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clude the likelihood of reversal to the random coil
form; otherwise its formation will be of no con-
sequence.? Without resort to a detailed analysis,
it is apparent in light of the considerations pre-
sented above that the minimum size of the embryo
which offers reasonable assurance of subsequent
growth to stable size will increase as Ty, is ap-
proached (i.e., as A7—Q). Moreover, the form of
the dependence of this minimum size on A7 may
be Eex)pected to duplicate eq. 6, and this leads directly
to (8).

In order to apply the foregoing scheme to the
transformation process (which occurs at tempera-
tures 7" > Tp,), we assume that I remains in equi-
librium with H. Then

I = KzHl/3 (9)

where K; = k/ky’ and H and I are concentrations
of H and I, respectively. Since the rate R of
transformation must be governed by step 1

R =R = bl = BK.H'/s (10)

The equilibrium constant K for reaction 1 is re-
lated to the constants for the scheme (3) as

K’/3 = KlKg = lez/kl’
Hence
R = K/sk/ EH's (11)

The temperature coefficient of the equilibrium con-
stant K is positive and very large as previously
noted. The observed temperature coeflicient for
k' isnegative but smaller than that of K/*. Hence,
the temperature coefficient of the latter dominates
that of the former, with the result that the tempera-
ture coefficient of R is predicted to be positive and
large in accordance with observation. The trans-

(29) Regeneration of native structures by first joining three random
coil polypeptide chains in suitable juxtaposition followed by stepwise
helical coiling of successive units of the member chains has been con-
sidered. The kinetics become third order; although the temperature

coefficient is negative, the rate is linear in A7 rather than exponential
in —(TAT) -! as prescribed by eq. 8.
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Fig. 8.~—Logarithm of the half-time for reversion zersus
1/TAT, where AT = Ty, — T = 308 — T'in °K,

formation should be one-third order according to
eq. 11. Experimental results of this investigation
are indecisive on this point (see above).

Thus, the main features of the kinetics of the
reversion and transformation processes can be
satisfactorily explained by the foregoing scheme
involving an intermediate, the formation of which
is considered to be rate determining. The in-
terpretation given is compatible with a model
for the collagen protofibril consisting of a plurality
of polypeptide chains which separate on transfor-
mation.
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The gas phase reaction of propane with ethylene has been studied in static experiments. Experiments performed using
the mixed neutron-gamma radiation available from a nuclear reactor were also done thermally, without radiation. Propane-
rich systems containing 4.5~10 mole 9, ethylene were investigated in the range of temperatures of 240-454°, at initial total
pressures of 9 to 20 atm. Irradiations were done at two levels of intensity corresponding to energy absorption rates of 17 X
108 and 48 X 108 rad./hr. G values exceeding 100 molecules of ethylene reacted per 100 ev. establish the chain nature
of the reaction. At the conditions of this work, radiation only accelerates the thermal process, since the products of both the
thermal and the radiation-induced reactions were very similar at the same conversions of ethylene. Changing the surface/
volume ratio by packing the reactor with stainless steel wire has practically no effect. The equivalence between the radia-
tion-promoted and thermal reactions suggests that ions and other species peculiar to radiation-initiation are not an important
factor at the conditions of this work. This also means that the radiation technique can be used to gain valuable insight

concerning the mechanism of the ordinary thermal reaction and indicates the chain nature of alkylation.

Introduction
The question whether the chain reactions of hy-
drocarbons induced by ionizing radiation occur via
free radical or other mechanisms remains unan-
swered to date. In the case of vapor phase alkyla-
tion reactions, the experimental evidence reported
previously is overwhelming in favor of a chain

mechanism!~* for the alkylation reactions of al-
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kenes or alkynes with paraffins. The chain nature
of these processes is borne out by the high G values
or 100 ev. yields obtained. Although, generally
speaking, the results of the earlier work are in good
accord with free radical type chain mechanisms,
a more positive conclusion as to the mechanism is
needed. Since in the initiation step radiation
produces excited species, ions and free radicals, the
radiation-promoted reaction could be an accelerated
thermal (radical) process or a chain reaction propa-
gated by species peculiar to radiation.

This question as to the mechanism of radiation-
induced chain processes is important not only from
the viewpoint of radiation chemistry but also in con-
sidering the ordinary chiemistry of hydrocarbons.
For example, if the radiation behaves essentially as
an accelerator for thermal processes, then a con-
venient tool is available for initiating hydrocarbon
chain reactions over a wide range of experimental
conditions. This makes available a probe for es-
tablishing directly the chain nature of these reac-
tions (data not available for alkylation reactions)
and for elucidating the effect of experimental condi-
tions on the chain length. However, at the present
state of development, the free radical nature of ra-
diation-induced hydrocarbon chain reactions such
as alkylation is by no means generally established.

