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Abstract: The radiolysis of gaseous ethylene induced by recoils from fissioning U235 has been investigated in the density
range 9 X 1073 to 1.1 X 107! g cm™3 in the presence of small amounts of oxygen. The effect of density on acetylene yields
was in accord with stabilization of initially formed excited molecules and/or ions, and with a change from differential to
total energy loss of the fission recoil. From such studies the fission recoil range in ethylene was estimated to be 0.05 g cm™2.
The addition of oxygen was found to suppress the yields of n-butane and hexene-1 albeit only partially, but caused an in-
crease in some other product yields. Plausible mechanisms consistent with reaction rate data are suggested and compared

with conventional low-pressure ethylene radiolysis results.

One of the primary goals of radiation chemistry is the
elucidation of principal processes occurring during the deg-
radation of an energetic particle in a medium. The fission of
the uranium atom has been employed only sparingly as a
source but is interesting because the kinetic energy release
of 170 MeV attendant to the fission process is well above
that associated with conventional radiolytic sources, and be-
cause much of this energy is deposited in a very small vol-
ume.

The nuclear fission process has been studied extensively
from a physical and theoretical point of view because of its
obvious importance in nuclear power generation.! 1t is well
known that the products of U233 fission induced by thermal
neutron capture are distributed into two groups of light and
heavy nuclei and that there is a wide distribution of recoil
energies associated with each mass pair. The average ener-
gy per recoil is taken to be 85 MeV.2 A summary of the nu-
clear properties of U233 is given in Table I.

Considerably less effort has been devoted to the study of
the chemical changes induced by recoiling fission fragments
in well defined chemical systems. Preliminary governmental
and industrial studies generally focused on the use of the ki-
netic energy of recoiling fission products for the production
of chemicals. Investigations of this kind were pioneered in
the 1950’s by Harteck and Dondes.? Moseley and Truswell*
employed uranium-clad foil enriched with 235U as a chem-

* Address correspondence to Department of Chemistry, University of Nebras-
ka, Lincoln, Neb. 68508.

onuclear fuel element in the fission recoil radiolysis of N,O.
These investigations placed primary emphasis on developing
a means of measuring energy deposition and the fixation of
nitrogen in N-QO; mixtures. At about the same time, a sub-
stantial effort along this line was initiated at the Brook-
haven National Laboratory by Steinberg, Manowitz, and
their coworkers.® A third effort in this direction was exerted
by an industrial group under Air Force sponsorship, which
was directed toward the synthesis of hydrazine by irradia-
tion of ammonia.® All three groups employed, at least par-
tially, circulating gas loops wherein the chemonuclear ele-
ment was placed in the reactor and reactants were passed

TableI. Properties of ?%U Fission®

Total energy released in fission 190 MeV
Kinetic energy of fission recoils 160 MeV
Light fragment energy 103 MeV
Heavy fragment energy 57 MeV
Neutron energy 5 MeV
Prompt v energy 5 MeV
Neutron capture v energy 10 MeV
Decay v 5 MeV
3 radiation 5 MeV
Neutrons per fission 2.47
Light fragment mass 95 amu
Heavy fragment mass 140 amu
Light fragment charge 38e
Heavy fragment charge 54e

2 Compiled from ref 2 and R. D. Evans, “The Atomic Nucleus,”
McGraw Hill, New York, N. Y., 1955,
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over it and if necessary recirculated to obtain sufficient
yields for measurements. Irradiations using stationary sys-
tems (capsules) were also employed. In the early 1960’s the
Aerojet group joined forces with Union Carbide’s Nuclear
Division at Tuxedo, N. Y., but all projects were discontin-
ued in approximately 1966. Since then, very little work
along this line has been performed or reported, with the ex-
ception of the use of californium-252, a spontaneously fis-
sioning isotope, in gas phase luminescence studies by Calo
and Axtmann,” and as a reaction initiator in methanol solu-
tions by Raitsimring, Tsvetkov, and Moralev.® Liquid phase
studies have also been carried out in water® and cyclohex-
ane;'® one vapor phase study of water has been reported.!!

