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ABBREVIATIONS

The following abbreviations have been used in the text.

PrH - Propane
iso PrCl : iaé-Propyl chloride
n PrCl naP:ops;l chloride
T TCE 1,1,2,2,~-Tetrachloroethane
TrCE 1,1,2,- Trichloroethylene
PCE Pentachloroethane
V.C. Vinyl Chloride
HCE Hexachloroethane
DCE Dichloroethylene
P, V.C. Polyvinyl Chloride
Tetra CE - Tetrachié xoethyléne |

With respect to the 1,2-disubstituted ethylenes, the letters ¢
and t refer to the cis and trans isomers, respectively, and the lettei
i is used when either cis and/ or trans is intended. -

The letter A is used to indicate an olefin, thé-_meaning of ACl

and ACIZ is then obvious.



ABSTRACT OF THESIS:

The Arrhenius parameters of the rate constants of the reactions
3
Cl+A — ACL kM

2
and ACI* — A + C) ka |
(where AC}.* is an active chloroalkyl radical and A an olefin)
have been determined by the c_;:mpetitive‘ technique for trichloroethylene
and tetrachloroethylene., In the latter case, however, only,'a ‘rough
estimate could be made of the rate of unimolecular decomposition of ‘;he

active pentrachloroethyl radical,

When A = trichloroethylene, the parameters axre
10

k,"(TrCE) = 2.68 + 1,36.x 10" exp (+ 0.24 4 0. 41/RT)mole" . 1, sec™!
and k_(TrCE) = 7.33 4 2.73x 10 exp (-3.26 + 0, 38/RT) sec™
where the activation energies are in k. cal. male*l. ‘

The efficiency of various gases in deactivating the active
tetrachloroethyl radical by the reaction

# 0
ACl + Mi —= ACL + Mi (bi)
{(where ACIO is an inactive chloroalkyl radical), has been found to be
Efficiency per C"‘z PrH TrCE COZ .A'r SFé
1lisi ive tc : : ‘ '

collislon relative to ) 4,85 1.46 0.83  1L23 117
chlorine _

The bimolecular A factor for trichloroethylene has been
calculated by absolute rate theoryto be 1,37 x 109 mol‘ed. 1. sec.lz this

value has to be compared with the experimental value of



2. 68 x lﬁwmole‘l, 1. aec"l. The unimolecular rate constant h#s been
calculated by the Marcus theory to be 0. 92 x 1(}88@::“1 which compares
well with the experimental value 0of 7,0 x lﬂaaac-l at ?‘90»';2. This |
reasonable agresment ha‘tweeﬁ the experimental and theoretical bimolecular
A factors and unimolecular rate constants wes achieved only after it was
assumed that the activoted complex and setive radical rotate freely about
the C~C bond.

Vvhen. A = tetrachloroethylene a value of fxa" of 0.24 x }meole"1
. 1, sec.l at ?‘90&‘; was obtained ex‘g:eriménmuy’which is to be compared with
the value 0. 87 x lﬁmmole_l, i secbl. calculated from absolute theory of
reaction vates, In this case, however, to achieve this degree of agreement
between the theorstical and experimental bimolecular A factors it is
necessary to assume that internal rotation, of the transition state complex,
about the C-C bond in restricted; the sssumption of free rotation in the
transition state complex gives a theoretical value 30 times higher than the
experimental one., Further, making the assumption of & rigid sctivated

complex the lifetime of the pentrachloroethyl radical is calculated by the

Marcus theory to be 5 x if}"? gseconds 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 dic}xicroethylene (53)), to
the chlorination of trichloroethylene and, if possible, to extend it to the
chlorination of the remaining chloroethylenés and ethylene., This was done
to evaluate experimentally the rate constants kz" and k‘a for the reactions.

% kM
A+ Cl — ACl 2

e .
and ACl — A+Cl ka,
o
where ACl is an active chloroalkyl 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
* 0
ACl + Mi — AC1 + Mi
(where AC 1° is an inactive radical), in an effort to observe a corréelation

if any, between molecular structure and deactivating efficiency.



CHAPTER 1

INTRODUCTION

(2) 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 present, no theory
defines completely the many complexities of reaction, but it is hoped that,
witﬁ increased scplﬁvstication of current ideas, some comprehensive theory
may be evolved.

All of the theories whichibtdd sway at the moment are a development
of the first attempt, by Arrhenius (1), to interpret the large effect of tempera~
ture on the rate of chemical reaction. In an effort to explain the temperature
dependence of the ratevof inversion of sucrose, Arrhenius (1889) modified
the Van't Hoff isochore to obtain an expression which relates the rate
constant, k, for the inversion of sucrose to two parameters, A, and E.
Thus |

e”E/RT La.l

k = A
A precise interpretation of the parameters has proved elusive.
Arrhenius, himself, believed that an equilibrium existed between inert and

active moleculus 2nd that the quantity E was the difference in heat content



between the inert and active molécules. The suggestion that on};y 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 1;928’,—:"1;@,6\;@1:.5«“(7:-25) 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 ceﬁtred 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 PH ‘fClupon 2Argon
pressure, Perrin (3) noticed no dependence of the rate of decomposition over
the range of Argon pressures then accessible and, therefore, concluded that
activation resulted from the’abso;:gtimi of infra red radiation emitted by
the walls of the containing vessel,

Evidence against the radiation h;ypaﬁ:eaiév 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




]

"o put forward a constructive suggestion to meet Professor Perrin's difficulty".
He proposed that activation occurred as a result of collision and that the active
species, once £orined, had a sufficient lifetime that thiere was a high probability

of deactivation (also by collision), Lindemann's idea is expressed in the

equations | k "*
A+ M —l1l— A + M A A
kz |
® .
A ——-I-CS -— products B

where M is any molecula or well of the reaction vessel capable of transferring
energy to A. Further, it was believed that deactivation qccurred at every

collission and hence k, = Zo, the standard colligion number. Assuming

2
K
steady state conditions for A an overall kuni is obtained
K i = k3k1' [M] I.a.2
X, 1[M]¢ Ky
or 1. = k + 1 1.a.3
2 ; “"'r‘]"'
or T L T
b+ kM, [M]) ' Lo d

Thus at high pressures the theory predicts that kun should reach a

i
limiting value but should fall as the pressure is decreased. This was
verified by Hinshelwood and cosworkers (7, 8,9) who found that the
decompogitions of propfional, diethyl and dimethyl ether, were all first

order at high pressures but deviated from first orderkinetics at low

pressures, the rate constant becoming smaller with decreasing preseure in




accordance with equation la4. Ramsperger (10) observed the same type of
decrease in the rate of decoﬁlpositiOn of azomethane but to an even greater
extent than in the reactions sfudied by Hinshelwood, Itis of interest to note
here that, although the theoretical interpretations of the ra:tes of these
supposed unimolecular réactions were sound, all the reactions which promptec
early thinking were, in fact, chain reactions. (11) - (15),

About this time it was théught that the limiting high présqure unimole-
cular A factor, Aoco, should be related directly to the number of collisions
suffered per second by a sin Q:le molecule; yet the experimental values were
several powers of 10 greater than the collision frequeﬁcy. To account for
this discrepancy Hinshelwood (16} sketched a few calculations on an idea put
to him by'Lindemann 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 free&om, and not simply in the two degrees
of freedom due to lipear translation along tl;e line of centres. Hinshelwood's
calculations rested on the assumétion that the rate constant for unimolecular
decomposition, k;mi, could be calculated by the statistical mechanical evalu-
ation of the equilibrium constant K’l = kllkz(see eqn (124))and he therefore
proposed that the activated molecule contained energy in an indeterminate
number of degrees of freedom or“squarc" terms, n, such that
2 2

qB .+?in.o qn = E I.a.s

2 2
q;—fqz +



where € refers to the total kinetic energy. According to Hinshelwood the
vibrational degrees of freedom have an equal amount of potential ene’rgy
which does not vary independently of kinetic energy and he therefore re-
garded £ as the "effective' total energy.

Application of the MagweHs Boltzmann distzl:ibution law to obtain the
most probable state of a system composed of numbers of identical elements

give s

-E/kT ceen '
dq, dq, dq, da, Ia, 6

c % s
. ““EIRT ..

where N is the number of elements of some chosen kind whose momenfazfy"

N

state might be co.mpletely deﬁpﬁ:d by assigning values to the n parameters
§] g2 ~====Qy; € is the energy of an element ‘.deiﬁned by 9; 9y%=4, and dN
is the number of elements wﬁose energy lies between 9, and qﬁd@l q, and
qzxdqa ~mq and q, * dgn. The irtegral in the denominator is taken over
all values of 9 99, which are physically allowed. |

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

the numerator of equation (fa, 6) was integrated over an (n-1) dimensional by -

per sphere whose radii wera/e_ and/€ + dE . Since e E/kT is constant the

2/

integral becomes .

€ +dg
dql dq2 dq3

69 0 dqn
Ia
2 2 2.... 4

2
9 +qz+q3 +qn-—€



which is simply the volume of an {n~1) dimensional hyperspherical shell.

The volume of an n dimensiona; sphere is

v = g2 12,8
[ (n/2+1) *
av = M2ty
[(nf2+1)
: Ia,9

and hem;e the volume of the desired shell is

a™M2 gnl2-3 4

[ (a/2) - 2Ye Ia, 10
; . nn/i En/Z-—l de I 11
* S r(nlz) H

The integral in the denominator of la, 6 is taken thiroughout all space

o0

ie, I = foe"EIkT dq, dg, dq,"""'dq Ia, 12
°° —
_ /‘e-elk'r /2 gnl2-1,0 |
° [ (n/2) Ia, 13
0o . nf2-1
= (mT)™? f e'EIkT(E,w d( € /kT)
l_(an) ° kT Ia, 14

(L kTﬂ"z [M(n/2) Ia. 15
T/ 2) | g’



I = (T kT)nIZ for n even. Ia, 16
The ratio of these two integrals givesthe chance that the total energy of the

n oscillators will be within the limits € and € +d€;this chance is

o-EfkT g2l 4 Ia, 17

T (al2) 4(k'1')n/ 2

The chance of possessing energy greater than some critical amount €,

is '
oo ‘
No . 2
. [ (n/2) (kT)n/ €o la18 -
This integral becomes
) e -
L. Neo o=  / {___...1_...(85'/21 - (__;‘/2 2..+1}
k, No [M(n/2) \KT. l"(nlz 1) \x1/,19 |
Ia. 19

I 'Hinshelwood stated that eince € was gem&rally 1a.rge compared to

(n/Z1}KT it was permissible,. for approximate caleulations, to take only

- € /KT

the first term of the expansion. " Thus the usual e in the Arrhenius

equation is replaced by

g—EolkT (Erry 21 . 1a,20
I_(nIZ)

n,zvl

Thus if n is large, the factor ( EJ xT) [ (n/2 - 1)! might be

sufficiently great to account for the difference between the mollisional



frequency and the abnorm‘a,lly high A factor for the activation proeesa‘ea in
unimolecular reactions. Usmg a value of n equal to twelve Hmshelwmod
was able to account for the fact that the number of molecules of proplonal'..i.
decomposmg per second was 400 timas greater than Z E/RTCZ

Hinshelwood assumed that all molecules with energy greater than a
crit’ical@ miniftumamount decompose at the same rate, independent of the
amount of energy they possess in excgésdf this critical a.ﬁr:;ount i.e, k's_was
constant independent of tﬁe amount of energy possessed by A%, This would
pr‘edicf that a graph of llku i againat1/[l‘\/l] would be linear (e.g. Ia,2), This
was verified within the limits of accuracy of the é_mperimental reaﬁlts for.
propional, but the more accurate results for clim@thyl and diethyl. ether. were
in definita‘disagreemwnt with the raqﬁirements of the _theoi'j. The élots of
1/k . sgainst 1/M]for these molecules were definitely c‘ur\.red. ~ Here again,
many of the reactions were not in fact glementary and the ixiterpm&aﬂgns were
therefore completely erronecus. They were, however, fortuitous since more
recent data on reactions known to be elementary and unimolecular has amply
confirmed the curved mtﬁf@ of thev' presasure dependenee. (e. g. th/a &écem—»
ppeition of cyclopropane (17) and the isomerization of methyl isocyanide (1 8)).
grees of freedom is capable of accounting for the order of magnitude of
reaction rates of most unimoleéu&ar reactions, it is not able to account,

quantitatively, for the vai'ia;.tion of the rate constant with pressure,



Kassel (19) developed Hinshelwood's theory by arguiﬁg that, in order to
décompbse, it was not sufficient for a complex mc:lecu.lel simply to possess
a l_arge amount of excess energy: it was neceasgary for this energy ~ or
aome aufiiciént part of it « to be concentrated i;l a particular point of the
molecule in order to cause its rupture. Therefore, on the assumption that
some critical bond wrmld. break whenever it acquired enérgy in excess of
gome critical minimum amount, Kassel calculated a relation between the
specific reaction rate of the activated molecule; and their energy content.

The Kagsel treatment implies an extension of the Lindemann scheme to
include tl;e rate of intra molecular energy transfer into the critical ogeillator,
A particular feature of this theory like that of Hinshelwood was the consider-
ation of the active molecules in a particularly small range of energy,

In terms of such a group of mcvle;:plea the reaction may be written in detail as

kl(E Jae

M A% e — € +dg) M
z° |
+ s I
M A ( € — € +dE ) A+ M
. +
Ax (g —= € 4d€g ) k3(__{':__). A" products

where A* denotes a molecule where the excess energy is distri‘buted through-
out the oscillators - the active molecule; and A" is 2 molecule which has at
least Eo localised in one critical vibrator - in modern teminology the

activated complex,



10

The contribution to the complete unimolecular rate constant for the
group is then

. (s}
= k1(€> k37(”$) de /z Ia, 21

dkuni 3o
1+k3(g)/zo [M]

and the overall unimolecular rate constant is obtained by integration from
the minimum energy €,,to oo
Thus

o o
Jeund - f°° ;cl(e) k3(€) deﬂ/z la, 22
e, 1 +k(€)) 20 M | B

The problem of evaluation of kuni is the'refore‘ the evaluation of icl(e) énd k'3(€ )
as a functionof €, |
Kassel's theory was similar to the second version of the theory of Rice

and Ramsperger (20) who assumed that it was necessary for i:h.e energyv €o
to be concentrated in a single degree of freedom rather than in a chemical
bond which Kassel considered as equivalent to a simple oscillator possessing
mb degrees of freedom. ' Thus a molecule was regarded by Kassel as a
| system c:'i" s weakly coupled harmonic ogcillators, 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 i:nmigration of energy
within the molecule. The expression for the totai energy is then

£ =p12+q12+p22+q22.... +psz +qs2 Ia, 23
where the p's are reduced momentum coordinates and the ¢'s position co-

ordinates.



i1

Cal culation of the chance that the total energy of the & g“ac,iuaiar‘a lay
within the limits € and € +d€ wab exactly analogous to Hinshelwood’s de~ |
- velopment, The relevant equations can be obtained by replacing n by 2s
in equationg 12.8, Ia,17, Ia,19 etc. Thus the chance that the total energy
of the s oscillators lies b?:;twe'en € and € +d€ is

‘E 8-l e € /kT
(kT)® fe-1)!

dae ' Ia. 23

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

amount, €., is

8
Z - €o Iwr( eolk'r)"“l | .
=1 (z-1)1 - Ia, 24

and the rate of activation intc energies € to € +dE is

ki(E)dE = zo(_e__') 8«1 1 'QQEIkTQ“g
| aald (s-1)t kT 1n. 25

Kaasel then extended Hinshelwood’s theory by evaluating the chance
that, wh;n s oscillators had total energy in the ra.ngeh '€ to € +d€E, one of thexn‘
would have energy at least £o.  Thia chance is the ratio of the phase space
volume corresponding to states which have t_;ctai energy € to € +dE€ and for
which some oscillator has energy at least Eo, to the ph‘ase‘ space volume
corresponding to all states with total energy between € and € +dE This
latter volume has been found by Hinshelwood (eqn.Ia. 11) the form of which

was changed by Kassel to



12

sA N g-1 de
(s-1) ' - 1a,26

The former volume isg

2 2
€ € «(pl + 9 )+ d€
ff ci;;»I c\!q1 | f v fdpz oo clq8
2 2 2 2 2 2 2 1a, 27
P, tq " =€. p," +tq," +..p " +tq =€-(p1+q12) 2
£ __: | : g2
b'lIs . (e -(pxz + qlz)) dg dp, dq,
[}
. (s-2)!
2 2 ~ Ia,28
pl + ql =Eo
n® (g - €0 ac
= (s=-1)t Ia, 29
The last pair of int.a,gmﬁons was effected by the substitution
p1 = z cos &
q = z sin ©
The ratio of Ia, 26 to 1a,29 is
s-1
Ia, 30

E € - eo)

(X

which was the desired result,
Fnrthex? s+ 8ince the rate of decomposgition of the active species is pro-

portional to the probability of the energy €,being locate}d in the critical

oscillaor Kassel stated that



i3

k, = A(E-é&)s'l s, 3

. 3
was efieéﬁvely the rate of decomposition of the active molecule.

The constant A, defined by Kassel as a proportionality constant, has
been variously id&ntifi‘ed with the experimental Arrhenius A factor at the
high pressure limit (equation Ia, 39) and witiil‘a} vibrational frequency.

Qualitatively, eé&aﬁan Ia, 31 mm} be 'imtgg?a’t;eﬁ ae saying that un;-»
molecular degompoamm occurs at the first -vibraﬁaq of the critical
oa.cmato‘é whéﬁ it ;zmtaina at least eneﬁ;rgy €o ', attentiated by the
probability of the onergy being localised in the bond,

The Kassel axpreaaion for the rate constant k was darived from the

differential expression for a small energy range dt

dkuni (E) = 1<(e)(k(€)/z°)de |
Ia, 32
1+k(€)/kzo[] |
s zoedl) EIdeEAE eo) -1
7 (l;T) _(s- 1)! KT ( &€ 7
14 A ( Nt
Ia,33
. giving an overall ﬁnﬁnoleeul;u rate constant
- €E0/kT . - ., | .
‘kuni = Ae /-°° 57 (e earg)®t o (E-EON KT e
(s-1!kT)° g, 1 4A '(e-eo)s“ |
' ' 7T K, 34

N
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kuni = Ae-Eo{k’iS fw AEsﬁl e AE,/de(AE)‘
%

(s-1): (xT)° 144 (Aese)®!
z9M] la. 35

The limiting high pressure unimolecular rate constant i.e. as

[I\’I] - 00 , kOO is

koo =@ A > g - Eo)g&l ed €/1{T d(_§_) Ia. 36
(s-1)! ( KT kT
€o
- oo - .
- A o EO/KT (Af;.)ﬂ L AE/de(é'g_) Ia. 37
(c-1)! o VKT kT
» € . ’
= Ao CO/NT (o) Ia. 38
' {6-1)} _
= ' AB.EO/kT ia.39

It now becomes obvious why the proportionality constant A of equation Ila. 31
ghould be identified with the experimental, high pressure, Arrherius A
factor. .

Thusa the ratio kp/ k becomes

w - - QE
= 1 f (€ -£0)° "} o(E -Eolie
Y] B ' ' : ,
(s-1) (kT) 1+ A E-Eo)sﬁl
Z%M] ( €
Ia, 40



i5

- A€ /kT

= 1 foo (Ae/x)®! e d AE/kT
T i

1 +_A (AS/( € o+AE))*™? |
zO@v[] Ia, 41

a form which is suitable for numerical calculation assuming values of the
adjustable parameter s, the experimental high pressure E£o, and the A factor.

The main objection to the classical form of the Kassel theory is in the
use of the adjﬁstable pérameter s - the number of effective oscillators., In
the quantum form the assumption that all the oacillators have the same
frequency is also undesirable. Nevertheless, Kassei'!s expression for
the rate of decomposition of the active species, equation Ia, 31 is still widely
used; a reasonable fit to experimental d_a',ta is generally obtained with s equal
to about half the number of vibrational modes in the molecule.

The Kassé'l theory provided chemists with a clear and 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 crifical
oscillator, whose movement represented the stretching of a bond, had a
finite probability of acquiring sufficient energy for the rupture of the bond.
The possibility 6f 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.




The proportionality constant A can be defined more precisely if one

considers the complete equilibrium

k,(€)

A+ M A¥* + M
2

Av+M 2 oA +M

_k3(€) i

M S
+

At K= products

By the principle of microscopic reversibility, at equnibrium, the rate
of decomposeition of the activated complex is equal to its rate of redistribution
of internal energy in changing to the active molecule. Therefore A éan be
regarded a8 the rate of migration of internal energy from a single oscillator
into any other part of the molecule; it was believed that dis could ecenr at

13-14 1
8

every vibration and hence that A = 10 ec .

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

(S
Av === a7
k
only, is considered, then
. o
S
+ - -1
and k, = 1<+[A] = k' (E-Ee )8 1a,43
. _
whence k = A ‘ : Ia, 44

and the proportionality constant A is equated directly with the rate constant
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for decomypogition of the activated complex.

However, the problém 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 (21) who was mainly
responsible for the theory of absolute reaction ratea, The theoretical
evaluation of 3 is dealt with later.

The ev#luation of the absdlute rate of a reaction from purely theoretical
ideas has two .pa,rts;. (1) the evaluation of the activation encrgy; and (2) fhe
evaluation of the pre~exponential or A factor. Inits application to unimole-
cular reaction then, only the second type of calculation is relevant, —H‘owevex,
it was from the ideas of the quantum calculation of activation energy by
London (22), of 2 system of three atoms as a function of their internuclear

which | |
separationaxd 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 differénce in energy betwéen 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)



Potential Energy Diagram for the

Reaction A+BC =AB+ C

A--B--C (Transition State)

Réaction Coordinate

Figure 1
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with a positive curvature of potential energy in all degrees of freedom except
the one which correspo;'xds to crosgsing the barrier, for which the curvature
is negative. Thus at the saddle point

d € /dz = O and € is a maximum where Z is measured

along the reaction coordinate

[}

and d€ /dxi O and€isa minimum‘ for all other normal
coordinates of the molecylé, *, o

A configuraiion of atoms corresponding to the traongition state thus has all

the properties of a stable compound except in the normal Amode corresgponding

to decomposition; this mode, because of the pmall 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 detziled mechanipm derived from the theory can be represented as

v . +
A+ BEH—x"—E— ¢
+
k kz
or, concentrating on a small energy range d€ , as
+
kl(E)dE + k (€) .
+ B —/—/—— = +
A o) ¥ (Etoetae) Ky (€)ae © b

By the principle of microscopic reversibility the rate for decomposition

+
of X to A+ B must be the same as for decomposition to C + D and at
complete equilibrium
+ k(€
L [_x__' - {1( )de
+
[a] (5] K'(€)

Ia. 45
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2
1 [x i liz(E)de |
and ¢l b PR Ia, 46

~ Since the motion of X' in the reaction coo&dinaté is assumed to be
translational, K(€) is the velgéﬁty of trmslat‘io‘n in the reaction coordinate
of those complexes with énergy € moving in one d:irécﬁdn; Since only half
the complexes move in any direction the factor % is included,

With these a.aemnpﬁom the absolute ihea:y of reaction rates was de%ia‘-
oped, through which, by being éblu_‘a to caxlmaia.té ihe cbm;éntraéion of the
transition state complex, [X'], and its réﬁe of péss“age- over the energy
hump the rate of bimlewér reaction could be calculated,

‘i’hﬁs for mleculea or radicals in the transition state, if one supposes
that, inatead of considering an energy range € to € #dE ,one considers an
equivalent velocity range X to x+dXin the reac.ﬁun mardina;m (where X
= dx/dt; and suppose that the concentration of complexés per unit volume
per unit length of the reaction coordinate is C;dx then, under equilibrium
conditions |

+ + P +1 |
C, =C. =136, =1} [¥] 1a47

X

where Cjx| is the concentration of the trangition state complex per unit

range in X, irrespective of the direction of motion i. e. the,' equilibrium con-

2

centration of complexes, with €= % mi’ » which can be.obtainea by

statistical mechanics, Thus

+ +
- = d
CaCn 998 | Ia, 48
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and therefore C;'t ak N L CACB _ég: o Ia,49
9,95

where dq+ is the partition function for a range x to x+dx in the reaction

coordinate irrespective of direction and q A a@;ﬁb areAt‘he partition fuﬁcﬁons

of A and B respectively; Thepaxtition function dif cén be factorized into

two parts: (1) for the reaction coordinate (dqr: ) and (II) for motion of the

molecule (q+ ). Thus

+ . + '
dq. " xa _ | | Ia, 50
here by definition. + - e ilre)/ % Ia, 51
where by de . on dqrc - Zgi o € i(rc)/ kT

where q; is the degeneracy of the ith state and the €i's are the allowed
energiéa in the reaction ¢oordinate. |
If an energy range d€ is considered then only one term is required with
€1 = 4 m;‘;z, and gi becomes the number of amigy levels in the velocity
range %X to X + dx
: Usi‘#g ide: Broglie's equation
p = hiA 1a,52
and the condition for a statienaxy wave |
A= 2b/n _ | | Ia, 53
whe,i:e b is the extension of the transition state in the zf-éact:ion coordinate.
Thus
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and the number of energy levels in the veiocity range X to x+dx is
dn = (2mb/h)dx Ia, 55

and since we are considering a concentration per unit length of the reaction
coordinate b = 1 and

S E(re)kT

dq:c - (meh) e Ia, 56
Hence
_C;.: dx = ,;%____4_91 CACy | | Ia, 57
a,95
=(m/h) ee‘E(’rCM(T- d,-;.cAéé ('q+/’quB) Ia, 58

The rate of passage over the energy barrier of molecules in the velocity
range X to X+dX is
+

, L ¥ o |
xC, a4 = 3k (€) [x"] | . Ia,59

and the total rate of passage for all molecules is
00 _
P .
rate = kbim CACB = f x C}.c d Ia, 60
. Yo

o0

1/m fc: d (mx>/2)
0

)

Ia, 61

i

1/m f ct ae (zc) Ia, 62
\ o =

S,
pe
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Substituting the expression for C.;-< from equation la, 58 in equation |

Ia, 62 gives

o0
A+ -
Tate = . c.c = + 4 GGy f Bt Ol |
“bim “A B h q,4, 0 7 Ja.63
whence - + Ia, 64
Kim = (&T/B)(a'/a,qg5)
. + .
+! - AE T /KT a, 65
= (kT/h) (q /quB) e A o/ Ia"és :

Marcus & Rice (23) and Mafcus (24) have combined the concepﬁs of
Kassel and of 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 apecies 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 intramol ecular 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 aﬁd this bond
wase assumed to occur with sufficient rapidity only when the molecule had
become essentially the activated complex.

