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I. INTRODUCTION

The effects of radiation on hydrocarbons were investi-
gated as early as 1924, Mund and Koch (1) in France studied
the alpha particle irradietion of methane. Shortly there-
after Lind and Bardwell (2) observed the effect of alpha
particles in ethane and later extended their studies to
include many of the hydrocarbon gases (3).

The present saspproach to understandihg the fundamental
proocesses of radlation chemistry was formulated by Eyring,
et al. (4) in 1936, and, although their theory has been
modified by further investigations, many of the observable
effects can be explained by thelr postulates,

Since the original investigations, many compounds have
been studied. The radlation chemistry of water has been
studled by meny investigators, and the mechanisms by which
the radiation products are formed are believed to be under-
stood. However, for most chemical systems, the mechanisms are
very difficult to determine. The effects of radiation on the
hydrocarbons are still not completely understood. Until 1953
there were relatively few investigatlions on this subject.
Angslysis of the gaseous radiation products was tedious until
the new technique of gas chromatography was utilized, Gas
chromatography markedly reduced analysis time and effected
excellent resolution in most cases. Since 1953 the mumber of

reports on the radiation chemistry of organic compounds has
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increased enormously. Many of the more recent reports have
been concerned with the mechanisms involved in ths formatlon
of products. Various techniques, such as analysis of mass
spectra, deuterium labeling of compounds, and reactions with
scavengers, especially radloactive iodine, have ylelded a
greater knowledge of the fundamental effects of radlation.

The addition of an 1800 surie cobalt-60 source to the
facilitlies available at Iowsa State University has made 1t
feasible to undertaks radistion chemistry studles, It was
believed that a further contribution to the understanding of
the mechanlsms involved in the radlation of hydrocarbons
could be obtalned by irradiating a carbon-ll labeled compound.
If the hydrocarbon could be obtained or prepared so that the
tagged atom replaced each of the various carbon atoms in the
molecule, a study of the products formed would be valuable in
explaining these mechanisms,

Kokes, Tobin and Emmet (5), Evans and Willard (6), and
Wolfgang and Rowland (7) recently have developed methods for
separation of radioactive compounds by gas chromatography,
These developments, plus the sccessibility of commercially
avallable carbon-ll labeled hydrocarbons, have helped to make
the present investigation possible, Recent studies by Lampe
(8) and Hamashima et al. {9) on neopentane indiecated the

value of investigating a similar compound, such as isobutane.
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II. REVIEW OF THE LITERATURE

A, Interacticn of Radiation with Matter

l, Distribution of radiation

Radiation effects can be conveniently divided into
offects of ionizatlon and electronic excitation and effects
of atomlc dlisplacement. Atomic displacement effects occur
primarily in solids, and do not contribute to the radiation
chemistry of the light hydrocartcens. Only the effects of
transfer of energy to the recoill electron, leading to
lonization and exciltation, will be considered.

When a gamma or X-ray interacts with s molecule the most
common phenomena is the ejection of a Compton electron. The
electron produced travels several hundred molecular dlameters
before it comes to rest (10), either to discharge a positive
ion or to form a negative ion. Many ionizations and
excitations occur along the track of the electron. If the
Compton electron does not give snough energy to the particle
"hit* to cause ionizstion, 1t produces excitation, and the
exclted molecule produced does not differ from the excited
molecules observed in photochemistry.

It can be shown that the energy of the electron is about
evenly distributed between excitsation and ionlzation., When a
one Mev gamma ray undergoes s i'ompton process, the mean

energy of the Compton electron is about LJjO0 kv. Since most
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gases require 30-35 ev to preduce an ion pair, this electron
may produce about 15,000 additional ionizations and 30,000 to
415,000 excitations. Actually the electron itself produces
only about l,000 ionizations, but the energetic secondsary
electrons produce an aversge of about three ionizations each.
The single atom affected by the gamma ray makes a negligible
contribution to the total chemical change. Most of the
ionization in irradiated systems, therefore, is caused by the
relatively siow secondary electrons, which are sble to remove
valence eiectrons only. Ionization of the inner shells is
relatively unimportant.