These earlier studies showed clearly that fission recoils
could be employed to bring about chemical change, and
that product yields obtained were similar but not identical
with those observed with conventional forms of high-energy
radiation such as electrons or v rays. They also demon-
strated considerable difficulties in obtaining reproducible
results, and showed that the use of uranium glass fiber wool
as a fuel was unsatisfactory because of sintering, local in-
tensive heating, and other structural problems. This diffi-
culty was essentially overcome in the development by
Steinberg and Tucker!? of a platinum-clad uranium-palad-
ium alloy, 93% enriched in 233U. This fuel, which consists of
a sandwich very thinly clad with an outer layer of platinum,
is stable, and if necessary can be processed into self support-
ing and structurally rigid honeycomb devices. The fuel has
been tested to 25% uranium-235 burn-up and was found to
maintain structural rigidity even at burn-ups equivalent to
those employed in nuclear reactors used for power genera-
tion.!* However, the development of this fuel came at the
end of the period of initial activity in this field. While the
early work demonstrated experimental feasibility of such
studies, little information was gained on peculiarities or
characteristics for fission recoils which would explain the
difference in observations between this source of radiation
and conventional forms, or which would permit an assess-
ment of the conditions within the fission recoil track and
their effect on the chemistry.

Some insight can be gained by summarizing the charac-
teristics of the fission recoil track based on gross consider-
ations and comparison with conditions found when conven-
tional radiation is employed. This information is summa-
rized in Table II. It must be recognized, however, that the
radical densities calculated are based on a maximum track
size, defined by the ranges of the recoil and of the most en-
ergetic & ray, so that one would really expect greater initial
radical concentrations than those indicated here. As a con-
sequence, all lifetimes of reactant species are in fact smaller
than and their mean concentrations essentially larger than
those given in Table II. It is apparent that the initial radical
concentrations in the fission recoil track are on the order of
magnitude of those employed in the high-energy intense-

TableII. Reaction Probabilities in the Fission Recoil Tracka-?

pulse radiolysis using Febetron accelerators with nanosec-
ond pulsing.!4 LET in fission recoil systems is the highest of
any form of radiation employed so far and is expected to
favor pair-wise reactions second order in intermediates.
These superficial calculations cannot address themselves to
temperature in the track and other important kinetic pa-
rameters, The thermal spike model,'S on which recoil tem-
perature calculations are based, is not applicable when the
majority of the initial interactions do not involve adiabatic
heating. However, within a very short period after forma-
tion of the track, temperatures may be well above ambient,
although a recent study of N,O has not found evidence for
a major temperature increase, '®

If further insight is to be obtained into the chemical ef-
fects of fission recoils, and if any existent information avail-
able from other sources is to be applied to fission radiolysis
conditions, it is apparent that detailed information on mean
radical densities, mean ion concentrations, track lifetime,
and effective track temperature are required. The approach
we have chosen to obtain such information is the radiolysis
by fission recoils of a system whose conventional radiation
chemistry is relatively well understood, and where the yields
and identities of major intermediates have been measured
at low pressures.!’-!? Ethylene is particularly suitable for
such studies, not only because it has been investigated ex-
tensively in several laboratories, but also because it provides
a wide range of free radical and ion-molecule reactions
whose rates and temperature dependency are well estab-
lished.20

Experimental Section

A. Introduction. The primary irradiation capsules used in fission
recoil radiolyses, experimental arrangements, and sample prepara-
tion have been described previously.'® Briefly, samples were irra-
diated in the | MW Triga reactor (Nuclear Science Center, Texas
A &M University) operated at reduced power under conditions to
obtain a neutron flux of about 10'3 neutron V/hr. Capsules (37
cm?3 volume) remained in the neutron field for 33-47 min depend-
ing on the configuration of the reactor core. The mean bulk tem-
perature of all irradiations was 25 £ —5°. This does not mean that
the track temperatures were ambient as discussed further below.
The total absorbed dose was 3.0 X 1020 eV based on nitrous oxide
dosimetry using G(N;) = 9.7 molecules/100 eV.'¢

B. Sample Analysis. Chemical analysis was performed by gas
chromatography on aliquots of the original and irradiated samples.
The sampling loop was similar to one described previously.?' A
Perkin-Elmer Model 810 gas chromatograph was used in the anal-
ysis of C;-Cg hydrocarbons. The chromatograph was equipped
with a flame ionization detector, and nitrogen (dry) was used as
the carrier gas. Carrier and flame gases were pretreated by passing
through conventional purification trains consisting of molecular
sieve (Linde 5A) scrubbers for removal of water vapor and other
contaminants.

