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Radicals. VI.

The Mechanism of Some Chain Reactions

By F. O. Rice anp K. ¥, HERZFELD

One of us has recently proposed! a free radical
mechanism for the pyrogenic decomposition of
aliphatic organic compounds from which one can
predict quantitatively the products formed on
heating a wide variety of organic compounds.?

In order to substantiate this theory fully, it will
be necessary to account also for the experimental
fact that the decomposition of such substances as
ethane, acetone, and dimethyl ether follows the
equation of a unimolecular reaction, whereas the
decomposition of acetaldehyde follows an equa-
tion® of an order between 1 and 2; we want to
show here that these experimental results are
consequences of the theory.

(A) Decomposition of Ethane.—We will first
write the chemical equations of the chain reac-
tions, as postulated by the theory.

The velocity constant for the #n-th reaction
from left to right will be called %,, from right to
left, &’,. Furthermore, the estimated heats of
activation will be given since it is necessary to
estimate the relative values of the &’s.

If one writes the equilibrium conditions for (3) and
(4) and multiplies the corresponding equations,
one finds

kzkl

XeX7

e @
(equi)
where K is the equilibrium constant. The equi-

librium has been measured by Pease,* who finds as
heat of reaction 31.4 k. cal. Therefore (3') gives

Ey + Ey — E! — E| = 314 @)
Similarly it follows from (6) that
Ea+Eﬁ—'E1-a—Ea' = 31 (6’)

Finally E; — E4 = 103 — (Q, if 103 is the heat of
dissociation of hydrogen and Q is the strength of
the C-H bond in ethane (about 95); therefore

8 < E/—E. =12 4"

Furthermore, with £; = 80 and a strength of the
C-C bond of 72-76, E 1 must be between 4 and &.
We will confine our attention to the first stages of
the reaction, so that all the back reactions may be

A. REACTIONS IN THE DECOMPOSITION OF ETHANE

No. Chemical equation

1 CH, == 2CH;

2 CH; + C:H, === CH, + CH;CH,

3 CH;CH; <= CH,+ H

4 H + CHs =2 H, + CH,CH;

5 H+HZTZH

6o H + CH,CH; === GH, + Hy
3 H + CH,CH; =—= C,H;

7 H + CH; === CH,

8 CH; + CH;CH, = C;Hs

9 2CH,CH. 2 CiHyo

The concentrations are denoted as follows

CH, CH, CH,CH, H CH,
X1 X2 X3 Xy X5
C,H; H, CHs  CHyo

X X7 X3 X

(1) Rice, TH1s JourNaL, 63, 1959 (1931); 68, 3035 (1933).

(2) On the basis of this mechanism we would expect the experi-
mental result that two organic compounds when mixed do not de-
compose independently of each other; see Heckert and Mack, THis
JourNAL, 61, 2706 (1929); Steacie, ibid., 54, 1695 (1932); J. Phys.
Chem., 86, 1562 (1932); Xassel, THIS JoURNAL, B4, 3641 (1032);
Steacie, J. Chem. Phys., 1, 313 (1933).

(3) Kassel [J. Phys. Chem., 34, 1166 (1930); *'Annual Survey of
American Chemistry,” 1932, p. 31] has mentioned these problems
but was unable to solve them.

Heat of activation

Velocity constant E’
Eu, ki 80 8
ko, b2 20 20
ks, ks 49 10
ka, ki 17 25
Yok, 1/ok; Triple collision 100
ksax, Rs' ' Small 60
k(1 — a), kéB Small 00
b, ki Small 90
ks, ki 8 80
ks, ko 8 80

neglected.® The proposed mechanism consists in
the steps (1), (2), (3), (4) and (6).

We therefore derive first the kinetic conse-
quences of these steps alone and later show that
(5), (1), (8), (9) can be neglected with a proper
choice of rate constants.

The concentrations of the intermediate radicals
can be arrived at by assuming their amount
constant in the steady state (after an immeasur-
ably short period).

(4) Pease and Durgan, Tais Journat, 52, 1262 (1930).
(5) Of course in equilibrium the rate of each reaction is equal to
that of its own back reaction (principle of detailed balancing).
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dxz/dt = k;x; - k2x1x2 =0 (10)
doxes/dt = kexyxy — ksxs + Etixs — kexaxs = 0 (11)
dx4/dt = kaxs - k4x1x4 - k5x3x4 = 0 (12)
From these equations®
Ng = kl/kz, and (13)
Xy = X1V k1k4/2k5k3 (14)
x4 = V Eiks/2kiks (15)7

The number of hydrogen atoms, x4, is then
independent of xy, the amount of ethane (at
moderate pressures). The reason for this is that
the production of H through (3) as well as its
destruction through (6) are both proportional to
X1.

