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I. INTRODUCTION 
After the classical studies in the thirties (162, 171) 

an intensive study of photochlorination reactions was 
started about ten years ago. 

Several systems have been studied in detail, others 
more as a general survey. The primary object of this 
work has been to compute rate constants of elementary 
reactions, bond dissociation energies, energies of 
activation, entropies of free radicals and transition 
states, and to understand these results in the light of 
theories of rate processes. Rate constants of about 
100 elementary reactions are known (63, 71) and the 
present possibilities and limitations of explaining these 
rate constants by means of the activated complex 
theory have been discussed (118, 124, 154, 187). 

Direct observations of single elementary reactions 
have been made only in some work on atom and free 
radical recombinations. It is hoped that techniques 
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like flash photolysis and shock waves together with 
analytical tools like mass spectrometry and electron 
spin resonance will give more information about such 
reactions. Up to the present time the main results 
have been obtained from a kinetic analysis based on a 
reasonable reaction scheme and the use of some special 
kinetic techniques. Among these the techniques of 
intermittent light and competing reactions are most 
useful. 

When one measures over-all rates of complex reac- 
tions such as atomic chlorinations, involving two or 
more chain carriers, special care must be taken in 
determining reaction orders to interpret the experi- 
mental data. 

In some reactions, the reaction order with respect 
to one reactant is a simple multiple of and remains 
constant throughout the reaction. The measurement 
of the rate a t  any instant is then equivalent to the 
measurement of the initial rate and an integration 
method can be used to calculate the over-all rate 
constant. 

Usually the reaction rate is not 5t simple function of 
355 
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the reactant concentrations and the order varies during 
the course of the reaction. This difficulty can some- 
times be avoided and the interpretation can be simpli- 
fied by an adequate choice of experimental conditions. 
Some reactions however present a great intrinsic com- 
plexity which has been shown to be due to consecutive 
reactions and require a detailed analysis. 

In  this way the comprehensive study of photochlori- 
nations has led to important improvements in the 
techniques of kinetic analysis. Many problems such 
as variable reaction orders, true induction periods, and 
induction periods due to the Draper effect (24a,b,c, 82) 
are now more clearly understood. The study of com- 
petitive reactions has not only permitted the measure- 
ment of a number of elementary rate constants (83, 
124,158), but has also thrown new light on the mecha- 
nism of inhibition (63, 139). At present the photo- 
chlorination of methane, ethane, and ethylene and all 
their chlorinated derivatives are well understood and 
good values for all relevant elementary constants are 
available (63). Such questions as the point of attack 
of a chlorine atom on an asymmetric chlorinated 
ethylene, the difference in reactivities of isomeric 
chlorinated ethanes (62, S a ) ,  the cis-trans isomeriza- 
tion of 1-2 dichloroethylene (1 1), and the kinetic isotope 
effect are being clarified (44). 

These improvements and the knowledge of numerous 
elementary constants permit one to arrive a t  a better 
understanding of the pyrolysis of chlorinated hydro- 
carbons (88), as well as of the mode of action of halo- 
genating reagents like haloimides (3) for which new 
reactions have been predicted (137). 

Within the scope of these studies, a very satisfactory 
general picture is obtained. There are, of course, 
several questions which remain unsettled and which 
shall be discussed in this review. One of these is the 
possibility of observing an unstable intermediate addi- 
tion product between an olefin and a chlorine atom 
(10, 11, 13, 54); another is the occurrence of chlorine- 
chlorine atom recombinations and the possibility of 
observing them (12,43). 

From a discussion of the thermodynamic properties 
of free radicals involved in these reactions it appears 
that the data on the strengths of certain bonds are not 
quite satisfactory (88). An effort to obtain better 
data by a study of photobromination reactions ought 
to be worthwhile.s 

In  this paper the progress that has been made in 
the methods of analysis of complex reactions shall be 
described. Next the results shall be presented and a 
few questions, that are still unsettled, shall be men- 
tioned. Finally the significance of the results shall be 
discussed in terms of activated complex theory. 

11. KINETIC ANALYSIS 

A. CHOICE O F  MECHANISM 

Already in the thirties it was clearly understood 
(28, 57, 162, 171) that light absorbed by chlorine mole- 
cules leads to photodissociation to atoms and that the 
subsequent reactions, recognized as chain reactions, 
proceed by these atoms. Bodenstein and his group 
assumed that a chlorine atom abstracts a hydrogen 
atom from a saturated hydrocarbon or adds to a 
double bond forming in both cases a hydrocarbon or 
chlorinated hydrocarbon radical. In the phosgene 
synthesis the corresponding radical is COCI. The 
reaction chain should proceed alternately by a chlorine 
atom and a free radical. 

Rollefson, on the other hand, showed that the ob- 
served kinetic properties could equally well be explained 
by a chain mechanism in which the chain carriers are 
C1 and CIS (77,162,163). 

The lack of logic with which the choice between 
Bodenstein and Rollefson’s mechanism has been treated 
by different authors is striking (23). To our knowledge 
only Noyes and Leighton (148) have established a clear 
and valid criterion for this choice. This criterion, 
however, has not been used prior to the work of Chiltz, 
Mahieu, and Martens (45). Another method of dis- 
tinguishing between these two mechanisms has been 
proposed and used more recently (38), but it is open to 
criticism. 

Using either the Bodenstein or the Rollefson mecha- 
nism, similar reaction steps have been proposed for 
different substances but in none of these earlier studies 
(162, 171) was an attempt made to  put forward a 
general reaction scheme. Such a general scheme (96) 
may be written for addition reactions as 

Clz + 2c1 
A + C1 + AC1 

ACl + Clz + AClz + C1 
ACI + A + C1 

AClz + C1 + ACl + Clz 
C1 + C1 + M + Clz + M 

AC1 + C1 + AClz (or C1 or H 
abstraction) 

or disproportionation 
AC1 + ACl + dimerization 

and for substitution reactions 
ClZ -+ 2c1 

RH + C1+ R + HCl 
R + Clz -+ RCI + C1 

R + HC1+ RH + C1 
RCl + C1+ R + Clz 

C1 + C1 + M + Clz + M 
C1 + R 
R + R -+ dimerization or 

RC1 (or C1 or H abstraction) 

ks 

disproportionation 

Whatever ethylenic hydrocarbon A or saturated hydro- (3) Such studies have been started now in this Laboratory. 
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carbon RH reacts with a mixture of chlorine atoms and 
chlorine molecules, this scheme is supposed to be valid. 

The advantage of choosing a mechanism, even 
arbitrarily, lies in the fact that this gives the possibility 
of devising a limited number of tests in order to check 
it. In some cases A and RH may be chosen so that 
the free radicals AC1 and R become identical: some 
rate constants measured in the system A + C1 or RH + C1 then have identical values. This method has 
been used extensively for tetrachloroethylene and 
pentachloroethane (1, 61, 83) and for trichloroethylene 
and the two tetrachloroethanes (59, 62). 

This scheme is also assumed to be valid in mixtures. 
In such cases all reactions of A, RH, and all intermedi- 
ates with stable products and free radicals must be 
considered. This approach has proved most fruitful 
in the study of competitive systems (83, 115) and where 
reaction products can react further (63). 

In order to show that a Bodenstein type generalized 
mechanism and not a Rollefson type mechanism must 
be used, the criterion proposed by Noyes and Leighton 
(148) has been developed as follows (45, 80). For 
an addition reaction both mechanisms can be written 
in the general form 

Clz + 2c1 (1,) 
X + C l * R  kz, k4 

R + Y AClz + C1 k3, k5 

C1 + R + chain breaking 
R + R + chain breaking 

C1 + C1 + M -+ Clz + M k6 (3) 
k7 

k~ 

In a Bodenstein type mechanism X = A, Y = Clz, 
and R = AC1; in a Rollefson type mechanism X = 
Clz, Y = A, and R = C1,. 

This general scheme yields the following rate equation 
(4) 

where CY = (Cl)/(R). 
In this rate equation a term occurs which depends 

only on (Clz); for the Bodenstein mechanism the 
constant k = k3 /k8* / z  while for the Rollefson mechanism 
k = kz/(ksM)1/2. In the latter case the chain terminat- 
ing step would be the recombination of chlorine atoms 
and k would depend on the total pressure; this has 
never been observed. Furthermore k would not 
depend on the nature of the reactants and would have 
the same value for all atomic chlorinations. Accurate 
measurements have shown that these constants have 
identical values for CzC14 and CzC15H where the inter- 
mediate free radical is the same, Le., CzC15, but different 
values for say CHCl,, C2HCl3, and CzHC15. This can 
be explained only by the Bodenstein mechanism. 

v = Ia”’k3(Y)[kaMcu2 + k7a f k ~ l - ” ~  

B .  OVER-ALL REACTION ORDER 

1. S i m p l e  Reaction Orders and 
their Identif ication 

For a given initiation step (87, 131) the order of the 

reaction depends on the type of chain terminating step. 
A simple order is expected if there is only one type of 
chain breaking. 

It is well known that over-all reaction orders can be 
determined either by differential (e.g., van’t Hoff’s) 
or integration methods. The latter should be avoided 
for determining unknown reaction orders; it has been 
shown (80) in the case of the photochlorination of tri- 
chloroethylene that the integration method hardly 
permits one to distinguish between n = 1, 3//2, or 2. 

2.  Complex Reaction Orders 
Usually the reaction rate is not a simple function 

of the reactant concentrations. Two cases are to be 
distinguished. In the first (photochlorination of CZCI~, 
CzCl6H, (61, 83), CCI3H (45) for instance) the rate 
depends not only on the concentrations of the reactants 
but also on the ratio of their concentrations because of 
competition between two chain-breaking steps. The 
rate is given by 

v = 1,1’2k3( Clz)/[k3k7(Cl~)/k2’(CHCls) + ks] 1’2 ( 5 )  

If van’t Hoff’s method is used, one has to distinguish, 
as did Letort (133), between n, the “order in the 
course of the reaction,” and no, the “order in the initial 
conditions.” 

In the eq. log v = log k + n log (CIz)/(C12)0, n is 
constant during the course of the reaction only if 
(Clz)/(CHC13) = 1. Increasing or decreasing values 
of n are found during the course of the reaction if this 
ratio is higher or lower (45, 80, 81, 139). On the other 
hand for each value of this ratio no = ,//z but for differ- 
ent ratios, different parallel straight lines are found for 
log vo us. log (ClJ0 as is essentially seen from equation 5. 
Integration methods have frequently led (173, 174, 
185, 200) to erroneous conclusions. Equations of the 
type of equation 5 are best analyzed by plots of inverse 
squares (Clz) 21,/voz as a function of concentrations, 
inverse concentrations, or concentration ratios as for 
example equation 33 (43,44). 

In the second case (the photochlorination of methane 
for instance) consecutive reactions occur. From the 
rate equation identical with that for the chlorination of 
chloroform (CHCl,) is simply replaced by (CH4), a 
reaction order n = 3/z is expected. Actually the 
experimental order is very high, up to seven (63), and 
a strong autoinhibition occurs which cannot be ex- 
plained by the back reactions (2.4’) and (2.5’) (50). 
A similar situation occurs in the photochlorination of 
methyl chloride. In such cases great care must be 
taken in extrapolating to the initial rates. Methods 
equivalent to integration of the reaction rate, as used 
by some authors (201, 202), obviously have no signifi- 
cance when the variation of the rate during the course 
of the reaction is not known. 

The situation is different again in competitive sys- 
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tems like CzC14 + CH4 + Cl2, because of mutual in- 
hibition of the reactions. Here too only van’t Hoff’s 
plot is useful for determining initial rates and verifying 
how the reaction rate varies with the concentration 
(63’83). 

3. Perturbations 
Initial rate determinations by van’t Hoff’s method 

or by direct measurement can be perturbed by different 
phenomena that occur a t  the start of the reaction; 
such as a true induction period resulting from the slow 
building up of the steady state concentrations of 
intermediates or an induction period due to  the 
Draper effect. 

