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If the propyl radicals undergo addition and dis-
proportionation (in addition to (5) and (6)) 

2C3H7 = C6H14 (7) 
= C3H6 + C3H8 (8) 

one obtains the following material balance equa
tions 

Rm — SRsi = -RciHiNHs + RCIHH + RciHt (9) 
- ^ C i H s = i?CjH7NH2 + 2.Rc6Hn + ^CjHi (10) 

These equations are found not to be obeyed. Mass 
spectrographic analyses8 showed2,3,3,4-tetramethyl-
pentane and an octene to be the principal products 
volatile above —80°. Reactions leading to such 
products may be postulated, usually by the addi
tion of propyl radicals to propylene, but further 
speculation on this point is not warranted. 

The existence of side reactions makes difficult the 
use of competitive rates to obtain ratios of rate 
constants. The ratio ks/k7 has values from 0.08 
to 0.17 (Table I) which are lower than the 0.5 ob
tained at room temperature.9 This can be ex
plained by side reactions which use up propylene. 

When oxygen is added to ammonia, hydrogen 
formation is suppressed but nitrogen formation is 
not. The reactions 

NH2 + O2 = NO + H2O (11) 
NH2 + NO = N2 + H2O (12) 

have been suggested.10 Reaction (12) must be rapid 
(8) The author wishes to express his appreciation to Mr. R. C. 

Wilkerson and his group at the Celanese Corporation of America, 
Clarkwood, Texas, for performing the mass spectrographic analyses. 

(9) (a) R. W. Durham and E. W. R. Steacie, Can. J. Chem., 31, 
377 (1953); (b) F. E. Blacet and J. G. Calvert, T H I S JOURNAL, 73, 661 
(1951). 

(10) (a) C. H. Bamford, Trans. Faraday Soc, 35, 568 (1939); (b) 
H. E. Bacon and A. B. F. Duncan, T H I S JOURNAL, 56, 336 (1934). 

The reactions of chlorine atoms with hydrogen-
containing compounds are chain reactions, and as 
such their over-all rates are very sensitive to the 
presence of small traces of impurity, to the condi
tion of the surface of the reaction vessel and, in 
photochemical systems, to the intensity of the ab
sorbed light. Consequently the many attempts 
which have been made to determine rate constants 
for the elementary reactions of chlorine atoms have 
met with disproportionately little success. How
ever, Tamura2 was able to set an upper limit of 6 

(1) (a) College of Forestry, N. Y. State University, Syracuse 10, 
N. Y.; (b) Chemistry Department, The University, West Mains 
Road, Edinburgh 9. 

(2) M. Tamura, Rev. Phys. Chem. Japan, IB, 86 (1941). 

compared to (11) if nitrogen formation is to be ex
plained in this way. 

The values of — R0JR^ agree with those ob
tained by Bacon and Duncan10b 2.7 to 3. 

The system ammonia-oxygen-propane is un
doubtedly complex. Acetone is one of the prod
ucts and undoubtedly results from the isopropyl 
radical-oxygen reaction, but there is no evidence 
for or against the formation of an intermediate 
hydroperoxide. Acetone is also one of the main 
products in the hydrogen bromide-catalyzed oxida
tion of propane.11 

Acetone has strong absorption bands near the 
mercury lines at 1942 and 1995 A.12 Thus acetone 
will reduce absorption by the ammonia and photo-
chemically give carbon monoxide, methane and 
ethane. This fact prevented a determination of 
the competitition between oxygen and propane for 
hydrogen atoms. Small amounts of acetone mark
edly decreased the rate of hydrogen formation 
from ammonia, due undoubtedly to radiation being 
absorbed by the acetone. 
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(11) Z. K. Meizus and N. M. Emanuel, Doklady Akad. Nauk. 
U.S.S.R., 87, 241 (1952). 

(12) W. A. Noyes, Jr., A. B. F. Duncan and W. M. Manning, J. 
Chem. Phys., 2, 717 (1934). 
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kcal. for the activation energy of reaction la. 
Cl + CH4 > HCl + CH3 (la) 

Schumacher and Wolff3 obtained E < 4.3 kcal. for 
the similar reaction with chloroform. 