We have taken into account the fact that the
rates of formation of ethylene and methane are
kaxs and kpxy, respectively;*Y since the methane
yield is small, we must have

Bsxs > kyey or N Eikska/2ks > by (16)
Furthermore, in order to exclude the chain-
destroying reactions (5), (7), (8) and (9) we have
assumed that
ki ks

1 2 . —_——

5 kex? < kexyxs or 2 b < % Qa7
ke %

é koxs? < ksxsxs oOr 2_k96 k—: n <1 (18)
kk kikak,

krxgxy < ksxgxa  oOr %2_1 < \/ 12]:36 (19)

hunm < keves or P o \/ kakks (20)
ks 2k,

Before discussing these equations, we will write
the over-all equation for the decomposition of
ethane

From (13), (14) and (15)

do _ 8  k( — a)) \/k;kskil
Tt [2 ks (1 e + 2%, (21)

Of this, —!/skyxy is the primary reaction, and
ksks Ei— E; — Es
2+a-l-2\/2k1ke~28 SRT
is the length of the chain.
Marek and McClure® have measured the heat
of activation and have found that
l/a(El + E}; + E4 - Ee) = 73 k. Cal., or
Es + Ei = 66 (22)
In the discussion of reactions (16)-(20), we remark
that Marek’s measurements® extend over tempera-

(6) At low pressures (10) would take the form kix1 — kixs? = 0.
At high pressures k xekaxs = k,’kukz” or 108 — (F; + E; — 2E3)/
2.3 RT which is small compared with 1 if E» <32.

(7) The exact equation is

ik (1 _k!_§> - §1+lz_i_ks~— Rak/lal
ke
ks ks

2kske 2k, ks x1
) (ka krks — kski/ke L\ Ba
— ~— g1y + | =
2keks — ks ki/ke2 g ks ks ks %1/ k2
(8) Marek and W. B. McClure, Ind. Eng. Chem., 33, 878 (1931).
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tures from 873-973° abs. and x; from 1/; to !/;
we measure x in volume concentrations relative
to normal pressure and temperature. If we
assume that the accuracy of the first order is
assured within 109}, the inequality sign in (17)
and (18) means that the left side is not larger than
one-fifth of the right (see footnote 7, quadratic
equation).

We assume that all unimolecular reactions have
rate constants 1014 ¢~ Z/%7T sec.™!, while for all
bimolecular reactions the constant is 10° e ~%/%7,
with the following exceptions: the reunion of
2H needs a triple collision and has therefore a rate
of about ks = 10%,2; to satisfy both (17) and
(18), it is necessary that ko/ks = 1073, (23)

If E3 = 8 k. cal,, there must be an additional
steric or probability factor of 107! in k. If the
strength of the C-C bond were 76 instead of 72,
E,s would equal 4 and a factor of 10~? would be
necessary. As there is no reason to single out
reaction (9), we will assume this factor !/y and
E = 8k. cal. for all reactions involving the reunion
of radicals.

Then (186) is fulfilled automatically, since from
{(22), equations (17) and (18) are equivalent to
kg/lﬁks = ka/k4 = 500r32 = E;— E, = 28, (24)
The values chosen in Table I comply with this
inequality; they are selected in view of equa-
tion (27') of the back reaction and condition
4". (19) and (20) are fulfilled with a wide
margin.

The final equation for the decomposition of
ethane is then
kiksks 73,000

r —kxy; logk=§log—2—7%— = 13.7—m

compared with Marek and McClure’s empirical
value

(22

73,200

(227)
The length of the chain is
23(80_ 17— 49)/2RT ~ 100

which is in reasonably good agreement with the
fact that 29, of methane has been found among
the decomposition products (rate of formation
kaxixs = k1), The chain length is rather sensi-
tive to changes in E3 + E,.

(A’ The Formation of Ethane from Hydro-
gen and Ethylene.—This reaction has been in-
vestigated by DPease.® The mechanism follows
without any new assumption directly from our
previous investigation.