For analysis of the lightest components two columns were used.
A 10 ft X 0.25 in. Copper Poropak N (60-80) column was used for
the analysis of methane at ambient temperature; it could be pro-

Gas pressure 880 590 psia
Gas density 0.128 0.0621 g/cm?®
Concentrations
Gas 4.6 X 107¢ 2.3 X 103 mol/cm?
“Initial ions” (W = 26.1) 2.0 X 10°¢ 2.3 X 10— mol/cm?
““Initial radicals” (G = 8.0) 4.0 X 10-¢ 4.5 X 107 mol/cm?
Initial reaction rates
Ion-electron (kK = 5 X 101§) 2.0 X 103 2.6 X 10¢ mol/cm3/sec
Ton-molecule (k = 101%) 9.2 X 108 5.3 X 108 mol/cm?/sec
Radical-radical (k = 101%) 1.6 X 10% 2.4 X 10! mol/cm?/sec
H + ethylene (kK = 1013) 1.8 X 10° 1.0 X 10* mol/cm3/sec
Radical + ethylene (kK = 107) 1.8 X 107! 1.0 X 1072 mol/cm3/sec

¢ Example, ethylene.  Based on known range and track diameter and assuming both are inversely proportional to density.
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grammed to 100° for analysis of products containing up to four
carbons at decreased resolution. An activated alumina, 20% EDO-
| on Chromosorb A (60-80) column gave 100% separation of eth-
ane. C,-C4 hydrocarbons were separated on a tandem dimethyl-
sulfolane-squalane column operated at ambient temperatures.
This column was constructed in two parts. The first part was a 20
ft X 0.25 in. (Copper) dimethylsulfolane (20%) on Chromosorb P
column; the second part was a 10 ft X 0.25 in. (Copper) squalane
(10)) on firebrick column. A 35 cm3® min~! carrier gas flow rate
gave suitable separation of C,-C,4 products. C4-C¢ hydrocarbon
analysis was carried out using an 18.5 ft X 0.25 in. (Copper) 20%
UCON LB550X on 60-80 mesh Chromosorb P column?? oper-
ated at 60° with a flow rate of 40 cm? min~!. Oxygenated products
were measured using a Triton X on Chromosorb W column oper-
ated at 100°.

Products were identified by comparison with known retention
times and/or by trapping with subsequent mass spectrometric
identification. Chromatographic response was checked using cali-
brated C,-C¢ mixtures with each set of analyses.

C. Materlals. Ethylene gas was used directly from a Phillips 99.8
mol % minimum purity cylinder. Chromatographic analysis
showed no impurities above 0.2% and ethane as the major contami-
nant (~0.15%). Scavenger gases used were Matheson Gas Prod-
ucts ultra high purity oxygen. Calibration gas mixtures were made
up from Phillips research grade hydrocarbons as received. Acety-
lene was purified before using as a calibrant. The gases and their
stated purities used in the flame ionization chromatograph were
Linde cylinder compressed air (oxygen 17-22%, nitrogen 78-84%),
nitrogen (dry, 99.99%), and hydrogen (99.5%).

D. Data Analysis. The product yields of interest here are only
those brought about by fission recoils. However, fast neutrons and
background vy rays from the reactor also cause chemical change.
The extent of n,y damage was assessed by simultaneous irradiation
of cells containing no fuel, but a section of platinum foil equal in
weight to the fuel foil in the other cells. The n,y yields from these
cells were subtracted from yields obtained in fueled cells assuming
that the contributions to product formation from this source were
equal in the presence and absence of fuel. All yields were further
normalized to a uniform total dose. Slight fission recoil dose varia-
tions were caused by unequal fuel masses among the cells.'® Thus
the yield (/V, molecules) of a particular product (P) was calculated
from the following equation

NFRP = (Nceup - Nn,vP)C (1)

where Ngg is the fission recoil yield of product P, N is the total
yield in a fueled cell, N, is the yield of products resulting from
the pile n,y radiation, and ¢ is a dose normalization factor result-
ing from fuel uneveness. In the present work ¢ varied between 1.0
and 1.2. The extent of the n,y correction may be expressed in
terms of the ratio N,,P/NpgP, and depends on the particular
product, pressure, foil mass, and foil condition; it never exceeded

Table II1.
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unity.

About 15% of the total fission energy appears in forms other
than the kinetic energy of the fragment atoms (prompt v, § decay,
see Table 1). No corrections were applied for these minor contribu-
tions.

Results

The results are presented in separate sections summariz-
ing effects of pressure and of oxygen. Where possible yields
from fission recoil radiolyses are expressed as G, molecules/
100 eV, based on nitrous oxide dosimetry (G(Nz) = 9.7
molecules/100 eV) which had yielded!6 a factor 3.0 X 1020
eV per 10'5 neutron for a fuel mass of 0.0640 g.23 Oxygen
was an essential additive in all ethylene irradiations to re-
duce polymerization; polymer formation occurred and was
visible during periodic inspections of the cells and fuel foils.