The rate constant of reaction lb is known accu
rately over the temperature range 273 to 10500K. 

Cl 4- H 2 —>-HC1-T-H (lb) 

from the work of Ashmore and Chanmugam,4a 

Steiner and Rideal4b and Rodebush and Klingel-
(3) H. J. Schumacher and K. Wolff, Z. fhysik. Chem., B25, 161 

(1934). 
(4) (a) P. G. Ashmore and J. Chanmugam, Trans. Faraday Soc, 49, 

254 (1953); (b) H. Steiner and E. K. Rideal, Proc. Roy. Soc. {London), 
A17S, 503 (1939). 
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The rates of chlorine atom attack on the following compounds: methane, ethane, propane, 2-methylpropane, 2,2-di-
methylpropane, cyclopentane, methyl chloride and ethyl chloride, have been related to the rate of the reaction Cl + H2 -»• 
HCl + H. The rate factors listed in Table II were deduced from measurements made in the temperature range from 0 to 
300 °. The activation energies are lowest for those compounds which contain the weakest C-H bonds, but the activation 
energies and bond strengths are not linearly related. The most reactive compounds react with activation energies less than 
1 kcal. No evidence is found for A (pre-exponential) factors greater than the collision rates. 
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hoeffer.6 When methane reacts with chlorine in the 
presence of hydrogen, it is possible to determine ac
curately the rate of the reaction l a without any di
rect knowledge of the chlorine a tom concentration, 
solely by measurement of the relative proportions of 
hydrogen and methane used up. Similarly the 
rate of reaction of methane can be compared with 
tha t of another hydrocarbon R H . Thus a whole 
series of reaction rates, based on the assumed 
value for the rate constant of reaction lb , may be 
established. 

When a mixture of two hydrocarbons and chlo
rine is illuminated, the following reactions are pos
sible 

Cl2 + h» — > Cl + Cl 
Cl + RH —>• HCl + R (1) 

Cl + R'H >• HCl + R' (I ') 
R + Cl2 — > RCl + Cl (2) 

R' + C l 2 — ^ R ' C l + Cl (2') 
Cl + Cl + M > Cl2 + M (3) 
R + R + M —>• R2 + M (4, 4', 4") 

R + Cl + M >• RCl + M (5, 5') 
RCl etc. + C l — > • HCl + e t c . (6,6') 

R H and R ' H are only removed by reactions 1 and 
1'. Now it can be readily shown6 t ha t if 

_ !iBjHl . 4,[RH][Cl] and - ^ H I - V[R'H][C1] 

then 
h . [RH] 1 / , [R'H], 

where the subscripts i and f refer to the initial and 
final concentrations of the reactants . Equation I 
will only break down if there is a significant back 
reaction —1 or — 1 ' ; evidence on this point will 
be presented later. 

We originally hoped to establish a complete se
ries of reactivities start ing from hydrogen and work
ing upwards, bu t there was a large difference in the 
reactivities of methane and ethane. A number of 
likely substances were tried which we thought 
might be of intermediate reactivity, bu t it was 
found impossible to bridge the gap indirectly. We 
were forced to compete methane and ethane di
rectly; this comparison is therefore rather less 
accurate than the others. 

Experimental 

Approximately 2.5 X 1O-4 mole of chlorine was measured 
out and distilled into a 160-ml. Pyrex reaction vessel cooled 
in liquid nitrogen. Known quantities of the two competing 
gases were then admitted and the vessel was sealed off 
from the vacuum system. The reaction vessel was placed 
in one of a number of constant temperature baths and 
allowed to warm up to bath temperature in complete dark
ness. It was then strongly illuminated for about an hour 
with light from a tungsten filament lamp to ensure com
plete reaction of the chlorine. Finally the reaction vessel 
was reattached to the vacuum system, the seal broken and 
the contents analyzed by fractional distillation as follows 
(the optimum conditions being determined by trial on 
known mixtures). 

