, are not shown but they include, 

1 	Excitation into 7pelectronisinglat excited states and this is 

responsible for the math(fast) scintillation component 

2 	Ionization of T-1-electrons leading to ion recombination and molecules 

in excited 11-states, This is probably the process responsible for the 

slow scintillation component found in many oxygen-free iystems. 

3. Excitation of the molecule into other 	 excited 
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Radiative Processes : 

3,11,16 	Fluorescence emission of solvent,and the 

primary and secondary solutes respectively. 

7,12,17 	Escape of the emission from system. 

5,8,13, 	Radiative transfer by photon capture. 

Non-Radiative Processes 

1 	Primary excitation into - state. 

2 	Internal conversion of E into E ex 	lx 
4,10,15 	Internal quenching by transition to S0  or 

by intersystem crossing to T. 

6,9,14 	Energy migration by exciton diffusion. 



states, leading to thermal dissipation, 

4. 	Ionization of cther thani-.aiectrons This can load, to both 

temporary and permanent molecular damage. The temporary damage is 

probably responsible for the ionization quenching along the radiation 

path and the permanent damage may introduce tPuenchjng  centres", 

Secondary processes comprise of any of those processes which compete 

for the solvent excitation energy 
GX 

as, shown in Fig4 A2 3. The 

solute concentrations are so slow that direct excitation of them is 

negligible. 

jnchinProcose: Any process which is detrimental to the scintill- 

ation efficiency can be included under this 

heading and we can visualise these processes arising in three ways. 

A. Those processes competing with the solvent it-excitation energy for 

the incident radiation-  which can be seen, in the above section, to 

include three primary processes. 

Ionization quenchinr is negligible with fact electrons since they 

give rise to only a weak ionization density and consequent interaction 

between widely spaced ionized, end excited, molecules is minimal. The 

degree of ionization quenching increases for heavier particles such as 

protons or for slower ones, including slow electrons. Several hypotheses 

have been proposed to account for the mechanism 10507but perhaps the 

most interesting one is that quenching is duo to "thermal flashes" in 

the ionization column giving a momentary rise in temperature and a 

subsequent loss of efficiency. The most comprehensive explanation was 

put forward by Galanin and Chizhikova 
1089,109who 

 explained ionization 

quenching as being duo to two processes which they called "static" and 



'dynamic's  quenching. The former is a very intense process, rapid 

compared to the time required for solvent-solute energy transfer, 

and corresponds to the quenching considered by earlier workers. The 

latter type Is less effective but, in lasting lpnge, competes with 

electron transfer, 

The importance of electronic excitation into other than rt-electronic 

states is obviously governed by the energy absorbed by the molecule 

and will lead to non-radiative dissipation of the excess energy. 

8.: Processes competing for the solvent excitation energy include many 

of the secondary, and impurity irducd, quenching prcesses. 

Non-radiative transitions between S and S 
0 
# called internal 

conversions, are negligible in most cases at low temperatures. 

Intersystem crossing, or the radation1ess transition from 
s1  to 

Tlt  also gives rise to quenching. Internal conversion occurs till the 

molecule reaches the lowest vibrational level in 	The molcuie can 

then lose its excess energy in any one of several ways. Intersystem 

crossing to S would cause quenching as would triplet-triplet anni-

hilation, which would give two ground state molecules, but a radiative 
transton. 
(from T3  to S or thermal activation from T to Sp would give rise 

to luminescence110, The situation is even more complicated since 

triplet-triplet annihilation could give rise to one 	and one Sol  

molecule - resulting in p-type delayed fluorescence and excimer fluor- 

1119112 escence 

Polycyclic hydrocarbons in solution have bben shown to form 

excited dimers by the combination of excited and unexcited molecules. 

These.excimers can decompose thermally to give one S a 9  and one Si, 

3,104 molecule leading to delayed fluorescence 	6 As the solution 
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concentration increases so does the excimer emission and this has been 

considered to be a case of concentration quenching113. This type of 

quenching can also occur between molecules of similar structure, 

provided the S energy levels are sufficiently close, and in this case 

it is called cross-quenching. 

Dissolved oxygen always causes a loss in scintillation efficiency 

114 and changes the shape of the scintillation pulse . Bar and Waiarob115  

showed that oxygen quenching of tPp solvent excitation was important, 

although it had been known to quench solute emission, Its magnitude 

is obviously dependent on the solubility of oxygen in the system and 

always decreases with tomperaturs. However oxygen f;ee systems do not 

always increase in efficiency as the temperature is lowered. 