The translation of the molecule as a whole which makes no contribution
to the reaction ré.te is a typical adiabatic degree of freedom; similarly
owing to restrictions of conservation of total angular momentum the molecule
must-_xemain in the same rotational quantum state throughout the course of
decomposition. However, since unimolecular decomposition can be regarded
as a stretching of a critica-l bond, rotation of the molecule as a whole can
contribute éxz‘ergy to the breaking bond, since, if the molecule is rotating
with a constant angular velocity about an axis at right angles fo_the critical
oscillator, elongation of the bond will cause an increase in the moments of
inertia of the separating fragments - in a sense this is dn inactive degree of
freedom. Thus the largest contribution of the angulax; momentum to the
breaking bond poaseéaes the largest moments of inertia and contributes>energy
J( +1)h2/8n21 with J approximately constant. When averaged ;ver all J's
the net contribution of these rotation to the reaction rate is a factor P.:/ Pi
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 contributione of rotation of the molecule
as a whole to the raaction 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 poasesses
in exceas‘ of titSr respective zero point energies. Since the acﬁvated complex
contains energy Ea, the bond dissociation energy of the critical bond, localised
in that bond then Ei #E* « Ea - Ei where Ei is the energy in the inactive
degrees of freedom. |

Both papers started from the preﬁﬁse of the Lindemann scheme as applied
to a swall energy range (eqns. .’lazl and la 22) to obtain an overall uni molecular
rate constant which is the integral over all energies of the individual rate

constants - which are themselves energy dependent.

Thus
N k() Xk (e)de
ani f . o |
V] . '
1+ k3(e)/z‘[M] Ia. 22
The texm  kq(E)dE/Z°  here has the same significance as in the

- _ ec&ilibrium : '
Kassel derivation and is equal fo the/fraction of active molecules having

 energy in the range EX to E* + dE*, If N#(E* - Ei) ié ‘the number of states
per unit energy of the active &egré‘ea of freedom and D (Ei) the dege.neraéy

of the inactive ones when their energies are E* - Ei and Ei, k(€)dEIZ® |

is given by
' E -Ea )
z #®, % e *
- | N (E -Ei)D(Ei)exp(-E /kT)dE
kl(E)dE = Ei=o _ , .
s o ’ oo d, % * ¥
20 Z D(Ei) f N (E ~Ei)exp(-E /kT)dE
b
Ei=zo ' E =Ei Ia. 66

Introduction of a new variable x = E* « Ei 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 parte the latter of wluch is denoted by P,

1f, ‘a.s in the 1951 paper, no account is taken of the inactive degrees of
freedom, kyEdE/2* be'comes

kl(.'a)dé: = N#(E*) exp(-E%/kT)dE*
—p £ la 67

where f is the partition function of the active degrees of freedom - in thz

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

' s \ -1 -

f = M (1-exp(~hv j‘/ kT) ) : Ia. 68
i=1 '

Calculation of the rate ofiin‘.t‘rammlecular energy transfer was accomplished

by applying the principle of microscopicreversibility to the equilibrium

. .*. : -
k.(€) k (€)
& V= + :
A R A  — - products

"”'d) ' —
(E-+€+dE k+(€) (E —~E€: de)

Since, at equilibrium, half the complexes A% are going in the forward direction

and half in the reverse direction

[ax] kyefi€ * %[A?;]ki(a)dE la 69
Hence
' +
2k,(€)dE - [i}(e—{»' o). - 1a.70
+, * o
k (€ )de {cf. equation 1a.43)

(E—~E+dE)

Where [A’] and [A*] are the equilibrium concentrations of the activated
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complex and active molecule per unit range in total energy i and E¥ res-
pectively. Comparison of equatibn 1270 and equation 1a43 shows the detailed
e:s';tension of the Kassel theory by Marcus and it is also a useful point to re-
flect on how each theory grew out of the preceding one. Whereas Hinshelwood's
theory assumed that all the active molecules decomposed at the same rate
irreépeétive. of energy content ox distribution, Kassel e;xiended this idea by
assuming a specific energy distribution for decomposition and hence an energy
dependence 10fin the rate of decomposition of the active molecules. However,
Kassel's theory stopped short in that it was assumed that the activated complex
once formed, decomposed at a consltant rate and Marcus's contribution waé
to apply Eyring's ideas on velocity distribution in the reaction coordinate,
to the energy dependence of the rate of decomposition of the activated
complex.

Since A=+1= and A% ha-ve the same total energy the concentration ratio-

N o
[A=-*] / [A.*] is the number of quantum states accessible to the two forms of A.

o LA_J“] - nt () 1a 71
Hence [A%] Nx (E%) |

whe re-N;-'F-' (E;it) is the number of quantum states of the activated complex
per unit range of the non-fixed energy E* and N*(E*) is the number of
quanfum states of the active molecule per unit range of the non-fixed energy
E*, |

One of the degrees of freedom of A$ accounding to transition state theory

is a simple translation in the reaction co-ordinate. If N, (y) and NZ(E+ -y)
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denote the number of qﬁantu_m état_es per unit energy of this translational
motion and in the remaining degrees of freedom A+ when their energies are
vy énd E+ - y respectively, then the number of energy states foi a range,
dEi, of total energy and dy in the reaction coordinate is

: + ' o+ .
NZ(E* - y) N, dE-+dy 1a 72

(v)

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

i
which contains non-fixed energy E is
Et |
N = f NZ(E+~y) N,ydy ' la. 73

. Y=O
Since k*(e) corresponds to the velocity of the activated complex along the

:,jeaction coordinate when the translaﬁoﬁai energy is y it is possible to
replace Kk'(€) by (2y/m)%.(1/b) where  (2y/m%  is the
speed of passage 6f»the activated complexes over the energf barrier (half
in eéch direction), m is the reduce& 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
Ly g_z_gzz ' la 74

8mb '

and since the number of energy levels per unit energy fang'e of the

translational motion Ni(y) is -

Ni{y) = dne | 1a 75
then Ni{y) = g o % |
- y) =b (2. ) la 76
| - h ‘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 X to X + dx is related to the reduced mass of the
complex and the extension of the reaction coordinate.
¥, . , , ’
Substituting Nj(y) and k (€) in equations la 70, la 71 and 1a 73 one ob~
tains E+
*, ¥ " B | %‘ s ¢ 1 K
N (B Jky(€) = 3 (2y/m)* 1/h (2m/y)* N, (B «y)dy
y=o | Ia. 77

Introducting a new variable x = (Y - y) ii:tp la 77 and coirecting by

the factox PT/P1 , k.(€) becomes
p’ x[o NZ(X)dx
k(g) = 1 e
- E
> N (B -Ei)D(Ei) ' Ia.78
Ei=o T
where , Z N*(E* - Ei)D(Ei) ‘ . is the total number

of gquantum states per unit energy and available to the active molecules whos:
non-fixed energﬁr is E*,

 Again, if as in the 1951 paper, the inactive degree s of freedom are
ignored and tha( remaining degrees e{ ..ﬁédoxx?ﬁ:%naidaxed to be solely
vibrational, Nz(ﬁialL - y) becomes P(EV), thg degeneracy of the vibrational

modes. Substituting K for ‘P1‘+/P1 equation la 78 becomes

k,(g) = K . X *Z PEv)

BN et=gy Ia. 79
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The beauty of the second paper lies in its generalisation to any decomposing
molecule.

From equations la 22, Ia 66 and la 78

e - P; exp(~Ea/kT) (xdx exp (- E /kT)dE
uni -
P Ph : . ‘
12 X=0 1 ‘+' ‘kalz M _ Ia. 80

To complete the derivation of kuni it is necessary to obtain an expression
for Nz(x)_, the number of quanm states per unit energy of the degrees of

+ , i o
freedom of A" (not involved in P, and excluding the translational motion

1
along the reaction comrdinate_)'. These degrees of freedom are vibrations
and internal rotations. It is assumed that the rptatiotis can be treated as
independent of each other and of those rotations inwlved in P1+' so that their
~energy is approximately equal to

i=t 2
8 N Ii

la 81

where p is the number of rétations while Ji and li are th@‘qﬁanmm number.
and the moment of inertia respectively of the i}th'ratati_onal degree of freedom.
The degeneracy of the Ji'thc quantum state is 2 or 2Ji according as it is on

di -1

one or two dimensional rotation. This number is written as 2(Ji)

where di is the degeneracy of the ith rotation.



amongst
The energy x ia ﬁwmaﬂ/;a%g its component degrees of freedem for which

the vibrationnl energy is By, the degeneracy of the vibrational states being

P{Ev). The number of potational states per unit energy is equal to
Keldx-Ey
(ax)~! f vese f f Ne 200% | 1a 82
Z.n Want = xav |

and the mmber uf‘ mmtimm}, vihmﬁimm qummtun gtates per unit enorgy ie

Ny) = m;a* (Prowy @™ [ o[ [Maaeu®an | 1aes

Putting Zi = Ji®, whence dZi = 27HdJi

ROR-EY

Ny{x) = EZF { {m,wxr* fff Mi (n)“’w"“m}
- Z?n/m (BTU2/M™) (xtiv)

eV

Ny(x) = Z {9%3(4:;)”‘ f.ff Ma 11%2 zijn/’ﬁ ) »

= Zgy‘n a(anz/hQ!;ﬁ?i"EV)
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This multiple integral is a particular case of the Dirichiet integral (25).

Insextion of the appropriate solution gives

Nfx) = Z P kv )(dx) - M r(dl/z) )(sn /02) (x-Ev)* ? L ax
EYSE+ | F(Edi/z) S |
o - la 85
N, (x) o (8n2/h2) 21 (e 12 2 /2)]}

ey r(r/z)

1a 86

Since the partition funcﬂoua for p intexmxl mtaﬁom making in all

Z‘H degrees of ﬁreadom with mdiyidua.l moments of inertia Ii
is giv-an by
p: = '(,,s TOKT ) r/2 [N @¥2 [ a2) b |
h 1a 87

equation la 86 may be ma::_re' simply expressed as

A o ' r/2-1 +
N,(x) = Z (Ev) (x—Ev ) Fl’::r
, Hxlz) v kT’ |
‘ Ev =E . N | la 88

Substitution of the expression for _Nz‘(x) given by equation la 88 into

the equation for 1c3( € ) (equation 1a 78) gives
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+
P 4 B rl2-1

P ~Fv dx
we) DB k5 Rea ()&
np, = ey r) D (&) gospt [(x/2) -

DY %<0

Ej=o

ia 89

The integration is achieved by revérsing the order of summation and inte-

gration such that

R | - ' r/2-1
k{c) = P, P f xi-Ev dx
3{8) AP prpa—— * (E ) (1:1’ KT
WP, [(x/2) ) N (2 -E)D(E) BV ‘E
A ' ia 90
Bizo
+ . ._
1|_(r/2+l)ZN (" -E1)D(EL) Ev=E' ~ Ia.91
Ei<g’
, r/2
+ .0+ g «-Ex : :
_ B P Ev;}?:+ (EV) ( ) 1a 92
np [(x/241) .Z+ N (5" -E4)D(E)
Ei=FK

Generally a procise statemert about the amount of enezgy Ei, in the
inactive modes is not possible, and for simpucity El is taken as sero.

To complete the derivation an expreseian for (Ea +E) is
required. Marcus azﬂ Rice (23) showed that a good approximation to the
average number of vibfaional quantum states per unit enorgy is given by the

following semiclassical expression
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N’: (Ba + ET) = (& 1.5zz;o)“‘,,1
- T(s) "plevy
i_::l la 93

~ where Eo » the zero point energievs of the active molecules is defined as
"Eo = 2 hv'.l/z o Ia.94
. . 1 . S .
i=1
Vi is the ith ¥ibrational frequency and s is the number of active vibrational
modes.

Ni(‘z) ~, the total number of quantum states per unit energy of ‘th‘e
rotational degrees of f.reedom (other than those invol.v"ed in Fj) of the active
molecule when their energy is x, is given by an expi*essinn exactly aﬁalagom
to that derived for N'z(x)‘.

Therefore

% P tf 2«1
N(2) = _Ta TR
r KT kT

[(t/2)
‘ i1a 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+ |
N(Ea+ ET) = f Nj (Ea + E- 2) Ni (2)dz
270

la 96



Ea+E+ :
% » .
N (Ea*E+) = .Pa - (Eaﬂ?‘ +Eo-z)" ,___tlz dz
kT. '
kT [(s) [(t/2) | ﬂ(h
ZR0
Ia, 97
and therefore the final expression for k.(€) , assuming that Ei=o,
becomes
8 + r/2
E -Ev
| b a S b [E
ke) = kv D1 Fr [(e) [Cwz)  iPVY) py=et (el kT
_ » ‘ %
h PP, [ (x/241) /E (E +Eo - z) (/k.r)tlz -1
‘ - 220 iz, 7
Ia.98

'I‘h:s is the generalized form: of the Marcus expresaion for k (€) which was
used by Knox (26) for the calculation of the rate of unimolecular dec:omposition
of the czhemicany activated trichlorethyl radical and which will be the basis of
calculations of the rate of unimolecular decomposition of the active tetra-

chloroethyl radical, given in this thesis.

(b). Esxperimental Review

No matter how self consistent the logic nor how elegant the development
of a theory, pursuit of theory alone would seoh abstract thought out of all
physical meaning. Only- by recourse to experiment can one obtain verification
of theorstical concepts. It is, therebre, necessary to establish the v‘é’lidity of
the experimental technique.

The experimental techﬁique employed in this work was to chlorinate an
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olefin in competition with a saturated hydrocarbon, the reference reaction
being the abstraciion of the primary H atom in propane whose specific rate

constant is kaown,

The generally accepted mechanism for chain propagation in the chlorination

of a hydrocarbon is

Scheme 1
Initiatiom
(312 +M F 2C1 + M Thermal (1)
Clz +hv = 2C1 Photochemicai(l)
Propagation
€l + RH = HCIl+R (2') A+ Cl=ACL (2)
R+ Cl, = RCl+Cl (3') ACL+ ClL, = ACL, + Cl (3)
Inhibition
R + HClL = RH + Cl (4 ACl = A+ Cl (4)
Cl + RCL = R + Cl, (5) ACI, + Cl =ACl+Cl, (5)
Termination Cl + C1 + M = (‘.112 + M (6)
Cl + R = RCl (or A+ HCL) (7') ACL + Gl = ACL,(or A+CL,) (7)
R + R = R, (6#RH+A) (8') ACl+ACl=ClAACL
| (or A+ACL,) (8)
Molecular
RH + Cl, = RCl+ HCl 9y A+ Cl, = ACl, (9)

RCI + HCI = RH + Clz (10"}
where A denotes an olefin and RH a hydrocarbon
The chief difficulty‘ in determining the absolute rate constante 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/-diﬂicul%y 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 abgolute
rate constant is known for one of the competing reactions. The accuracy of the
resulte obtained in a competitive experiment is unaffected by the nature of the
chain initiation or chain termination stepe 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 m be obtained for
activation energy differences and A factor ratios, since, when differences in
reactivity are small, experiments can be cgrried 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

- Ry, = K'[E][cl]  ana -r, = K, [a][ci] I.b.1
and the relative rates are
R
A = -d[A]/at = k,[A]
Run A[EJd =k, [H,] Lb.2
giving on integration
k,  Ia([a]y/[a]p < Lb.3
s = =
k, In ([H,]./[H,] ) B

where [A] , and [A]f are the initial and final olefin concentrations.



37

Thus

N

I

K I (([A] vAlAD/[d)  A[a)=[a]; -[a])
2 In ([H], A[HD/[H] | 1b 4

w

In (1+A[Al/[A])
xn'(z'+A[Hz]/[HR]f) o | Lb.5

M

' if the amount of reaction is assumed to be small, then the approximation
. in (1+:§) ~x {x —0) i b6
may be used giﬁng

K, alalm) |
k'O A[E][A] | | b7

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

initial olefin 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 chlorinations. Mixtures of hydrocarbons were

sealed up in small bulbs brought up to reaction temperature and then
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illuminated. Analysis was carried out for the hydrocarbon content of the
products uﬁmg a controlied temperature still, The accuracy of their results
was limited by the difficulty of measuring the relatively sxﬁan changes in
hydrocarbon concentrations. Their method also suffered from the sérious
disadvantage that it was impossible by measurement of thé disappearance of
the hydrocarbons alone to determine the relative rates of attack of Cl atoms
at dmemnt positions in the same molecule, This could only have been
ac;hmv#d by analysis for the products characteristic of the initia) point of
attack. With the application of gas chromatography by Knox (28), by Anson,
Fredvicks and Tedder (29) (3 and by Koox and Nelson (31) it became possible
to obtain accurate relative rates by analysing the reaction products, This
me:tixmi is particularly useful when the two competitors differ greatly in
reactivity and also enables relative rates of attack of ¢hlorine am-ma.@
different points {n the same melecule to be determined,

Hydrogen ia, howavér. not aiiways- a convenient substance to use m a
competitbr with an olefin mainly because of its relative unmamivigy gﬁd it
is for this veason that propane was used as the competitive standard in this

work. Thus replacing a ﬁydxacarbou, RH, for hydrogen in equation L. b. 7 one

me
K, Al4] [z

and, provided the chains are long
52 = [w}___ rRACL,  1b.9
k,' [RC1] [A] REL
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where [ACIz] and [RCl] are the concentrations of the chlorinated products.

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

(provided the ration [RH]}/[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, Pyke and Trotman-Dickenson, 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.I).

TABLELB.1

ABSOLUTE ARRHENIUS PARAMETERS FOR CHLORINATIONS

Standard Reaction: Cl+ H2 = HCl+H: A=(4,14+ 0.8) 1010 mole, -11. sec. -1 E = 5480 + 140 cal, mole“'1
Secondary Standard : CL+CH, = CH, +HCl: A=(0.63 0.3)10" mole. 1. sec. ™ E = 3830 + 250 cal, mole
+ 180 4
E
-1 -1
o mele. "l.sec .1
Compound _ Competitors per H Atom cal, mole _Ref
H.2 - Standard 4,1 ‘ 5480 see text
'«’:H4 H, 0.6+ 0.2 . 3830 + 180 27, 31
Primary C-H bonds |
' CH 4 - Secondary standard 0.6 3830 81, 27
Czl-!G CH4 1,6+ 0.3 1020 + 130 27, 28
CSHS CZHG . CH4 1.7+ 0,8 980 + 130 31
Secondary C+H bonds : R
CHy CMH, . CH - 3.6+ 0,7 860 + 130 31
, ) . ,
nc PPN CQHB.CH 4 PHC P 2.4+ 0,5 300 + 140 29, 31
cyclo CH CH o’ CH4 . 2.3+ 0.6 809 + 200 27, 82
Teniary C-H bond
iso C4H1. C2H6 , CH4: pri-iso 64810 2.1+ 0.5 1OQ: ‘160 29, 31
Chlorinated hydrocarbons :
CH,Cl CHCi,, CH/ s C H, S Liros 3280 + 200 27, 32
C2H5Cl CQHG' CH 4 0.7+ 0,25 1500 + 250 21, 31
(:2HC}.5 C2Cl +» chloromethanes 0.5+ 0.15 3400 + 200 32, 48

* Cpymmas are placed between competitors 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 Rodebush and Klingelhoeffer {33) who genez;atéd ¢hlorine 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 in a 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 enclbsed 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
small compared with the mean free path, the atoms and molecules pass through
the hole purely by effusion. Atoms transport m#ss less efficiently than
molecules by a factor of 1/ VZ—(if the molecules are diatomic) because, though

moving with an average velocity VZ_times the molecular velocity, they are only
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half the mass. Consequently a pressure difference develops across the
orifice and if ( is defined as the frnection 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

! A g - = 1 .
. | 7% * (-qp = p | 1.b:10

or - Lb. 11
' a = 3.41Ap  where Ap=rp-p'

By measuring p and Ap Rodebush and Klingelhoeffer determmed the chlorine
atom cqncen@ratim directly. Together with measuréments of ﬂaw rate and of
hydrogen chloride formed they could calculate the absolute rate constant for
Cl+ Hz =HCl +H, | | |

Rodebush and Kiingelhoeffer claim that the errox in dete?nﬂning the
degree of dissociation to be 5% the error ix; the flow rates to be about 2% and
the titiration errofs'to, be about 5%, claiming a total error for all measure-
ments of about 10%, This claim i'a probably oPtimistic. A i'eactibxi probability
of 1, 4 x 10“- per collision at 0°¢ and 3.3 % 107 at 25°C was obtained amd an
activatmn energy of 6. 12 .1 k, cal mole - - was estimated.. |

In a particularly elegant experiment Steiner and Rideal (35) were able to
obtain the rate constart for the reaéﬁan €l + HZ= HCL +ﬁ in the temperature
range 901°K to .107‘191{ by making use of the ortho-para hydrogen conversion.
The elegance of the thinking behind this experiment ilies in the fact that an
apparently unrelated property was used to ca.lculaté the rate constant.

Normal 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 symmetncal nuclear
spin wave function of ortho hydrogem Eewever, since the overall wave
function must be anti-symmetric and gince 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-symmetrical rotational wave function for .which the J states are 1, 3,
5 ~« etc. Thus at low tempem"atures where the difference in energy between
the rotational eneréy levels of hycirogen is large compared vith kT, para
hydrogen pred@ﬂﬁ&@@wa&nce its rotational quantuin levels are 0, 2, 4 --~etc.
_Steinef and Rideal fLaxefore e:m'ichéd normal hydrqgen with para hydro-
gen by absorption of normél hydrogen on charcoal at - 162°C and pumpiﬁg off
the evaporating gas. Since the interconversion gf the two forms is not ther-
mally activated to any appreciable extent until termperatures high enough to
catuse dissociation and recombination are reached, Steiner and Rideal worked
above 600°C where they assumed tixat the atomic reaction prevailed. By
observing the rate of HCl catalysed conversion of para to ortho hydrogen
by following the change in thermal conductivity of tﬁe gas mixture (the two
forms of hydrogen differ appreciably in thermal conductivity) Steiner and

Rideal were able to calculate the rate of reactionk 4 in

Ky

H + HCL &—— H, + Cl
2

At temperatures above 600°¢ homogeneous ortho para hydrogen conversion
occurs by the following reactions (36)
+H p—H_ +] L
HAHp—~H,), +H k.

—-H +H k"

H+H
20 2p 1
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which in the presence of HC1 competes with the following reactions,

—_ : — 1
H + HCl HZO + Ci k4

& —— 3 (2]
H + HC1 HZp + €1 k4

Cl+ ¥ ~ HCL +H
20 _ } k
Cl+H 2

— HCl + H
2p .

leading to the expression for the rate of conversifion

| d[ﬁao] - dlﬁzgl - kl'[ﬁ]'[ﬁzpp k' [1][nc] - kl"[}I] (B, ]- x, [C1[, ]

dt - dt

H

k,'[#] [Hzp]+ k, [c1] [Hzé] . 1] 1, ]- kéf'[H][chl
Lb 12
On cancellaﬁon of equal terms one obtains
k,'[H][mC]] - k, [c1] [HZO]:: k, [c1] [Hzp]- k' [#][HC]  Lb.13

Using the equilibrium condition

13
[i%a] _L B
[, ] 3 k, 1.b 14
and introducing
‘ = LR i
kl kl- 1 ki IL.b. 15

where kl gives all the interchanges between ‘hydwgen atoms and molecules

one obtains

3
kl‘ - & kl I b. 16
k" = % k L b.17
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Further, since at equilibrium, the condition I.b. 14 holds and each side of

equation L. b, 13 may be equated to zero, then

‘kZ[ql] [‘Hz ] ) k" [u][ucl]
k,|Cl [H, ] k, ' [H][[HCI]
I.b. 18
and therefore fé:_ = 3 : I.b. 19
' ' o k4" = : .

