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ABBREVIATIONS 

The following abbreviations have been used in the text. 

PrH Propane 

iso PrC1 iso-Propyl chloride 

n PrCl n-Propyl chloride 

TCE 1,l,2,2,-Tetrachloroethane 

TrCE 1,1,2,- Trichloroethylene 

PCE Pentachioroethane 

V. C Vinyl Chloride 

HCE Hexachioroethane 

DCE Dichioroethylene 

P. V. C. Polyvinyl Chloride 

Tetra CE Tetrachioroethylene 

With respect to the 1, 2-disubstituted etbylenes, the letters c 

and t refer to the cis and trans isomers, respectiely, and the letter 

I is used when either cis and/or trans Is intended 

The letter Ais used to indicate an olefin, the meaning of ACI. 

and ACI2  is then obvious! 



ABSTRACT OF THESIS 

The Arrheahis parameters of the rate constants of the reactions 

	

Cl + A 	- AC1*  

	

and ACI 	 A+C1 k a 

(where AC1 Is an active chioroalkyl radical and A an olefin) 

have been determined by the competitive technique for trichloroethylene 

and tetrachioroethylene. In the latter case, however, only.a rough 

estimate could be made of the rate of unlmolecular decomposition of the 

active pent rachloroethyi radical, 

When A = trichlooethylene, the parameters are 

k2'(TrCE) = Z. 68 + 1. 36. x 10 exp (+ 0. 24 + 0. 41/RT)mole4. 1. sec 

10 
and ka(TrCE) = 7. 33 + 2.73 x 10 exp (.3. 26 + 0. 38/RT) sec 1  

where the activation energies are in k. cal. mole. 

The efficiency of various gases in deactivating the active 

tetrachioroethyl radical by the reaction 

ACI* + Mi 	Ad 0  + MI 	(bi) 

(where ACI0  is an inactive chioroalkyl radical), has been found to be 

Cl. PrH TrCE CO Ar Sr Efficiency per 	2 	 2 	 6 
collision relative to 	

0.85 	1.46 	0. 83 	1. 2.3 1. 17 chlorine 

The bimolecular A factor for trichloroethylene has been 

calculated by absolute rate theorrto be 1.37 x 10 molè 1.l. sec 1; this 

value has to be compared with the experimental value of 



x 10 10 l . L Dec" . The uninolecu1ar rate constant has been 

aicuiated by the Marcus theory to be O 92 x 10sec which compares 

well with the experimental value of 7 0 x 108  sec- 1  at 79
0

Cb This 

rcaona'ble agreement between the experimental and theoretical bimolecular 

A factors and unlmo'lecuiar rto constants was achieved only after it was 

assumed that the activated complex and active radical rotate freely about 

the C.0 bond 

A = tetrathloroethylene a value of A1' of 0., 24 x 10 
10 

 mole 

., L eec at 79°C was obtained experimentally which is to be compared with 

the value 0.87 x l010mole. I. sec 1  calculated frorn absolute theory of 

reaction rates. In this case., however, to achieve this degree of agreement 

between the theoretical and experimental bimolecular A factors it Is 

necessary to assume that internal rotation, of the transition state corn$e, 

about the C-C bond is restricted; the assumption of free rotation in the 

transition state complex gives a theoretical value 30 times higher than the 

experimental one. Further, making the assumption of a rigid activated 

complex the lifetime of the peutrachioroethyl radical is calculated by the 

Marcus theory to he 5 x I0' seconds which compares well with the 

experimentally estimated lifetime of 2 x 10 seconds. 



PREFACE 

This work was undertaken with the aim of applying the hot radical 

mechanism of Knox and :Riddick, (derived for dicblOroetbylene (53)), to 

the chlorination of trichioroethylene and, if possible, to extend It to the 

chlorination of the remaining chioroethylenes and ethylene. This was done 

to evaluate experimentally the rate constants k2 ' and k for the reactions. 

* 	u 
A+Cl—uAC1 	k 2 

and AM —A+Cl k 
a 

where AC1*  is an active chioroalkyl radical. 

It would then be possible to test the theories of bimolecular and 

unimolecular reaction for a series of related compounds in which the struc-

ture of A was systematically varied in going from One member of the series 

to the next. 

It was also Intended to measure the deactivating efficiencies 

(relative to chlorine) of a number of varied compounds in the reaction 

* 
AC1 + Mi - AC  0+  Mi 

(where ACI°  is an inactive radical), in an effort to observe a correlation 

If any, between molecular structure and deactivating efficiency. 



CHAPTER 1 

INTRODUCTION 

(a) Theoretical 

The object of a considerable amount of experiment and thought in 

chemistry has been to try to obtain a clearer understanding of the nature of 

the processes which occur during chemical reaction. At presert, no theory 

defines completely the many complexities of reaction, but it is hoped t1t, 

with increased sophistication of current ideas, some comprehensive theory 

may be evolved. 

All of the theories which ib14 sway at the moment are a development 

of the first attempt, by Arrheius (l), to interpret the large effect of tempera-

ture on the rate of chemical reaction. In an effort to explain the temperature 

dependence of the rate of inversion of sucrose, Arrhentu8 (1889) modified 

the VariYt Hoff isochore to obtain an expression which relates the rate 

constant, k o  for the inversion of sucrose to two parameters, A, and E. 

Thus 

Ic = Ae RT 	 I.a.l 

A precise interpretation of the parameters has proved elusive. 

Arrhenius, hiseli, believed that an equilibrium existed between inert and 

active mo1eca) ic, and that the quantity E was the difference in heat content 
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between the inert and active molecules. The suggestion that only active 

molecules underwent reaction then explained, for the first time, the 

effect of temperature on the rate of chemical reaction. These ideas fore-

shadow those of modern transition state theory. 

In 1i928 	is4 suggested that the parameter A be related to the frequency 

of collisions of the reacting molecules and thereby completed a useful, if 

rudimentary, picture of the nature of reaction. 

Concern then centred on how the population of the active species was  

maintained. The Idea that the parameter A might be related to a collisional 

frequency inferred that activation might occur as a result of collisions and, 

therefore, Implied that the rate of reaction would show some dependence 

upon the pressure of an inert gas. However, in testing this theory by ob-

serving the dependence of the rate of decomposition of PHClupon Argon 

pressure, Perrin () noticed no dependence of the rate of decomposition over 

the range of Argon pressures then accessible and, therefore, concluded that 

activation resulted from the absorpO.on  of infra red radiation emitted by 

the walls of the containing vessel. 

Evidence against the radiation Kynothesis accumulated rapidly. 

Langmuir (4) showed that the density of radiation Inside a black body was 

insufficient to account for the observed rate; this conclusion was later 

confirmed by calculations due to Lewis and Smith (5). 

Later, Lindemann (6), in criticising the radiation hypothesis felt obliged 

A 
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"to put forward. a constructive suggestion to meet Professor Perri&e difficulty". 

Be proposed that activation occurred as a result of collision and that the active 

species, once formed, had a sufficient lifetime that there was a high probability 

of deactivation (also by collision), Llndemanne idea in expressed In the 

ions 	 k 
A+ M 	

, 1 	A* + M 	 A 

* 	It 
A 	—3 - products 	 3 

where M in any molecule or wail of the. reaction vessel capable of transferring 

energy to A. Further, it was believed that deactivation occurred at every 

collisalon and hence k = Z the standard collision number. Assuming 

steady state conditions for 4 an overall ic uni  is obtained 

It 	
= k3k1  [M] 	

I.a,2 
It3  

or 	 k 	+ 	1 	 1 • a. 3 

or 	It. 	k(Ic/k) 
um . 	1. 2 

i 	+k 3  J(k  2   [M}) 	 La.4 

Thus at high pressures the theory predicts that 	hould reach a 
Uni 

limiting value but should fall as the pressure is decreased. This was 

verified by Hjnshelwood and co -workers (7,8, 9) who found that the 

decompositions of propflonal, diethyl and di ethyl ether, were all first 

order at high pressures but deviated from first order kinetics at low 

pressures, the rate constant becoming smaller with decreasing pressure in 
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accordance with equation 1a4. Rarnsperger (10) observed the same type of 

decrease in the rate of decomposition of azomethane but to an even greater 

extent than in the reactions studied by }linshelwood It is of interest to note 

here that, although the theoretical interpretations of the rates of these 

supposed uniniolecular reactions were sound, all the reactions which proruptec 

early thinking were, in fact, chain reactions, (11) - (la). 

About this time it was thought that the limiting high pressure wilmole-

cular A factor, Aoo, should be related directly to the number of collisions 

suffered per second by a ei:ngle molecule; yet the experimental values were 

several powers of 10 greater than the collision frequency. To account for 

this discrepancy Hinsheiwood (16) sketched a few calculations on an Idea put 

to him by1  Llndeznann that there might be enough collisions for the activation 

reaction if the total energy could be made up by any distribution among a 

considerable number of degrees of freedom, and not simply in the two degrees 

of freedom due to linear translation along the line of centres. Hineheiwood's 

calculations rested on the assumption that the rate constant for unimolecular 

decomposition, k 
Un' 

., could be calculated by the statistical mechanical evalu-

ation of the equilibrium constant K1  = k1/k2(see equ (1a4))and he therefore 

proposed that the activated molecule contained energy in an indeterminate 

number of degrees of freedom or "square',  terms, n, such that 

2 	2 	2 	 2 + q2  + q3  + ••... q] 	c 	1.a.5 



where C refers to the total kinetic energy. According to Iinshe1wood the 

vibrational degrees of freedom have an equal amount of potential energy 

which dues not vary independently of kinetic energy and he therefore re- 

garded 	as the "effective" total energy. 

Application of the 	v 	Boltzmann distribution law to obtain the 

most probable state of a system cornpcsed of numbers of identical elements 

give s 

dN 	
- C / kT 

dq1  dq2  dq3 " dq 	 Ia, 6 N 	
P ?E/kT  dq1 dq2  dq 

where N is the number of elements of some chosen kind whose momentary 

state might be completely defined by assigning values to the n parameters 

qi qz ---q; C is the energy of an element defined by q1  q2--q and dN 

is the number of elements whose energy lies between q1  and q +,dq., q2  and 

q24tdq2 	and q. + dqn. The iztegral in the denominator is taken over 

all values of q1 q2ç  which are physically allowed. 

To find the chance that the total energy lay within the limits C and C + d C 

the numerator of equation (Ia. 6) was integrated over an (ii- 1) dimensional by - 

- 
per sphere whose radii were yC anclVE +dE 	

C/kT 
. Since e 	s constant the 

integral becomes 	
2/ 

E +d 

f dq1  dq2  dq3  ' 	dq 
J 	 Ia,? 

2 	2 	2.... 	2 + q2  + q3 	 C 



which is simply the volume of an (n-l) dimensional hyperspherical sJ.olL 

The volume of an n dimensional sphere is 

V = it2rfl 	 Ia,8 
E(n/z+i) 

dV = Tt'nrdr 

[-(n/ 2+  1) 
Ia, 9 

and hence the volume of the desired shell is 

dE 

E(ri/2) 	2, VE 	 la, 10 

it'2 	c_ 2••l d E 	 Ia,ll 10. 	
E(n/2) 

The Integral In the denominator of Ia 6 is taken thougbout all space 

-E/kT 1. e. 	I 
=e- 

dq1  dq dq3 	
dqfl 	Ia, 12 fo 

00  

= f-E/kT 

= (TtkTf '2  
E(n/2) 

.nj2 E2dE 

fln/2) 	 Ia, 13 

° 	
n/2-1l 

f eh1T(E \ 	d(E /kT) 

°kT 	 Ia, 14 

= 	(TtkTr'2 	[-(n/ 2) 

[-(n/ Z) 
Ia, 15 
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I 	= 	(it kT ) 2 	 for n even. 	 Ia, 16 

The ratio of these two integrals givthe chance that the total energy of the 

n oscillators will be within the limits and £ k1E;thia chance is 

d 
	

[a, 17 

E(n/2) (kT) 2  

The chance of possessing energy greater than some critical amount C0  

is 

i.e. 1 	 f°°eT (n/Z-1)j MEP

No: 	[(n/ 2) (kT)2 	Ce 	
Ia. 18 

This integral becomes, 

e0T 	f 	1 	(E2+ 	I 	 e +1 
k2 	No 	 1(n/2) kT) 	fln/ 2-i) 	19 

Ia.19 
.Hins:heiwood stated that since C was generally large compared to 

(n/&.1)IT it was perrr4ssible, for approximate caic4ations, to take only 

the first term of the expansion. Thus the usual e.E/kT in the Arrhenius 

equation is replaced by 

Eo/kT
(EJkT)24 	 Ia, 20 

1(n/2) 

Thus if nis large, the factor (C1,/kT)'12'1  I nI2 - 1)! might be 

sufficiently great to account for the difference between the sollisional 



frequency and the abnormally high A factor for the activation processes in 

unimolecular reactions Using a "value of n equal to twelve Hinsheiwood 

was able to account for the fact that the number of molecules of propicaici 

- E-/RT 2 decomposing per second was 400 tims greater than Ze 	C 

Hinsheiwood assumed that all molecules with energy greater than a 

critical mi*nrnamount decompose at the same rate, independent of the 

amount of energy they possess in excesaQf this critical amount 1. e. 	was 

constant independent of the amount of energy possessed by A*.  This would 

predict that a graph of l/kuni  againstl/frvlJ would be linear (e. g. la,). This 

was verified within the limits of accuracy of the experimental results for 

propional, but the more accurate results for dimethyl and diethyl ether were 

In definite disagreement with the requirements of the .theory. The plots of 

l/k uni against 1/fr4Jfor these molecules were definitely curved. Here again, 

many of the reactions were not in fact elementary and the interpretations were 

therefore completely erroneous They were, however, fortuitous since more 

recent data on reactions known to be elementary and unimolecular has am ply 

confirmed the curved nature of the pressure dependence. (a. g. the decom-

ppsltion of cyclopropane (17) and the isomerization of methyl isocyaxdde (18)). 

Thus it seems that, although the assumption of a reasonable number of de-

grees of freedom is capable of accounting for the order of magnitude of 

reaction rates of most unimolecular reactions, it is not able to account, 

quantitatively, for the variation of the rate constant with pressure. 
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Kassel (19) developed Hinshelixroode theory by arguing that, In order to 

decompose, it was not sufficient for a complex molecule simply to possess 

a large amount of excess energy: It was necessary for this energy or 

some sufficient part of it to be concentrated in a particular point of the 

molecule in order to cause its ruptures Therefore, on the assumption that 

some critical bond would break whenever it acquired energy In excess of 

some critical minimum amount, Kassel calculated a relation between the 

seclfic reaction rate of the activated molecules and their energy content. 

The Kasoel treatment Implies an extension of the Lindemann scheme to 

Include the rate of intra molecular energy transfer into the critical oscillator. 

A particular feature of this theory like that of Hinshelwood was the eonnider 

atiozi of the active molecules in a particularly small range of energy, 

In terms of such a group of molecules the reaction may be written in detail an 

A+ M k
1  (E 

M+ A* 	___ 
E+dE) 

A* (E E+dE) 

z  
A+M 

k3(E ) 	A 	 products 

where A*  denotes a molecule where the excess energy Is distributed through 

out the oscillators the active molecule; and ',9 in a molecule which has at 

least Eo localised in one critical vibrator in modern terminology the 

activated complex, 
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The contribution to the complete unirnolecular rate constant for the 

group is then 

dkuni 	k1(E )  k3(E) d E / Z° 	 Ia, 21 
1 + k3(E)/Zo tMI 

and the overall unimolecular rate constant is obtained by integration from 

the minimum energy £ to 00 

Thus 

kuni= 
r00 

k1(C) k3(E) dE/Z° 	 la, 22 
I +k 

EO 	3(  )/ 
zo [Mi 

The problem of evaluation of kuni is therefore the evaluation k1(E) and k3(E) 

as a function of E. 

Kaasel*s  theory was similar to the second version of the theory of Rice 

and Rameperger (20) who assumed that it was necessary for the energy c 

to he concentrated In a single degree of freedom rather than In a chemical 

bond which Kassel considered as equivalent to a simple oscillator possessing 

two degrees of freedom. Thus a molecule was regarded by Kassel as a 

system of s weakly coupled harmonic oscillators, the weak coupling, in-

ferring that the total energy could be regarded as the sum of the square term 

but the coupling being sufficiently strong to allow J ,  --migration of energy 

within the molecule. The expression for the total energy is then 

2 	2 	2 	2 	2 	2 
E 	p1  +q1  + p2  + q2  .... +p 	+ q 	 Ia,23 

where the ps  are reduced momentum coordinates and the q's position co- 

ordinates. 
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Cal culation of the chance that the total energy of the s pectflators lay 

within the limits C and C +dE was exactly analogous to Hinhelwood's de-

veloprnent. The relevant equations can be obtained by replacing n by 2e 

in equations la'. 8, Ia, 17, Ia 19 etc, Thus the chance that the total energy 

of the a oscillators lies between C and C +dC is 

Ia. 23 

and the chance that the total energy of the s oscillators exceeds a limiting 

amount, E 	is 

a z 
e. 

r1 

and the rate of activation into energies C to C +dC is 

1c1(C)dC 	z0(04l 	l 
kT 

Ia. 24 

Ia. Z6 

l(assel then extended Hinsheiwood's theory by evaluating the chance 

that when a oscillators had total energy in the range C to £ +4C, one of them 

would have energy at least Co. This chance is the ratio of the phase space 

volume corresponding to states which have total energy C to £ +dC and for 

which some oscillator has energy at least Lo, to the phase space volume 

corresponding to all states with total energy between C and C +dC 	This 

latter volume baa been found by Hinsheiwood (equ. la 11) the form of which 

was changed by Kassel to 
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TE 	E 1  dE 
(s-1) 
	

Ia26 

The former volume is 

if dpl dq I 

PI +q1 	= E0 

q)+ dE 

f f dp?  dq 

p 	+q22  +.. p 2  +q2 	2 2...(p+q) 	Ia27 

1 	2M192 

	

(E-(p12 + q12)idp1 dq1  

PI  +q1  Eo 

= 	
TL 	(E 	E0) 1  dE 

Ia,28 

Ia, 29 

The last pair of integrations was effected by the•  substitution 

p1  = 	case. 

q1 	1/ sin 9 

The ratio oi Ia,Z6to ia,291s 

s-i 
(EEO\ 	 Ia,30 

'E 	I 

which was the desired result, 

Further , since the rate of decomposItion of the active species is pro-

portional to the probability of the energy E0being located in the critical 

oscill4or Kassel stated that 
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k3 	 Ia, 31 

was effectively the rate of decomposition of the active molecule. 

The constant A j  defined by Kassel as a proportionality constant, has 

been variously identified with the experimental Arrhenius A factor at the 

high pressure limit (equation la, 39) and with a vibrational frequency. 

Qaiitatively, equation la 31 may be interpreted as saying that uni.-

molecular decomposition occurs at the first vibration of the critical 

osciliator when it contains at least energy E. , 	by the 

probability of the energy being localised in the bond 

The KaSSBI expression for the rate constant kunj  "s derived from the 

differential expression for a small energy range dC 

dkuni (c) = k3(c) (k (c)I z°) dC 
la, 3Z 

1 + k3 (E)/kZ0[M] 

zi 
_T1. (s-i)! 	kT.. E I 

I+ A 	E_-C\ 1  

tat  33 

gMng an overall uAlmolecular rats constant 

	

- Co/kT 	00 
kuni = Ae 	 f C 1((E-EcIEf 1 eOTdC 

	

(s-1)!(kT)5 	EO 	1 *A  
Ic ' k,34 
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-Eo/kT 	00  
kuni 	= Ac 	 Ac ,, 	 e 

(..1)(kT)0 ' 	i +A 	1EIc 
)s1 

Ia. 35 

The limiting high pressure unirnolecular rate constant I. e. as 

[M] —.00, k 00  ls 

= 	A 	f' °°f C - Eo 1  c' 	d
(KT-) 

E 	 Ia. 36 
(e..1) J 	kT I  

EO 

AcE'1 	00  
fo 

(E'" e "LE /kTd(\ 	Ia. 37 
(0-1) 	 \kT/ 	 \kTI 

= 	A 	
Co/kT 	

Ia. 38 

-Eo/kT 
Ac 	 Ia. 39 

It now becomes obvious why the proportionality constant A of equation Ia. 31 

should be identified with the experimental, high pressure, Arrherius A 

factor, 

Thus the ratio kp/k becomes 
00 

00 
= 

k00 	 (s..1)(kT) f 
(E E)' £o)/kdTE 

Co 	1 + A 	-Co 
ZC{M} E ) 

Ia. 40 
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= i 	
f
o°° (AE/kT)' e 

kkoo 	• 	(s..1)! 	1 + ,A 
z0 J 	 Xa, 41 

a form which is suitable for numerical calculation assuming values of the 

adjustable parameter s, the experimental high pressure Eo and the A factor. 

The main objection to the classical form of the Kassel theory is in the 

use of the adjustable parameter a - the number of effective oscillators. In 

the quantum form the assumption that all the oscillators have the same 

frequency is also undesirable. Nevertheless, Ka8seVs expression for 

the rate of decomposition of the active species, equation Ia, 31 is still widely 

used; a reasonable Lit to experimental data Is generally obtained with $ equal 

to about half the number of vibrational modes in the molecule. 

The Kassel theory provided chemists with a clear aid qualitatively sImple 

picture of what happened during the course of reaction. The energy, acquired 

as a result of collision, was distributed amongst the vibrators of the molecule 

- a continuously changing distribution - with the result that one critical 

oscillator, whose movement represented tlu stretching of a bond, had a 

finite probability of acquiring sufficient energy for the rupture of the bond. 

The possibility of the oscillator acquiring this amount of energy increased 

with the total energy content of the molecule and depended inversely upon 

the number of oscillators which could contribute to the energy in the critical 

oscillator. 



Uba 

The proportionality constant A can be defined more precisely if one. 

considers the complete equilibrium 
A+M k1(E) .  

k 
A*+M 2 'A +M 

k3(E) 	+ 

By the principle of microscopic reversibility, at equilibrium, the rate 

of decomposition of the activated complex is equal to its rate of redistribution 

of internal energy in changing to the active molecule. Therefore A can be 

regarded as the rate of migration of internal energy from a single oscillator 

into any other part of the molecule; it was believed that 	could occ: at 

- every vibration and hence that A 	
13-14 	1 

10 	sec 

Also, by the principle of detailed balancing, if the eqilibxfum 

k3 + A* A 

only,. is considered, then 

[At] - = — Ia,42 

and 	 k 	k[A} = 	
( E Co )S_1 	

1a43 
3 

whence 	 A 
	

Ia 44 

and the proportionality constant A is equated directly with the rate constant 



for decomposition of the activated coñ1pIex:. 

However, the problem of the precise value and interpretation of A or, 

more generally, of the rate of decomposition, k , of what are now termed 

molecules in the transition state, was solved by Eyring (Zi) who was mainly 

responsible for the theory of absolute reaction rates. The theoretical 

evaluation of a is dealt with later. 

The evaluation of the absolute rate of a reaction from purely theoretical 

Ideas has two parts; (I) the evaluation of the activation energy; and (2) the 

evaluation of the pre-exponential. or A factor. In Its application to uithnole 

cular reaction then, only the second type of calculation is relevant. However, 

it was from the ideas oi the quantum calculation of activation energy by 

London (22), of a system of three atoms as a function of their Internuclear 
which 

separatlon,aad reduced the concept of chemical reaction between three atoms 

to their following the path of lowest energy along a potential energy surface, 

that Eyring derived his inspiration. The difference in energy between the 

lowest and highest points on such a path gives the activation energy for that 

particular reaction. Eyring concentrated his attention on that region of 

highest energy on the reaction path. 

The activated state or transition state because of its definition is 

always to be found at the saddle point in the potential energy diagram (fig. I) 

1? 



Potential Energy. Diagram for the 

Reaction 	A+ BC AB C 

A----C (Transition State) 

RE. 
BC 

A+BC'  

Reaction Coordinate 

Figure 1 

11 
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with a positive curvature of potential energy in all degrees of freedom except 

the one which corresponds to crossing the barrier, for which the curvature 

is negative 	Thus at the saddle point 

d C /dZ 	= 0 and C is a maximum where Z is measured 

along the reaction coordinate 

and 	dE /dx1 	= 0 and C is a minimum for all other normal 

coordinates of the molecule, 

A configuration of atoms corresponding to the transition state thus has all 

the properties of a stable compound except in the normal mode corresponding 

to decomposition; this mode, because of the small curvature of the potential 

energy surface at the col, could, according to Eyring, be treated from the 

point of view of statistical mechanics as a translational degree of freedom. 

The detailed mechanism derived from the theory can be represented as 

A + BlX+____ 
k 

or, concentrating on a small energy range dE , as 

k(E) 

A + B kiE) - X( : t E+dE) 	k2(E )dC C + 1) 

By the principle of microscopic reversibility the rate for decomposition 

of 	to A + B must be the same as for decomposition to C + D and at 

complete equilibrium 

[X+ 	
Ia. 45 

k(E) 
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and 	[c] jD] 
la, 46 

Since the motion of X+ In the reaction coordinate is assumed to be 

translational, kE) is the velocity of translation in the reaction coordinate 

of those complexes with energy E moving in one direction. Since only half 

the complexes move In any direction the factor is Included. 

With these assumptions the absolute theory of reaction rates was deirei. 

oped, through which, by being able to calculate the concentration of the 

transition state complex, [x'], and its rate of passage over the energy 

bump the rate of bimolecular reaction could be calculated. 