Impurity quenching can arise from the presanca of many substances 

such as Cd 4  or the quenchers already mentioned in the section on 

scintilltors. It is believed to be a collision process and would 

therefore act only pn molecules in the immediate vicinity 95 

C. The quenching of solute luminescence can be caused by overlap of the 

fluorescence emission spectrum, with the solvent absoltion  spectrum, 

which leads to self absorption. Coloured samples give a great deal of 

trouble in this respect and can only be accurately counted after the 

11 colour has been destroyed. Dissolved oxygen 6  and other impurities 

can also cause this quenching although they probably have a greater 

effect on the solvent excitation, 
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This appendix cont3ins one paper, published Jointly by the author 

and three other workers, on the application of unirnolecular rate 

theory (RRK) to the chioroethylenas. 
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Decomposition of Activated Chioroalkyl Radicals 
Calculations by the Marcus-Rice Theory 

BY P. C. BEADLE, J. H. KNOX, F. PLACIDO AND (IN PART) K. C. WAUGH 

Department of Chemistry, University of Edinburgh 

Received 25th November, 1968 

We have calculated the A-factors A2  for the addition of Cl to ethylene and its chlorinated deriva-
tives using transition state theory, and the rate constant k,, for the decomposition of the activated 
chioroalkyl radicals AC1*  formed in reaction (2) at 308-406°K and pressures from zero to infinity by 
the Marcus-Rice theory. The calculated values are compared with experimental values. The 
agreement is within an order of magnitude. The calculated values of ka are low for the least substi-
tuted ethylenes, agree well with experimental values for trichloroethylene, and are high for tetra-
chloroethylene. The calculated values of A2  are low except for C2H4  and C2C14. We conclude 
that more theoretical work is required to enable models used in calculation to be chosen less arbi-
trarily, and more experimental work to provide precise values of ka over a much wider range of 
pressure than has been used to date. More work is also required to validate the strong collision 
assumption. 

Several studies of the chlorination of ethylene 1  and its chlorinated derivatives 2-4  
have enabled the ratio of the rate constants, ka/kbj, of reactions (a) and (bi) to be 
determined between 300 and 400°K. 

AC1*=A+Cl 	 (a) 
AC1*+M1  = ACl+M 	 (bi) 

In (a) and (bi), AC1*  is a vibrationally excited chioroalkyl radical formed by the addi-
tion of a Cl atom to a molecule of the olefin A by reaction (2), 

Cl+A = ACI*. 	 (2) 

It is widely assumed that the reactions (bi) occur at nearly every collision. This is 
supported by the smallness of the spread in the ratios ka/kb, for widely differing M,. 
The spread, usually falling within a factor of 2, is nearly within the combined errors of 
the experiments and the assumed values of the collision diameters. We have taken 
for ka(expt.), the experimental value of ka,4  the lowest value of Z?(ka/kbj), where Zil is 
the collisiOn number for AC1*  and M. ka(expt.) is thus an upper limit for ka, but is 
not likely to be more than twice too high. Nevertheless, in comparing any calculated 
values for ka  with the experimental value, ka(eXPt.) this must be borne in mind. - 

Since reaction (a) has no activation energy, every AC1* will eventually decompose 
unless the process is intercepted by prior deactivation. The delay before potential 
decomposition depends upOn the energy per mole, E = E— E0, Which AC1* possesses 
in excess of E0, the minimum required for decomposition. In this paper, E and E0  
are measured from the ground state of the normal AC1 radical and Et from the 
ground state of the activated complex for reaction (a). The activated complex is 
denoted by ACl. 	 - 

When A possesses cis- and trans-isomers, as, e.g., does 1,2-dichloroethylene, the 
situation is more complex as is shown by fig. 1. For 1,2-DCE, AC1* can be formed 

1571 
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in which the average value ka(E) is given by eqn. (I) 
E 

VD*IL' *%_,1  
E0 	

I a 	
Q* N'r(E) 

In eqn. (1), g is the reaction path degeneracy (i.e., the number of equivalent ways in 
which ACI* can decompose, 3, e.g., for C2C1), Q*/Q* is the ratio of the partition 
functions for the adiabatic degrees of freedom in AC1* and ACI* (i.e., those degrees 
of freedom which remain in the same quantum state throughout the reaction (a)), 
1V,(E) is the density of rotational-vibrational quantum states in the active degrees of 
freedom of AC1*  around the energy E, and the summation factor, which for short 
will usually be written PV4 (E), is the total number of rotational-vibrational quantum 
states for the activated complex with energies between E0  and E when measured from 
the ground state of Ad, or between 0 and E— E0 when measured from the ground 
state of AC1*  (see fig. 1). The summation, along with h, arises from integration over 
all y, i.e., from the transition from reaction scheme (A) to (B). 