4 4.8 |
hydrogen atoms and hydrogen chloride one obtains

Introdl;cing kK =k + k,,k now representing all the interactiéns of

k£ = 3k, B Ib. 20
. B . . _ ' 3.. ‘ ' . ! ) ' ) L
‘The concentration of hydrogen and chlorine atoms is given by the equilibrium
R = (1% /[m,)  inz
™1 2 | ST
x, = [gllal Lb.23
HC K '

which together with L b. 13 gives

ky = kg K | - Lb.24

X, -
_ : 2 |
Introducing (L. b. 16, 17), (L.b.20, 21), (LD, 22,23) and L. b, 24 into L.b.12 one

obtains finally

d H ' :
20 = :
2 = VEVI] b (q[m)] + xyfmc])  1b.2s
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where x is the para hydrogen content of the gas..

Integration of I. b. 25 gives

log,, (x -%) _ V?(—I V[_I-I-] (k +k, [HCI]) t

(x% S N 2,303 303 . [ o)

b. 26

which is the exponential law, previously determined experimentally fo be

,‘(x -i.)’ ' . ."‘ o .
log o] — -l/ §
10 ®=-5 = A t [Hzl o :
LT 2,303 | 1.b.27

The constant A thereioré v'eq‘uals ]/Z (k, + k [HCI] / [H 1 | ;and'wasv
found to be a limax functwn of the ratio [HCI] / [Hz]
From the slope and intercept of graphs of A a.gainst [HCJ.] / [Hz]. :

/_ k, an dl/: - wéx;é détermhed' and hence k- 4was 6‘btaine‘d In some
experiments the reaction x}asael ‘was packed increasing the aurface to volume
ratio b_y a_factor of 10 but.- the results obtained_coineided with those for the un-
packed ves sél.‘ Stéimi{.a‘.n& Rideal co.ncluded fhat the reacﬁon waé .ho‘mogeneons., ‘

The equi;ibriﬁm constart k. 4/kz was saiculate&..from Ima;Jvn ﬂaermodymanﬁc
data and so having found L ‘experimentally ka was obtained. The results
obtained by Steiner aw’i Rideal and the values recalculateg e?;str/l ?(r%m (37) are

given in table I. h II
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Table I.b. I

Temperature °k lt:?':nobem1 1 zuec“1 Ref.
901 - 3.1x10° (35)
960 3.9%x10° (35)

1013 4.5 x% 109. (35)
1071 5.9 %107 (35)
523 4.8 x 10° {20y
298 8.2 x 10° (33)
273 3.3x 10° (33)
901 | 3.6x%10° (37)
960 4.6 x10° (37
1013 5.2 x 10° (37)
1071 7.0x10° (37)

However, there remains one flaw in the Steiner, Rideal argument and that is
in their insistence on the homogeniety of the hydrogen atom generation by the
reaction

k

H. +M‘——_ki_‘ 2ZH+ M

2
t I b. 28

Bénson-and ‘Buss: (38) have called to question the factors affecting the
approach to a stationary state coﬁcentration of atoms which they suggest
is not achieved instantanecusly, but for which the time may be calculated from
the kinetic mechanism if the individual rate constants for initiation k1 énd

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

stationary state concentration of H atoms to be -
1 l+a

"a (thermal) T 4 [M]k, K, [H,]

1.b.29

where Kequ = ki'fkt, In addition, with the aid of some simplifying ass@npﬁons
Benson ax;d Buss: (38) have also calculated the "thresittold temperatures” i. e.
i:emperatur-e_s at whicl‘;'fO% of the stationary concentration of radicals will havé
been reac‘held within a éi_vén time, t , with the startling results shown in table
I b, II1, |

Table 1. b. 111

Species = Hz Time (sec) Thgms’ib:old Temperature
| .,0-. 1 : 2330
10 | 1860
10.0 1560
100.0 1340

In all these calculations M =1 atm Hz = 2 mm. Hg andkt' =3x Iem litresz/
2 |
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, ’wojuid not affect their equilibrium assumption fér the hydrogen atom
concentration,

Finally, Ashmore and Chanmugam (40) obtained a value of kz for hydrogen
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at an intermediate temperature. The slow chlorination of hydrogen was

carried out in the presence of small amounts of N énd NOCl. The had found
that NOCI1 alone in the presence mf chlorine em;i hyﬂrogen braught'abwt a short
induction pgrioé of about 20 seconds during which m.)”HCI, was fcz-:'rned_, and
concmderi that, since the #tomi«e mactioﬁ showed no induction period any |
possible molecular reaction between hyd:&gezi and chiorine had a; rate \%hi(:h was
negligible compared with that of the chain process. }Ii‘;azrther, einevev inert gases
produced no eifect on the rate of production of .Hc-l, Ashmore and Chammugam
were able fo atéte that termination by the rerﬁoval of centres by combination

of atome whethe.r by Cl+Cl+MorH+H+ M o Cl. + H + M was ;xzﬂikely.

The main ternﬁnating reaction was thought to be k‘n
. v '
NOGI + Cl &= No+Ql

kyp

2 .

whilst the initiation step in the chlorination in the presence of NO and NOC1
was thought to be the fast reaction k1 5" k 12 is fast in comparison to the

Cl + Hz reaction at the temperatures studied by Ashimore and Chanmugam,

Thus knowing the equilibrium constant k, I/’ kl?. (41) and hence the chlorine
atom concent;-ation and by measuring the amounts of HCI formed as a function
of time, Ash;nare and Chahmugam calculated kz (C‘Sl + H z) to be 4. 8 x 106 mclegi
1 sec”l at 523°K. Combining this result with the results of Steiner and Rideal |
and Rodebush and Klingelhoeffer one obtains the Arrhenius parameters for the
reaction kz {C1 + Hz) tag‘;be

10

k, (Cl+H,) = 8.310.6%.10" exp (-(5480 + 140)/RT)
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the un its of E being in cals. mole “! and of A in xrwle".ll.secﬂl‘.

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 tec‘;hﬁique vand with the Ar_rhénius
parameters of the hydrogen molecule/chlorine atom reaction on such a firm
fotting, one can attach considerable confidence to the parameters for the rate

of abstraction of a primary hydrogen atom from propane. (31).

Le. Kk (Cl+priCH) = (1.7 0.3).10"" exp (-{980 £ 130/RT))
. , per primary H atom

It is m‘w possible to assess dther experimerntal methods for the detér»
mination of the elementary rate constants for the reaction of chlorine with an
olefin, Early experimentation was concerned with evaluating these :;ate
constants absolutely and, in particular, with overcoming Athe problem of the
determination of the chlorine atom concentration In a static system.

One method which circumvented the direct calcuiaﬁon of chlorine atom
concentration but which afforded an opportunity of measuring radical lifetime in
a photolytic eystem was lby‘ 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
posagibility of a complete analysis of the mechanism of all reactions in which

termination was by the mutual destruction of chain centres. (42)
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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 fha intensity of the illumination, raia.ed to _the‘power 3.
- Also, if a number of radicals are gemerated 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 lét. Therefore, the rate of reaction varies fairly rapidlyy with the
speed of rotaﬁon of the disc when the time between flashes is comparable with
lifetime of the radicals. Below and above this value the rate is indépendent
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 iilunﬁnation is
short compared with the radical lifetime the rate of ;’eactiqn ig reduced by
-a factor of %,f-)%; at slow sector speeds when the period between illuminations
is long compared with the radical lifetime the ré.te is reduced by a factor of %,
Thus the ratio of maxiroum to minimum rates is 2:1. The procedure for
applying this technique to systems in which the generation of chain centreg‘
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 bainton (43).

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

where
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P= 2 x rate with sector running

. I.b, 30
‘rate in continuous light with same Io 5

1 _
are plotted against log, (ti' Io)?, where t| is the light period. This is
compared with a theoretical curve of [ against logl O{M), where M is a
dimensionless parameter includirg a term corresponding to the lifetime of the

chain centres.
. .
. - Y I b. 31
viz M (I 1\8) /t1 . - .

The mean lifetime of a radical under stationary state conditions is

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

and if termination is entirely by (8)

then 1= [R], 1.b. 33
kg [R] |

In photochemical experiments

A ,
1 .
[R] - =21a Ib.34
| =) -
8
and therefore Tg = 1
(2ig,1a)* | 1.b. 35

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

| ; ' 1
has an ordinate logmM;', where__%' = (alo [Clz] )?

Ia

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

: 2
; E & N
values, the value of log (t; Io) 18 read off corresponding to the point at

SOV,
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which log(M) =O i.e. M =landt = T, the lifetime of the chain centre.

Since T = (Zk8 Ia).% values of kg, can be obtained and since the overall rate of
reaction, abqve a characteristic limiting concentration is given by 1%(_2_3&)_% [CIZ]
values of k:3 can also be obtained. ( ka)

In validating thé technique Dainton, who has applied the xx:;ethod exhaust-
ively (47), (52),;(55), (56), addends the additional precaution that before each set
of experiments it was eétablished that half the ratio of the rate in continuous
light to that in intermittant light was equal to 1,00 - 0,015 for fast sector
speeds, which, according to Dainton, indicates that terrmination was entirely
be mutual interation 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 df intensity is no criterion for homogenlkity, 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 testiug the transition state theory for the addition of a chlorine
atom to a family of related compounds, CEnldfinger et al and Daint&n et al
applied the rotating sector technique to the chlorination of the chloroethylenes.
Early work of A&am, C@oldfinger and < Gosselain (44) evaluated the rate
constants k3 and k8 for the tetrachlorbethylene system;, but this work was ;ater
repeated by Dusoleil, s:Goi&finger, Mahiew~Van der Auwera, Martens and Van
der Auwera (45) who obtained values of k3 and ke to be log l% =8.31 - 1186/T and
log kB = 8. 66 - 18/T, the units of A and E being Imcl—é.sélc_and cal mole'l |

respectively.
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In order to obtain a value of k, for tl}e tetrachlorqethylene system Gold-
finger, Huybrechts and Martens (46) photochlorinated mixtures of tetra-
chloroethylene and methane, methyl chloride, methylene chloride » chloroform
and pentachloroethane in a static system following the reaction rates mano-
metrically and potentiometrically. Values of the rate constanlt, lﬁ'. of the
competitors methane, methyl chloride, methylene chloride etc. were those
determined by Knox (32) having been communicated to Goldfinger et al privately.

10

The value obtained for the rate constant kz (€1 +C. ) wae then 0, 24 x 10
‘ 2 4 :

4
molea”l L. sec '1.
A similar determination of the rate constants k3 and kﬁ for the trichloro-
ethylene system was carried out by Dainton, Lomax and Weston (47) who ob-

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

.Y
i.e. rate of reaction = ko Ia* [Clz]

and hence obtained values of 1% = (3, 6n 2.0) x 109 exp - (0. 5% 0. 2/RT) moies-l
1. sec ! andk, = (3.0 T 0) % 16° exp ~ (5. 1% 0. 2/RT) moles ! 1. sec’?, the
values of the activation energies being in k. cal mole’l . The rate of reaction
was followed manometrically which assumed that in a long chain s-yéte;m the
overall reaction could be represented as |

A+ C)z — ACTL&

and hence, when proceeding in the gas phase at constart temperature and
volume, is accorxipanied by a decrease in volume, allowance first having had
to be madev 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 r,se:c:‘l and E _ close to

2 2

The bond dissociation energy, DA cr Was thought to be about

reaction would have Arrhenius parameters A..,‘ = 10

Da---cr’

25k cal 1’11::;1@9“’1l for GsziGl and was believed to diminish as n decreased along

the series (ZIszC‘.],jwn , some support for this statement being found in

\Gmldﬁnge'r'e work (49), which showed that, when A = 02614 the parameters
12.8 -1 |

for k 2 (or k4) were.A4=10 sec and E4=16. 8 k cal mz:lt.a'1 and also in the

work of Hyybrechts, Meyers and Verbeke (56) in which, for A=CZH013,. the para~
13.7 -1 -1

meters of k% were quoted as A4*=10' " gec  and E4=20.4 k cal mole .
In an effort to observe reaction (4) directly Ayscough, Cocker and Dainton
(51) photochlorinated cis-dichloroethylene in the normal chlorine concentration
range, ca 2 mM, 'in which it was considered that the ACl radicals formed. in
reaction (2) would have a lifetime of about 1(5’5 seconds before reacting with
chlorine. This would allow sufficient time for many free rotations about the C-C
bond. Therefore a'l,l, 2~trich10roeﬁwl rédical formed in the piiotécﬁlovrination
of 1, Z-dichloroethyiene wﬁuld have a probalblit‘y,' %, of forming trans~dischloro~
ethylene and a probablity of 1-x of fmming the cis isomer, Geometrical
isomerization'accompanying the }photochlorination of 1, 2-dichloroethylene
would thus provide direei evidence for reaction (4) and by comparing the

initial rate Ri of isomerization of the pure isomers with their rates of

chlorination x and k 4/k3 could be determined, since

Ri/R_ for pure cis xk /k; [C1,] L.b. 36

1]

Ri/R‘p for pure trans = (1-x) k, /K, [c:;z] 1.b. 37
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where Ri ig the rate of isomerization and Rp the rate of photochlo:ination.

Experiments. were therefore undertaken originally with the aim of applying
equation I b. 36 and 37, not anticipating any isomerization to be detectable
below 200°C, but finding considerable amounts of the geometrical isémer at
temperatures as low as 30°C. Ayscough et al therefore undertook a detailed
investigation of the reaction in the temperature range 30’-»6506.‘

Their results showed (1) no pressure dependence of R /RP on [A]but a
linear one on 1/ [Glz] as predicted; (2)‘Ri/Rp values were much greater

than (10" % exp -20/R Y1057

exp ~2.74/RT) . [ CL] . the values of parameters
of &, being obtained from Ayscough, Cocker, Dainton and Hirst (52); (3) Ri/Rp
values were not inverse]-.y proportional to [Clz] « Instead plots of R/Rp
against [C:l.Z thcugh linear, all had a positive intercept. Purely
phenomenologically these intercepts were accounted for by the incorporation
into the reaction Scheme I, of an additional isomerization xeactian which
increased in rate pwportionately with an i:mrease in chlorine concentrat:on.
Dainton was therefore forced to propose a "hot radical" mechanism in

which the reaction

e
A+ Cl — ACl (2")
where the ACI entity was considered to retain the C-Cl bond dissociation

energy and be capable of four different reactions.
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— Sxtrans - A + (1 -x)cis - A +C1

| wkﬁy ‘trans - A + (1 - y)icisas - A + c13
A + 1 —AC1*

— AZX-AGIO, + Cl, (deactivation) .
— + -5~l\ + CIA‘@ (Cl atom exchange).

| The ¢xpressiéns for thé .,isomerization rates of initially pure cis and
trgné (CHCI)Z were then given by

cls By . oxkq o tykg , xk, + YEp Ib 38
R | ky[clz] | Ak«lelzl Y

trans R '

| ko (1-x)k
~ = -9y B o+ a_ |
R, o ky | ky [CL,] | To 39

Followi‘ng the overall rate of reaction manometri‘cally and using gas
chromatography to follow the rate of isomerization enabled x and y and the

relative rates of ky kB A and ky to be dbtainéd. (see table I.b.1V)

Table I.b, 1V,

o . .
Temp, C X k. /k k. /k
P oo R N
" 30 0.74  0.55 2.84::10:3 2.56
40 0.77  0.57 3.19x107 2.38
55 0.77  0.56 3.16x107, 2.29
65 0.74  0.60 3.29x10> 2. 10

The results show no temperature dependence of x and would therefore
seem to verify the hot radical mechanism.

ACl* 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 (In
| >c ——clz——x-z
- ¢

excited radical when it is inga configuration to form trans (CHC],)Z; 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 chlérine molecule collided with ACi* either deactivation or
reaction [3 occurs, so that k’Y + kB = ZO. where z° is the standard collisioi
number. ky then has a value of about 1083ec§ 'and the lifetime of ACI+
before decomposition would be about 107 secs. which was considersd likel
to exceed the period of one internal rotation. (This was later calculated by
Knox (53) to be 1.25 x 10*"'12 seconds.) The addiﬁdn of the hot r.éudica.l
mechanism tothe chlorination of olefins was a considerable advance in
thinking' on the mechania‘m of this reaction, bringing balogenation reactions
into line with similar atom reactions which formed "hot'' adducts with olefins
2 radicals (54),
To obtain the im:iividua}. :x*ate co#t_,tantg k-‘ R k3, k.. and ks for the chlox
ination of 1,2 - dichloroethylene Ayscough et al (52) applied the rotating

viz oxygen or CH

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

corrections had to be made to the original equations,; Ib 30 - Ib 35, due to
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non-uniform absoﬁrpﬁon of light by chlorine along the reaction call. Burns
and Dainton (43) had shown that if the local rate per unit volume Rp’ ina

i 1,3 1
=k(I")° where 1 is the absorbe

lamina of thickness dL was given by Rp
light intensity, assumed constant across the lamina, then the mean rate per
unit volume Rp of an element of thickness L (i. e. the dept;h of the reaction
call) was obtained by integration and was given by

Rp = kg xoé | b 4

ft -

ol

where g 1 - exp - a el L) b4

(' [a)?

and C(. ==2. 303 tifes the decadic extinctioxi coefficiezit a.
| Evglu‘ation of the rate constanis k& and kz presented further difficultie

in that allowance hé,d to be made for a éonéiderable amcuni (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 Fate of
diffusion, [ , of the chlorine atoms through the gas to the wall and since,
under the experimental conditions, [Clz] >[Alit was possible to equate
reactions 6a | |

where Cl + wall —» termination (6a)
with [/ [312] .

At a given chlorine prés sure the rate of chlorinaﬁan was given by

equations Ib 42, and Ib 43
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ke [A] ky[CL,] 212 [C1, ] L

- +<kp e (55 ) e

[A] kyj[Cl]
i.e.Rp = k + (kB + RY) [(;13] {

Lo+ e Ty b 4

'whgre T, and T, are t}-@ kinetic lifetimes of the linearly and mutually
terminated chaing and x is the fraction of chains terminated on the wall,
Therefore, the rotating sector ﬁechnique, suitably modified, was used
to measure T, = (2Ia k[Cl,] )‘% and hence k, could be evaluated. From
the average lifetime, T, of the clﬂpxine atoms, their stationary state con-
centration (' [CI] = 2IaT) could be derived, and, since the rate constant

kZC could be expreased in the form
.L.L’LB.B.LIS.\L). o
20t 4

the following values of k€ were obtained;

2

kz? = (2.73 4 0.10) x 10_9' m.ole“l 1 secdl at 39. 5%¢

kzc = {3,11 + 0,‘10) x 1’09 mle-l 1 sec'l at 02, 1°¢

from which the Arrhenius parameters were logio A = 10.27 £ 0.4 and

E,® =1.18 % 0.7 cal mole ™.

Finally Ayscough et al observed chlorine to be a highly eificient third

body in promoting recombination of ¢chlorine atoms by stabilizing Clz* ;

»

coz-, on the other hand, was found to be relatively inefficient as a third
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body as the rate of photochlorination increased by only 15% upon the addition
of 280 mm: of CO2 to 400 mm: Clz and 2mm DCE,

In completing the chloroethylene serieg in an effort to observe the
effect of a small variation in strucmre.'.i; e. the systeméttic ché.nge ofaC-~-H
bond to a C -~ Cl boxxd,. upon the rates of the elementary ma.gtiona in chlorination
of olefins Dainton, Lomax, and Weston (55) obtained the parameters ky and kg
for vinyl chloride and attempted the determination of théae for ethylene. In
both cases some surface reaction was noticed which amounted in the case of 4
~ the ethylene chlorination to 2% of the photorate. ky was estimated for ethyléne
at 3 times tiec rate of cis D.C.E. ca‘using Dyinton to speculate, inconclusively ,
about a possible structure dependence of the rate of unimolecular decomposition.

The remaining élementary’ rate constants kz. k&’ kg for the \%inyl
chloric_ie and trichloro~ethylene chlorination were estimated by Ayscough,
Cocker, Dainton and Hirst (57) by carrying out the chlor?nation of vinyl
chloride and triciﬂoroethylené, separately, in competition with the chlorination of
cis D. C. E. for which the elernentary rate constants were known.

As outlined previously, the relative rates of formation of chloroethones in
the competitive techniques are independent of the nature of the chain termingt‘ion

steps and are

] d[éClz]/dt‘[A]h. 1+ kdka[Clz]} =_12~{ 1+__:39; +§q§____ |
d[A"‘mZ] /at[A'] kylc1, ] k,' ky  ky o]

Ib 45
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It was possible to calculate the ratio ky / (k[3 + ky) from the ratio

of the slope to the intercept relating R to (C‘alz)w". Inclusion: of the

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

creases progressively as the chlorine content of the AC1 radical is increased

Table Ib V
Olefin-

GZH‘}

GZH 3C1

¢is C ZHZCJ'Z

CZHG?{

°¢
25
30
45
55
65
30
45
55
65

81.3

3 . e
10 xka/kB—b k_aY 10 ka./kB‘

5.4

1. 50

1. 60

1,64

1,70
0.8

0.94
0.97
1.06

0.95

15
5.4
5.5
5.3
5. 25
2.84
3.19

3Q 1b

,3' 29

2.85

From the ebaerved values of R in the two ccmpeﬁtive photochlorination

systems studied, it was found that the ratios k, Ik ' 30, 75 and k /kz" < 1.25

and were pubstantially independent of temperature between 30°C and 8o°c.

Thus the addition reactions of a chlorine atom to vinyl chloride, cis db-

chloroethylene and trichloroethylene were all assigned the same Arrhenius
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parameters; I:‘.a =1.5+1.0kcal mole"l and lcngwAz = 10.3 + 0.6 (mole. -1

l.sec. '1). Dainton then generalisés-that, since k, is virtually constant

2
and temperature independent, this verifies his postulate that reactions
involved in the fqrmation and decomposition of the excited species are not
markedly structure dependent. Whereas a chlorine atom adds on to olefins
with nearly equal ease Dainton's aseumption aﬁaut the eqﬁity of the rates of
decomposition of the various excited species seems to be aﬁ odds with his
results (k CL‘ seems to show a distinct structural dependence) and is most
certainly at odds with-iinimolecilar reaction.rate theory.

A summary of the Arrhenius parameters derived by Dainton et al for the

chlorination of chloroethylenes is given in table Ib VI.

Table Ib V1
?;c;gAb i} "mole""‘l‘ IogA”(l mole” iogA (1 #zoié'l
Olefin f) ' ' 3 1 Ref
sec sec"l) -1 sec )
Ez(k cal mole ) E?:(k cal mole ) 8(k cal mol” )
ethylene .  no parameters  obtained.

Vinyl Chloride 10.3 + 0.6 - 8,75%0.2 9.92 +0.2 57,
C2H3Cl 1 5+1.0 0.92 +0.5 0.3 +0.10 55
cis - DCE.E. 10,3 +0.4 8.7+0.3 10.5 + 0.3 51,

cis C,H,C1, 1.2 0.7 2.73 0.6 ").5+0.5 52
T’i‘“"m‘,’"_""“ 10.3+0.6 8.48 +0.2 9.56 + 0. 3 47,
ethylene . - : - v , - v
C,HC1, 1.5+ 1.0 5.1+0.2 0.5+0.2 57
Tetrachloro- ’ _
ethylene 9.38 8.31 8. 66 45
C,C{d A | 0.0 5.40 0.8 46
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However, this formidable volume of data compiled by Dainton et al is
open to criticism. Basically it would appear that, although the hot rgdical
mechanism was conceived in L;aeds » many of its implications were not
realised by the authors, and therefore, in many cases, experiments wexe
deviséd 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 Ri/Rp on the reciprocal of chlorine pres:
the ex.périmenta designed to measure the dependence on olefin pressure were
carried out with a background pressure of 100 mm of chlorine, varying ﬁw
olefin pressure from about 5mm to 30 mm. Their failure to observe any no-
ticeable dependence on olefin pressure is hardly surprising, since the major
deantivaﬁ‘ng specieé»rémains chlorine, the total deactivating pressure having
been“increasgd by only 20%, even although the olefin pressure was increased
by a factor of 6. Also, tﬁe occurrance of an intercept in the graphs of Ri/R;
against [03.‘12]"}L and the necessary incorporations into the reaction mechanisn
reaction ( ﬁ) might have been more thoroughly inveétigated by working at
extremely high chlorine concentrations. |

. : arise from .

However, these criticiams might well/be disadvantages irfherent in the
rotating aéctbr technique, in that working with very high chlorine concentatio
would lead to greater uncertainty about the unﬁformity 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
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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

4

k; later used as the reference rate constant in competitive chlorinations (57).