A good way to shed more light on the mechanism
is to study the effect of radiation on the reaction
products and to compare these products with those
obtained thermally in the absence of radiation, but
at the same conditions and degree of conversion.
Under certain conditions, however, the radiation-
induced chain reaction is so rapid that it has no
thermal counterpart and the comparison cannot be
made. Thus, for the relatively slow acetylene—
propane reaction,* the products could be compared
only at such high temperature levels that nuclear
radiation had no measurable accelerating effect
since the acetylene decomposed and polymerized
too rapidly, while at lower temperatures the alkyla-
tion reaction could not be initiated without radia-
tion.

In the present communication, the effects of nu-
clear radiation on the ethylene-propane reaction are
reported. This system lends itself ideally to a sys-
tematic investigation of the products obtained ther-
mally and with radiation at different temperature
levels, because the purely thermal alkylation reac-
tion also takes place at reasonable rates. As a
source of radiation, the mixed neutron-gamma ra-
diation available from a swimming pool reactor used
previously* was applied to the ethylene—propane
system. This paper compares the thermal and ra-
diation-induced reactions and discusses the influence
of temperature, radiation intensity and surface/
volume ratio of the reactor.

Experimental

The ethylene-propane reaction was studied in the tem-
perature range of 240-454°, at initial total pressures of 9 to
20 atm. Both the irradiation and the thermal experiments
were conducted in static systems, using cylindrical reactors
of identical construction. These stainless steel reactors,
having a volume of 1.01 1., have been described in detail
previously, and the experimental procedures were also the
same as those employed for the propane-acetylene system.*
Mixtures of Matheson instrument grade propane and ethyl-
ene were prepared without further purification and admitted
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into the reactor as in the previous work. After irradiation in
the swimming pool nuclear reactor, the products were ana-
lvzed by gas chromatography which was also used for analyz-
ing the products of the thermal experiments. A silica gel
column at 91° was used for the determination of methane,
ethane and unreacted ethylene and propane in the product.
Propylene and higher molecular weight components were
analyzed by means of a hexanedione column at 0°. The
surface/volume ratio of the reactor was increased from 0.59
to 394 cm. ! by packing it with 200 mesh stainless steel wire
cloth.

Dose rates were measured by means of the radiolysis of
methane, using as standard a G value of 5.7 molecules of
hydrogen per 100 ev. determined by the polymerization of
acetylene as a dosimeter.»¢ Two positions were used in the
swimming pool reactor, corresponding to energy absorption
rates of 48 X 108 and 17 X 108 rad./hr. with the methane
dosimeter. The accuracy of this method is estimated to be
=+ 209%,. The dose rate values were unaffected by changing
the surface/volume ratio for the methane decomposition.
The radiation yields, or G values, reported in this work are
integral values obtained from the 100 ev. vields comparing
radiation experiments with thermal experiments at otherwise
identical conditions.

Results and Discussion

Radiation Yields and Reaction Rates.—The
chain nature of the radiation-induced propane-
ethylene reaction is clearly established by the high
radiation yields obtained in the range of tempera-
tures studied. Since, as pointed out later, the ra-
dioalkylation reaction is, at the conditions of this
work, probably radical in nature, these high G val-
ues also establish the chain nature of the thermal
reaction at these conditions. Using a value of
about five to seven primary initiation acts per 100
ev. of energy absorbed, G values as high as 800 are
obtained at an intensity of 48 x 10° rad./hr., and
at a total pressure of 15-18 atm. The high values
are indicative of chain processes in the reaction of
ethylene with propane. Since no attempt wasmade
to determine absolute G values of chain lengths,
these results are minimum estimates and are given
solely to illustrate the chain nature of the reaction.

The integral G values for ethylene disappearance
generally decrease with dosage, or time, increase
with temperature, and are insensitive to surface/
volume ratio. These trends are also evident froin
the ethylene conversion data presented in Fig. 1.
The rate of the ethylene—propane reaction is in-
fluenced strongly by irradiating the system. In
fact, the thermal reaction was negligible at the con-
ditions of the experiments which provided the data
of Fig, 1. Due to the analytical difficulties in de-
termining small changes in the concentration of
propane, the rate of propane disappearance could
not be measured in a reliable fashion. Within the
limits of the analytical errors, the rate of ethylene
disappearance seems to be affected very little by in-
creasing the pressure from about 15 to 30 atm., or in-
creasing the surface/volume ratio by packing the re-
actor. However, increasing the temperature shows
a very strong influence on the rate of the radiation-
induced reaction over the entire range studied. Since
the results of Fig. 1 were all obtained at the con-
stant rate of initiation corresponding to an intensity
of 48 X 10° rad./hr., the chain propagating proc-
esses must be accelerated by raising the reaction
temperatire.