Methane-Hydrogen Mixtures.—The contents of the 
vessel were hydrogen chloride, methyl chloride (and some 
polychlorinated methanes) together with the residual meth
ane and hydrogen. The further chlorination of the methyl 
chloride does not invalidate equation 1, but means that the 

(5) W. H. Rodebush and W. K. Klingelhoeffer, T H I S JOURNAL, 85, 
130 (1933). 

(6) W. M. Jones, J. Chcm. Phys., 19, 78 (1951). 

amounts of HCl and CH3CI produced cannot be used as a 
check on the results. The methane and hydrogen were 
separated easily from the other compounds because they 
are volatile at the boiling point of liquid nitrogen. They 
were pumped through a trap containing silica gel7 at 
—193°; this removed the methane quantitatively, and upon 
warming up to room temperature released it completely. 
The volumes of residual hydrogen and methane were then 
measured separately. Runs were carried out at 20, 60, 100, 
135, 146, 168, 211°; for range of concentrations used, see 
Table I . 

TABLE I 

Methane + hydrogen at 100°; amount of Cl2 added = 15.5 
(±1 .0) X lO"7 mole/cc. 

Initial concn., Amount reacted, 
moles/cc. tnoles/cc. 

10'[Hi] 

28.34 
35.98 
58.15 
66.57 
76.77 
81.34 

10'[CH4] 

27.96 
44.81 
52.19 
33.80 
33.27 
51.16 

10'A[H2] 

2.22 
2.75 
4.72 
5.27 
5.24 
4.09 

10'A[CH4] 

6.96 
8.98 
7.54 
6.46 
7.72 
8.62 

ki/h' 

2.70 
2.81 
3.01 
2.57 
2.88 
2.79 

Methane-Methyl Chloride Mixtures.—The residual meth
ane was removed by pumping at liquid nitrogen tempera
ture. The rest of the contents were then distilled on to 
solid KOH to remove the HCl leaving methyl chloride and 
substituted methyl chlorides, the former being collected 
by controlled distillation at —125°. Runs were carried 
out at 25, 76, 100, 146, 211°; range of concentrations used; 
[CH4] = 30-90 X 10- ' , [CH3Cl] = 25-72 X 10" ' mole/cc. 

Methane-Ethane Mixtures.—The procedure was as for 
methane-methyl chloride mixtures except that ethane for 
analysis was pumped off at —165°. Runs were carried 
out at 76, 100, 146, 211, 290°; range of concentrations used: 
[CH4] = 65-81 X 10"^, [C2H6] = 14-20 X 10" ' mole/cc. 

Ethane-Ethyl Chloride Mixtures.—After the HCl had 
been removed the ethane was pumped off at —165° and the 
ethyl chloride at —102°. Runs were carried out at 25, 100 
146, 211°; range of concentrations used: [CjH8] = 34-64 
X 10"7, [C2H6Cl] = 43-95 X 10~7 mole/cc. 

Ethane-Propane Mixtures.—The propane was removed 
at - 1 3 3 ° . Runs were carried out at 25, 100, 146, 211°; 
range of concentrations used: [C2H«] = 18-36 X 10 - 7 , 
[CH8] = 19-66 X 10- ' mole/cc. 

Ethane-Butane and Ethane-Pentane Mixtures.—Because 
the heavier hydrocarbons and ethyl chloride have similar boil
ing points, they were collected together and measured. The 
amount of the heavier hydrocarbon was then found by sub
traction of the amount of ethyl chloride present, which was 
calculable from the amount of ethane used up. Runs with 
these mixtures were carried out at 25, 76, 146, 211°; range 
of concentrations used: [C2H6] = 20-60 X 10~7, [C4H10I 
= 20-28 X 10- ' , [C6Hi0] = 18-29 X 10 ~7, [C6Hi2] = 33 -
65 X 10" ' mole/cc. 

Very considerable care was taken in all cases that the com
ponents of the reacting mixtures were of the highest pos
sible purity. 

Results 

The calculation of results according to equation I 
was quite straightforward except when me thane -
methyl chloride and e thane-ethyl chloride mixtures 
were being investigated. Then one of the products 
of chlorination was the other member of the mix
ture. Consequently equation I had to be modified. 
Some three to six runs were performed a t each tem
perature. A specimen set of results for methane 
and hydrogen are given in Table I. The complete 
activation energy difference plot is shown in Fig. 1. 