The observable rate constant ka  is a weighted mean of ka(E), and is given by eqn. 
(Ii), 

I1'til 

fEo 

ka E E 	biLi dE 

ka 	
k Ia(E)+kin[Mi] 	

(II) 

fE. 	k.(E) + Y_kbi[Mil 
f(E)dE is the fraction of the total flux of molecules from A+ Cl into states of ACI* 
with energies between E and E+ dE, and is obtained by applying the principle of 
detailed balancing to reactions (2) and (a). It is given by eqn. (III), 

f(E) = {exp 	
Eo 

(III) 

where C is the normalizing factor, i.e., the integral of the numerator from E0  to 
infinity: it cancels when f(E) is inserted into (II). 

The factors (kl,i[Mi]/(ka(E)+kbl [Mi])) ineqn.(lI) convert the initial distribution 
function f(E) which refers to flux into the concentration distribution function de-
manded by the stationary state treatment: i.e., it allows for the disturbance by reac-
tions (bi) of a hypothetical distribution generated by equilibration of reactions (2) and 
(a) alone. The validity of eqn. (II) rests upon the assumption that the kbt are true 
constants and independent of E. This assumption is implicit in the strong collision 
assumption. 

If there are additional modes of formation and decomposition of AC1*,  as with 
1,2-DdE, eqn. (II) must be modified as follows: (i) ka(E) appearing in the factors just 
mentioned must be replaced by the sum of the rate constants for all possible decom-
position paths, and (ii) the other ka(E) appearing in the numerator must be replaced 
by the rate constant for the decomposition path being specifically considered. The 
integration limits, however, remain unchanged as they are set by the mode of forma-
tion of AC1* not its mode of decomposition. 

Eqn. (II) leads to high and low pressure limits for ka : 

k = <ka(E)>; 	k° = 

The two averages may differ by two orders of magnitude depending upon the spreads 
of f(E) and ka(E) over the important energy range. 
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The calculation of A2  by the methods of transition state theory presents no 
problem. A2  is given by eqn. (IV) if it is assumed, as do Tardy and Rabinovitch,7  
that the internal motion in AC1*  is a torsional oscillation rather than afree rotation as 
previously assumed by one of us 

12 

A - (kT'\jM*\+(A*BC*\\+7A(h2
\ 

fl(1—exp [—hvA/kT]) 
2 	\iA) AABACA ) 	2irMc1kT) 	

(1—exp [_hv*/kT]) 

EFFECTS OF THE STRUCTURE OF AC! 
The structure of AC! will affect the calculated value of ka : (i) through its effect 

on the energy dependence Of ka(E); (ii) through its effect on the partition ratio Q /Q, 
(iii) through its effect on f(E); and (iv) through its effect on E0. 

TABLE I .—C—Cl BOND STRENGTHS IN AC1 RADICALS (REF. (8)) 
olefin bond bond strength, kcal mole-' 

(a) (b) 

C2H4  CH2CH2—Cl 21-3 21-8 
C2H3CI CHC1. CH2—CI 226 22•9 

CH,. CHC1—Cl 21-8 201 
I,2-C2H2C12  CHCI. CHC1—Cl 197 210 
1,1-C2H2C12  CCI2 . CH,—Cl 258 252 

CH,,. CCI2—Cl - 15•3 
C2HC!3  CC12 . CHCI—Cl 214 234 

CHC1. CC12—C1 - 163 
C2C14  CCI2  . CC12—Cl 178 187 

(a) derived from experimental data, and accepted in this paper; (b) derived by the group additivity 
method. 

At the molecular level, the replacement of an H atom in an olefin by Cl will have 
three consequences, (i) the frequencies of some modes of vibration in ACI will be 
reduced, C—H stretching frequencies about fivefold and C—H bending frequencies 
about fourfold on becoming C—Cl modes, (ii) the moments of inertia of AC1*  and 
AC1* will be increased, and (iii) the bond strength D[C - Cl] will be changed. Since 
E2  is within, experimental error zero, 1-4  E0  can be set equal to D[C—Cl] The 
dissociation energies in chloroethyl radicals have been reviewed by Franklin and 
Huybrechts,8  and recommended values are summarized in table 1. We have employed 
the directly determined values given in the third column. The uncertainty in the 
assumed values is probably about ±1 kcal mole-'. 	 . 