(9) R. N. Pease, Turs Jour~ar, b4, 1876 (1932).
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The mechanism involves (6a’) as production of
the chain-carriers H and CH;CH,, and then the
chain (3') and (4).

As equations for the condition of constancy of
the carriers we have for H:
ke'a'xexy — Rexsxs + Raxs — ky'xixs + Ra'xgwr — kaxe? = 0

(23)
and for CH;CHo,:

ko' a'xex7 — koxaxy — Raxs + Ra'xsxe — Bixgx; = 0 (24)

The main reaction, disappearance of ethylene,
is given by
de

— -d? = ke’a’xgx4 + k3IX4xs - k3x3 _ keax3x4

In (23) k;'x.? can be neglected in comparison with
ky'xues, as is shown by inserting (26). (23) and
(24) lead to

(25)

s ke
kdx: -+ ks
- %6- = ke(l — a)xaxs + Ra'waxr = k(1 — a@)xexr +
ky'xr + ks
Pease’s investigations show the reaction to be
unimolecular within the range of 773-825°K.
and down to x; ~ '/s. Again taking 109, as the
limit of accuracy, this means that
ki/ky' X 6 < 1/5, or
Es - EJ = 24
which is fulfilled by the values of the heats of
activation which we have selected.
We find therefore for the resultant reaction

I
‘\/ﬁ%ﬁ-‘i by X xexr

with a resultant heat of activation

x? = g

(26)

@7

@7)

(28)

% (B + Ed + Ea') = 5 (35 + 60) = 47.5 k. cal. (28")

which value is in good agreement with the experi-
mental value of Pease, 43.5.

If this is the predominant mechanism rather
than the direct reaction, then the agreement of the
velocities as measured by Matek (forward reac-
tion) and by Pease (back reaction) with the
equilibrium is somewhat fortuitous.

The sum of the apparent heats of activation of
the forward and back reactions according to our
calculations is

5 (B + Es + Es — B/ — EJ — Ed)
or according to (4')

LB~ B + Q)
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or according to (6)
0+ 3 (B + Ei-a — Ea ~ Ep)

and thisisQonlyif £y, — E' ~E, + E, ., = 0.

(B) Decomposition of Acetone.—Again num-
bering the equations and substances as in the
case of ethane, we have

Reaction

(1) CH,COCH, = CH; + CH,CO
(2) CH;CO = CH, + CO
(3) CH; + CH,COCH, > CH, + CH,;COCH,
(4) CH,COCH, T~ CH; = CO + CH;
(5 CH; + CH; === C.H;
{6) CH; 4 CH,;COCH,; == CH;COC,H;
(7) 2CH,;COCH, ==> (CH;COCH,),
Reaction constant Heat of activation
(0} ki, k' E =70
) ky, ko’ Es = 10
(3) ks, k' E; =15
(4) k4, k4’ E4 = 48
6)) ks, ks’ E; =8
(6) ku, ke' Ee =8
(7) }?7, k1' E7 =8 E7I = 45

As before, we number substances, denoting
concentrations as follows:

CH;0CH; CH;, CHsCO CH,COCH,
Xy X2 X3 X4
CH,CO CO CH, C.H, CH,COCH,CH;
X5 Xe X7 Xs X9

Proceeding in a manner similar to A we arrive
at the following equations for the intermediate
products as condition for the steady state

%’% = kyey + kavs — kavive 4 kaxs — kexoxs = 0 (€]
d
-?x:i = klxl - kzxs =0 (9)
d.éxf = kaxaxy — kyxy — kexoxs = 0 (10)
which lead to the following results
%3 = (ki/k2)x 99
%2 = ik keks 11
% = 31\ kiks/ ke (12)

The concentration of CH3;COCH,, the main
carrier of the chain, is proportional to x; (concen-
tration of CH;COCHj;) because it is produced by
a collision of methyl radicals with acetone (the
concentration of methyl is constant, since it is
produced by the dissociation of acetone and dis-
appears by collision with CH;COCH,, which has a
concentration proportional to that of acetone).

The following inequalities have been assumed

ksx2x4 << k4x¢ or k1ka/k4k3 << 1 (13)
ksxe? <€ kixy ot ksky/keky << 2, (14)
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Equation (13) leads to

Es+ E, —78kKL0 (139
and is easily fulfilled. (14) means that
105 e(Es ~ Es +Ea—Ey)/RT) < x (141)

Within the range of the experiments (" = 800 to
900° Abs., x1 2 /) and with the accuracy we
have assumed before, Es — E3 = 26.