An instance of the former has been observed in the 
dehydrochlorination of pentachloroethane for which 
the rate is given by (83) 
2, = d p / d t  = 

A simplified form of this equation 

v = 1.1’2(kz”4/k~)’’’(C“l~H)1’2 ( 7 )  

assuming k~(C2C14) << k2’ (CzCbH), k3(C12) << k4, and 
ks << k&4/kz‘(C&16H) yields a reaction order 1/2 with 
respect to (CzCIcH) (4). Only the latter two assump- 
tions, however, are justified and then only a t  high 
temperature (60, 83). In fact kz(CzC14)/kz’(CzCl6H) is 
lzot negligible as soon as small quantities of CZCl4 
appear and a complicated form of the order plot is 
obtained (83). This is explained as follows. The 
duration (2, 24a,b) of the induction period (see section 
C) t c  = 4r8, where the steady state life-time of the 
chains 

T~ = 1/21a1’2kt1’2 = [kg’(C~Cl,H)/2~ I,k?kd] 1’2 cs 0.2 sec. ( 8 )  

This means that the rate is undistinguishable from the 
steady state rate only after ti. This corresponds to 
the initial increase in rate. Before the steady state 
initial rate corresponding to  CzC14 = 0 is reached, 
however, such a quantity of CZCl4 has been formed 
that equation 7 must be corrected by a factor f = 
{ 1 - 1/[1+ kz(C~C14)/kz’(C~HC16)] )1/2 .4  From known 
values of the constants in f a satisfactory n = 1/2 

plot of equation 6 is obtained (83). 
The importance of temperature gradients in gas 

phase chlorinations has been demonstrated recently 
(24c, 82). Disregarding their effect would not only 
introduce errors in rate constants and activation ener- 
gies but even errors concerning the mechanism. 

From the preceding discussion it appears that there 
are great risks in drawing the initial rate as the slope 
of the straight line through a few initial experimental 
points. This is only justified for more or less constant 

and low values of the reaction order n. Even in such 
cases the fraction of substance which has reacted being 
CY, an error of approximately na is made in the initial 
rate; this means that only low values of CY can be ac- 
cepted and therefore the analytical systems must be 
of very high sensitivity and accuracy. Even though 
van’t Hoff’s method for determining reaction orders 
and initial rates is a tedious procedure, it seems by far 
the safest method. In addition, following the reactions 
up to a considerable degree of conversion often yields 
further valuable information (115). 

Another source of perturbations appears when a new 
reaction cell is used. Reaction orders are erratic and 
irreproducible and values of initial rates fluctuate 
widely. Only after a certain number of runs do the 
results become reproducible. Similar effects have often 
been mentioned in the literature (15, 40), the “prelim- 
inary runs” being considered necessary for “condition- 
ing the wall.” This phenomenon seems to consist in 
the replacement of adsorbed layers by hydrocarbon 
derivatives. These layers have vapor pressures less 
than mm. as measured with a Penning gage and 
seem to consist of polymeric chlorinated derivatives. 
The effect of conditioning can be explained either by 
an inhibition of the chain breaking a t  the wall or by 
an increased chain initiation on the layers (40). The 
first explanation is in agreement with the very low 
recombination coefficient mentioned below; while the 
absence of dark reactions a t  low temperature seems to 
rule out the second explanation. 

C. LIFE-TIME O F  CHAINS WITH 
SEVERAL CHAIN CARRIERS 

Measurements in intermittent light of the rate of 
nonbranching chain reactions with one chain carrier 
are equivalent to measurements of the life-time of the 
chain if this rate depends on a power n # 1 of the 
absorbed light intensity (36, 56). Applied to the 
simple scheme 

A + h v + 2 R  initiation 
R + A + C + R propagation 

2R + Rz chain breaking 

the stationary state life-time r,  of the chain is given by 

T~ = (R,)/2ki(A) = 1/2[ki(A)kr11/2 (9) 

where (R,) is the steady state concentration of the 
radical R. r,  is obtained from measurements of rates 
in intermittent light vi  and steady light v,, from the 
duration of the light flash t and the ratio r of dark to 
light period 

y = vi/v, = ( g ) i / ( ~ ) ~  = (1 + ( l / m )  In [I + rm/ 

where m = t / r ,  and (R), and (R)l are, respectively, 
the mean concentrations of R and its concentration 

(1 + (R)J(R)I)II/(T + 1) (10) 

( 4 )  The formula in ref. 83 gives P and not  f. 
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TABLE I 
PARAMETERS OF EQUATION 12 

a 0.172 0.265 0.331 0.388 
b 1.005 .971 .944 .889 
y min.’ 0.835 .76 .70 .62 
y max.” .94 .92 .90 .89 

T I  2 3 5 

Am/mb 
22 17 15 15 

AV/v, 
“ Limiting values between which equation 12 yields log m 

Factor by which the values within 1% of the theoretical. 
error in rate measurements is multiplied when m is calculated. 

a t  the end of a light period in intermittent light. 
is obtained from 
(R)8/(R)l = ( -rm + [r2m2 + 4rm(e2” + 1) X 

( e zm - 1) + 4]1/2]/2 (11) 

Usually equations 10 and 11 are solved numerically 
(tables are given (36) and experimental results are 
compared to a plot of y or y ( r  + 1)” us. log m) ;  from 
the value m thus obtained and the measured t ,  the 
value of r, is calculated. 

It is easy to see from a plot of equation 11 that only 
for values of m about 1.5 to 10 does y vary considerably, 
and therefore only in that region can valid measure- 
ments of m be performed. These can however be 
simplified (2) because there log m is, within about 
1%, a linear function of y, viz.  

y = ( v i / v s ) ( r  + 1 ) I I 2  = -a  log m + b (12) 

written here for the case of a ‘/z power light intensity 
dependence. The parameters of this equation are 
given in Table I. The advantage of this equation is 
threefold. First it permits one to calculate immedi- 
ately the incidence of experimental error, which becomes 

Am/m = (2.3/a)Ay (13) 

(R)l 

or assuming Av, = Av, = Av 

Am/m = (2.3/a)(l + r + y2)1’2 Av/v, (141 

As seen in Table I the relative error in m, which is 
practically the error in rs is about 15 times the relative 
error Av/v, on rate measurements. The consequences 
of this, when small variations of r, with temperature 
or with reactant concentrations are studied, are easily 
estimated. Kext the use of equation 12 permits one 
to choose experimental conditions so as to minimize 
Am/m. Finally it permits one to calculate r,  from 
each experiment, which is particularly useful in com- 
plex reactions, where rs is a function of concentrations. 

Correction factors for equations 10 and 11 have 
been calculated for such things as penumbra effects 
(37), dark reactions (140), non-uniform absorption (37), 
and monomolecular chain breaking (159, 166). In 
some cases these corrections are of a certain importance, 
in many cases their significance may be questioned in 
view of the enormous amplification of experimental 
error (equation 16 and Table I). 

This result has been extended (2) to chains with 
two or more chain carriers; for a photochlorination, 
the over-all rate, calculated from scheme (l), is given 
by 

V = ks(Clz)(R) (15) 

(R) can be calculated by the steady state approxima- 
tion. (R), = I , l / z / k t l / z  and v, = k3(C12)(Ia/k,)1’z 
where us is the stationary rate. Two conditions are 
necessary for integrating the rate equation. The real 
rate must be indistinguishable from v,, i.e. 

ka/kr < 2~/0.893(Clz)o (158) 

where ~/(C12)0 is the relative accuracy of measuring 
concentrations. This means that the time required 
for a measurable amount of reaction (46) must be 
large compared to the life-time of the chain 7,. Fur- 
ther the ratio of the concentrations of two chain car- 
riers must be practically equal to the steady state 
ratio, Le., the concentration ratio (Cl)/(R) must 
have reached its “stationary value” before the concen- 
trations themselves reach their “stationary values.” 
This condition is met for long chains where r c 1  and TR 
are small compared to the time between two measure- 
ments tl. 

Table I1 shows that this condition is always met in 
pho tochlorinations. 

Therefore for such complex mechanisms as those 
considered here, the life-time of the chains can be 
written 

7, = (1 + a)/2Za”*kr”2 (16) 

where 01 = (CI)/(R) = [k3(Cld + k41/ [kz(A) + kz’(RH) I 
and k, = k8 4- ak7 + a2keM. Even if k6 is neglected, 
this yields such complicated equations as 

It is obviously difficult to analyze such a complex 
function experimentally due to limited accuracy with 
which the life-time is measured. It is more useful to 
introduce (9, 38, 61, 167) a reduced time param.eter 

t ‘  = 2t Za(C1z)/v* (18) 

It then follows 
t‘lm = l/ka + [k4 + ks(Clz)l/[kz(A) + kz’(RH)lka (19) 

This permits one (38, 53, 61) to measure the rate 
constant of chain propagation (k3) and the ratio (C1)/ 
(R), which is obtained from the second term of equation 
19. 

D.  THE LIFE-TIME O F  THE ACTIVATED ACI* 
RADICALS FORMED I N  REACTION (1.2) 

In the association reaction (1.2) 17 to 23 kcal. per 
The possibility of observing the mole are liberated. 

(5) The reaction step ka in the scheme equations 1 and 2 has always been 
neglected on energetic grounds; see also Table 111. 
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Reaction 

Addition (low temp.) 
Cln + czcl4 = C&l8 
Clz + CzHCl3 = CZHC15 

Addition (high temp.) 
Clz + czc14 = CZClS 
Cl2 + co = COClZ 
Dehydrochlorination 
CzCla = CzCL + HC1 

TABLE I1 
STATIONARY CONDITIONS 

Life-time: 7 8  = (1 + ~i)/21a’/~kt~’’; T C ~  = l /k~(A); TR = l/[k3(Ciz) + k4] 
Temperature 

Equation 15a interval, OK. 7. 70 7R log 0 

10-6 360-450 3 x 10-1 2 x 10-7 2 x 10-3 2 . 5  
4 x 10-6 350-410 10-1 10-8 10 -4 3 . 3  

10 -7 520-560 4 X IO+ 2 X 10- 1 .5  X 10-6 2 .2  
10-8 300-350 3 X 6 X IO-Q 4 X 3.6  

1 .6  X 10-3 400-470 2 x IO-’ 3 .5  x 10-B 4 X 3 . 8  

k3( clz)/k8 

k3( ClZ )/ [k&i/k2( A) 1 

kZ( A)/k? 

Legend: (A) = 2 X 10-8 in ref. 61; (A) = 10-2 in ref. 38 and 53; I ,  = einstein l.-lsec.-l except for the dehydrochlorination 
where lo = 1.4 X 10-lo. T: order of magnitude of the life-times in the middle of the temperature interval; a: chain length, molecules 
formed per quantum absorbed: (ka(Ch)/[ka(Clz) + hlf ( ~ T s / T B ) ;  a = [ks(Cl~) + k4]/kz(A) = T C I / T R .  

excited AC1* radical which is primarily formed and 
probably in a vibrationally excited state has been 
discussed (10, 11, 12, 13, 51, 54). A reaction scheme 
is proposed in which steps (1.2) and (1.4) are replaced 
by 

A + C1+ AC1* ( k z )  

ACl* + Clz + A + Cla (k,) 
AC1* + Clz ACl + Clz (k,) 

A further activation step, the reverse of k,, must also 
be added 

(ka) (20) 
ACl* + A + C1 

ACl + Clz -, ACl* + Clz (k-y) 

The general form of rate equation 4 is still valid and 
one finds 

a = (Cl)/(R) = [kr + kdClz)l/kz(A) (21) 

The significance of kq, however, is now 

kr = [ka + b (C1z)l(k3 + k-y)/ky (22) 

If many degrees of freedom contribute to the activa- 
tion process (20.-7), I C - ,  >> k3, and if simultaneously 
k, (C12) << k, the decomposition of AC1 is a first-order 
monomolecular reaction as observed for C2C& and 
C2HC1, a t  temperatures above 400’K. (83, 115). On 
the other hand it has been assumed in the case of the 
chlorinated ethyl radicals containing less than 3 C1 
atoms that k3 >> I C - ,  and IC ,  = k, ((212); this assump- 
tion is used to explain the cis-trans isomerization of 
C2HzC12 (1 1, 12), the photochlorination of vinyl 
chloride and ethylene (54, 170), and competitive chlo- 
rinations of ethylenes (13). A severe test (equation 27) 
of this assumption is obtained in the competitive chlo- 
rination of C2H6--CzH4; no indication of the sequence 
(20) could be observed and a t  this limit of the series 
it appears certain that k - ,  >> k3 (84). 

It should be noted here that the occurrence of vibra- 
tionally excited HC1 molecules in the H + CIZ --+ HCl 
+ C1 reaction has been proved by infrared chemilumi- 
nescence (38a, 40a, 155a). The possibility of further 

reaction of the excited HCl has been discussed recently 
(176a). 

E. COMPETITIVE SYSTEMS 

The usual steady state treatment applied to the 
photochlorination of simple hydrocarbons like C2C15H 
yields (61) the rate equation 
-d( Clz)/dt Za”’ks( Clz) (ke + k7 [k.i + ka( Clz)] / 

[kz(CzClr) + kz’(CzCl,H)]) -’” (23) 

Equation 6 leads to a pressure maximum correspond- 
ing to the competition dehydrochlorination-addition 
for 

kzkalkz‘ka = (CzClB)/(CIz)( CzClr) (24) 

This has been observed and used for the measurement 
of the complex rate constant k2k8/k2’k4 (60, 83). A 
similar method permits one (59, 62) to distinguish be- 
tween isomeric radicals such as 

c1 c1 c1 
C-C-H and C1-C-C-H 

\ /  
/ 

(25) 
\ /”‘ 

c1 ’ ‘Cl c1 

A competition addition-dehydrochlorination is also 
observed when one follows the photochlorination of 
trichloroethylene to a large extent of reaction (41, 85, 
115). 