A. Pressure. Initial runs were made to identify products
in the fission recoil radiolysis of C;H4-O3 (0.5%) mixtures
and ascertain the effect of density on product yields over a
wide pressure regime (2-60 atm). Products identified were
acetylene, methane, ethane, cyclopropane, propane, propyl-
ene, n-butane, isobutane, isobutene, l-butene, c¢is- and
trans-butene-2, allene, methylacetylene, cyclobutane, 1,3-
butadiene, isopentane, pentene-1 and -2, vinylacetylene, 3-
methylpentane, n-hexane, and hexene-1 and -2. Analyses
were not carried out for hydrocarbon products above Cg
and for hydrogen, a product whose detection required modi-
fication of the experimental arrangement described above.
Preliminary results?3® from C,H4-NO irradiations where
Gu, was specifically sought indicated an increase of Gy,
with pressure. The variations of selected representative
product yields in moles are shown in Figures 1-3. Dramatic
changes may be noted in the acetylene and methane yields
at lower densities. Reliable dosimetry was not then avail-
able, but the conversion factor given above may be em-
ployed as a guide to G values.

B. Oxygen. The complete product analysis for fission re-
coil radiolysis of C;H4-O; mixtures is given in Table III for
irradiations at 300, 370, 450, 590, and 700 psia total pres-
sure and various concentrations of oxygen. The maximum
O, content was dictated by the upper limits for nonexplos-
ive C,H4-O, mixtures.2*® There are minor discrepancies
between the sets of data, but they do show a pronounced ef-
fect of oxygen. The yields of hexene-1 and n-butane de-
crease with increasing O, concentration (Figures 4 and 5),
while those of vinylacetylene and hexene-2 are enhanced.
G(n-butane) decreases by a factor of 2 for a threefold in-

Product Yields in the 25U Fission Recoil Radiolysis of Ethylene-Oxygen Mixtures

G, molecule/100°- —_— —_—
cis-
i-C4Hs and f-C4Hs 3-
and trans- and Methyl-

Pressures ?o Ozb CgHg C3H4 C:,Hm C4H3-1 C4Hg C4H4 C-C4Hs C;Hg-l C:,Hm-l pentane C5H|2-1 C5H|'_'-2
300 0.47 2.3 0.11 0.13 0.10 0.036 0.054 0.037 Nd 0.0023 Nd 0.0073 0.53
300 0.75 2.2 0.18 0.14 0.16 0.064 0.052 0.041 Nd — Nd 0.0055 0.63
300 1.0 2.8 0.16 0.12 0.13 0.059 0.055 0.040 Nd — — — 0.67
370 0.2 2.5 0.13 0.54 0.23 0.094 0.094 Nd — 0.033 0.055 0.039 0.097
370 0.4 2.1 0.12 0.28 0.12 0.064 0.15 Nd 0.0057 0.016 0.030 0.0065 0.24
370 0.6 3.0 0.15 0.19 0.19 0.105 0.19 Nd 0.013 0.034 0.037 0.0088 0.39
450 0.2 3.6 Nd 0.80 Nd Nd 0.050 0.031 0.0044 0.027 0.035 0.023 0.19
450 0.4 4.1 Nd 0.34 Nd Nd 0.065 0.027 0.0050 0.015 0.025 0.0071 0.36
450 0.6 3.4 Nd 0.31 Nd Nd 0.070 0.030 0.0044 0.015 0.028 0.0096 0.42
590 0.2 2.2 Nd 0.74 Nd Nd 0.033 0.031 0.0039 0.031 0.028 0.035 0.042
590 0.4 2.7 Nd 0.89 Nd Nd 0.072 0.045 0.0057 0.040 0.049 0.022 0.21
590 0.6 2.5 Nd 0.74 Nd Nd 0.074 0.049 0.0059 0.028 0.041 0.014 0.46
700 0.1 3.2 0.18 1.1 0.45 0.055 0.042 0.044 0.0061 0.063 0.11 0.060 0.063
700 0.3 4.1 0.26 0.78 0.40 0.070 0.077 0.031 0.0031 0.049 0.11 — ¢.63
700 0.47 2.1 0.18 0.49 0.24 0.055 0.053 0.037 0.0061 0.032 0.069 0.018 0.59

a quresponding densities are 9.24 X 1074, 1,24 X 107%, 1.57 X 107%, 2.28 X 1073, 2.84 X 107® mol cm~*, respectively. ® Mole per cent.
¢ Special designations are Nd for products not determined and — for 0.0 yields.
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Figure 1, Product yields vs. ethylene density in the C;H4-0; (0.5 mol