When R ' H = RCl a more complicated form of 
expression is needed, viz. 

*L = log {A-,/At) ( u ) 

h' B, - J M i A h ' - h) y 

g B1 - kAt/ih' - kx) 

(7) R. Delaplace, Compt. rind., 205, 664 (1937). 
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2.5 
1/T X 103. 

Fig. 1.—The relative rates of chlorination of hydrogen-
methane mixtures. 

where A is [RH] and B is [RCl]. The expression 
cannot be simplified to obtain ki/ki' explicitly. 
Furthermore, in our experiments, it was found that 
the optimum experimental conditions for ease of 
analysis led to a situation where A/B was of the 
same order of magnitude as (Jki — k\)/k\, so that ex
pression I l became extremely sensitive to small 
experimental errors. This difficulty was overcome 
by considering the two limiting cases (a) that the 
RCl produced from RH does not react, and (b) 
that all the RCl produced from RH is available for 
reaction from the commencement of the run, lead
ing to 

logjAi/A,) 

and 

log 

log 

BK 

B, - (^ 1 - At) 

log [A-JAt) 
Bi + (A; - A1) 

Bt 

(Ha) 

(lib) 

In practice these two estimates of the rate ratios 
did not differ by more than 12% when R was CH3 
and they were often much closer than this. When 
R was CjH6, the differences were of the order of 10-
20%. In each case, the average result from (IIa) 
and (Hb) was used to calculate activation energy 
differences. 

When Bi = 0, equation II becomes 

Bt = 
- h - G-;)' (Hc) 

Sometimes the ethyl chloride produced was not 
separable from the residual gases, as when the eth-
ane-pentane systems were studied. Then the 
amount of ethyl chloride was estimated from 
equation Hc, using the values of ki and k\ which 
had previously been determined. 

The mixtures investigated and the experimental 
temperature coefficients are listed in Table II and 

Mixture 
RH + R'H 

H2 + CH4 

CH4 + CH3Cl 
CH4 + C2H8 

C2H6 + C2H6Cl 
C2H6 + CH2(CHs)2 

C2H6 + CH(CH3)3 

C2H6 + C(CHs)4 

C2H, + cyclo-C6Hio 

TABLE II 

AI'/Ai 

0.32 
2.22 
4.67 
0.38 
1.47 
1.64 
1.03 
2.45 

£1 - Ei', 
cal. /mole 

1650 ± 150 
490 ± 150 

2850 ± 370 
- 4 9 0 ± 90 

330 ± 200 
140 ± 20 
300 ± 40 
420 ± 40 

x 10-», 
moles*1 

CC. 
sec. - 1 

0.26 
0.57 
1.20 
0.46 
1.76 
1.96 
1.23 
2.93 

Ei', 
cal./ 
mole 

3850 
3360 
1000 
1490 
670 
860 
700 
580 

the experimental points are plotted in Fig. 2. The 
experimental uncertainties are represented by an 
error quoted on the activation energy differences; 
these errors were estimated from the scatter of the 
Arrhenius plots. The values in the columns 
headed Ai' and E\ are calculated from columns two 
and three of the table together with the rate ex
pression for hydrogen itself, viz., k/it = 0.79 X 10M 

exp. (-5500 ± 200/RT) mole-1 cc. sec.-1. 

2.0 3.0 3.5 2.5 
1/T X 10'. 

Fig. 2.—The relative rates of chlorination of mixtures: 
O, hydrogen + methane (x = 0); C, methane + methyl 
chloride {x = 0); • , methane + ethane [x = —1.3); 
3 , ethane + ethyl chloride (x = 1.0); ©, ethane + propane 
{x = —0.3); S, ethane + isobutane (x = 0); O, ethane + 
neopentane (x = 0); O, ethane + cyclopentane (x = —0.1). 
(Each point represents the mean of all experiments carried 
out at that temperature; the relative rate equations were 
calculated from the data for the individual experiments by 
the method of least squares.) 