Thus for molecules or radicals in the transition state, If one supposes 

that, instead of considering an. energy range C. to  dE one considers an 

equivalent velocity range k to $+dkin the reaction coordinate (where 5 

dxMt) and suppose that the concentration of complexes per unit volume 

per unit length of the reaction coordinate is C d * then, under equilibrium 

conditions 

[xJ 

where 	is the conentration of the transition state complex per unit 

range In *, irrespective of the direction of motion I. e. the equilibrium con- 

centrat

i

on of complexes, with E 	mk, which can be obtained by 

statistical mechanics. Thus 
+ 	 . 	 ~ 

CbId* 	 = dg 

CACB Ia,48 
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and therefore 	 "- ' 	 + 	 Ia, 49 
* 	 CACB  AIL 

qAqB 

where dq+  Is the patitioa funtlon for a range k to c ±d* in the reaction 

coordinate irrespective of direction and qA,  and q. are the partitti.on functions 

of A and B respectively. The pafititia function dq can be factorized into 

two parts: (1) for the reaction coordinate (dq) and (U) for motion of the rc 

molecule (f). Thus 

dq 	dqvc  x q 	 Ia. 50 

where by definition 	dq 	= 	gi e 	i(rc)/ kT 	 12 51 

rc 

where q1 is the degeneracy of te i 
th D.tate and the Ci's are thç allowed 

energies In the reaction coordinate. 

U an energy range 4E is  considered  then only one term is required with 

Ci 	m*2  and gj becomes the number of energy levels in the velocity 

range k to k+dk 

Using tde BrogUe's equation 

p = h/)s. 	 Ia,52 

and the condition for a stationary wave 

X 26fn 	 Ia53 

where b is the extension of the transition state in the reaction coordinate. 

Thus 
Ia,5 

n-xk= hn/2b 
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and the number of energy levels in the velocity range k to *+d* is 

	

dn 	= (2mb/h)d.* 	 la, 55 

and since we are considering a concentration per unit length of the reaction 

coordinate b = 1 and 

dq 	(2m/ h) e_Td* 	 Ia,56 
rc 

Hence 

+. 
C. dx = 1 dq 	JAa B 	 la, 57 'C 

	

H 	.h) e T d*CC (q+/q) 	
la, 58 

The rate of passage over the energy barrier of molecules in the velocity 

range ;k to 5+d is 

+ 	 r 
, 	

1 
x c 	dx = 	k (c) 1X 	

Ia, 59 

and the total rate of passage for all molecules Is 

rate = 	1b CACB 	f 
:kC d* 	 la. 60 

= ° 1/in r 	d(m*2/Z) 	
Ia61 

00 

1/rn I C 	dE (rc) 	 Ia, 62 
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Substituting the expression for C from equation Ia, 58 in equation 

Ia. 62 gives 

rate 	1 	C C 	= 	CIV A  C 	

[00 

e E (rc)/kT dEC ., 

%im A B 	h 	 J 	 rc). 

whence kbim = (kT/h) (q+/qq) 
	 Ia, 64 

Ia. 63 

= 	(kT/h) 	 e - LE/kT 	Ia, 65 

Marcus & Rice (23) and Mafcus (24) have combined the concepts of 

Kassel and o. Eyring In the theory of unimolecular decomposition and 

obtained a more precise definition of the distribution of the excess energy of 

the activated complex and the active molecule. Whereas the Kassel theory had 

been concerned with the distribution of energy in the active species no account 

was taken of the energy distribution in the reaction coordinate; Eyring's theory, 

on the other hand, did not distinguish between the active molecule and activated 

complex. Thus, in retrospect, it seems obvious that a combination of the two 

theories should lead to a more comprehensive theory. 

Marcus defined three degrees of freedom of the active molecule with 

respect to their role in intramolecular energy transfer as "active ',"adiabatic" 

and"inactive". Active degrees of freedom could contribute their energy to the 

breaking bond without restriction; adiabatic degrees of freedom were assumed 

to remain in the same quantum state during the course of decomposition 

of the molecule and so contribute no energy to the breaking bond, whereas 
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the transfer of energy between the Inactive degrees of freedom and this bond 

was assumed to occur with sufficient rapidity only when the molecule had 

become essentially the activated complex. 

The translation of the molecule as a whole whicimakes no contribution 

to the reaction rate Is a typical adiabatic degree of freedom; similarly 

owing to restrictions of conservation of total angular momentum the molecule 

must remain in the same rotational quantum state throughout the course of 

decompoeition. However, since unimolecular decomposition can be regarded 

as a stretching of a critical bond, rotation of the molecule as a whole can 

contribute energy to the breaking bond since,.. if the molecule is rotating 

with a constant angular velocity about an axis at right angles to the critical 

oscillator, elongation of the bond will cause an increase In the momenta of 

inertia of the separating fragments In a sense this is an inactive degree of 

freedom. Thus the largest contribution of the angular momentum to the 

breaking bond possesses the largest moments of Inertia and contribute sengy 

W +1)h18tt1 with 3 approximately constant. When averaged over all 3's 

the net contribution of these rotation to the reaction rate Is a factor 

the ratio of the partition functions of these rotations for the activated complex 

and active molecule respectively. in the 1951 paper a factor K was included 

rather indefinitely, to account for the contributions of rotation of the molecule 

as a whole to the reaction rate. 

The remaining energy of the activated complex,E', or the active 

molecule,E*, which is available for redistribution is termed the non-fixed 
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energy and is defined as that energy which the complex or molecule possesses 

in excess of t9r raape.ctMe zero point energi. Since the activated complex 

contains energy La, the bond dissociation energy of the critical bond, localised 

in that bond then 	- La - Li where Li is the energy in the Inactive 

degrees of freedom.  

Beth papers started from the premise of the L'imdemann scheme as applied 

to a small energy range (eqn3. laZl and la 22) to obtain an overall unirnolecular 

rate constant which Is the integral over all energies of the individual rate 

constants - which are themselves energy dependent. 

Thus 

knn. 
	

000 
k3()  

..= 	r 

I 	Z  

1 + k3(C )/zM] 	 Ia. 22 

The term 	ki(C)dE/Z 0 	here has the same significance as In the 
equilibrium 

Kassel derivation and is equal to the,fraction of active molecules having 

energy In the range E to E* + dE*. If N*(L*  Li) is the number of states 

per unit energy of the active degrees of freedom and D (Ei) the degeneracy 

of the Inactive ones when their energies are E* - El and Li, k1(E )d El Z ° 

is given by 
EEa 

> 	N(E*_Ei) D (El) exp (_E/kT)dE* 
k1(E)dc 	= 	Ei=o 

00

I 

°°
Z 

0 
— 	

Z 
	* * 	* 	* 

	

D(Ei) 
	N (E -Ei)exp(-E /kT)dE 

	

Ei=o 	 E*Ei 	 Ia.66 
Introduction of a new variable x = L* El into the denominator enables the 
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latter to be factorized into a product of the partition functions of the active and 

inactive parts the latter of which is denoted by P 

If, as in the 1951 paper s  no account is taken of the inactive degrees of 

freedom, k1E1-dE/Z* becomes 

N*(E*) e*p(E*/kT)di* 

	

ia 	 £ 	 11a67 

where £ is the partition function of the active degrees of freedom In t 

1951 paper these were taken to be purely vibrational and £ is therefore given 

by 
S 	 -1 

= 	n (1.exp(.hV./kT) ) 
	

Ia.68 

1=1 

Calculation of the rate of lntrmo1ecular energy transfer was accomplished 

by applying the principle of micro scopicreveralbility to the equilibrium 

* 	k3() 	+  
A ______ A 	 products 

(E-.EdE) k+(C) (6-.EdE) 

Since at equilibrium, hail the complexes A*  are going in the forward direction 

and half in the reverse direction 

[A*] k3(cJ1E 	4 [11(6)dE 	 la 69 

Hence 

	

2k3( E )dc 	 70 

	

k+(E )dc 	 {A*I 	(cf. equation Ia.43) 
(E- EdE) 

where [At]  and [A*] are t i equilibrium concentrations of the activated 
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complex and active molecule per unit range in total energy Et and  E*  res-

pectively. Comparison of equation 1a70 and equation 1a43 shows the detailed 

extension of the Kassel theory by Marcus and it Is also a useful point to re-

flect on bow each theory grew out of the preceding one. Whereas Hinshelvood's 

theory assumed that all the active molecules decomposed at the same rate 

irrespective of energy content or distribution, Kassel extended this Idea by 

assuming a specific energy distribution for decomposition and hence an energy 

dependence tOhn the rate of decomposition of the active molecules. However, 

Kaasel's theory stopped short in that It was assund that the activated complex 

once formed, decomposed at a constant rate and Marcus's contribution was 

to apply By-ring's ideas on velocity distribution In the reaction coordinate, 

to the energy,  dependence of the rate of decomposition of the activated 

complex 

Since At  and A*  have the same total energy the concentration ratio:-- 

[At] /[A*] is the number of quantum states accessible to the two forms of A. 

+ + 
ience 	 LJ 	= 	.: (:) 	 la 71 

IA*} 	N* (E*) 

,where M` (I) is the number of quantum states of the activated complex 

per unit range of the non-fixed energy * and *(E*) is the number ci 

quantum states of the active molecule per unit range of the non-fixed energy 

E*. 

One of the degrees of freedom of A aceonding to transition state theory 

is a simple translation in the reaction co-ordinate. If N1  (y) and N2(E - y) 
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denote the number of quantum states per unit energy of this translational 

motion and in the remaining degrees of freedom 	when their energies are 

y and 

	

	- y respectively, then the number of energy states for a range 

of total energy and dy in the reaction coordinate Is 

N.(Et - y) N()  4Edy 
	

la 72 

and the number of quantum states per unit energy of the activated complex 

which contains non-fixed energy E7 is 

N:(E+) 	f N2(Ety) N1ydy 	 Ia. 73 

Since 	corresponds to the velocity of the activated complex along the 

reaction coordinate when the translational energy is y it Is possible to 

1' 	 3/ 
replace k+( 6) 	by (2y/m) 2.(1/b) 	re 	(2y/m) 2 	is the 

speed of passage of the activated complexes over the energy barrier half 

in each direction), m is the reduced mass of the complex and b is the 

extension of the reaction coordinate.  

From the usual expression for the energy levels of a particle in a box 

22 = 	
2 

8mb 
la 74 

and since the number of energy levels per unit energy range of the 

translational motion NI (y) is 

NI(y) =da 	 la 75 
dy .  

then 	 Ni(y) b 	M  2 	 la 76 
Ii y 

Equation 1a76 is analogous to the expression la 55 in the derivation of the 
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absolute theory of reaction rates in which the number of quantum states in 

the velocity range 	to 	+ dx is related to the reduced, mass of the 

complex and the extension of the reaction coordinate. 

Substituting Nj.(y) and 	in equations la 70. Ia 71 and Ia 73 one ob- 

tains 

N*(E*)k3(C) 	 f 	(ZyIm) i/h (2mly) N()c1y 

Y=o 	 Ia. 77 

Introducting a new variable x = (E - y) into Ia 77 and correcting by 

the factor 	p/p 1  , 	k3( E) becomes 

	

+ 	I 	N2(x)cix 

k3() 
hP 

	

I 	E.Ea 

> 
N*(E*El)X(Ei) 

where 	 N'(E - Ei)D(Ei) 

of quantum states per unit energy and available to the active molecules who 

non-fixed energy is E* 

Again, 11 as in the 1951 paper, the inactive degrees of freedom are 

ignored and the remaining degrees of-freedomfc1onsidered to be solely 

vibrational, N2(E 	y)  becomes P(FF), the degeneracy of the vibrational 

modes. Substituting .K for P1+/P1  equation Ia 18 becomes 

k3(E) = K 
	 X 7Z (Ev) 

ii N ij 	 E 	 Ia. 79 

Ia. 78 

is the total number 
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The beauty of the second paper lies in Its generalisation to any decomposing 

molecule. 

From equations la 22, U 6. and Ia 78 

+ 
00 E 

k 	= P exp(-Ea/kT) [ 	N2(x)dx exp (E+/kT)dE+ 

WU 	 I J PP2h 	
J 1. + ka/Z°  x-o 	 M la. 80 
+ 

E 

To complete the derivation of kun, it is necessary to obtain an expression 

for N2 x), the number of quantum states per unit. energy of the degrees of 

freedom of A (not involved in 
P± 

 and excluding the translational motion 

along the reaction co-ordinate). These degrees of freedom are vibrations 

and internal rotations. It is assumed that the rotations can be treated as 

independent of each other and of those rotations involved in P1  so that, their 

energy 18 approximately equal to. 

la 81 

where p is the number.o rotations while Ji and II are the quantum number 

and the moment of inertia respectively, of the 1th rotational degree of freedom 

The 4egeneracy of the 31' th, quantum state is 2 or 23i according as it Is on 

one or two dimensional rotation This number is written as 2(31)di - 1 

th where di is the degeneracy of the 1 rotation. 



EO 

amongst 
The ener' x is dvide41jto its component degrees of freeda for which 

Qte Vibrational enera.is Ev, the degeneracy oir the vibrational states being 

P(Ev) • The number of rotatiool state per unit enerr is equal to 

*+dxv 

fli 2(4)44d3i 	 *a 82 

PI 

and the aMber at rot*t4onal vfl1'at anal Mafttum State$ per ut4t enory is 

Z+fp(d*)
EWSE f Ev) 

.,..ffni2d1 	I 	IA 8 

Putting Zi * 	hence dZi 

N2(x) = >i f P(dXr' 

x+d*4v 

f.,..ff n 	 } 

>1 U/li = (8Ttj )(x4 v) 

N2(*) > p(dx) 

EvE' 
f•,bfj 	ni -1/2(Zi '/2 4Zj lid 

(STt /h)(xv) 

la 84 
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This multiple Integral is a particular case of the 	icMeintegral (25). 

Insertion of the appropriate solution gives 

N2(c) 	
= 	>i { (Ev' 	 2 	 4  fli(ii 1(di/Z) )(8T/h2)(xEv) 2 dx 

Ev :5E 	 E(faitz) 
1 	 1a85 

N2(x) 	= 	 {(Ev) 	
(8 TE 2/b2) r/24 ( E)nIZlfl. [udi 2

(/'z)] 

Ev 	E+ [-(r/ Z) 

la 86 

Since the partition functions for p internal rotations making in all 

cli = r 	degrees offreedom with individual moments of inertia Ii 

is given by 

P = 8Tt2kT r/2 r 	
), 

X 	
f fli 

(J.di/2 
 1(diI2) )} 

la 87 

equation la. .6 may be more simply expressed as 

r/ 2, 	+ N2(x) 	 P (Ev) (XEV 	 Pr 

L 
	[-(r/ Z) '' kT 	kT 

Ev E la 88 

ubstiti4ion of the expression for N2(x) given by equation la 88 into 

the equation for k3( E) (equation la 78) gives 
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+ 
.+ 	+ 	 . 

( 	P P C) =  

hP 	a (ii. .Ei)D(j) EvE+ E(riZ) 

3/2-1 x4v 	dx 
(.). 

1a89 

The Integration is ad*ievod by rovcrsizg the order of summation and into. 

gration such that 

k3(E) = 	
E*Ea 

hP1  r(r/z) > 

(Ev) 
f (X,.VV6 
	dA 

N (E Ei)D(Ei) 	Ev 	Ev kT 	kT  

a 90 

P. 
 + 	 + ;.r/2 

(Ev)(L) 
hP I E(r/2+I)>11N (E .El)D(Ei) 	 Xa.91 

fl1 

+. r/2.+ + L P v.  P1 
P  ivi 	 ( kT) 	 la 92 

hP1  1 (r/ 2+1) 	+ .N*(E*.Zi)D(Ei) 

Generally a precise satemeit about the 3mount of energy Zi, in the 

active uiodes is not possible, and for simplicity Li is taken as zero 

To complete the derivation an expression for N*(Ea + E) 	Is 

required1 Marcus and Rice (23) showed that a good approximation to the 

average number of viMtional quantum states per unit energy is given by the 

following semIclassical expression 
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N* (Ea + E) 	(E + 

E(è) 8 j-j(hv.) 

	

1=1 	
la 93 

where E o the zero point energies of the active molecules Is defined as 

Eo 	 h v1/ z 	.' 	 Ia. 94. 

Vi is the Ith vibrational 'frequency and s is the number of active vibrational 

modes. 

N(,z) , the total number of quantum states per unit èneigy of the 

rotational degrees of freedom (other than those involved in Pfl of the active 

molecule when their energy Is x, is given by an expression exactly analagous 

to that derived for Nx)4 	 . 

Therefore 

N * (z) 	
p 	 t/2-1 =  r 
(t/ 2) 	(-ITT 	kT 

la 95 

where P, is the product of the partition functions for the t active rotations of 

the active molecule. 

Therefore the total number of vibrational rotational quantum states of 

the active molecule per unit range of E*  is 

Ea+E+ 
* 	+ 	r 	* 	+ N (Ea + E ) 	

f 	
N (Ea + E - z) N (z)'dz 

Z =0 

1a96 



* 	 p N(Ea+E) = 	a...... 

kT Iis)r(t/2) 

Ea+E+ 

[ 	
(Ea+E+ +Eo-z)1U0 

z=o 
Ia97 

and therefore the final expression for 	k3( C) 	assuming that E1 o, 

becomes 

S 

k3(C) 	kT 	P • 	 fl1(hv1 EE""t  ItT } 	

2 1 	a 	E(r/2+i) 	 jE* (E+Eo - z)8_(z/kT)th/ 1d
zo 

Ia.98 

This is the generalized form of the Marcus expression for k3( C) which was 

used by Knox (26) for the calculation of the rate of unimolecular decomposition 

of the chemically activated trichiorethyl radical and which will be the basis of 

calculations of the rate of unimolecular decompos*ion of the active tetra-

cbloroethyl radical, given in this thesis. 

(b). Kxperlmental Review. 

No matter how self consistent the logic nor how elegant the development 

of a theory, pursuit of theory alone would soon abstract thought out of all 

physical meaning. Only by recourse to experiment can one obtain verification 

of theoretical concepts. It is, therre, necessary to establish the validity of 

the experimental technique. 

The experimental technique employed In this work was to chlorinate an 
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olefin in competition with a saturated hydrocarbon, the reference reaction 

being the abstraction of the primary H atom in propane whose specific rate 

constant is known. 

The generally accepted mechanism for chain propagation in the chlorination 

of a hydrocarbon is 

Scheme I 

Znititthni 

Cl2 + M ZCI + M Thermal  

c12 + h V ZC1 Photochemical( 1) 

Propagation 

Cl 	+ RH = HCl + R 	(2') A + Cl 	AC1  

R 	+ Cl2 RCI + Cl 	(3') AC1 + Cl2 = Act2 + Cl  

Inhibition 

R ± HQ RH + Cl 	(4') ACI 	= A + Cl  

Cl + RCI It + C12 	(5') Ad 2 + Cl 	=AC1+ C12  

Termination Cl ~ Cl 	+ 	M = 	Cl, + M  

Cl + R RCI (or A + HC1) (71 ) ACt + Cl = AC12(or A+C12)  

R 	+ It 	= R, (of RH+A) (8') AC1+AC1rnCIAACL 
(or A+ACI2)  

Molecular 

RH + Cl2 	RC1 + HCl (91) A + Cl2 = ACt2 	 (9) 

RCI + HCl = RH + Cl2 (101) 

where A denotes an olefin and RH a hydrocarbon 

The chief difficulty in determining the absolute rate constants or even the 

activation energies of these reactions lies in the extraordinary length of the chains 
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and the consequent extreme sensitivity of the reaction rates to traces of 

inhibition. The overriding difficulty can, however, be overcome by the use 

of the competitive method If one is temporarily willing to sacrifice the deter-

mination of absolute rate constants. These can be found later If the absolute 

rate constant is known for one of the competing reactions. The accuracy of the 

results obtained in a competitive experiment Is unaffected by the nature of the 

chain initiation or chain termination steps provided that the chains are not too 

short. Since the results always give the ratios of the rate constants, they 

should, in principle, enable highly accurate values to be obtained for 

activation energy differences and A factor ratios, since, when differences in 

reactivity are small, experiments can be carried out over a wide temperature 

range. The same proportional accuracy should be obtained whatever the actual 

magnitude of the activation energy differences. 

When hydrogen and an olefin A are chlorinated simultaneously, the rates 

of the two reactions removing the two substances are 

- 	= k2 [F12] [ci] 	and 	 k2 [A][Ci] 

and., the relative rates are 

RA = -d[A]/dt = k2[A] 

RHH 	-d 	= Ic2' [H2] 

Lb.I 

I.b.2 

giving Gfl integration 

k  
Ic' 2 

where [A]. and [A], 
f 

In ([A]/[A] ) 
1 	f 	 b.3 

In ([H2]./[H2]f) = R 	
L 

 

are the Initial and final olefin concentrations. 



Thus 

In (([A ] + [A])/ []) 	( [A] = [A] 	[A] f) 

= 	in (1 +A[A]/[A]f) 

In (1 • 	[H7iç]  )  

If the amount of reaction is. assumed to be small, then the approximation 

0) 	 1. b. 6 

maybe used giving 

k2  

Lb. 7 

where A [A] is the change in olefin concentration and [A] Is taken as the 

initial olèfin concentration. Therefore one does not require to know the 

concentration of free radicals. 

The competitive technique was used by Pyke, Pritchard and Trotman-

Dickenson (27) who measured by difference the quantities of various hydro-

carbons consumed in competitive chiorinations. Mixtures of hydrocarbons were 

sealed up in small bulbs brought up to reaction temperature and then 

37 
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illuminated., Analysis was carried out for the hydrocarbon content of the 

products using a controlled temperature still. The accuracy of their results 

was limited by the dlUcul*y of measuring the reiatieiy small changes in 

hydrocarbon concentrations Their method also suffered from thi serious 

disadvantage that it was Impossible by measurement of the disappearance of 

the hydrocarbons alone to determine the relative rates of attack of Cl atoms 

at different positions in the some molecule. This could only have been 

achieved by analysis for the products characteristic of the Initial point of 

With the application of gas chromatography by Knox (2$), by Anson, 

Fredricks, and Tedder (29) (3) and by Knox and Nelson (31) it became possible 

to obtain accurate relative rates by analysing the reaction products. This 

method is particularly useful when the two cornpetitore differ greatly In 

reactivity and also enables relative rates of attack of chlorine atoms at 

different points In the came molecule to be determined. 

Hydrogen Is, however, not always a convenient substance to use as a 

competItbr with an olefin mainly because of its relative unreactivity and it 

is for this reason that propane was used as the competitive standard in this 

work. Thus replacing a hydrocarbon, RR, for hydrogen in equation I. b.7 one 

obtains, 

[A] [RH] 

= 	[RH] [A] 	
1.b18 

and, provided the chains are long 
k2 	[Ad.] 	

= RAG1Z  
= 	

x. b, 9 
[RC1] [A] 	RC1 
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where [Ad 2] and [Rdl] are the concentrations of the chlorinated produc ts.. 

The independence on reactant pressure of this ratio at a given temperature 

(provided the ration [iUI}i [A] remains constant) should be a delicate test 

of the reaction mechanism, Scheme I. Equation I. b. 9 is the basis of the 

product method of calculation of relative fractional rates of chlorination in 

competitive systems. Comparison of the results of Knox and nelson, of 

Pritchard, Pyké and Trotman..Dickenaon, and of Anson Fredricks and Tedder 

show excellent agreement where they overlap and provide good evidence that 

the product method is reliable for hydrocarbons (See table L b. 1). 

TABLE I. b. I 	 ABSOLUTE ARRHENIUS PARAMETERS FOR CHLOIUNATIONS 

-1 Standard Reaction: Cl + H2 = HCI + H: A = (4,1+ 0.8). 1010 	
Nj 

mole. 1. sec. 	£ 6480+ 140 cal. mole
Nj 
 

Secondary Standard: CI + CR4  CH. + HCl: A = (0.6 + 0.3) 10 10 mole. 1. sec. 1 
 E 3830 250 cal. mole 1  

+ 

- 	-- 	- 	r- -- 

-10 10 	A 
- - 

- 
4 	-1 mole. 	l.  sec 

- 	 Compound - 	Competitors 	- 	 - per H Atom - 
-1 cal. mole 	- Ref, 	- 

H2  Standard 4.1 5480 see text 

CH  H2  0,6+ 0.2 3830+ 180 27, 31 
Primary C-H bonds 

CH  Secondary standard 0.6 3880 21 
C2H6  CR4  1.6+ 0.3 1020+ 130 21. 2 
CR8  CR , CH 1.1+ 0.3 980+ 130 81 

Secondary C*H bonds - - 

C3 H8 SR6 CR4 -  3.6+ 0.1 660+ 130 31 
nC4H10  C2H8,CH4; pdC4H1  2.4+ 0.5 300+ 140 29, 31 

cyclo C5  H10 C2H6, CR4 2 	3+ 0.6 600+ 200 27, 32 
Tertiary C-H bond 

Iso C4H1, SHot CH4;pri-isoC4H10 - 	2.1+ 0.5 100+ 160 29, 31 
Chlorinated hydrocarbons 

CH3CI CRC! 3, CR4 ; C3R8  1.1 + 0.3 3280 	200 27, 32 
C2H5C1 C2H6. CH  0.1 + 0.25 1600+ 250 27, 31 
C2HC15  C2C14, chioromethanes 0.5+ 0.15 3400+ 200 46 

* 	Commas- are placed between cotnpetitors in a series, semicolons between different series of competitors. 
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Since the rate of chlorination of hydrogen is the competitor against which the 

parameters of methane chlorination were deterimined and therefore Is in- 

directly responsible for the derivation of the parameters for propane, the 

validity of the absolute determination of the rate constant of the hydrogen 

molecule/ chlorine atom reaction must be considered. 

The chlorine atom/hydrogen molecule reaction has been the subject of 

three highly elegant, independent investigations the results of which, when 

combined, lie on the same Arrhenius plot. (40). The earliest Investigation 

was carried out by Rodebusb and Klingelboeffer 3) who generated chlorine atoms 

up to a maximum chlorine pressure of 1 mm. A stream of hydrogen was then 

added to the chlorine atom chlorine molecule mixture and passed at about room 

temperature through a 10 ml reaction vessel which terminated Ina silver 

gauze catalyst. 

The chlorine atom pressure was measured directly by a Wrede gauge (34) 

the principle feature of which is a hole, small compared with the mean free 

path, in the wall of the reaction vessel containing the partly atomized gas. 