The effect of reducing a vibration frequency on ka(E) might at first sight be expec-
ted to be small since it could be thought of as simply splitting each energy level in AC1* 
and ACl by identical factors. Thus, P(E) and N,(E) ought to be increased in the Vr 
same ratio. (This may be seen quantitatively if the semi-classical form of eqn. (V) 
is used wherein the factor (1 - fl(o) becomes zero). In practice, this is a gross over-
simplification. Fig. 2 and 3A show that while P, (E) and N,(E) are increased at any 
E by substitution, the values of ka(E) when computed according, to eqn. (I) show no 
simple trends even when E0  is taken as constant (21 kcal mole-'). When allowance 
for the different values of E0  is made, as shown in fig. 3B, the situation is even more 
confused. 

The effect of substitution and reduction of frequencies on f(E) is straightforward 
and illustrated in fig. 4. The distribution broadens and flattens. More weight is 
thus given to the higher values of ka(E) as substitution increases. Changing. the 
moments of inertia of AC1*  and AC!*  is likely, to have little effect since it is generally 



is DCE 4. cisDCE 

3. C2H4 / 3. 03H4  

/ 2. 1.1-DCE 2. C2H2CI 
/ 1. 02113C1 1. 11OCE 

log k0(E) 

(sec-1) 

7 

P. C. BEADLE, J. H. KNOX, F. PLACIDO AND K. C. WAUGH 	1575 

partition function ratios which enter into the calculations. For the relatively low 
energies of interest here, it is reasonable to assume that Q*/Q* is unity. 

Changes in E0  affect ka(E) directly through the limits of integration in eqn. (II) and 
the limits of the summation P(E). We have evaluated the effect for "model 1 

11 

log EP,(E) 

log N,(E) IiIDII 

0 	5 	10 	15 	20 	25 	30 	35 	00 	45 

E or E, kcal mole-1  

FIG. 2.—Dependence ofP*(E) and N(E) upon E* and E for various ACI * and AC1. The parent 
olefins are noted on the lines. Vertical bars on lines for N(E)  indicate E0  for the particular ACI*: 

c = cis-DCE, it = trans-DCE, 1,1 = 1,1-DCE. 

0 	5 	10 	15 	20 0 	5 	10 	15 	20 

E, kcal mole' 	 E*, kcal mole 
Fin. 3.—Dependence of ka(E) upon E# for ACI from olefins named. A, E0  = 21 kcal mole-' for 

all AC1 B. E. as in table 1. 

(described later) and it is less than might have been expected. ka  for C2HCl changes 
by factors of 15, 1-25 and 14 per kcal mole-1  at pressures of zero, 10 torr and infinity 
respectively at 352°K. Errors of 1 kcal mole in E0  do not therefore have a marked 

	

effect on the computed values of ka. 	 . 
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Thus, the effects of substitution on the calculated values of ka  are complex and 
cannot be predicted by qualitative arguments. It is therefore necessary to carry out 
full calculations in order to be able to compare theory with experiment: 

_ 
2. C2HCl 

3 	all DCEs

5. C 2C14 

 

04 

03 

f(E*) 

02 
kcal' 

mole 

01 

10 	12 	14 

Et, kcal mole-' 

FIG. 4.—Dependence of f(E) upon E for various AC1*.  Parent olefins named. 

MODELS 

The calculated values of ka(E), ka  and k 2  depend upon the structures assumed for 
AC1* and  AC1*.  There is little argument about the activated radical. AC1*  is 
expected to possess vibration frequencies which are similar to those in the alkane 
H—A—Cl, but with three C—H modes removed. Although the barrier to internal 
rotation in the alkane is likely to be several kcal mole-1, that in the radical will 
be much lower since the potential function now has six minima instead of 
three, and since the extremes ' of the molecule are farther apart because. the angle 
in the radical end is about 120 instead of 109°. We therefore assume that internal 
rotation in AC1*  is effectively free.. As pointed out by Tardy and Rabinovitch,7  
this is hardly likely to be true for the complex, since it must have considerable olefinic 
character. In a previous paper one of us assumed 2  that rotation was free in the 
complex and that the frequencies were the same as in AC1*.  In this way, reasonable 
agreement was obtained with experiment for the 1 ,2-dichloroethylenes. The agree-
ment was destroyed if the free internal rotation was replaced by a torsional vibration. 
T & R overcame this problem by assuming that the frequencies associated with 
bending and rocking of the dissociating C—Cl bond were reduced eightfold in the 
complex. While the reduction is arbitrary it is in line with the" softening " of similar 
frequencies required to make calculated and experimental values, agree for dissociation 
of the unsubstituted ethyl radical.' Thus, while the RRKM theory at first sight 
appears to be an absolute theory, one is forced in practice to introduce adjustable 
parameters through the choice of model. Clearly an independent method of assessing 
how to calculate the adjusted frequencies is desirable. One way of reducing the 
unfortunate effects of arbitrary assumptions is to compare calculated and experi-
mental values Of'k for a group of 'similar reactions as we do here for the various 
chloroalkyl radicals derived by addition of Cl to C2H4  and other ethylenes. 
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The majority of the calculations have been carried out on Tardy and Rabinovitch's 
second model,7  here called" model 1 ". AC1* is assumed to possess one free internal 
rotation, which becomes a torsional oscillation in AC1#. This internal rotation and 
one external rotation contributes energy to the reaction coordinate. Two of the 
C—Cl bending frequencies are reduced eightfold in going from AC1* to AC1*. 
N,(E) is thus to be evaluated for 14 vibrations and 2 rotations, the other 2 rotations 
being adiabatic. EP(E) is evaluated for 14 vibrations and 1 overall rotation, the 
other three modes being the 2 adiabatic rotations and the reaction coordinate. 