Returning to the problem of bridging the gap in 
reactivity between methane and ethane, it might 
be thought from the results in Table II that methyl 
chloride would provide the answer. But the values 
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of ^MeCi/^EtH apparent ly showed a maximum at 
100° and fell away a t both higher and lower tem
peratures. Probably this strange result was ob
tained because it was impossible to separate ethyl 
chloride, methyl chloride and methylene dichloride 
by distillation, so tha t the extent of the reaction 
had to be estimated indirectly. Experiments were 
also carried out with ethane and chloroform, eth
ane and dimethyl ether and with ethane and ben
zene mixtures. Dimethyl ether chlorinates approxi
mately twice as fast as ethane both a t 25 and 146°; 
benzene and chloroform appeared to react a t about 
the same rate as ethane, but more moles of ethane 
were used up than the number of moles of chlorine 
originally added. We have not sufficient analytical 
evidence to account satisfactorily for this. 

The possibility t ha t " h o t " chlorine atoms may be 
involved was investigated by adding about 20 cm. of 
argon to some of the ethane-isobutane mixtures. No 
difference in rate ratios was observed. The addition 
of an inert gas to hydrogen-methane mixtures would 
have been a more rigorous test, but it is difficult 
to analyze hydrogen and methane in the presence of 
large quanti t ies of argon. 

Discussion 
The results listed in Table I I exhibit several in

teresting features. The activation energies for at
tack of chlorine atoms on ethane and larger mole
cules are very small. The large drop in activation 
energy from hydrogen to methane to ethane fol
lowed by the near constancy for other hydrocar
bons shows tha t there is no direct parallelism be
tween activation energy and bond strength, what
ever system of dissociation energies one uses. I t is 
also satisfying to note tha t although the errors in 
determining the activation energy for higher hy
drocarbons could accumulate to quite large totals, 
none of the activation energies calculated for these 
compounds is negative. Another point worthy of 
mention is the fact tha t the chlorination of methyl 
chloride is easier than the chlorination of methane, 
but ethyl chloride is more difficult to chlorinate 
than ethane. 

From a knowledge of the heat of a reaction and 
its activation energy, the activation energy of the 
reverse reaction may be calculated. The only case 
meriting discussion at the present time is reaction 7a 

Cl + CH4 •—> CH3 + HCl (7a) 

which, if Z)(CH3-H) is 102.5 kcal./mole, is exother
mic to the extent of about 650 cal . /mole; we find 
tha t the activation energy of the reaction is 3850 
cal./mole, so tha t the activation energy of reaction 
— 7a 

CH3 + HCl > Cl + CH4 ( -7a ) 

must be 4.5 kcal. The reaction of methyl radicals 
with hydrogen chloride has been studied recently 
by Cvetanovic and Steacie8 who concluded tha t 
the activation energy was about 2.1 kcal. /mole, 
but their results were not very reproducible. From 
their experiments a t 28° they quote an upper limit 
of 5.1 kcal. which is consistent with our observa
tions.9 

(8) R. J. Cvetanovi6 and E. W. R. Steacie, Can. J. Chem., 31, 518 
(1953). 

(9) A preliminary note10 on this topic contained some arithmetical 

Because of the closeness of the activation energies 
for forward and back reactions, it is possible tha t an 
equilibrium may be set up in the reaction with say 
R H . Consequently, the reaction with R ' H will be 
favoured. This can only occur in the experiments 
with hydrogen and methane where the reactions 
are thermally neutral, perhaps with methyl chloride 
and possibly with neopentane where, by analogy 
with the primary bonds in M-butane, the C-H dis
sociation energy could be as high as 102 kcal. /mole. 
However, we have found no experimental evidence 
tha t the back reactions are a t all important ; if one 
of the reactions were approaching equilibrium, vari
ation of the ratios of R H and R ' H would lead to a 
corresponding variation in the resulting ki k\' 
values. No such variation was observed in experi
ments with any of the molecules mentioned. 