Uncertainty about the value of k ¢ prompted Knox (53) to reinvestig ate

2
the chlorination of 1,2~ dichloroethylene 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
"_;aré (2") and (3") and, if the only propagation reactions in the chlorination of

‘ D-,..C‘. ?..*ﬁre\;(z) and (3) (scheme I}, the ratio of the fractional rates of

| 'fé'-z-.matio_n df tetrachloroethane (AGIZ) and n propyl chloride would be
approximately k 2l kz-'

Cde k,  [AcL][PrH] | pACL
| k' [oPrGl] [A] *aPrCL
W2 f |

Ib 46

where [ACL,] and[nPrCl] are the final concentrations of products and [PrH]

and [A] are the initial conpgntrationa of reactants, The error in writing

AC1
"By 2;1 kzl k' becomes unimpertant in comparzson with experimental errors

if the consumption of propane and D.C.E. are less than 5%.

On the other hand, if reactzons of the actwate& cmoroalkyl radical (A.Cl*)

AClp
nPrCl

gene-ra-li,zed scheme for the incorporation of reactions of the activated chloro-

are important, the ex.presswn for R bacomes more complex. A

alkyl radical in the chlorination of olefins modifies scheme I by including
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A+Cl —aACK  (2)
AC1* —-;\bi\sA +{1 - x) trans A + Cl {(a)
ACL* + M, —AGI® + M, | (by)
AC1¥ +c:12-..-:..--%}jv cis A + (1 ~ y)trans A + Cl, {c1)
AC: +A —2z cis A + (1 - z) trans A + ACI° (g2)
ACl* + A —2zYcig A + (1-Zf)trans A + ACI* (c2')
where ACI* denotes the active radical and AE1° denotes the deactivated
radical =
| Thias scheme, used By Knox, is a generalization of .Daizﬁtdn‘s hot
‘radical meéhanism in that any species, M;, is considered capable of dé-
a'ctivéfing the active radical; subgcript i =1 is ﬁsed for chlorine, 2 for PrH,
3 for olefin (in this case D.CEE.) and 4 for CO#.
The éeléctivity'r ratios therefore take the form
Ac, k. Veis 2; Wi+ ok, [a] 47
R . 2 I

Rl ‘ RR——
nPrCl kz ka + zkbi[Mi] +kc1[m'2] -)-(ka zkcz') [A]

A Kyi'eis (1 -x)ka + (1 - y)kcl [cr,]+ {(1 -2k, +(1 - Zv')kcz'}[A]
= X e— ~ : ' —— ’ '
aPrCl k! ka + 5 kbi[M] +k ,[CL] +(k ,#k ") [A]

T2 |

b 43
tA ;I'_(l«x)kaf(:._»y)i- [mz] + {(1~.z,)k +(1-—z’)k 3}[5]
ACL, Zkb [Mi] * k, [A] |

49
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where k" cis is the rate constant for reaction (2") starting with cis DCE,

2
and
R;‘; o = [trans A] [PrH] /[Prci] [A] 1. b, 50
tA ,
and R acl, = [trans A] / [A.CJZ] L b.51

{ {
The importance of reactions {¢l), (¢2) and (c2 ) were assessed by

extrapolating the ratio R ;:zzmer A to infinite pressure of chlorine or (olefin
2

+ propane)’’ . when equation 1. b. 49 reduces to

tA

RACIZ ( [‘312] —o00) = (l-y ), kel/kbl = constant I.b.52
ta g . |
RAclz ([A] +[PrH]=00) = (1 -2)ke2 + (1 - ke2! Lb.53

Kb, + kb, [RH] ] [A]

= constant for a given [RH] /[A]ratio
These .raﬁos were plotted against the reciprocals of the chlorine and (olefin
ahd. propane) pressures; the curves, calculated on the assumption that all
?kc's were zero fitted the experimental points exactly. Quantitatively this means
that the overall rate of the exchangg reactions is less than 5% of the deactivation
rate. Expression I.b.47 - ‘49 can therefore be simplified by setting all kc
equal to zero.

Thus for cis @. C.E, + propane mixtures:

r4C, - k,"cis D kb [M] ‘ |
nPrCl k e = kb . I.b. 54¢
2 a Z [ i]
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. - 1" .
Roprct %2 %% & (0 .x)kae
| k' ka + ) 'kbi  [M,] L b.55¢

rRACL, =z:kbi [Mi] | L b. 56c

tA (1-x)ka

and for trans D.C. E. + propane mixtures:

rACL, =k, "trans x Z kbi [Mi
aPrCl = ka +Zkbi [ i] 1. b. 54
2 t
GA = 11 ' .
RnPrCl ..If.g... trans .} : A
- kz' ka +Zkbi [Mi] I.b, 55,
rRAL = D [l Ib, 56,
cA Xka
o A ACL, . | '
Plots of "2 and of R cAz against the pressure of any component

in the mixture for > -eries of experiments in which the pressures of the remain-~
ing components were kept constant, were straight lines. Provided that x and ka
were iixdepen&ent of the source of ACl* the gradients of these lines were kbi/
(1 - x) ka or kbi‘/xka. The ratio of the gradients of pairs of lines in such plots
is x/(1 - x) and must be independent of Mi. A value of x/(1 - x) = 3. 6 was ob-
tained leading to x = 0,78,

An independent determination of x is)and x(trans)was possible, since
equations L. b. 54 and 55 gave

rRACL, . k" cis - 1 Rt 1. b. 57

ACl
aPrCl k' T 2
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nPrel ' k?.' e A(C.“l2
Plots of RACIZ against RisomerA gave straight lines with negative
nPrii ACl1

2
gradients, 1/(1 - xc) and 1/xt, and intercepts on the ordinate of kz" cis /kz,

respectively. Values of 1 - x¢ = 0.212 401 and %, = 0.77* 04 were obtained,
and therefore within experimant‘él error, x = X = 0.78; x was also found to be
independent of temperature,

This value of x = 0, 78 wemdtmsts sharply with x = 0. 25 obtained by
Ayscough et al (51) and, even though the latter authors had confused cis for trans
D.C.E., there remains still an inexplicable discrepancy. However, the value
obtained by Knox is partivéularly pleasing since, from it, it is possible to

calculate the equilibrium constant for the following equilibrium.

k" cis : (1 - x) ka
Cltcis A 2— aACKH ——— C1 + tr-A
ska kz" tram

By the principle of microscopic reversibility

= |tr Al e .

ed [cis A] eq.
and so
i1
1t . 0 .
Keq = kz cis (l -x) = (k2 cm/kz') % (1 ~ x)
) L]
kz,, tr. x k2 tr[kzt) =(x)

= 0.42
which @ mpares well with the thermodynamic value given by Pitzer and

Hollenberg (58), Keq = 0.5,
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Numerical values of kbi/ka and hence kbi/kb were obtained from the
- 1

gradients of the graphs of RACIZ against the pressure of any variable
isomer A

component of the mixture. The collisional deactivating efficiencies relative
to chlorine (i =L) were evaluated from the kbi and the standard collision

*
numbers, & (ACI , Mi)‘ Whereas Ayscough et al (51) had found that only
chlorine was an efficient deactivator, the results of Knox and Riddick show that
other molecules are almost equally effective. "(Sée Table I.b. VII)

Table I.b. VI

. Collisional

Molecule Temp. 10° xkbi/ka kb /kb  10°x0i g3 officiency
. o i1 — relative to
i Mi C mmHg Z

1 chlorine

1 a, 35 4.9 1.0 4.5 1.0
1 cL, 79 3.4 1.0 4.5 1.0 1.0
2 PrH 79 | 3.0 0.88 5.0 1.31 0.-67
3 DCE 79 3,0 0.88 50 1.01 0.87
4 Co, 79 1.75 0.51 4.2 1,12 0.45
1 ¢, 133 2.7 1.00 4.5 1.0

where @i is the collision diameter aml Z1i the sta.;;dar& collision number for
collision between ACI* and Mi. Although it appears that chlorinre js 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

Acl” + G, —acl, +C1

2
were unlikely.
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Assuming that deactivation by chlorine occurs at every collision and
using the collision diameters in table I. b, VII Knox calculated

» -
kb, = 2° (aci , Clz) =8.6x 1‘06 (mm Hg) sec ! at 79°C
=1.9x 10" mole™! gec”!

and hence ‘ 9 -1 o
ka =2.5%10"gec at79 C

Table 1. B. VIII gives the rate constants derived by Knox

Table I.b. VI

1)

6 9

Temp. kz /k‘.2 10 kl:n:i 10 ‘ka x
°c cis  trans torr ! sec’} sec”?
33 2.72%0.1 Loafor 9.3 1.9 o0.777 0,04
79 2.1850.1 1.55%0.1 8.6 2.6 .0.78"0.02
133 2.06-0.1 1.23%0.1 &.1 3.0 0.77% 0. 04
' ‘o on ' )
from which the Arrhenius parameters for ka, k, cis and k, tmans chere,obtained.
These are
L+ ‘ + .
ka = (1.8 0.5). loloexp (<1330 - 200/RT) sec 1

, N ) )
mexP (-190 - 120/RT) mole 30 sec

kz trans = (3,0 T 0.7). ‘1010

11
K, eis =(8.052). 10 1
11!

+ - -
exp (+170 - 150/RT) mole L. sec !
~where the activation energies are in cals mole.l.
The internal consistency of Knox's results together with their freedom

from correction factors and pPragmatic postulates gives this work more credence

than might be attached to the results of Dainton et al.
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In an effort to rgconcile the disparity between their results and thes e of
Knox for the dichloroethylene system, Ayscough et al (59) reinvestigated the |
chlorination of cis dichloroethylene and have revised their ideas about the
efficiency of gases other than clbrine in deactivating the active radical. They
obtained the following deactivating efficiencies.

' DCE &1, He Ar €O, SF,

K/k§ 1 .13 0.8 4.5 7.5 9.1

,.where k/k5 ‘is the relative rate of deactivation éompared with reaction (§ )
ACI* + A —aCl® + A 5

These results appear somewhat anomalous. The high deactivati#g
efficiency of Argon relative to chlorine and 1DCEi. is not easily understood.
Graphs designed to show the relative coliisional' deacﬁvatﬁng efficiencies by
plotting the ratio of the rate of reaction in the presence of inert gas to the rate
in its absence as a function of the inert gas .pressure show nearly the same curve
for Argon and CO,. This causes the authors to comment that "the effects of
4rgon and CO, are virtually identical” a.nd yet from their table of results co,
is nearly twice as efficient as Argon. Finally, 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 trichloroethylene and

other cloro-olefing with a view to evaluating rate constants kz”and ka. The
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rate, ka, of unimolecu_lar decomposition is of particular theoretical importance
since it affords an experimental test of Marcus's theory of unimolecular
decomposition (24). It was further decided to investigate the collisional
deactivating efficiency of various inert gases in an effort to correlate if

possible deactivating effieienéy- with structure.
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CHAPTER 1l

EXPERIMENTAL

1. Materials

Chlorine was obtained from an I, C.1. 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 exhaustively degassed and stored in a 2 litre
buld

Propane was obtained from Cambrian Chemicals and was purified as

'5; Cgﬂ

2

above. Gas chromatographic analysis showed less than 0.1% C 6

and C 4’ 8.

Trans - 1,2 - dichloroethylene was prepared from B, D.H. technical

| grade 1, 2-dichloroethylene. The crude material was dried by standing over
PZOS and wae distilled, the fraction boiling in the range 47. zac to 47, 8°C
being collected, It was then re-distilled on a 6 foot coiium packed with glass
helices using a reflux ratio of about 20:1.  The trans~dichloroethylene which
was collected boiléed in the r_énge 46. 6°C to 47.0°C the only detectable impurity

on gas chromatographic analysis being cis dichloroethylene present in less

than 0. 001%.

Trichloroethylene (B.D, H. Laboratory Reagent) was éiried by standing

over Ii*zﬁ5 and then fractionally distilled in a 6 foot coluirin 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.
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‘I*etrachloroethylene (B.D.H, Technical Grade) was dried over P 0

5
and purxfmd by fractional distillation as before the faction boiling between

120, 9 C and 121, 2° C being that taken. No impurities were detected by gas
hhromatography. |

Ethylene was obtained from anv 1. C'. I', cylinder and dried by trap to
trap distillation in the apparatus. )

Vinyl Cmpride was obtained from Cambrian Chemicals, freedifrom
condgnsable impurities, degassed and stored in the same way as chlorine,

1,1,2,2 - Tetrachlorosthane (B D.H. Technical Grade) was purified

by fractional distillation on the 6 foot packed columan, No 1mpuritiea were detected
by gas chromatography

1,12 - Tmchlor\oethane was obtaméd fmm Eastman Chermca.ls and

nurified in the gsame way as trichloroethylene

1,1,1,2, szentachloroetlxane {B.D, H. Technical Grade) was purified |

in the same way as trichlaroethylene.
Hexachloroethane (B.D.H, Technical Grade) was purified by sublimation.
1, Z-Dxcmoroethane (B. D.H. Technical Grade) was pur:fzed by £zactzonal
distillation in the same way as trichloroethylene.

n-Propyl C‘hloride._ B.D.H. Laboratory Reagent.

1,2 - Dichloropropane B.D.H. Laboratory Reagent.

Carbon Dioxide. Commercial "Drikold" was used. It was freed from

condensable impurities, degas. 4 and stored in the same way as chlorine. Masgsg »
spectrometric analysls showed less than 0. 1% zmpuritzes, i.e. Hzﬂ etc. and

less than 0, 06% OXygen. impurity
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Argon was obtained frozﬁ 2 Matheson cylinder supplied by Cambrian
Chemicals. It was introduced into the apparatus via removable trap 1 by
passage over a column o,Lf manganous oxide (to remove any oxygen) and ;hen
through a U-tube packed with silica gel cooled to -120°%¢ to remove any
condensables. The resulting gas which I‘m.*as 'stq‘)red in a 2 litre bulb én mMass
spectrometric analysis showed less than 0. 1% air impurity.

Sulphur Hexafluoride was supplied by 1. C.1. It was freed from con-

de:l:s;tble impurities, degassed and stored in the same way as chlorine. | Mass
spectrometric analysis showed negligible iﬁpurities.

The mass spectrometer used in the analyées was an A, E. 1. Ltd.
M.S. 10.

Nitrosyl Chloride was prepared by passing nitrogen dioxide up a

tower of moist potagsium chloride (60) (NO was obtained from a Matheson
cylinder supplied by Cambrian Chemicals) The NOC1 was;fractionally distilled
in ﬂ}e vacuum system to remove HCl, degassed in the usuai mmammer and stored
in a 2 litre bulb, o

Hydrogen was obtained from a B.0O.C. cylinder and was purified by
passing over activated charcoal, |

Celitee 60 -« 80 mesh (G - Cel Plain supplied by (Gas: Chromatography
Limited. | . |

Tween 60: supplied by L Light and Company Limited.

Silicone Oil: M & B Embaphase Grade.

G
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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 apparatue may be described under two headings:

(a) kinetic system, (b) analysis system. |

(2) Kinetic System (see 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
""Speedivac' rotary oil pump and a vacuum of about lbdémm,. Hg was obtained as
measured on a simple mercury vacuosfat. Greased high vacuum taps were used
on the vacuum lines but were replaced by metal valves with teflon seats and
glands (manufactured by F.J. Hone Limited, 19 Eldon Park, London 8, 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,

Storage of Materials , The reactants and oxygen were introduced into

the system via removable trap 1 and stored in the bulbs and traps on manifold 1.

The storage bulbs were equipped with attached §ump-dawn traps and the reactants

were exha-ustiveli 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 reaction part of the eystem

(manifolds 1 and 2) and manifold 3 was evacuated by a separate vacuum line.



Kinetic System

Vac. Line1 <«
Vac. Line 2ﬂ : q)
| Manometer Cooling Storage
Water ,Bulbs [1x5L
, Condenser | \[2xeL
NOCI 1x1L
: } Bulb - )
o » X ; * Thermom
, : IsG , SG
1 o I A
Analysis ¢ :
System \ , 1
| : Y | .3
t. ’ . f zh -
| i | RV A LS
'SG Spiral Gauge Mixing ' Storage
RV Reaction Vessel Vessel CusSO Trap
VB Vapour Bath Soln '
DB Dark Box L/ _ VB‘.,
Z Wire Gauze Removable . ' DBA
W Wwindow Trap 3 : ' : Removable
e Hone Valve . Trap 1
High vac. Tap Pump -Down Trap '
LS Light Source ~
‘Manifold 3 B Manifold 2 Manifold 1
L : ' i ‘ | B

| T @unbid
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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 tauylic suspen-
gion. 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 reiatienship being 6btaimed.
2.34 scalecm. = 1 em. Hg.

A second gauge, used for measuring pressures of NOCl, was found to have a
calibration factor of 2 scale cm/cmHg.

Mixing 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 imme.rséd- in a thermostatting vapour bath apart from a short

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 terapera-
tures being read on thermometers placed in a thermometer well which protruded

into the vapour.

methylene chloride s0.17 0.5%
Acetone 56 + .0. 5°¢c
Benzene 79.5 % 1.0°C
Chlorobenzene 132,52 0.5%

The thermometers used to read the three lower temperatures were

checked against National Physical Laboratory camﬁsaied 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.

Hiumination, The photochemical reaction was initiated by means of a
250 W Maszda projector lamp. The light passed through a 10% solution of
copper sﬁlphate» 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 Systezn. The reaction products (see next section) had

boiling points ranging from 30. 8°C to 163°C and in order to achieve a good
separation in a reasonable ﬁme and to obtain chromatographic peaks suitable
for accurate measurement it was nece&sary to use temperature programmed
gas chromatography and, in this section, attention will be drawn to the modifi-
cations that this entailed in the otherwise conventional system.

Carzier Gasc: Hydrogen was used as the carrier gas and it was

purified by passing it over activated charcoal (60 - 80 mesh). Inorder to
maintain a constant flow rate as the temperature and hence the carrier gas
viscosity and column back pressure increased, a constant-differential type

flow controller (model 63 BU - L manufactured by Moor Products cori:.pany.

H. and Lycoming Sts. , Philadelphia) was used in conjunction with a needle

valve (Edwards High Vacuum), This arrangement maintained the flow rate

+ A
constant to within - 2% over the temperature range 20°C to 1300'(3.. 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 ratevof 20.2 ml Hz/min.-

Columns, The columns were made of glase 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 II 3).

Column Oven & Temperature Programmer. The column oven is
shown dizgramatically in figure Il 2. The oven was of low heat capacity and
was constructed from 1/2 in. aluminium sheet. The heating 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 eclement and was incorporated in a bridge circuit. The
temperature controller was a D.C. amplifier which senmed out-of-balance
signals from the bridge circuit and operated relays to control *le heating circuit.
" A timer operated a relay at predetermined intervals in the range of 1
pulse every 5 seconds to 1 pulse every 55 seconds, and a uniselector provided
an increment in resistance equivalent to a change of 1¢® 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 stepped
by a ménua.l 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 thermostatted at SC°
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intervals in the range ambient ~ 200°C and provided for programming at a
rate of 1 C° /min to 12C° /min in this range, Under the conditions used the
programme was .linear and reproducible to I 2.

In the ethylene and vinyl chloride work, a commercial Pye series 104
temperature programmed chromatograph was used.

Detector. A hydrogen flame detector was used and was made from
brass following a design given by Desty (61) (See Eig.Il 7). Originally the
jet was made of brass with a platinum tip inse 1¢t. However, amounts of
chlorine injected into the column with the producis of a run attacked the brass
causing sporadic ionisation and over a number bf 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
currént being measured by use of high value resdStors (accurate to : /%) in
conjunction with an electrometer. The air flow to the detéetcr wae maix;xtainad
at 1 1. /minute,

Amplifier. A Vibron Electrometer 33B (Electronic Instruments Ltd.)
was used in conjunction with shunt unit type A49A, This contained resistors

5 1%, 107, 108, 107, 102, 10*% ohms. It

with the following values 10
was possible then to measure currents from 107> to 107> amps.

Recording. The e],?:trnmeter output was recorded on a 1 M, V. recorder
{Honeywell Brown "Electrqnik") 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 d rcuit is given in figuré 11 4,



- Column Oven

Column Outlet
to Detector /

| —Tem perature Sensor

- /Heating Coils

Figurell 2

Column Inlet

Support

F==—==1/32 in. Alumijnium

Fan



Flame lonisation Detector

I —

Gas Outlet

|

Collecter

Electrode \

coaxial = LI

Brass
//

1N

Cable —_ +—
AN Sintered Disc
Teflon S
\ . Pq
- T~ =—Air Inlet
L ]

hvund
Glass —

Capillary
Figure I 3

t/C:)lass Tubing

|_— Platinum Wire

Detector Circuit

DetectorE-I

Integrator

\

Amplifier

Recorder

Resistance

Figure IT 4

LIl-l I-|270v | High Variable




79 a

Injection. The reaction products were condensed into the injection
U-tube cooled in liguid 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-~-column leads to

a temperature of about 60°C. =

3. Identification and Quantitative Analysis of Pi-adueéa.

ldentification of reaction products was éweamplished by matching their

retention times with those of autheantic samples. In this way it was demonstrated
that the only products from the chlorination of trans-dichloroethylene was the
iaom-eric olefinand 1, 1, 2, 2 - tetiachlomethane and thatj the only products of the
chlorination of ethylene, vinyl chloride, sriehioraaﬂ:yhme and tetrachloroethylene
were the corresponding addition products. (up to 30% coanversion)., For small
conversions ( <10%) the only products from the chlorination of pro pane were
isopropyl chloride and n~propyl chloride. For higher percentage reaction four
etbei p‘rg&ueté were formed in small amounts and were assumed to be 1, 1 -
éiehlorpprapane. 1,3 ~dichloropropane, 2,2 dichloropropane and 1,2-dichloropro-
“pane. The last product was authenticated by corripaxisen of its retention time with
that of B.D,H. reagent grade 1, z.d;mgmg?ﬁ;;?em, al though pure samples
were not available to check the retention times of the other pro&uc_:ta » the retention
times did match tﬁose of the products of chlorination of iso-propyl chloride and
‘n-pmpyl chloride.

For the quantitative study of the competitive chlorination of trans-



dichloroethylene or trichloroethylene or tetwachlemeﬂdylem with propane the
reactions were stopped before a maximum of 10% of any of the reactants had

. been consumed. Gas chromatographic analysis of the reaction products was
carried out on a ‘e@mm of 4 ft. 25% W/W ail’i’;conev oil on celete and 2 ft. 15%
W/W Tween 60 on celite. A carrier gas flow rate of 35 ml Halmm wao used
and the column was maintained at 28°C for 15 minutes after the injection md
ihan temperature programmed at 66‘.9 [ein to a maximum termperature of 130°¢C
Undex these conditions the retention times of the products (including minor and

secondary products) were as follows:-

Compound Retention Time Boiling
mins. pecs, point C.
iso Propyl Chloride 6 30 30.8
n Propyl Chloride 9 | ‘ 47.2
trans Dichloroethylene 13 30 47.1
2,2 Dichloropropane 1 40 70.5
cis-Dichloroethylme 20 60. 2
1, 2~Dichloroethane 20 40 84
' 1,1,2--Trichlovoethylena 22 35 | 87
1,1 Dichloropropane - 22 23 88.6
1,2-Dichloropropane 23 20 - 95.6
1,1,3-Trichlor ethane 22 113
1, 3 Dichloropropane 27 50 1205
1,1,2,2 ~Tetrachlorcethane 33 30 146.2
Pentachloroethane 34 162.5
Hexzachloroethane 34 - 10 163

80
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The gensitivity of the detector to the various praﬁﬁc_ts
relative to dichloroethylene whose "eﬁecﬁvé carbon number'' was taken as 2
was dete‘rmined'by analysing standard mixtures of two or three of them and
comparing the peak areas. ’I’hg peak areas were measured with the integrator
a‘n;! were converted to areas méasured on the 100 mv x la"&} amp range ata.
| W—aﬁ—%z—f% by the following relationship.

area( 100 mv 10*9 amp, 35 ml. H_min) = (measured area) x (attenuation

factor) fmessused flowrate/35)

The'effective carbon numbers" of the various compounds

2

were found to be:

Effective Carbon Number

¢is-Dichloroethylene 2
trans«Dichloroethylene 2

iso Propyl chloride -3

n Propyl chloride 3
Tetrachloroethane | 1,359
Pentachloroethane 1.247
Hexachloroethane 0.1134
1, 2-dichloroethane 1.346
1,1,2 Trichloroethane | 1.214
1,1,2 Trichloroethylene - 2

It was unnecessary to know the absolute sensitivities to calculate the
results of the competitive experiments but desirable in order that the total

amount of reaction could be estimated. By using samples of known volume and
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pressure the absolute sensitivity for trans-dichloroethylen e was found to be:

3750 x 100 mv x 107 = 1 L mole {trans DCE)

integrator units,

4, Experimental Procedure

The kinetic apparatus was thovoughly evacuated and each of the
reaatanfs in turn was thoroﬂghly degassed. This latter operation was done by
pumping on the reactant at -194°C 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 preaéure of olefin was théix measured into the reaction vessel the
excess ﬁcmen into the removable trap ! 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 ieaction |
vessel was opened, the pressure allowed to equilibrate, the valve reclosed
and the excess propane cbndensed‘ into removable trap 1. This procedure was
repeated for the addition of chlorine and any of the inert diluents which were
added to the reaction mixture. When the last oonipanent of the mixture was
introduced into the reaction vessel two minutes were aliowedvto pass to allow
for complete mixing of the components. The reaction mixture was then |
Cilluminated for a tim_e. and with an intensity of light sufficient to give tle 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 1 mm nitroayl chloride
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into manifold 3. When sufficient reaction had o-ccuréed. illumination was
discontinued and the reaction inhibited by opening the taps to manifolds 2 and
‘;3;_'in‘ rapid succession. After 30 seconds the reaction products were condensed
into thé pump down trap on manifold 3, complete‘transferencé of the products
being ensured by pumping through for 10 minutes. The exccss propane,
chlorine and inert diluent were then distilled off at - 120°C {melting alcohol
slush bath). In the set of runs in which argon was the inert diluent, since it
‘was a non condensable and might tend to carry over the more volatile reaction
;;roducts in the <rgon stream, as complete transference as possible of the
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 -194°C, In this way it was hoped that no n-propyl
c¢hloride might be carried over in the stream of uncondensed -argon but at
high argon pressure this could not be certain.