We can neglect reaction (9), since after a few
seconds a steady state of equality between
reactions (9) and (9) is reached.?

One finds then for the decomposition of the
acetone'!

The chain length is given by
gf-:: ~ 3 ¢/2RT ~ 300
Thus the formula for the chain length is, except
for a factor 2, the same as that for ethane, the
numerical difference being due to the difference in
the heats of activation.

(C) Decomposition of Dimethyl Ether.—
This reaction has been investigated by Hinshel-
wood.!® The mechanism according to the theory
of free radicals is given below. For an inter-
mediate stage two ways of reaction are possible,
namely, (2), or (3) + (4). It will be seen later
that the results of the calculations are the same

du/dt = By — ko (15) for both alternatives.
DeCOMPOSITION OF DIMETHYL ETHER

No. Chemical equation Reaction constant E L’
1) CH;0CH; === CH; + CH;0 By ki 80

@ CH,0 + CH;OCH; = CH;0H 4 CH,0OCH;, or ko, ko' 15-25

(3) CH;0 === HCHO + H, and ks, ks’ 20-45

4) H -+ CH;0CH; <= H, + CH,OCH; b, ko’ 10-15

(5) }chain CH; + CH;OCH; === CH, + CH;OCH; ks, ks’ 15

(6) CH,OCH; == CH, + HCHO ko, ks’ 38

) 2CH, <= C.Hs ko By 8 80
(8) CH; + CH,OCH; = C.H,0CH; ks, ks’ 8

© 2CH,0CH; === (CH;OCH,), ke 8 45
10) 2CH;0 2 (CH,0); unstable 8 45
(11) CH;0 + CH,OCH; T CH;0CH,0CH, ku
(12) H + CH; == CH, ki
(18) H + CH,0 <=~ CH,0H Fra
(14) H + CH,OCH; === CH;0CH; ki

or leaving out unimportant terms

dxx/dt = - kxl, with 2 = V k1k3k4/kg (15,)

log b = 14.5 — (62,500/2.3RT) (15")
while Hinshelwood and Hutchinson!? give 15 -
(68,500/2.3RT).

(10) One easily finds x1p = kzxa2/k1’ (1 — e~%7"%); x4 has reached
1 — 1075 of its final value after a time 11.5/k; = 1013 ¢18/RT,
which is ouly a few seconds at the utmost. At that time the excess
of CHsCOCH: combining with itself over the reproduction of this
radical through the dissociation of (CH3;COCHS,): is 1075 krxs?2 =
1075k; (kiks/kekex?). This is small compared with kixi. The sta-
tionary value of x15 = kxs2/ky = 1075 ¢~16/RT,

(11) In the decomposition of both acetone and dimethyl ether
there are two chain carriers, the methyl group and a heavy carrier.
The chain could be terminated in three ways: by recombination
of two methyl groups, by recombination of two heavy groups, or by
combination of one mmethyl and one heavy group. The latter
mechanism is necessary to give the right order of reaction. It is
predominant over the recombination of two methyl groups, because
with the assumed heats of activation there are more heavy radicals
than methyl groups present; the recombination of the two heavy
radicals is relatively insignificant because of the chemical instability
of the bond which is formed, thus permitting the resulting product
to be decomposed very quickly into its components. We have not
assigned a large activation energy to the recombination of methyl
radicals [see Heitler and Schuchowitzki, Phys. Zeit. der Sowjetunion,
3, (1933)], because our experimental work indicates that this is
contrary to the experiments.

(12) Hinshelwood and Hutchinson, Proc. Roy. Soc. (l.ondon),
Al111, 245 (1926).

We again give indices to the different substances

CH;OCH; CH; CH;0 H CH,OCH, CH,
1 2 3 4 5 6
HCO H, C:Hs, CH;OH CH;CH,OCH;
7 8 9 10 11

and use x with the corresponding subscript to
denote concentration.

Only CHj; (2) and CH,OCHj (5) are involved as
intermediaries in the chain. Accordingly CH;0
(3), and H (4) in the second mechanism, are
present in much smaller quantities. Therefore,
we are going to neglect beforehand the reactions
in which (2) or (5) disappear by collision with (3)
or (4), that is, reactions (10) to (14).