The primary reactions of radiastion chemistry generally

are considered as belng

A L, &+ (1)
and
A X, A® (2)

where A¥ represents any exclted stete of A, and the symbol
——li—a has the meaning "under the influence of radiation,
yields"., These processes are independent of whether the

cause of the reaction has been the primary Compton electron,
the gamme ray, the secondary electron, or the charged positive
ion. The excited state of A® may vary, depending on the
method of excitation. The fate of these species will now be

considered,



2o Fate of the electron
The primary and secondary electrons will usually become
thermalized and react with a positive ion to form excited

neutral species,
6“"'A+=A* (3)

In certain cases the electrons react with neutral
molecules, probably by resonance absorption to produce

negative lons.
e + 4 = AT i)

Negative ion formation is unlikely, except when the A
molecule possesses a low-lying vacant orbitsl and can capture
a thermal electron, as is the case for NO, 0p, and NOZ, or
when the electron affinity of X in the reacting molecule RX
is greater than the RX bond. In the latbter case, RX reacts
with the electron to yileld R and X™, as in the case of
halogens or hydroxides,

The negative lon may bresk up into a smaller negative
lon plus elther & radical or a small molecule, It may react
with the solvent in a liquid system, or it may react with a
positive lon in & neutralization reasction.

3. Fate of the positive ion

When a molecule is hit by lonlizing radiastion, any part
of the molecule may be ionized. The charge may be distributed
throughout the molecule or it may be localized in a group or



6

satom; the latter case leads to sclective chemical =ffects,
The molecule ion may also be produced in a variety of different
exclited states, both stable and unstable.

In most molecules the charge is not localized. It
assumes a normal probability distribution very rapidly (11).
Vibrational energy 1s nearly always produced when a molecule
is ionized because the lowest potential function of the ion
will not, in general, have exactly the same equilibrium
configuration as that of the molecule. Furthermore, excited
states of the lon are produced and vibrational energy is
created during internal conversion processes, Thus, an lon
frequently has enough vibratioconsl saergy to produce
dissociation or rearrangement. Such an ion, unless it has
been deactivated by collision, wanders through all
configurations consistent with 1its energy and potential
function, until it passes through one of the activated states
which leads to reactlon products. Possible reactions of
positive ions are:

(a) Neutralization by reaction with an electron.

(b) Formation of a smaller ion and a radical.

(¢c) Formation of a smaller ion and moleculs,

(d) Production of & second excited state by lmparting
some of the snergy acquired in the collision process
to adjoining molecules (e.g., as polarization
energy).

(e) Ionization transfer. Consider a mixture of A and B
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with A having the greater ionization potential.
Then

A* + B = A + BY + energy. (5)

() Néufralization'with a negative ion.

(g) Ion-molecule reactions. Ion-molecule reactions
only occur when there is a large ceolllsion cross
gection and a negliglble actlivation energy. They
are noted perticularly in gases at higher pressures.

The reactlion may be considered as
A*Y +Az=F+ g, (6)

These reactions occur primarlly for small molecules,

Examples of ion-molecule reactions are

+ - ~ +
CHy " f CH, = UHB f CHS. (7)
and
CH).:_- <+ CH,_‘- - Czﬂéf L Hz . (8)

4o Neutralization reactions

In 1936, Eyring et al. (L) applied modern ideas of
chemical kinetics and molecular structure to radiation
chemistry. Before the publication of the Eyring, Hirschfelder,
and Taylor theory, 1t had been assumed that the ions
originally produced entered into reactions as ions. They

suggested that before any chemical process involving the ion
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could occur, the ion would be discharged with the production
of an excited molecule, However, if the lon is not discharged
within one molecular vibration period, 1t may undergo a
reaction as an ion.

Neutralizatlion of & gaseous ion by & free electron
releases nine to fifteen ev and tends to yleld excited free
radicals, although direct decomposition by elimination of
small molecules such as hydrogen or methane may be lmportant.
Large polyatomic molecules are expected to give a variety of
products, However, 1if a polyatomic ion, A*, 1is neutralized
by a negative ion, B~, the most likely proaucts are excited
states of A and B.