As can he seen the exact procedure adopted, anﬁ 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 -120%¢ by immer-
sing in melting alcohol after the valve to mahifold * had been closed, the valve
to the vacuum was then cpened and pumping continued _‘for‘ about 20 minutes.

The reaction products, freed from the greater proportion of propane, chlorine,

- ete., were then transferred to the injection U-tube in preparation for analysis.

Inhibition Procedure and Removal of Chlorine.

The chlorination of the olefin/propane mixture had an appreciable rate
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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 rezrn;;wal of excess chlorine by distillation., Oxygen and
nitrosyl chloride are both well established inhibitors of chlorination reactions
-(62) and nitrosyl chloride has already ﬁeen used as an inhibitor by Dainton (51)
and Knox (53}. In this work oxygen was used as inhibitor in manifold 2 to avoid
intraduetimjz of NOC! into thekinetic part of the system and NOCL was used in
manifold 3 and during distillation hecause of the low solubility of oxygen at -
120°%¢,

In order to check that the reaction products were not lost during the
removal of the excess §ropa-.na, chlarin§ and inext diluent, a mixture was
prepared in which the éomponenté were present in approximétely the proportions
expected from a reaction and submitted to the usual distillation procedure, the
diatinate being condensed out at ~194°C and aﬁalysfed. Apart from propane enly
traces of iso propyl chloride were obtained together with a small amount of the
excesns olefin. The exc&ss olefin did not enter into. the calculations and chlorine
atom attack at the priniazw? position in propane was used as the competitive
standard so that it was unnecessary to know the amounts of iso propyl chioride
produced and the procedure was regarded as satisfactory. The reproducibﬂitv -
of the kinetic results using the procedures outlined above wae of the ozder of

+
- 7‘70'-
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5. Calculation of Results. The product peak areas on the éhromatographa

were measured and converted to the areas on the standard 100 mv x 10"9 amp

and 35 ml Hz/m,in as indicated in section Il 3. The following functions were

then calculated

(a) Trans Dichloroethylene/Propane System
:I‘?fCI = TCE formed. PrH initial I, 1
nPrCl ¢ rmed. ©PCE initial
R;gféE = S_DCE formed. .PrH initial - | 0. 2
‘ nPrCl t-DCE , ... * e
formed. initial:
c-DCE c-DCE | ‘ " - .
RTCE = C- formed, | 0. 3
: TCE formed
‘Taking account of the effective carbon number given in section II 3 we have
TCE e 7 o P
R orcl {Area TCE/effoctive carbon number) =~ PrH n 4

- AveanPrCl  [effective carbon number Pt-DCE

=  Area TCE/1.359 x _PrH , 15
% A
AreanPrCl [/ 3 pt-DCE
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c-DCE _ Area ¢c-DCEf2 ., L PrH
nPrCl Ar nPrCl/3 ® P o 6
ea t-DCE
RC‘DCE - Area ¢ DCE/2
TCE Area TCE/I1. 359 | .7
(b) Irichloroethylene/Propane System
P
PCE, Area PCE/1.247 x _ PrH I 8
nPrCl A nPrCl /3 P .
rea nbr TrCE .
(c)
"PrCl Area HCE/0.1134 , ‘pim ;.9
Area nPrCl /3 Ptetra CE
(d) Ethylene /Propane System.
Di vett -
ichjoroethane Area Dichloroethane/1. 346 PP_rH
nPrCl TR —— o T X
&rea nPrCl ,3 . P C 4
11,10 24
(e) Yinyl Chloride/Propane System
Trichloroethane . svea Trichloroethane/1,214 x prH
nPrCl S
Area nPrCl /3 P
vVC
. 11
“where PPrH and P ‘Sié %1% are the initial pressures of propane and olefin.
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CHAPTER M1

RESULTS

Early experiments were undertaken with the aim of trying to resolve
some of the ‘différences' between the sets of data of Knox and Riddick (53)
and of Ayscough et al (51, 52, 59). It was also hoped to meet some of the
objections of Ayscough et al (5‘9) to the competitive technique as applied to
the chlorination of d’iclﬂamathylene and to try to ciarify- what appeared to be
an anomaly in Riddick's data.’ Tmns;dichloroethylene, therefore, was
chlorinated in competition with propane at temperatares of 79?(3 and 133°¢C

(The results are shown in Tables Iil. | and III, 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 Bnox and Riddick was theilr
necessity of including a reaction (d) .
: viz ACH = G, )

where reaction (d) is unimolecular deactivation to give and inactive form,

in their reaction scheme

¢+ h = 3 c: : ' (1)
Gl 4 owh s AC1 @)
Mff' = XeiseA +(1=X)1=A + Cl ' ‘ ' (a)
At + Mi = ACI+MI | (bt)
A(’Il: + (312 sy cleA +{1-y) ir=A + 613 {cl)
ACY + A = 7 olgwA + (li=2)tr=4 + AC] {c2)
ACT + A B = 2'Gis~A + (i=g'iroA + ACI  (c8)

Where reaction (a) is unimolecular decomposition of the active radical;
(b) is bimolecular deactivation of the active radical; and {c) is bimolecular -
atom transfer to a suitable avcceptor..

The need of inclusion of reaction (4) into the scheme derived from the
fact that plots of R::;lz against chl;::rine pre;ssure, when extrapolated back
to zero deactivant pressurec, showed an intercept whose value depended
not only on temperature (being positive' at 79°C and 35°C and negative; at
13300) but also on the structure of the starting isomer.

Runs 20 to 26 at 79°C and 27 to 31 at 133°C were therefore conducted

ACl

at low total deactivant pressures. The values of R cis ?’A when plotted as &

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 VII and VIII) assuming reactions ¢l, ¢2 and ¢3

to have & negligible rate,

Th ion f RACIZ i
e expressmn or » N ¥ )
cig-A ) .
RACI% ; E kbi [Mi]+ k, 1L 1

cig-
{1-x) ka

which at zero pressure becomes
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ACl

. ZA = kd m. 3.-
cis- ——( T-x) ka
Therefore values of kd/ka and hence values of kd can be obtained from the
ACl g _
intaxrcept of the pressure depondence of R 2 on the ordinate. Thus kd
cis- _

has a finite value '“m,:?éz’“c and a negative one ot 133°¢C (Figure X, 2)

The {inite value of kd at ?’906 implieﬁ the exiatéme of a proportion of
‘, AQCI® radicals awhich ﬁecompoea &0 slm.:riy thé.t thoy arc always deactivated
by colligion at pressures al:mra 4 mm Hg (the minimum meacurablo
pressure). ‘These radicalas are denoted by Aﬂl‘!‘ and it is suggested that
thay are ferm@d from A:GW by a direéctunimoleculat pmce?u {d» This
procens can,hardl{y be radiational %vhich. in general, is m;xch too slow. A
unimolecilar transformation into a different form 'of'activnted' radical ie at
firet ei};ht attractive, tempting one to poestulate the éxiuiance of normal and
bridged forms of ACI®,

CHCL. CHCIZ and CHCl----Gl-—-- clmcx
I

ﬁaw.&var the high rate of decormpasition and of internal rotation of the form

which can decompose demands that the normal atructure be auaigne& o ACI®,
Since the Sridged form would have 2 lower .entropy tham: the normal structure
and since both ACI* and AC] must have the same gnergy, the bridged form
will readily revert to the normal foxm, In the limit of low pressure all
aﬁt&&atcd moleéulaa therefore decompose via the normal form and kd should

be zoro.
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Knox therefore éuggests that a more reasonable explanation is that
kd is an artefact and results from the pressure dependence of ka, ka will
decrease aathe pressure is decreased, according to unimelotulainresction
theory and the gradientg_of lines in figure III 2 will accordingly increase as
the deactivant pressure approaches zero. A value of kd/ka c‘:f‘ 0 .1 at 79°C
is obtained implying that about 10% of ACI¥ from trans-DCE decomposes at

least B0 times slower than the average.

The apparentiy negative value of kd at 133°C has no obvious explan-
ation and it is suggested that it may result from two factors (1) the fall off
in ka and (ii) the gradual onset of reaction (4) which is expected to become

‘impgrtant about this temperature,

One of the objections raised by Ayscough et al (59) to the results of
Riddick was that the propyl radicals formed in reaction (2' ) might ‘catalyslé:
isomerization of the olefin, Howaver, Q:g;_:eriments carried out in the
absence of propane (Figure Iif z’) show the aéxﬁe rate of addition to isoxﬁeri-

. of A
zation as those in the presence propane at the same total pressure.

It was concluded, therefore, that the results obtained by Knox and
Riddick were sound, further verification of this being found in the fact that
the lines drawn in figures Il land 2 were calculated from the values of the
rate constants derived from these results. It has since been discovered

that the cis and trans-DCE of Ayscough et al (51) had in fact been wrongly
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labelled, resolving many of the differences in the results of ¢is-DCE but

leaving still considerable discrepancies in those of trans-DCE,

If. was decided to chlorinate trichloroethylene' in competition with
propane in an effort to observe experimentally the theoretical prediction |
that the rate of unimolecular decomposition of the active tetrachloroethyll
radical would be less than the rate of decomposition of the active trichloro-
ethyl radical. Qualitatively the theoretical prediction can be understood
from the following cox}sideraﬁons. Since the radical forfned by the i
addition of a chlorine atom to trichlorcethylene will have a greater number
of low energy oscillators thé,n that formed by. the addition of a cthrine atom
to.dithloroethylene (the C-Cl bond vibrational frequency is lower than the
Culn bond frequency), for a given energy the active tetrachloroethyl radical
will have a greater nﬁm‘ber of accessible configurations than the active
trichloroethyl radical. However, since the zero point energies of the
activated complexes of each of these radicals is nearly the same, for the B
same given energy, each activated complex will have nearly the same non«
fixed energy; this non-fixed energy ie small in comparison with the mobile
energy of tiie active radical and so, although the activated tetrachloroethyl
‘complex will have a greater number of accessible configurationsn than tﬁe
activated trichloroethyl complex, the increase will not be nearl;: so makked

£}

an in the casge 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 tetrachloroethyl radical should decomposge slower than the trichloro-

ethyl radica,l; | Experimental verification of this prediction would be in the

ACL
observation that Rnprél’would reach a limiting high pressure value at a

lower total pressur_e for trichloroethylene than for dichloroethylene,

PCE
The dependence of R on chlorine and propane pressures at
T nPrCl '
79°C (boiling benzene) is shown in figures IIl. 3 and 4. Comparison of these
PCE TCE

nprcy RO R o o

with figure UL 1 shows a steeper curvature of R
with pressure and a flattening off at lower total pressure, as predicted by

the theoxry.

Whereas in the chlorination of dichloroethylene it was possible to
obtain the rate of unimolecular .decampositicz{ of the active trichloroethyi
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

ACl
of pressure (i. e. the pressure dependence of R, _)no direct measure
. isomeraA
of the rate of unimolecular decoraposition of the tetrachloroethyl radical was

possible.

The mechanism of the chlorination of trichloroethylene is exactly

analogous to that for the chlorination of dichloroethylene and is

CIZ + hy = 2C1 (1)
Cl + A ‘ = ACI® (2')
AC])* =

A+ Cl (a)
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L ACL* + Mi = ACL + Mi (bi)

AClL +Cl, = ACL ¢ C (3)

{Where A= TrCE)

which, in the presence of propane competes with the following reattions

PrH + Gl =  Pr + HCl ()

Pr' + Cl, = PG|+ Cl (3 )

Thus, although the active radical undergoes unimolecular decomposition
the product of the ddcomposition is indistinguishable from the reactant
olefin, the only observable products of the chlorination being the addition

product, pentachlorcethane, and the propyl chlorides. The only observable

PCE

PrCl which takes the form

selectivity ratio is, therefore, R

PCE  _ k" kb, [C1,] + kb, [PrH] + kb [TCE] + kb, [Mi]
nPrCl ~ == %

2 ka+ kb, [CL,] + kb

3
[PeH] + kb, [TeCE] +kb, [mi]
L. 3

2

To obtain the individual rate constants kz_" . kbl’ kbz, and ka it was neces=~

sary to chlorinate trichloroethylene over a range of chlorine and propane
pressures. Details of each run were then fed into a computer i.e. for a

: . e e s PCE . ; . .
series of experiments in which R nprcl Was investigated as a function of
chlorine and propane pressure, the pressures of each of the reactants were

fed into the computer together with the experimentally observed selectivity

ratios.

The computer was then programmed with a "theoretical'' expression
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for a selectivity ratio, obtained by modifying equation III 3 slightly so that

it became \
T < L N RN o N
k' ké/'_kpl+[c31z] + (kb,/kb, )[PrH] + (b, /xb, ) [TrCE]

11, 4,
, . each of o
Ten arbitrarily chosen values cf/ the rate constant ratios kz"‘ /kz' s kbz/kb p’
and ka/kbl We;e 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’é /kz' ’ kba/kb and ka/kbl

1,
Rth was calculated for every separate experimentally obtained chlorine,

propane and trichloroethylene pressure,

Thé value of Rth, having been calg:ulai:gd for each ‘sét of pressures of
the reactants for each run, was then subtracted from the experimex}tally
observed selectivity ratio, R exp, corresponding to the reactant pressures,
and the difference was squared. These squares of the differences w'ere,:

‘ tﬁenzi&ummed for all i;};e pressure dependences and for éach ca:ﬁhination of
the rate constant ratios, the conﬁ;puier finally printing out a ten by ten by

ten array of tﬁe sums of the squares of the differences for every cor#bipatibn
of the rate constant ratios. The minimum value of these sums of squares of
differences corresponded to the best fit of the expeﬁmental results and the

derived rate constant ratios.
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For the chlorine/propane pressure dependences in which the trichloro-
ethylene pressure remained constant and small, the value of the parameter
kaIkbl was assumed to be unity, It will be demonstrated later in this
chapter that the collisioned deactivating efficiencies of all the gases studied
were mmpara;ble, and so the error involved in making this approximation

is negligibly small compared with the experimental errors.

For the chlorine/propane press’i’ii‘e d§pendencés at 79°C the minimum

value of z (Rth - Rexp)z was obtainsd from the parameters.

f )
]f.g_ = 1.4, E = 70, .l.i‘:.z. = 1.1
t 3 5 ) hand - o
kz , kb, kb,
Henge k" = 1.4x3.8x 1010 mole"l. 1. sec. -1

5.3 x 1010 mole..”l 1. sec. -1 at 79°C.

i

ka was evaluated from the parameter ka‘/"kb:l by making the assumptioﬁ that

the active intermediate, ACI*, was deactivated at every collision with
chlorine. Thus kbi ig the standard collision number for collisions of
chlorine molecules wi.ﬁﬁ its active radical

, . . ]
e, kb, = z.° (ACl, ¢1,) = TQ
Zs e' .

1 1 2 1 1 03 TH

where the collision diameter, 0 , of the tetrachloroethyl radical was

taken as 6.5 & (47), that of its chlorine molecule was taken as 4.4.8 (63)

0 %
and b,_z =4 (b(}I2 Y baa ) kb, for a standard pressure of 1 mm Hg is
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" therefore

]

1.004 x 107 (mam Hg)‘l sec, -1
H

kb, = z° (ACI¥, CL,)
= 2,21 xw“ mo}.e,"ll. seC.

whence ka = 7.03 x 108 sec. -t at 79°C
The parameter kbzlkb1 gives:the efficiency of deactivation of the hot radical
by collision with propane relative to the collisional deactivating effid¢iency

of chlorine (agsumed to be unit eificient).

sk
Hence kba = x,. Z (ACl , PrH)
z (A€l , Cl

| )
kbl 2
Where x, is the deactivating efficiency per collision of propane relative
to chiorine. The collisional diameter of propane was taken as 5.01 R (64)

and therefore

k?:fz S 1. 316
kbi 1.004
Whence x, = 0.84 as efficient as chlorine per collision.

A check on the sensitivity of the calculation to\ the individual rate
constant ratios was a.cco.mpliahed by reprogramming thé computer with the
theoretical expression mc;dified so that ka was calculated in relation to
collisionel deactivation by propane, the collisional deactivating efficiency

of chlorine being calculated relative to propane.
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The theoretical selectivity ratio then took the form

Rth =k . [prH]+ (b, /kb,)[CL,] + (kb,/kb,) [T+CE]
k“?: ka +[PrH]+ (kb, /kb,) [Clz] + (kbslkbi) [TrCE]
kb
2

L 5.

The values of the rate constant ratios which gave a minimum in the expres-
sion Z {Rth -~ R exp) were

" o : : ' _
ka . = lb ‘4 kbl = 0- 9 ia e, :kba = }.. l a.nd ka = 74
x. - kb b kb,

2 2 . 1 | 2
whence the collisional deactivatihg efficiency of propane per collision rela- |
is

tive to chlorine, e

X, © 0.84
ka was calculated making allowance for the decreased deactivating efficiency

of propane and was found to be

il

#
ka 74 x 0. 84 x Zo{ALl , PrH)

74 % 0.84x 1.316 x 107

8.18 % 108 :-3«5:4:.:*1

i

u

From the parameter ka]kbi it was possible to malke a second internal
check of the data. The ratio of k,a,/kbl to kal’kbz should correspond to the
value of k:%/’kh1 derived from the program in which the rate constants were
evaluated relative to the collisional deactivating rate of chlorine; from the

chlorine dependence.
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ka/kbl = 70 and kbz/kbl = 1,1 ;
irom the propane dependence

ka /kbz = 74

oo kalkb, L p = 70 o 1.0
ka./kbz kb ‘
from the propane dependence
ka/kbz = T4
ka/kbl = kbz = Zﬁ ~ 1.0
ka/ﬁkbz k:b1 74

Thus the method is internally consistent within its limits of experimental

errocr.

~ The chlorinétion of trichloroethylene wé.s investigated to see if the
reaction had a hete;'ogeneous Icomponent, by increasing the surface to
volume ratio by a factor of teﬁ. As can be seen from figure III 3 no detect~
able change was observed upon changing the surface to volume ratio and it

was concluded that the reaction was homogeneous.

‘The dependence of ng E on chlorine/propane pressure was investi-

rCl
gated at 133°C (Tables IIT 5 and 6) at 40°C (Tables III 7 and 8) and the
chlorine pressure dependence was investigated at 56°¢C to results of which

are shown in Table III 9. The rate constants ka, k é’ . kb1 and kbz 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 111, 13.
The computer program for the caleulation of the rate constants is shown in

Appenadix (A).

The temperature dependence of the rate constant ratio I‘cz‘"/kz’ is

shown in figure IIL 12 and the derived activation energies and A factors are

Az“ = 2.68 + 1.36x% 1010 mole, " 1. sec. -1

B, = -240 & 410 cal, mole™ "

As stated in the introduction these were calculated using the falldwing values

of A,' and E,' as standard (31)

2

it

! . v "1
Az’ L7+ 0.3x lom mole. ! 1. sec.  per H atom

Ez‘ = 980 + 130 cal.mole*l

From figure IL 13
, ) . 10 -1
Aa (TrCE) = 7.3 + 2.73x 107 sec.
E, (TxCE) = 32604 380 cal.mole” "
The error limits were derived from reasonable maximum and mini-

mum gradients of the graphas.

The deactivating efficiency per collision of trichloroethylene relative
to chlorine was calculated from the results of the dependence of ngfm
on trichloroethylene pressure at 79°C (Table HI. 11a). 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 = ky * [TrCE]+ (xb/xbj)[CL,] + (b /i) [PeH]

Ky  kafkby +[TrCE]+ (kb /kb,) [CL,] + (kb,/kb ) [PrH]

1L 6
Making use of the previously calculated collisioned deactivating efficiency
of propane the ex?rc:esion III 6 becomes

Rth = k, x [TrCE] + (kb, /kb,) [C1,] + (1.'1 x kb, /kb, ) [PrH]
k2 ~1§a'lkb3+ ['i*rCE] + (kbl/ka) [c1,] + (1.1 x kb, [kb,) [PrH] |

HL 7

From this prggram a minimum value of Z (Rth- R exp)?- was obtained for
the -triéhloroethyiene data from the parameters

knw = 1.4 y kb =0:7 and  Kka = 50

2. -t —
K, kb, kb,

Taking the collisional diameter, 0, of trichlorcethylene to be 6.5
b (64) the standard collision number for collision of the active radical with

trichloroethylene molecules at a standard pressure of 1 mumn Hg is

* ' - -
Z (ACl, TrCE) = 9.86 x 106 (mm. Hg) 1. sec, ~

Hence

Kby = 10,04 0.7
kb X, % 9.86
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where xq is the deativating efficiency per collision of trichloroethylene
relative to chlorine

and x3 = 1,45

Making allowance for the increased deactivating efficiency of trichlorcethy-

lene ka ig
- & -1
ka = 50 x 1.45 x 9.86 x 10 sec
= .15 % 1()8 sec*’l
Finally Eﬁ o ka{kﬁs 50 = 0.7
k_bB ka/kbl 70

The deactivating efficiencies of argon, carbon dioxide, and sulphux

hexaflouride were obtained from the dependence of Rflgfa

of each of these gases (Tables I 10, 11b, and 1lc). The theoretical

as the pressures

selectivity ratio had a form which was analogous to that used for the calcul-

ation of the trichloroethylene deactivating efficiency and was

kb
. 1
Rth = k," [Mi] + (kbllk.bi)[C12] + (Llx ;:bl/kbi)[x;érﬂh (1.43kb, )rrCE]
k'
2

ka +Mi] }(kﬁllkbi) [cza] + (1.1 x kb, /kb,) [PrH]+ (I,-43kb1)[TrCE]
kbi ' ' EE—

III. 8

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 from this program and the
experimental results are summarized in Table IIL 13,

1t should a‘;lso be noted that the lines drawn through the points
in figures HI 3 to 11 11 are obtained by plotting Rth values against pressure,
the fith values having been obtained by substituting in any of the theoretical
expressions (e, g. equations III 4, I 5 etc. ) the values of the parameters
kz”ik:z’ ka,ik.‘hi, cte. which gave a minbmum value of Z(R&-Rexp)z.
Vhen both chlorine and propane pressure d;pendencea of Rj;fi_il . were
obtained at 2 particular temperature, the parzmeters used in the
calculation of the "theoretical" line were obtained from a program which

incorporated the two pressure dependences. Hence the same "theoretical”

line is drawn in figores M 3 and 4; S5 and §; and 7, 8.
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TABLE I 3
DEPENDENCE OF Rl;(; Cl ON CHLORINE PRESSURE. TEMPERAmkE 9. 5°C
‘mm, Hg x100mv x 109
Run TICE PrH Cly Total PCE
No. Pressure  Pressure  Presstite Pressure nPiICl  TiCE PCE Rppecl -
5y 8.55 9.14 78.8 96.6 1810 = 1529 0,905%
52{1,) 8.55 9.14 39.6 57.3 101.6 942:\ 23.1 Q. 591*
53(1) ' 8.58 9.19 119.6 8371 1338 -y 58.4 1,12 ¢
54(P) 8.55 9.03 45.1 62,8 132.3 1040 30,8 0, §54*
55(P) 8.58 9.14 22.8 v 40,5 94.2 1030 19,4 0. 524*
56(p) 8,35 9.11 36,2 | 51.9 165 1107 34,1 -0, 537
5'7(1) 8.63 9.02 202 220 2138 4990 859 1,02
59(1’) 8.76 9.23 35,5 93,5 280 1148 849 0.759*
60(1} 8.68 9,45 139:3 157,.2 2124 C.- 759 "0, 933*
62(]:) 8.76 .44 9.5 97.6 141.5 113,56 43,2 0.79
63(1’) 8.58 7.39 | 23::02 4;. 1 46,4 1250 10, 56 0. 597
86 ) 8,67 9.36 B0.5 98.8 125 1022 37.8 0,782°
617 ") 8.58 9.44 C.0 63.9 103 955 26,24 0.622*
69(?) 8.72 9.35 13,3 31.4 19,03 970 3.21 0, 435:
.70(P) 8,55 9.18 13.4 3L 1 15.8 1130 2.587 0,434
71(?) 8.66 9,09 20,34 38.1 19,33 1210 3.51 0,457
| 72(?) 8.72 9. 06 45, 3 63,1 69, 15 - i7.19 _0. 620
'73( n 8.35 9.23 1210 138.8 880 5540 261 0,77 *
74(?) 8,68 9.14 - 34,9, 52,7 97.95 1158 20,04 0. 324:'
75([’) 8,67 9.23 53,17 71.8 11,11 - 3.1 | 0,852
‘76(?) 8.62 9.32 53.2 71.1 1218 1095 30,15 0.640
7’7(1) 8.55 9.19 7 136, 0 153.5 1551 5570 643 .07
78(9) 8.80 9. 02 53.9 71.4 160.9 - 46.74 0.713
7 9(9) 8,55 5,14 54.4 71.9 194.3 1389 52,29 0.691
80(1) -~ B,55 8.19 64.3 81.9 804 6460 231 0,743
81(P) 8. 58 9.10 13,22 30,9 51.8 1433 2.8 © 0,483
82(p) 8.68 9.06 12.96 v 30.17 26.688 1420 4.39 0,413
83(?) 8,76 8.89 22,91 40,5 52.4 1425 8.58 . 0, 399
84(1) 8.34 8.72 35.3 52.3 447,6 10940 121.2 0,686
85“) B.62 8.93 80.0 97.2 612 11240 170 0,708
* Packed Wessel; surface/volume ratio x 10, (P) Peak areas planimetered
{n Peak areas measured by integtator,
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TABLE It 4