We have, in addition, upgraded the original calculations 2 for the 1 ,2-dichloro-
ethylenes, using the previous model, now called "model 2 ", in which free rotation is 
assumed in both AC1* and ACl; and have made calculations for the tetrachloro-
ethylene system using" model 3 "in which rotation in AC1*  is assumed restricted and 

the vibrations in ACl are unsoftened. 

FORMULAE FOR CALCULATION OF N.(E) AND EP(E) 

Most of the calculations were performed on the KDF9 computer at the Edinburgh 
Regional Computing Centre using programs in Atlas Autocode. Since the main part 
of the calculation of ka  involves the evaluation of sums of quantum states, several 
independent methods of calculating the sums were employed to check our program-
ming and to establish that the different formulae gave the same results for the radicals 
and complexes of interest. Model calculations were carried out with model 1 for 
1,1 ,2,2-tetrachloroethyl radicals. 

EP(E), the total number of vibrational quantum states with energies between E0  

and E, was evaluated by four independent methods. (1) A direct count was carried 
out up to E = 7 kcal mole-'. (2) A count was made by the method of Fowler's 
polynomials 9  up to E* = 20 kcal mole-'. This method was similar to the direct 
counting method except that similar frequencies were grouped together as if they 
formed a degenerate mode whose frequency was the geometric mean of the group. 
The average frequencies were not simple multiples of some basic frequency, as 
required by the elementary form of the method. (3) The approximation of Whitten 
and Rabinovitch,10  eqn. (V), was used up to 20 kcal mole-1 : 

	

E 	((E - E0) Jt  (1— I3w)E)s 
= 	 . 	 (V) 

	

E0 	 r(s + 1) JJ(hv1) 

s is the number of vibrational modes; /3 reflects the spread of the vibration frequencies; 
w is a weak function of the energy ratio E*  /E, where E is the zero-point energy of 

the complex, i.e., E = (4hv). (4) A high energy approximation derived from a 
general expression of Thiele ' was used up to 20 kcal mole-'. Approximations (3) 
and (4) agreed exactly above 14 kcal mole'. Methods (1) to (3) gave results within 
30 Y. at energies as low as 1 kcal mole-' and within 10 Y. at 20 kcal mole-'. 

Whitten and Rabinovitch 12 later gave expressions which took account of both 
rotations (r in number) and vibrations (s in number). These are given in eqn. (VI) and 
(VII), 

	

>:P(Evr) = 	 s 	 (VI) 
E0 	(kT)r'2  IT(1+s++r) fJ(hv) 

/3, = [(s - lXs +  
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N,(E) = Q(E+(1 _P2O)E)++r_fl 	
(VII) 

(kT)r' 2  F(s++r) jJ(hv,) 

s
S  

92 = [(s— 1)(s+4r —  1)/s](hv)2/((hv))2. 
In eqn. (VI) and (VII), r, s and E may differ in AC1*  and  AC1*. The Qr are the 
partition functions for the active rotations in AC1*  and AC1 . These approximations 
were checked against a formula given by Forst,13  to whom we are indebted for a 
programme in Fortran. The two approximations agreed excellently. For the major 
calculations we used Whitten and Rabinovitch's equations given above. 