5. The exclted state

Major emphasis in radiation chemistry is placed on the
study of the exclted state and the radicals produced by it.
Meost of the radlation products are formed through the
intermediate A*, where A is the starting materisal.

The excited molecules formed either directly or through
ionization and neutralization undergo all photochemical
processes Including dissoclation into atoms, radicals or
ultimately into stable molecules, The varlety of excited
states accessible in radiation chemistry is much greater than
in photochemlistry, and consequently the variety of processes
is much greater.

Excited states of molecules which result from very fast

(primsry) particle impacts are principally singlet states,
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The effects of slow secondaery electrons are qualitatively
different. States which differ in multiplicity from the
ground state may alsc be excited with high probability.
Triplet state excitations are to be expected and should be
formed in abundance, since thelr low excitation potential and
high multiplicity favor them cver singlet states in slow
electron impsct (12). These triplet states should be
relatively important since their difference in multiplicity
from the ground state tends to protect them from destruction
by radiation and internal conversion. In general, triplet
states undergo reactlons that singlet states cannot undergo,
since singlet states react rapidly.

6. Fate of excited molecules

Possible reactlions of excited molecules are:

(a) Internal conversion to the ground state.

(b) Internal conversion to lower excited states,

(c) Emission of energy as luminescence.

(d) Excitation transfer. If the initial and final
states of molecules A and B are closely coupled
there may be transfer of energy between the two
molecules, This reaction may be considered to

be & process such &8
A¥ + B = A + B¥ (9)

(e) Metathetical resctions. A typical metathetical

reaction msy be written as



10

2A% = B + C . (10)

There may be possibilities of more complicated
reactions Involving two excited molecules of
different reactants.

(f) Decomposition reactions. The excited molecule may
decompose into smaller stable molecules or into
free radicals,

T Formation and fate of free radicals

Free radicals are frequently formed in radiation
chemistry in many ways. Burton et sl. (13) point out that
free radicals are products of decomposition of excited
molecules, by-products of ion formatlon, such as dissociative
capture of an electron, products of lon-molecule reactions and
of lon neutralization. They note that if two radicals having
& common parent diffuse through the liquid there is s
considerable probablility that a reencounter will occur before
& random distribution is attained. The probability of resction
on such a geminate reencounter is usually assumed to be unity,
When bond rupture of ABCD to yield AB and CD 1is followed by
simple recombination the yield may be considerably decreased.

8. Hot radicsal reactions

A hot radical has an energy content considerably greater
than that characteristic of the temperature of the system.
The excess energy of the hot radical will rspidly become

distributed among the molecules of the whole system by two
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types of collisions. Collisions which simply reduce the
energy of the hct radical are called moderating coliisions;
collisions which result in the formation of a recognizable
product with the hot radical before it has lost much of its
excess kinetic energy are cslled hot radicel reactions.

The "splitting factor" 1s defined as the ratio of hot
radicels undergoing reaction to hot radicals moderated. One
can determine the splitting factor by introducing into thse
system a smell proportion of a reagent which reacts very
efficliently with the thermal radicals, but does not react

with the hot radicsls, This reagent is called a "sink".

B. Interpretation of Radietion Effects

l. Statisticsal and selective effects of radiation

In the interpretation of radiation effects, a limiting
cass to consider is the statistical nature of the radiation
process, OStudies of the hydrogen and methane ylelds in the
radiolysis of saturated sliphatic hydrocarbons and their
acids by Breger (1L) and Schoepfle and Fellows (15) have
shown that the ratio of hydrogen yleld to methane yield for
& number of different hydrocarbons is proportional to the
ratio of the number of C-H bonds to the number of C-CHB bonds,
This and other evidence has led to a statement essentially
statistical in its nature by Burton (16) that, where special

chemlcal restrictions can be neglected, nature and quantity of
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the products are determined by nature and number of parent
groups in the molecule of the substance decomposed, This
principle is useful as a sort of ideal behavior for a
substance. However, as will be shown, chemical effects can
rarely, if ever, be neglected.

Ths other limiting case to consider is the case of
complete selectivity. This, of course, 1is typical of the
results obtalned in photochemistry. However, complete
selectivity 1s never the csese in radiation chemistry.