The results obtained in this research throw some 
light on the problem of frequency factors in bimo 
lecular reactions. In Table I I I we compare the 
observed frequency factors [A) with the collision 
frequencies (Z) of the reacting species. These col
lision numbers are for a temperature of 4000K. and 
are calculated on the basis of collision diameters 
taken from a recent paper by Rowlinson' ' ; the 
collision diameter for chlorine hasbeen taken to be 
the same as tha t for argon (3.42 A.). In the final 
column of Table I I I , the quanti t ies A/Z are listed 
and we will loosely identify these ratios with the 
steric factors for the reactions; to a t tach any pre
cise significance to the ratio A Z involves a knowl
edge of the number of square terms contributing to 
the reaction. The quant i ty AjZ is never signifi
cantly greater than unity and we may therefore 
conclude tha t the chlorine a tom reactions studied 
here do not have steric factors greater than unity. 
However, steric factors considerably greater than 
unity have been reported for the corresponding 
reactions of bromine atoms.1 2 I t is interesting 
tha t bromine should react with 2-methylpropane or 
2,2-dimethylpropane with frequency factors of the 
order of 10" mole^1 cc. sec."1 whereas chlorine re
acts with the same substances with "normal" fre
quency factors. This large difference cannot be 

TABLE III 

Reactant 

H2 

CH4 

CH3Cl 
C2H6 

C2H11Cl 
C3Hs 
IsO-C4HiO 
NeO-C8Hi2 

Cyclo-CjHio 

Collision 
diameter, A. 

2.93 
3.85 
4 . 1 " 
4.30 
4.5° 
4.75 
5.20 
5.45 
5.4° 

io-»,z, 
moles ~ l 

4.04 
2.20 
1.09 
2.04 
1.79 
2.07 
2.1« 
2.23 
2.21 

10-11.4 
cc. sec. "i 

0.79 
.20 
.57 

1.20 
0.46 
1.76 
1.96 
1.23 
2.93 

A/Z 

0.2C 
.12 
.3 
.6 
.3 
.9 
.9 
.6 

1.3 

" Estimated. 

errors. *7« was given as 10"-* exp. (-3800/.R2') mole"1 cc. sec. '1 , 
whereas 101 ' '1 exp (— 3850/RT) is correct. Consequently, £-7a should 
have been 1012-1 exp. ( - 4 5 1 0 / i J D which is equal to 10s-8 at 150°. 
The agreement with the value of 1010-* given by Cvetanovic and 
Steacie is as good as was reported previously. 

(10) H. O. Pritchard, J. B. Pyke and A. F. Trotman-Dickenson, 
T H I S JOURNAL, 76, 1201 (1954). 

(11) J. S. Rowlinson, Quart. Rev., 8, 168 (1954). 
(12) B. H. Eckstein, H. A. Scheraga and E. R. Van Artsdalen, J . 

Chem. Phys., 22, 29 (19.54). 
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A's in mole 
log A 
expt. 

13.4 

12.5 

11.5 

13.7 

TABLE IV 
1 cc. sec. - 1 , 

E 

3.9 

9.0 

14.3 

18.3 

E's in kcal./mole. 

Ref. 

This work 

See discussion 

14 

15 

log A 
calc. 

13.0 

13.3 

10.9 

13.7 

Ref. 

This work" 

16 

16 

15 

Reaction 

Cl + CH4 — HCl + CH, (7a) 
H + CH4 -* H2 + CH, (7b) 
CH3 + CH4 -* CH4 + CH3 (7c) 
Br + CH4 — HBr + CH3 (7d) 
" The transition state calculation was made by standard methods.16 The H-Cl distance was assumed to be 1.65 A. and 

the C-H-Cl doubly degenerate bending frequency was taken as 500 cm.-1. 

accounted for by experimental errors, but the pos
sibility still remains that there may be an error in 
the assumed reaction mechanisms (the bromination 
of neopentane experiments were criticised on these 
grounds by Benson and Graff13 who suggested that 
the neopentyl radicals produced in the reaction 
might decompose to methyl radicals and isobutene; 
they showed that such an assumption would re
duce the frequency factors to the same order of 
magnitude as the collision number). 