%) 235U fission recoil system for ethanc (®) and methane (A) at a total
absorbed dose of 3.0 X 102 eV.
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Figure 2. Product yields vs. density in the C;H4-0; (0.5 mol %) 23U
fission recoil system for acetylene (®), the 2-butenes (M), and isobu-
tene, butene-1, and n-butane taken together (A) at a total absorbed
dose of 3.0 X 1020 ¢V, The latter curve predominantly reflects the vari-
ation of the n-butane yield.

crease in O,. In contrast, G(n-butane) = 2.1 in the conven-
tional radiolysis of 100 Torr C,Hy4;'%® n-butane is not
formed in detectable quantities in the conventional scav-
enged radiolysis or in the pile n,y irradiations of C;H;-O>
mixtures. The yields of #-hexane are not reported in Table
111 because most were too small to measure accurately.
They are 0.06 at 0.2% O3 at 370 psia, 0.03 at 0.2% O at
450 psia, and 0.05 and 0.01, at 0.2 and 0.4% O> at 590 psia.
Oxygen has little or no effect on the yields of other prod-
ucts. In a few cases analyses were performed for oxygen-
containing species. The major identified products were acet-
aldehyde, acetone, formaldehyde, and ethanol (Table IV).

TableIV. Yield of Oxidation Products in Fission Radiolysis of
Ethylene in the Presence of Oxygen at Total Pressures of
450 and 590 psia

Density, g/cm? 0.044 0.044 0.044 0.064 0.064
Per cent oxygen 0.2 0.4 0.6 0.2 0.3
Product Yield, molecules/100 eV
Acetaldehyde 0.30 0.29 0.47 0.60 0.58
Acetone 0.85 1.5 2.1 0.49 1.6
Formaldehyde 0.14 0.20 0.10 0.18
Ethanol 0.051 0.001 0.019 0.023 0.013

06+
S 04l
x
m .
oL
-
(@)
=
o2
re A A
00 1 L A 1 p) 1
0.00 004 008 012
G oM

Figure 3. Product yields vs. density in the C;H4-O; (0.5 mol %) 235U
fission recoil system for propane and propene (®) and cyclopropane
(A). ata total absorbed dose of 3 X 1020 eV.

Discussion

Free radical and excited state reactions are examined in
this paper. The importance of various processes can be esti-
mated by examining results from conventional radiolytic
systems and extrapolating to the high pressure high LET
conditions of the present system. Information gained from
conventional radiolytic systems has shown the importance
of excited ethylene molecules in the primary decomposition
and significant yields of products resulting from intermedi-
ates that were scavenged by oxygen.

Elucidation of 235U fission recoil radiolysis of pure ethyl-
ene is difficult as a result of the requirement that oxygen be
present to inhibit polymerization during the cooling off pe-
riod. Certain product variations with experimental condi-
tions may be the result of the simultaneous actions of col-
lisional stabilization and free radical scavenging.

Only very fast unimolecular dissociations should be possi-
ble at the increased densities employed here. The bimolecu-
lar collision frequency can be used to set lower limits in the
unit efficiency assumption. The collision frequency in ethyl-
ene at ambient temperature (¢ = 4.066 A)240 is 2.6 X 10!
sec™! at 370 psia and increases to 8.8 X 10!! sec™! at 800
psia, limiting molecular fragmentation to processes with
lifetimes <107!2 sec, i.e., processes involving species with
high internal energies.

Hydrogen atoms produced in primary processes generally
disappear by addition to ethylene (reaction 1) since the ad-

H + C,H;, — C,H; (1)

dition to ethylene is fast (ky = 1.61 X 10'> cm® molecule™!
sec™!).25 At the densities in the present work the H-atom
lifetime with respect to reaction 1 is 1-8 X 107!9 sec. The
resulting ethyl radicals disappear by combination and/or
scavenging. Radical combination is not normally competi-
tive with scavenging under the usual steady state condi-
tions. Reaction 2 occurs nearly with unit collision efficiency

C,H; + O, — C,H;0, — products (2)

(k> = 1.0 X 10!t cm3 molecule™! sec™!),2% and at the oxy-
gen concentrations in the present study the lifetime of ethyl
radical with respect to scavenging is about ~107? sec. This
establishes an internal standard for estimating radical con-
centrations based on radical-radical reactions with known
rate constants which are expected to compete in the high
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Figure 4. Variation of the radiation chemical yield of n-butane with
mol % O; additive in the 233U-C,H;-0; system. Data are plotted for
the following pressures (densities): 590 psia (2.28 mol cm™3) (4); 700
psia (2.84 X 1073 mol cm™3) (#); 450 psia (1.57 X 1073 mol cm™3)
(m); 370 psia (1.24 X 1073 mol cm™3) (®); 300 psia (9.24 X 1074 mol
cm™3) ().

dose rate and/or high LET conditions typical of fission re-
coil radiolysis.