RESULTS AND DISCUSSION 
The vibration frequencies and moments of inertia of the olefins, activated radicals 

and complexes are given in table 2. The selections of frequencies were based upon 
the available vibrational analyses of the appropriate alkanes and olefins. One of the 

9 

	 I 

log k0 	 CA 
(sec-1) 85 	_ 

3529<  

3089< 	 I 	
/ 	

C2H3CI 

.7  

-6 	-4 	-2 
log p (torr) 

FIG. 5.—Dependence of ka upon pressure for ACI* from C2H4  and C2H3CI; model I. - 
denotes dependence of Z°[M]  upon pressure. 

C—Cl vibrational stretching modes in ACI*  was taken as the reaction coordinate. 
For model 1 the C—C stretching frequency in the complex was taken as 6 % below 
that in the olefin, and two of the C—Cl bending and rocking frequencies were taken as 
one eighth of those in the radical. The assignments listed gave the self-consistent 
sets of curves for P(E) and N(E) shown in fig. 2. Some other frequency assign-
ments which seemed plausible gave curves which were not in order of increasing 
substitution or crossed. 

The calculated values of ka  at different pressures and temperatures are shown for 
the different radicals and models in fig. 5-8. Fig. 9 summarizes the comparison of 
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TABLE 2. MOLECULAR PARAMETERS FOR MODELS 

olefin C2H4 C2H3Cl cis-1 ,2-C2H2C12 trans-1,2-C2H2C12 

model 1 2 1 1 

molecule A 	ACI*  ACI A ACI* ACI A ACI* ACI* ACI A 	ACI' ACI 

moments of inertia 
10114 xABC' 0.0052 	0625 0305 	8•76 10'1 1080 514 	1080 - 

1039XJb 149 33 32 3•2 
vibration frequencies 

677 reaction coordinate 658 . 709 677 
C—C stretch 1623 	1540 1072 1614 	1530 1052 1587 	1500 1050 	1050 1578 	1500 1050 
C—C torsion 810 	650 fir (1) 615 	490 fir 406 	325 fir 	fir 227 	180 fir 
C—Cl bends for Cl atom 120 968 96 768 42 332 	332 42 332 

attacking or leaving 42 335 38 301 52 442 	442 52 442 

other modes 3019 3015 3129 3005 3077 3014 3130 3014 
3272 2996 3090 3005 3072 2998 3035 2998 
3106 2981 3040 2957 1294 1437 1391 1437 
2990 2936 1377 1450 1179 1260 1088 1260 
1444 1454 1281 1304 876 1161 874 1161 
1342 . 1440 1039 1264 848 937 788 937 
1236 1380 947 1230 111 798 601 793 
1027 1282 902 986 697 . 	743 458 743 
943 1245 718 754 571 255 375 255 
939 763 395 220 173 390 299 390 

ref. a b,c d b,e I 9 9 

olefin 
	

1,1-C2H2C12 	 C2HCI3 	 C2CI4  

model 
	

I 	 1 	2 	 1 	3 	1 	3 

molecule 
	 A 	ACI* 	ACI 	A 	ACI*  ACI* ACI 	A ACt't' ACI* AC! AC! 

moments of inertia 
10114 xABC 	 968 	1334 	970 	385 	362 912 

1039 x1 	 104 	 148 166 
vibration frequencies 

reaction coordinate 	 677 	 546 582 
C—C stretch 	 1616 	1530 	1050 	1587 	1500 	1018 	1018 	1571 1490 1571 1022 

C—C torsion 	 686 	550 	fir 	172 	138 	fir 	fir 	110 88 110 fir 	85 

C—Cl bends for Cl atom 	 50 	390 	 44 	352 	352 30 225 225 
attacking or leaving 	 42 	332 	 22 	178 	178 20 165 165 

other modes 	 3130 	3014 	3085 	2980 1000 836 
3035 	2998 	1245 	1279 908 820 
1391 	1437 	930 	1216 777 774 
1088 	1260 	840 	915 512 725 
874 	1161 	780 	907 447 405 
788 	937 	628 	801 347 328 
601 	793 	450 	795 310 328 
458 	742 	381 	648 288 275 
375 	255 	274 	286 235 238 
299 	422 	211 	246 276 275 

ref. 	 6 	 g 	i 	 b,j 	k b,c 

"Product of moments of inertia in g3  cm6  
b Moment of inertia for internal rotation g cm2  

fir implies that this mode is assumed a free internal rotation. 
References 

G. Varsanyi, Acta. Chim. Acad. Sci. Hung., 1963, 35, 61. 
G. Allen, P. N. Brier and G. Lane, Trans. Faraday Soc., 1967, 63, 824. 
G. Allen and H J. Bernstein, Can. J. Chem., 1954, 32, 1124. 
S. Enomoto and M. Asahina, J. Mat. Spectr., 1966, 19, 117. 
I. Nakagawa and S. Mizushima, J. Chem. Physics, 1953, 21, 2195. 
K. S. Pitzer and J. L. Hollenberg, J. Amer. Chem. Soc., 1954, 76, 1493. 