We may now consider the rate factors of the four 
reactions of methane listed in Table IV. All are 
taken directly from the sources except the rate fac
tors of reaction 7b. We have estimated these as 
follows: The activation energy of reaction — 7b is 
10.0 kcal./mole,17 and reaction 7b is approximately 
1 kcal./mole exothermic. Therefore the activation 
energy of reaction 7b is 9 kcal./mole. The A factor 
of reaction —7b is 1011-6 mole - 1 cc. sec. -1. From 
considerations of the entropies of the substances in
volved in the reaction18 we can show that A7b/A-7D 

10. Therefore A7b is 1012-6 mole - 1 cc. sec." if 
anything this value is likely to be a little high. 
These rate factors give k7b = 107-7 mole - 1 cc. sec."-1 

at 140°, which value agrees far better than could 
be reasonably hoped with the value of 107-6 mole - 1 

cc. sec. - 1 measured by Berlie and LeRoy.19 They 
found that k7b = 1010'0 exp.(-4500/i?r) mole -1 cc. 
sec. -1, but placed much more reliance on their 
measurement of the reaction rate than of its tem
perature dependence. Indeed, measurements of 
rates are generally much more reliable than meas
urements of temperature coefficients. It can be 
seen from the table that all of these A factors are in 
reasonable agreement with the predictions of 
transition state theory listed in the fifth column. 

It is often suggested, as a rough corollary of the 
supposed activation energy-dissociation energy 
relationship, that in a reaction of the type 

X + RH >• HX + R (7) 
the stronger the HX bond, the lower the activation 
energy and it is instructive to examine this hypothe

cs) S. W. Benson and H. Graff, J. Chem. Pkys., 20, 1182 (1952). 
(14) J. R. McNesby and A. S. Gordon, T H I S JOURNAL, 76, 4196 

(1954). 
(15) G. B. Kistiakowsky and E. R. Van Artsdalen, / . Chem. Phys., 

12, 469 (1944). 
(16) S. Bywater and R. Roberts, Can. J. Chem., SO, 773 (1952). 
(17) E. Whittle and E. W. R. Steacie, J. Chem. Phys., 21, 993 (1953). 
(18) A. F. Trotman-Dickenson, ibid., 21, 211 (1953). 
(19) M. R. Berlie and D. J. LeRoy, Can. J. Chem., 32, 650 (1954). 

sis in the light of data now available. Consider the 
activation energies of the three reactions 7a, 7b and 
7c. The bonds formed in the three reactions have 
identical dissociation energies to within about 
± 1 % ; hence thermochemistry alone cannot ac
count for the steady gradation in activation energy 
along the series 7a, 7b and 7c. It is interesting to 
speculate on the cause of the wide variation in ac
tivation energy for these reactions. Presumably it 
arises from differences in the repulsion energies 
upon close approach of the reacting particles, chlo
rine being the least repelled and methyl the most. 
If we are to retain the idea that the "transition 
state" in these reactions is a fairly localized affair 
and that the methane molecule does not fly apart 
when a chlorine atom passes nearby, we must ac
cept that the chlorine atom can approach very close 
to the methane molecule without any marked re
pulsion. We imagine that this is only possible be
cause the free electron on the chlorine atom has a 
significant attraction for the electrons in the meth
ane molecule. Therefore, we should expect that the 
greater the electroaffinity of the singly occupied or
bital, the easier the close approach of the two cen
ters would be. If the methyl radical is flat, it 
should have an electroaffinity of about 6 e.v.20; 
the values for the hydrogen and chlorine atoms are 
7.2 and 9.5 e.v., respectively.21 Thus the relative 
values of the activation energies of reactions 7a, 7b 
and 7c can be understood in terms of the electroaf-
finities of the approaching particles. It seems that 
we can distinguish at least two factors which gov
ern the activation energy of reaction 7 for a con
stant RH, these being the thermochemistry of the 
reaction and the electroaffinity of the abstracting 
particle. 

In spite of the difficulties in analysis without re
sort to mass-spectrometric techniques, we feel that 
the numerical results presented here are essentially 
correct: the further exploitation of the competitive 
method using physicochemical methods of analysis 
is not feasible. But with a mass-spectrometer 
available, the range of substances investigated 
could be considerably extended, the accuracy im
proved, and interesting results on the relative rates 
of reactions 2 and 4 could be collected. 
MANCHESTER, ENGLAND 
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