Addition-substitution, substitution-substitution, and 
addition-addition competitions have been extensively 
studied to determine elementary rate constants. 

A study of the chlorination of mixtures of H2 and 
NO (8) has allowed measurements of the elementary 
rate constant of the reaction H2 + C1 + H + “21. 
This value has been used (157, 158, 187) to obtain 
the elementary rate constants of hydrogen abstraction 
from CH,, CH3C1, C2H6, CzHsCI, C3He by competitive 
experiments using gas chromatographic analysis. Sev- 
eral cross-checks have been performed (122, 124, 125), 
and the hydrogen abstraction from CHzC12, CHC13 
has been studied. 
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Measurements of the ratio of addition to substitu- 
tion rates have been made (45, 60, 83) to determine 
the rates of addition of a chlorine atom to the CzC14 
double bond. This has also furnished checks for the 
parameters measured previously (122, 124, 125) ; the 
values are in fair agreement. In  simple cases of sub- 
stitution-substitution competition, the ratio of rates 
is given by 

VRH/VR‘EI = kz(RH)/kz’(R’H) (26) 

which can be immediately integrated (44, 125). A 
somewhat more complicated situation occurs in 
addition-substitution and addition-addition competi- 
tions. One finds 

(27) vs/ve = [kz’(RH)/kz(A)] [I + k4/kdC12)1 

and 

valva’ = [kz(A)/kz’(A’)I + ka’/ks’(Clz)l/[l + kdka(Clz)l (28) 

These equations can, of course, not be integrated and 
it is necessary to extrapolate to initial rates, Le., to 
conditions in which well defined concentrations of RH, 
A, A’, and Clz exist. These extrapolations are not 
easy due to complex and usually high reaction orders 
as discussed in section F (equation 29). 

Even more complex situations arise when substitu- 
tion and dehydrochlorination compete ; very generally 
then, addition must be considered also and equations 
as complex as 23 and 6 are obtained somewhat dif- 
ferent according to whether the radicals R and AC1 
are identical or not. These equations have been 
used to study the hydrogen abstraction from C2HC16 
(83) and the two CzHzC14 (59). 

Equations 27 and 28 have been used to obtain 
values of kq and k4’ and can thus be interpreted as a 
measure of the relative importance of activation, reac- 
tion, or deactivation (equations 20.-7; 1.3; 20.7) of 
the AC1 radical (11,12,13,54,84). 

A competition technique had already been used 
(143) to study the photochlorination of mixtures of 
CHCb and CDCI,; this problem has been reinvesti- 
gated using careful kinetic analysis (44). 

Competition techniques can also be used when chlo- 
rine does not attack two reactants, but two or more 
sites in one reactant (40,88a, 122) ; the rate of hydrogen 
abstraction from n-butane, isobutane (7), and n- 
butylhalides (74) and 2 halobutanes (75) has been 
studied; the order of reactivity for the hydrogen atoms 
is as follows 

tertiary > secondary > primary 

A similar problem is the competition addition-a- 
substitution in compounds such as propylene (123, 
189) or the reactivity in the liquid phase (3, 137,193, 
194) of chlorinating agents such as n-chloroimides or 
alkyl hypochlorites. 

F. SINGULARITIES IN OVER-ALL RATES 

Several chlorination reactions show complex orders. 
Some of these can be reduced to simple orders by the 
choice of adequate experimental conditions, in other 
cases though, the behavior of the reaction is more 
peculiar and needs a careful kinetic analysis to be 
understood; this is true for the over-all rate of single 
reactions in mixtures or when the reaction products 
can in turn act as reactants. 

1. Over-all Rates of Single 
Reactions in Mixtures 

In a mixture where addition and substitution take 
place simultaneously the total rate of chlorine dis- 
appearance is given by 
V* = v + V‘ = { k a ( A ) / [ l  + ka/ka(Clz)] + kz’(R’H)]Ia’/’/ 

(kr/cuz + ktm/a@ + kt’/@2)’/2 (29) 

where 
O( = (Cl)/(ACl) 
@ = (Cl)/(R) = ka’(Clz)/kz’(R’H) 

[kdcls) + kal/kz(A) 

klm refers to a new mixed chain-breaking step between 
two different radicals. 

Three distinct situations are to be expected according 
to whether the principal chain-breaking step is the 
same as in pure addition, as in pure substitution, or 
whether mixed chain breaking predominates. 

In the first case k J a 2  >> k , ’ / p 2  + ktm/ap.  The 
addition rate remains unchanged, but the substitution 
is inhibited and the over-all rate constant of the 
addition is numerically equal for the mixture and for 
“pure” addition. This occurs when one measures the 
rate of chlorine addition to tetrachloroethylene in mix- 
tures with methane, methyl chloride, and methylene 
chloride (63); the addition order with respect to 
chlorine is n = ”2. The rate of substitution in the 
mixture is given by 

V’ = Za”2[k2’(R’H)/k2(A)] [ks(Clz) + k4]/kt’i2 (30) 

and shows “an order in the initial condition” no = a//2. 
The substitution order varies during the course of 
the reaction with the ratio (R’H)/(A). If that ratio 
increases the order decreases and inversely. 

When the chain breaking is the same as in pure 
substitution, i.e., k l ‘ /P2  >> k l / a 2  + k t m / a p l  the 
substitution is not inhibited while the addition reaction 
is. 

Finally, when k t m / a p  >> k l / a 2  4- k l ‘ / p z ,  both 
reactions are inhibited. This was shown to occur in 
mixtures of tetrachloroethylene and chloroform (45). 
Here the main chain breaking is 

CCla + CzC16 + inactive products (k8) 

and the usual steady state treatment leads to the rate 
equation 

(VV‘)li’ = ~ a 1 ~ ~ k ~ k ~ ’ / k 9 ) ” ’ (  clz) (31) 
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7 C H 4 -  
Reactions EA log A 

R’ + Clz +R’CI + C1 2 . 3  9 . 9  

R’CI + C1+ R‘ C1 + Clz 25.0  11.0 

C1 + R’H + R‘ + HCI 3 . 9  10 .7  

R’ + HCl -R’H + C1 5 . 0  9 . 0  

R’ + C1 + R’CI 0 11.6 
R ‘ +  R ‘ 3  .... . 0 10.5 

Reactions EA log A 

R’ + Clz + RC1z + C1 1 . 0  9 . 4  
R ’ + R  + C1 23.6 13.9 
RClz + C1 + R’ + Cla 21.3 11 .3  
R‘ + C1 + RClz 0 11.3 
R ’ + R ‘ +  . . . . .  0 10.1 

-CzHd- 

C1 + R + RCl (R’) 0 10.2 

-CxHs- 
Reactions EA log A 

C1 + R’H + R ’  + HCl 1 . 0  11.0 
R’ + Clz + R’CI + C1 1.0 10.1 
R’ + HCI -R’H + C1 8.1 9 . 3  
R’CI + C1 + R ’  + Cla 21.5 11.3 

y C H a C 1 -  
i 9 ~  ’ 1 o g A  

3 . 1  10.5 
3 . 0  9 . 6  
8 . 2  9 . 1  

21.4 11.0 
0 11 .4  
0 9 . 6  

Y C n H a C l -  
EA log A 
0 10 .2  
1 . 0  8 . 8  

23.8 13.8 
20.6 11.3 
0 11.3 
0 9 . 8  

EA log A 

1 .5  10.5 
1 . 0  2 . 0  
9 . 1  9 . 0  

21.3 11.3 

--C&Cl- 

TABLE I11 
-CHeC11-- -CHCl?- 

EA log A EA log A 
3 . 1  10.4 3 . 3  10.2 
4 . 0  9 . 0  6 . 0  8 . 7  

11.2 9 . 0  13.4 8 .8  
21 .0  11.0 18.9 11.3 
0 11.4 0 11.4 
0 9 . 4  0 8.8 

Y C n H n C l -  -CnHCl- 
E A  log A EA log A 
0 10.0 0 9 . 8  
2 . 5  8 . 7  5 . 2  8 .8  

20.3 13.7 20 .4  13 .7  
20.4 11.3 18.3 11.3 
0 11.3 0 11.5 
0 9 . 5  0 9 . 3  

-CnHd%-- -CzHsCl- 
EA log A EA log A 
3 . 0  10 .4  3 . 5  10.5 
1 . 0  8 .8  2 . 5  8 . 7  

10.2 8 . 9  11.2 8 . 5  
20.6 11.3 20 .4  11.3 

R’ + C1+ R’CI 0 11.3 0 11.3 0 
R ’ +  R ’ +  ... 0 10.5 0 10.1 0 

which permits one to measure the over-all rate constant 
(k3k3’/k9) 1‘2, 

The competitive chlorination of CZCl4 and CzC16H 
is a special case of this type of reactioii where the two 
reactants yield the same free radical. 

2. Consecutive Readions 
The chlorinations of methane, methyl chloride, 

and methylene chloride are equivalent to chlorinations 
of mixtures since the reaction products can also be 
chlorinated. 

For two competing reactants one can write the 
total rate of chlorine disappearance in the form 
-d(Clz)/dt = VA* + OB* = Ial” ka(Cln)(l + 0) X 

[kr + kr‘ (a /PY + kt(a/B)I (32) 

where VA* and VB* are the rates of disappearance of 
reactants A and B in the mixture and CP is the relative 
yield of each type of radical. 

Equation 32 can be generalized for three or more 
competitive reactions. 

The good agreement between experimental points 
and the theoretical prediction from equation 32 has 
been shown (63). 

It is astonishing that in previous studies on photo- 
chemical (201, 202) or thermal (153) chlorination of 
methane the inhibition by reaction products has never 
been stated; neglecting the inhibition leads to misinter- 
pretation of the experimental results. 

Purely formal treatments (116a, 174a) of such com- 
plex reactions as the chlorination of methane and its 
chlorinated derivatives, disregarding the mechanism, 
do not seem useful and may be misleading for techno- 
logical applications for which they are intended. 

7 C z C l r - -  
EA log A 
0 9 . 4  
5 . 4  8 . 3  

16.8 12.8 
19.5 11.4 
0 11.0 
0 8 . 7  

-cnH~Ch- -CZHCh-- 
EA log A EA log A 
3 . 3  10.8 3 . 3  9 . 8  
5 . 2  8 .8  5 . 4  8 . 3  

10 8 . 5  10.8 7 .8  
18.3 11.3 19.5 11.4 

11.3 0 11 .3  0 10.9 0 11.0 
9 . 8  0 9 . 5  0 9 . 3  0 8 . 7  

111. RESULTS AND DISCUSSION 

VALUES O F  RATE CONSTANTS, 

FREQUENCY FACTORS, ACTIVATION ENERGIES 

Table I11 summarizes all available data on rate 
constants of the six elementary steps of schemes 
1 and 2 which determine the rate of photochlori- 
nation of methane, ethane, ethylene, and all their 
chlorinated derivatives; no distinction is made, how- 
ever, between isomeric compounds since available 
data would be insufficient for that purpose. Most 
data were obtained by the kinetic analysis of photo- 
chlorination reactions in steady or in intermittent 
light, or by competition techniques. Results on the 
recombination of methyl and ethyl radicals obtained 
by the intermittent light technique in different systems 
(89, 116, 121, 167) or by mass spectrometric studies 
(135) have been used. The few available data on 
the chlorine atom recombination will also be considered 
(35,43,47,48,106a, 149,150). 

The discussion is subdivided into four groups of 
compounds: 1. “Chlorination of CHC13, CzC14, C2HCl6, 
and CO,” 2. “Chlorination of CHd and its Deriva- 
tives,” 3. “Chlorination of Other Derivatives of CzH4 
and C2H6,” 4. “Chlorination of Higher Hydrocarbons.” 

This subdivision will appear reasonable because in 
these different groups the course of the reaction differs 
in a typical manner and the quality of some results is 
also typically different. 

For similar reasons the “Pyrolysis of Chlorinated 
Compounds” will be discussed in a separate section (5), 
even though the results have been used in Table 111. 
Finally a brief survey of “Other Halogenating Agents” 
will be given in section 6. 
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1. Chlorination of CHCl3, CZCL, C2HCl6, 
and CO 

In one respect these reactions are the simplest be- 
cause the products cannot be further chlorinated. 
The over-all rate is given by equations of the form of 
4 or 5 .  The first term is predominant for trichloro- 
ethylene up to 410'K. (53, 115) and for tetrachloro- 
ethylene up to 370'K. (61), and thus k 3 / k 8 1 / 2  in steady 
light and k3 as well as k8 in intermittent light have 
been measured. 