We start with the consideration of the first
mechanism and find for the three intermediate

compounds
CH; dxp/dt = kyxy — ksxixg -+ kexs — kixa® — kgvexs = 0
(16)

CH30 dxs/dl = k1x1 - kmx; - kl’xm = () (17)

(13) Hinshelwood and Askey, ibid.,, A116, 215 (1927).
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CH:OCH; dws/dt = kaxaxs -+ kevixa — kexs — kexaxs —
koxy? = 0 (18)
From these equations

X3 = ki/ks (19)
X2 = V k),ks/ksks (20)“
x5 = x1 \ kuks/keks 21

The following reactions have been neglected

kl’xzxs << szCxxa or kll vV k;ks/kska << kle (22)
k7x‘22 < 2ksx2x5 or k7k5/2ksk5 << x1 (23)

(22) is automatically fulfilled, and (23) gives
(10%/2)e(Es=20/27 < 5:/5 (23"
with the same accuracy as before; or with x; ~
Ve, ks — Ee 2 23.
The rate of decomposition of the ether is given
b_V dx]/dt = —2k1x1 -— k5x1x2 or
kiksks 62,500
=1 —_— = _
log k /2 log T 14.5 23RT
Hinshelwood gives 13.2 — (58,500/2.3RT).
Methane is formed at the rate ksxexy (see dimethyl ether).
Formaldehyde, HCHO, at the same rate, since kex; =
ksxaxy.
CHSOH: k2x3x1 =
reaction.
CH3CH,OCHj;: ksxyxs = kix;, which is again equal to the
primary reaction.
CoHg: kixs? = kikike/ksks, which is less than the primary
reaction.

(24)

k1%, which is equal to the primary

In the low pressure region this situation is re-
versed; the formation of ethane is then equal to
the primary reaction and responsible for the
breaking of the chain, while the formation of
ethyl methyl ether, which terminates the chain
in the high pressure region, is now proceeding at
the rate (ksks/krks)2k1%1%, whichis slower than that
of the primary reaction.

In the low pressure range, we have for the
expression ksxsx;, which governs the disappearance
of the ether and the production of methane and

formaldehyde
ks 2k—klx1‘/z ~ 1012 ¢~CB+ E1— E)/2RT g%/2 or  (25)
" Ink’ = 27.6 — (51,000/RT) (25

In the high pressure range, the chain length is
given by

Reks _ oo—(5s + Bem B1~Bs)/2RT ~, 200,000 (at 800° Abs.)

kuky
(26)
the formula being similar to that arrived at in the
studies of the decomposition of ethane and ace-
tone.

We have now to discuss the alternative mecha-
nism, given by (3) and (4), instead of (2). One
finds instead of (19) that x; = k;/ks, but (20) and

kike 1

ksks 1 + (Rike [2ksks) (1/x1)
In deriving it, kexs? has not been considered for the same reasons as
the analogous reaction in the case of acetone.

(14) The exact formula for x2 is %32 =

F. O. Rice anp K. F. HERZFELD
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(21) are unchanged. Therefore this mechanism
leads to approximately the same results as the
other except for the fact that instead of methyl
alcohol, hydrogen is formed at the rate ks
which is smaller than kx;.

Kassel and also Steacie!® have shown that in a
mixture of dimethyl ether and ethyl ether each
compound decomposes faster than would corre-
spond to its partial pressure. These authors
explain this through a so-called ‘‘cross activa-
tion.” However, this phenomenon follows di-
rectly from the theory of free radicals, as each of
the ethers supplies the radicals which enter into
the chain reactions of both.

(D) Decomposition of Acetaldehyde.—This
reaction has been investigated by Hinshelwood
and Hutchinson,’? Fletcher and Hinshelwood!®
and by Kassel.'? The latter found the initial
rate to be proportional to the 5/; power of the
concentration. From the ratio of the time it
takes to decompose the aldehyde by !/; to the time
it takes to decompose it to 1/;, Fletcher and Hin-
shelwood conclude that a succession of three
different second order reactions occur in the
pressure range from 0.2 to 1000 mm. If one
plots, however, the logarithm of the Iinitial
velocity against the logarithm of the pressure as
did Kassel one gets very accurately the 1.5 order
reaction in the range between 1000 and 100 mm.
or from 400 to 40 mmm., (these two ranges are for
runs at different temperatures).