Many compounds exhibit varying degrees of selectivity.
There is the well known case of the exceptional stability of
aromatic compounds to radiation. Even In bombardment with
very high energy particles there is a remsarkable stability of
aromatic compounds. Current investigations by Lang (17) have
shown that for the synchrotron irradiation of cyclohexane and
benzene by L7 Mev maximum energy gamma rays, the number and
amount of low molecular weight compounds produced in benzene
was considerably less than in cyclohexane. In mixed aliphatic-
aromatic compounds such as toluene and ethyl benzene, the
aliphatic part is preferentially decomposed.

Dewhurst (18), in a study of the branched chain alkanes,
noted some degree of selectlvity. By analysis of the
intermediate molecular weight products of the radiolysis of
these compounds, he found that the preferred site of scission
was at the point of branching. For example, 2-methylpentane
did not form any appreciable amounts of Cg and Cjg products;



13

& large yield of Cg product was formed, corresponding to =
cleavage into two 63 fragments, whlch combined with the
starting materisl, Similarly, in 2,2-dimethylbutane no 09
compounds were formed, and the primary products were Cg and
C1o hydrocarbons, corresponding to a preferred cleavage into
C2 and G fragments.

Investigations of the radiclysis of the alkyl halides
by Gevantman and Williams (19), Schuler and Petry (20),
Schuler eand Hamill (21), and many others have shown that the
carbon-halogen bond is broken more often than expected
statistically.
2. Isotope effects

Isotope effects have been observed. Burr (22) has
compared a serles of deuterated ethanols, and has found a
notable decrease in the hydrogen plus deuterium yleld with
deuterium substitution in the -CHz- group; however, the
hydrogen plus deuterium yield is unaffected by deuterium
substitution in either the CH3- or -OH groups.
3. Scavenger effects

There have been many investigations on the effects of
addition of scavengers. A scavenger 1s a species that reacts
rapidly and indiscriminately with &ll radicals, The most
common 3scavengers used have been molecular iodine and
diphenylpicrylhydrazyl.

In the spplication of scavengers, an indication of the

stability of a species towards radiation can be obtained by
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measuring the amount of radicals produced., Dewhurst (23)
added iodine and other scavengers to hexane and exposed the
mixture to a high energy electron beam. The hydrogen yield,
upon addition of any of these scavengers, decreased to the
same value observed during the irradiation of pure hexane in
the solid state. The portion of the yileld unaffected by
scavengers was attributed to Intramolecular processes which
produced hydrogen molecules, The scavengers only captured the
hydrogen atoms produced in radical reactions,

o Effects of temperature and physical state

The effects of temperature on the yield of radlation
products has given informatlon as to the mechanisms involved
in their formation, Hot radical and ion-molecule reactions
are not affected by tempersture, whereas most other reactions
are temperature dependent.

A study of the effect of temperature in the radlolysis
of cyclohexane and neopentane by Hamashima et s8l. (9) showed
little change in the methane yield and no change in the
hydrogen yield in cyclohexane, Distinct effects were noted
in neopentane. The increase in yleld in neopentane was
attributed to free radical reactions, whereas the residual
yield in cocyclohexane and neopentane was attributed to
molecular processes,

5. Effects of radiation intensity

The energy of the interacting particle or ray determines
the spatial distribution of energy absorption processes along
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the track of the secondary electron. Dewhurst and Winslow
(2l4) compared the electron beam radiolysis for 800 kvp
electrons and the cobalt=60 gamma ray radiolysis of liquid
hexane. Since the Compton electrons from cobalt-60 gamma
rays have an average energy of 600 kv, the chemical changes
for the two modes of radliation should be similar; however,
guantitative differences were observed., Generally, in the
case of high energy radiation, the primary events are spaced
at random and at great enough distsnces that they can be
considered as being isclated from one another; however, at the
higher dose rate obtained during the electron beam radlolysis
there appeared to be interactions between spurs. A spur

1s defined as the region in which the energy from one primary
event, e.g., interaction of & secondary electron with a
molecule, is dissipated. The intensity of radiation must be
taken into consideration only when there is interaction
between spurs, and for sny gamma source presently available
initial ylelds may be considered as independent of dose rate,