At higher temperatures the second term becomes 
more important and in C2C14 predominates above 
470'K. In  the intermediate region it is useful (45, 
61) to make plots of the function 
Y = I d C l z ) / ~ o ~  = ks/ks2 + k7[k4 + ka(Clz)l/kzks2(C2Clr) (33) 

us. (ClZ)/(C2Cl4) or 1/(CZCl4). This allows one to 
extend the temperature range of measured k3/k8l lZ 
values in steady light, of k3 in intermittent light, and 
to measure the complex constant k7k4/k2 (61). k3/ks112 
and k3 have also been measured for the reaction of 
C2HC15 (61) and k 3 / k 8 1 / 2  and (k2k3/k7)'I2 for CHC13 
(45, 63). Using further competition experiments 
in systems containing CH4, CH3C1, CH2ClZ, CHC13, 
C2C14, CzHCI5 all relevant kz values were obtained 
(83). In  the competition C2HCls-C2C14 equations 
25 and 27 yield further combinations of constants 
and finally the equilibrium constants obtained from 
thermodynamic data yield k5 and k4' (88). 

Actually in the system C2C14-CzHCls a number 
of parameters exceeding the number of rate determin- 
ing constants has been measured; the system is thus 
highly overdetermined (61,83), 

The reaction of C2HC13 above 410'K. gives rise to a 
complex stoichiometry 

CzHCls + Clz -B CZHCls 

CzCla + Clz -B CZClS 
CzHCl, + CzClr + HCl 

This has been analyzed (115) by means of a new mass 
spectrometric technique (85) and has given the values 
of k2, k4, and k7; ks has been obtained from the equi- 
librium constant. 

For CHC13 no sector experiments have been made. 
If k7 = is estimated on the basis of measure- 
ments on CH4 (see below), CzC14, and C2HC13, values 
of A3 and As are obtained which are very nicely in 
line with others in Table 111. The accuracy in the 
C2HCl3, CZCl4, C2HClS systems as well as for most of 
the kz' values is about 10.5 kcal. for E and 1 0 . 2  for 
log A ;  in a few instances such as for CHCla higher 
error limits are possible as discussed below. 

For the phosgene synthesis in steady light from 
280 to 328'K. the rate equation 

u = 1,'/2ka( Clz) [kz( CO)/k?kr] 1'2 (34) 

has been found (29, 30, 38) and rate constants have 

been given. Investigations by the sector technique 
(38) should yield the ratio a = Cl/COCl with the help 
of an equation equivalent to equation 19. A mecha- 
nism with three chain carriers C1, c13, COCl has also 
been considered. 

The life-time of the chains is then given by 
1. = (1 + a + ,8)/21a"2kt"2 (35) 

where p = Cl3/C0C1 is proportional to (Clz). Since 
rs was actually found to be independent of the chlorine 
pressure (except for the la dependence) (38), it may be 
concluded that p << 1 + a. This does not permit 
one to discard the Rollefson mechanism. It could in 
fact be possible that p is negligible, within the experi- 
mental error limits which are not small (see Table I), 
and that chains are nevertheless propagated by C1,. 
In  fact in the reactions reviewed here there is no 
doubt that C1 atoms do propagate chains even though 
a is not measurable (Table 11) except in the case of 
the phosgene synthesis. 

Interesting conclusions can be drawn from existing 
data on the phosgene synthesis. Equation 34 implies 
that in the general equation k7a >> k6Ma2 or k8. 
From the rate constants given in (38) (see Table 111) 
and the maximum and minimum CO pressure used 
one obtains k8 < 10" 1. mole-l set.-' and k6 I 1011+4 
1.* sec.-l a t  room temperature. 

The rate of recombination of C1 atoms at  room 
temperature, with C12 as a third body, would there- 
fore be slightly lower than that of Br with Br2 (33, 34, 
78) and about ten times lower than that of I with Iz 
(156). 

The thermal chlorination of CO proceeds, according 
to (31) by 

V = ( k ~ / k e ) " ~  ks(C1~)"~ kz(Co)/kr (36) 
If the equilibrium kl/k6 here is established homogene- 
ously, k6Ma >> k7 and k6 CT 10"; if a wall reaction 
contributes to the recombination, as suggested by 
these authors, a smaller k6 results. From (31, 38) it 
can be estimated that, between 500 and 600'K., 
reactions 6 and 7 are about equally important. If k7 
is known, this provides a ready measure of k6 if M = 
Clz. Recent experiments (43) have shown that log 
ICs = 9.9 f 0.5 a t  502.4'K., 9.85 f 0.5 a t  552.3'K., 
and 9.70 f 0.5 at  598.9'K. In  fact the large error 
limits are only due to the discrepancy between the 
values given for k4/k2 (29, 30, 38). Measurements 
are presently performed to improve the knowledge 
of this ratio. The values of k6 can be compared 
with a room temperature value (149,150) and diverging 
results obtained in shock tube experiments either by 
direct measurements (35) or from the reverse reaction 
(106a). It should be pointed out that high tempera- 
ture measurements are subject to experimental diffi- 
culties due to the occurrence of the radiative recom- 
bination of chlorine atoms (153a, 177b, 187a). A 
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thorough discussion of the temperature dependence 
is premature; nevertheless, we believe it may be 
definitely stated that any value of log ICs > 11.5 (107, 
132) a t  about 3OOOK. is in contradiction with experi- 
mental results. 

On the other hand, the rate of diffusion of chlorine 
atoms to the wall and the resulting heterogeneous 
chain breaking have been discussed (145, 156). A 
similar discussion can be applied for the reactions 
studied here: A considerable fraction of the chains 
would be terminated on the wall if the recombination 
coefficient a t  the wall is of the order of unity. An 
accurate value of '/z for the reaction order with respect 
to the absorbed light intensity was always observed 
in Pyrex vessels (53, 83, 115) in cases in which the 
Draper effect can be neglected or if adequate correc- 
tions (82) are applied. The same has been observed 
in smaller quartz reaction vessels for the synthesis of 
COClz (38) and the photochlorination of C2HC13 (53). 
Further, in experimental conditions differing consider- 
ably, a perfect agreement of the rate constants for the 
latter reaction has been obtained at Leeds and at 
Brussels (42, 53). These facts permit us to conclude 
that heterogeneous reaction must represent less than 
2%. This leads to a recombination coefficient a t  the 
walls less than 

It is of interest to restate this perfect agreement 
of rate constants of trichloroethylene measured using 
either X = 3660 A. or X = 4358 A. The increase of 
the energy of the light quanta by about 14 kcal. mole-' 
thus has no influence on the rate. This shows that 
there is no variation of the primary photochemical 
yield of chlorine dissociation and confirms the general 
opinion that this yield is 1. 

1. Chlorination of CH4 and its Derivatives 
The reaction of CHa, CH3C1, and CHzClz is compli- 

cated by the fact that, as soon as quite small amounts 
of products are formed, these react in turn and interfere 
with the course of the over-all reaction. High reaction 
orders are found (63) for extrapolating to initial rates. 
This difficulty is further increased by the fact that 
these initial rates have to be fitted to a two-parameter 
equation, e.g., equation 5. It would therefore be 
possible to determine rate constants with an accuracy 
comparable to that quoted in the preceding section 
(1111) only if the analytical methods permitted one to 
measure amounts of products of less than 1% with eb 

precision of better than 1%. 
A few facts nevertheless facilitate the solution of 

these difficulties. All values of k2' have been measured 
(124, 125, 139) by a competition technique on which 
numerous cross-checks have been performed. ks for 
methane, i.e., the rate of recombination of CHa radicals 
has been measured in the acetone photolysis (89, 121) 
and by a mass spectrometric technique (135). Thus a 

plot of the inverse square of equation 5 as for equation 
33 yields k3, k8kZf/k3k7, and k7. Finally, a tedious pro- 
cedure of fitting the data for CHCla to equation 32 
for CHzC12, these data to the same equation for CH&l 
and ultimately for CH4, and repeating this entire pro- 
cedure until the best fit for the whole series is obtained, 
has led to the figures given in Table I11 (63). The 
product k4'ks is obtained from thermodynamic data, 
E4' and E6 from bond dissociation energies; the values 
of k4' obtained in this way are in excellent agreement 
with direct measurements (50). A constant value 
log A5 = 10" is assumed in rough agreement with the 
values resulting from actual measurements in the 
systems CHCI3, CzCI4, CzHCl,. 

It is remarkable that the log A1', log AB, and E3 
values and hence also the log Ad', log Ah, and E6 values 
agree extremely well with activated complex calcula- 
tions (1 18). The disagreement concerning Ez' values 
will be discussed in section IVB. 

3. Chlorination of Other Derivatives of 
CzH4 and c2HS 

The chlorinations of 1,1,2,2- and l,l,l,2-tetrachloro- 
ethane have been studied extensively. All the ele- 
mentary rate constants have been determined (59); 
it has also been shown that in the photochlorination 
of trichloroethylene, the attack of a chlorine atom in 
the double bond yields principally the 1,1,2,2-tetra- 
chloroethyl radical. The elementary rate constants 
of CzHC13 and C2HzC14 given in Table 111, are calcu- 
latedfrom (59,115). 

The addition of chlorine to the lower chlorinated 
ethylenes has also been studied (107, 169). The ele- 
mentary rate constants of addition reactions have been 
given previously (10, 63). The value of log kz for 
CzH4 has been checked experimentally (84) and is in 
perfect agreement with the earlier estimated value 
(63). The values of log kz from CzH3Cl to CzHC13 are 
in good agreement with recent results (10, 12, 13, 54, 
115) if zero activation energy is assumed. The 
resulting dissociation energies of chlorinated free 
radicals D(C-C1) are in good agreement with data ob- 
tained from pyrolysis reactions (16, 18, 19, 21, 22, 111, 
113) and refer to nonactivated species. The over- 
all activation energies and quantum yields of these 
reactions have been reviewed (107) ; combined 
with more recent data on the over-all reaction 
rates in steady and intermittent light (12, 13, 54), 
these permit one to calculate k3, ks. The latter con- 
stant has been measured by a direct method for CzHs 
radicals (116). A constant value log k7 = 11.3 0.3 
was assumed in each case in agreement with theoretical 
provisions. It should be noted that the recombination 
of 2 monochloroethyl radicals goes principally by 
dimerization and not disproportionation (197). Recent 
results have been obtained on the recombination of 
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trichloromethyl and monochloroethyl radicals (163a). 
Similar experiments are being performed for the higher 
chlorinated ethyl radicals. 

The product k4k6 is calculated from the thermody- 
namic equilibrium constant; where A2, As, Ad are 
known, this leads to log A5 = 11.3. Assuming this 
frequency factor to be constant throughout the series 
yields either A2 or A3 values well in line with the 
measured ones. 

For the substitution reactions, most of the rate con- 
stants are the same as for the corresponding ethylene 
(k3, k6, k7, k8) .  The over-all rate constants for C2Hs 
have been measured recently (114), using the known 
values of k8 (116) and k2’ (71, 125, 158); this yielded 
k3 and k7. The rate of hydrogen abstraction k2‘ 
was also measured for ethyl chloride (158), both tetra- 
chloroethanes (59), and pentachloroethane (83) ; the 
values for the di- and trichloroethanes have been meas- 
ured recently (88a) as well as the point of attack on 
the asymmetrically substituted derivatives. The values 
given in Table I11 refer to the symmetric compounds. 
The equilibrium constants yield k4’kg and thus k4’ 
since kg is known from the corresponding addition 
reaction. For the tetrachloroethanes, the standard 
entropy is not known (see Table IV); log A4’ = 8.5 
has been interpolated for both C2H3C13 and CzH2C14. 

Experiments have also been performed on the photo- 
chemical addition of chlorine to tetrafluoroethylene 
and trifluoromonochloroethylene (39). The narrow 
range of the experimental conditions however makes 
the results doubtful. 

4. Chlorination of Higher Hydrocarbons 
Numerous studies have been made to determine the 

relative reactivities of C-H bonds toward a chlorine 
atom in higher paraffins or their substituted derivatives, 
among these were propane (102), n-butane (7, 102) 
and isobutane (7), n-butylhalides (74), 2-halobutanes 
(73, 75), n-pentane (102), and n-hexane (40). Similar 
experiments were performed with bicyclane (129). 
As a rule the reactivities of C-H bonds increase from 
primary to tertiary. This was also observed in com- 
petitive experiments (122, 125) yielding not only the 
relative reactivities but also the values of the elemen- 
tary rate constants of hydrogen abstraction. These 
experiments were performed with propane, n- and iso- 
butane, neopentane, cyclopropane, and cyclobutane. 