DEPENDENCE OF Rﬁil ON PROPANE FRESSURE TEMPERATURE 179,5°C.
e Hg; x100 iy x 10:93mp

Run Clg Py Total  Area Area  Area . PCE

No. Pressure  Pressure Pressure  Pressure  DPICl TICE PCE R PeCl
186 8.55  23.22 8.59  40.3 8111 6780 69.2 0.587
188 8.46  23.04 19.67 5.5 144.8 T80 167 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 7300 33,5 0.872
197 8.72  23.04 ‘66,80  98.5 410,1 7410 17.64  0.693
199 8.55 23,04 20,3 52.0 3939 7840 33,74  0.488
202 8.62  23.4 103,0 135.2 1121 7780 - 36.6 0.936
203 8,12 22.94 98.8  130.3 910 7610  97.45 0,822
209 9,55 25,10 43,3 74.9 932 71810 57,0 0.744
210 8.58  23.05 42,5 75.0 1042 7060 61,8 0,792
215 8.46  23.10 66.0 9.5 433.5 17120 19,2 0.832
217 8.51  23.04 1577 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
201 8.55  23.25 82.9 119.8 1167 6920 42.5 0.869
292 8.51  22.84 134, 2 165. 3 1308 7360 34.4 1.00

225 8.55  22.9 1342 165.7 1293 7180 31.3 0.913
224 8.67  22.9 157.0 188.6 709 7290 18.3 112

Al peak areas were messuted by integrator.
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TABLE I 5
DEPENDENCE OF Riﬁil ON CHLORINE PRESSURE TEMPERATURE 133°C
\mm.Hg, | 100 mv x 16"%amp
fun TCE P cl, Total  Area  Area  Area vCE
No. | Pressurlg Pressme | Prgssure Pressure nP1C1 TICE - PCE | R SPICL
BB(P) '~ 8.42  8.68 84,5 = 10L7 84,69 2114 13,18 0. 384,
89(9) 8.46 8.8 84,7 102.3 343,5 2116 45.2 0. 332
90{9) 8,55  8.58 5.4 76,3 213.3 2180 21,09 0.239,
91(9) 8,42  8.68 59.2  16.3 225.8 2174 ‘:30699_ 0.339.
92(p) 8.55 8.58 57,00 78,1 129.5 2130 14,34  0.267
93(1) 8,55 8,55 102.2  119.2 1342 . 10460 262. 4 0.434
94(1) 8.55 8.62 103. 1 120, 1 1717 10520 282 0. 398,
95(1’) 8,58 8.55 25,2 42.2  75.35 92210 6.22 0.198
96(1) 8.58 8.55 25,2 62,2 290.4 10120 - 14,5 - 0,120
97(1) 8.55  8.58 116. 4 133.7 2223 10110 887 0,42
9.8(1) 8.55 8.7 116.2 = 138,86 1675 = 10790 312 0,460
99(1) .8.58 . 8.85 5.6 . 182,9 1356 9640 246.9  0.435
102(!) v 8.35 8.58 212 228. 2 1282 7530 351, 6 0.663,
103(1) 8.58 8. 58 212.4 - 230,0 954 17530 275.1 0.623.
104(9) 8.58 8.62 34,4 516 28,0 124,1 4.05 0.369
105(P) 8.62  B.55 34.6 51,8 2.1 - 3.36 0,204
msm _ 8.68  8.55 128.0 . 146.0 478.8 11050 82.5 0,418
19‘9(1) 8.58 8.62 129.2  146.2 263 16720 56.1 0,515
vno(P) 8.62 8.50 25.2 42.2 | 89.45 2638 3,0 0,180
111“,) , 8,38  8.62 47.4 66.5 125,9 2530 1.8 0.216
112( ?) 8.55 8.62 49.3 66.6 93,84 2350 9,15  0.236,
113(1) 8.47 = 8.58 152.7 169. 9 1806 11730 299 0,405
1140) 8,62  8.42 153.4 = 170.6 980 - 1944 0,465
115(1) 8,58 8,62 153.8 . 170.9 = 570.3 | - 98.7 . 0.42 .
116(1) 8.58 8.50 153.6 = 170.6 . 329.4 - 19.4 0.574,
117(p) 8.58 = 8.50 15,17 32,8 . 10,42 - 0.95 0.216
nam 8.35 8.45 18.82 32.8 . 12,70 - 1.06 0.199
119(1) 8.58 8.76 - 15. 57 32.9 68.25 6.58 0.236
(P Peak areas planimetered

(N Peak areas measured by integrator
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TABLE I 6

DEPENDENCE OF nﬁfm ON PROPANE PRESSURE TEMPERATURE 133°C

wmm, Hg m100my xl 10°® amp

Run PIICE Clg P Total Area  Area Area RFCE
No, Pressure  Pressure Pressure  Pressure  nPICI TrCE PCE +  nPiCl
246 . 8.68 22.9 7.95 89.5 2137 6550 5114 0,320
947 8.58 23,0 7.18 39,4 113¢ 8760 1527 0,292
249 8:55  23.0 48,0 794 1269 6540 415 0; 442
251 8.50 28,8 8.4 60,2 1850 8560 54.5 0. 342
252 8,55 23.5 . 28,5 60.5 691 6730 33.2 0. 584
253 8.72 23,2 47,1 9.7 872 6380 27,3 0.412
254 8:55 23,3 66.0 91.9 1465 6780 39,61 0. 489
255 8.68 23.0 66.2 97.9 1818 6870 29,46 0,301
257 8.76 22,9 83,9 115. 3 1694 8810 25,6 0. 348
259 8.55 23,2 108.8 140, 0 2007 7240 26,8 0. 391
262 8,62 22.9 66,0 91.5 2390 6980 48,9 0.376
264 8.2 23,2 28. 94 60.8 1442 6880 55.35 0. 306
265 8.55 23.2 8.20 40,0 1260 920 96, 51 0,175
266 8.58 22,17 64,6 97.9 1928 7150 38,64 0,874
269 8,55 23.0 84,7 116.1 1735 - 3L4 0.422
270 8,72 23,0 85,1 116.0 1351 - 26. 5 0. 460
212 8,76 22.9 110.0 1416 1556 - 28.56 0,553
273 8.55 22.8 182.1 163.1 8,31 = 11.55 0.517
274 8.55 29.8 182.0 163.4 1308 - 20,8 0. 590
2175 . 8.58 22,9 109,2 140.8 1108 - 15.7 0.433
Z0 8,62 22.9 154 185, 8 $789 6790 4.4 0.502

All peaks were measured by integrator
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TABLE II 17

DEPENDENCE OF R:il ON CHLORINE PRESSURE. TEMPERATURE 40°C

-.mm, Hg " x100mv % 10-9amp
Run . TrCE Prd Clp Total Area  Area Area PCE
No. Pressure  Pressure Pressure Pressure nPiCl  TiICE PCE RnPrCl
122 8,55 8.67 - 23,4 40,5 115.9 4790 32,1 1,10
123 8.58  8.58 23,44 40.6 297 4740 1011 0.835
125 8.55  8.67 31.6. 48.9  53.4 5240 162 0.740
121 8.55  8.72  8LO4 49,2 287.7 4600 89.7 0.766
128 8.55 8. 55 50,60 67.8 1800 14650 834 111
137 8.55 8,72 98,8, 1111 583.5 78,10 373. 1,87
138 8.55  8.55 108.9. 1260,  475.2 7850 325.2 1.65
160 8.55 8.55 126.2 143.4 271.2 7950 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 1343 8440 88.8 1,59
151 8.62  8.38 1961, 143.2.  284.4 8100 186 147
158 8.5  8.67 68.6 85.8 185 7720 83 1.50
159 8.55  8.62 68.3 85.5 107.1 7810 65.1 1.48
160 8.50 8.67 68.7 85.8 92,9 8210 56.0 1.68
162 8.58 8.48 169.9 187.0 184,4 6950 123,9 1.59
165 8.55  8.87 167.0 186.8 100.7 7050 6.1 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
171 8.66 . 8.50 192.5  209.9 185.0 17250 120.8 1.56
e §.35  8.29 49.8 66.8 5.2 7160 29,73 144
174 8.58  8.46 8.4 95.3 86.9 7100 50.5 1.42
176 8.55 8. 55 94.4 111.8 202.7 7050 115,17 1,38

181 8, 58 8.55 82,4 49,6 109.6 6820 55.3 118
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TABLE Il 8
DEPENDENCE OF Rﬁfm ON PROPANE PRESSURE. TEMPERATURE 40°C

Run rmm, Hg X100 mv % 1079 amp

'I';CE le PrH Total Area Area Area RPCE
No, Pressure  Pressure Pressure Pressute npiCl  TICE PCE - PGl
328 8,78 2.3 8.89 39,9 65.7 11080 26,4 0.983
830 8.58 23,10 22. 30 54,0 560.1 10760  134.4 1,50
332 8.62  23.2 “s 781 1097 10780 1239  1.39
338 8.58  28.4 44.7 7.7 1000 8750 119 140
334 8.7  23.2 66.2 98,2 1854 10610 1239 1.21
335 8.55 22,9 65.5 96.8 135,3 10680 93.3 1.21
33  8.62  23.1 86.7 118.3 1276 10490 72.0 1.36
537 8.55  22.9 '86.9 118.3 1589 10400 84,3 1.34
338 8.55  23.2 10,0 141.4 406.3 2120 17.83 1,37
3395y 8.55  23.3 109,9 141.4 456 2920 - 18,83 1.27
341 8.62  23.4 22,4 54,4 436.5 10170 - 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



110

TABLE I 9
DEPENDENCE OF Ricpfa ON GHLORINE PRESSURE TEMPERATURE 56°C
amm. Hg x100 mv x 10 Jamps
Run .TICE . PiH Clg Total Area  Area Area PCE
No, Pressure  Pressure _ Pressure  Pressure  nPICl  TiCE PCE . nPxCl
225 8.58  .8.89 71.5 88.9 344.4 7510 155.7 113
226 8,76 8.55 1.7 89.0 3540 8050 157 1.04
228 '8:50  8.76 84: 1 51.4 129.7 7550 4113 0.786
231 8.58  8.50 54.3 712 261.9 7820 12L9 L1
232 8.62 = 8.67 91.0 108.3 6048 7780 2049  1.18
234 © 8.46  8.62 14,7 31.8 39.69 17670 11,44 0.700
233 8.55  .8.55 90,0 108.0  303.3 7840 167.1  1.38
236 8.55  .8.55 34,0 51.1 98.3 1370 54,59 9.845
237 8.76  8.50 1094 - 126.8  424.2 17850 238.5  1.31
298 8.46  8.62 14,8 31.8 549.0 7710 21,69 0,07
239 8.46  8.80 10.8  127.8 831 7580 4248  1.28
240 8.62  .8.55 138.4 1558 994 7690 616.2  ‘1.48
241 855  8.62 1392 156.6 1464 7520 863 '1.43
242 8.50  .8.55 163.7  180.8  423.6 17270 283.8  1.62
243 8.46  8:66 163.4  18L2  530.4 6860 309.9  '1.63
244 8.62  8.62 192.5  209.7  607.2 7240 90,3 ‘1,55

245 8.62 8.58 193,17 210.8 491.4 8270 292.8 1.43
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(P}

TABLE 11 10
DEPENDENCE OF RTPL ON ARGON PRESSURE- TEMPERATURE 19°C
nmm, Hg x100mv  x lo-gamp
Runp - TICE  PH cl, Argon Total  Area Area Area  PCE
No, Pressure  Pressure Pressure Pressure Pressute npPrCl TICE PCE nPrC1
345 8.58  8.55 22.1 142,0 181.8 2544 1048 . 1362 1.25
346 8.55  8.58 22,1 119.2 158.3  943.8 9630 152.4 1,07
347 8.12  8.63 22,1 120.0  150,1 386.1 9460 174.3 1,08
349 8,58  8.80 22,3 98.1 137.8 682 8930 2532 0,91
350 8.63  8.76 22.2 74.0 13,1 505.2 9210 220 1.08
351 8.68  8.63 22.2 74.5 113.6 4917 - 221,1  1.08
352 8.58  8.72 29,1 51,2 90.3 663 ea%zo 266.4 0979
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  1.65
258 8.55 8,55 29,4 143,0 183.0  530.5 8760 274.8 120
359 8.50  8.63 8.50 8.87 3.5 152.1 - 38,9 0,621
360 8.63  8.55 8.50 9.23 36,9  193.8 8880 41,1 0. 503
361 8.65  8.85 8.29 20.5 46.3  139.6 8790 34,2 0.603
342 8.55 8,67 8,63 25,3 5.0 835,7 8610 72,0 0.524
363 8.58  8.58 8.50 44,3 69.8  135.6 9040 43.2 0. 765
364 8.58  8.€3 8.45 44,3 70,0 919 8980 28.4 0,746
365 8.58 8.63 8,50 63.4 88.9  117,9 9230 40.8 0. 838
366 8.58  8.55 8.55 87.8 113,6  110,1 9010 89,9  0.865
367 8.58  8.63 8.46 110.8 136.2 22,48 . 7.74  0.83
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TABLE IH 11

PCE

DEPENDENCE OF RnP <l on PRESSURE. TEMPERATURE 790C

(a) TRICHLOROETHYLENE PRESSURE

nfam, Hg ' » x100nv x 10"Yamp
Run TICE PrH Clo Total Area Area Area . JPCE
Ne. Pressure  Pressure Pressure Pressure nPrICi  TiCE PCE nPrC1
298 13,0 4,36 4,27 21.6 0.926 - - 0.579 0. 504
299“,) 214 4.62 4.14 30,2 0.802 - 0.788 0.478
3co(P) 12.93 4,36 4,23 . 215 0.968 - . 0,479 0. 408
301(!‘) 21,4 4.53 4,32 - 30,3 0.883 = ©0.892 0.515
304 by 406 4.9 4,66 13,3 3.349 - 0.625  0.303
306(9) 47,1 4,62 4,271 85,99 1,712 - 4,865 0.6617
310(1’) 11,10 4,27 4.21 + . 25.64 3,505 = 2.155 0,472
311(9) 17,10 4.36 4,18 25,44  3.44 - | 2.697 | 0.494
369(!,) ) 4,02 4,11 “45.4 5.685 = 10, é1 0.492
307( 2 47,0 4, 51 4,23 ' 56,0 1.51 - © 5.304 0.82
312(9) 51,3 4.2 4,18 59.75 1,845 - 8.115 0.88
370(” 87.2 4,01 4,18 45.4 5.766 5810 10, 58 0.476
396(” 37.2 4,19 4.217 45,8 4.05 - 9.55 0,631

{P) Peak areas planimetered
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8.68

TABLE m 11
DEPENDENCE OF R?P&Cl ON INERT GAS PRESSURE TEMPERATURE 79°C
(by CARBON DIOXIDE PRESSURE
: A nfmm.’H;g ‘ x100mv % 10°9 amp
o o TiCE PtH Cly Co, Total  Area Area’ Area gFCE
' ﬁ%.‘ Pressure  Pressure Pressure  Pressure  Pressure npPrCi TICE PCE nbrC1
374 8.63  8.48 8.55 88,0 113.7 8.8 98400 3.1 0,966
375 8.85 8.58 8.383 24,9 50,5 169, 8 9640 50,3 0.723
376 8,58 8,80 8.63 63.2 89.5  189.6 9840 64,4 0.836
377 8.63 8,98 8.84 64,5 71.0  187.2 9430 59. 0 0.789
378 8.58 8,85 8,85 167, 3 160.8 192.6 9540 72,4 0, 921
379 8.63 8.80 8.58 9,10 35,10 527.6 9420 78, 5 0.576
380 8.55 8,55 8.55 8,58 84.2  282.0 9660 78,3 0, 666
381 8.68 8.68 8.50 1121 137,38 190.5 9320 70,2 0.885
382 8. 58 8.85 182,5 208.2 349.8 11040 135, 0 0, 920
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TABLE I 11

DEPENDENCE OF R C°_ ON INERT GAS PRESSURE TEMPERATURE 79°C

nPrCl1

(c) SULPHUR HEXAFLUORIDE PRESSURE

Liaftl. Hg ' X100mv X 10“9amp

Run TICE PrH Cig SEg Area Area Area RPCE
No, Pressure  Pressure Pressure . Pressure  Pressure nPiCl TiCE PF:E nPrCl
384 8.58  8.84 8.55 95,3  5L2  217.2 8990 60.6 0,894
385 8.63  8.50 8.58 §2.8 108.3 1269 9030 4.7 0.801
386 8.63 8. 55 8.58 8..55 34,2 1171 9630 326 0.66
287 8.58  8.68 8.63 46.60 72,4 1839 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 0,59
390 8.58  8.58 8.6 186.3 212.8 8.3 - 9080 24,7 0,869
391 8.50 8.5 8,58 135.6 1613 168.2 9240 4.5  0.764
394  B.62  8.58 8,55 47,0 127 88.9 9260 3.5  0.846

395 8.55 8.55 8.65 112,38 138,0 68 5 9520 7.5 0,974
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Tetrachloroethylene wag chlorinated in competition with propane as a
function of carbon dia:dde pressure to try to obaorvé expérimenmlly thé
gradation in radical lifetimes in going from the trichloroethyl radical,

_ through the tetrachléroethyl radical, to the pentachloroethyl radical. How~
cver since the arelet:'ﬁvity ratio RII:IP?;ECL was indepéndent of presa#ra
over the accensible preasuxﬁ range i.e. from 6 mm to 200 Tam only a lower

limiting value of 2 x 10'8' ceconds of the pentachlorocthyl radical lifotime

could be ohtained,

ceveral iactaxjc tconspire againct the evaluation of the rate constants
for the chlorination of tetrachloroethylene by the competitive technigue in o
ctatic pystem. These are (1) the unreactivity of chlorine to tctrachloro-
ethlene as exemplified by the low rate of formation of the addition compound
relative to photosubstitution of propane {2) the insenﬁi;ivity d the\ﬂame
jonication detector to hexachloroethane and. {3) the long length of the radical
lifetime which, in order that the rate ofunimolecular decompcaitioﬁ of the
radical be evaluated, necessitates“%orhmg‘at exteemely low pressures. Thie
incuro problems of the agcuraté meagurement of gmall pressures together
with the distimation of cmall amounts of products, which are themselves in-

aenaitiirel to the typo of detection employed.
Lo .

l " . 2

Acwuuﬁng that all the pontachloroethyl radicals formed in reaction (2')

"fk,' can be equated

22
with tho limiting value of aHCE ' prom figure III 14
nPrCl

ara deactivated by collision at the pressures ctudied k
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L HCE

nPrCl ; Q'l = kz"/kz'

Whence ké" =0.24 x 1010 mole-l.'l. aezﬁl at 7900

This value of kz" for tetrachloroethylene is the same as that obtained by

Goldfinger (46).



117a

TADLE X 4
DEPENDENCE OF R‘fpfm on CARBON DIOXIDE PRESSURE TEMPERATURE 79°C

., Hg x100my x 10" amp HCE g0
R%m TetyaCE Pl Cla caz Avar Area Area anx E,m
No. Pressure  Pressuie Pressure Pregsure  Pressupe nPiCl Tetrs CE PCE
400 8.55 8,62 8,58 192.3 2082 2310 10200 9.1 0,105
401 8.58  8.55 8.55 182.7 208,32 1984 9800 8.8 0,117
405 8.82  8.62 8.20 1355  16L1 2555 - 8,58 0,09
408 8.58  8.50 8.5 Y . 2565 639 9920 3.1 o.118 &
407 8,16 8.55 8.33 9.76 344 2571 10320 8.58 0,087
408 491 43 soa B 12,82 580 - 1.56 0,018 1%
409 2. 14 2.28 2.18 - 6.§8 221 2694 1,08 0.129
410 8.50  8.55 8.45 88,0 142 2362 9980 9,51 0.099
411 8.68 B. 58 8,55 44,9 76,1 2790 10230 0. 085
412 8,55 8. 55 0.108

8,55

8.55

54,20

2169 - 8.88
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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 surfdce reaction whereas the

latter authors found the surface reaction to be negligibly amall.

As can be secn frbm Table III 15 the chlorination of ethylene has a
considerable :até in the dé.rk. This heterogeneous component of the reac-
tion has been investigated. By inhi‘biting the reaction with large quantities
of NOCI in the inhibition manifold and by not degassing at ~i20°C and still
finding considerable surface reaction it has confirmed that the surface

effect is occurring only in the reaction vessel.

It was ﬂaought that the surface effect might be connected with the
degree of chlorination of the f.wlef:in - it has been demonstrated in this work .
that the chlorination of tric}ﬂoi‘oethylene 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 agéin, 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 a2 minimum on a hexamethyldisilazane surface its rate was
greater than the homogeneous reaction in full light intensity, making it

impossible to study the system directly.
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TABE I 15
PRESSUKE DEPENDENGE OF CHLORINATION OF ETHYLENE TEMPERATURE 179°C
mns Hg X100 my x 10.‘samp
Run Cly PH Gl €O,  Toml Ams  Ama  Eogiaw
- No. Pressute  Pressure  Pressre Pressure  Pressue  aPiCl CQH 4012 '
4l4 g.68  8.08 8,55 - 58  25M  4110 3,64
413 8.85 8,55 8. 55 182,83 2080 1354 1834 3.26
415 8.50 8,55 8. 80 “ 26,8 984 1330 8. 08
418 8.56 8,85 8, 55 - 25,7 452 2495 2,8
gy, 8.5  8.85 = 8.58 = 258 1944 6336 10,83
a9, 8.50 8,50 8,55 ~ 258 800 @70 30,0
0 8‘: 58 85 5 - " - 2 {3 7 - 3-
29 . 55 8.55 ‘ 8, o8 1448 3.8
40 . A . .
- 8.55  8.55 8,50 . 26,6 1206 6989 129, 3
{ND '
() Large volume of NOCI added; no pumping at »120°C

{ND No ilumination; darlk tims 5 minutes
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TABLE I 16
CHLORINATION OF VINYL CHLORIDE
: -
mm Hg - : x100mVv x 10 “amp
Run Tgmp vC 3] Clgy Arez Area Rggg"fla Darl Surface
Ko, 'C Pgessum Pr_essuzc' Prassure  nPICl CQH SCI q Time :
430 19 8,58 8.04 8,67 200 1850  10.%4 Tmins  Upoa
. o ! fornialdehyds
48 0 8% = B.62 8.62 \3 - 18,9 156 5mins  P,V.C, '
4.9 40 8. 58 8,29 8, 67 92 280 1,55 10mins  GMDS
440 40 8,55 8. 53 8. 42 1197 2105 49s . 16 ming »
420 40 8.80 8.62 8. 55 77,1 851 20,9 10 mins "
443 40 ‘8,80 . 8,55 855 74,1 722 268 16 ‘mins b
444 40 8. 58 8. 04 8.55 2287 286  1L.11 4 mins " a)
445 4o 8.58 8,90 8.58 87,9 875 44,0 8 mins "
446 40 3.61 ' 8.5 8.5  808° 1197 - 488 4 mins © (b
447 40 8. 55 8,65 8. 56 67.1 1284 4.8 6 mins »
{(8) Dark Tims 4 mins Oluminated for 2 mins, on 140 V
$)) " » * * " 2 mins, on 240V
H.M. 12,5, = Hexamethyldisflazane
P.V.C. = Polyvinylchloride
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CHAPTER IV

DISC USSION

As shown in the introduction both the bimolecular and the unimolecular
pate constants are susceptible to absolute calculation, if the properties of

# + ,
A, C1, AC1", and AC1l are sufficiently well defined,
According to the transition state theory the rate comstant for reaction
(2") may be expressed as

ky, = (kT/n) (q*f%qm) exp (= AEo fxT) o1
{equation 1a63)

‘where q+., 9, and qu are the partition functions measured from the lowest
Vi‘braﬁénal state of the molecules for tizé a«;tivatéd complex, the olefin, and
Gl Aan'L in the difference in energy of the lowest vibrational states of |
the reactants and the complex. 'Inmrtiné tﬁe. expressions for the partition

functions give‘s

o )" () G ene ()S
B/ AM, ApBa®A’ o n? 270 M KT
12 . = " |
M (1~ exp(-uv Alk’l‘)) exp (- AEo /kT)
B35 (1 - exp(-hv'/kT)) | v 2

The auperacr‘i‘pt+ refers to the transition state complex and the sub~

scripts A and Cl refer to the olefin molecule and the chlorins atom; M is



the molecular mass; A BC is the product of the moments of inertia about
the principal axes of rotation; (O is the symmetry number; the V are the
fundamental vibration frequencies; and I+ is the reduced moment of inertia

of the complex for internal rotation. k, T, and h have their usual meanings,

Experimental A factors are obtained from plots of In k {exp) against
/7. ‘The appropriate quantity calculable from any theoretical expressioﬁ
- for a rate constant IS
A cale = k €%P (dink/dlnT) ‘ L v, 3
If the theoretical expressioﬁ can be cast into the fﬁiém |
k=P @ewlpnn 000 .4
where P iz a temiaerah;re ifn‘dependent,factor,. then

Acale =P ¢(T) exp  (qin £(T)/ dInT
=P f(T) exp (n) ' - IvV. 5

Equation IV, 2 ior-ka” gives

T = 2 ga(i-exp(-hy, 1xT)) - Fin(1-exp(-by'/xT)) - Eé+

and therefore

A . 13 + . 1 12 -1
dlnf(T) =n = Z hy  (exp(hV /kT)-1) - Z bV, (exp(*hVA/kT)-l)
alnT KT ) KT

——EofkT Iv. 7
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Substituting equation IV, 7 into equation IV. 5 gives

A cale = (_ISI) .A": 32ttt b - k'I‘\% W2 A2
b/ AM, AABACA) oF ( 2 (zmvxmk'r )

12 .

rl (l-exp( hVA/kT)) exp () 4

M -exp( nv'ikT)) | S w.s

- The products of the moments of ineréia about the principal axes A, B,
C are obtained by a method derived by Hirschfelder (66) which is a parﬁcula:é "\‘
case of a method due to Crawford (67) for the caicumtion of a genemliéed -
moment. Hirschfelder obtains the product of the three principal mmﬁents ,

of inertia, A, B, C, from the determinent of the momental dyad

[-D H *F

where M =

and G

i R

i

u
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Since the propertics of A,Gl* and A.Cl+ must be guessed it is assumed
that the molecules of ACI, ACI%, and AC1" are identical in structure and
differ only in their internal energy and ité distribution., It has been deduced
for DCE (53) that there is free rotation about the C-C bond in all forms of
ACE It is also aasﬁmeé that the vibraticnal frequencies of the radical ave
the same as those of the saturated hydrocarbon except for the irequenéies

assigned to the three C~H vibrational modes which are absent in the radical.