It will be shown here that a rate proportional
to the 1.5 power of the concentration follows
directly from the theory of free radicals, as does
also the composition of the products, as well as the
heat of activation of the reaction.

The theory as far as it is developed here does
not predict what happens in the case of such large
percentage decompositions as are considered in
Fletcher and Hinshelwood’s calculation.

REACTION MECHANISM

Heat of
activation
E E

Velocity

No. Chemical equation constant

(1) CH;CHO === CH; + HCO k1, ki’ 70 8

(2 HCOT==CO +H ks, ko'

(8) H -+ CH:CHO ==X H; + CH:CO ks, By’
(4)}Chaiu CH;CO ¥== CH; -+ CO Fa, ko 10
(5) CH; + CH;CHO == CHi + CHsCO kg, k' 15
(8) 2CH; === CiH, ke, ke’ 8

(7) CHi + CHiCO == CH;COCH; ki, k8

(8) 2CH;CO == CH;COCOCH, ks, ke’ 8 45

(15) Kassel, Tais JournaL, 54, 3641 (1932); Steacie, J. Chem.
Phys., 1, 313 (1933).

(16) Fletcher and Hinshelwood, Proc. Roy. Soc. (London}, Al41,
41 (1933).

(17) Kassel, J. Phys. Chem., 34, 1166 (1930).
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We again number the concentrations:

CH,CHO CH; HCO H CH;CO
X1 X5 X3 Xa X5

The difference in reaction order of acetaldehyde
and the other compounds discussed in this paper
is due to the fact that the two carriers of the
chain, CH; and CH,CO, are present in quite
different amounts (because of the particular
values of the heats of activation). Therefore,
the more abundant of the two, CHj;, disappears
finally through recombination, according to (6),
instead of through combination with CH;CO
(according to 7), as happens in the other de-
compositions considered in this paper.

The steady state of the two intermediate sub-
stances not occurring in the chain is given by

for HCO Bty — kaws = 0 )

for H  kyxs — kaxsxy = 0 (10)

It follows immediately that
xz = kixi/ks @
Ry (107)

o= kax1 kz
For the two carriers of the chain we find:

for CHs k1x1 + k4x4; et k5x2x1 _ ksJC22 b k7xzx5 =0 (11)
for CH3CO  Rsxixs — kaxs + ksxexty — Epxexs = 0 (12)

These equations lead to

2 = Vi/ks V5 (13)
Xy = ks/ke xl‘/f (14)

For the final reaction, the disappearance of
acetaldehyde, one gets

—dxy/dt = 2kax + ksxiws + kexawn = 2kixy + ks V kiks 0%/
(15)

The experimental value for the heat of activa-
tion is 45.5 k. cal., the theoretical value is

Y/y{Ey — Es -+ Es) = 46
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The constant factor is in our units (1 mole in 22,-
400 cc. at 0°) about 10'2. XKassel's value, divided
by (22,000)" is 6 X 10%.

We have assumed kexo? << kyxs, ks/ks << ke/ks,
both of which are amply fulfilled. We are grate-
ful to Dr. L. Kassel for constructive criticism in
connection with this paper.

Summary

A discussion of the reaction mechanism postu-
lated by the theory of free radicals shows that the
decompositions of ethane, acetone and dimethyl
ether must be of the first order, the dissociation of
acetaldehyde of the 1.5th order, while the forma-
tion of ethane from ethylene and hydrogen is of
the second order. The essential condition in the
first order equation is that the chain shall be
terminated by a reaction between the two differ-
ent carriers of the chain. In acetaldehyde the
1.5 order results from the fact that the chain is
terminated by the reaction of two methyl groups.
This difference is due to a difference in the heats of
activation. The heats of activation can be deter-
mined from the measured reaction rates with con-
siderable certainty, and it is seen that they fit the
observed orders of the reaction, whereas assigning
different values to the heats of activation might
be expected to lead to a different order. Although
there is as yet no experimental evidence for the
presernce of reaction chains in these decompositions
and, further, there has been no direct experimental
demonstration even of the presence of free radicals
below 700° and above a few mm. pressure, never-
theless it should be pointed out that the only way
to avoid chain reactions as the explanation of the
measured rates would be to increase the heats of
activation involved to quite improbable values.
BALTIMORE, Mb. RECEIVED AUGUST 3, 1933