Behind the hole is an enclosed space containing a silver catalyst for combining 

the atoms to molecules. Atoms and molecules enter this space through the 

hole but because of the catalyst only molecules leave. If the hole is sufficiently 

email compared with the mean free path, the atoms and molecules pass through 

the hole purely by effusion. Atoms transport mass less efficiently than 

molecules by a factor of 1  /(If the molecules are diatomic) because, though 

moving with an average velocity i,5 times the molecular velocity, they are only 



41 

half the mass. Consequently a pressure difference develops across the 

orifice and if a is defined as the fnactlon of gas outside the orifice which is 

atomic, and the Pressures outside and inside the orifice are p and p then 

for a mass balance 

+ (1-a)p P' 

or 	
Lb.l1 a 	3-41421 	where A P PP' 

By measuring  and Ap Rodebus% and Klingelhoejfer determined the chlorine 

atom concentration directly. Toget ,her with measurements of flow rate and of 

hydrogen chloride formed they could calculate the absolute rate. constant for 

Cl+H2 = MCI  +fl, 

R.odebush and Klingelhoefier claim that the error in determining th 

degree of dissociation to be 516 the error in the flow rates to be about 2% and 

the tithratjon errors to be about 5%, claiming a total error for all measure-

ments of about 10%. This claim is probably optimistic. A reaction probability 

of 1.4 x 1075 per collision at 0°C and 3.3 x 10 at 25°C was obtained azit an 

activation energy of 6. l. 1 k, cal mole was estimated. 

In a particularly elegant experiment Steiner and Rideal (35) were able to 

obtain the rate constat for the reaction Cl + H2= HCI + H in the temperature 

range 9010K to 10710K by maiü g use of the ortho-para hydrogen conversion. 

The elegance of the thinking behind this experiment j lies in the tact that an 

apparently unrelated property was used to calculate the rate constant. 

flormal hydrogen is a 3:1 mixture of ortho to para hydrogen at ordinary 
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temperatures due to the threefold degeneracy of the symmetrical nuclear 

spin wave function of ortho hydrogen. However, since the overall wave 

function must be anti-symmetric and since in its ground state the electronic 

and translational wave functions are symmetrical, the ortho hydrogen wave 

function Is a linear combination of the symmetrical nuclear spin function and 

the anti-symnrnetrlal rotational wave function for which the 3 states are 1, 3, 

5 	etc. Thus at low temperatures where the difference In energy between 

the rotational energy levels of hydrogen is large compared vi th kT para 

hydrogen prdop$n44ince its rotational quantum levels are O f  2, 4 .-etc 

Steiner and ILideal t.eforo enriched normal hydrogen with para hydro-

gen by absorption of normal hydrogen on charcoal at * 194
0

C and pumping off 

the evaporating gas. Since the Interconversion of the two forms 'is not ther-

mally activated to any appreciable extent until temperatures high enough to 

eai1.ge dissociation and recombination are reached, Steiner and lUdeal worked 

above 6000C where they assumed that the atomic reaction prevailed. By 

observing the rate of MCi catalysed conversion of para to ortho hydrogen 

by following the change in thermal conductivity of the gas mixture (the two 

forms of hydrogen differ appreciably in thermal conductivity) Steer and 

Rideal were able to calculate the rate of reaction k4  in 

H+HC1 	'H + Cl k2 	2 

At temperatures above 6000c homogeneous ortho para hydrogen conversion 

occurs by the following reactions (36) 

H+Hp  - 'ii +H k' 

H 	
+H lcTM 



which In the presence of HC1 competes with the following reactions, 

H+HCI —H 	lc +Cl' 2o 	4 

H+HC1 --H +Cljc' 4 

C1+H —'HCl+H 
20 	

I 
k 

61+14 —HC1+H 2 2p 

leading to the expression for the rate of conver4jion 

= k'[H][H2 j+ k4'[H}[HcI] - k1"[H] [H2 - k2 Eci1[i2J 

= k1t[H] [i2 ]+ k2  [Cl] [i 2 ] 1  [I] [H] 14"[H][Hcz} 

Lb.l2 

On cancellation of equal terms one obtains 

k4[11j[RCl] k2  [CI] [T4J= k2  [Cl] [H2 ]. 1I  [H] [H Cl] 	Lb 13 Zo 

Using the equilibrium condition 

FH 1 

[H .1 	3 - 	 Lb.14 I 

and introducing 

+k 	 Lb. IS 

where k gives all the interchanges between hydrogen atoms and molecules 

one obtains 

= k 	 I. b. 16 

k1" = Lb.17 

43 
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Further, since at equilibrium, the condition I. b. 14 holds and each side of 

equation Lb. 13 may be equated to zero, then 

k2[C1][H2 ] 	k4 [H][HC1] 
k2[Cl] [H2 ] = 	k4'[H][HC1] 

Lb. 18 

and therefore I. b. 19 
....... 

4 

Introducing kk + 1, I k, now representing all the interactions of 
4 

hydrogen atoms and hydrogen chloride one obtains 

k4' 	= 	 Lb. 20 

and k41'k 	 Lb. 21 

The concentration of hydrogen and chlorine atoms is given by the equilibrium 

= [i] /[H] 	 1.b.2Z 

.1.b.23 
[fici] 

which together with I. b. 13 gives 

= k'4  K1 	 Lb. 24 

1 2  
Introducing (Lb. 16, 17), (1. b 20, 21), (Lb. 22, 23) and Lb. 24 Into Lb. 12 one 

obtains .finally 

d 	2 	

=/] (x-) (k1  [H2] + k [Hci]) 	I. b. 2 
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where x Is the par hydrogen content of the gas. 

lxztegation of I. b. 25 gives 

log 	(x-*) 	
- 	 i 	ift•;T2i 	k1  + k4 [EcJ]) . t 

(x 	.) 	- 	2.303 	 [H2] 

Lb.26 

which is the exponential law, pz'evIouslydeterrnined experimentally to be 

log10 (x  6 - 4 

= (x_ ) 	2,303 	 I b.27  

The constant A therefore equals 	(k l  + k4[Hcl} / [H2]) 	and was 

found to be a linear function of the, ratio [HC1] / 

• From the slope and Intercept of graphs of A against [lid] / [14.. 

IFR k4  andv'c1  k1 	were determined and hence k was obtained. In some 

experiments the reaction vessel was packed increasing the surface to volume 

ratio by a factor of 10 but. the results obtained coincided with those for theun-

packed vessel, Stelner.and Rldeal concluded that the reaction was hózncgeneous. 

The equilibrium constait ic /k was calculated from known the rxnodynamic 4 2 

data and so having found k experimentally k2  was obtained. The results 
- 	 Fettis& 

obtained by Steiner and Rideal and the values recalculated btjKnox  (37) are 

given in table l b. U 



Table I. b. II 

TemTemperature
0 

 K k1rnole
-i

1 sec Ref. 

901 3.1 x 10 (35) 

960 3. 9 x 10 (35) 

1013 4.5x109  (35) 

1071 S. 9 x 10 c35) 

523 48 Xr 108 

298 8.2x 106 (33) 

273 3. 3 x 106 (33) 

901 3.6I0 (37) 

960 4.6x 10 (37) 

1013 5,2x109  (37) 

1071 7.0x109  (37) 

However, there remains one flaw in the  Steiner, rudeal argument and that is 

n theirinaijtence on the hornogeniety of the hydrogen atom generation by the 

reactlo 

k 
2H+M 

t 	 I.b.28 

Bëis.on•a&d :us:s3 (38) have called to question the factors affecting the 

approach to a stationary state concentration of atoms which they suggest 

is not achieved Instantaneously, but for which the time may be calculated from 

the kinetic mechanism if the individual rate constants for initiation ki and 

termination k t 	
are known.. For a homogeneous chain reaction Benson has 
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calculated the time, 	, required to reach any fraction, ao  of the 

stationary state concentration of H atoms to be 

I 	 I 
1 In +a  

t 	(thermal) 	4 [rvi] kt 
eq2 [H21 	

- a 
N 	

.1. b. '29 

where Keq 	ki/kt In addition,, with the aid of some simplifying assumptions 

Benson and Buss (38) have also calculated the thresfloH temperatures" i C. 

temperatures at which 901/16 of the stationary concentration of radicals will have 

been reached within a given time, ta with the startling results shown in. table 

Lb.IXL 

Table 1. b. III 

Species 	H2 	Time (sec) 	Thres:hold Temperature 

	

0.1 	 2330 

	

.1.0 	 1860 

	

10.0 	 1560 

	

100.0 	 1340 

In all these calculations M z I atm H = 2 rum. Hg and 't 
	z 1O' litres2/ 

mole sec. 

Thus it seems obvious that, in the system studied by Steiner and Rideal, 

for the stationary state approximation to be valid the hydrogen atom concen-

tration must first have been achieved by a heterogeneous process, which, 

however, would not affect their equilibrium assumption for the hydrogen atom 

concentration. 

Finally, Ashmore and Chanmugam (40) obtained a value of k for hydrogen 



at an intermediate temperature. The slow chlorination of hydrogen was 

carried out in the presence of small amounts of NO and NOCL The had found 

that NOC1 alone in the presence of chlorine and hydrogen brought about a short 

induction period of about 20 seconds during which no HCl was formed, and 

concluded that, since the atomic reaction showed no induction period any 

possible molecular reaction between hydrogen and chlorine had a rate which was 

negligible compared with that of the chain process. Further, since inert gases 

produced no effect on the rate of production of HC1, Ashmore and Chanznugam 

were able to state that termination by the removal of centres by combination, 

of atoms whether by Cl + Cl + M or H +H + Mor Cl + i + M was unlikely.  

The main terminating reaction was thought to be 

NOC1 + Cl 	 NO + Cl 

whilst the initiation step in the chlorination in the presence of NO and NOM 

was thought to be the fast reaction k12- k12  is fast in comparison to the 

Cl + H2  reaction at the temperatures studied by Ashmore and Ghanmugam. 

Thus knowing the equilibrium constant k 1/k12  (41) and hence the chlorine 

atom concentration and by measuring the amounts of HG1 formed as a function 

of time, Ashmore and Channiugamn calculated k2 	H (Cl + ) to be 4. 8 x 10 mole 

I sec at 523°K. Combining this result with the results of Steiner and Ridoal 

and Rodebush and KlingelhoeIfer one obtains the Arrhenius parameters for the 

reaction Ic2  (Cl + H 
2 
 ) to'be 

k  (Cl + lrl) = 8. 3 + 0. 6'. 10 exp (-(5480 + 140)/RT) 



the un its of E being In cals. mole and of A in moleLsoc. 

The extremely small error limits for the Arrhenius parameters from 

three independent and completely different sets of experiments argues favour-

ably for the validity of the parameters. 

Therefore, having justified the competitive technique and with the Arrhenlus 

parameters of the hydrogen molecule /chlorine atom reaction on such a firm 

fo1ng, one can attach considerable confidence to the parameters for the rate 

of abstraction of a primary hydrogen atom from propane0 (3l) 41 

isë 	k2(C1 + pri C3H8) 	(1.7 	0.3). 10 10 
 exp (-(980 130/RT)) 

per primary H atom 

It is now possible to assess *ther experimental methods for the deter-

mination of the elementary rate constants for the reaction of chlorine with an 

olefin. Early experimentation was concerned with evaluating these rate 

constants absolutely and, in particular, with overcoming the problem of the 

determination of the chlorine atom concentration in a static system. 

One method which circumvented the direct calculation of chlorine atom 

concentration but which afforded an opportunity of measuring radical lifetime in 

a photolytic system was by Interposing between the light source and the 

reaction vessel a rotating disc from which a sector of known dimensions had 

been cut. The attractiveness of this rotating sector technique lay not only 

in the chance of accurate measurements of radical lifetimes but also in the 

possibility of a complete analysis of the mechanism of all reactions in which 

termination was by the mutual destruction of chain centres. (42) 

49 
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Qualitatively the effect can be seen from the following considerations. 

Since termination Is by mutual destruction of chain centres the rate of reaction 

is proportional to the intensity of the illumination, raised to the power 

Also if a number of radicals are generated during a period of Illumination 

then, on cessation of illumination, their concentration falls to zero and, when 

the light is switched on again this cycle of events is repeated. However, if the 

second period of illumination occurs before the radical concentration has 

fallen to zero, a second crop of radicals interferes with the concentration of 

the first lot. Therefore, the rate of reaction varies, fairly rapidly with the 

speed of rotation of the disc when the time between flashes is comparable with 

lifetime of the radicals. Below and above this value the rate is independent 

of flash time. If the disc is cut in such a way that periods of light to dark 

times are 1:3 then at fast sector speeds when the period of illumination is 

short compared with the radical lifetime the rate of reaction is reduced by 
A 

a factor of (); at slow sector speeds when the period between illuminations 

is long compared with the radical lifetime the rate Is reduced by a factor of . 

Thus the ratio of maximum to minimum rates is 2:1. The procedure for 

applying this technique to systems in which the generation of chain centres 

is not uniform throughout the reaction cell, i. e., when the reactant absorbs 

a considerable proportion of the incident light, has been described by Burns 

and Dainton (43). 

In the normal case, with small absorption, experimental values of p , 

where 



Si 

P= 2 x rate with sector running 	
I b 30 

rate in continuous light with same to  
A 

are plotted against log10  (t Io) where t 1  is the light period. This is 

compared with a theoretical curve of p against log10  (M), where M is a 

dimensionless parameter including a term corresponding to the lifetime of the 

chain centres. 

viz 	M = (Ik8)/t1 	 1.b.31 

The mean lifetime of a radical under, stationary state conditions Is 

stationary state concentration of radicals 
rate of removal of radicals 	I. b. 32 

and If termination is entirely by (
8 ) 

then Ji 
ka [R}2  

 

Lb.33 

In photochemical experiments 

[R] 	=f 
7k -- 

8 

and therefore 	' 

A 
I. b. 34 

I. b. 35 

When non-uniform absorption is taken into account the theoretical curve 

has an ordinate 1ogj4', where 	(CL to {ci} )1 

la 

At the position of best Lit of the theoretical curve to the experimental 

values the value of log (t to) 18 read off corresponding to the point at 
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which log(M) = 0 i.e. lvi =1 and t 1  1, the lifetime of the chain centre. 

Since 	(2lr 'ar  values of 1 can be obtained and since the overall rate 0 1 

reaction, above a characteristic limiting conceiration Is given by 	[c] 
(1) 

values of k can also be obtained. 

In validating the technique Dainton, who has applied the method exhaust-

ively (47), (52),(55), (56), addends the additional precaution that before each set 

of experiments it was established that half the ratio of the rate in continuous 

light to that in interrrzittant light was equal to 1. OOt  0. 015 for Last sector 

speeds, which, according to Dainton, Indicates that termination was entirely 

be mutual tnteration of chain centres. however, this statement has been 

questioned by Benson (38) who points out that the dependence of the reaction 

rate on the half power of intensity is no criterion for homogeneity, as wall 

termination might well be second, order with respect to chain centres. 

Fired with the Idea of obtaining a complete analysis of a system and with 

the possibility of test11-g the transition state theory for the addition of a, chlorine 

atom to a family of related compounds C6ldfinger et al. and Dainton et al 

applied the rotating sector technique to the chlorination of the chioroethylenes. 

Early work of Adam, C6cldfInger and t63sselain (44) evaluated the rate 

constants k3  and 1ç for the tetrachioroethylene system, but this woikwas later 

repeated by Dusoleil, .Go1dfinger, Mahiew-Van der Auwera, Martens and Van 

der Auwera (45) who obtained values of Ic3  and 1s  to be lag Ic.3  = 8. 31 - 1186/T and 

log 1c8  = 8.66 - 18/T, the units of A and E being imoI.sc.and cal mole 

respectively. 
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In order to obtain a value of Ic2  for the tetrachloroethylene system Gold-

Linger, Huybrechts and Martens (46) pbotochiorinated mixtures of tetra-

chioroethylene and methane, methyl chloride, methylene chloride, chloroform 

and pentachioroethane in a static, system following the reaction rates mano-

metrically and potentiomotricafly. Values of the rate constant, Ic2, of the 

competitors methane, methyl chloride, methylene chloride etc1 were those 

determined by Knox (32) having been communicated to Goidfinger at al privately. 

The value obtained for the rate constant k (Cl + C
2  Cl4) was then 0.24 x 10 10 

moles 1. sec 

A similar determination of the rate constants 1'c and ic for the trichloro-

ethylene system was carried out by flainton, Loniax and Weston (47) who ob-

tained the same overall rate expression as Muller and Schumacher (48) 

1. e. rate of reaction = k la a  [cL J 0 

and hence obtained values of Ic ft (3. 612. 0) x 10 exp - (05- Q. 2/RT) mo1e 

1. see 1  and k3 (3.Ot l.0)x1O8 exp*(5,jtO.z/fl.T)nioie 	1. sec 1 , the 

values of the activation energies being in Ic. cal mole- i, The rate of reaction 

was followed manometricaily which assumed that in a long chain system the 

overall reaction could be represented as 

A+C]2  —'AC12  

and4 hence, when 'proceeding in the gas phase at constait temperature and 

volume, is accompanied by a decrease in volume, allowance first having had 

to be made for a small Draper effect. 

Dainton reasoned that reaction (2) was in principle, reversible and on 
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general grounds it would be expected that the rate constant for the reverse 

13 	-1 
reaction would have Arrbenius parameters A 2  10 sec and E.,close to 

The bond dissociation energy, A 	
' was thougitto be about 

25k cal mole' for C2iG1 and was believed to diminish as n decreased along 

the series C2HC]5 . some support for this statement being fäund in 

Goldfinger'a work (49), which showed that, when A = C2C the parameters 

for k (or k4) were Al012' 
8 
 sec 1  and E4 16. 8 k cal mole and also in the 

work of Hyybrechts, Meyers and Verbeke (56) In which, for AC2HCI3, the para-

meters of k were quoted as A4 10137  aec and E4  20.4k cal mole' 

In an effort to observe reaction (4) directly Ays cough, Cocker and Dainton 

(51) photoclilorinated cis-dichioroethylene in the normal chlorine concentration 

range, Ca 2 ruM, in which it was considered that the AC1 radicals formed in 

reaction (2) would have a lifetime of about 10 seconds before reacting with 

chlorine. This would allow sufficient time for many free rotations about the C-C 

bozd. Therefore a 11, 2-trichioroetbyl radical formed In the photochiorinatlon 

of 1, 2-dichioroethylene would have a probablity, x, of forming trans -diécbioro-

ethylene and a probablity of 1-x of forming the cis isomer. Geometrical 

Isornerization accompanying the photochiorination of 1 2- dichioroethylene 

would thus provide direct evidence for reaction (4) and by comparing the 

Initial rate RI of isomerization of the pure isomers with their rates of 

chlorination x and k4/k3  could be determined, since 

Ri/R for pure cis = x k41k3  [c12] 
	

Lb. 36 

RiI% for pure trans 	(1-x) I /k.3  [ci2] 
	

I. bi, 37 
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where l\ is the rate of IsomerIzation and R the rate of photo chlorination. 

Experiments were therefore undertaken originally with the aim of applying 

equation L b 36 and 37 j  not anticipating any isomer&zation to be detectable 

below 200°C, but finding considerable amounts of the geometrical isomer at 

temperatures as low as 30°C. Ayscough et al therefore undertook a detailed 

investigation of the reaction in the temperature range 30-650C. 

Their results showed (i) no pressure dependence of R, /R on [A] but a 

linear one on 1/ [CJ] as predicted; 	(2) B/P values were much greater 

than (10 13 exp -20/RT1087  exp -274/RT). [c]z] the values of parameters 

of k3  being obtained from Ayacough, Cocker, Dainton and Hirst (52); (3) R1/R 

values were not inversely proportional to [c] 	Instead plots of P, /R 

against {ci2 ] 	though linear, all had a positive intercept. Purely 

phenomenologically these intercepts were accounted for by the incorporation 

into the reaction Scheme 1, of an additional isomerization reaction which 

increased in rate proportionately with an increase in chlorine concentration. 

Dainton was therefore forced to propose a "hot radical" mechanism In 

which the reaction 

* 	 U  
A+CI 	----'ACl 	 (2) 

where the Aci entity was considered to retain the C-Cl bond dissociation 

energy and be capable of four different reactions. 

Viz. 
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r 	x xtran - A + (1 -x) cis - A + Cl 

trans - A + (1 y)ic'j1s A +C13  

A+Cl 

+ Cl (deactivation) 
+ 	+ Cl (Cl atom exchange). 

The expressions for the isoinerization rates of initially pure cis and 

trans (CHC1)2  were then given by 

cis R.. 

	

j__ 	
Th38 

ky [c12 ] 	k , [ci2J 

trans B.

22 

	 (1 - 
YF 	

c) i< 
t' 	..4 	+ 	 r 	 lb 39 R: 	

k 
	 icy  {Cl} 

Following the overall rate of reaction manometilcaily and using gas 

chromatography to follow the rate of ISomerization enabled x and y and the 

relative rates of ka , Ic p and Icy  to be obtained. (see table I. b. IV) 

Table I. b. IV. 

Temp. °C x y 

30 074 0.55 
40 0.17 0.57 
55 0.77 0.56 
65. 0.74. 0.60 

ka/k13 ky./kp  

2.84x10 3  2.56 
3. 19 x 10 2. 38 
3.16 x 10 2. 29 
3..29x10 3  2.10 

The results show no temperature dependence, of x and would therefore 

seem to verify the hot radical mechanism. 

AC1* must then have a lifetime greater than the rotational period; further 
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one could consider x to be the chance of spontaneous loss of a chlorine atom 

from the internally rotating 

Cl 
Cl 

—C—H 

Cl 

excited radical when it is ln, a configuration to form trans (CHC1)2, and y the 

corresponding chance of loss to a chlorine molecule.  

An estimate of the lifetime of the hot radical could be made by assuming 

that every time a chlorine molecule collided with ACI* either deactivation or 

reaction 3 occurs, so that ky + kp =Z0, where Zo  is the standard collisica 

umber. ka  then has a value of about lO8eeca 1  i, 	 and the lifetime of ACI 

before decomposition would be about 10 
8 
 secs. which was coneider;d likel 

to exceed the period of one internal rotation. (This was later calculated by 

Knox (53) to be 1.25 x 1: 12  seconds.) The addition of the hot radical 

mechanism totbe chlorination of olefins was a considerable advance in  

thinking on the mechanism of this reaction, bringing balogenation reactions 

into line with similar atom reactions which formed 'hot" adducts with olefins 

viz 	oxygen or CH 2,  radicals (54). 

To obtain the individual rate coubtants k2, k3, k6 , and k8  for the chior 

inaton of 1,2 - dichioroethylene Aya cough et al (52) applied the rotating 

sector technique to the problem. However, in applying the technique many 

corrections had to be made to the original equations, lb 30 - lb 35, due to 
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non-uniform absorption of light by chlorine along the reaction call. Burns 

and Dainton (43) had shown that if the local rate per unit volume Rp 11 

in a 

lamina of thickness dL was given by Rp 	k(l 	where I I is the absorbs 

light intensity, assumed constant across the lamina, then the mean rate per 

unit volume Rpof an element of thickness L (1. e. the depth of the reaction 

call) was obtained by integration and was given by 

Itp 22 kgl 	 Ib4 

where 	g 	 i{iz] 1) 	 1b4 

(a{cL 

and a 2.. 3O3tin.e:s the decadic extinction coefficient a. 

Evaluation of the rate constants k6  and k presented further dif.ftcultle 

in that allowance had to be made for a considerable amount (in some cases 

up to 70%) of termination due to heterogeneous processes. Ays cough et al 

argued that wall termination would be diffusion controlled by the Irate of 

diffusion, 	, of the chlorine atoms through the gas to the wall and since, 

under the experimental conditions, [ci2  ] >[A]it was possible to equate 

reactions 6a 

where C  + wall - termination (6a) 

with 	/ [ci2] 

At a given chlorine pressure the rate of chlorination was given by 

equations lb 4, and lb 43 
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kc [A] k.y[C121 	ZIa [Cl.] 	 'Zia 
R' 	

+ (p + k1)rci2 { 	-. 	~ 	k6 ci2]) } 	lb 4 

k2 '[A] k-y[C12] 
i.e. Rp k+ 	+ k.1) [Cl2] 	 + (I x) t 2} 	 lb 

where 1 and 'u are the kinetic lifetimes of the linearly and mutually 

terminated chains and x is the fraction of chains terminated on the wall. 

Therefore, the rotating sector technique, suitably modifiedi was used 

to measure 	(21a k6[c12] ) and hence k6 could be evaluated. From 

the average lifetime, t of the chlorine atoms, their stationary state con-

centration ( [Cl] = Ztat) could be derived, and, since the rate constant 

k2C could be expressed In the form 

k2C 
	

1b4 

the following values of 	were obtained; 

(2.73 O.lO)x 10. uie 1 1 sec at 39.5°C 

(3.11 +O.lO)xlQ9 mole t l sec- t at62.1°C 

from which the Arrhenius parameters were loSI-0 A = 10. 27 0.4 and 

1.18+ 0.7cai mole- . 

Finally Ayó cough et al observed chlorine to be a highly efficient third 

body in promoting recombination of chlorine atoms by stabilizing Cl 

CO2, on the other hand, was found to be relatively inefficient as a third 



body as the rate of photochiorinatlon increased by only l% upon the addition 

of 280 mm: of CO2  to 400 mi. CI  and Zrnxn DCL 

In completing the chioroethylene series in an effort to observe the 

effect of a small variation in structure, L e. the systematic change of a C - H 

bond to a C Cl bond, upon the rates of the elementary reactions in chlorination 

of olefins Dainton, Lomax,, and Weston (55) obtained the parameters k3  and k8  

for vinyl chloride and attempted the determination of those for ethylene In 

both eases some surface reaction was noticed which amounted in the case of. 

the ethylene chlorination to 2% of the photorate. ka was estimated for ethylene 

at 3 times the rate of cis D. C. E. causing Dainton to speculate, Inconclusively 

about a possible structure dependence of the rate of unirnolecular decomposition. 