6. Comparison of mass spectra and radistion

Useful comparisons can often be made between the data
from mass spectra and from radiolysis. Burr (22), as
previously noted on page 13, has compared the radlolysis
products of a serles of deuterated ethanols. The mechanism
presented to account for hydrogen formation is similar %o
that deduced from mass spectra observations. Burr (25) has

extended these observatlons to acetlic acid, ethane and benzens,
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and has shown that mass spectra data can be used to determine
the approximate amounts of products formed by radical and
molecular processes,

Mass spectral data camnot be compared to radiolysis
data when the formation of products by radiation is dependent
on track density effects, Unimolecular decomposition of an
excited or iomnized molecule should be lndependent of track
density, and for similar reasons independent of physical
state, and should lend itself very nicely to comparison between
the two methods,

7. Miscellaneous effects

Many approaches have been used in an attempt to under-
stand the mechanisms involved in radiation chemistry.

Williams and Essex (26), for sxample, have used an applied
electric field for the isolation of various steps 1in gas
phase resctions,

The radiolysis of mixtures of compounds has given much
information as to the selective nature of & radiation process.
Protection and sensitization have been observed in mixtures;
the component with the lowest ionization potential should
form relatively more positive ions, whereas the component with
the lowest excitation potentisl will form relatively more
excited states. Competition between the componsnts occur,
leading to radiation protection of one species by another.

The radiolysis of mixtures 1s presently being investigated by

industry to determine its commercisl vossibilities for the
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production of several types of compounds. In particular,
the study of graft polymerizatlon is being looked into
extensivelye.

Studies using intermittent irradlation have been
pursued. Using intermittent radlation, the concentration of
intermedlates is no longer bullt up to a steady value, which
determines the rate of resaction.

Other approaches which have been used include examination,
theoretically and experimentally, of the geometry of particle
tracks, studies of pressure dependence in gaseous compounds,
and energy transfer studies by addition of the rare gases
to a gaseous system. However, the present state of radiation
chemistry knowledge leaves much to be desired. A major
breakthrough 1s needed. It 1s hoped that by continuing
investigations of the wvarious effects, the propertles of
materlsls exposed to radiation can be predicted.

It 1s suitable, at this point, to include a discussion
of radiation dosimetry. However, due to the relatlonship
between some of the literature of radiation dosimetry and the
determination of radlation dose in this Iinvestigation, a
separate section of the experimental procedure will be

devoted to dosimetry,.
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ITI. EXPERIMENTAL TECHNIQUES

A, Preparation of Sample for Irradiation

l., Description of vacuum line

A vacuum line (Figure 1), consisting of a Duo=-Seal
vacuum pump attached to a 15 mm vacuum main (Gy), was sub-
divided into segments by stopcocks S3 and 89. Attached to the
maln were a cold trap, masnometer, MclLeod gauge, and four
side arms containing four two mm bore stopcocks (S7, Sg 5 slh’
S15) and three 12/30 standard tapers. In addition, there was
a connecting arm (Gg) containing a two mm bore stopcock (313)
between a slde arm and the MgsLeod gaugo.

A McLeod gauge 1s usually employed for the measurement
of low pressures, but since it is fundamentally a volume
measuring instrument it can be usefully applied to gas analysis,
The design of the McLeod gauge was similar to that
recommended by Glascock (27), but was modified by incorpor-
ating a standard taper and a stopcock (S;y) onto the
callbrated tube (GS)' These modifications made it possible to
transfer the radioactive material directly from the
calibrated tube to the irradiation vial.

2. Preparation procedure

The irradiation vial consisted of a 25 mm pyrex glass
tube attached to a two mm bore vacuum stopcock. The tube was

cleaned in concentrated nitric acid, washed several times
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with distilled water, and heated with a Bunsen burner while
attached to the vacuum line to drive out any gases adsorbed
on the surface of the glass.

A "lecture bottle™ of Matheson Company "instrument
grade" 1sobutane was attached to Gy e Analysis by gas
chrométography revealed only a trace amount of n-butane; the
i1sobutane was used wlthout further purification.