A similar technique was used to measure the rate of 
addition of a chlorine atom to the ethylene, propylene, 
and isobutene double bonds (98). These systems are 
complicated by the occurrence of rapid heterogeneous 
dark reactions even at room temperature. Such ef- 
fects were observed in the chlorination of propane 
(204, 205), but no kinetic treatment was given in these 
earlier studies. 

The influence of the molecular structure of paraffins 

on their over-all chlorination rates was also investi- 
gated for n-pentane, n-hexane, n-heptane, 2,3-di- 
methylbutane, and 2,2,4-trimethylpentane (40). It 
was found that the rate of monochlorination increases 
with increasing chain length and decreases with chain 
branching. 

The point of attack of a chlorine atom on monosub- 
stituted benzene in the gas phase has also been exten- 
sively studied (64, 65, 66). These reactions were 
recognized as proceeding by a free radical scheme 
similar to that of the paraffins, the peculiarity being the 
unexpected reactivity of the meta position. 

Little, however, is known about the mechanism and 
the over-all rates of these reactions. The photochlo- 
rination of toluene vapor has been studied (161), but 
the results are very doubtful due to the integration 
method used in the interpretation. 

6. Pyrolysis of Chlorinated Compounds 
The gas phase pyrolysis of chloroalkanes has been 

studied extensively. These reactions proceed either 
by a molecular mechanism or by a chain mechanism 
(15, 113). Chain mechanisms were found in the 
pyrolysis of dichloromethane (108, 188), chloroform 
(176), 1,2-dichloroethane (18, 111),6 trichloroethane 
(22), 1,1,2,2-tetrachloroethane (20), pentachloroethane 
(llO), hexachloroethane (52 ) ,  and oxalylchloride (184) 
while the pyrolysis of ethyl chloride (19, 26a), 1,l-di- 
chloroethane (19, loo), 1-chloropropane (17), 2-chloro- 
propane (16), 1,2-dichloropropane (16), 1-chlorobutane 
(17, 101), 2-chlorobutane (136), and t-butyl chloride 
(21) occur by a molecular process. Arguments have 
also been advanced that methyl chloride (108a, 177a) 
and chloroform (177) pyrolyze by a nonchain mecha- 
nism. 

A general scheme has been proposed for the free 
radical mechanism (1 12) comprising the following 
steps 

AHCl + AH + C1 
C1 + AHCl + a(pAC1 + “21)  

PAC1 + A + C1 

ki 

+ (1  - a)(pACl + HC1) kz 
kc 

C1+ AH + AHCl ki 

For completeness the following steps ought to be 
added 

AH + A‘H + C1 k4” 

k? ’ 
k,” 

C1 + PAC1 + AClz 
C1 + PAC1 + AClz 

This scheme makes it possible to  predict whether a 
given pyrolysis is molecular or proceeds by free radicals. 
If CY = 1, the hydrogen abstraction reaction (k2)  gives 

(6) The photolysis of this compound proceeds by the name mechanism 

(7) Except for CzHsC1, l.l-CzHClz, l,I,l-CzHaCls. 
(203). 
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TABLF, IV 
RATB CONSTANTS FOR PYROLYSIS OF CHLORINATED ETHANES 

Tem- 
perature 
interval, -Limiting values- 

Reaction Calculated vduea Experimental OK. Calcd. Exptl. Ref. 
1,2-C2ClzH,--f CzClHa 4- HC1 -52.500/4.57T + 1 2 . 8  -47.000/4.57T + 10.8“ 635-758 - 5 . 3  to - 2 . 4  - 5 . 4  to - 2 . 7  (112) 

I,l,l-CzClaHs+ CzC12H1 + HC1 -49.600/4.5711 + 1 2 . 6  -47.900/4.57T + 12.53 661-697 - 3 . 8  to - 3 . 0  - 3 . 4  to - 2 . 5  (112) 

CmClrH --f CzClr + HCl -45.100/4.572’ + 1 2 . 5  -48.000/4.57T + 13.0 680-711 - 2 . 0  to - 1 . 4  - 2 . 4  to - 1 . 8  (110) 
1,1,2,2-CzChH~+ CzClaH + HCl -48.300/4.5711 + 12.6  -36.500/4.57T + 9 . 6  536-635 - 6 . 8  to - 3 . 3  - 5 . 3  to - 2 . 6  (112) 

a NOTE ADDED IN PRooF.-Recent experiments (55a) yield -53.100/4.572’ 4- 13.35 between 637 and 754°K. 

only a p radical (87) ,  i.e., one which can yield the un- 
saturate A by a C-CI dissociation, the radical chain is 
most important. The kinetic analysis leads then to 
the following rate expressions 

01 = (kik~k4/k,”)”’(AHCl) ( 3 7 4  

or 
t ~ 2  = (kikzk4/k?)”*(AHCl) (37b) 

depending on whether the AH radical dissociates faster 
than it combines with a chlorine atom or the reverse. 
If a # 0, the right hand side of equations 37a and 37b 
should be multiplied by (1 - c i ) l ’2  for small values 
of a, whereas for large values the rate equations become 

(AHCl) (37c) 1 - a  
08 = ki - a 

or 

(37d) 

The transition from equations 37a to 37c or 37b to 37d 
is obtained by setting v1 = v 3  or v2 = 214; using reason- 
able values (55a) for the rate constants one finds that 
this should occur a t  about a = to lo-*.* The 
over-all rate constants of equations 37c and 37d have 
activation energies of approximately 75 kcal./mole 
instead of 50 kcal./mole in equations 37a and 37b. 
Measured values of a actually lie around 0.6 to 0.8, 
and thus the “chain length” drops below unity and the 
molecular process predominates in these cases. 

An effort is currently being made (55a) to relate 
the mechanism of pyrolysis of other asymmetric ethanes 
to the reactivity of the different C-H bonds toward 
chlorine atoms. 

Table IV  shows a comparison of the experimental 
values of over-all rate constants of pyrolysis and the 
values calculated from chlorination studies. For di-, 
tri-, and pentachloroethane the agreement is quite 
good, especially when one takes into account the dif- 
ficulties caused by the Draper effect, induction periods, 
and subsequent reactions of pyrolysis products in the 

1 - a  
04 = (kikT’/kr) * 7 4 (AHC1) 

(8) NOTE ADDED IN PBOOF.-This means that the addition of IO-’ to IO-* 
ethyl chloride would inhibit the pyrolysis of 12-dichloroethane by about a 
factor of two. In  fact, recent measurements (558) have shown that such 
an inhibition occurs only when about ethyl chloride is added. This 
discrepancy has been attributed to the occurrence of the chain transfer step 

Ll-Ca4Cl + I,2-C1H4Clz 4 CZHaCll + CrHaCl (ktr) 

This is checked now by a careful kinetic analysis. 

measurement of pyrolysis rate constants. Further- 
more, in spite of the special care with which the experi- 
ments were done, the small temperature intervals in 
which measurements could be made reduce the ac- 
curacy of the activation energies. For tetrachloro- 
ethane the agreement is less good; it should be pointed 
out though that the small activation energy found 
here (112) does not fit in with the heat of addition of 
two chlorine atoms to the double bond of dichloro- 
ethylene (94.6 kcal. mole-’). 

The pyrolysis of the chloroalkenes has also been 
studied. The reactions for allyl chloride (go), tri- 
chloroethylene (91), and both 1,2-dichloroethylenes 
(92, 93) are very complicated due to the simultaneous 
occurrence of molecular, chain, and heterogeneous proc- 
esses. The molecular contribution to the reaction 
was either true mono- or bimolecular and was inter- 
preted in terms of Slater’s theory (179). 

The reactions of chloroalkenes are much slower 
than those of chloroalkanes and therefore must not 
be taken into account in the mechanism of the latter. 

6. Other Halogenating Agents 
The phosgene photolysis has been used as a source 

of chlorine atoms in the gas phase (197, 197a) permit- 
ting to work in the absence of molecular chlorine. 

Reactions of other halogenating agents have usually 
been studied in solution. Even though it is not in- 
tended here to review reactions in solution it seems 
interesting to discuss here a few cases. The particular 
interest of these reagents lies in their specificity; 
several substances have been used such as hypochlorites 
(193, 194), sulfuryl chloride (25), or haloimides (58) .  
The latter have been intensively studied because of 
their interest in organic synthesis (103, 168). 

It is generally accepted (192) that haloimides and 
particularly N-chloro- and N-bromosuccinimides re- 
act with hydrocarbons by a chain mechanism involving 
radicals or atoms. The nature of the chain carriers is 
still uncertain. The succinimidyl radical (27) or the 
chlorine atom (3, 5), respectively, yield the following 
schemes 

I 

SN + RH 4 R + SNH 
R + SNX --t RX + SN 

SNX-SN + X (1) 
(2) 
(3) 
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I1 
SNX-+SN + X (1) 

X + RH -+ R + HX (2) 
HX + SNX 4 SNH + Xz (2’) 

R + Xz -+ RX + X (3) 

In  a recent review (192), scheme I1 has been dis- 
carded. The arguments though are not convincing; 
in fact most experimental features favor scheme IT. 
The special reactivity of IS-halosuccinimides toward 
H atoms in the “CY” position to a double bond cannot 
be explained by scheme I nor can the addition reaction 
(55 ) .  It should be noted that no careful kinetic study 
has been performed that yielded evidence for scheme I. 
An attempt to prove the validity of scheme I on the 
basis of rate measurements (128) gave results favorable 
to scheme I1 (178). This study was based on measure- 
n,ents of the rate of bromination of toluene by E- 
bromosuccinimide. If this reaction proceeds by the 
succinimidyl radical, the rate constants of hydrogen 
abstraction should be different from the one obtained 
for bromination by bromine; actually the same was 
found as would be expected if the reaction proceeds by 
halogen atoms (178). The electron acceptor properties 
of the intermediate cannot be used to distinguish be- 
tween these mechanisms (55,128) since the succinimidyl 
radical and the halogen have similar properties. The 
influence of light, chain initiators, and inhibitors has 
been studied (55) ; unfortunately yields rather than 
reaction rates were measured. Peroxides were shown 
to increase the reaction rate considerably. Light is 
also an accelerator, this is quite interesting since N- 
bromosuccinimide does not absorb at  the wave length 
used (151, 172), but the halogen molecules involved 
in scheme I1 do. 

On the basis of scheme I1 (3, 5), the relative rates 
of substitution and addition should be given by 

V . / V ~  = (kza’/kzo)[l + K/(Ch)l 

Experimental confirmation of this equation has been 
given recently (137). 

Measurements have also been made on the hydrogen 
deuterium isotope effect in the hydrogen abstraction 
from toluene (196). If scheme I1 is valid, the isotope 
effect should be the same for SNCl and Clz and for 
SNBr and Brz but should be different for SNCl and 
SNBr while reverse conclusions should be drawn if 
scheme I is valid. Experimental results are given 
here. 

SNBr SNCl Clz SOaClr 

ka/kr, 3 .59  f 0.05 1.59 0.05 1.47 f 0.02 1 . 7 3 i 0 . 0 5  

From these it is apparent that the reactions do not 
involve an N-succinimidyl radical; SOzClz seems to 
react not only by C1 atoms but, to a small extent a t  
least, by another species. 

The cistrans transposition in cyclohexene induced 

by haloimides has also been interpreted in terms of 
scheme I1 (137). 

Iv. THEORETICAL RELATIONS 

A. THERMODYNAMIC DATA 

Many elementary rate constants of atomic chlorina- 
tions have been determined by direct measurements; 
some have been calculated from the thermodynamic 
equilibrium constant (88). These rate constants in 
turn permit one to calculate dissociation energies of 
stable compounds and heats of formation, entropies, 
and dissociation energies of free radicals or activated 
states involved in these reactions. 

Thermodynamic data used for the calculation of 
Table IIIg have been given earlier (88) and were taken 
principally from ref. 142 and 180. They are reliable to 
within *l kcal. mole-’ for the heats of formation and 
to k 1 e.u. for the entropies.1° 

Only in the cases of CzC16H (88, 139, 144) and CzCh 
(88, 139, 181) is there still an uncertainty of 4 e.u. 
The values given in (139) have been calculated using 
additivity rules (109) which have been checked for 
known compounds. It is believed that such methods 
can lead to errors amounting to 1-3 e.u. On the other 
hand, experimental results on the photochlorination 
of CzCL and CzClaH (83) give good support for the 
higher values given in (88, 191). This is based, on the 
one hand, on the frequency factors Ad’ and AS and, on 
the other hand, on the calculated entropy of C&16 
and a reasonable estimate relating values as S(C2ClaH) 
and S(CzC15) (186). However, there is no good reason 
to discard the lower values S(CzC16H) = 91.0 e.u. (144) 
and S(C2Cle) = 90.4 e.u. (181). These would yield 
log A s  = 10.8 for CzHC13; log As = 12.6 and log Ad’ 
= 7.7 for CzHCla in Table 111. In  that table, the 
frequency factors were calculated using the intermedi- 
ate values for S(CzCl6H) and S(C2Cle). 