A. Effect of Pressure on Product Yields. Four factors
may be responsible for the variation of product yields with
pressure: the variation of the fission fragment range with
density, collisional deactivation of excited neutral and ionic
intermediates, the variation of relative conversion with den-
sity at a constant integrated neutron flux, and the competi-
tion between radical combination and radical reaction with
oxygen. The importance of collisional suppression of molec-
ular fragmentation has already been well documented in the
ethane radiolysis system.??

The variation in the yield &f acetylene with density most
clearly demonstrates the effect of pressure. This product
arises largely from neutral dissociation processes, and its
yield should reflect mainly changes in fission recoil energy
deposition and the quenching of first-order fragmentation
steps. Excited ethylene dissociates as follows:

C,H* — CH, + H, (3)
C2H4* _— (C2H3 or C2H3*) + H (4)
C,H* — C,H, + H (5)

A reduction in the yield of acetylene may be the result of a
competitive deactivation step involving any of the interme-
diates asterisked in eq 3, 4, and 5. Competition with step 5
should lead to an increase in vinyl radicals and the resultant
products 1-butene and l-hexene. Such an increase was in-
deed observed qualitatively.

At low densities, below ~0.027 g cm™3, the yield of acet-
ylene drops off rapidly. This may be ascribed to the onset of
fission recoil energy loss to the walls. As the density de-
creases, the range of the recoil begins to exceed the mean
distance between the fuel foil and the cell walls. While there
exists a distribution of distances because of the geometry of
the cells, our data suggest that the emergent fission recoil
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Figure 5. Variation of the radiation chemical yield of vinylacetylene
with mol % O, additive in the 233U-C,H4-O, system at a total ab-
sorbed dose of 3.0 X 1020 eV. Curves are plotted for data at 370 psia
(1.24 X 1073 mol cm™3) (®), 590 psia (2.28 mol cm™3) (4), 450 psia
(1.57 X 1073 mol cm™3) (m), and 700 psia (2.84 X 10™? mol cm~?)
(9).

loses all its energy in the gas phase and none into the cell
wall above approximately 0.03 g cm —3 We conclude that
the upper limit of the range of the fission fragment in ethyl-
ene is about 0.05 g cm™2 since the minimum distance of
travel for a fission fragment in this cell is about 1.5 cm.
This is reasonable in comparison with the range of 0.023 g
cm™2 of 100 MeV?#® Sr ions in water. 28

The acetylene yield reported here may be compared with
yields observed in the low density conventional radiolysis of
ethylene, where it is formed at 100 Torr with a yield of 3.1
molecules/100 eV.!®2 Experimental measurements in the
gas phase are not available at high density so far, and com-
parison is possible only with studies performed in the liquid
phase?® at reduced temperatures where a yield of 1.8 mole-
cules/100 eV was reported. The liquid density is 0.8 g cm—3
and the current data can be extrapolated smoothly to that
density. It is of interest to note that a Stern-Volmer plot of
the acetylene yield in the conventional manner does not
yield a straight line. Such behavior is expected in radiolytic
systems where the decomposing species have a wide range
of internal energies. In addition, several dissociation pro-
cesses each with a different pressure dependency may take
place concurrently. It should also be noted that it is conceiv-
able that ionic processes may contribute to some extent to
the formation of acetylene. This step has never been estab-
lished clearly, and should not make a major contribution at
pressures much in excess of | atm.

The yield of n-butane appears to decrease sharply as the
pressure increases, to rise again slowly after ~0.02 g cm™3.
This observation is in part an artifact because it results
from the increasing relative conversion with decreasing
pressure. For a constant integrated neutron flux, fractional
conversion increases as the density is decreased. At the low-
est pressures employed, the total number of radicals pro-
duced, based on G(R) = 6 radicals/100 ¢V, is approximate-
ly twice the initial concentration of oxygen. In subsequent
runs, where kinetic information was derived, the conversion
was, therefore, reduced and a slightly higher oxygen con-
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centration was employed to reduce the change in oxygen
concentration during radiolysis.