(g) R. H. Harrison and K A Kobe, J. Chem. Phys., 1957, 26, 141 1. 
(h) P. Joyner and G. GlOckler, J. Chem. Phys., 1952, 20, 302. 
(i)T. J. Houser, R. B. Bernstein, R. G. Miekka and J. C. Angus, J. Amer. Chem. Soc., 1955, 77, 6201. 

R. F. Kagarise, .1. Chem. Phys., 1956, 24, 300. 
D. F. Mann, N. Acquista and E. K. Plyler, S. Chem. Phys., 1956,24, 1018. 



1580 	DECOMPOSITION OF CHLOROALKYL RADICALS 

the calculated and experimental values.4  For all calculations it has been assumed 
that kbj  = Z° = 10x 10 torr sec = 123 x 1011  mole 1. sec-1  at 352°K. This 
corresponds to a mean collision diameter of about 55 x 10 8  cm. 

The figures show the increase in the spread of ka(calc.) over the range of pressure 0 
to infinity as substitution increases. This arises largely because of the increase in the 
spread of the distribution function f(E), but also from the increase in spread of the 
k0(E), E curves. Fig. 6 shows the excellent agreement between our calculations and 
those of Tardy and Rabinovitch.7  It also shows that the original model, model 2, 
gives similar results to model 1; the spread over the total pressure range is, however, 
smaller. 

trans- 

is-DCE 

 

I 
! 
/ 

308'I< 

I 

log p ( torr) 
Flo. 6.—Dependence of k0  upon pressure for ACI*  from cis- and trans-DCE. - 	this work, 
model 1; - - - Tardy and Rabinovitch, model 1; ------this work, model 2;  

dependence of Z°[M]  upon pressure. 

Fig. 7 shows the calculated data for CCI2_CH2C1*. ka(calc.) for this species is 
particularly low because of the large value of E0  (see table 1). Also shown are the 
curves for Cd2 . CHCI__Cl* over a wide range of temperature. The inset shows 
Arrhenius plots for different pressures, and illustrates the non-linear nature of the 
dependence. The inset includes the experimental values of k04  between 306 and 
408°K. The agreement between the calculated and experimental values is excellent 
and even extends to the temperature coefficient. 

Fig. 8 shows plots for C2Cl4 .Cl* using models I and 3. The barrier to internal 
rotation in C2HC15  is about 14 kcal mole 14  and it would be reasonable to suppose 
that rotation would be considerably restricted in C2C15. However, if free rotation in 
the activated radical is replaced by tortional oscillation while the structure of AC1 * 
remains unchanged, ka(calc.) becomes higher than for model 1. Since ka  for model 1 
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FIG. 7.—Dependence of ka upon pressure for AC1*  from C2HCI3  and 1 ,1-DCE; model 1. 

dependence of Z°[M]. Inset: Arrhenius plots for various pressures for ka for C2HCl 
, expt. data. 
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FIG. 8.—Dependence of ka upon pressure for AC1* from C204. 	model 1; ______ 
model 3; -. - - dependence of Z°[M]. 

ii 

log ka 

(sec-1) 

7 



1582 	DECOMPOSITION OF CHLOROALKYL RADICALS 

is already high this modification alone cannot be correct. Only by assuming, in 
addition, that the frequencies in AC1* are unsoftened is it possible to obtain a reason-
able value for ka(calc.). Also, in considering C2Cl the value of ka(expt.) is an upper 
limit based upon the observation that no decomposition of the activated species was 
observed. 

The overall picture comparing ka(calc.) and ka(expt.) is shown in fig. 9. When 
model I is used for all radicals and complexes, the discrepancy between calculated and 

10 

log k.i 
(sec) 

11 

log A2  
(I mole-' 

see-1) 0 

C,H4 	C2 H3Ct cIsDCE transDCE 1,1 DCE 	C2 HCI3 rC 2 I(1) C2 C,(3) 

)) 

Ll 

-404 -404 -404 -404 -404 -404 -404 -404 

log pressure (toff) 

Foci. 9.—Comparison of calculated and experimental data. 	, calc. ka; e, expt. ka and A2 ; 

=, calc. A2. 

experimental values, defined as log [(ka(expt.)/ka(calc.))], decreases from C2H4C1* to 

C2H4Cland becomes negative for C2Cl'. It mightthereforebethoughtthatasystematic 
change in the structure ofmodel 1 could bringtheory and experimentinto good agreement. 
This is unfortunately not so. Calculated and experimental values of A2  are listed in 
table 3, and compared graphically in the lower part of fig. 9. Since the calculation of 

TABLE 3.—CALCULATED AND EXPERIMENTAL VALUES OF A2  
10-9XA2  moIell. sec-1  

olefin model cab. expt. 