Dissociation Energies 

For the chlorinated methanes a monotonous de- 
crease of the dissociation energies D(C-Cl) from CH&l 
to CCL has been assumed (88, 139) as for D(C-Br) 
from CH3Br to CBr4 and from CH3Br to CC13Br (175). 

(9) We wish to thank Dr. D. R. Stull (The Dow Chemical Co., Midland, 
Mich.) who has drawn our attention to numerous papers (76, 94,97,  105, 106, 
134, 138, 141). 

(10) Heats of formation of gaseoua l,l-CzHzClz, cia-l,2-CaHzClz, trans-l,2 
CzH,Clz, and CzClr given in ref. 126 and 127 should be discarded. The 
following heats of formation should be used instead; l,l-CzH&lz: -30.4 
kcal. mole-’; I,P-C~H&lz: -31.4 (119, 142, 180, 182); l,l,Z-CiHaClr: -35.9 
(119); CzHaC1: 4-8.0 (32, 130, 142); l,l-CzHd%: +0.3 (182); cis-1,P-CsHtClz: 
-0.4 (119, 147, 180); frans-1,P-C~HsCl~: -0.8 (119, 147); and CaHClr: 
- 1.8 (119, 180). Entropies calculated from ref. 126 must also be considered 
suapect and are not taken into account. S’roa l ,l ,l-CsHiCli: 76.4 0.u. can 
be calculated from the value for the standard liquid state (142) and an inter- 
polated value of 22 f 1 e.u. for the entropy of vaporization; for S0z9a 
CIHICl: 63.1 e.u. (160); trans-1,2-CzH,Ch: 70.2 e.u. (126, 155); CzHC1,: 
77.6 e.u. (6); I,1,2-C1HsCla: 78.8 e.u. (99) should be used. 
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This assumption leads to the following values for the 
dissociation energies of CHd31-H and CHClrH: 

D(R-H) D(R-Cl) El’ 
CH4 102(49, 120) 80.6 3.9 

CHCIa 93(176, 183) 71.4 3 .3  

CH&l 98 76 3 .1  
CHzClz 95 75 3 .1  

The activation energy of hydrogen abstraction pre- 
sents a minimum for CHIC1 and CHzClz; if the above 
assumption is correct, the Polanyi-Evans relation (67) 
E - aD as used (190) is not valid in this series (see 
next section). Even though the values of D(R-H) 
for methane (72) and chloroform (68) could be some- 
what different, this would not significantly change the 
trend in the series (139). 

On the other hand, the existing values for D(CzH6-H) 
and D(CzH4C1-H) (49) and the activation energies 
given in Table I11 permit one to calculate a constant 
value of 96 f 1 kcal. mole-’ for D(C-H) in the whole 
series of chlorinated ethanes. 

Since the addition of the chlorine atom to a double 
bond occurs with nearly zero activation energy, the 
dissociation energy D(C-C1) in the intermediate free 
radicals is equal to Ed (88). The values are in good 
agreement with those obtained from the over-all rate 
constantsof pyrolysis reactions (16, 18, 19,21,55a, 111, 
113). 

B. TRANSITION STATE THEORY 

In  the evaluation of rate constants by transition 
state theories, reactions with activation energy and 
reactions with zero activation energy are treated sepa- 
rately. 

1. Reactions with Activation Energy 
Activated complex theory has been applied to hydro- 

gen abstraction by halogen atoms in a rather primitive 
manner either by assuming an angular complex (86) 
or by neglecting vibrational entropy changes (187) ; 
the agreement between calculation and experiment 
was very poor. It has been pointed out (154) that the 
latter simplifkation can cause considerable error; in 
fact, a complete calculation of the classical partition 
functions for a linear complex yielded good results for 
the chlorination of methane. Calculations have also 
been made on the assumption that the complexes are 
linear with bonds 0.18 A. longer than normal single 
bonds and that the vibrational modes of C-H-X 
bonds in the complex have the same force constants as 
those in the H-H-C1 complex (69, 70, 71). Al- 
though this is an evident over-simplification, the results 
were fairly satisfactory. The application of this 
method to the chlorinated methanes has been discussed 
atlength (124). 

Frequency factors for a number of hydrogen abstrac- 
tion reactions have been calculated (198) in excellent 
agreement with experimental data. Reasonable empir- 

ical rules for bond distances (152), force constants (14), 
and Wilson’s F-G matrix method (199) were used to 
obtain the structure and mechanical properties of the 
activated complex. The “input data” required are 
essentially the following: (i) equilibrium internuclear 
distances, (ii) force constants for vibrations (104), (iii) 
dissociation energies of the bond involved in the 
reaction. 

In  a similar way the reaction occurring in the 
photochlorination of chlorinated hydrocarbons was 
treated (118). In  the London, Polanyi, Eyring, Sat0 
model (79, 164, 165), the potential energy of activation 
V ,  is a complex function of Q, a, and A. The coulombic 
and exchange integrals Q and a are evaluated from the 
Morse function considering A as a parameter which is 
adjusted empirically (195). In the bond energy bond 
order (117) model, the dissociation energy D of a bond 
of order n is assumed to be related to the dissociation 
energy of a single bond D, by the expression D = D,np 
where the bond order in the complex is determined 
from the saddlepoint condition 6V,/6n = 0. The 
index p (or Sato’s A) is chosen in such a manner that 
the calculated and experimental energies are approxi- 
mately equal. Because the potential energy of activa- 
tion includes the zero point energies of complex and 
reactants, this is done by successive approximations ; 
evidently no better agreement need be sought than is 
warranted by existing data. Pre-exponential factors, 
activation energies, and kinetic isotope effects for an 
entire series of reactions can then be found by fitting 
a single arbitrary parameter ( p  or A) to the kinetic 
data of a single reaction in the series. 

Calculations were made (118) for two series of reac- 
tions: (i) hydrogen abstraction by chlorine atoms, (ii) 
chlorine atom transfer. For the former a linear complex 

was assumed where reduced emphasis is given to the 
atoms not taking a direct part in the reaction. The 
resulting expression for the rate constant in cm.a 
mole-* sec.-l is 

k = B.B, 4.62 X 1011 ($)“’($$)(j$)’ X 

where 
Be = product of electronic partition functions 
B,  = product of rotational symmetry numbers 
F i  = force constants of normal modes (the superscript # 

Ri = bondlengths 
W* = imaginary frequency along the reaction coordinate 
W = function of force constants of activated complex 
Ilr = product of artition functions 
r* = correction f% tunneling through potential energy barrier 
V,  = potential energy of activation related to ex erimental 

activation energy by V ,  = E ,  - ORT &ere 0 is a 
term allowing for zero point energy and thermal en- 
thalpy of the reactants and the complex. 

denot,es the complex) 
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TABLE V 
COMPARISON BETWEEN EXPERIMENTAL AND CALCULATED RATE 

CONSTANTS 

E calcd. 3 .6  1 .6  0 . 9  0.8 
E obsd. 3 . 9  3.1 3 . 1  3.3 
log A calcd." 13.5 13.4 13.1 12.8 
log A obed. 13.7 13.5 13.4 13.2 

Clr + . . .  CHa CHnCI CHClr CCla 

E calcd. 4.1 4 . 5  4.6 5.1 
E obsd. 2 .3  3 . 0  4 .0  6 .0  

log A obsd. 12.9 12.6 12.0 11.7 
a Cc. mole-' 8ec-I. 

C l f  ... CHI CHIC1 CHLXz CHClr 

log A calcd. 13.0 12.6 12.4 12.1 

For chlorine atom transfer, linear reactants and com- 
plex were assumed 

giving a rate constant of the form 

The agreement between calculated pre-exponential 
factors and activation energies and the experimental 
values was very satisfactory for both hydrogen abstrac- 
tion from saturated hydrocarbons and chlorine atom 
transfer reactions. Arrhenius A factors for hydrogen 
abstraction from chlorinated methanes and ethanes 
were also predicted with reasonable success. The 
experimental activation energies for these reactions, 
however, are considerably higher than those calculated 
(see Table V). Since the theory has dealt successfully 
with many similar reactions the disagreement was 
thought due to an extraneous effect. An explanation 
has been suggested by the authors in terms of nonbond- 
ing interactions with the approaching C1 atom which 
causes the formation of an  H-R-Cl-CI complex. 
Only those atoms which have sufficient energy to 
overcome the C1-C1 dispersion forces would go on 
to form the CI-R-H-Cl hydrogen transfer complex. 
A test of this hypothesis ought to be provided by the 
H/D kinetic isotope effect where this extraneous effect 
is canceled out and which should therefore be correctly 
predicted by the theory. With this aim, the kinetic 
isotope effect in the photochlorination of CHd-CDd, 
CHC13-CDC13, and C2&-C2D6 has recently been 
investigated (44). The results are in good agreement 
with the calculated effect. Similar results were found 
in a recent study on the kinetic isotope effect in the 
chlorination of dideuteriomethane (1414. Experi- 
ments were also performed (44) on H2-D2 + C1 and 
were in good agreement with previous results and 
calculations (26). 

2. Reactions with Zero Activation Energy 
These were treated (118) using Gorids model (95), 

which assumes a central attractive potential and 
unchanging internal structure. The theory, which 
does not involve any adjustable parameters, calculates 
the rsbte a t  which complexes cross over into the spherical 
shell of diameter R, inside which the attractive forces 
exceed centrifugal forces and a close encounter is 
possible. Calculations were made for some 20 reactions 
involving radical recombination, disproportionation, 
and addition of a chlorine atom to a double bond. 
The rate constants were correctly predicted for the 
class of reactions as a whole but several large scale 
trends were not foreseen. More detailed analysis 
shows that for a large fraction of the possible rotational 
states of the complex, the assumption of central attrac- 
tive forces breaks down. For them, the outer non- 
bonding atoms are within each other's van der Waals 
radius before the radicals come within the critical 
distance R,. This is true of the CH3 radical recombi- 
nation, whose rate is correctly predicted, as well as of 
CCl, where theory and experiment differ by two powers 
of 10. The observed decrease in rate of recombina- 
tion of radical with increasing chlorination is only 
qualitatively explained in terms of noncentral CI-CI 
forces. 

V. REFERENCES 
(1) Ackerman, M., Chiltz, G., Goldfinger, P., and Martens, 

(2) Adam, J., Dusoleil, S., and Goldfinger, P., Bull. SOC. 

(3) Adam, J., Goldfinger, P., and Gosselain, P. A,, Bull. SOC. 

(4) Adam, J., and Goldfinger, P., Bull. SOC. Chim. Belges, 65, 

(5) Adam, J., Gosselain, P. A,, and Goldfinger, P., Nature, 

(6) Allen, G., and Bernstein, H. J., Can. J. Chem., 32, 1044 

(7) Anson, P. C., Fredricks, P. S., and Tedder, J. M., J. Chem. 

(8) Ashmore, P. G., and Chanmugam, J., Trans. Faraday SOC., 

(9) Ayscough, P. B., J. Chem. Phys., 24,944 (1955). 

G., Bull. Soc. Chim. Belges, 66, 325 (1957). 

Chim. Belges, 65, 942 (1956). 

Chim. Belges, 65, 523 (1956). 

561 (1956). 

171, 704 (1953). 

(1954). 

SOC., 918 (1959). 

49, 254 (1953). 

(10) Ayscough, P. B., Cocker, A. J., Dainton, F. S., Hirst, S., 
Lomax, D. A., and Weston, M., Proc. Chem. Soe., 244 
(1961). 

(11) Ayscough, P. B., Cocker, A. J., and Dainton, F. S., 
Trans. Faraday Soc., 58,284 (1962). 

(12) Ayscough, P. B., Cocker, A. J., Dainton, F. S., and Hirst, 
S., Trans. Faraday SOC., 58,295 (1962). 

(13) Ayscough, P. B., Cocker, A. J., Dainton, F. S., and 
Hirst, S., Trans. Faradall Soc., 58, 318 (1962). 

(14) Badger, R. M., J. Chem. Phys., 2,.128 (1933); ibid., 3, 
710 (1934). 

(15) Barton; D. H. R., J. Chem. SOC., 148 (1949). 
(16) Barton, D. H. R., and Head, A. J., Trans. Faraday Soc., 

(17) Barton, D. H. R., Head, A. J., and Williams, R. J., 
46, 114 (1950). 