The fundamental vibrational frequencies of trans - DCE aré 3080,1274,
3073, 1578, 1200, 895, 846, 817, 763, 350, 250, and 227 cm*'l (58). The
fundamental frequencies, given by Harrison and Kobe (68), for CHZCI.
CPIClz are ag follows : the modes whbae frexqpmncets are bracketted azﬁé
agsumed absent in the radical : 3014, !2998, (2964), 1437, UBD()), 1206,
(1204), 1162, 1056. 936, 792, 742, 676, 422, 390, 332, 22.5, and 180 cmﬁl'
The lowest frequency, 180 cm‘*l, is aésign&d to torsion about the the be
bond. The‘ener“gy ba rriex to in'ternal‘ rotation in ethanes Ha.s been calcu-
lated from thermodynamic conside.rati;:ms to be between 3 and 6 k.cal maleﬁl
(69). This has be‘en recalculated ’I;.sy“ é;llen, Brier and Lané (7¢) from far
infra-red and Rat.sr;aa.n spectralbdam to ’xﬁe about 9 k.cal. for irichlo-roethane,
1! k. cal for tetrachloroethane, and 14‘ k. cal. for pen‘tac}ﬂo'roet}mne. 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 Allen, 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 3lgo a considerable

- \\ -
weight of experimental evidence to support this assumption (51, 53).

The vibrational mode in AC] which becomes the reaction co-ordinate
is taken as the C-Cl stretch with the lowest frequency; in trichloroethane

this is 742 cm .

The product of the moments of inertia about the . incipal 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 fuﬁdaméntal frequencies of trichloroethylene, given by }Iouéer,
Bernstein, Mekka, anci'Angus (71), are : 3083, 1587, 1245, 930, 840, 780,
628, 450, 381, 274, 211, and 172 cm"-l. Those osi;ytr&;achloroethahe have
been determined by Kagarise (72) and are : 2980, (2980), 1279; (-1244), 1216,1276,
(1199), 1024, 975,907, 801, 795, 748, (682), 353, 290, 178, and 88 cm ..
The fre‘quen‘.cy at 88 cmm1 is assigned to torsion about the C-C bond; f:his
mode is assumed to be freely internally rotating in the radical. The lowest
C~C1 stretching frequency, 682 cm’l, is regarded as the reaction co-ordinate
and the three other bracketted frequencies are the‘C«aH vibrational modes

abgent in the radi _cal.

The fundamental frequencies of tetrachloroethylene were evaluated by

Bernstein (73) and aze : 1571, 1000, 931, 782, 512, 447, 404, 347, 318,
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288, 237, and 194 cm'l and those of pentachloroethane are : (2985), (1255),
(1210), 1022, 835, 821, 773, 725, (584), 405, 328, 2?8, 238, 224, 176,166,32 g,
and 85 cm*‘l (74, 75). The frequency of pentachloroethane at 85 —_— was
assigned to mmiqn about the C-C bond and that at 584 c:m“1 was regarded as .«

the reaction co~ordinate,

The calculation of A, and n apparently involves the evaluation of 13 +

2
12 factors. However, many frequencies can be cancelled between A and
act” i the frequencies which give significant contributions together with

othoyr mlevant data are listed in Table IV, 1.
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The A factors which are finally derived are:
1

A calc (cis DCE) = 6.2 x 109 moléul. 1.sec (53)
. -1 - |

A calc (trans DCE) = 1.28 x 1010 mole . l.sec

A cale (TrCE) = 1.37 x 109 mole—l. 1.sec

-1 .
7.80 % 1010 mole . l.sec 1

it

A cal(Tetra CE)

] t

The values for cis»-dichloroeth&lene, transg-dichloroethylene and tri-
chloroethylene are !;reepectiv‘ely 13, 2 and 20 :timés kluwer than these gbtaine;d.
experimentally, ‘i‘he diecrépancy i; not large for this typé of calculation
and suggests that the frequencies assigned to the bending vibrations of the
C-~C1l bond iﬁ the cdr;;plex_ were too high, Hdv'vev_evr. the as,sumptioh of free
rotation in tfxe acti\;ated complex is essential to obtain even ;easonable

agreement between fheory and experiment. A calc would be 20 to 40 times

lower if this mode were a tovsional vibration, ,

The theoretical A factor for tetrachloroethylene is, however, about 30
times greater than the experimentally observed vail—;xe. This together with
the fact that the ;ar}ergf barrier to internal rotation in pentachloroethane 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 pentachlcroethyl radical might be restricted. Assuming
this mode to be a tor_aional vibration of {requency 85 c:Am“l the A

factor becomes



126a

10

Acalc(Tetra CE) = 0.87 x 10 mole—l. l.aecwl

It seema reasonable to assume, therefore, that the pentachloroethyl

radical cannot rotate freely about the C-C bond.

The concept of the lowering or ''softening" of certain vibrational
frequencies is of paﬂicuiar significance in the calculation of the unimolecular
rate constant. Xquations 1a70 and 1a71 éhow that the energy dependent
unimolecular rate constant is propo‘rtional to i_he ratio of the number of
quantum states of the activated complex to the number of quantum states of
the active radical. Obwviously changes in frequency values will have a
marked effect on the numbers of configurations accessible to the activated
complexand to the active radical and hence on the final value of the

unimolecular rate constant.

‘The experimentally derived unimolecular rate constant, ka, is an
average value for all values of the excess energy E.* greater than zero or
all values of E* greater than Ea and can be related to the energy
dependent unimoleculay rate constant ka(‘E}*) (equation 1a98) by the

equation

o0 (=]
ka = / k,{E¥) f(E*)dE* / f f(Ex) dE® Iv9
Ea Ea ‘
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where §{E*)dE® is the fraction of ACI?* molecular with onergies hetwoan
E% and E* +dE*.  {{E%) depends on the energy distribution among the
reactants - the olefin and Ci

Ewvaluation of kB(E#) {eqn 1298)

whers

et . zl2
P, P ‘ ) r, B ~Ev\
o KL 1 e _Tis)((t/2) (hv.) (Ev)(E-sEL
kylE®) = 5~ P, P [(e/241) ﬂl_ | Z | ( kT ) .
| £ 6-1/ 2 t/2 -1
f (Er+E0-2)"" (F) dz
2=0 '
v 10

requires a knowledge of the number of internal rotations of the sctivated
complex, #,} the number of internal rotations of the active radical, £,
and the number of vibrational degrees of {reedom of the active radical, &. |
for the tetrachlorcethyl radical £ = » = 1 and & = 14 (there are

Ix 7623 15 internal degrees of freedom, one is a fmcv‘ inteynal

sotation and 14 are vibrations). Egquation IV 10 therefors becomes

ks(Eﬂ = kT 2 Pl* Py 13! ﬂ‘(‘hvi) ZP(EV)( KT )

h

pi B o — "
f (E¢+Eo~g) {zfxT)* d=
=0 - v 11
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The above equation was simplified using the ml‘atio.na‘hip
Md +1) = iM(3) = $¥m

If it is assumed that there :is little change in fhe structure of Abl
in the process AC1¥ —aCtY the f:artition fanction ratio P+ Prt/ Py Pa
will be unity. Almost certainly the ratio will not exéee,d 2. From the |
listed energies it is found that Eo = 18, 180 cal male-", Assuming
that Ea = 20,000 calmole-l and wri_ting‘ 3*.’130 = ({the integral in the
denominator of IV 11 can be evaluated by successive integrations by parts

and can be expressed as

- S
1= T) go >
n

| g

2P0t (s-1)Y

(n-) o
A ] Iv 12

(2n)! (s-n)!

where s"= 14 and ( can have any value greater than 1.10.

The summation in equation IV 12 is plotted as a function of

+ x -
E = E - Ea infigurelIV 1.

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 molc@,“l and for each P(Ev) = 1. For higher energies the number of

combinations multiplies so rapidly that an approximate treatment is required.

The method used in this Wm;'k has been described by Fowler (67) and
has been used to i#terp:;et mass spectral data (77). The method involves
the frequencies being arranged in multiples of the lowest energy and yields
P (Ev) values as coefficients of a polynomial generated by expansion of a
mmzber of power series: The computer was programmed so that it calcu-
lated the ‘c’oéfﬂciemﬁ of each term of each series, the products of the co-
efficients being ‘aummegi_h‘\subjectz to certain energy restrictions. These
sums of pro&ucts were printed out by the computer and cor‘re‘spmndad to the

number of vibrational energy states at 2 given energy.

The vibrational frequencies of the tetrachloroethyl radical fall
reasonably well into four groups and the members of each group are assumed
to have equal frequencies, the group frequencies themselves being simple
multiples of each other; thus for the tetrachloroethyl radical there are : 3
frequencies at 770 c’::d..:r}:x:::}.tﬁz”21 (510, 830 and 970 cal. 1rn¢a»1'e»"z mean = 770
cal.'mol'e-l); 5 frequencies at 2310 cal;mo}.ed (1475, 1948, 2140, 2280,

and 2284, mean = 2100 cal.mﬂleﬂl); 5 frequencies at 3‘51'8();',&2"“1 mole

' ) ""1.
(2590, 2760, 2930, 3470, and 3660, mean )} and lifrequency at 8520 cal. mole

The degeneracy of each level is plotted as a function of the excess energy



50

30

1-0

0-0

-5-0

_  Figure

v

1

‘s 2n
2 ni(s -1
X = ;(2n)!(s-n)5 @

P *_Ev /2
e 7]

n-1/2

22Nn1(s-1)!

LMo

£3(2n)(s-n)!

n-1/2
a /

\

lo gioY

7:0 =

E*kealmole |



129

o and, by drawing a smooth curve, the approximate number of energy
levels pexr 200 cal, mule"i energy range rnay be found. The summation may
then be evaluated for different values of E& by adding terms for evexry 200
cal, mole*g interval, The computer program for calculating'Fowler's poly-
nomiale' is given in appendix B and the sums of degeneiacies of the
vibrational energy 1e§e15 per quantum up to 100 quadty excess energy are
given in appendix C. The final value for the summation ig plotte:c} againat
£t in figure IV. 1 alopg with th? derived values of k3(E*‘)' k3~(E*) increases

=
rapidly with E and at high values (broken line) has the form
o + + -1
logk, (E') = 7.28 4 0.208 E' (k cal.mole ).

it is cohvenient here to 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
: PR # R
d.., in the range £ to E + dE given by
%, 0 omogal
N(E)dE = __ (E)° 4g°
Ms) Minvp

baged on integration over all energies less than E using Dirichlets integral
{25} to be seriously at fault at energies of experimental interest. 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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E- s % -
N(E) = (B +Eo)® V.13
8
M(s) [nuv ;)
i
where Eo = 1 s Iv. 14
' ) (hv,) ;
2
i-IZ !

Rabinovitch and Diésen (79) have modified equation IV. 13 by the

inclusion of an empivical correction factor. It gives

N®"

4

(£ + Yra)"t V.15

8
M(s) M(nv)
The factor Y has heen'e%*aluated by Rabinovitch and Current (80) for

Cl -

several frequency patterns ~ cyclo C 3H6’ cyelo C D '(‘ﬂ_ﬁi'ﬁ:‘.l3 and CHB

376

by comparison of the accurate computer summation of the energy level
degeneracy factors up to various total energies with an integrated form of

IV. 15 Thus

b3

E | . " s
Z ,P(Ev) o= (E  + Zﬁ.o)
Ev=0 [T(s+1) ”(hvi)
i V.16

The 7Y values for these cases lie on 2 band whose value approaches

unity at high energies when the semi-classical approximation bolds.

The spread of the Y values is made more clear (81) by use of the
L %
semni-classical defect quantity A= 1- Y. At energies above E = 2 Eo,
the spread becomes ihsignificant since the use of the energy unit Eo,

characteristic of each molecule, reconciles much of the difference between
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dﬁffe-rent molecules. The situation is more critical at lower energies.
Since the spread arises as a. cbnaequence of the difference in vibrational

patterans this suggests 2 correlation by a frequency dispersion parameter,

COIECH

is such 2 measure. . However, the modified dispersion parameter
p = (gai)\// S. |
d.e B-= (s-1) ZV, /(ZV ) .17 |

The ratio

where & is the number of vxbrmional degmes of freedom provides an even .
better correlation and correction factor. The quzmtity A/B has 2 maﬂy
reduced spread for all molecules of the astudy (81), When plotted against
lilci a.0l. A set of preferred values of A/ﬁ callad wwas Belected from
thi& narrow band and form the bacus of the “eorrespondmg vibratmnal r:ztates”

type of approximation,

~ The modified approximation expression is

2Py & ra- B e

8 . .
Ev =90 s +1) I_I(hvi) Iv.18
. . i

odog Z Plgy) ° °log (¢ + 1-Bw) +¢

B
\

Ev =0 | " V.19
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where ¢ = o log Eo -~ log s! . Ylog hV;, and ¢ is in units of Eo,
Thus for the evaluation of )} P(Ev) for any molecule, the molecular frequen-
cies are used to find (3 and Eo and equation IV, 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 at(y > 0. 25,

It was considered, therefore, that some form of correction factor
would have to be applied to the zers point energy of the radical in equation
I¥.12 in order to obtain a more nearly correct valufz of the number of rotat~

ional and vibrational energy states of the radical.

However, according to the unmodified equation (eqn 1297) the total
number of vibrational/ rotational quantum states of the active radical per |

unit energy is

E.
L * o ol o tlae
No(E) = Pa__ (Ba +EY + Eo - 2)° l{i}thldz
. - . . .
kT [(e)[(t/2) (nv) kT
i Iv. 20
which reduces to
A W _ s“% ' L
N (E ) = Pa Eo S zzn n! '(S- 1)’. qQ =3
13‘|/T[(k'1‘)%[§"h ) n {2n)! (a.n)g ]
. kt , v. 21

3

where Pa is the partition function of the t active rotations of the active

radical,

The total number of vibrational /irotational energy levels per unit energy
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of the activated complex is given by the integral of equation 1288
gt . Et i
i. e. N Z JE+ - Ev
' N & - yldy = ZPr , Ev= P(Ev)(———f-)
kT
: o - V't

Iv.22

Ag described earlier in this section it has been ‘aaibl‘je- to obtain an
exact count of XP(EV.')(E *- EV)/kT)1/-2 as 2 function of energy (figure IV, 1)

which at high energies (broken line) has the form

o ' . ot -
1o o+ end ™ 0.5 + 0, 344 £k cal. mole
PR IN(EAS- T L -'

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/wrotational levels derived from the semi-classical

count,

Over the energy range' of Vintélrest for the tetmchloroethyi radical i, e
from 20 k éal, 1:\:.&0::1,‘.';1 to 2.‘6 k cal. inale‘i the number of energy stateé givez;'
by the extrapolated exact count is 2.7=x 1(37 x Pr’fu to 3, 1 X Mg % Pr'! whilst
the number of states obtained 'fx_'em the semi~claspical count is 4.52 x i06 *
lPa to 5.03 x 10° « Pa. Assuming Pr’ = Pd, one obtains reasonable agree-
ment between the two calculations which supports both the assumption and the
wiew that the semi-clasgsical 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 7Y 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 reqﬁired.
ACIﬂ: is formed by association of Cl atoms whose energies have a2 Maxwell-
Boltzmann distribution and trichloroethylene molecules in various vibrational
states, I it is assumed that the ACI#t radicals possess the same trans-
lational and rotational energy spectrum as the original trichloroethylene
molecules the internal energy distribution of the A(‘jl.,°t can be obtained. This
is achieved by superimposing on each vibrational stationary state a Maxwell-
Boltzmann distribution of translational energies z2ttennated 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-
lational distribution function is shown in figure IV. 2. The distribution

approximates at high energies to

L]

log f(E) = 1.00 - 6.400 E (x cai.moxe'l)

The approximation will ten& to m;erea‘timate the amount of energy in
the internal modes of ACI* since it :és equivalent to assuming that all the
translational energy of the Cl atom is converted into vibrational c;r internal
rotational energy of the active radical. The function f(E*) k‘a(E*)/ka
and the normalized vibrational translational distribution function is shown
in figure IV, 3 together with kS(E*)' The figure shows that molecules with

energy slightly more than the mean energy contribute most to the reaction
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rate. The average value of ka was obtained by integrating the area under
the curve of 1«:3(1‘.:%‘} times the normalized distribution function, against energy.
A value of ka = 0. 92 x 108 sec ! ie obtained which is to be compared with the

experimental value of 7.0 x 108 ‘esa»ecﬁl at 79°C.

The discrepancy between theory and experiment is smaller than for
the bimolecular calculation; the ag:]%ment however cot’d be improved. |
Though the assumption of the lowest possible value of the partition function
ratio for the adi@batic modes probably underestimates this value, the internal
energy of the complex & has probably been overestimated. These factors
will oppose each other, Further, t_lwlcwre.spom}ence bétwaan the two
metheds of calculating the number of rotational and vibrational quantﬁfn
states of the active radical obtained agsuming the‘ partition functions of the
internal rotational modes to be equal makes the assumption appear reasonable,

There remain four other explanations for the discrepancy.

Firat, 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(}:~:$). Secondly it is likely that the
vibration frequencies of at least two modes are congiderably 1owér in the
ccni;ﬁiex than in the acuvaméic&l. - Tkhiﬂ wﬂi f:emi to increase P(El‘;r) by a
sonsideréble factor. Thirdly, the value of ka which has been estimated

assumes an equilibrium distribution of activated molecules. Because a

congiderable proportion of the active molecules were in fact deactivated in
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the experiments, the lower enorgy states will be more depleted by collision
than the higher energy states since they decompose more slowly., The avers
age collision {requency of A{If with other molecules at the pressure used
in this work was about 5 x 10°sec”), Thua the observed k_ will be some-

what higher than the ka calculated assuming that no deactivation occurs.

Fourthly, apart fmm any lnadequacies in the calculations, the
r»xperzmemai value of k is bam:d on the agsumption that deactivatiurx of
act” by t‘:l ts 1007 efficient, The experimental ka would be lower if
chlorine was leas efficient, agreemoent hetween theory and experiment
thereby belng improved. XKnox (26) hae argued that, since the calcnlated
bimolecular A factors for cis and trans dichloroethylene ave 13 and 4 timaes
less than the experimental values, incorrect vibrational frequencies have
been assumed for two vibrations in the transition state complones, It
‘would, thercfore, be expected that, since the bimolecular and unimolecular
reactions proceed via the same transition state, the discrepancy between
the theoretical and experimental valuee for the unimolecular rate constant
would be the same as that for the birnoleculay 4 factor, Comparing the
factor of 20 for the discrapancy betweon the theovetical and experimental
unimolecular rate constants for dichloroethylene, Knox suggests that if the
exrror is caused ontirely by inefficiency of deactivation, €1, is between 20
and 509 efficient,

V7hilet the results of this work do not contradict the suggestion
that deactivation of AG,I»* occura a8 2 result of 2 to 5 collisions with chlorine,
the coincidence that argon and chlorine both deactivate the active radical
by the same multistage process (according to this work they have the same
deactivating efficiency), indicates that the de-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'll (86), by propane whose vibrational levels
are : 372, 748, 870, 923, 1053 c:mﬁl ete. (87), by GOz whose vibrational
levels are at 667, 1388, 2077 cmf} etc. (88) by 33‘6 which has a great
number of vibrational levels between 500 and 1000 em™? e.g. at 546, 605,
626, 693, 705, 940, 984, and 995 cm‘l (89) and by triclﬂo‘methylene,whase
vibrational spectrum has been given, can be easily understood. De-excitation
of the active radical probably occurs either by resonance enexpgy transfer
or by a complex collision (90} in which most of the vibrational quantum
received by tile deactivant is transferred into one of its vibrational modes,
the remainin{; energy going directly to translation. It is not aprprising then
that these gases have comparably high efficiencies; the slight preference
of the active radical for deactivation by trichloroethylene might infer the
predominance of resonance eneréy transfer over the complex collision

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 vesult appears genuine having been obtained by studying the &épéndence
of the selectivity, R:ZS;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 deactivant and with a decrease in
the amount of energy trax;sferred.‘ Since the active radical is a highly
vibrating species whose oscillators will be expectéd(to be in a fairly high
quantum state, and since the energy jlumpt setween a high vibrational quantum
state and the next 1ox§5er 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 deactivéiﬁng efficiency. A useful test of the dependence of

the efficiency of deactivation on mass would be to study the dependence of

PCE
R‘nP rCl

on hydrogen pressure.

Dainton (59) has stated that the uniﬁmlecula: rate constants obtained:
by Knox and Riddick (53) are too high by a factor of 103. This statement
is based on the fact that compléte deactivation 6f‘ the active intermediate |
‘requires 103 collisions. Whereas it is true that 103 colligions are required
to deactivate the active radical to the ground state (this is due to the innefic-
iency of the de~excitationofthe v = 1 to v = 0 étate) it is éur 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 collidsion of the various
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gases relative to ethane:

| 012 CZH‘Q 02}16- SFé (303

0.46 0. 45 1. 00 0. 30 0. 48

The rate constant for the unimolecular decomposition of the active mono-

chloroethyl radical was found to be

9

ka = 2.0 % 10° gec” >

However, these results cannot be regarded with too great confidence.
Apart from fdliowing the reaction maﬁometricauy, they noted a considerable
amount of dark reaction (up to 20% of the photo rate at SlﬂaK) which wag go
rapid at higher temperatures that further inveatig#tion was made impossible.
This dark reaction has been attributed to a thermal process which is claimed
to have the same rate 25 the pﬁotochemi(:al reaction precluding the necessity

of correcting for it.

In this work on the chlorination of trichloroethylene and of trans-
dichloroethylene, both of which have been shown to be homogeneous, no
detectable dark reaction cccurred in the time required for adequate mixi;'zg
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 da.}k reaction
was noted at 79°C and 40°C which bas been shown to be surface dependent.

That it should occur at the same rate as the photochemical reaction would

seem fortuitous.
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Finally, since the energy dependent unimolecular rate constant k3(E*)
is proportional to the ratio of the number of quantum 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 dichloroethylene (26) and trichloroethylene agreement bétween 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 hydrocarbon, is in fact a free rotation in the radical.
In the case of tetrachloroethylene, however, correspondence between the
theoretical and experimental bimolecular rate constants is achieved by
assundihg that internal rotation is restricted in the pentachloroethyl trans-
ition state. This has a considerable influence on the calculation of the

overall unimolecular rate constant.