(5) F. W. Lampe, THis JoUrNAL, 79, 1053 (1957).

(6) 8. C. Lind, D. C, Bardwell and J. H. Perry, ibid., 48, 1556
(1926).
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The Reaction Products,—In Table I, the products
of the thermal ethylene-propane reaction are
compared with those obtained at the same condi-
tions using radiation. These results represent the
composition of the total reaction product. Since
the reaction rates were much faster in the irradia-
tion experiments, the product compositions were
compared for reaction times which were longer
thermally than with radiation, but at the same eth-
ylene conversion levels. In the temperature range
of 400 to 454° and at 18 atm. initial pressure, the
products were virtually the same, both thermally
and at a dose rate of 48 X 10 rad./hr. At tem-
peratures below about 400°, the reaction rate was
too low thermally for making a similar comparison
of the data at significant conversion levels. At the
conditions of the comparison, the data suggest a
free radical type mechanism in the chain reaction of
ethylene with propane. This is based on the simi-
larity between thermal and radiation reactions.

TaABLE I
ProDUCTS OF THERMAL AND OF RADIATION-INDUCED RE-
ACTION BETWEEN ETHYLENE AND PROPANE

Total initial pressure = 18 atm.
tion = 10 mole %,.

Initial ethylene concentra-
Surface/volume ratio = 0.59 cm. ™!

Radiation intensity, rad./

hr. 48 X 108 0 48 X 108 0
Temperature, °C. 400 400 454 454
Reaction time, min, 1 60 1 30
Conversion of ethylene, % 24 22 36 30
Composition of product,

wt. 9,

CH, + C.Hs 18 20 36 34

C3H, 27 31 29 35

n-C.;Hm 10 11 10 5

iso-C4Hio 0 0 0 0

C.H; 17 4 4 8

n-Csle 8 7 8 5

is0-CsHj. 20 27 13 13

The complexity of the reaction products suggests
that ethylene reacts with propane according to a
number of competing reaction paths. The yield of
isopentane also exceeds that of #-pentane, as would
be expected in a free radical alkylation reaction in-
volving the addition of #-propyl and sec-propyl
radicals to ethylene, because of the greater ease of
formation of sec-propyl radicals. This is a conse-
quence of the lower C-H bond strength in the sec-
ondary position of propane as compared with the
primary, which leads to favored exchange reactions
of the type #-C3H:7 4+ CsHs — C;Hg + sec-CsHr.
As the temperature is raised, the yield of the al-
kylation products, isopentane and #s-pentane, de-
crease and decomposition reactions tend to predom-
inate.

The Effect of Surface.—It is, of course, neces-
sary to establish as far as possible whether gas
phase reactions are truly homogeneous. Table
III presents typical results of irradiation experi-
ments in which the surface/volume ratio of the
reactor was increased to 394 cm.~! by packing
it with stainless steel. The intensity was constant
at 48 X 108 rad./hr. in these experiments, and the
irradiated mixture contained 10 mole 9 ethylene.
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Fig. 1.—Radiation-induced conversion of ethiylene in the
alkylation of propane with ethylene. Dose rate of pile ir-
radiation = 40 X 10% rad./hr. Initia!etliylene concentra-
tion = 10 mole %.

S/V = 394 S/V = 0.59 S/V = 0.59
cm, "1 15-16 cm, 11518 cmm, "1 27-31
atm. atm. atmi.
©, 1 min, O, 1 nin. ®, 1 niin.
4\, 5 min, A, 5 min, A, 5 min.
11, 15 min. 0, 15 min. W, 15 min.

As shown in Table II, the product compositions
at the same degree of conversion are very similar
for both the high and the low surface/volume ratios
used. It appears that at lower temperatures, in
the range of about 250 to 350°, the yield of iso-

TaBLE II

EFFECT OF SURFACE ON THE ETHYLENE-PROPANE REACTION
AT 48 X 108 RAD./HR.

Total initial pressure = 18 atm. Initial ethylene concentra-
tion = 10 mole 9.

Surface/volume ratio,

cm, ! 0.59 394 0.59 394 0.59 394
Temperature, °C. 354 354 404 404 241 252
Reaction time, min. 5 5 5 5 120 120
Conversion of ethylene,

wt. 9, 30 35 42 38 75 73
Composition of prod-

uct, wt. 9

CH, + C:Hs 17 13 24 23 20 21

C;Hs 16 17 25 28 5 6

n-CyHio 6 9 8 10 8 9

iso-C4Hyo 0 0 0 0 0 0

CiH; 16 20 12 12 26 12

n-CsHys 17 14 10 8 7 11

iso-CsHiz 18 27 21 20 33 41

pentane is somewhat higher in the packed reactor.
The high yields of isopentane at 240 to 250° are in
line with the mechanism of competing free radical
processes: addition of radicals to ethylene at lower
temperatures and decomposition of radicals at
higher temperatures. The alkylation reaction
should be relatively more important at low tem-
peratures, provided the reaction can be initiated
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sufficiently fast. The generally small effect of the
S/V ratio established the reaction as essentially a
homogeneous gas phase process.