The yields of ethane showed similar behavior for the
same reason. Moreover, as the density increases the small
correction for the original ethane impurity in ethylene be-
comes so large that radiolytic ethane formation becomes
small in comparison to the amount initially present, making
it difficult to obtain meaningful data.

Methane, a product thought to be the result of ionic pro-
cesses, '8130 was produced in small yields only (Figure 1),
and increased slightly with pressure; this may be a result of
increased experimental uncertainty because of the original
impurities as discussed above. Methane formation in Febe-
tron irradiation of ethylene has been reported3! to be high,
G = 0.5 molecules/100 eV at | atm, and decreases to 0.25
at 10 atm. The fission recoil results are consistent with a
further reduction in the methane yield (G < 0.1) at pres-
sures above 20 atm.

B. Effect of Oxygen on Product Yields. The radiolysis of
ethylene with electrons'82 and y-rays!®® at subatmospheric
pressures leads to molecular products such as acetylene, and
to products whose production can be totally inhibited by
small amounts of oxygen. The sequence begins with the
generation of hydrogen atoms in the primary process, fol-
lowed by addition to ethylene with stabilization of the ethyl
radical. Radical combination (6) and disproportionation (7)

C,H; + C,H, — C,Hy, (6)
C,H; + C,H; — C,H; + C,H, (7)

account for ethane and n-butane. From the present data
(Figures 1 and 2) the disproportionation-combination rate
constant ratio is 0,12 at 0,03 g cm™3 in agreement with the
literature value?® of 0.14. This ratio decreases toward high-
er pressures but there is increasing uncertainty in the eth-
ane yield.

While the rate constants for reactions 7 and 8§ are large,
ks = 3.57 X 107! cm?® molecule™! sec™!,26 these are not
normally competitive with oxygen scavenging in reaction 2.
Since the range of all particles should vary as the cube of
reciprocal density, radical-radical and radical-scavenger
reactions are competitive at higher densities. In addition the
high dose rate and/or high LET of fission recoils favors
radical-radical reactions. Indeed it is observed that n-bu-
tane is not scavenged at the lowest densities and the yield
increases with density at the same oxygen concentration, In
order to be competitive with (2) the ethyl radical lifetime
with respect to (6) and (7) must be within an order of mag-
nitude as that with respect to (2). Assuming a quasi steady
state requires that the initial ethyl radical concentration be
10'8-10" molecules cm™3 at the highest density. Quantita-
tive evaluation of the dependence of G(n-butane) on oxygen
concentration and density provides information on the fis-
sion recoil track size and radical concentrations and will be
presented elsewhere.

Further radical addition and recombination yield higher
alkanes

C,H; + C,H, — C,H, (8)
CHy + C,H; — C¢Hy, )

particularly n-hexane. Disproportionation products from
this series give ethane, n-butane, ethylene, and butene-].
n-Hexane was observed only at the lower oxygen concentra-
tions (~0.2-0.4 mol %) and is totally suppressed at higher
concentrations. The analysis for butene-1 was complicated
by the presence of isobutene, but no major trend was noted.
The important step in the formation of n-hexane is ethyl
radical addition to ethylene, a process with an appreciable

activation energy, E, = 6.9 kcal mol™!, and a small preex-
ponential factor, log 4 = 7.7 (1. mol™! sec™!).26 At 300°K
this process is very slow, k = 4.8 X 107! cm® molecule™!
sec™!. The fact that n-hexane is observed at all in the pres-
ence of oxygen may indicate that the track temperature is
substantially above ambient.

The participation of the vinyl radical in the mechanism
for ethylene decomposition is indicated by the formation of
1-hexane and substantiated by the variation of the 1-hexene
product yield with added oxygen. A plausible sequence for
1-hexene formation is generation of C,Hs by (5) followed
by

C,H; + C,H, — C,H, (10)
C,H; + C,H; — C.Hy, (11)

where C4H~ is the 1-butenyl radical. The rate constant for
vinyl radical addition to ethylene (reaction 10) has not been
reported but it is expected to be large. A

The presence of vinylacetylene and hexene-2 whose yields
are enhanced with added oxygen is not unexpected. The for-
mation of vinylacetylene is not affected by the scavenging
of free radicals by oxygen and has been postulated to be
formed by ion-molecule reactions. Mass spectrometric
studies support that the C4Hs™ (butynyl ion), 202 the proba-
ble precursor of vinylacetylene, is formed by ion-molecule
reactions of acetylene ion

C,H,* + C,H, — (C,H")* (12)
(CHM* — C,H* + H (13)

Reaction 13 is not expected to compete with stabilization at
high pressures, but even if it were present through another
mechanism, it must undergo proton transfer to form vinyla-
cetylene.