According to equation 1278 the energy dependent unimolecular rate

' #*
constant kS(E ) has the form _+

E
kg(E) = j;: x fx=o N, {x) d=
hPy E - Ea |
2 ( ~" (" - Ei)DEi )
Ei=0 v 23

where 1—”1qu and P1 are the adiabatic degrees of freedom of the activated

complex and the active radical modes when their energy is Ei.
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If, as in the calculation of the unimolecular rate constant for trichloro-

ethylene, Ei is assumed to be zero and I"1+IP1 is assumed equal to unity,

2

1 E >Ev P(Ev)
£ R
B N (E")

equation 1V. 23 reduces to

ky(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 2 P(Ev) can be obtained by a computer calculation of Fowler's
polynomials having first arranged the frequencies of the pentachloroethyl
radical into three groups which are multiples of the lowest frequency viz
3 frequencies at 400 cal. mcle"1 (234, 472, and 500 cal. molél , mean =
400 cal. mole-l), 6 frequencies at 800 cal.maleﬁl (643, 680, 794, 937, 937,
and 1158, mean = 860) and 5 frequencies at 2400 ca,l.moleul (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,
. :
No.(E ), is obtained from an integrated form of the Marcus semi-classical
expression (eqn IV 13 Thus)
% % 5
N(E) = (E #Eo)
(s +1) ﬂ(hvi)
' i
From the listed energies Eo = 8.23 Kcal and Ea was taken as 17 k. cal

r;nole“1 (49).
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The logarithm of N*(E+) together with the log of the ratio YP(EV)/
N#*(E*) is plotted as a function of E+ in figure IV 4; the energy dependent
unimolecular rate constant is ploﬁttad ag a function of E in figuve IV, 5.

The vibrational/translational energy distribution was again obtained by
superimposing on each vibrational stationary state a Maxwellian distribution
of tranelational energies of the chlorine atoms, atteni..ted by the fraction of
the totél number of olefin molecules in any particular vibrational energy
ata’ée. The total distribution function was obtained by summation over all

energies; the normalized curve is shown in figure IV. 5.

The overall unimolecular rate constant ka was obtained by integrating
the area under the curve of kg(E*) f (E*) as a function of the excess energy
£, from which a final value of ka = 0.2 x 10 sec” ' wae obtained. The
lifetime of the active pentachloroethyl radical is therefore 5 x 157 seccm&s

at 79°C.

Experimentally, we have estimated a lower limit on the lifetime to be

2x .’-;58 seconds. This estimate was arrived at from the fact that the curve

HCE
aPrCl

total reactant pressure of 6 mun. As a rule of thumb the pressure indepen-

of R against pressure showed no dependence on pressure down to a
dent region of the rate of addition occurs when the collision frequency of
®
ACl with other molecules is about 10 times greater than the rate of uni-
molecular decomposition of the active intermediate. Making this assumption,

since the limiting high pressure value is obtained at 6 mm. ive. 2%=62x 107
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colligions sec”I one obtains on estimate of the radical lifetime to be 2 x lﬁ?

seconds. Here again, agreement between theory and experiment is good;
but as in the bimolecular case it is necessary to assume that the pentachloro~

ethyl radical cannot rotate freely about the C«C bond..
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CONCLUSION

The good agieemezit betweén theory and enpeﬁment gives support
for the overall mechaniam used in this work. | The activated éomplexes and
active radicals in the chlorination of dichloroethylene v(53) and trichloro- |
ethylene can apparently rotate freely about the G -C bond, and their vibratioxi‘
frequencies may be taken as the same as those in similar molecules apart |
from two in each of the complexes which are probably lower. In the
chlorination of te&ackﬂarogthylene there is no internal rotation in the
activated complex or the active radical,

The ai?nilarity of the efﬁciencieé of collisional deactivation for
& set of molecules of widely varying structure supporis the assﬁxﬁpﬁon that
the active rddicals are deactivated at every collision and that rea.cti;nq of the
type

act +c, = Acl, + c
are unlikely. This type of collisional deactivation resulting from chemical
affinity and leading to anom’a.lmisiy high efficiencies of deactivatibn has been
widely reported in the literature (93-96), |

| XEx;;erimental deiermination of the rate of unifmoleéixlar decome
position of the pentachloroethyl radical in a static system would necessiate

working in the pressure range O-6 mm. which could be measured accurately

by an extremely gensitive form of bellows Pregsure measuring device,
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(It operates b;r following the miﬁute movement of the glass bellows with a
micrometer the movement of which is monitered on a pen recorded).
Alternétivaly, the chlorination of tetracMOrpathylene could be studied
absolutély in a fast flow system. Chlorineﬁaton.m can be generated by a
microwave generator (97) and measurement of their conceatration can be
achieved either by calibrating the intensity of thé orange-red glow resulting
from their recombination (98)"01‘ by measuriﬁg the heat evolved from their
recombination on & platinum thermocoupléa This fast flow ﬂaystem is
particularly attractive since it affords the possibility of obtaining not Vonly
the rate constants of the chlorination of;‘ tetrachloroethylene absolutely, but
aleo the a.baoluie- rate congtants for the chlorination of hydrocarbons e.g.
‘methane and chloroform, allowing a chack to be mada on the rate constants
of the latter two molecules, previously determined by a competitive technique.
The method guifere from one severe restriction though, in that‘it is im-
p.ossiblé to use it to rﬁeamre ibimolecular reactions whose rates exceed

9 1 due to limitations in rates of flow in the reaction tube.

107 mote 1. sec”
. Although Goldfinger et al. have reinvestigated the chlorination
of ethylene and have obtained values of ka and of cqﬂiaionai deactivating
efficiencies, their methods are less than satisfactory, It would be
interesting, theoretically, to try to determine the parameters of the
chlorination of ethylene and vinyl chlariﬁe to observe tﬁe éife;ct of a

small change in gtructure on the rates of bimolecular and unimolecular
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reaction over the compléte a‘eri;ea of halogenated ethylenes. The difficulty
in the ethylene and vinyl chioride chloﬁnations lies in the fast rate of
heterogeneous addition; the method of investigation mustttheréfore
inhibit éiffusion to the walls e.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 photoysis in which the rates of production and decay of
atoms is faster than thelr rate of diffusion to the walls,

A wry difficult but fairly elegant experiment wquid be to attach
an infra«red spectrophotomieter to‘the end of a flow tube. This would
afiord not only the absolute nverall raté constants foy the chlorination of
an olefin, but also, by observing the infra<red chemiluminescence at differe;t
points down the tube one could obtain the relative rates of 'reactiqn into B
various vibraittional ;evels. If the expériment were carried out with cis
or transdichloroethylene a complete energy determination of the |

bimolecular and unimolecular reactionscould be obtained.



ARKHENIUS PARAMETERS FOR CHLORINE :
ATOM ADDITION TO CLEFIRNG, i47a

The Arrhenius parameters for the veaction
% )
A+ Cl ACl 2 |
in the sexrles A = ‘c:arxnm sﬁ«n{n = o to 4) are given in the foliowing table:

the values of k" at 350%C huve also been included,

log AV -
£ oo, '
_Reaction e (tomole” sec ) (k.cal.mole ) log k¥ Referencs
C,H, + € 10,2 4 0.1 0 10,2 65
10,6 o 10,6 92
G H,Cl+ Cl T 1003+ 0,6 1,5+ 1,0 9, 4 57
g 3 -~ -
Cie. C,H,Cl, + Cl 10,3+6.4 L2407 %6 52
| 10.9 4 0.2 0.194 0,25 10.8 53
trang azmgm? + Gl 10,5 + 0.2 -0, 17+ 6,23 10, 6 - 53
CHCL, + Cl 10.3 4 0.6 L,8+1L0 9.4 57
9.7 O %75 50
10,4 + 0.1 ~0. 24+ 0,41 10.7 this work
G?Cl gt L 9.2 O %2 46
: 2.4 O 3,4 this work

1t is difficult to draw any concluelon about the general trend of these
results since the disagreernent between different workers for a given
roaction in almost as large as the gpread for all the reactions.

Monetheless, since the standerd collision number for the colligion
of a chlorine atom with an olefin ig about wn*m@ia“l. i. smewi, the steris
factor for the collision is about 0. 1 for the series ethylene {0 trichloro~
sthylene, For the chlorine atom tetrachlovoethylene renction, however,
only one in one hundred collisions is effective. This must result from a
high eatropy of activation associated with a rigid transition state comnplex,
This gives further weight to the idea that internal i*otaﬂoa“iﬁ»_ restricted in

the pentachloroethyl transition state complox.
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APPENDIX B

COMPUTER PROGRAM IN ATLAS AUTOCODE FOR THE CALCULATION OF FOWLER'S POLYNOMIALS

FOR THE TETRACHLOROETHYL RADIKCAL

Integer N M O,P1LZDCB
Integer K1, K8, K4, K13,
Integer 11, 13, 14, 311

Integerarray N1, {1:101), M1 (1:108), 02 (1*101). PL{1:122)
Integeramny A (1:101)

Read (N, M, O, P}

Cycle 120, 1, 100

NI(D =0

o1y =0

A= 0

Repeat*

Cyele 1=0, 1,102

Mi(l)=0

Repeat

Cycle I=0, 1,110 .
PL(D)=0

Reneat

Cycle 1=0, 1,100

I N=1 Thens 1

I i=0 Then Za((N+1a1)%20D »
I I=0 Then Z=1

Ni(D=Z;~2

1: NI =1

2 : Repeat _

Cycle 1=0,3, 102

] M =1 Theww 3

H 1=0 Then Z = (M +{U3) = 1)*2)/(V3)
I 1=0 ;1‘_13:__}3 zZ=1
MI(E}=2Z;~ 4

3:MI(D=1

Cyele 1=0, 4,100

I - 0=1Then~ 5

T 1=0 Then Z=({O+(1/4)=1)2)/(1/4)
I 1=0 Then Z=1
Ol()=2Zi==8

5:01(D=1

6 : Repeat

Cycie I=0, 11,110

jid P=1 Then- 7

X 1=0 Than z=(@ecr/ay-1y2 0 00



i 120 Then Z =1
Pi{Dy=2Z;~~ 8
T:P1{H=1

8 Ropeat

Cyele 120, 1,100

=1

Newline

Ki=Ni(l)

Lyale G =0, 8,102

I3 = J1 aC _

i 18 160 ;I_'h__eg - 18
Ka=Ki*MI(C)

Cycla B=f, 3,100
H=313+8

g J4 1060 Then -~ 16
K4 = K3%01 ({B)

Cycle P=0, 1,110
Jil=J14+ 0 .

i Ji1 100 Then ~— 17
K11 =K4*PI(D) '

ALH1) = A1) + K12

iT: l}e_mt

16 : Repeat

15 : Repeat '

Cycle I=0, 1,100

Prot A (|)

Newline

5 6 6 1
hindd
3 8 6 1
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JnQuanvar -

“%
45
48
41
48

. 49
80
. 81
- B2
. 8

" B
55
&6
57

- 59
. B0

No. of States

29960902
28560251
44472442
53931440

65208421

1812715
34521608
113336528
195841830
161666951
182400869
228402211
270569883
316656732
JIG000E
443452841
520866101
610085208
715480859
832722420
970119751
1128098752
13094746717
1517364835
1755268751
2027100888
2307254869
2000645186
3000485014
3545042102
4083995080
4653790201
5317698141
6037880157
(914509768
868711621
843080157
10151086459
11507885147
13030005274
14735758782
166465191349
18780225606
£1185283720
288267118227
26793608715
30097617101
S3713548507
ST859055763
42336478667
47430131764
53009500244
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9% o 69188536209
97 o 86025402082
o8 - 73583748928
9% 81037646462
100 . | | 91147135074



BIBLIOGRAPHY
(1)
(2)
(3)

8. Arrhenius,
‘V.C» MCCG Wis.
J. Perrin,

1. Langmuir,

(4)

(3) G.N. Lewis and D.F. Smith,

¥. A, Lindemann,

(6)

(7) C.N. Hinshelwood and H. W.

Thomson,
{(8) C.N. Hinshelwood,
{9)

{10) H.C. Ramsperger,

(11) D. 1.
(12) K. J. Laidler and M. Eusuf,
(13) M.H. Jones and E.W. R. Steacie,
{14) S. Toby and K. O. Kutschke,

(15). 3. A. Kerr, D.H. Slater, and
\\\Jo C. Y@ungg .

(16) C.N. Hinshelwood,

(17) C. S. Eliot and H. M. Frey,

McKenney and K. J. Laidler,

151

Z. physik, Chem., 1889, 4, 226.

Jd Che!!'l. SQC-’ 1918. m. 471-

(a) Ann. phys., 1919, 11, 5.

(b} Trans. Faraday Soc., 1922, 17,
54:6. '

. AMer. Chem. Soc., 192&,‘3_2_,
2190,

J. Amer. Chem. Soc., 1925, 47,
1508.

Trans. Faraday Soc,, 1922, 17, 598.

Pl’OC. ROY. SOCQ s l?Eb, m' -ﬁf\ﬁ! 2210

ibid. , 1927, 114, A, 84.

C.N. Hinshelwood and P. J. Askey, ibid,, 1927, 115, 4, 215.

J. Amer. Chem. Soc., 1927, 49, 912,
and 1495,

Canado Ji Chemo' 1963, é}-, 1934.

ibid. , 1965, 43, 268.

J. Chem. Phys., 1953, 21, 1018,

Canad, J. Chem., 19593\ '_3;?; 672,

J. Chem. Soc., A, 1966, 104.

Proc, Roy. Soc., 1926, 113, A, 230.

Trans. Faraday Soc., 1966, 62, 895.



152

- {(18).F.J. Fletcher, B.S. Rabinovitch
’ F.W. Watkins and D.J. Locker,

(19) L. S. Kassel,

(20) O.K. Rice and H.C. Ramsperger,

(21) H. Eyring,

(22) For a review of London's ideas
see

5. Glasstone, K.J. Laidler and
H. Eyring :

(23) R. A. Marcus and O.K. Rice,

(24) R. A. Marcus,

J. Phys. Chem., 1966, 70, 2823.
J. Phys. Chem.; 1928, 32,7 225.

J. Amer. Chem. Soc., 1927, 49,
1617 | |

J. Chem. Phys., 1935, _?:, 107. 7/

"Theory of Rate Processes',

McGraw-Hill, (N.Y.), 1941.

J. Phys. Chem., 1951, 55, 894.

~J. Chem. Phys., 1952, 20, 359.

"Principles of Statistical Mechanics,"
Oxford University Press, 193_8, 492,

(25) R.C. Tolman,
i

(26) J.H. Knox, Trans. Faraday Soc., 1966, 62, 1206.
(27) HeO. Pritchard, J. B. Pyke ‘
A.F. Trotman~- Dickenson, " J. Amer. Chem. Soc., 1955, 77, 2629,

{28) J. H. Knox, Chem. and Ind., 1955, 1631.
{29) P.C. Anson, P.S. Fredricks

and J. M. Tedder, - J. Chem._ Soc., 1959, 918.

(30) P.S. Fredricks and J. M. Tedder, ibid., 1960, 144.
(31) J.H. Knox and R. L. Nelson, Trans. Faraday. Soc., 1959, 55, 937.
 (32) 3. H. Knox, Trans. Faraday Soc., 1962, 58, 275.

(33) W.H. Rodebush and W.C.
Klingelhoeffer, J. Amer. Chem. Soc., 1933, 55, 130.

(34) E. Wrede, Z. Physik., 1929, 54, 51.

(35) H. Steiner and E.K. Rideal, Proc. Roy. Soc., 1939, 173, A, 503l.



(36) A. Farkas,

(37) G.C. Fettis and J.H. Knox,

(38) 5. W. Benson and J.H. Buss,

(39) 5. W

. Benson,

153

Z"o physiko Chem‘ 9 1930, B,‘ l@g 4190

- "Progress in Reaction K¢neticsVol. 2",

Pergamon Press, (London) 1964.
JO Cl‘em’ PhySQQ 1958, ;2._8", 391’&

ibid., 1952, 20, 1605.

{40) P.G. Ashmore and J. C};anmugam, Trans. Faraday Soc., 19(53,__@__?, 254,

{41) P.G. Ashmore and J. Chanmugam, ibid:, 1953, 49, 270.

(42) T.T. Jones and H. W. Melville,
(43) W.G. Burns and F'. 8. Dainton,

(44) 3. Adam, P. Goldfinger and
P. A. Gosselain, .

(45) 8. Dusoleil, P. Goldfinger,
A.M. Mahiew-Van der Auwera,
G. Martens and D. Van der
Auwera,

(46) P. Goldfinger, G. Huybrechts
and G. Martens,

(47) F. 5. Dainton, D. A. Lomax and
M. Weston,

(48) K. L. Muller and. H. J.
Schumacher.

(49) .I Adaxn, P, Goldfinger and
. P. A, Gosselain,

(50) G. Huybrechts, L. Meyers and
G. Verbeke,

(51) P. B. Ayscough, A.J. Cocker
and F.S. Dainton,

Proc. Roy. Soc., 1940, 175, A, 392.

Trans. Faxaday Soc. ‘ 1950, 46 411,

Bull. Soc. Chim, Belg., 1956, 65, 561,

Trans. Faraday Soc., 1961, _E_si, 2197.
ibid., 1961, 57, 2210.
ibid. 1957,‘_5_;, 460,

i!; pﬁysik. ‘Chc::m. » B, 1937, 35, 285,

Bull. Soc. Chim. Belg., 1956, 65, 549.

Trans. Faraday Soc., 1962, 58, 1128.

ibid., 1962, 58, 284.



(52)

(53)

(54)

(55)

(56)

(57)

(58)

(59)

(60)

(61)

(62)

(63)

(64)

(65)

P.B. Ayscough, A.J. Cocker,
F.S. Dainton and S. Hirst,

J.H. Knox and J. Riddick,

R.J. Cvetanovic,

F. S Dainton, D.A. Lomax and
M. Weston, . '

P.B. Ayscough, F.S. Dainton and

B.E. Fleischfresser,

P.B. Ayscough, A.J. Cocker,
¥.S. Dainton and 8. Hirst,

154

ibid. , 1962, 58, 295.

ibid, 1966, 62, 11990,

"Advances in Photochemistry Vol I,
Interscience Publishers, 1963, 115,
Trans. Faraday Soc., 1962, 58, 308.

ibid, 1966, 62, 1838.

ibid, 1962, 58, 318.

K. S. Pitzer and J. L. Hollenberg,J. Amer. Chem. Soc., 1954, 16,

P, B. Ayscough, F.S. Dainton
and B. E, Fleischfiresser,
R.E, Dodds and P, L. Robinson,

D. H. Desty;,

2. G. Ashmore,

J. O. Hirschfelder, C.F. Curtis
and R. B, Bixrd, '

R.C. Reid and T. K. Sherwood,

A. K. E. Hagopian, J.H. Knox,
and Miss X. A, Thomson,

1493.

Trans. Faraday Soc., 1966, 62, 1846.

MExperimented Inorganic Chemistry",

Elsevier Fubl, Co. (London),1954.

""Gas Chromatography' Butterworth,
1960. '

Catalysis and Inhibition of Chemical

Reactions, Butterworth's {London),
1963.

"Molecular Theory of Gases and Liquids",
Wiley, (N. Y.), 1954,

"The Properties of Gases and Liquids",
McGraw-Hill, (London), 1958.

Bull, Soc. Chim. Belg., 1962, 71, 764.



(66)
(67)
(68)
(69)
(?@)

(71)
(72)
(73)

(74)

(75)

(76)

(77)

(78)
(79)
(80)
(81)
(82)

J. 0. Hirschfelder,

B. L. Crawford,

R. H. Harrison and K. A. Kobe;
J. D. Kemp and K. 8. Pitzer,

G. Allen, P.N. Brier and

. Ga‘ Lane y

T.J. Houser, R. B. Bernstein,

“R. G. Mekka and J.C. Angus,

R.E. Kagarige,
H.J. Bernstein,
G. Allen and H. J. Bernstein,

J« R. Nielson, C.Y. Liang and
L.W. Daasch,

R.H. Fowler,

B. Steiner, C.F. Giese and
M.G. Inghram,

H. M. Rosenstock,

i55

J. Chem. Phys., 1940, §, 431.

ibidn '] 1%0) gj 2730
J. Chem. Phys., 1957, 26, 1411,

ibido ¥ 1936. é. 74?90
Trans. Faraday Soc., 1967, 63, 824.

Je Am@r’- Chem. SOCQ, 1959’ 33_.

- 6202.

J. Chem. Phys., 1956, 24, 300.

- ibid. , 1950, 18, 478.

Canad. J. Chem., 1954, 32, 1124.

J. Opt. Soc. Amer., 1953, 43, 1017.
"Statistical Mechanies", Cambridge
University Press, 1936, 2nd Ed,,
P31-33.

J. Chem. Phys., 1961, 34, 189,

J. Chem. Phys., 1961, 34, 2182,

B.S. Rabinovitch and R. W. Diesen, J. Chem. Phys., 1959, 30, 735,

B.S. Rabinovitch and J.H. Current, J. Chem. Phys., 1961, 35, 2250,

G. Z. Whitten and B.S. Rabinovitch, J. Chem. Phys., 1963, 38, 2466,

R. N. Schwarts, Z.1. Slawsky
and K.F. Heprzfeld,

J. Chem. Phys., 1952,3_?_, 1591.



(83)

(s4)

(85’

(86)

(87)'

(88)
(89)
(90)

{91)

{92)

{(93)
(94)

" (95)

(96)

156

'I‘ L Cottrell and J. C. McCoubrey, "Molecular Energy Transfer in
Gases",’ Butterworths, (London),
1961,

To Lb Cottrelli Rﬂ c' DObbie, )
J. McLean and A. W. Read, " Prans. Faraday Soc. , 1964, 60.
241, (and earlier papers).

C.C. Chow and E.F. Greene, . J. Chem. Phys., 1965, 43, 324,
J. Collins and L. D'Oz, ibid. , 1955, 23, 397.

H. L. Murray and V. Thornton, ibid. , 1951, 19, 1014.

J.H. Taylor, W.S. Benedxct and

J. &trongm | ibid. , 1'952,'_2_{2, 1884.

R. T. Lagemann and E. A. Jones, ibidf s 1951, 12, 534.

J. D. Lambert, A.J. Edwards,
D. Pemberton and J. L. Stretton, Discuss Faraday Soc., 1962, 33
‘ ' 61.

P.J. Kurtz, E. M. Nemeth, J.C.
Polanyi, S.D. Rosner and C.E. Young, J. Chem. Phys., 1966, 44,

1168.
J. A. Franklin, P. Goldfinger, and
G. ?‘~In;xyb:rerﬂntam Preprint International Conference
on Photochemistry, Munich, Sept
19679
R. C. Millikan, _ Je Chem. Phys. , 1963, 38, 2860,
A. Euken and R. Becker Z. physik., Chem., {Leipzig), 1934,

27, B, 235.

N. Basco, A.B. Callear and
R.G.W. Norrish, Proc Reoy. Soc., 1961, A260, 459,

K. L. Wray, 3. Chem. Phys., 1962, 36, 2597.



157

(97) E.A. Ogryzlo, . ‘ Canad, J. Chem., 1961, 39,
2556, T
(98) L.W. Bader and A.E. Ogryzlo, J. Chem, Phys., 1964, 41, 2926.



ABSTRACT OF THESIS

Name of Candidate ...... KENNETH CHARLES WAUGH,
11 Cochrane Place, Leith, Edinburgh, 6.

Address

Deg;ree Doctor of Philosophy ' Dae Aﬁgust 1967

Competitive Chlorination of Substituted Ethylenes
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The Arrhenius parameters of the rate constants of the reactions

Cl + A —= ACl* k)

and ACl* —=A + Cl ka
(where ACL* is an active chloroalkyl radical and A on olefin) have been
determined by the competitive technique for trichloroethylene 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 = trichloroethylene, the parameters are
-1 -1
ké‘ (TrCE)= 2.68 + 1.36 x 1010 exp (+0.24 + 0.41/RT) mole 1. l.sec
and ka (TrCE )= 7.33+ 2.73x 10 exp (-3.26 + 0. 38/RT) sec-1
1

where the activation energies are in k. cal. mole .
The efficiency of various gases in deactivating the active tetrachloroethyl
radical by the reaction
ACI* + Mi —_— ACl0 + Mi (bi)

0
(where ACl is an inactive chloroalkyl radical), has been found to be

Cl PrH TrCE CcO Ar SF

2 2 6
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 109 mole-l. 1. sec-l; this value has to be
compared with the experimental value of 2. 68 x 1010 mole_l. 1. sec—l. 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
sec“l 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 = tetrachloroethylene a value of Aé‘ of 0.24 x 1010 mole-l. 1. sec_1
at 790C was obtained experimen‘gally which is to be compared with the value
0.87 x lolo_mo_lc_e_l. 1. s‘ecil, calculaté(i frorr; abéolute theory of reaction rates.
In this case.,w hoWeve_r, to achieve this degree of agreei'nent between the
theoretical.land expevrimental bimolecular.. A factors it is necessary to assume
that internal vrotation, 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 c'omplex the lifetime of the.penta-
chloroethyl radical is calculatedfby“the Marcus theofyjto be 5 x 10-7 seconds
.which compares well withlthe" experimentally estimated lifetime of 2 x 10-7

seconds.