Effect of Intensity.—The effect of intensity was
studied in the range of 17 X 10°to 48 X 10° rad./hr.
As expected from the similar product distributions
obtained at thermal conditions and at 48 X 108
rad./hr., no effect of intensity was observed on the
product distribution at comparable degrees of eth-
ylene conversion. Generally, G(-C.Hs) decreased
at higher intensities in the work using pile radia-
tion. Some experiments were made with the Esso
3200 curie Co® source of gamma radiation (I) at
the same conditions of temperature, pressure and
concentration. At these low intensities (0.1 X
10¢ rad./hr.) the G values were generally 8-10-fold
higher than those obtained in the pile work. Com-
parison of these data with those reported by Lampe?
for electron irradiation at even higher intensities
than those of the present pile work shows that over
approximately a 1000-fold intensity range the G
values decrease with increasing intensity. The ef-
fect can be represented, at least approximately,
with an inverse square root effect within the limits
of the rather large errors involved in comparing such
widely different irradiation conditions. The re-
sults are in a semi-quantitative way consistent with
well-known intensity effects for the case of chain
termination by bimolecular gas phase recombina-
tions.

In the light of the results of this study, it seems
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reasonable to conclude that the effect of nuclear
radiation is to accelerate a thermal free radical
chain reaction for the ethylene-propane system.
This conclusion can, of course, be made only for the
experimental conditions at which strict comparison
between thermal and radiation products was possi-
ble. The good agreement between the products ob-
tained using either thermal or radiation initiation
is in favor of the argument that the same processes
of chain propagation must be operative in either
case. Therefore, at the conditions of this work and
for hydrocarbon chain reactions of this type, the hy-
drocarbon ions or excited species made in the initial
interaction of radiation with hydrocarbons are ap-
parently incapable of chain propagation. There-
fore, in addition to their intrinsic interest in the
area of hydrocarbon radiation chemistry, these re-
sults would point to the important role radiation-
initiation could play as a convenient technique for
elucidating the mechanism of ordinary hydrocar-
bon chain reactions.

The known reactivity of hydrocarbon ions and
the very complex dependence of radical and ion life-
times on experimental conditions make it difficult
to generalize the free radical nature of radiation-
induced hydrocarbon chain reactions to all mixtures
and all experimental conditions. However, it ap-
pears likely that at least over the conditions of this
work the radio-alkylation is a free radical chain
process and no contributions from ionic species
need to be invoked.
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The reaction between #-hexane and oxygen has been studied at 8.4 atm. total initial pressure and at 2/1 mole ratio of

hydrocarbon to oxygen.
radiation in static experiments.

chain reaction with integral G values of 10% to 2 X 10% molecules of n-hexane converted per 100 ev.
Above 235° the reaction gives mainly degradation products,

oxygenated hydrocarbons—epoxides, acetone, methanol.

This system was studied thermally and in the presence of 10% and 10¢ rad./hr. intensity Co-60
In the temperature range of 150-235°, nuclear radiation initiates a controlled oxidation

The products are mainly

CO and CO,, and the thermal reaction is so rapid that the acceleration due to radiation is not noticeable in static experi-

ments.

This controlled chain oxidation made possible by radiation initiation is affected by temperature, pressure and

radiation intensity. Although little can be said about its mechanism, it is of intrinsic interest because it offers a technique
for exploring hydrocarbon chain oxidations at conditions where the reaction is not initiated thermally.

Introduction

In the development of radiation chemistry with
regard to hydrocarbons, most of the literature pub-
lished to date has emphasized low temperature
reactions characterized by the low 100 ev. yields
(G<L10) typical of nonchain radiation chemistry.!—3
Recently, more attention has been given to the
use of nuclear radiation to accelerate chain cata-
lytic! and noncatalytic reactions of hydrocarbons*~7
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and thereby gaining some insight into ordinary hy-
drocarbon chain processes. One important chain
reaction of hydrocarbons, vapor phase oxidation,
has not been studied with radiation initiation,
although some reports are available on the non-
chain radiooxidation of hydrocarbons at quite low
temperatures.®=® The study of oxidational chain
processes presents both experimental and interpre-
tive difficulties. The problems beconie even more
complex when nuclear radiation is used as initiator,
because the detailed mechanism is still obscure and

(8) N. A. Bakh and V. V., Saraeva, Zhur. Fiz. Khim., 32, 209 (1938).
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