A + CH,* — C,H, + AH* (14)

Oxygen does not have a proton affinity suitable for such a
mechanism. However, the oxygenated products observed in
the present study have high proton affinities [CoHsOH, 193
kcal mol™!]3? and may be produced in sufficient amounts
(ZG =~ 2.0) to be effective. Recent evidence from vy-radioly-
sis studies'?¢-33 has clearly shown that oxygenated hydro-
carbons with large proton affinities such as ethanol, diethyl
ether, and dimethyl ether are very efficient proton accep-
tors. This may be particularly important in the fission recoil
track where accumulation of oxygenated products occurs
and where local concentrations are much higher than ex-
pected from considerations based on bulk composition.
Such an effect has also been observed in ethylene-trace O,
~-radiolysis at lower pressures.!®d

The variation in the 2-hexene yield with oxygen is pro-
found. A series of ion-molecule reactions suggested by mass
spectrometric studies beginning with the vinyl ion gives the
hexyl ion

C;Hg* + C,H, — (C,H9* (15)

(C,H* — C,H;* + C,H, (16)
C,H;* + C,H, — C,H{' (a7
C,Hy* + CpH, —> C.Hy* (18)

followed by proton transfer
CygHyg* + CoHy —> CeHyp + AH' (19)

is a possible mechanism for enhancement of the 2-hexene
product yield in the presence of accumulating oxygenated
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products. However, step 16 should not be important at high
pressure.

Conclusion

The mechanism of ethylene radiolysis by fission recoils
has been found to be in general consistent with that eluci-
dated at lower pressures in conventional radiolysis when al-
lowance is made for the increased density and the inhomo-
geneous energy deposition. The former results primarily in
the suppression of the fragmentation of activated intermedi-
ates. The latter leads to localized free radical concentra-
tions along the entire track too high to be scavenged by up
to 0.75 mol % oxygen.
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Abstract: The kinetics of the gas-phase thermal decomposition of methyldisilane and trisilane in the temperature ranges
539.6-569.6°K and 529.6-560.5°K, respectively, are reported. Rate constants for the homogeneous, unimolecular initial de-
composition reactions as shown are (# = 2.3RT): CH3Si;Hs — SiH; + CH3SiH; (log k(sec™') = (15.28 £ 0.15) — (50.75
+ 0.36)/8); CH3Si;Hs — CH3SiH + SiH, (log k(sec™!) = (14.14 £ 0.14) — (49.89 + 0.35)/6); SisHs — SiH, + Si;He
(log k(sec™') = (15.69 £ 0.18) — (52.99 £ 0.43)/6); SisHg — SiH3SiH + SiH (log k(sec™!) = (14.68 £ 0.23) — (49.24 £
0.55)/6). It is argued that the relatively low activation energies observed support 1,2-H migration via hydrogen-atom
bridged transition states, and that the relatively high 4 factors observed indicate that these transition states are quite
“loose.”” Other derived thermodynamic and kinetic data are reported, including a value for the heat of formation of methyl-
disilane, AH°(CH;Si,Hs) = 12.6 kcal/mol; heats of formation of the product silylenes; AH°(SiH,) = 58.6 % 3.5 kcal/
mol; AH°(CH3SiH) = 50.9 £ 3.5 kcal; AH°(SiH3SiH) = 64.5 % 3.5 kcal/mol; and A4 factors for these silylene insertion
reactions (i.e., the reverse of the decomposition reactions studied). Silylene insertions into (Si-C) and (C-H) bonds were not
observed. Insertions into (Si-Si) bonds are argued to be inconsistent with the present data.

Initiation reactions in the thermal decompositions of sat-
urated hydrocarbons are with no exceptions (C-C) or (C-
H) bond fission reactions. Similarly, an (Si-H) bond rup-
ture appears to be the initial step in the silane (SiH4) ther-
mal decomposition.! However, SisH¢,>"% CH;Si,Hs,5 1,2-

(CH3);Si,H4,% (CH3)5Si5H,% and SisHg?? decompose via
1,2-hydrogen shift reactions to form silanes and silylenes,?-7
(¢f. reaction 1) where R represents H, SiH3, or CH3. This

R,SiSiHR, —» R,SiH + SiR, (1)

Vanderwielen, Ring, O'Neal / Thermal Decomposition of Methyldisilane and Trisilane