J. Chem. SOC., 2039 (1951). 



370 G. CHILTZ, P. GOLDFINGER, G. HUYBRECHTS, G. MARTENS, AND G. VERBEKE 

(18) Barton, D. H. R., and Howlett, K. E., J. Chem. SOC., 155 

(19) Barton, D. H. R., and Howlett, K. E., J. Chem. SOC., 165 

(20) Barton, D. H. R., and Howlett, K. E., J .  Chem. Soc., 2033 

(21) Barton, D. H. R., and Onyon, P. F., Trans. Faraday Soc., 

(22) Barton, D. H. R., and Onyon, P. F. , J. Am. Chena. SOC., 72, 

(23) Benson, S. W., “The Foundation of Chemical Kinetics,” 

(24a) Benson, S. W., J. Chem. Phys., 20,1065 (1952). 
(24b) Benson, S. W., and Buss, J. H., J. Chem. Phys., 28, 301 

(24c) Benson, S. W., J. Chem. Phys., 22, 46 (1959). 
(25) Bickel, A. F., Chem. Weekblad, 52, 369 (1956). 
(26) Bigeleisen, J., Klein, F. S., Weston, R. E., Jr., and Wolfs- 

(26a) Blades, A. T., Gilderson, P. W., and Wallbridge, M. G. H., 

(27) Bloomfield, G. F., J .  Chem. SOC., 14 (1944). 
(28) Bodenstein, M., 2. physik. Chem., 13, 56 (1894); ibid., 22, 

(29) Bodenstein, M., Brenschede, W., and Schumacher, H. J., 

(30) Bodenstein, M., Brenschede, W., and Schumacher, H. J., 

(31) Bodenstein, M., and Plaut, H., 2. physik. Chem., 110, 399 

(32) Bohmfalk, E., Univ. Colo. Studies, 29, No. 2, 78 

(33) Britton, D., J. Phys. Chem., 64,742 (1960). 
(34) Britton, D., and Davidson, N., J. Chem. Phys., 25, 810 

(1956). 
(35) Britton, D., and Van Thiel, M., Intern. Congr. Pure Appl. 

Chem., 18th, Montreal, p. 6 (1961). 
(36) Burnett, G. M., and Melville, V. H., in Weissberger and 

Fries, Tech. Org. Chem., 8 ,  138 (1953). 
(37) Burns, W. G., and Dainton, F. S., Trans. Faraday Soc., 46, 

411 (1950). 
(38) Burns, W. G., and Dainton, F. S., Trans. Faraday SOC., 48, 

39 (1952). 
(38a) Cashion, J. K., and Polanyi, J. C., J. Chem. Phys., 30,1097 

(1959). 
(39) Castellano, E., Bergamian, N. R., and Schumacher, H. J., 

2. physik. Chem., 27,112 (1961). 
(40) Chambers, G., and Ubbelohde, A. R., J .  Chem. SOC., 285 

(1955). 
(40a) Charters, P. E., and Polanyi, J. C., Discussions Faraday 

Soc., 33,107 (1962). 
(41) Chiltz, G., Deltour, R., Goldfinger, P., Huybrechts, G., 

and Van der Auwera, D., Final Technical Report 
(1958), U.S. Department of Army, European Office, 
Contract No. DA-91-508 EUC 266. 

(42) Chiltz, G., Dusoleil, S., Goldfinger, P., Huybrechts, G., 
Mahieu, A. M., Martens, G., and Van der Auwera, D., 
Bull. SOC. Chim. Belges, 68, 5 (1959). 

(43) Chiltz, G., Eckling, R., Goldfinger, P., Huybrechts, G., 
Martens, G., and Simoens, G., Bull. SOC. Chim. Belges, 
71,747 (1962). 

(44) Chiltz, G., Eckling, R., Goldfinger, P., Johnston, H. S., 
Meyers, L., and Verbeke, G., J. Chem. Phys., 38, 1053 
(1963). 

(45) Chilts, G., Mahieu, A. M., and Martens, G., Bull. SOC. 
Chim. Belges, 67,33 (1958). 

(46) Christiansen, J. A., Z. physik. Chem., 128, 430 (1927). 

(1949). 

(1949). 

(1951). 

45, 725 (1949). 

988 (1950). 

McGraw-Hill, New York, N. Y., 1960, p. 342. 

( 1958). 

berg, M., J. Chem. Phys., 30, 1340 (1969). 

Can. J. Chem., 40, 1526 (1962). 

1 (1897); ibid., 29, 295 (1898). 

2. physik. Chem., B35, 382 (1937). 

2. physik. Chem., B40, 121 (1938). 

(1924). 

(1953). 

(47) Christie, M. I., Roy, R. S., and Thrush, B. A,, Trans. 
Faraday Soc., 55, 1139 (1959). 

(48) Christie, M. I., Roy, R. S., and Thrush, B. A., Trans. 
Faraday SOC., 55, 1149 (1959). 

(49) Cottrell, T. L., “The Strength of Chemical Bonds,” 
Butterworths, London, 1954. 

(50) Cvetanovid, R. J., and Steacie, E. W. R., Can. J .  Chem., 31, 
159 (1933). 

(51) Dainton, F. S., Plenary Lecture, I.U.P.A.C. Meeting, 
Aug., 1961, Montreal; Pure Appl. Chem., 5, 311 (1962). 

(52) Dainton, F. S., and Ivin, K. J., Trans. Faraday SOC., 46, 
295 (1950). 

(53) Dainton, F. S., Lomax, D. A., and Weston, M., Trans. 
Faraday SOC., 53,460 (1957). 

(54) Dainton, F. S., Lomax, D. A., and Weston, M., Trans. 
Faraday SOC., 58,308 (1962). 

(55) Dauben, H. J., Jr., and McCoy, L. L., J. Am. Chem. SOC., 
81, 4863 (1959). 

(55a) Delaet, M., Goldfinger, P., Martens, G., and Meyers, L., 
in preparation. 

(56) Dickinson, R. G., in ref. 148, p. 202. 
(57) Dickinson, R. G., and Carrico, J. L., J .  Am. Chem. Soc., 56, 

(58) Djerassi, C., Chem. Rev., 43, 271 (1948). 
(59) Dusoleil, S., Goldfinger, P., Martens, G., and Meyers, 

L., in preparation. 
(60) Dusoleil, S., Goldfinger, P., Huybrechts, G., Martens, G., 

Smoes, S., Mahieu-Van der Auwera, A. M., and Van der 
Auwera, D., Final Technical Report (1959), U.S. 
Department of the Army, European Office, Contract 

(61) Dusoleil, S., Goldfinger, P., Mahieu-Van der Auwera, 
A. M., Martens, G., and Van der Auwera, D., Trans. 
Faraday SOC., 57, 2197 (1961). 

(62) Dusoleil, S., Goldfinger, P., Martens, G., and Meyers, L., 
paper presented a t  the Faraday SOC. Informal Discus- 
sion, Cardiff, 1961. 

(63) Eckling, R., Gold6nger, P., Huybrechta, G., Martens, G., 
Meyers, L., and Smoes, S., Chem. Ber., 43,3014 (1960). 

(64) Engelsma, J. W., and Kooyman, E. C., Proc. Koninkl. Ned. 
Akad. Wetenschap., B60,321 (1957). 

(65) Engelsma, J. W., and Kooyman, E. C., Proc. Chem. SOC., 
258 (1958). 

(66) Engelsma, J. W., Kooyman, E. C., and Van der Rij, J. R., 
Rec. trav. chim., 76,325 (1957). 

(67) Evans, M. G., and Polanyi, M., Trans. Faraday SOC., 34,11 
(1938). 

(68) Farmer, J. B., Henderson, I. H. S., Lossing, F. P., and 
Marsden, D. G. H., J. Chem. Phys., 25, 348 (1956). 

(69) Fettis, G. C., Knox, J. H., and Trotman-Dickenson, 
A. F., J. Chem. SOC., 1064 (1960). 

(70) Fettis, G. C., Knox, J. H., and Trotman-Dickenson, A. F., 
J. Chem. SOC., 4177 (1960). 

(71) Fettis, G. C., &ox, J. H., andTrotman-Dickenson, A. F., 
Can. J. Chem., 38, 1643 (1960). 

(72) Fettis, G. C., and Trotman-Dickenson, A. F., J. Chem. SOC., 
3037 (1961). 

(73) Fredricks, P. S., and Tedder, J. M., Proc. Chem. SOC., 9 
(1959). 

(74) Fredricks, P. S., and Tedder, J. M., J. Chem. SOC., 144 
(1960). 

(75) Fredricks, P. S., and Tedder, J. M., J. Chem. SOC., 3520 
(1961). 

(76) Gelles, E., and Pitser, K. S., J. Am. Chem. SOC., 75, 5259 
(1953). 

(77) Ghosh, J. C., Bhuttacharyya, S. K., and Bhuttacharyya, 
S. C., Z. physik. Chem., B32, 145 (1936). 

1473 (1934). 

NO, DA-91-591-EUC-994-01-1118-54. 



ATOMIC CHLORINATION OF HYDROCARBON DERIVATIVES 37 1 

(78) Givens, W. G., and Willard, J. E., J. Am. Chem. SOC., 81, 
4773 (1959). 

(79) Glasstone, S., Laidler, K. J., and Eyring, H., “The Theory 
of Rate Processes,” McGraw-Hill, New York, N. Y., 
1941. 

(80) Goldfinger, P., J. Chim. Phys., 55, 234 (1958). 
(81) Goldfinger, P., Sessional Lecture, XVIIIth I.U.P.A.C. 

Meeting, Aug., 1961, Montreal; Pure Appl. Chem., 5, 
423 (1962). 

(82) Goldfinger, P., Huybrechts, G., Mahieu-Van der Auwera, 
A. M., and Van der Auwera, D., J .  Phys. Chem., 
64, 468 (1960). 

(83) Goldfinger, P., Huybrechts, G., and Martens, G., Trans. 
Faraday SOC., 57, 2210 (1961). 

(84) Goldfinger, P., Huybrechts, G., Martens, G., and 
Verhasselt, A., to be published. 

(85) Goldfinger, P., Huybrechts, G., and Verbeke, G., Advan. 
Mass Spectrometry, 2, 360 (1962). 

(86) Goldfinger, P., Jeunehomme, M., and Martens, G., 
J. Chem. Phys., 29, 456 (1958). 

(87) Goldfinger, P., Letort, M., and Niclause, M., “Vol. 
Comm. Victor Henry,” Desoer, Liege, 1948, p. 282. 

(88) Goldfinger, P., and Martens, G., Trans. Faraday SOC., 57, 
2220 (1961). 

(88a) Goldfinger, P., Martens, G., and Manouvrier, C., in 
preparation. 

(89) Gomer, R., and Kistiakowsky, G. B., J. Chem. Phys., 19, 
85 (1951). 

(90) Goodall, A. M., and Howlett, K. E., J .  Chem. SOC., 2596 
(1954). 

(91) Goodall, A. M., and Howlett, K. E., J. Chem. SOC., 2599 
(1954). 

(92) Goodall, A. M., and Howlett, K. E., J. Chem. Soc., 2640 
(1956). 

(93) Goodall, A. M., and Howlett, K. E., J. Chem. SOC., 3092 
(1956). 

(94) Gordon, J., and Giauque, W. F., J .  Am. Chem. SOC., 70, 
1506 (1948). 

(95) Gorin, E., Acta Physicochim. USSR, 6, 691 (1938). 
(96) Gosselain, P. A., Adam, J., and Goldfinger, P., Bull. SOC. 

(97) Gwinn, W. D., and Pitzer, K. S., J. Chem. Phys., 16, 303 

(98) Hagopian, A. K. E., Knox, J. H., and Thompson, E. A., 

(99) Harrison, R. H., and Kobe, K. A., J .  Chem. Phys., 26, 1411 

(100) Hartmann, H., Heydtmann, H., and Rinck, G., 2. physik. 

(101) Hartmann, H., Heydtmann, H., and Rinck, G., 2. physik. 

(102) Hass, H. B., McBee, E. T., and Weber, P., Ind. Eng. Chem., 

(103) Hebbelynck, M., and Martin, R. H., Bull. SOC. Chim. Belges, 

(104) Herzberg, G., “Infrared and Raman Spectra,” D. Van 

(105) Hicks, J. F. G., Hooley, J. G., and Stephenson, C. C., 

(106) Hildenbrand, D. L., McDonald, R. A., Kramer, W. R., 

(106a) Hiraoka, H., and Hardwick, R., J .  Chem. Phys., 36, 1715 

(107) Hirst, S., Ph.D. Thesis, Leeds, 1959. 
(108) Hoare, M. R., Norrish, R. G. W., and Wittingham, G., 

(1088) Holbrook, K. A., Trans. Faraday SOC., 57, 2151 (1961 ). 

Chim. Belges, 65, 533 (1956). 

(1948). 