The remaining elementary rate constants k2, k,, k a for the vinyl 

chloride and trichloro-ethylene chlorination were estimated by Ays cough, 

Cocker, Dainton and Hirst (57) by carrying out the chlorination of vinyl 

chloride and trichioroethylene, separately, in competition with the chlorination of 

cis D. C. E. for which the elementary rate constants were known. 

As outlined previously, the relative rates of formation of ebloroethones in 

the competitive techniques are independent of the nature of the chain termination 

steps and are 

R d[AC12]/dt[A] 	

f
I+  ka+k13[Clz]j 	±L{ 'J4_ 	ci__ 

d[A'C12] /dt[A'j 	k[Cl2] 	 k2 ' 

1b45 

( 
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It was possible to calculate the ratio ka I(kp + I) from the ratio 

of the slope to the intercept relating B to (C1 2Y1. Inclusion: of the 

corresponding value for ethylene (55) in table lb V shows that this ratio de.-

creases 

e

creases progressively as the chlorine content of the ACI radical is increase 

Table lb V 

Olefin T°C 10 xka/kp+kv '°'c 
C2H4  

Z5 5.4 15 

C
2
B3C1 30 1.50 5.4 

45 160 5.5 

55 164 5.3 

65 1,70 

cis C2a2Ci2  30 0.8 2.84 

45 0.94 3.19 

55 0.91 3.16 

6 	 106 	 329 

C}XC13 	 81.3 	 0.95 	 2.85 

'rom the observed values of It in the two competitive photochiorination 

system-,  stud1e4 it was found that the ratios k2/k3' >075 and k2/k' < 1.25 m  

and were substantially independent of temperature between 30°C and 80°C. 

Thus the addition reactions of a chlorine atom to vinyl chloride, cis d1-

chioroethylene and trichioroethylene were all assigned the same Arrhenlus 
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parameters; E. = 1.5 . 1.0 k cal mole4  and log10A2  10.3 0.6 (mole. $ 

1. sec. '). flainton then generalise-sothat t  since k2  is virtually constant 

and temperature Independent, this verifies his postulate that reactions 

involved in the formation and decomposition of the excited species are not 

markedly structure dependent. Whereas a chlorine atom adds on to olefins 

with nearly equal ease Dainto&s assumption about the equity of the rates of 

decomposition of the various excited species seems to be at odds with his 

results (k a seems to show a distinct structural dependence) and is most 

certainly ât o:dd.s ..ithtnirno.ie,dü1ar rëad±ion:ate theory. 

A summary of the Arrheniva parameters derived by Dainton et al for the 

chlorination of chioroethylenes Is given In table lb VI. 

Table lb VI 

Olefin 
logA1 mole4  iogA3 1 	m ole4  logA8(l mole 1  Rtf 
Sec sec 4)  

1) sec, 
E2 k cal mole 	) E 3 1c cal mole 	) 

1 
E8 k cal mol. 	) 

ethylene 	., no parameters 	. obtained. 

Vinyl Chloride 10.3± 0..6 8.75±0.2 .9.92±0.2 57, 
C2R3C1 1.5+1.0 0.92±045 0.3+0.1055 

cisDCE.E. 10.3+0.4 8,7+0.3 10.5+0.3 $1, 
cis C2H2G12 i.2±07 2.73+0.6 ).5 +0.5 52 

Trichioró.. 
ethylene 

10.3 +0.6 8.48+0.2 	. 9.56+0.3 47, 

C2HC1.3  1.5+1.0 5.1+0.2 0,5+0.2 57 

Tetrachioro- 
ethylene 9.38 8.31 8.66 45 
C C1 0.0 - 	5.40 0.8 46 
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However, this formidable volume of data complied by Dainton at al is 

open to criticism... Basically it would appear that, although the hot radical 

mechanism was conceived in Leeds, many of its implications were not 

realised by the authors, and therefore, in many cases, experiments were 

devised to confirm preconceived and limited assumptions. Their failure to 

observe any dependence of Ri/Rp upon olefin pressure is such a case. 

Having found a linear dependence of R1IRp on the reciprocal of chlorine prea 

the experiments designed to measure the dependence on olefin pressure were 

carried out with a background pressure of 100 mm of chlorine, varying the 

olefin pressure from about mm to 30 mm. Their failure to observe any 

ticeable dependence on olefin pressure is hardly surprising, since the major 

deactivating species remains chlorine, the total deactivating pressure having 

been increased by only O% even although the olefin pros sure was Increased 

by a factor of 6. Also, the occurrance of an intercept in the graphs of Ri,/R 

against 	and the necessary incorporations Into the reaction mechanian 

reaction () might have been more thoroughly investigated by working at 

extremely high chlorine concentrations. 
arise from 

However, these criticisms might well,be disadvantages itherent in the 

rotating sector technique, in that working with very high chlorine concentatlo 

would lead to greater uncertainty about the uniformity of chlorine atom con-

centration. . Also, if the olefin concentration is increased above a limiting 

amount, the intensity exponent would no longer obey the simple rule and 



64 

would vary as the chain termination processes become more complex. 

The concurrence of heterogeneous and homogeneous termination and the 

subsequent allowance for this, places considerable doubt on the value of 

later used as the reference rate c'onatant in competitive chtorinations (57). 

Uncertainty about the value of k2C  prompted Knox, (53) to reinvestigate 

the chlorination of 1 V 2- dichioroethylene using the competitive technique in 

which the abstraction of the primary hydrogen atom in propane was the 

absolute standard, Since the propagation steps in the chlorination of propane 

are (Zn) and (3') and 11 the only propagation reactions in the chlorination of 

D,.C.E. -are (Z) and (3) (scheme fl, the ratio of the Eractional rates of 

formation of tetrachioroethane (Ad 2) and n propyl chloride would be 

approximately k2/k2' 

1. a. k2 	[Ad 2] [PrH] 	
R 17 1 	 lb 46 

[nPrCI]TA} 

where [Ad 2] and[ nPrC1] are the final concentrations of products and [PrH] 

and [A] are the initial concentrations of reactants. The error in writing 

ACI2 
RiPrCl  k/k21 becomes unimportant in comparison with experimental errors 

if the consumption of propane and D. C. E, are less than 5%. 

On the other hand, if reactions of the activated chioroalkyl radical (ACJ*) 

are important, the expression for R Qbecomes more complex. A ni  

generalized scheme for the incorporation of reactions of the activated chioro- 

alkyl radical in the chlorination of olefins modifies scheme I by Including 
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A + Cl —.AC1* (2 

AC1* - "bjsA + (1 - x) trans A + Cl 	(a) 

AC1* +M, —A.° +M 	 (b1) 

AC1* +C12 .—..y cis A + (1 - y)trans A + CI 	(CI) 

AC1* ±A —z, cis A+(l - trans A+ACI° (2) 

AC1* + A -' cia A + (l-z)trans A + AC1* (c2') 

where AC1* denotes the active radical and A61  denotes the deactivated 

radical. 

This scheme, used by Knox, Is a oeneralization 01 Dainto&a hot 

radical mechanism In that any species, Mj is considered capable of de-

activating the active radical subscript i F 1 is used for cMorine, 2 for PrN, 

3 for olefin (in this case D.c:EE) and 4 for CO2 

The electivity ratios therefore take the form 

AC12 	k2t'cis E 	 kbi [Mi] 	+ 	k 7 [A] 	
. 	 m 

R
47 

nprCi = 

k2' 	ka+ Zkb i [M,] +k cl [CIZ ] + (k cz k 2') [A] 

tA 	- 

R.PCi 
k'cis 

- 	k2 	X 
(1 ..x)ka + (1 	) k 1 lca2] + 	. 	)k 2 ~(i 

[A] ka+>bi[Mj +k 1[C12] +(k 2 *kcz ) 

tA' 	-. (1 - c) ia + (. 	[Cl 
kb. [M1 

+ {(1)k2 +(1 - 

C2 [A] 



where 	cis is the rate constant for reaction (2") starting with cis DCE, 

and 

Rt1 	[trans A] [PrH] / [PrC1] [A] 	 I.b.50 nP 

and [trans A] / [ACi] 
	

I. b. 51 

' The importance of reactions (ci), (c2) and (cZ) were assessed by 

isomer A extrapolating the ratio R 
A 	 to infinite pressure of chlorine or (olefin 

'-I 	£ 	2 
+ propane 	when equation I. b. 49 reduces to 

R 1  ( [C12] —oo) 	(I - y)lcci/kbl = constant 	l.b.52 

([A] + [PH]oo) (1 -)kcZ + (1 	kc2' 	1. b. 53 2 	 kb3 +kb2  [RH] / [A] 

= constant for a given [RH] / [A] ratio 

These ratios were plotted against the reciprocals of the chlorine and (olefin 

and propane) pressures; the curves, calculated on the assumption that all 	/ 

were zero fitted the experimental points exactly. Quantitatively this means 

that the overall rate of the exchange reactions is less than 550,  of the deactivation 

rate. Expression Lb.47 * 49 can therefore be simplified by setting all 

equal to zero. 

Thus for cis 0.. C. E. + propane mixtures: 

ftACI2 	
k2" cis 	>kb. [M.] 	

I. b. 54c nPrCl 	
k2 	ka +> kb  [] 
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tA. 
Rnpi,ci - k2 	

x (1 - x ) ka 
k 	ka+Vkbi [M.] 	 Lb.55c 2 	 i 

RAG12 	=Ykbi [Mi] 	 I.b.56c 
tA 	(l - x)ka 

and for trans D. C. E. + propane mixtures: 

RAZ 	= k2' trans x >IIcbi [Mi] 
nPi'Cl 	ill" 	ka +>ibi[Mi] 	 I. b. 54 

2 	 t 

RCA 
nPrCl 	2 trans 	X ka 

k2 	 ka +>1kbi Afl 	 Lb.55 

1kbi [Mi] 	 Lb.56 
cA 	 )cka 

ACt Plots of 	2 and of R 
CA2 against the pressure of any component 

in the mixture for z' r.ies of experiments In which the pressures of the remain-

ing components were kept constant, were straight lines Provided that x and ka 

were independent of the source of AC1* the gradients of these lines were kbl/ 

(I - x) ka or kbi/xka. The ratio of the gradients of pairs of lines in such plots 

is x/(l - x) and must be Independent of Mi. A value of z/(l - x) = 3.6 was ob-

tained leading to x = 0.78. 

An independent determination of x (cis) and x(trans)was possible, since 

equations Lb.54 and 55 gave 

cis 	- 1R~Cl I. b. 57 
nPrCl 	 - 	 2 k2' 	(1 - xc) 



cA RAC1Z 	= k " tr 	I 	R 	 I. b. 58 __ AC1 nPr 	
k2' 	xt 	a 

AM 
Plots of R. 2 against R 

isomerA
gave straight lines with negative 

nPrIM 	ACL2  

gradients, 1/(1 - xc) and lfxt, and intercepts on the ordinate of k2 cis/k 

respectively. Values of 1 xc = 0. 21 0 1 and x = 0.77 ± .104 were obtained, 

and therefore within experimental error, x = xt  = 0.78; x was also found to be 

independent of temperature. 

This value of z 0.78 onatuots sharply with x = 0.25 obtained by 

Ayscough et al (51) and, even though the latter authors had confused cis for trazis 

D* C. E., there remains still an inexplicable discrepancy. However 3  the value 

obtained by Kno* is particularly pleasing since, from it, it is possible to 

calculate the equilibrium constant for the following equilibrium, 

k" cis 	 (1 - x ha 2   
Cl *cis A 	' AC1* 	 Cl + r -A 

xka 	 k,fl tram 

By the principle of microscopic reversibility 

K eq 	[tr A] e. 
[cia A] eq;, 

and so 

K 
e, 	

k2 ' cis (1 - x) 	= (k2 cia/ky)  x (1 - 

tr. x 	k2  tr/k2,) x(x) 

= 0.42 

which co mpares well with the thermodynamic value give n by Pitzer and 

Holionberg (58), Keq 0  0.5. 



LUN 

Numerical values of bi/Ica and hence kbi/kb were obtained from the 

ACI 	 I 
gradients of the graphs of B. 2 	against the pressure of any variable 

Isomer A 
component of the mixture. The collisional deactivating efficiencies relative 

to chlorine (I 1.)  were evaluated from the kbl and the standard collision 

numbers, Z0  (ACl, Mi). Whereas Ays cough et al (51) had found that only 

chlorine was an efficient deactivator, the results of I(nox and lUddick show that 

other molecules are almost equally effective. (Sóe Table I b. VII) 

Table Lb. VII 
Collisional 

	

Molecule Temp. IO xkbi/ka kb/kb 	108xqi zi efficiency 

1 Ml 	C 	mmHgo 	 i 1 	 - relative to 
I chlorine 

1 	Cl 2  35 . 	4.9 	1.0 	4.5 1.0 

1 	Cl2  79 	3.4 	1.0 4.5 1.0 1.0 

2 	PrE 79 	3,0 	0.88 5.0 i.1 0.67 

3 	DCE 79 	3.0 	0.88 5.0 1.01 087 

4 	Co2  79 	 1.75 0.51 4.2 1.12 0.45 

1 	Cl2  133 	2.7 	1.00 4.5 1.0 

where O. is the collision diameter aid Z I the standard collision number for 

* 
collision between AC1 and Mi. Although it appears that chlorine is a slightly 

more efficient deactivator, the fact that four species of widely differing 

structure had such similar efficiencies suggested that deactivation must be 

efficient and that specific chemical reactions such as 

* 
AC1 + C1  —ACI2  +Cl 

were unlikely. 
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Assuming that deactivation by chlorine occurs at every collision and 

using the collision diameters in table I. b. VU Knox calculated 

kb1 	Z0 (ACl, C12) = 806 x 106 (mmHg) sec' at 79°C 

1.9x10 11 mole 	sec 

and hence 
9 	1 ice 	2. 5 x 10 sec-  at 799C 

Table I. B. VIII gives the rate constants derived by Knox. 

Table I. b. VIII 
'I 

-6 	.09 Temp. 	k2  1k2 	10 kb 	10 ka 	x 
0 -1 	1 C cis trans torr sec 	sec 

35 	2,72Tt01 1.940,1 	9.3 	1.9 	0. 7.7 0.04 

	

79 Li$tO.l l.55t0.1 8.6Z.4 	.O.78to.oz 

133 2.O6t01 1 1.23tO.1 8.1 	3.0 	0. 77t 0.04 

from which the Arrbenjua parameters for ka, k cis and k2  Vx­A'-s 	ained. 

These are 

I 	= (L8t0.5). 1O' exp (..l330t 200/RT) sec- 

1r2 cis 	8. 0 - 2). 10 	- exp (-190 120/RT) mole . 1. sec *1 

trans = (3. 0 t 0.7). 10
10

exp (+170 t 150/aT) mole1. sec 1  

where the activation energies are in cals mole 1. 

The internal consistency of Knox's results together with their freedom 

from correction factors and pragmatic postulates gives this work more credm 

than might be attached to the results of Dainton et al. 



71 

In an effort to reconcile the disparity between their results and thas e of 

iCnox for the dichioroethylene system, Ays cough et a]. (59) reinvestigated the 

chlorination of cis dichioroethylene and have revised their ideas about the 

efficiency of gases other than cibrine in deactivating the active radical. They 

obtained the following deactivating efficiencies. 

DCE jai He Ar CO 2  SF 6  

k/k6 1 1.13 0.85 4.5 7.5 9.1 

where k/k5 10 the relative rate of deactivation compared with reaction (5) 

AC1* + A —'ACl°  + A 
	

lei 

These results appear somewhat anomalous. The high deactivating 

efficiency of Argon relative to chlorine and kI? Q-F-E. is not easily understood. 

Graphs designed to show the relative collisional deactivating efficiencies by 

plotting the ratio of the rate of reaction in the presetce of inert gas to the rate 

in its absence as a function of the inert gas pressure show nearly the same curve 

for .â.rgon and CO2. This causes the authors to comment that "the effects of 

4rgon and CO2  are virtually identical" and yet from their table of results CO2  

is nearly twice as efficient as 4rgon. PInaily, the value of x has been re-

calculated from 0.25 to 0.36. 

It would therefore appear that the competitive technique was the better 

mode of investigation of the chlorination of olefins. This thesis is therefore 

concerned with the investigation of the chlorination of trichioroethylene and 

other cloro-olefins with a view to evaluating rate constants k'and ka. The 
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rate, ka, of unimolecular decomposition is of particular theoretical Importance 

since it affords an experimental test of Marcus's theory of unimolecular 

decomposition (24). It was firther decided to investigate the collisional 

deactivating efficiency of various inert gases in an effort to correlate if 

possible deactivating efficiency with structure. 



CHAPTER 1 

EXPERIMENTAL 

l Materials 

Chlorine was obtained from an L C. I. cylinder. The middle fraction 

was collected and freed from water by several trap to trap distillation from 

-80°C to -194°C. It was then ethauativelydegaseed and stored in a 2 litre 

biilb4 

Propane was obtained from Cambrian Chemicals and was purified as 

above. Gas chromatographic analysis showed leas than 0. 1% C 1s2 	C3  H6  

and C4t 8. 

Trans - 1,Z. dichioroethylene was prepared from B. D. H. technical 

grade 1, 2dicbloroethylene. The crude material was dried by standing over 

and was distilled, the fraction boiling in the range 47. 2dC  to 47, 8°C 

being collected. It was then re-distilled on a 6 foot column packed with gla 

helices using a zefThz ratio of about 20: 1. The trans dichloroethylene which 

was collected boiled in the range 46. 6°C to 47. 0°C the only detectable impurity 

on gas chromatographic analysis being cis dichioroethylene present in less 

than 0. 001176. 

Trichlo roethylene (B. D. H. Laboratory Reagent) was dried by standing 

over P 
2  0  5  and then fractionally distilled in a 6 foot column packed with glass 

helices. The fraction boiling between 86. 2°C and 86. 3°C at 750. 3 mm. atmos-

pheric pressure was that taken. Gas chromatographic analysis showed no 

detectable impurities. 

72 
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Tetrachjoroethyje5 (B D. H. Technical Grade) was dried over P 0 
25 

and purified by fractional distillation as before the faction boiling between 

120. 90C and 121.20C beitg that taken. 

Chromatography. 

hylene was obtained from an 1. C. I. cylinder and dried by trap to 

trap distillation in the apparatus. 

Vinyl Chloride was obtained from Cambrian Chemicals, freed from 

condensable impurities, degassed and stored in the same way as chlorine. 

1 4 1 2,2 - ,Tetrachjorotha (B. D. H. Technical Grade) was purified 

by ftmetional distillation on the 6 Loot packed column. No impurities were detected 

by gas chromatography. 

lig -Trichloroethane was obtainCd fom astmau Chemicals and 

purified in the same way as trlchloràethylene. 

(B. D. If.. Technical Grade) was purified 

in the same way as trichioroethylene, 

achioroeane (B, D. H. Technical Grade) was purified by sublimation. 

2-D1cIiloroetha (B. D. B. Technical Grade) was purified by fractional 

distillation in the same way as trlch1oroothyje. 

1Ch1orjde. B. D. H. Laboratory Reagent. 

.112 DIch1OrOPrOP 	B. D. H. Laboratory Reagent. 

Carbon Dioxide. Commercial "Drikold" was used. It was freed from 

condensable impurities, degas 1 
and stored in the same way as chlorine. Mass 

spectrometric analysis showed lees than 0. 1% impurities, i.e. H20 etc. and 

lees than 0.06% oxygen. impurity. 

No Impurities were detected by gas 



74 

Argon was obtained from a Matheson cylinder supplied by Cambrian 

Chemicals. It was introduced into the apparatus via removable trap 1 by 

passage over a column ot manganous oxide (to remove any oxygen) and then 

through a U-tube packed with silica gel cooled to -120°C to remove any 

condensables. The resulting gas which was stored In. a .2 litre bulb on mass 

spectrometric analysis showed less than 0. 1% air impurity. 

Sulphur Hexafluoride was supplied by I. C. I. It was freed from con-

densable impurities degassed and stored in the same way as chlorine. Mass 

spectrometric analysis showed negligible impurities 

The mass spectrometer used in the analyses was an A. E. I. Ltd,. 

M.S. 10. 

Nt:roeyl Chloride, was prepared by passing nitrogen dioxide up a 

tower of moist potassium chloride (60) (NO2  was obtained from a Matheson 

cylinder supplied by Cambrian chemicals). The NOC1 was.fractionally distilled 

in the vacuum system to remove HC1, degassed in the usual manner and stored 

in a 2 litre bulb. 

Hydrogen was obtained from a B. 0. C. cylinder and was purified by 

passing over activated charcoal. 

Celite:60 - 80 mesh CO, Cel Plain supplied by 	Chromatography 

Limited. 

Tween60 supplie' y  L Light and Company Limited. 

Silicone Oil: M & B Embaphase Grade. 



2. Apparatus. 

The experimental work was carried out in a conventional high vacuum 

apparatus and the reaction products were analysed by temperature programmed 

gass chromatography. The apparatus may be described under two headings: 

(a) kinetic system, (b) analysis system. 

(a) Kinetic $yetern ODee Fig. II., 1). The apparatus was constructed from 

pyrex glass and was evacuated by means of two separate vacuum lines. The 

mercury diffusion pumps on the two lines were both backed by the same 

"Speediva&" rotary oil pump and a vacuum of about lOmm Hg was obtained as 

measured on a simple mercury vacuostat. Greased high vacuum taps were used 

on the vacuum lines but were replaced by metal valves with teflon Beats and 

glands (manufactured by F. J. Hone Limited, 19 Eldon Park, London S. E. 25) in 

the rest of the apparatus. These valves had the advantage of a small dead volume 

and they also avoided problems arising from the solubility of high chlorinated 

reaction products in tap grease. The glass /metal seals were made by tightening 

a coupling nut on a polythene sleeve 

Sorge of Materials. The reactants and oxygen were Introduced into 

the system via removable trap 1 and stored in the bulbs and traps on manifold I 

The storage bulbs were equipped with attached pump-down traps and the reactants 

were exhaustively degassed each morning. Nitrosyl chloride was introduced via 

removable trap 3 and was stored In the 2 litre bulb on manifold 3. Care was 

taken to exclude the NOCI from the reactant and reactinn part of the system 

(manifolds I and 2) and manifold 3 was evacuated by a separate vacuum line. 
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Pressure Measurement. The pressure of the reactant gases was 

measured with a pyrex spiral gauge. The gauge was stabilised to vibration by 

being immersed in liquid paraffin and by the use of a fine glass ttaue suspen-

sion. It had a mirror attached to it which reflected light from a projector lamp 

back to a centimetre scale, and was calibrated against a mercury manometer, 

a good straight line relationship being obtained. 

2. 34 scale cm. = 1 cm. Hg. 

A second gauge, used for measuring pressures of NOC1, was found to have a 

calibration factor of 2 scale cm/cmEg. 

Mfxin VesseL The darkened mixing vessel had a volume of 300 ml. 

and was equipped with a side arm which could be used for condensing gases 

or, alternatively, heated to promote thermal mixing. 

Reaction Vessel. The pyrex reaction vessel had a volume of :'85 ml. 

and was entirely immersed in a thermo8tatting vapour bath apart from a abort 

capillary lead of negligibly small volume (<0.02 ml) attaching it to the appara-

tus. The vapour bath was provided by the following boiling liquids, the tempera-

tures being read on thermometers placed in a thermometer well which protruded 

I nto the vapour. 

methylene chloride 

Acetone 

Benzene 

Chlorobenzene 

	

40.1 	0.50C 

56 + 0.5°C 

	

79.5 	1.0°C 

132.5 0.5°C 

The thermometers used to read the three lower temperatures were 

checked against National Physical Laboratory caLbbated thermometers and 
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that used to read the upper temperature was calibrated by means of a standard 

thermocouple. The reaction vessel was kept in a light-proof box and the 

thermometer well and vapour bath condenser were blackened to prevent stray 

light entering the  system. Illumination of the  reaction vessel was achieved via 

a removable window in the box. 

Zlluznixation. The photochemical reaction was initiated by means of a 

250 W Mazda projector lamp. The light passed through a 10514 solution of 

copper sulphate in a 600 ml. beaker, which acted as a heat filter, and the 

intensity of the radiation incident on the reaction vessel could be adjusted by 

interspersing layers of wire gauge. 

(b) Analysis System. The reaction products (see next section) had 

boiling points ranging from 30.8
0 
 C to 1630C and In order to achieve a good 

separation in a reasonable time and to obtain chromatographic peaks suitable 

for accurate measurement it was necessary to use temperature programmed 

gas chromatography and, in. this section, attention will be drawn to the modifi-

cations 

odifl

cations that this entailed in the otherwise conventional system. 

Carrier -Gas 	Hydrogen,  was used as tle carrier gas and it was 

purified by passing it over activated charcoal (60 - 80 mesh). In order to 

maintain a constant flow rate as the temperature and hence the carrier gas 

viscosity and column back pressure increased, a constant-differential type 

Low controller (model 63 BU - L manulacturedby Moor Products Company, 

H. and 	Lycoming Ste., Philadelphia) was used in conjunction with a needle 

valve (Edwards High Vacuum). This arrangement maintained the flow rate 

constant to within 12% over the temperature range 20°C to 130°C. The flow 
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rate through the column was measured continuously with a capillary flow meter 

which had a response of 1 cm for a flow rate of 20. 2 ml H2/rnin. 

Columns. The columns were made of glass of 4 mm. internal 

diameter and were housed in an oven, the temperature of which could either 

be maintained constant or increased at a predetermined rate, as required. 

(Details of column packings used will be given in Section 113). 

Column Oven & Temperature Pro&ramrner. The. column oven Is 

shown di&g amatically in figure 11 2. The oven was of low heat capacity and 

was constructed from 1 X in. aluminium sheet. The beating coils were wound 

on the Interior wall and a uniform temperature was maintained throughout the 

oven by forced circulation of air. The filament of a 40 watt 250 volt bulb 

which had a linear resistance /temperature characteristic and a fast response, 

was used as the. sensory element and was incorporated in a bridge circuit. The 

temperature controller was a D. C. amplifier which seuaed out-of-balance 

signals from the bridge circuit and operated relays to control ths heating circuit. 