The irradiation vial was attached at G, and the vacuum
line was completely evacuated., Isobutane was added to the
closed system to the desired pressure, as indicated by the
manometer, If carbon-ilf labeling was not desired, the vial
was available for irradiationm at this point,.

To add the desired labeled compound, the lrradiation
vial was attached to the side arm (Gh) of the McLeod gauge
calibration tube. The labeled compound was attached aft G9.
The labeled compounds used in this investigation were Orlando
Research, Incorporated 1sobutane-1-C14 and Research Speclalties
Company 1sobutane-2-Cllt, The isobutane-1-Cll contained
impurities of radioactive ethane, propane and isobutene. The
isobutane-Z«Clh contained traces of radloactive propane,
n-butane and isobutene. The 1sobutene in the 1sobutane-1-0Ll
was the only impurity large enough to affect the results.

The system was again evacuated and the irradiation vial
was immersed in liquld nitrogen. By adjustment of the
appropriate stopcocks & callbrated amount of radloactive

compound was transferred into the irradiatlion vial by way of



the McLeod gauge.

B. Sample Irradistion

l. Radlation dosimetry

In general, gamma dose 1s measured in terms of energy
absorbed per unit mass of the material absorbling the dose.

If the abscrbed energy is produced predominantly by the
Compton effect, the amount absorbed is directly proportional
to the number of electrons per gram of absorbing material,
Cobalt-60 gamme radiaticn produces energy primarily by
Compton processes,

A requirement for a system to be used for dosimetry
studies 1s that 1t must be stable for a reasonable length of
time before and after the irradiation. In addition, the
system should have & low temperature dependence and must be
free of complicating side reactions, Most dosimeters are
useful only up to a certain maximum dose and dose rate,
Generally the maximum total dose is Inversely proportional to
the radlation stability of the dosimeter, Ionization chambers
have been found to be excellent dosimeters for gaseous
systems, but are not very applicable for liquid systems (28).
Calorimeters have alsc bsen used, as well as glass dosimeters
consisting of glass containing silver or cobalt.

Chemical dosimeters have probably received the greatest

amount of attention. The dose measurements for most chemical
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systems are based on a radiation-induced optical changs in
the system. Harteck and Dondes (29) used a nitrous oxide
dosimeter for studies of high level beta and gamma rays and
thermal neutrons. The calculabion of the dose was based on
the measurement of the nitrogen dioxide produced from the
decomposition of nitrous oxide. The amount of nitrogen
dioxide was mesasured colorimetrically, This system is
especially useful for measurements of dose absorbed in gaseous
gystems. By adjustment of the gas pressure, a system similar
in electron density to the deslred system can bs produced;
direct determinations of dose absorbed in a gaseous system
cculd be obtained by using this system. Unfortunately, the
dose range for this system is 107 to 2 x 109 rads. Below 107
rads the amount of nitrogen dioxide produced 1s unmeasurable;
above 107 rads the plot of reaction yleld as a function of
dose begins to depart from linearity. Another limitation of
this system is that the production of nitrogen dioxide is
dependent on the temperature and the dose rate even 1ln the
working range.

Many different dyes have been tried as dosimeters, The
most successful dosimeters were halogenated hydrocarbon-dye
indicators (30) and methylene blue indicators (31).

The ferrous=ferric sulfate indicator 1s the most widely
used indicator, and is often used as a standard of dosimetry.
This system obeys most of the requirements for a suitable

dosimeter, The amount of ferrlic ion produced is measured
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spectrophotometrically, although there is a considerable
dependence of the extinction coefficilent on temperature. The
most useful range of this dosimeter is from 103 to L x 104
rads; this renge can be extended by using various techniques
(32)., The ferrous-ferric sulfate dosimeter will be discussed
in more detall in the following section.

Above a dose of 105 rads the ceric-cerous sulfate system
(28) is in wide use. The ceric sulfate 1s reduced to cerous
sulfate and the cerous lon concentration is generaily
determined from the difference in cerlc concentration before
and sfter irradiation. The major drawback to using this
system as a dosimeter 1s that the ceric sulfate solutions are
susceptible to light, and significant changes cean occur upon
storage.