Bull. SOC. Chim. Belges, 71, 764 (1962). 

(1957). 

Chem., 28,71(1961). 

Chem., 28, 85 (1961). 

28, 333 (1936). 

59, 193 (1950). 

Nostrand Inc., New York, N. Y., 1945. 

J. Am. Chem. SOC., 66, 1064 (1944). 

and Stull, D. R., J. Chem. Phys., 30, 930 (1959). 

(1962). 

Proc. Roy. SOC. (London), A250,180 (1959). 

(109) Hougen, B. A., and Watson, K. M., “Chemical Process 
Principles,” John Wiley and Sons, Inc., New York, N. Y., 
1947. 

(110) Houser, T. H., and Bernstein, R. B., J .  Am. Chem. SOC., 80, 
4439 (1958). 

(111) Howlett, K. E., Trans. Faraday SOC., 48, 25 (1952). 
(112) Howlett, K. E., Trans. Faraday SOC., 48, 35 (1952). 
(113) Howlett, K. E., and Barton, D. H. R., Trans. Faraday SOC., 

45, 735 (1949). 
(114) Huhn, P., Huybrechts, G., Martens, G., and Toth, M., in 

preparation. 
(115) Huybrechts, G., Meyers, L., and Verbeke, G., Trans- 

Faraday SOC., 58, 1128 (1962). 
(116) Ivin, K. J., and Steacie, E. W. R., Proc. Roy. SOC. (Lon- 

don), A208, 25, (1951). 
(116a) Johnson, P. R., Parsons, J., and Roberts, J. B., Ind. 

Eng. Chem., 51,499 (1959). 
(117) Johnston, H. S., Advan. Chem. Phys., 3, 131 (1960). 
(118) Johnston, H. S., and Goldfinger, P., J. Chem. Phys., 37,700 

(119) Kirkbride, F. W., J. Appl. Chem., 6,11 (1956). 
(120) Kistiakowsky, G. B., and Van Artsdalen, E. R., J. Chem. 

(121) Kistiakowsky, G. B., and Roberts, E. K., J .  Chem. Phys., 

(122) Knox, J. H., Chem. Ind. (London), 1631 (1955). 
(123) Knox, J. H., private communication; see ref. 98. 
(124) Knox, J. H., Trans. Faraday SOC., 58,275 (1962). 
(125) Knox, J. H., and Nelson, R. L., Trans. Faraday SOC., 55, 

(126) Kobe, K. A., and Crawford, H. R., Petrol. Ref., 37 (7), 

(127) Kobe, K. A., and Harrison, R. H., Petrol. Ref., 30 ( l l ) ,  151 
(1951). 

(128) Kooyman, E. C., Van Helden, R., and Bickel, A. F., 
Proc. Koninlcl. Ned. Akad. Wetenschap., B56, 75 (1953). 

(129) Kooyman, E. C., and Vegter, G. C., Tetrahedron, 4, 382 
(1958). 

(130) Lacher, J. R., Kianpour, A., Oetting, F., and Park, J. D., 
Trans. Faraday SOC., 52, 1500 (1956). 

(131) Laidler, K. J., “Chemical Kinetics,” McGraw-Hill, New 
York, N. Y., 1950, p. 236. 

(132) Le Roy, D. J., and Mathai, K. G., Can. J .  Chem., 40, 189 
(1962). 

(133) Letort, M., J .  Chim. Phys., 54,206 (1937). 
(134) Li, J. M. C., and Pitzer, K. S., J. Am. Chem. Soc., 78, 1077 

(135) Lossing, F. P., Ingold, K. U., and Henderson, I. H. S., 

(136) Maccoll, A., and Stone, R. H., J .  Chem. SOC., 2756 (1961). 
(137) McGrath, B. P., and Tedder, J. M., Proc. Chem. SOC., 80 

(138) Mann, D. E., Meal, J. H., and Plyler, E.  K., J. Chem. Phye., 

(139) Martens, G., Thesis, University of Brussels, 1961. 
(140) Matheson, M. S., Auer, E. E., Bevilacqua, E. B., and 

Hart, E. J., J .  Am. Chem. SOC., 71, 497 (1949). 
(141) Messerly, G. H., and Aston, J. G., J. Am. Chem. SOC., 62, 

886 (1940). 
(141a) Motell, E. L., Dissertation Abstr., 22, 3857 (1962). 
(142) National Bureau of Standards, Circ. 500, “Selected Values 

of Chemical and Thermodynamic Properties,” Washing- 
ton, D. C., 1952. 

(143) Newton, T. W., and Rollefson, J. E., J. Chem. Phys., 17, 
718 (1949). 

(144) Nielsen, J .  R. ,  Liang, C. Y., and Daasch, L. W., J .  Opt .  
SOC. Am., 43, 1071 (1953). 

(1962). 

Phys., 12, 469 (1944). 

21, 1637 (1953). 

937 (1959). 

125 (1958). 

(1956). 

J. Chem. Phys., 21, 2239 (1953). 

(1961). 

24, 1018 (1956). 



372 G. CHILTZ, P. GOLDFINQER, G. HUYBRECHTS, G. MARTENS, AND G. VERBEKE 

(145) Noyes, R. M., J .  Am. Chem. SOC., 73,3039 (1951). 
(146) Noyes, R. M., and Fowler, L., J .  Am. Chem. SOC., 73,3943 

(1951). 
(147) Noyes, R. M., Noyes, W. A., and Steinmetz, H., J. Am. 

Chem. SOC., 72, 33 (1950). 
(148) Noyes, W. A., Jr., and Leighton, P. A., “The Photochemis- 

try of Gases,” Reinhold Publ. Corp., New York, N. Y., 
1941. 

(149) Ogryzlo, E. A., J. Phys. Chem., 65, 191 (1961). 
(150) Ogryzlo, E. A,, private communication. 
(151) Orazi, O., Corral, R. A., and Colocua, E., Anales Assoc. 

(152) Pauling, L., J. Am. Chem. SOC., 69,542 (1947). 
(153) Pease, R. N., and Waltz, G. F., J. Am. Chem. SOC., 53,3728 

(153a) Phillips, L. F., and Sugden, T. M., Can. J. Chem., 38,1804 

(154) Pitaer, K. S., J. Am. Chem. SOC., 79, 1084 (1957). 
(155) Pitzer, K. S., and Hollenberg, J. L., J .  Am. Chem. Soc., 76, 

(155a) Polanvi. J. C., J. Chsm. Phgs.. 31,1338 (1959). 

Quim. Arg., 43, 55 (1955). 

(1931). 

(1960). 

1493 (1954). 
- ,  . . .  

Porter,”G., and Smith, J. A., Proc. Roy. SOC. (London), 
A261, 28 (1961). 

Pritchard, H. O., Pyke, J. B., and Trotman-Dickenson, 
A. F., J .  Am. Chem. SOC., 76,1201 (1954). 

Pritchard, H. O., Pyke, J. B., and Trotman-Dickenson, 
A. F., J .  Am. Chem. SOC., 77,2629 (1955). 

Rice, F. O., J. Chm. Phys., 10,440 (1942). 
Richards, R. E., J. Chem. SOC., 1931 (1948). 
Ritchie, M., and Winning, W. I. H., J .  Chem. SOC., 3579 

Rollefson, G. K., “The Photochemistry of Halogens,” 

Rollefson, G. K., and Eyring, H., J .  Am. Chsm. SOC., 54, 

(1950). 

Herman et Cie, Paris, 1938. 

170 11932). 
(163a) Roqukte, i. C., and Wijnen, M. H. J., J .  Chem. Phys., 38, 

4 (1963). 
Sato, S., J. Chem. Phys., 23, 592 (1955). 
Sato, S., J. Chem. Phys., 23,2465 (1955). 
Schepp, A., J. Chem. Phys., 24,939 (1956). 
Schepp, A., and Kutschke, K. O., J. Chem. Phys., 26,1020 

Schmid, H., and Karrer, P., Helv. Chim. Acta, 29, 573 

Schmita, R., and Schumacher, H. J., 2. physik. Chem., B52, 

Schmitz, R., Schumacher, H. J., and Jager, A., 2. physik. 

Schumacher, H. J., 2. angew. Chem., 50,483 (1937). 
Schumacher, H. J., Oraai, 0. O., and Corral, R. A., 

Schumacher, H. J., and Wolff, K., Z. physik. Chem.,B25,161 

Schumacher, H. J., and Thurauf, W., 2. physik. Chem., 

(1957). 

(1946). 

72 (1942). 

Chem., B51, 281 (1942). 

Anales Assoc. Quim. Arg., 40, 19 (1952). 

(1934). 

A189,183 (1941). 
(174a) Scipioni, A., and Rapisardi, E., Chim. Ind. (Milan), 43, 

(175) Sehon, A. H., and Swarc, M., Proc. Roy. SOC. (London), 

(176) Semeluk, G. B., and Bernstein, R. B., J .  Am. Chem. Soc., 

1286 (1961). 

A209,llO (1951). 

79, 46 (1957). 

(176a) Semenov, N. N., paper presented a t  the 12e Conseil de 

(177) Shilov, A. E., and Sabirova, R. D., Zh. Fiz. Khim., 34,860 

(177a) Shilov, A. E., and Sabirova, R. D., Zh. Fit.  Khim., 33,1365 

(177b) Simmons, R. P., and Wolfhard, H. G., Z. Elektrochm., 

(178) Sixma, F. L., and Riem, R. H., Proc. Koninkl. Ned. Akad. 

(179) Slater, N. B., Trans. Roy. SOC. (London), A246,57 (1953). 
(180) Smith, L., Bjellerup, L., Krook, S., and Westermark, H., 

Acta Chem. Scand., 7,65 (1953). 
(181) Calculated by Dr. R. Stull from results of Mizushima, S., 

Morino, Y., Simanouti, T., and Kuratani, K., J. Chem. 
Phys., 17,838 (1949). 

(182) Stull, D. R., and Sinke, G. C., J. Phys. Chem., 62, 397 
(1958). 

(183) Sullivan, J. H., and Davidson, N., J. Chem. Phys., 19, 145 
(1951). 

(184) Szabo, Z. G., Kiraby, D., and Barai, I., 2. physik. Chem., 
27, 127 (1961). 

(185) Taylor, H. A., and Hanson, W., J .  Chem. Phys., 7, 418 
(1939). 

(186) Trotman-Dickenson, A. F., J. Chem. Phys., 21,211 (1953). 
(187) Trotman-Dickenson, A. F., and Knox, J. H., J .  Phys. Chem., 

(187a) Vrey, H. C., and Bates, J. R., Phys. Rev., 34, 1541 (1929). 
(188) Vacherot, M., Mari, R., and Niclause, M., Compt. rend., 

(189) Vaughan, W. E., and Rust, F., J. Org. Chem., 5,449 (1940). 
(190) Vedeneyev, V. I., and Voyevodski, V. V., Zh. Fiz. Khim., 

(191) Wagman, D., private communication. 
(192) Walling, C., “Free Radicals in Solution,” John Wiley 

(193) Walling, C., and Jacknow, B. B., J. Am. Chem. SOC., 82, 

(194) Walling, C., and Jacknow, B. B., J .  Am. Chem. SOC., 82, 

(195) Weston, R., J. Chem. Phys., 31,892 (1959). 
(196) Wiberg, K. B., and Slaugh, L. H., J. Am. Chem. SOC., 80, 

(197) Wijnen, M. H. J., J .  Am. Chem. SOC., 83,3014 (1961). 
(197a) Wijnen, M. H. J., J. Chem. Phys., 36, 1672 (1962). 
(198) Wilson, D. J., and Johnston, H. S., J. Am. Chem. SOC., 79, 

29 (1957). 
(199) Wilson, E. B., Decius, J. C., and Cross, P. C., “Molecular 

Vibrations,” McGraw-Hill, New York, N. Y., 1955. 
(200) Winning, I. H., Trans. Faraday floc., 47, 1084 (1951). 
(201) Winning, I. H., Nature, 167, 525 (1951). 
(202) Winning, I. H., and Ritchie, M., J. Chem. Soc., 3583 

(203) Yates, W. F., and Hughes, L. J., J .  Phys. Chem., 64, 672 

(204) Yuster, S., and Reyerson, L. H., J .  Phys. Chem., 39, 859 

(205) Yuster, S., and Reyerson, L. H., J. Phys. Chem., 39, 1111 

C h i d e  Solvay, Brussels, 1962. 

(1960). 

(1959). 

61, 601 (1957). 

Vetenschap., B61, 183 (1958). 

60,1367 (1956). 

252, 1945 (1961). 

30, 789 (1956). 

and Sons, Inc., London, 1957. 

6108 (1960). 

6113 (1960). 

3033 (1958). 

(1950). 

(1960). 

(1935). 

(1935). 