A timer operated a relay at predetermined intervals in the range of 1 

pulse every 5 seconds to I pulse every 55 seconds, and a uniselector provided 

an increment in resistance equivalent to a change of IC*  for each step, its 

drive magnet being so controlled that the uniselector was stopped each time the 

relay was released after a timing pulse. The selectors could also be stopped 

by a manual pulse button and this could be used to set the controller to a pre-

determined temperature or to zero it after use. 

These facilities allowed tie column oven to be therinostatted at Se 
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intervals in the range ambient - 200°C and provided for programming at a 

rate of 1 C°/min to 12C0  /min in this range. Under the conditions used the 

programme was linear and reproducible to 2°C. 

In the ethylene and vinyl chloride work, a commercial Pre series 104 

temperature programmed chrornatogrih was used. 

Detector. A hydrogen flame detector was used and was made from 

brass following a design given by Doaty (61) (See Fig. U 	Originally the 

jet was made of brass with a platinum tip ine zt. However, amounts of 

chlorine injected into the column with the prodcs of a run attacked the brass 

causing sporadic ionisation and over a number of runs Increased the background 

noise. The brass jet was therefore replaced with one made of a glass capillary 

with a platinum wire protruding into the flame. The platinum wire was main-

tained at 270 v, by three 90 volt dry batteries connected in series, the detector 

current being measured by use of high value reastora accurate to - 1%) in 

conjunction with an electrometer. The air flow to the detector was maintained 

at 1 1. /rn3.nute. 

Amplifer. A Vibron Electrometer 33B (Electronic Instruments Ltd.) 

was used in conjunction with shunt unit type A49A. This contained resistors 

78 with the following values I0, io6,  10, 10 0  10, 1011,  1012  ohms, 	it 

was possible then to measure currents from 10 to l013  amps. 

Rjg2tftg. The etrometer output was recorded on a I M. V. recorder 

(Honeywell grown ftElectronik)  and the peak areas were measured as they were 

recorded by an electronic integrator (Gas Chromatography Ltd., Model 1E165). 

A diagram of the detection and recording 4 rcuit is given in figure U 4 
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Znjectton. The reaction products were condensed Into the Injection 

U-tube cooled in liquid, nitrogen; the column carrier gas was diverted through 

the U-tube and the sample was injected on to the column by rapidly replacing the 

liquid nitrogen flask with one of boiling water. Sharp Injections were effected 

by heating the Hone valves of the injection system and the pre-colunm leads to 

a. temperature of about 60°c. z 

3. 	Idntiication and.Qii tti.ve 

Identification of reaction products was accomplished by matching their 

retention times With those of authentic samples. In this way it was demonstrated 

that the only products from the chlorination of trans -dichioroethylenc was the 

isomeric olefin and 1, 1, 2, 2 - tetrachioroethane and that the only products of the 

chlorination of ethylene, vinyl chloride, tricbloroethylene and tetrachioroethylene 

were the corresponding addition products. (up to 30%conversion). For small 

conversions ( <10%) the only products from the chlorination of pio pane were 

isopropyl chloride aid n-propyl chloride. For higher percentage reaction four 

other products were formed in small amounts and were assumed to be 1 1 - 

dichloroprepane, 1,3 -dichioropropane, 2,2 dicbl.oropropane and 1, Z.dicbloropro-

pane. The last product was authenticated by comparison of Its retention time with 
propane 

that of B. D. H. reagent grade 1. 2-4ichloro,6#_ka=,  but, although pure samples 

were not available to check the retention times of the other products, the retention 

times did match those of the products of chlorination of Iso-propyl chloride and 

n-propyl chloride. 

For the quantitative study of the competitive chlorination of trans 



dichioroethylene or trichloroethyleue or tetrachioro ethylene with propane the 

reactions were stopped before a uudmum of 10016 of any of the reactants had 

been consumed. Gas chromatographic analysis of the reaction products was 

carried out on a column of 4 ft. 2% WIW silicone oil on ceite and 2 it. 15% 

WIW Tween 60 on ceUte. A carrier gas flow rate of 35 ml R/min was used 

and the column was maintained at 25°C for 15 minutes alter, the injection ai d 

thou temperature programmed at 600  /min to a maximum temperature of 130°C 

Under these conditions the retention times of the products (Including minor and 

secondary products) were as follows:.. 

Compound 	 Retention Time 	 Boiling 
mins secs. point '. 

is* Propyl Chloride 6 30 30.8 

a Propyl. Chloride 9 47.2 

trans Dichioroethyleno 13 30 47.7 

Z,ZDicbloropropane 1? 40 70.5 

ole -Dichloroethylea e 20 60.2 

1,2-Dichioroethane 20 40 84 

1,1 2-- - Trichloro athyleno 32 35 87 

1,1 Dlcbloropropaue 22 88.6 

1 ,2Dic1i1oropropane Z3 20 95.6 

1,1, 3..Trichior ethane 2$ 113 

1,3•Dichloropropano 27 50 120.5 

1,1,2,2 ..Tetrachioroethane 33 30 146,2 

Pentachioroethane 34 162, s 

Hexachloroethane 34 10 163 

ME 



The sensitivity of the detector to the various products 

relative to dichioroethylene whose 'effective carbon number" was taken as 2 

was determined by analysing standard mixtures of two or three of them and 

comparing the peak areas. The peak areas were measured with the integrator 

and were converted to areas measured on the 100 my x 10 9?  amp range at-a 

flow rate of 35 mL 	by the following relationship. 

19 area( 100 my 10 amps 35 mL Umin) = (measured area) x attenuation 
factor) 	Ducd flow rate/35) 

The'ffech'o carbon numbers" of the various compounds 

were found to be: 

Effective Carbon lumber 

cis.flicbloroethylcne 	 2 

trans .Dich1oroethyZene 	 2 

iso Propyl chloride 	 3 

n Propyl chloride 
	

3 

Tetrachioroethane 	 1.359 

Pentachioroethane 	 1,247 

}iexachloroethane 
	

0.1134 

1, 2-clichlor6ethane 	 1 • 346 

1,1,2 Trichioroethane 	 1.214 

1,1,2 Trich1oroethylie 	 2 

It was unnecessary to know the absolute sensitivities to calculate the 

results of the competitive experiments but desirable in order that the total 
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amount of reaction could be estimated. By using samples of known volume and 



pressure the absolute sensitivity for trans dicbioroethyle e was found to be: 

3750x 100 znvx 	= 1 .L mole (trans DCZ) 

integrator units. 

4, 	Expe4xnent4 Procedure 

The kinetic apparatus was thoroughly evacuated and each of the 

reactants in turn was thoroughly degassed. This latter operation was done by 

pumping on the reactant at - I 940C  for about 20 minutes, ceasing pumping, 

allowing the reactant to warm to room temperature to free any occluded air,  

and then freezing down again and pumping for a further 10 minutes 

A pressure of olefin was then measured into the reaction vessel the 

excess frozen Into the removable trap 1 and manifolds 1 and 2 re-evacuated 

before being filled with a pressure of propane of a magnitude calculated to 

give the desired pressure in the reaction vessel. The valve to the reaction 

vessel was opened, the pressure allowed to equilibrate, the valve reclosed 

and the excess propane condensed into removable trap 1 This procedure was 

repeated for the addition of chlorine and any of the inert diluents which were 

added to tie reaction mixture. When the last component of the mixture was 

introduced into the reaction vessel two minutes were allowed to pass to allow 

for complete mixing of the components.. The reaction mixture was then 

illuminated for a time and with an intensity of light sufficient to give the desired 

amount of reaction ( <10% consumption of any component). The required 

conditions were obtained by trial and error and were so adjusted that the 

Illumination time was between 1 minute and 4 minutes. 

1 mm. oxygen was measured into manifold 2 and I nun nitrosyl chloride 
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into  manifold 3. When sufficient reaction had occurred illumination was 

discontinued and the reacflon Inhibited by opening the taps to manifolds 2 and 

3.1n rapid succession. After 30 seconds the reaction products were condensed 

into the pump down trap on manifold 3, complete transference of the products 

being ensured by pumping through for 10 minutes. The excess propane, 

chlorine and inert diluent were then distilled off at 120°C (melting alcohol 

slush bath). In the set of runs in which árgon was the inert diluent since it 

was a non condensable and might tend to carry over the more volatile reaction 

products in the rgoa stream, as complete transference as possible of tie 

reaction products to the analysic system was effected by pumping through the 

pump down trap on manifold 3 and also through the U-tube of the injection system 

which had been cooled to 494°C. In this way It was hoped that no n-propyl 

chloride might be carried over in the stream of uncondensed argon but at 

high àrgon pressure this could not be certain. 

As can be seen the exact procedure adopted, and particularly the times 

involved, depended on the composition of the reaction mixture, but the general 

method was as follows : the pump down trap was heated up to 420°C by immer-

sing in melting alcohol after the valve to i aitlfold. 1  had been closed, the valve 

to the vacuum was then opened and pumping oAtinucd for about 20 minutes. 

The reaction products, freed from the greater proportion of propane, chlorine, 

etc., were then transferred to the injection U-tube in preparation for analysis. 

Xnhbjtign procedure and. Removal of Chlorine. 

The chlorination of the olefin/propane mixture had an appreciable rate 



in room light and it was necessary,  therefore, to inhibit the process to ensure 

that further reaction did not occur during the transference of the reaction 

products and the removal of excess chlorine by distillation. Oxygen and 

r4troeyl chloride are both well establishedinhibitor's of chlorination reactions 

(62) and nitrosyl chloride has already been used as an inhibitor by Dainton (51) 

and Knox (53) In this work oxygen was used as inhibitor In manifold 2 to avoid 

Introduction of NOCI into thekiniic part of the system and NOCI was ud in 

rnanioid 3 and during distillation because of the low solubility of oxygen at 

120°C. 

In order to check that tbo reaction products were not lost during the 

removal of the excess propane, chlorine and inert dfluent a mixture was 

prepared in which the components were present in approximately the proportions 

expected from a reaction and submitted to the usual distillation procedure, the 

distillate being condensed out at -194°C and analysed. Apart from propane only 

traces of iso propyl chloride were obtained together with a small amount of the 

excess olefin. The excess olefin did not enter into the calculations and chlorine 

atom attack at the primary position in propane was used as the competitive 

standard so that It was unnecessary to know the amounts of iso propyl chloride 

Produced and the procedure was regarded as satisfactory. The reproducibility 

of the kinetic results using the procedures outlined above was of the order of 
+ 
- 7%. 
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5.Calculation oLResults. The product peak areas on tie chromatographa 

were measured, and converted to the areas on the standard 100 my x 10 amp 

and 33 ml H /min as indicated in section II 3. The following functions were 

then calculated 

(a) 	Trans 1)ichioroethylene /?ropane System 

TCE 	TCE 
nPrCl 	

PrH 
B. 	= 	formed, 	initial 

nPrCl 	t-DCE 
formed, 	initial 

RCISDCE 	c-DCE 
formed. 

 PrH  initial  nPrCl 	nPrCl formed.  t-DCE  initial 

c-bCE 	c-DCE 
RTCE 	- 	formed. 	 IL 3 

TCE formed 

Taking account of the effective carbon number given In section II 3 we have 

RT1 	= 	jAreaTCEI effective carb 	berL 1'PrHnPrC 	IL 4 
AreaiPrCl /effective carbon number t-i)CE 

= AreaTCE/l. 59 x. PrH 	 S  IL 5 
AreaiPrCl ' 	 t-DCE 



m 

RCDCE = ea.c-cIz 	PrH 	
U 6 nPrCl 	

Area nPrCl/3 	
p t-DCE 

CDCE R 	= 	AreacDC/2 
TCE 	 Area 	359 	 U.? 

(b) 	ichIoroethy1er*e/Propane System 

RPCE 	 Area PCEJI.247 x PrH 	 fl 8 nPrCl 	
Area nPrCl 	

TrCE 

(c) aoroetwieie/Propanexqje--ro.  

HCE R 	= 	ea ECE/O 1134 	PrH 	 XL 9 nPrCl 	 Area nPrCl 	
tetra CE 

lenejPropareSysteiu. 

RD1b0.oethane 	Area Dichioroethar e/1 346 	PrH nPrCl 	
Area nPrCl /3 	

JL 

1110C2H4 

Vinyl CMgr1deJPiopane System 

Trichloroethane 	
Area TiiehloroethanJ1, 214 x PrH nPrCl 	
Area nPrCl 	

VC 
neil 

where PrH 
	and P 	are. the initial pressures o propane and olefin. 



RESULTS 

Early experiments were undertaken with the aim of trying to resolve 

some of the differences between the sets of data of Knox and Riddicic (53) 

and of Ayscougb et al (51, 52 59) It was also hoped to meet some of the 

objections of Ayscough et at ($9) to the competitive technique as applied to 

the chXorination of dichloroethyleno and to try to clarify what appeared to be 

an anomaly in Riddick's data. TrasdIch1ozoethylene, therefore, was 

chlorinated in competition with propane at temperatures of 79°C and 133°C 

(The results are shown in Table M. 1 and M. 2) 

Notes: Corresponding tables and figures are given the same number. When 

a particular figure refers to more than one table, the additional tables are 

given a coding letter.  

(see p 89) 
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The apparent anomaly in the results of Knox and Riddick was their 

necessity of including a reaction (d) 
viz 	ACI 	iC 	 (d) 

where reaction (ci) is unimolecular deactivation to give and inactive form, 

in their reaction scheme 

Li 2C1 (1) 

+ 	trA ACI 

ACU xcisA +(1-x) zr-A +C (a) 

ACI + Mi ACI + Ml (bi) 

y cia-A +(1-y) zr-A + CI3  (CI) 

ACI + A z cl$-A + (1- z) tr-A + ACI  
d 

ACI + A zcla-A +(i&)tr.A + ACI  
Where reaction (a) is unimolecular deomposition of the active radical; 

(b) is bimolecular deactivation of the active radical; and (c) is bimolecular 

atom transfer to a suitable acceptor. 

The need of inclusion of reaction (ci) into the scheme derived from the 

Ad 2  
fact that plots of R 	against chlorine pressure, when extrapolated back 

to zero deactivarit pressure, showed an intercept whose value depended 

not only on temperature (being positive at 79°C and 35°C and negative at 

133°C) but also on the structure of the starting isomer. 

0 	 0 Runs 20 to 26 at 79 C and 27 to 31 at 133 C were therefore conducted 

at low total deactivant pressures. The values of ltcis AMA when plotted as a 

function, of total pressure fall on the extrapolated lines at 79°C and 133°C. 

These lines had been calculated by Knox and Riddick from their final set of 

rate constants (Tables I. b VU and VIII) assuming reactions ci, c2 and c3 

to have a negligible rate. 

AM 
The expression for R 

cis.  2Ais 
= 	kb][Mi] + 

k 	IlL 1 
R AM 

 ci S -7A 	
(1-x)k 

which at zero pressure becomes 
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A
M  = kd 	 m.z. 

ci s - A 
1-x) k 

a 
Therefore vahos of icd/ka and hence values of kd can be obtained from the 

AC1 
intercept of the proDure dependence of i 	2 

ci s - 
A on the ordinate. Thus 14 

has a Imito value "4t : 79 PC atid,a negatwo one at 1330C (figure iU Z) 

The finite value of kd at 79°C impliev the cxletence of a proportion of 

ACV,  radicals htcb docompoee so slowly that they are alaye deactivated 

by colUolon at presoure above 4 mm ag (the adaimum. mourabLe 

pressure). These radicals are denoted by AC1' and it Is suggested that 

they are formed from AM by a direct u1moi&cuThi process 	This 

process can hardly be radiational;Which, In. general, Is much too slow. A 

unirnoieci1rtranormatfon Into a dlLfrent form of activated radical to at 

first sight attractive, tempting one to postulate the eziotence of normal and 

bridged forms of AC-1. 

CNC1. CHCI° and CBC1 - - - - Cl- - - - CHCI 
2 

tóever the high rate of de ompueltion and of internal rotation of the form 

which can decompose demands that the normal utricttiro be atu3igned to ACV. 

Since the bridged form would have a lower entropy thant the normal structure 

and since both ACl) and ACI must have the same energy the bridged form 

will readily revert to the normal form. In the limit of low pressure all 

aitivatod molecules therefore decompose vi* the normal form and kd should 

be zero. 



Knox therefore suggests that a more reasonable explanation is that 

lcd is an artefact and results from the pressure dependence of ha. ica will 

decrease as the pressure Is decreased, according to Ufli*flClGbiaEan1n 

theory and the gradients of lines in figure UI 2 will accordingly Increase as 

the deactivant pressure approaches zero. A value of kd/ka of 04 1 at 79°C 

is obtained Implying that about 10% of AC1* from trans-DCE decomposes at 

least 50 times slower than the average. 

The apparently negative value of lcd at 13300 has no obvious expin-

ation and it is suggested that it may result from two factors (1), the fail off 

in ha and (ii) the gradual onset of reaction (4) which is expected to become 

important about this temperature. 

One of the objections raised by Ayscough et al (59) to the results of 

Riddick was that the propyl radicata formed in reaction (2,  ) might catalyse 

isomerization of the olefin. However, experiments carried out in the 

absence of propane (figure UI 2) show the same rate of aidition to Isomeri-

zation as those in the presence/propane at the tarn total pressure. 

It was concluded, therefore, that the results obtained by Knox and 

Riddik were sound, further verification of this being found in the fact that 

the lines drawn in figures Ni land 2 were calculate. from the values of the 

rate constants derived from these results. It has since been discovered 

that the tis and trans-DCE of Ayscough et al (51) had in fact been wrongly 



labelled, resolving many of the differences in the results of cis-DCE but 

leaving still considerable discrepancies in those of trans-DCE. 

It was decided to chlorinate trichioroethylene in competition with 

propane in an effort to observe experimentally the theoretical prediction 

that the rate of unimolecular decomposition of the active tetrachioroethyli 

radical would be less than the rate of decomposition of the active trichioro-

ethyl radical. Qualitatively te theoretical prediction can be understood 

from the following considerations Since the, radical formed by the 

addition of a chlorine atom to trichioroethylene will have a greater number 

of low energy oscillators than that formed by the addition of a chlorine atom 

todi.loroethylene (the C-Cl bond vibrational frequency is lower than the•. 

C-h bond frequency), for agiven energy the active tetra chioroethyl radical 

will have a greater number of accessible configurations than the active 

trichioroethyl radical. However, since the zero point energies of the 

activated complexes of each of these radicals is nearly the same, for the 

same given energy, each activated complex Will have nearly the same non-

fixed energy this non-fixed energy is small in comparison with the mobile 

energy of the active radical and so, although the activated tetrachioroethyl 

complex will have a greater number of accessible configurations than the 

activated trichloroethyl complex, the increase will not be nearly so ma'rked 

ato in the case of the radicals. Therefore, since the rate of unimolecular 

decomposition is proportional to the ratio of the number of quantum States 
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of the activated complex to the number of quantum states of the active radical, 

the tetrachioroethyl radical should decompose slower than the trichioro.- 

ethyl radical. Experimental verification of this prediction would be in the 
A1 

observation that nPrCl would reach a limiting high pressure value at a 

lower total pressure LOT trichioroethylene than for dichioroethylene. 

PCE 
The dependence of R nPrCl on chlorine and propane pressures at 

79°C (boiling benzene) is shown in figures IlL 3 and 4. Comparison of these 

with figure M. 1 shows a steeper curvature of R PCE than of R TCE 
nPrCl 	pj 

with pressure and a flattening off at lower total pressure as predicted by 

the theory. 

Whereas in the chlorination of dichioroethylene It was possible to 

obtain the rate of unirnolecular decomposition of the active trihloroethyl 

radical directly by observing the rate of production of the addition compound 

relative to the rate of production of the geometrical isomer, as a function 
Ad 2  

	

of pressure (I. e. the pressure dependence of R. 	)no direct measure somerA 

of the rate of unimolecular decomposition of the tetrachioroethyl radical was 

possible, 

The mechanism of the chlorination of trichioro ethylene is exactly 

analogous to that for the chlorination of dchloroetbylene and is 

Cl + hv = Wi 	 (1) 

+ A = AC1* 	 (21 r) 

AC1* 	 A+ Cl 	 (a) 



AC1 + Mi 	= 	AOl + Mi 	 (bi) 

AM 	+ CI 2 
	

AOl2  4 Cl 	 (3) 

(Where A = TrCE) 

which, in the presence of propane competes with the following reactions 

PrH + Cl. 	Pr + HC1 	 (2') 

Pr 	+ 012 	PrCI+ Cl 	 (3 ) 

Thus, although the active radical undergoes unimolecular decomposition 

the product of the dconipoeition is indistinguishable from the reactant 

olefin, the only observable products of the chlorination being the addition 

product, peritachloroethane1  and the propyl chlorides. The only observable 

selectivity ratio is 	
PCE 

, therefore, R 	winch takes the form 
nPrCl 
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RPCE - 
nPrCl - jT 

2 

kb1  [Cl2] + kb2  [PrH] + kb  [TrCE] + kb. [Mi] 

ka + kb1  [ci2] + kb2  [P'rH] + kb  [TTCE] + kb. [Mi] 

M. 3 

To obtain the individual rate constants k2", kb1, lcb2, and ka It was neces 

sary to chlorinate tricliloroethylene over a range of chlorine and propane 

pressures. Details of each run were then Led into a computer i.e. for a 

PCE 
series of experiments in which RnPrC1  was investigated as a function of 

chlorine and propane pressure, the pressures of each of the reactants were 

fad Into the computer together with the experimentally observed selectivity 

ratios. 

The computer was then programmed with a "theoretical" expression 



for a selectivity ratio, obtained by modifying equation II! 3 slightly so that 

it became 

Rth 	= k 2 	x [c]+ (kb  ? /kb J)[PrH]4 (kb 3  /kb ) [TrCE] 

ka/kb1 + [ci2] + (kb 2/kb .)[PrH] + (kb3/1th1) {TrCEJ 

Ill.. 4. 
each of 

Ten arbitrarily chosen values of the rate constant ratios k"fk' 

and ka/kb1  were also fed into the computer which then calculated Rth for 

every experimental value of chlorine, propane and trichloroethylene pres-

sure and for every combination of the values of the rate constant ratios; i e. 

for a particular combination of the values of k /k , kb2  /kb 1  and ka/kb1  

Rth was calculated for every separate experimentally obtained chlorine, 

propane and trichloroethylene pressure 

The value of Rth, having been calculated for each set of pressures of 

the reactants for each run, was then subtracted from the experimentally 

observed selectivity ratio, R exp, corresponding to the reactant pressures, 

and the difference was squared. These squares of the differences were 

then aurnzned for all the pressure dependences and for each combination of 

the rate constant ratios, the computer finally printing out a ten by ten by 

ten array of the sums of the squares of the differences for every combination 

of the rate constant ratios. The minimum value of these sums of squares of 

differences correionded to the best fit of the experimental results and the 

derived rate constant ratios. 
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For the chlorine/ propane pressure dependences in which the trichioro-

ethylene pressure remained constant and small, the value of the parameter 

kb3  /kb 1  was assumed to be unity, it will be demonstrated later in this 

chapter that the collisioned deactivating efficiencies of all the gases studied 

were comparable and so the error involved in making this approximation 

is negligibly small compared with the experimental errors. 

For the chlorine/propane pressure dependences at 79°  r 	 C the minimum 

value of 	(Rth - Rexp)2  was obtainod from the parameters. 

ic" 	 ka 	
7 - 	kb2 2 	

- 
-, - - 11 

	

= 1.4, kb 
	 kb1   

Hence k2t 1 	1.4x3.8x1010  mole-  . 1. 

	

10 	-1 	 o 5, 3 x 10 	mole. 	1. sec. 	at 79 C. 

ka was evaluated from the parameter ka/kb1  by making the assumption that 

the active intermediate ACI* # was deactivated at every collision with 

chlorine. Thus kb  is the standard collision number for collisions of 

chlorine mol'ecuies with Its active radical 

kb = Z10  (ACl, Cl2) = Tt 
12 10 

where the collision diameter, 	, of the tctrachioroethyl radical was 

taken as 6.5 X 47), that of its chlorine molecule was taken as 4. 4. R (63) 

and 	(5C12 
+ bAC1*y kb1  for a standard pressure of 1 mm Hg is 



therefore 
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kb 
	

= z°  (AC1* C1 
2) 

whence 	ka 

1.004x 10 (mmHg) 1 see" 

2.21 x 1 
11 

 mole
-  i

1. SCCe 

7.03x 108  sec. 	atl9°C 

 

The parameter kb2/kb1  gives. the efficiency of deactivationof the hot radical 

by collision with propane relative to the co1lisionai, deactivating effiieucy 

of chlorine (assumed to be unit efficient). 

Hence 	kb2 	x2. z (Ad, PrH) 

ZACl,Cl 

	

bIJl 	 2 

Where x  is the deactivating efficiency per collision of propane relative 

to chlorine. The collisional diameter of propane was taken as 5.01 R (64) 

and therefore 

= X2 1.316 

	

kb1 	 1.004 

Whence x2 	0. 84 as efficient as chlorine per collision,  

A check on the sensitivity of the calculation to the individual rate 

constant ratios was accomplished by reprogramming the computer with the 

theoretical expression modified so that ica was calculated in relation to 

collisional deactivation by propane, the collisional deactivating efficiency 

of chlorine being calculated relative to propane. 



The theoretical selectivity ratio then took the form 

Rth 	 [Prw] + (kb /kb 2) [Cl2] + (kb3/kb2) [TrCE] 

k 	ka + [PrE] + (kb1/kb2) [Cl2] + kb3/kb2)ETrCE] 

The values of the rate constant ratios winch gave a minimum,  in the ezpres 

Sion 	Z (Rth R)2  were 

L4 	kb 09 	i.e. 	kb
2 	

Li and ka 	74 
I - 

kb 
- 
kb  

- 
kb  

whence the collisional deactivating efficiency of propane per collision rela-

tive to chlorine, 

X2  in 0.84 

ka was calculated making allowance for the decreased deactivating efficiency 

of propane and was found to be 

ka = .74 x 0.84 x Z(ACl*,  PrH) 

74x0.84x 1.316x 

8.18s10 8 
	

sec 

From the parameter ka/kb. it was possible to make a second Internal 

check of the data. The ratio of ka./kb1  to ka/kb2  should correspond to the 

value of k/kb1  derived from the program in which the rate constants were 

evaluated relative to the collisional deactivating rate of chlorine; from the 

chlorine dependence. 