2. Dosimetry procsdure

The ferrous-ferric sulfate dosimeter was used to
determine the amount of rasdiation absorbed by the lsobutane.
The vials that were used to contain the isobutane were used in
the dosimetry measurements in order to eliminate geometry
effects.

The vials were cleaned by the same procedure as described
for the preparation of isobutane for irradiation, and the
experimental procedure described by Weiss et al. (32) was
followed., Two grams of ferrous sulfate heptahydrate, 0.3
gram sodlum chloride, and 110 milliliters of concentrated
sulfuric acid were dissolved 1in suffilclent distilled water to
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make five liters of solution. The scdium chloride was added
to inhibit the oxidation of ferrous ion to ferric ion by any
organic impurity that may have been present. The

irradiation vial was then filled with this solution and
lowered into the cobalt-60 source and the dosimeter was
exposed to the gamma radiation for a measured amount of time.
To correct for the exposure due to lowering and raising the
irradiation chamber, and for bringing the source in contact
with the irradiation vial, the vial was lowered, brought in
contact with the cobalt-60 and raised. This procedure was
repested five times; the valus obtained for the total exposure
was divided by five to get the correction factor. The
correction factor was subtracted from the value obtained for
the dose.

The sample, after being taken out of the cobalt-60
irradistor unit, was analyzed for ferriec ion by direct reading
of the optical density (absorbency) by a Beckman Model DU
Spectrophotometer with a wavelength setting of 305 mm and a
glit opening of 28}L o The extinction coefficient of the
ferric lon was previously determined by measuring the
absorbency of a 0,0002 M ferric ion solution,

3, Irradiation procedure

Samples were lrradiated at the Iowa State University
Veterinary Medicine Research Institute's cobalt-60 source,
The source contained 1850 curies of cobalt-éo in mid-
September, 1957. Figure 2 is a description of the cobalt-60
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irradiator unit, and shows the cobalt-60 scurces in two
different positions,

The 1rradiation vial was placed in the sample chember
and lowered until it was parallel to the cobalt-60 sources.
The sources were then brought to the "out" position, and the
sample was irradiated for the desired‘lenéth of time., A
thermocouple, within the sample chamber during the
irradiation, actuated and controlled the temperature of
circulating fluid reservoirs; these reservoirs malntained
the sample chamber and sample at the desired temperature
within a tolerance of ¥ 0.20C.

Ce Sample Analysis

1. The gas chromatograph
A ges phase chromatograph, referred to as the GPC,

designed by W. A, Stensland and R. G. Clark of this
laboratory, was used to separate the desired products., The
GPC 1is an instrument which can rapidly anslyze substances
that can be converted easily into the vapor phase. A
schematic diagram of the GPC is shown in Figure 3.

The carrier gas, after passing through & low-flow rota-
meter, entered the GPC, passed through the reference thermsl
conductivity cell, and flowsed through the sempling system,
picking up the mixture to be analyzed., The mixture was

resolved as it was carried through 8 packed column by the



Figure 3.

GAS CHROMATOGRAPH

ro T T T T
| [RiGH voLTace] |
i

,//’/// COLUMN | SUPPLY |

|
|
—
| NEAR I
ISAMPLING | LINEA |
SYSTEM | LAMPLIFIER l
| |

FLOW ———t -
PROPORTIONAL R R
COUNTER ~__ |

THERMAL
r— CONDUCTIVITY
CELL

ROTAMETER
ROTAMETER RATE METER
- HEATER | . ‘
He CH * DUAL PEN
4 EXHAUST RECORDING
BRIDGE CIRCUIT] POTENTIOMET

The analysis equipment

Le



28

stream of carrier gas. If the column packing material was
properly selected, the rate of adsorption and desorption of
each component was different, and the individual components
were fractionated as they moved through the column. The
components emerging from the column appeared as separate
"hands" of the pure vapor in the carrier gas. The amount of
each odmponent was determined by passing the gas stresm
through the other thermal conductivity cell, where the thermal
conductivity of the component plus carrier gas was measured.
The two thermal conductivity cells were set up in a Wheatstone
bridge arrangemsnt so thet only the thermal conductivity due
to the components other than the carrier gas was recorded,

Heating and coolling systems were lncorporated into the
GPC in order to analyze mixtures at temperatures up to 200°C,
The heating system consisted of & cycling heater and a steady
heater, each having separate controls. Programmed temperature
analysis, i.e., analysis in which there 1s a linear increase
of temperature with time, could be obtalned by adjustment of
the steady and cycling heater controls.