308°K 352°K 	 406°K 352°K 

C2H4  1 366 422 	51-3 40 
C2H3C1 1 325 437 	4.95 35 
cis-1,2-C2H2C12  1 55 60 	80 60 
trans-1,2-C2H2Cl2  1 80 94 	107 40 
1,1-C2H2C12  I 6•2 73 	89 - 
C21103  I 35 4•05 	5.0 30 
C2C14  1 157 191 	233 20 

3 043 048 	0.54 20 

A2  involves the structures of A and AC!1, and the calculation of ka  the structures of 
AC1* and AC1*, one would expect that the discrepancies between ka(expt.) and ka  
(calc.) would be parallelled in those between A2(expt.) and A2(calc.) if the structures 
of AC1* and A had been correctly assigned. The discrepancies are clearly not 
paralleled, and it must therefore be assumed that the structures of both AC1* and  AC1* 
have been incorrectly, assigned, there being little likelihood that the structure of A is. 

incorrect. 	 . 	. 
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Thus, for the ethylene system the values of A2  agree but k0(expt.) is above ka(calc.). 
This implies that the structure of AC!* is reasonable but that the structure of AC1*  is 
too loose. For cis- and trans-DCE, the discrepancies for ka  and A2  are similar, and 
therefore the error lies mainly in the structure common to both, i.e., of ACI4  which 
must be too stiff. For C2HC13  the agreement is excellent in regard to ka  but A2(calc.) 
is too low. This can be corrected only by alterations in the structures of both AC!* 
and AC!*. Both structures must be loosened. For C2C14, both ka(calc.) and A2  
(calc.) are much too high and the structure of AC14  and probably also that of AC1*  will 
require to be stiffened. The required alterations are listed qualitatively in table 4. 

TABLE 4.—CORRECTIONS TO MODELS 

A. Strong Collision Assumption Assumed 
olefin 	C2H4 	 1,2-C214202 	 C2HCI 3 	 C204  

AC1* 	stiffen 	- 	 loosen 	? 
ACl* 	- loosen 	loosen 	stiffen 

B. Deactivation Efficiency in Reaction (b) Assumed Oi 
olefin 	C2H4 	112-C2H202 	C2HCI3 	 C204  

AC1* 	- 	loosen 	- 	loosen (?) 
AC!* 	- 	loosen 	loosen 	stiffen 

In making the above comparisons we have tacitly assumed the correctness of the 
strong collision assumption. Should this be in error by a factor of 5 or 10, then the 
values of ka(expt.) quoted would be 5 or 10 times too high. Amore correct comparison 
of experiment and theory would then be obtained by lowering all ka(expt.) values in 
fig. 9 by about 1 log unit. If it was supposed that ka(expt.) and ka(calc.) agreed for 
the 1,2 DCE, the correction diagram would be changed to that given in table 4B. 
Table 4B is more regular and self consistent than table 4A. In general, the structures 
for ACI*  and AC1 would seem to have been chosen as too rigid with the exception of 
that for the C2Cl complex. 

CONCLUSIONS 

The conclusions from this attempt to correlate theoretical and experimental data 
are a little disappointing. The calculations made upon the basis of a much over-
simplified model give a poor account of the experimental facts. The calculations 
give little lead as to how more adequate models might be chosen, and the situation is 
made more difficult by our uncertainty as to the validity of the strong collision assump-
tion. 

Also, the available experimental data are inadequate for any thorough tests of the 
RRKM theory. The theory predicts that ka  should be strongly pressure dependent 
for the more highly substituted chloroalkyl radicals. Unfortunately, work to date 
has been carried out over a very restricted range of pressure, and only for DCE is there 
any indication 4  that ka(expt.) depends upon pressure. It is also important that the 
two "unusual" chloroethylene, 1, l-DCE and C2C14  should be studied more fully. 
ka  is expected to be low for the former because of the high value of E0. It is known 
to be low for the latter but how low has not been established. Finally, it is important 
to obtain more data on the deactivating efficiencies of various M, in reaction (bi) in 
order to assess more fully the status of the strong collision assumption. 
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