Ulj 



ka/kb1 = 70 

from the propane dependence 

ka/kb2 z 74 

	

.', ka/kb1 
	kb 2  

	

ka/kb2 	Itb 

and kb2/kb1  = LI : 

70 	1.0 
74 

tM 

from the propane dependence 

ka/kb2  = 74 

.' ka/k.b 	kb 	70 	1.0 

ka)kb2 

 

kb1 	74 

Thus the method is internally consistent within its limits of experimental 

error. 

The chlorination of trichioroethylene was investigated to se if the 

reaction had a heterogeneous component, by Increasing the surface to 

volume ratio by a factor of ten. As can be seen from figure III 3 no detect-

able change was observed upon changing the surface to volume ratio and it 

was conclud*d that the reaction was homogeneous. 

PCE 
The dependence of R p1  on chlorine /propane pressure was Investi-

gated at 13306 (Tables UI 5 and 6) at 400C (Tables ILL 7 and 8) and the 

chlorine pressure dependence was investigated at 560C to results of which 

are shown in Table 111 9. The rate constants ka 1c , kb1  and kb2  for all 
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these pressure dependences at the different temperatures were calculated 

by the computer"grid" method outlined above and are shown in Table M. 13. 

The computer program for the calculation of the rate constants is shown, in 

Appendix (A). 

The temperature dependence of the rate constant ratio l"/kz'  io 

shown In figure IlL IZ and the derived activation energies and A factors are 

A2" 	= 	2.68 + 1, 36 x 10 10 mole. 	1, sec. 

- 240 + 410 eai.rnole 

As stated In the introduction these were calculated using the following values 

of A' and E 
2  1  as standard (31) 

A2 	1 7 + 0 3 x 10 10 mole. i. sec. per H atom 

980 + 130 cal.mole 1  

From figure III. 13 

A 	(TrCE) = 7.3 + 2.73 x 1010 sec. 

(TrCE) z 3260 + 380 caL mole 1  

The error limits were derived from reasonable maximum and mini-

mum gradients of the graphs. 

The deactivating efficiency per collision of trichioroethylene relative 

to chlorine was calculated from the results of the dependence of 

on trichioroetbylene pressure at 79°C (Table M. I la). The program used 

for this calculation was an extension of the one used for calculating the 
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propane dependence, the theoretical selectivity ratio now taking the form 

Rth = k 	x [Ti-CE] + (kb1 /kb3) [Cl2 ] + (kb2 /kb3)[PrH] 

ks/kb3  + [Ti-CE] + (kb 1  /kb 3) [C12 ] + (kb2lkb3) [PrH] 

IlL 6 

Making use of the previously calculated collisioned deactivating efficiency 

of propane the expression III 6 becomes 

Rth 	= k 	x [Ti-CE] + (kb 1/kb3)[C12] + (1.ixkb1/icb3)[PrH] 
- 	---- 

ka/kb3+ [TrCE] - (kb1/kb3) [Cl2] + (1. 1 x kb1/kb3) [PrH] 

M. 7 

From this prgam a xpinirnurn value of(Rth R exp)2 Was obtained for 

the 	trIh1oroethylene data from the parameters 

k2n 	1.4 	kb1 	0.7 and ks 	50 

k2' 	 kb 	 kb  

Taking the coWiona1 diameter, b, of trichiorcethylene to be 6.5 

R (64) the standard collision number for collision of the active radical with 

triehioroethylene molecules at a standard pressure of 1 mm Hg is 

Z (ACI * , TrCE) = 9.86 x 10 6 	1 (mxn..Hg) . sec. 

Hence 

kb  
= 
	
07 iç 	x3x986 
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where x 	Is the deativating efficiency per collision of trlchioroethylene 

relative to chlorine 

and x3  L45 

Making allowance for the increased deactivating efficiency of trich1oroethy. 

lene ka i 

ka 	50x 1.45 .x 9,86 x 10 	sec 

7. 15 x 10 8sec 0-1 

]Finally 	kb 	ka)kb3 	 0.7 

kb 	ka/kb1 	70 

The deactivating efficiencies of argon, carbon dioxide, and sulphur 

bexaflouride were obtained from the dependence of R PCE as the pressures 
nPrCI 

of each of these gases (Tables III 10, Ilb, and 11c) 	The theoretical 

selectivity ratio had a form which was analogous to that used for the calcul- 

ation of the trichioroethylene deactivating efficiency and was 
kb  

Rth 	k2" 	[Mi] + (kb 1  /kb ) [Cl2] + (11 x kb1/kb )[PrH] + (1.43—kb i  )[TrCE] 

k2 	1a4Mi] +(kb1/kb1) [Cl.] + (1 3. x kb1  /kb 1)[PrH]+ (1 43kb1)[TrCE] 

iii. a 

where the subscripts i = 1 refers to chlorine; i = 2 refers to propane; 

I = 3 	refers to trichloroethylene; I = 4 refers to. argon; I 5 to 

carbon dioxide; and I 6 to sulphur hexafluoride. 
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The rate constants derived frona this program and the 

experimental results are siunmarized In Table Ut 13 

It shouldl8o be noted that the lines drawn through the points 

in figures UI 3 to III Ii are obtained by plotting Rth values against pressure, 

the Pah values having been obtained by substituting In any of the theoretical 

expressions (a., g equations II! 4, UI 5 etc.) the values of the parameters 

k2'Vk ka/kbi* etc. wbcb gave a minimum,. value of 	(th-Rexp)2. 

PCE When both chlorine and propane pressure dependences of Rr 	were 

obtained at a particular teriperature, the 	areters used in the 

caicukttion of the "theoretical" line were obtained from a program which 

incorporated the two preesuro dependences. Hence the strne "theoretical" 

Line In drawn in £intee UI 3 rind 4; 5 and 6; and?, 8 
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TABLE rn 3 

DEPENDENCE OF R 1PCE  	ON CHLORINE PRESSURE. TEMPERATURE 79.5°C riprc 
xlO0mvx 10" mnl.Hg 

Run TiCE PrH C19 Total PCE No. Pressure Pressure 	Pressure Pressure nP1C1 TICE PCE 

8.55 9.14 78.8 96.6 1210 - 1539 0.905* 
51(j) 
52 8,55 9.14 39.6 57.3 101,6 942. 23.1 0.591* 

(P) 
53 8.38 9.19 119.6 1871 1338 58.4 1.12 

(1) 
54 .55 9.03 45.1 62.6 132.3 1040 	\ 30.5 0,654* 

P) 
55 8.58 9.14 22.8 40.5 94. 2, 1030 19.4 0. 524* 

8.35 9.11 36.2 51.9 165 1107 34.7 0.537* 
56(P) 

8.63 9.02 202 220 2136 4990 859 1.02 * 
57(j) 

8.16 9.23 (35, 5 93,5 280 1148 840 0.759 
59(P) 

8.68 9,45 139.3 357.2 2124 - 750 0.933* 
60(j) 

8.76 9.44 79.5 97.6 141.5 113.5 43.2 0.79 
62(P) 

63(P) 8.58 7.39 2$02 41,1 46.4 1250 10.56 0.591* 

8.67 9.36 90.5 98.3 125 1022 37.8 0.189* 66(P) 
8.58 9.44 4. 0 63.9 103 955 26.4 0.622* 

61(P) 
8.12 9.35 13.3 31.4 19.03 970 3.21 0.435* 

70 8.55 9.15 13.4 31.1 15.8 1130 2.57 0.434 
(P) 

8.66 9.09 20.34 38.1 19.33 1210 3.51 0.457* 
71(P) 

8.72 9.06 45.3 63.1 69.15 - 17.19 0.620* 
72(P) 

8.35 9.23 121.0 138.8 880 5540 261 0.71 73(1) 
8.58 9.14 34. a 52.7 97.95 1158 20.04 0.3240  74(P) 
8.67 9.23 53.7 71,6 11.11 - 3.11 0.852 75(P) 
8.62 9.32 53,2 71.1 121.8 1095 30.15 0.640 76(P) 
8.55 9.19 136.0 153.5 1551 5570 643 1.01 

77(j) 
8.80 9.02 53.9 11.4 160.9 - 46.74 0.113 78(P) 
8.55 9.14 54.4 11.9 194.3 1389 52.29 0.691 79(P) 

- 	8 •55 
9.19 64.3 81.9 804 6460 231 0,743 80(i)  

8.58 9.10 13.22 30.9 51.6 1433 9.2 0.463 81(P) 
8.68 9.06 12.96 30,7 26.68 1420 4.39 0.413 

8.76 8.89 22.91 40.5 52.44 1425 8.58 0.399 83(P) 
8.34 8.72 35.3 52.3 447.6 10940 121.2 0.686 84(i)  

8.62 8.93 80.0 97.2 612 11240 170 0.708 

Packed Vessel; surface/volume ratio x 10. 	(P) Peak areas pianirnetered 
(I) 	Peak areas measured by integrator. 
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TABLE 111 4 

DEPENDENCE OF PCE  ON PROPANE PRESSURE TEMPERATURE 19.5°C. 

mmH xlOOmV x 
'-9 10 	amp 

Run C12 Pr14 Total Area Area Area PCE 
No. Pressure Pressure Pressure Pressure nPrCl TrCE PCE 

RnPfCI 

18 8.55 23.22 8.59 40.3 311.1 6780 69.
2 0.537 

188 8.46 23.04 19.67 51.5 144.8 7190 '1E.? 0.685 

191 8.55 23.04 20.2 51.8 564.9 7450 51.6 0.519 

196 8.68 23.40 66.00 98.1 702 1300 33.5 0.872 

197 8.72 23.04 66.80 98.5 470.1 7419 17.64 0.693 

199 8.55 23.04 20.3 52.0 393.9 1240 33.14 0.488 

202 8.62 23.4 103.0 135.2 1121 1730 36.6 0.936 

203 812 22.94 98.8 139.8 910 7610 27.45 0.822 

209 9.55 23.10 43.3 74.9 932 .1370 57.0 0.744 

210 8.58 23.05 43.5 75.0 1042 7060 61,8 0.722 

215 8.46 23610 66.0 97.5 433.5 7120 19.2 0.832 

217 8.51 28.04 157.1 189.0 1236' 7340 25.8 0.932 

219 8.62 23.18 8.68 40.3 503.7 6920 121 0.595 

220 8,58 23.2 108.2 137.8 1061 7260 31.9 0.908 

221 8.55 23.25 82.9 119.8 1167 6920 42.5 0.869 

222 8.51 22.84 134.2 165.3 1306 1360 34.4 1.00 

223 8.55 22.9 134.2 . 	165.7 1 2 93 7180 31.3 0.913 

224 8.61 22.9 157.0 188.6 709 1290 18.3 1.12 

All peak areas were measured by integrator. 
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TABLE IU 5 

DEPENDENCE OF R
PCE  

1  ON CHLORINE PRESSURE TEMPERATURE 1330C 

MM., H'& 	 100 my x 10"9  amp 
Iwa 	

TtCE PrH 	C12 	Total Area Area Area PCE 
No. 	Pressure Pressure 	Pressure Pressure nPiCl TtCE 	PCE 	R nPiCl 

ff1 

88(P) 8.42 8.68 84.5 101. 7 84.69 2114 13.16 0.384, 

89(P) 8.46 8.89 	, 84.7 102.3 343.5 2116 45.2 0.332 

90(P) 
8.55 8.58 5.4 76.3 213.3 2180. "21.09 0.239, 

91 8.42 8. 68 59.2 76.3 225.8 2174 '0. 99 0.339. 

92(P) 
8.55 8.58 57.0 16.1 129.5 2130 14.34 0.267, 

93(i)  8.53 8.55 102.2 119.2 1342 . 10460 262.4 0.434.  

94 8,55 8.62 	. 103.1 120.1 1717 10520 282 0.398,  

95(P) 
8,58 8.55 25.2 42,2 75.35 2210 6.22 0.198, 

8.58 8.55 25.2 62.2 290.4 '10120 14.5 0.120 96(1)  

97(j) 
8.55 8.58 116.4 133.1 2223 10110 387 0.421 

98(e) 
 

8.55 8.76 116.2 133.6 1675 10700 312 0.460 , . , 

8.58 	. 8456 115.8 	, 132.9  1356 9640 24669 0.485 

8.35 8.58 212 228.2 1282 1530 351,6 0.663, 102(j) 
103<  8.58 8.58 	. 212.4 230.0 954 , 	1530 275.1.  0.623 

8.58 8.62 34.4 	, 51.6 	, 28.0 124.1 4. 05 0.369,  

8.62 8.55 34.6 51.8 27.1 - . 3.36 0.204 105(p) 
, 

8.58 855 129.0 . 	146.0 418.8 11050 82.5 8.413, 108(j) 
. , 

' 
100(i) 

8.58 8.62 129.2 146.2 263 16120 56.1 0.513 . . 

8.62 8.50 25.2 42.2 39.45 2638 3.0 0.180 .  110(P) 
, . , , 

' 8.38 . 8.62 47.4 66.3 125.9 2530 11.3 0.218, 111(p) 
. , 

8.55 8.62 49.3 66.6 92.84 2550 9.15 0.236, 112(P) 
., , . 

113 8.47 	. 8.58 . 152.7 169.9 1806 11730 299 0.405, 
(1) 

8.62 8.42 133.4 170,6 980 1944 0.465, 114()  . , 

8.58 8.62 153.8 . 170.9 570.3 - 98.1 0.42 115(1) , , , 

116 8.58 8.50 153..6 170.6 329.4 - 19,4 0.574, , , 

117 8.58 , 8.50 15.11 82.3 10.42 - 0.95 0.216. . . 

8.55 8.45 18.82 82.8. 12.70 • 1.06 0,199 118(P) 
. , 

119 8.58 8.16 	' 15, 57 32.9 68.25 6.58 0.236 

(P) 	Peak areas planimetered 

(I) 	Peak areas measured by iuregrator 



DEPENDENCE OF a PCE ON PROPANE PRESSURE TEMPERATURE 233°C 
nPrcI 

rn - m100Vx 1009 amp 
Run PTCE Cl PrH Total Area Area Area 
No. Pressure Pressure Pressure Pressure nPC1 TxCE PCE nPrCl 

248 8.68 22.9 1.95 89.5 2137 6550 811.4 0.320 

241 8.58 23.0 '1.7$ 39.4 1134 6760 152.1 0.292 

249 856 23.0 480 19.4 1269 6540 4L5 0442 

251 8.50 23.3 28.4 60.2 1350 8560 54.5 0.342 

252 8.55 23.5 28.5 60.5 691 8730 33.2 0,384 

253 8.12 23.2 47.7 19.1 812 8380 21.3 0.412 

264 8.55 23. 3 66.0 97. 9 1465 6780 39.61 0.489 

255 8.58 23.0 66.2 97.9 1818 6870 29.46 0.301 

257 8.16 22.9 8319 125.3 1694 8810 25.6 0.348 

250 
8 • 

55 23.2 108.8 140.0 2091 1240 6.8 0.391 

282 8.62 22.9 6640 97.5 2390 6980 48.9 0.376 

264 8.12 23.2 26.94 60.8 1442 6880 55.36 0, 306 

265 8.55 23.2 8.20 40.0 1260 8920 96.51 0. 175 

266 8.58 22.7 64.6 97.9 1928 7150 38.64 04374 

269 8.56 23.0 84.7 116.1 1135 - 31.4 0.432 

270 8.12 23.0 85.1 11610 1351 - 26.5 0.460 

272 8.76 22.9 110.0 141.6 1556 - 28.56 0.553 

273 8,55 22.8 132.1 16311 8.31 - 11.55 0.517 

274 8.55 22.8 132.0 163.4 1308 - 20. 8 0.590 

275 8.58 22.9 109.2 140.8 1108 - 15.7 0.433 

8.82 22.9 154 185.3 3789 6790 44.4 0.502 

107 

All peaks wese measured by integrator 



TABLE in 7 

DEPENDENCE OF R PCE ON CHLORINE iM%ESSURE. TEMPERATURE 40°C 
nPrCl 

,mm. Hg 	 xlOOmv x 10'9amp 

Run 	TrCE PH 	C12 	Total Area Area Area PCE 

No. 	Pressure Pressure 	Pressure Pressure nPxCl TICE 	PCE 	RnPrCI 

1 2 2 8.55 8.67 23.4 40.6 115.9 4790 32.1 1.10 

123 8.58 8.58 23.44 40.6 297 4740 101.1 0.835 

125 8.55 8.67 31.6 48.9 53.4 5240 162 0.740 

127 8.55 8.72 31.94 49.2 287.7 4600 09.7 0.766 

128 8.55 8.55 50,60 67.8 1800 14650 834 1.11 

137 8.55 8.72 0318. 11111 583.5 78.10 373 1,57 

138 8,55 8,55 108i 9, 126.0, 475.2 7850 325.2 1.65 

160 8,55 8.55 126,2 143.4 271.2. 1950 185.4 1,65 

144 8.67 8.46 129. 4 142.1 364.4 8880 214.5 1.40 

149 8.62 8.55 78. 3. 90.3 207.3 8200 120 1.38 

150 8.55 8.55 78. 1 90.3 134.3 8440 88.8 1.59 

151 8.62 8.38 126. 1, 143.2. 284.4 8100 186 1.47 

158 8.35 8.67 68.6 85.8 135 7720 83 1.50 

150 8,55 8.62 68.3 85.5 107.1 7810 65,1 1.48 

160 8.50 8.67 68.1 85.8 92.9 8210 56.0 1.68 

162 8.58 8.46 169.9 187.0 184,4 6950 123,9 1.59 

163 8.55 8.67 161.,0 186.8 100.7 7050 76.1 1.69 

168 8.58 8.58 171.8 189.0 276.3 6700 174.6 1.52 

170 8.62 8.50 193.5 210,6 145. 7 6680 99,5 1,67 

173. 8.66 . 	8.50 192.5 209.9 185.0 7250 120.8 1.56 

172 8.35 8.29 49,8 66.8 51.2 7160 29.73 1.44 

174 8.58 8.46 78,4 95.3 86.9 7100 60.5 1.42 

176 8.55 8.55 94.4 111,8 202.1 1050 115.7 1,33 

181 9.58 8.55 32,4 49.6 109.6 6820 53.3 1.18 

108 



TABLE In 8 

DEPENDENCE OF R PCE ON PROPANE PRESSURE. TEMPERATURE 40°C 
nPiCl 

rrum. xIOO my 	x 109 amp 
Run TrCE C12 PrH Total Area Area Area RE 
No. Pressure Pressure Pressure Pressure nPsCl TLCE PCE nPiCl 

328 8,76 22.3 8.89 $9.9 65.7 11090 26.4 0.983 

230 8.58 23.10 22.30 54.0 560.1 10760 134.4 1.50 

332 8.62 23.2 44.3 76.1 1097 10780 123.9 1.39 

833 8.58 23.4 44.7 77,7 1000 9750 111.9 1.40 

334 8.16 23.2 66.2 98,2 1854 10610 1239 1.21 

335 8.55 22.0 65.6 98.8 135.3 10680 9.3 1.21 

336 8.62 23.1 86.7 118.3 1276 10490 72.0 1.36 

337 8.55 22.9 86.9 118.3 1589 10400 84.3 1.34 

338 	8.55 23.2 	110.0 141.4 406.3 2120 	17.83 1.37 

339(P) 	8.55 	23.3 	109.9 	141.4 	456 	2320 	18.83 	1.27 

341 	8.62 23.4 	22,4 	54.4 	436.5 10.110 88.8 	1.27 

342 	8.72 23.3 	22.4 	54.6 	489.6 .10170 	86.7 	1.11 

(P) Peak area planimetered 
all other peaks were measured by integrator 
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TABLE rn 9 

DEPENDENCE OF R PCs ON CHLORINE PRESSURE TEMPERATURE 560C nPtCl 

ninni.. Hg x 100 my x 10trnps 
Run TiCE PrH C12  Total Area Area Area 
No. Pressure Pressure Pressure Pressure nPtCl TiCE PCE nPC1 

225 8458 8,89 71.5 88.9 344.4 7510 155.7 1.13 
226 '8.76 8.55 71.7 89.0 354.9 8050 157 1.04 
228 &50 8.76 34; 1 51.4 129.7 7550 411.3 0.786 
221 8.58 8.150 54.3 71.2 261.9 7820 121.9 1. 11 
232 8.62 8.67 91.0 108.3 604.8 7780 294.9 1.18 
234 8.46 8.62 14,7 31.8 39.69 7670 11.44 0.700 
238 8.55 8. 55 90.0 108.0 303.8 7840 167.1 1.33 
236 8.55 8. 55 34.0 51.1 98.3 7370 34.59 9.845 
237 8.76 8.50 109.4 126.8 424.2 7850 238.5 1.31 
288 8.40 8.62 14.8 31.8 549.0 7710 21.69 0.91 
239 8.46 8.80 110.8 127.8 831 7580 424.8 1,28 
240 8.62 8. 55 138.4 155.8 994 7690 616.2 1.48 
241 18.55 8.62 139.2 156.6 1464 7520 8 6 3 1.43 
242 8.50 8. 55 163.7 180.8 423.6 7270 283.8 1.62 
243 8.46 866 163.4 181.2 530.4 6860 209.9  
244 8,62 8,62 192.5 209.1 6072 7240 390.3  
245 8; 62 8.58 193.7 210.6 491.4 8210 292.8 1.43 
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III 

TABLE ifl 10 

DEPENDENCE OF RE ON ARGON PRESSURE. TEMPERATURE 79°C nPiCl 

nrnm, Hg 	 xiQOrnv x 10-9  amp 

Run 	TCE PrH 	C12 	Argon 	Total Area 	Area 	Area RPCE 
No 	Pressure Pressure 	Pressure 	Pressure 	Pressure uPICI 	TiCE 	PCE 	nPtCl 

- 	 --,- 	-- -- ---,-- -t 

345 8.58 8.55 22.1 142. 0 181.8 254.4 1043 186.2 1.25 

346 8. 55 8.58 22.1 119.2 158.3 343.8 9630 152.4 1.07 

47 8.72 8.63 22, 1 120.0 159.1 386.1 9460 174.3 14 08 

349 8,58 8.80 22.3 98.1 137.8 682 8930 253.2 0.91 

350 8.63 8.76 22.2 74.0 113.1 505.2 9210 222 1.08 

351 8.68 8.63 22.2 74.5 113.6 491.7 - 221. 1 1. 08 

852 8.58 8.72 22.1 51.2 90.3 683 8670 266.4 0.979 

353 8.63 8.94 22.2 51.5 90.6 816 8340 302.7 0.922 

357 8.55 8.55 22.3 97.2 136.3 575.7 8830 251.7 1.63 

258 8.55 8,55: 22.4 143.0 183.0 530.5 8760 274.8 1.20 

359 8.50 8.63 8.50 8.87 34.5 152.1 - 38.9 0.621 

360 8.63 8.55 8.50 9.23 36.9 193.8 8880 41.1 0.503 

361 8.63 8.85 8.29 20.5 46.3 139.6 8790 34.2 0.603 

342 8.55 8.67 8.63 25.3 51.0 335.7 8610 72.0 0.524 

363 8.58 8.58 8.50 44.8 69.8 135.6 9040 43.2 0.765 

364 8.58 8. 83 8.45 44.3 70.0 91.9 8980 28.4 0.746 

365 8.58 8.63 8.50 6.4 88.9 117.9 9230 40.8 0.838 

366 8.58 8.55 8.35 87.8 113.6 110.1 9010 89.9 0.865 

361 p 8.58 8.63 8.46 110.8 136.2 22,48 - 7.74 0.83 
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TABLE III 11 

DEPENDENCE OF RE on PRESSURE. TEMPERATURE 19°C 
uPiCi 

(a) TREHLOROEThYLENE PRESSURE 

- m, Hg xlQOrnv x 10amp 
Run TICE PrH C12 Total Area 	Area Area PCE R 
No. Pressure Pressure Pressure Pressure nP&Cl 	TZCE PCE nPxCi 

13.0 4.36 4.27 21.6 0.926 	- 0.579 0.504 
298(P) 

21.4 4.62 4.14 30.2 0.802 	- 0.738 0.418 
299(P) 

12.93 4.86 4.23 21.5 0.968 	- 0.479 0.408 
300(P) 

21.4 4.53 4.32 30.3 0.883 	- 0.892 0.515 
301(P) 

4.36 4.S2 4.66 13.3 3.349 0.625 0.302 
304(P) 

47.1 4.62 4.27 55.99 1.712 	• 4.865 0.661 
306(P) 

17.10 4.27 4.27 25.64 30 505 	- 2.755 0.412 
310(P) 

311 11,10 4.36 4.18 25.44 3.44 2.697 0.494 

37.2 4.02 4.11 45.4 5.685 	- 10.81 0.492 
369(P) 

47.0 4.67 4.23 56.0 1.51 	- 5.304 0.82 301(e)  

51.3 4.27 4.18 59.75 1.845 	- 8.115 0.88 
312(P) 

370(P) 
37.2 40 01 4.18 45.4 5.766 	5810 10.58 0.476 

37.2 4,19 4.27 45.6 4.05 	- 9.55 0.631 
396(P) 

(P) 	Peak areas planimetered 
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TABLE 111 11 

DEPENDENCE OF RE ON INERT GAS PRESSURE TEMPERATURE 790C nPrCI 

(b) CARBON 1)IOXIDE PRESSURE 

xlOOmv xlO 9 amp 
Run NO. 

TICE PrH C10  C0. Total Area Area Area PCE Pressure Pressure Pressure Pressure Pressure nPxCl TICE PCE RuPiCi 

374 8.83 8.48 8.55 88.0 113.7 87.8. 98400 36.1 0.988 
375 8.85 8.58 8.33 24.7 50.5 169.8 9840 50.3 0.723 
376 8.58 8.80 8.83 63.2 89.3 189.6 9840 64.4 0.836 
377 8.63 8.98 8.84 64.5 71.0 187.2 9480 59.0 0.789 
378 8.58 8.85 8.85 167.3 160.8 192. 6 9340 72.4 0.921 
379 8.63 8.80 8.38 9.10 35.10 327.6 9420 76.5 0.576 
380 8.55 8.55 8.55 8.58 34.2 282.0 9660 78.3 0.666 
381 8.68 8.68 8.50 112.1 137.3 190.5 9320 70.2 0.885 
382 8.68 8.58 8.85 182.5 208.2 349.8 11040 135.0 0,920 
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TABLE III 11 

DEPENDENCE Or,  R PCE ON INERT GAS PRESSURE TEMPERATURE 790C 
nPC1 

(c) 	SULPHUR HEXAFLUORIDE PRESSURE 

xlOOmv 	x lO 9amp 
Run TiCE PrFI C12 SFG  Area Area Area RPCE 
No. Pressure Pressure Pressure Pressure Pressure nPrCl TzGE PCE uPiCI 

384 8.58 8.84 8.55 25.3 51.2 211.2 8990 60.6 0.094 

385 8.63 8.50 8.58 82.8 108.3 126. 9 9030 47.7 0.891 

386 8.63 8.55 & 58 8.35 34.2 1171 9630 326 0.66 

881 8.58 8.68 8.63 46.60 72.4 183.9 9170 54 0.712 

388 8.58 8.67 8.62 63.8 89.6 177.8 9490 62.7 0.857 

389 8,62 8,55 8.62 8.55 34,4 278,1 9130 69,6 0.594 

390 8.58 8.58 8.76 186,3 212.8 68.3 9080 24.7 0.869 

391 8.50 8.55 8.58 135.6 161.3 168.2 9240 47.5 0.764 

394 8.62 8.58 8,55 47.0 72.7 88.9 9260 31.5 0.846 

395 8.55 8.55 8.55 112.3 138.0 68 5 9920 7.5 0 9
7 4 

4 
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Tetrachloroethyienë was chlorinated in competition with propane as a. 

function of carbon dioxide pressure to try to obcorve experimentally the 

gradation in radical lifetimes in going from the trichioroetbyl radical, 

through the tetrachlorootbyi radical, to the pentachloroothyl radical. 'How- 

ever oinco the selectivity ratio R 
HCE 	

was independent of pressure 

over the accecioibto proa sure range h e from ( mm to 200 mm only a lower 

limiting value of 2 x 10 cccouda of the pontachioroothyl radical lifetime 

could be obtained. 

everal factoro (conspire againct the evaluation of the rate constants 

for the chlorination of tetra chioro ethyl one by the conpotitivo technique In a 

otatic system. These are (1) the unreactivity of chlorine to totrachlóro-

ethiena as exemplified by the low rate of formation of the addition compound 

relative to photos ubstitution of propane (2) the inoensitivity of the flame 

ionicatIon detector to hexachioroethano and. (3) the long length of the radical 

lifetime which, order that the rate oiunirnolecular decomposition of the 

radical be evaluated, necessitate orkingat exteemely low pressures. thie 

incurs problems of the accurate measurement of small pressures together 

with the 4istimation of email amounts of products • which are themcelvee in 

aenoitiv4 to the type of detection employed. 

Acuiing that all the poutaclUoroetbyl radicals formed in reaction (2 

are deactivated by collision at the pressures studied k21 ' 1k2  can be equated 

HCE with the limiting value of 14. 	. From figure 111 14 
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HCE 	
01 

nPrCl 

Whence k 	=0.24x 10 10 
-I 

mole .1. sec at 79°C 

This value of 1c" for tetrachioroethylene is the same as that obtained by 

Goldfinger (46). 
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TAI3LI m 14 

DEPENDENCE OF R WE on CARSON DIOXIDE PRESSURE ThMPE1ATURE 19°C 
nplcl 

Msu*t. lrr,rF,rnn.,.un.JU,jvr r4,i,4.,1rynnLJuWJtr 

mmJ1 
t$m-I,*. 	t, 	LTWL :.,rti4h. _ 	- - 	- - 

xlOOmv x 
- 

10 amp flC1 

RIu TeUCE Pt14 C12 CO Area Area Area 
No. Pressure Pes$we Pressure Pressure Pressure nPrCi TeuCE 	PCC 

400 8.55 8.62 8.58 192.3 208.2 2810 10200 9.1 01105 

401 8.38 8.55 8.,55 182.7 2082 1984 9800 8.8 0.111 

405 8. 6 2 8.62 8.30 135.5 161.1 2535 8.58 0,09 

406 8,58 8.50 8.55 - 2565 039 9020 2.1 0.118 

401 8.76 8.58 8.33 9.16 34.4 2511 10320 0.58 0.087 

408 4.21 4.31 4,23 - 12.82 50 - 1.56 0.018 ? 

409 12.14 2,28 2.18 6,58 221 2694 1.08 0.129 

410 8.50 8.55 0,45 88.0 1i', 2 2362 9980 9151 0.090 

4,442 8,58 8.58 8.55 44.0 70,1 2190 10230 0.005 

412 8.55 8.55 8.55 8,55 84,20 2169 - 8.88 0.108 



o. 

o. 

1. 

Total Pressure (mm Hg) 



To complete the series ethylene and vinyl chloride were chlorinated 

in competition with propane The chlorination of ethylene has been investi-

gated by the competitive technique by Hagopian, Knox and Thomson (65) and 

by the rotating sector technique by Dainton, Lomax and Weston (55). In the 

former case the authors found considerable surface reaction whereas the 

latter authors found the surface reaction to be negligibly small. 

As can be seen from Table III 15 the chlorination of ethylene has a 

considerable rate in the dark. This heterogeneous component of the reac-

tion has been investigated. By inhibiting the reaction with large quantities 

of NOCI In the inhibition manifold and by not degassing at 120°C and still 

finding considerable surface reaction it has confirmc4 that the surface 

effect is occurring only in the reaction vessel.  

It was thought that the surface effect might be connected with the 

degree of chlorination of the olefin - it has been demonstrated in this work 

that the chlorination of trichioroethylene has a negligible heterogeneous 

component - and so;  vinyl chloride was chlorinated in competition with 

propane in the hope that it would exhibit a smaller amount of surface 

reaction. However, here again, there was a considerable heterogeneous 

component which, as far as can be gathered from the results was dependent 

on the nature of the surface (Table III 16). Although the percentage dark 

reaction was a minimum on a hexamethyldisilazane surface its rate was 

greater than the homogeneous reaction in Lull light Intensity, making it 

impossible to study the system directly. 

Ow 
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TAEE 111 25 

P1USSttE DPEN1*NCE OF CH1,0UNA1ON or CMISM flIMNftATURE lec 

Mtn 	 X100 nv * i0!AMP 
Run 	C2R4  P711 	C12  CO2  Tot&1 Area Aiea 
4o. 	Preuure Pres$re 	Pteui 	Pres3ur zee*u nPtCi C2H4C 

: 

414 8.88 8606 8.85 -. 25.8 2517 4110 3.64 
413 8.50 8.35 LAS 182.3 2080 1254 1834 2.2e 
415 8.50 8.55 0.60 25.8 984 1330 3.03 
416 8.66 8,35 855 2.7 462 2485 22.3 
411 8.50 8.88 8.55 • 25.7 249.9 1091 9.82 
418 8.40 8.65 8.58 25.8 2344 6330 101, 6S 
419 8.50 8150 8.35 250 $00 6110 30.0 
420 8.58 S. 0.55 257 98 2446 03.6 
491 

(NZ) 
8.65 8.55 8.50 - 25. 6 120.6 6999 12011 

(t) 	La*ge volume ot NOCI added no pumping at -420°C 

(Ni) 	No ftuminadc 43rk Unio 5 minutes 



TABLE III 	10 

CHLORINATION OF VINYL CHLORIDE 

- 
MM Hg xlOOmV z 10 8 rnp 

- 

Run Temp VC PrH C12 Area Area RCHCl Dark surface 
No, C Pmssure Pressure Pressure nPtCi C2HJC1, Time 

430 19 8.58 8.04 8.67 2'. 0 185.0 10,34 '1 mlns Uca 
formaldetyd 

4C3 to 8.6 8.62 8.62 \ 3 18.9 156 5 mins P.V.C. 

9 40 8. 58 8.29 8.67 02 280 1.55 10 mins HMbO 

440 40 8.56 8.53 842 1197 2106 15 mins 

40 8.80 8.02 8.55 77.1 051 20.9 10 mini 

443 40 880 8.65 8.55 74.1 722 25.8 15 mini 

444 40 8.58 8.04 5.55 329. 7 C86 1.11 4 mins (a) 

445 40 8.58 8.90 8.58 37,9 675 44.0 6 mini 

440 40 8,61 8. 55 8.55 606 1197 488 4 mini  

441 40 8.55 8.65 8.56 67.1 1284 41.3 6 mins 

Dark flin 4 mini Illuminated for 2 mins. on 140 V 

" 	" 	 ' 2 mIni, on 240 V 

LM,D.S. 	= Hexamethy1ds1azane 

P.V.C. 	= Polyvftiyleliloride 

1i8b 



CHAPTER IV 

_?18c u58IQI 

As shown in the introduction both the bimolecular and the unitnolecular 

rate constants are susceptible to absolute calculation, if the properties of 

A, Cl, AC1*, and AC  1+ are suliiciently well defined, 

According to the transition state theory the rate constant for reaction 

(2") may be expressed as 

(lcT/h) (q+/qq61J xp (oLEottkT) 	 IV .1 

(equation 1a65) 

whaxe q+, qA   and q Cl 
 are the partition functions measured from the lowest 

vibrational state of the molecules for the activated complex, the olefin. and 

Cl 	L Eo is the difference in energy of the lowest vibrational states of 

the reactants and the complex. Inserting the expressions for the partition 

functions gives 

+ 2 +++ 	 3+ 	 2 
/kT \  fM \ 	/ A B C 	 / OTt I kT \a / 	h 

2 - _____ 	 - 	 '--- x 
(. ) 	) 	'AABACA) 	

h) 

12 
fl (1 exp(iv AIkT)) exp 

(LE+IkT) 

(1 - exhv/kT)) 	 IV 2 

The superscript 
+

refers to the transition state complex and the sub-

scripts A and Cl refer to the olefin molecule and the chlorine atom M is 
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the molecular mass; A BC is the product of the moments of inertia about 

the principal axes of rotation; 0 is the symmetry number; the V are the 

fundamental vibration frequencies; and l  is the reduced moment of inertia 

of the complex for Internal rotation. k T, and h have their usual. meanings. 

Xxperimental A factors are obtained from plots of in k (ezp) against 

ItT. The appropriate quantity calculable from any theoretical expression 

for a rate constant is 

A calc = k 5%j) (d ink! d in ) 	 IV. 3 

11 the theoretical expression can be cast into the form 

k 	' f  (') exp  (- EtkT) 	 M 4 

where Pis a temperature Independentfactor, then 

Acalc=Pf(T)'exp (dinf(T)/'dlnT) 
= P f (T) exp (n) 	 IV., 5 

Equation IV. 2 fork' gives 

ln(1x(hVt kT) ) - 13l(i(h 4 /kT)) 

and therefore 

13 	
+ 1ln1i) 	n 	hV(exp(h\/kT)- I) 	 hV (exp(*hV/kT)_ 1)A  

dlnT 	 kT 	 kT 

t 	oIkT- 	 1Y., 7 
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Substituting equation IV,,  7 into equation IV. 5 gives 

Acaic 	kT ( M+31'2  A+,+ c+ 	Q 1 8Tt 3 ikT 	 x 
3k 

h I MAI 	AAJ3AGA) 	 (Mc7) 
12 

fl (l-exp (hvA/kT)) exp (u) 

'fl(l e.xp(hv+/kT)) 	 IV. 8 

The products of the moments of Inertia about the principal axes A, B, 

C are obtained by a method derived by Hc3chfelder (6) which is a particular 

case of a method due to Crawford (67) for the calculation of a generalised 

momenta Hirachelder obtains the product of the three principal moments 

of inertia, A, B, C, from the determinant of the mouientai dyad 

AA A CA ZZ C D .E 

-D ,H -F 

-E -F K 

where M Z m 

and 	0 
2 

Z m (y 	+ 2 z 	) 	- 1 (F M. y ) 	- 2 
I 	(Z rnz) 

I M M  

Zm(x1 	+z1 ) - in X.- (Zrn1z) 
Z 	2 
Zm..(x. 	+y.)- 

2 
M 	1 	

2 
-L—  (Z 	xn.x.)-i(my.) 

M1 	2 
1 1  

M 	1 M  
Dm - X yi 1 ( Z mcj M 

M 
= Zni.xz. - 	I (Z 	rnz.) (Zm.z, j 

M 11 

rn.y.z. - ._L (Z m1 E m.z,) 
1 M 
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Since the properties of A1 and -t,-CI must be guessed It Is assumed 

that the molecules of AM, AC  and ACI 
+

are identical in structure and 

differ only in their internal energy and Its distribution. It has been deduced 

for D C E (5 3) that there is free rotation about the C- C band in all forms of 

AC.. It Is also assumed that the vibrational frequencies of the radical are 

the same as those of the saturated hydrocarbon except for the frequencies 

assigned to the three C4i vibrational modes which are absent in the radical. 

The fundamental vibrational frequencies of trans - DC.E are 3080,12 74. 

3073, 1578, 1200, 895, 846, 817, 73, 350, 250, and 227 cm' 1  (58). The 

fundamental frequencies, given by Harrison and Kobe (68), for CH2Cl. 

CHCZ2  are as follows : the modes whose frequences are braçketted are 

assumed absent in the radical 3014, 2998, (2964)., 14370  (1306), 1206, 

(1204), 1162, 1050, 936, 792, 742, 676, 422, 390, 332, 225, and 180 cm 

The lowest frequency, 180 cm, is assigned to torsion about the the C-C 

bond. The energy barrier to Internal rotation in ethanes has been calcu-

lated from thermodynamic considerations to be between 3 and 6 k.cal rnoie 1  

(69). This has been recalculated by Alien, Brier and Lane (70) from far 

infra-red and Raman spectral data to be about 9 k.caL for trichioroethane, 

I 3  k., cal for tetrachloroethane, and 14 k. caL for pentacbioroethane. How- 

ever, since the separation of the rotating groups will be greater in the 

radical than in the hydrocarbon, the barriers to Internal rotation in the 

radicals will be less than the values calculated by Alien, Brier and Lane. 

Initially, then, the torsional vibrational mode in the hydrocarbon is taken 
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as a free internal rotation in the radical. There is also a considerable 

weight of experimental evidence to support this asswnpión (51, 53). 

The vibrational mode in ACI which becomes the reaction co-ordinate 

is taken as the C-Cl stretch with the lowest frequency; in trichioroethane 

this is 742 crx. 

The product of the moments of inertia about the. •:iricipal axes A B C 

depend on the angle of rotation of the two ends of the radical. The values 

In Table IV, 1 refer to configurations of the radical which have planes of 

symmetry. 

The fundamental frequencies of trichioroethylene, given by Houser, 

Bernstein, Meicka, and Angus (71), are : 3085, 1587, 1245, 930, 840, 780, 

sym- 
628, 4500  381, 274, 211, and 172 cm. Those otetrachjoroethane have 

been determined by Kagarise (72) and are : 2980, (2980), 1279 (1244), 1216,1276, 

(1199) 1024, 975,907, 801, 795, 748, (68?.), 353, 290, 178, and 88 cm. 

The frequency at 88 cm '  is assigned to torsion about the C-C bond; this 

mode is assumed to be freely internally rotating in the radical. The lowest 

C-Cl stretching frequency, 682 cm- 1, is regarded as the reaction co-ordinate 

and the three other bracketted frequencies are the C-H vibrational modes 

absent in the radical. 

The fundamental frequencies of tetra ch1oroethylene were evaluated by 

Bernstein (73) and are 1571, 1000, 931, 782, 512, 447, 404, 347, 318, 
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88, 237, and 194 cm and those of pentachioroet1ane are: (2985), 

9 
(1210), 1022, 835, 821, 773, 725, (584), 405, 328, 278, 238, 224, 176, 166,328 

and 85 crn (74, 75) The frequency of penta chloro ethane at 85 crn 1  was 

assigned to torsion about the CC bond and that at 584 cm' was regarded aw 

the reaction co-ordinate. 

The calculation of A2  and n apparently involves the evaluation of 13 + 

12 factors. However, many frequencies can be cancelled between A and 

the frequencies which give significant contributions together with 

other relevant data are listed In Table IV 1. 
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The A factors which are finally derived are: 

A caic (cis DCE) 	6.2 x IO mole* I. sec 	 (53) 

Acaic (trans DCE) 	1.28 x 10 
10 

 mole '. l. sac ' 

Acaic (TrCE) 	 1.37 x ,O 	mole 1. 1* sac 

.A calc(TetraCE) 	7.80 x 10 	mole '. 1. sac 

The values for cis -dichioroethylene, trans-dichioroethylene and tr&-

chloroethylene are Fespectively 13, 2 and 20 times lower than these obtained 

experimentally. The discrepancy is not large for this type of calculation 

and suggests that the frequencies assigned to the bending vibrations of the 

C.Cl bond in the complex were too high.  However, the assumption 'of free 

rotation in the activated complex is essential to obtain even reasonable 

agreement between theory and experitnent. 'A calc would be 20 to 40 times 

lower if this mode were a torsional vibration. 

The theoretical A factor for tetrachioroethylene is, however, about 30 

times greater than the experimentally observed value. This together with 

the fact that the energy barrier to internal rotation in pentachioroethane is 

14. 2 Kcal (70) which, though lowered in the radical, might still be sufficiently 

high to prohibit free internal rotation in the radical, suggests that internal 

rotation in the pentachlo ro ethyl radical might be restricted. Assuming 

this mode to be a torsional vibration of frequency 85 cm' the A 

factor becomes 
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Acalc (Tetra CE) = 0.87 x10 1°  mole'. 1. see 

It seems reasonable to assume, therefore, that the pentachioroethyl 

radical cannot rotate freely about the CC bond 

The concept of the lowering or "softening," of certain vibrational 

frequencies is of particular significance in the calculation of the unirnolecular 

rate constant. Equation la7O and 1.a7i show that the energy dependent 

unimolecular rate constant is proportional to the ratio of the number of 

quantum states of the activate' d complex to the number of quantum states of 

the active radical. Obviously change's in frequency values will have a 

marked effect on the numbers of co'Aflaurations accessible to the activated 

eornp1eand to the active radical and hence on the final value of the 

untinolecular rate constant. 

The experimentally derived unimolecular rate constant, ka, is an 

average value for all values of the excess energy E.K, greater than zero or 

all values of E* greater than Ea and can be related to the energy 

dependent unirnolecular rate constant k3(E*) (equation 1a98) by the 

equation 

00 	

c'o ka 	 £(E*) 4E* lff(E*)dE* 	 1V9 
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where 1(*)d* to the traction of AC1 molecular with anergtee between 

E* and E +d* 	f(E4) depeuda on the energy dstr*bution among the 

reactants 	the olefin and Cl 

1va1uation of b 3(z*) (eqn 1a3) 

where + + 

--: 	
jj
F(r

3fl tiz 	flhv1) 	P(Ev)() r 

fz=0 
(Eft+Eo z)1 (j) 	da 

IV 10 

requires a knowledge of the number of internal rot one of the acUv*ted 

complex, r, the number of internal rotations of the activee radical, t, 

and the number of vibrational degrees of freedotnot the active radical. a. 

or the totrachioroethyl radical t lk r a 1 and e = 14 (there are 

3 x 7 6 4 H internal degrees .of freedom, one is a free internal 

rotation and 14 are vibrations)- Equation IV *0 therefore becomes 

+ 	I 
kIE 	XT Z. P Pr 131flfbv)>I p(zv)(  "T 

I 	a 	
f 

(e+Eo-s) 	(!Zci)1d 

IV 11 



The above equation was simplified using the relationship 

E( + 1) 	1r()IYTT 

If it Is assumed that there is little change in the structure of 4Ci 

in the process AC1* _ .AC1+ the partition function ratio P1+ Pr / P1 Pa, 

will be unity. Almost certainly the ratio will not exceed 2. From the 

listed energies it ier found that Eo 	18 180 cal nio1e. Assuming  

that Ea = 20,000 calmole 1  and writing E'/Eo athe integral in the 

denominator of IV 11 can be evaluated by successive integrations by parts 

and can be expressed as 

t 
I 

I = (kT)2  Eo 
S 	[ 2 

 Zn 
 n!  (a-i)! 

fl 	(2n)! (s-n)! 

(n-i) 
xa IV 12 

where s = 14 and a can have any value greater than 1 • 10. 

The summation in equation IV 12 is plotted as a function of 

+ 	* 
E 	= E - Ea in figure IV 1. 
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The summation in the numerator of equation IV 11 can be evaluated 
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explicitly only for low values of Ev which the number of combinations of 

frequencies is limited, The first five Ev are 0, 510, 830, 870, and 1580 

cal mole 1  and for each P-(v) = l For higher energies the number of 

combinations multiplies so rapidly that an approximate treatment is required. 

The method used In this work has been described by Fowler (67) and 

has been used to interpret mass spectral data (77) The method involves 

the frequencies being arranged in multiples of the lowest energy and yields 

P (Ev) values a.s coefficients of a polynomial generated by expansion of a 

nuher of power series. The computer was programmed so that it calcu-

lated the coefficients of each term of each series, the products of the co- 

efficients being surameo,'subjectt to certain energy restrictions 	These 

sums of products were printed out by the computer and corresponded to the 

number of vibrational energy states at a given energy. 

The vibrational frequencies of the tetrachioroethyl radical fall 

reasonably well Into four groups and the members of each group are assumed 

to have equal frequencies, the group frequencies themselve,,j being simple 

multiples of each other; thus for the tetra chioroethyl radical there are : 3 

frenencies at 770 cal. mole 1  (510, 830 and 970 cal. mole-  mean = 770 

cal.-  mole 	5 frequencies at 2310 cal.mole 1  (1475, 1948, 2140, 2280, 

and 2284, mean = 2100 cai.mole); 5 frequencies at 3080'. 	mole -1 

(2590, 2760, 2930, 3470, and 3660, mean ), and Ufrequency at 8520 cal. mole-

The degeneracy of each level is plotted as a function of the excess energy 
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and, by drawing a smooth curve, the approximate number of energy 

levels per 200 cal' mole energy range may be found. The summation may 

then be evaluated for different values of E+  by adding terms for every 200 

cal, mole-  interval. The computer program for calculating' T'owler' Is poly -

noxnials" is given in appendix BQnd the sums of degeneracies of the 

vibrational energy levels per quantum up to 100 ait' ecess energy are 

given in appendix C. The final value for the summation is plotted against 

in figure IV. I a1og with the derived values of k
3 

 (E*). k3(E) increases 

raliy with E '  and at high values (broken line) has the form 

log It  (E+) 	7. 28 + 0. 208 E+ (k cal. moIe). 

It is convenient here io question the accuracy of the "semi -classical',  

count for the number of vibrational/rotational energy levels per unit energy 

of the active radical. Several authors (23, .24, .78) have noted the original 

* * 
classical expression for the number of vibrational energy levels, N (E ) dE* 

In the range E to E
* 
 + dE given by 

* * * 
N(E)dE = (E )• 	dE 

[is) flhvi) 

based on integration over all energies less than Eusing DirIchleVs Integral 

(25) to be seriously at fault at energies of experimental interests Marcus 

and Rice (23) suggested the "semi -classical" expression for the average 

number of vibrational energy levels per unit energy. Thus 
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* 
N (E ) 	 jE+Eo) - 	 P1.13 

S 

F(s) fl(hv ) 
1 

where Eo 	.Ls 	 IV .14 

Rabinovitch and Dieen (19) have modified equation IV. 13 by the 

inclusion of an empirical correction factor. It gives 

* 
N (E

* 
 ) = 	jE

* 
 + fjo) 	 P1. iS 

Ns) 	(liv.) 

The factor )/ has been evaluated by Rabinovitch and Current (8) for 

several frequency patterns ,- cycle 	cycle C3D• C-T-1C13  and ci-i3ci - 

by comparison of the accurate computer summation of the energy level 

degeneracy factors up to various total energies with an integrated form of 

P1. 15 Thus 

* 

	

>1 	?(Ev) 	= 	-- (E + Y Eo),  

	

Ev0 	 E(s+l) 8fl(hV) 

I 	 IV. 16 

The y values for these cases lie on,.,;-. band whose value approaches 

unity at high energies when the semi-classical approximation holds. 

The spread of the y values is made more clear (81) by use of the 

* 
ser1 -class ical defect quantity A=  1- Y. At energies above E = Z Eo, 

the spread becomes ilisignificant since the use of the energy unit Eo, 

characteristic of each molecule, reconciles much of the difference between 
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different molecules. The situation is more critical at lower energies. 

Sine the spread arises as a. consequence of the difference In vibrational 

patterns this suggests, a correlation by a frequency dispersion parameter. 

The ratio 

, ~Vi* 

) 

2 
= 	/ 

is such a measure, }owever, the modified dispersion parameter 

43= (sl)V/s 

	

i.e 	 (s-l)Zv1 2
/ 	* )2 

) 	 IV. 17 

where a is the number of vibrational degrees of £reedGm provides an oven 

better correlation and correction fac'tor. The quantity /3 has a greatly 

reduced spread for all molecules of the study (81) when plotted against 

	

E*/Eo 1. e. 0.. A set of preferred values of 	called Ci) was selected from 

this narrow band and form the basis of the "corresponding vibrational states" 

type of approximation. 

The modified approximation expression is 

* 

P(E) 	* _t (1 * 	 U) 

* 

Ev=O 	 E(s+l) 	 IV. 18 

olog 	P 	slog ( + I 	W) +C 

111,19 
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where c = o log Eo - log s 	Z log hV 1  and a is in units of Eo. 

Thus for the evaluation of ZP(Ev) for any molecule, the molecular frequen-

cies are used to find P and Eo and equation 1V 18 or 19 is applied together 

with the selected values of W. Rabinovitch claims counts within a few per. 

cent of the exact value for the 45 molecules studied atol > 0. 25. 

It Was considered, therefore, that some form of Correction, factor 

would have to be applied to the zero point energy of the radical in equation 

W. 12 in order to obtain a more nearly correct value of the number of rotat-

ional and vibrational energy states of the radical. 

However, according to the unmodified equation (eqn 2a97) the total 

number of vibrational/rotational quantun states of the active radical per 

unit energy is 

N°  (E 
4. 

') Pa 

kT 	E(t12) : hv) 

+ 	+ Eo 	
dz 

0 	
f 

W. 20 

which reduces to 

N(E) 
s.ij. 

Pa 

l3/ffkT) rlhv1 ) 
7. { 2n! Ls 
n 	(Zn)! (s-n)! 

where Pa is the partition functIon of the t active rotations of the active 

radical. 

The total number of vthratinal/Jro;tational energy levels per unit energy 



of the activated complex is given by the integral of equation ia88 

f
N2  (E - y)dy = 2P+ 	Ev= 	P(Ev)( 

IV, 22 

As described earlier in this section it has been Issible to obtain an 

exact coint of Zv(E-Ev)/kT)1"2 	as a function of energy (figure IV. 1) 

which at high energies (broken line), has the form 

log 	
z

-EV'kT) - 0. 5 + 0. 344 E4k cal. mole 

It should be possible, then, to equate the number of vibrational/ rotational 

energy levels obtained from an extrapolated form of the exact count with the 

number of vibrational/rotational levels derived from the Semi-classical 

count 

Over the energy range of interest for the tetrachloro ethyl radical I. e 

from 20 k cal. mole to 26k caL mole the number of energy states given 

by the extrapolated exact count is 2. 7 x 	x Pr+  to 3. 1 x 10 xPr whilst 

the number of states obtained from the semi-classical: count Is 4. 52 x 10 x 

8 Pa to 5. 03 x 10 x Pa. Asauraing Pr = Pa, one obtains reasonable agree- 

ment between the two calculations which supports both the assumption and the 

view that the semi-classical approximation requires no modification at the 

energies with which we are concerned. Indeed to obtain a better corre- 
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spondence between the two calculations Y would need to be greater than 

unity which contradicts the whole meaning of the correction factor. 

Finally, the energy distribution of the active molecules is required. 

AC1 is formed by'association of Cl atoms whose energies have a Maxwell-

Boltzmann distribution and trichioroethyleno molecules in various vibrational 

* 
states. if. it is assumed that the Ad radicals possess the same trans-

lational and rotational energy spectrum as the original trichioroethylene 

molecules the internal energy distribution of the ACI 
*

can be obtained. This 

is achieved by superimposing on each vibrational stationary state a Maxwell-

Boltzmann distribution of translational energies attenuated by the fraction of 

the total number of molecules in that particular vibrational state. The total 

distribution function which is the sum of each individual vibrational/trans - 

iational distribution function is shown In figure IV. 2. The distribution 

approximates at high energies to 

log 	f(E) 	1.00 - 0.400 E'(k cal. mole- 

The approximation will tend to overestimate the amount of energy in 

* 
the internal modes of AM since it is equivalent to assuming that all the 

translational energy of the Cl atom Is converted into vibrational or internal 

rotational energy of the active radical. The function f  (E) ka(F')Ik 

and the normalized vibrational translational distribution function is shown 

in figure IV. 3 together with k
3 

 (E*). The figure shows that molecules with 

energy slightly more than the mean energy contribute most to the reaction 
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rated The average value of ka was obtained by integrating the area under 

the curve of k(E times the normalized distribution functions  against energy. 

i A value of ka 0. 9 x 1 8 
 sec

-1 
 is obtained which s to be compared with the 

experimental value Of 70 x 10  
ec at 79°C. 

The discrepancy between theory and experiment is smaller than for 

the bimolecular calculation; the agznent however cotd be Improved. 

Though the assumption of the lowest possible value of the partition function 

ratio for the adiabatic modes probably underestimates this value, the Internal 

energy of the complex E+  has probably been overestimated. These factors 

will oppose each other. Further, the correspondence between the two 

methods of calculating the number of rotational and vibrational quanthi-ri 

states of the active radical obtained assuming the partition functions of the 

Internal rotational modes to be equal makes the assumption appear reasonable. 

There remain four other explanations for the discrepancy. 

First, it was assumed that there exist no inactive degrees of freedom. 

The presence of such degrees of freedom will tend to reduce the denominator 

in equation IV. 11 thereby increasing k3(E). Secondly it is likely that the 

vibration frequencies of at least two modes are considerably lower In the 

complex than in the activtbdIca1. This will tend to increase P(Ev) by a 

considerable factor. Thirdly, the value of ka which has been estimated 

assumes an equilibrium distribution of activated molecules. Because a 

considerable proportion of the active molecules were in fact deactivated in 
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the experiments, the lower energy states will be more depleted by coLLision 

than the higher energy states since they decon1pose more slowly. The aver 

age coflislon frequency of AC1 with other molecules at thó pressure used 

in this work was about s x 10 66c 	Thus the observed ka  will be soxrte. 

what higher than th 	calcdated asauniug that no deactivation occurs. 

FQinihly, apart from any Luadequacles in the calculations, the  
experimental value of lta  is based on the assumption that deactivation of 

Ad 	by Cl2  is 1005 efficient. The experimental k   would be lower if 
thZorinc was lose efficient, ogeemnort between theory and experiment, 
thereby being izrprove& KUOM (2 6) has argued that. since the caked 

bl1am A £ctors for cis and trans dicHoroetbylene are 13 and 4 thnea 

less flan, the experimental values, Incorrect vibrational frequencies have 
been assumed for two vibrations in the transition state complexes. It 

would, th*refore, be expected that, since the bh-noleculat and unhnolecular 

eacUons proceed via the same transition state, the discrepancy between 

the theoretical and experiutentai values for the wt.tEnolecular rate constant 

'would be the same as that for the birnolecular A factor.. Comparing the 

factor, of 20 lor the discrnncy between the theoretical and experimental, 

unimolecular rate constants for dicblooethylene. Knox suggests that if the 

error is caused ,entirely by inefficiency of deactivation, Cl, I. between 20 

and 5OS efficient. 

VIhiiet the resulis of this work do not cotrad*ct the suggestion 

that deactivation of ACI occurs as a result of 2 to 5 collisions with chlorine, 

the coincidence that argon and chlorine both deactivate the active radical 

by the same multistage procee (according to this work they have the same 

deactivating efficiency), Indicates that the do-excitation process is more 
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The high efficiency of deactivation by chlorine which has In its infra-

red spectrum a band at 526 cm. (86), by propane whose, vibrational levels 

are 372, 748, 8700  923 1053 cm.  etc. (87), by CO2  whose vibrational 

levels are at 667, 1388, 2077 cmT etc. (88) by SF  which has a great 

number of vibrational levels between 500 and 1000 cm e.g. at 546, 605, 

626, 693, 705, 940, 984, and 995 cm -1 (89) and by trichioroethy1ene,whoe 

vibrational spectrum has been given, can be easily understood. De-excitation 

of the active radical probably occurs either by resonance energy transfer 

or by a. complex collision (90) in which most of the vibrational quantum 

received by the deactivant is transferred into One of its vibrational modes, 

the remaining energy going directly to translation It Is not surprising then 

that these gases have comparably high efficiencies; the slight preference 

of the active radical for deactivation by trichioroethylene might infer the 

predominance of resonance energy transfer over the complex coUlcion 

mechanism. 

However, the results of this work show that argon Is equally as 

efficient as the more complex molecules in deactivating the active species. 

This result appears genuine having been obtained by studying the dependence 

of the selectivity, R ECI, on argon pressure over the same pressure 

range as employed in the determination of the other deactivating efficiencies. 

Energy transfer theory (82) predicts that the efficiency of deactivation 
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increases with an increase in mass of the doactivarit and with a decrease in 

the amount of energy transferred. Since the active radical is a highly 

vibrating species whose oscillators will be expected to be in a fairly high 

quantum state, and since the energy juinpt 3etween a high vibrational quantum 

state and the next lower state will be relatively small, the transfer of this 

energy to translation in the heavy argon atom should occur readily. 	It 

seems reasonable, therefore, that all the gases studied in this work should 

have the same deativting efficiency. A. useful test of the dependence of 

the efficiency of deactivation on mass would be to study the dependence of 

PCE 
RnprCl on hydrogen pressure. 

Dainton (59) has stated that the unirnolecular rate constants obtained. 

by Knox and Riddick (53) are too high by a factor of 	This statement 

is based on the fact that complete deactivation of the active intermediate 

requires lO collisions. 	Whereas it is true that 10 collisions are required 

to deactivate the active radical to the ground state (this is due to the inneIi.c-

iency of the de-excitation of the v = I to v = 0 state) it is our contention 

that only a small critical excess energy, on average about 3 k. caL, need be 

removed to render the active radical incapable of decomposition. 

Our results on the deactivating efficiencies of the gases studied agree 

with those of Goldfinger et al (92) who have recently reinvestigated the 

chlorination of ethylene in competition with ethane and have obtained the 

following results for the deactivating efficiencies per colliision of the various 



gases relative to ethane: 

Cl 	 C2 	 SF6 	 CO 

O.46 	0.45 	 1.00 	0.30 	0,48 

The rate constant for the unimolecular decomposition of the active mono-

chioroethyl radical was found to be 

ka = a o x 10 9 sec1 

However, these results cannot be regarded with too great confidence. 

Apart from following the reaction nanometricafly, they noted a corn idorable 

amount of dark reaction (up to 0% of the photo rate at 3100K) which was so 

rapid at higher temperatures that further investigation was made impossible,  

This dark reaction has been attributed to a thermal process which is claimed 

to have the same rate as the photochemidal reaction precluding the necessity 

of correcting for it 

In this work on the chlorination of trichioroethylene and of trans-

dichioroethylene, both of which have been shown to be homogeneous, no 

detectable dark reaction occurred in the time required for adequate mixing 

at 40°C. The thermal chlorine atom concentration at this temperature is 

so small that amounts of reaction in ca 100 seconds is negligible (38). In 

the work on ethylene and vinyl chloride, however, considerable dark reaction 

was noted at 79°C and 40°C which has been shown to be surface dependent. 

That It should occur at the same rate as the photochemical reaction would 

seem fortuitous. 

140 
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Finally, since the energy dependent unimolecular rate constant k3(E) 

is proportional to the ratio of the number of quanturn states of the activated 

complex to the number of quantum states of the active radical its value is dependent 

not only on the size of the quanta attributed to each vibrational mode but also on 

the nature of the frequency assignment. 

For dichioroethylene (26) and trichioroethylene agreement between the 

theoretical and experimental unimolecular and bimolecular rate constants Is 

only obtained by assuming that the lowest vibrated frequency, attributed to 

torsion in the saturated hydrocarbons  is in fact a free rotation in the radical. 

In the case of tetrachioroethylene, however, correspondence between the 

theoretical and experimental bimolecular rate constants is achieved by 

assuming that internal rotation is restricted in the pentachioroethyl trans- 

ition state. 	This has a considerable influence on the calculation of the 

overall unimolecular rate constant. 

According to equation 1a78 the energy dependent unimolecular rate 

constant k3(E) has the form E+ 

k(E*) = Pl+ 	
x Jx=O 

liP1  

N2(x)dx 

* 
E-Ea 

( 	N (E'  * Ei) DEi) 

E10 	 IV 23 

where 
P1  and P1  are the adiabatic degrees of freedom of the activated 

complex and the active radical modes when their energy is El. 
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If,,as in the calculation of the unimolecular rate constant for trichioro-

ethylene, Ei is assumed to be zero and p+lp 
 is assumed equal to unity, 

equation IV. 23 reduces to 

* 
k3(El 	 E+>Ev P(Ev) ) = 	

- 	N*  (E*) 	
IV 24 

for purely vibrational degrees of freedom in the transition state. 

The sum of the degeneracies of the vibrational levels of the activated 

complex 	ZP(Ev) can be obtained by a computer calculation of Fowler's 

polynomials having first arranged the frequencies of the pentachlo ro ethyl 

radical into three groups which are multiples of the lowest frequency viz 

3 frequencies at 400 cal. mole
-1 

 (234, 472, and 500 cal.rnole
-1 
 , mean 

400 cal. rnole 1), 6 frequencies at 800 cal. mole- 1  (643, 680, 794, 937, 937, 

and 1158, mean = 860) and 5 frequencies at 2400 cai.xnole 1  (2070, 2210, 

2350, 2380, and 2920, mean = 2386). Log P(Ev) is plotted as function 

of E in figure IV 4. 

The number of quantum states of the active radical per unit energy, 

Na. (E), is obtained from an integrated form of the Marcus semi-classical 

expression (equ IV 13 Thus) 

* 
N(E

*
) 	(E

* 
 +Eoj 

B 

fls + 1) 	fl(hv.) 

1 

From the listed energies Eo = S. 23 kcal and Ea was taken as 17 k* cal 

xno1e (49). 
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The logarithm, of N*(E) together with the log of the ratio P(EV) / 

N(E*) is plotted as a function of E+ in figure IV 4; the energy dependent 

unxnolecular rate constant is plotted as a function of E 
r 
 in figure IV. 5 

The vibrational/translational energy distribution was again obtained by 

superimposing on each vibrational stationary state a Maxw&.lian distribution 

of translational energies of the chlorine atoms, atte ted by the fraction of 

the total number of olefin molecules in any particular vibrational energy 

state. The total distribution function was obtained by summation over all 

energies; the normalized curve 15 shown in figure IV. 5 

The overall unimolecular rate constant ka was obtained by integrating 

the area under the curve of k3(E) I (E) as a function of the excess energy. 

from which a final value of ka = 0 Z x 10 sec was obtained. The 

-7 
lifetime of the active pentachiaroethyl radical is therefore 5 x it) seconds 

at 79°C.. 

Experimentally, we have estimated a lower limit on the lifetime to be 

2 x 1 8  seconds. This estimate was arrived at from the fact that the curve 

of R 
HCZM1 

 against pressure showed no dependence on pressure down to a 
nPrC 

total reactant pressure of 6 mm. As a rule of thumb the pressure indepen-

dent region of the rate of addition occurs when the collision frequency of 

AC1 with other molecules is about 10 times greater than the rate of uni-

molecular decomposition of the active intermediate. Making this assumption, 

i 	
a 	7 

since the limiting high pressure value s obtained at 6 mm. 1. e. Z = 6 x 10 
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collisions sec one obtains an estimate of the radical lifetime to be 2 x lO 

seconds. Here again, agreement between theory and eperlineut Is good; 

but as in the bimolecular case it Is necessary to assume that the pentachioro-

ethyl radical cannot rotate freely about the C C bond. 
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The good agreement between theory and experiment gives support 

for the overall mechanism used in this work. The activated complexes and 

active radicals in the chlorination of dichioroethylene (53) and trichioroft 

ethylene can apparently rotate freely about the G - C bond, and their vibration 

frequencies may be taken as the àaxrte as those In similar molecules apart 

from two in each of the complexes which are probably lower. In the 

chlorination of tetrachioroethylene there is no Internal rotation in the 

activated complex or the active radical. 

The similarity of the efficiencies of collisional deactivation for 

a set of molecules of widely varying structure supports the assumption that 

the active radicals are deactivated at every collision and that reactions of the 

type 

AC1* + Cl2 	AC12  + CI 

are unlikely. This type of collisional deactivation resulting from chemical 

affinity and leading to anomàiously high efficiencies of deactivation has been 

widely reported in the literature (93-96). 

Experimental determination of the rate of unimoiecula.r decom-

position of the pentachioroethyl radical In a static system would neceseate 

working in the pressure range 0-6 mm, which could be measured accurately 

by an extremely sensitive form of bellows pressure measuring device. 
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(It operates by IoUowing the minute movement of the glass bellows with a 

micrometer the movement of which is inoniteréd on a pen recorde). 

Alternatively, the chlorination of tetracliloroethylene could be studied 

absolutely In a fast flow system. Chlorine atoms can be generated by a 

microwave generator (97) and measurement of their conceitrat1on can be 

achieved either by calibrating the intensity of the orange-red glow resulting 

from their recombination (98) or by measuring the heat evolved from their 

recombination on a platinum thermocouple. This fast flowsystem Is 

particularly attractive since It affords the possibility of obtaining not only 

the rate constants of the chlorination of tetrachioroethylene absolutely, but 

also the absolute: rate constants for the chlorination of hydrocarbons e g. 

methane and chloroform, allowing a check to be made on the rate constants 

of the latter two molecules, previously determined by a competitive technique. 

The method suffers from one severe restriction though, in that it is im-

possible to use it to measure IMmolecular reactions whose rates exceed 

109  mole. 11, sec 1  due to limitations in i-at.s of flow in the reaction tube, 

Although Goldflnger et al. have reinvestigated the chlorination 

of ethylene and have obtained values of ka and of collisional deactivating 

eicIencieg, their methods are less than satisfactory. It would be 

interesting, theoretically, to try to determine the parameters of the 

chlorination of ethylene and vinyl chloride to observe the effect of a 

small change in structure on the rates of bimolecular and unimolecular 
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reaction over the complete series of halogenated ethylenes. The difficulty 

in the ethylene and vinyl chloride cblorination3 lies in the fast rate of 

heterogeneous addition; the method of inveatigatio 	ustttherfor:e A  

inhibit diffusion to the walls c g. by carrying out the reaction in a flow 

system in the middle of an annulus of inert gas or by using a technique 

similar to flash photoysia in which the rates of production and decay of 

atoms is faster than their rate of diffusion to the wails. 

A very difficult but fairly elegant experiment would be to attach 

an infra-red spectrophotometer to the end of a flow tube. This would 

afford not only the absolute overall rate constants for the chlorination of 

an olefin but also, by observing the infrared chexniluminescence at different 

points down the tube one could obtain the relative rates of reaction into 

various vibrational levels. If the experiment were carried out with cis 

or tranadichioroethylene a complete energy determination of the 

bimolecular and unimolecular reactionscould be obtained. 



ARUEN1US PA.RAMETEBS FOI CHLORINE 
ATOM ADDITION TO OLEFINS. 	 47 

The Arrhenti& Palrarnetera for the reaction 

A + CI 	 ACI 	 2" 

in the series A im C H C14 (u o to 4),4r*,  give" in  the following tab1e 

the values of 	at 3500C have atso bee* included. 

In A E 
J1 Ct cal. mole*h 1os 2er 

C 	+ Cl 

 

10.2 + 0.1 	 0 	10.2 	65 
24 

io6 
	

0 	10.6 	92 

c2n3C1 + Ci 

Cie. C2  III 2C12  + Cl 

trans C2B2Cl2  + CZ 

ç211cl3  + Cl 

* 10,3+0.6 
10 

20.3 0.4 

10.9+0.2 * 
10.5+0.2 

1,5 hO 

0 
O,24 0.41 

9.4 57 

9.6 

10.8 53 

10.6 53 

	

9*4 	57 

	

9.15 	SO 
20.7 this work 

Cl +01 	 9.2 	 0 	9. 2 	46 

	

9,4 	 0 	9.4 this work 

It is difficult to draw any conclusion about the Sonerial trend of these 

rults since  the 4agreemet btweeu differ ent workers for a given 

ract*on in  alxno*t as large  as  the spread tor all the reatone. 

nethe1ese stuce the standard collision xnunber for the Collision 

	

.4 	j. 
of 	cblortne atom with a olefin is about I 0ii ole • 1. aec

a  , the etor 

factor for the coWn is about  0. 1 for the seiee ethylene to tro 

ethylene. For the chlorine atom tetraciii oethylen.e reaction, however, 

only one in one hundred collisions is effective. This imzut result from a 

high entropy of activation associated with a rigid transition state complex.  

This dives further weight to the idea that interxtei rotation * restricte4 in 

the pentachioroethyl transition state col,. 



149 

COMPUTER PROGRAM IN ATLAS AUT(XODE FOR THE CALCULATION OF FOWLERS POLYNOMIALS 

FOR THE TBIMCHLORDETHYL RADICAL 

____ N. M, Oi P.  it Z. D. C, 
Intege 1(1 	1(3, 1(4, 1(11, 
_______ 31, 13, 340  Al 
Inrarr Ni, (1 101), Mi (i10), 01 (1i01), P1(1:111) 
1nteetaT*w A (1:101) 
Read (N, M. 0, P) 
_____ 10. 10  100 
N1(I)O 
01(i) 	0: 

0 

Cyc$e. I*O, 1,102 
ml (1) 	0 

Ey—oke I 	0, 1,110 
P1 (1) = 0 
epeat 

____ I0, 16 100 
If N1 Then 	I 

10 	Thn 	Z((N+1-1) 4Z)/(I) 
If 1=0Ten 	11 - 
1:N1(I)1 

1epeat 
____ 1=0,3. 102 

ff M11-3 
if 1=0 	Then 	Z=((M+ø1)*Z)/(t/.) 
V 1=0 	Then 	Z.1 
M1(1)Z;- -_ 4 

Ml(l)=! 

4:t 
____ 10, 4,100 
If 0=1 Then 	5 
if 
- 

10 3 	1((0+(1/4).1)aZ)/(I/4) 
Tf 1*0 	Then 	Z1 
o 1(i)Z; - 
5 	01 (1) = 1 
8:at 

ac.le 1=0, 11,110 
If -' P1 Then1 Z 	1 	11 
if 10 



I4a 

tf 	 1:0 21eZ1 
Pl(i)Z; 

P1(t1 
____ 

Cycle 	10. 1I100 
J : 
Prrit 	(J1 30) 
NewUne 
iC1N1(i) 
____ 	co 3.202 

U 	 33 100 Then 16 
K3Xl'Ml(C) 

SECA— =o. 31O0 
J4 :.13 + fl 

i4 100  
1(41(3Oi(0) 

____ 	D0. 11, 110 
311:Jd+D 
if 	111 100 lun 17 
K11K4P1(D) 
A (311) = A (J21) +• K21 

11 :ja 
16 :jeat 
15. ft 
çvcI 	 o.i00 

Ptht A(I) 
Newluc 

pf 

2552 



L5O a 

.*n 9uaiwa' 	 N? °!! 

44 29980902 
45 86560281 
46 44472442 
41 53931440 
48 85208431 
49 78011115 
40 04521608 
il 113330520 
.52 1351830 
53 161886951 
54 192400866 
55 228402211 
50 2105(9863 
5? 3196731 

19 316003705 
89 443452841 
60 520660101 
01 610086200 
62 713450352 
63 832722*20 
84 07012*151 
OS 2128098751 
OS 1309474811 
*1 15113Ø4$35 
09. 7815Z 
69 2027200985 
70 2331234560 
11 2000545186 
72 3092465014 
13 3549042102 
14 408890 
15 4053100201 
70 

 
5317098141 

1? 008l8SOisl 
18 0014809168 
10 7888177621 
80 89430137 
1 281108549. 

82 115015141 
83 13030005274 
84 14723155722 
85 1664629134 
80 18780335005 
87 21165383729 
88 23820118227 
89 25793006125 
05 30097611101 
91 5311884850? 
02 7I859253725 
08 423964706? 
94 47430131764 
95 83009590344 



1O b 

go 6918 
6O254O282 

98 876%S 
99 81932040482 

100 01147138074 
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ABSTRACT OF THESIS 

Title of Thesis ....................................................CornpetitiveChlorin 	of Substituted .Ethylene s 

The Arrhenius parameters of the rate constants of the reactions 

Cl + A 	_—ACl* 

and 	 AC1* 	—A + Cl 	k 
a 

(where AC1* is an active chioroalkyl radical and A on olefin) have been 

determined by the competitive technique for trichioroethylene and tetra-

chloroethylene. In the latter case, however, only a rough estimate could 

be made of the rate of unimolecular decomposition of the active pentachloro-

ethyl radical. 

When A = trichloro ethylene, the parameters are 

k' (TrCE)= 2.68 + 1.36 x 1010  exp (+0.24 + 0.41/RT) mole. 1. sec '  

and k   (TrCE )= 7. 33 + 2. 73 x 1010  exp (-3. 26 ± 0. 38/RT) sec 

where the activation energies are in k. cal. mole '. 

The efficiency of various gases in deactivating the active tetrachloroethyl 

radical by the reaction 

AC1* + Mi 	 - AC1
0 
 + Mi 	 (bi) 

(where AC1
0 
 is an inactive chloroalkyl radical), has been found to be 

Cl2 	PrH 	TrCE CO2  Ar SF  

Efficiency per collision 

relative to chlorine 1 	0. 85 	1.46 	0.83 	1.23 	1. 17 

The bimolecular A factor for trichloroethylene has been calculated by 

absolute rate theory to be 1. 37 x 10 mole '. 1. sec 1; this value has to be 

compared with the experimental value of 2.68 x 1010  mole 1.l. sec 1. The 

unimolecular rate constant has been calculated by the Marcus theory to be 

0.92 x 108  sec 1  which compares well with the experimental value of 7. 0 x 
10  

-1 	o 
sec 	at 79 C. This reasonable agreement between the experimental and 

theoretical bimolecular A factors and unimolecular rate constants was achieved 

only after it was assumed that the activated complex and active radical rotate 

freely about the C-C bond. 

Use other side if necessary. 



When A tetrachioroethylene a value of A' of 0. 24 x 1010  mole. 1. sec '  

° at 79C was obtained experimentally which is to be compared with the value 

0.87 x 1010  mole '. 1. sec ', calculated from absolute theory of reaction rates. 

In this case, however, to achieve this degree of agreement between the 

theOr:etiLai1and experimental bimolecular A factors it is necessary to assume 

that internal rotation, of the transition state complex, about the C-C bond is 

restricted; the assumption of free rotation in the transition state complex 

gives a theoretical value 30 times higher than the experimental one. Further, 

making the assumption of a rigid activated complex the lifetime of the penta-

chioroethyl radical is calculated by the Marcus theory to be 5 x 10 seconds 

which compares well with the experimentally estimated lifetime of 2 x 10 

seconds., 