The components, after passing through the thermal
conductivity cell, emerged from the GPC in a continuous stream.
This gas stream was mixed with a regulated amount of methane.
The gases were passed into a proportional counter where the
smount of radloactivity in each component was detected.

2. The sampling system of the GPC

The sampling system is illustrated in Figure L. Three
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methods of sampling were used. For preliminary investigations,
and to determine elution times on a column, the "gas sampler"
was used. The gasecus mlxture was injected 1nto~the gas |
sampler by a hypodermic injector, previously setting the
valves to the desired positions.

The "1iquid sampler" was used in the anslysis of
isobutane irradiated in éeéled, glass ampules, An Iirradiated
ampule was placed in the chamber of the liquid sampler; the
alr in the sampler was flushed out. The ampule was crushed
by pushing in the plunger of the liquid sampler. The gaseous
components were swept into the column by the carrier gas.
Using this method of sampling, only one sample was obtalned
from each ampule. The geometry of the cobalt-60 source was
such that only two or three appropriate size ampules could be
exposed to the same 1intensity of radiation for each
irradlation. Therefore, using this sampling technigue, only
two or three analyses could be obtalned from each lengthy
irradiation.

The liquid sampler was of great use in determining the
valldity of the results obtalned using the other sampling
techniques; using the liquid sampler, there was no possibility
of changing the concentration of radiation products by
transfer from one chamber into another., The liquid sampler
could, in sddition, be used in the determination of the total
amount of liquid, as well =as gaseous, products produced during

an irradiation.
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The Perkin-Elmer Corporation sampling valve was used
for the majority of the analyses. The sampling valve
consisted of interchangeable sample chambers of one-quarter,
one, five and 25 ml, which could be connected to either of
two pairs of openings by turning the attached selector knob,
Tubes leading from one palr of openings were connected to
the glass tubing in the GPC, A tube, leading from ons of the
other two openings was connected to the vacuum line; the
other opening was connected to the irradistion vial and a
mixture of gases by a fourth tube. The selector knob could be
set at two positions. At the first, or sample position, the
sample chamber was connected to the vacuum line and
irradiation vial., When the selectof knob was in this positiocn-
the sample chamber was evacuated. The stopcock on the
Irradiation vial was opened to allow a regulated amount of
gas to flow into the chamber, If it was desirable for
identification purposez to add a mixture of gases of the
suspected radlation products, a Dewar flask containing liquid
nitrogen was placed under the sample chamber and the gases
were added, The mixture of gases consisted of Matheson
Company methane, ethylene, ethsne, acetylene, propane,
propylene, propyne, butsne, butene-l, isobutene and neopentane,
In addition, Eastman Kodek Company pentane and isopentane,
and Matheson Company butene-2 were occasionally used,

The selector knob was then turned to the second, o

inject position, connecting the sample chamber to the GPC,
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The sample was then flushed into the chromatographic column
for analysis by the carrisr gas.

3. Description of the chromatographic columns

The columns used for the anslysis of the radiation

products of isobutane are listed in Table 1.

Table 1. Chromatographic coiumns

Columm Wt Solid Mesh "~ Column

,»IiQﬁia.' % support size ‘length °{ «
silios gol 100 self 14-20 10 £t
activated charcosl 100 self 3548 15 £6
decane 140 celite 48 -65 12 £t ]_ 
ethylacetoacetate Lo celite 48-65 lszﬁf u
hexadecane 40 celits 48-65 15 ft‘

Mixed columns

decane = 30 chromosort 30-60 11 ft
activated charcoal 100 self 35-448 2 £t
dimethylsulfolane- 4O celite 28-35 16 £t
diisodecylphthalate 4O celite 28=35 6 £t

The silica gel column was prepared by packing a six mm
inside dlameter pyrex giass spiral with Fisher Company silica
gel. The column was heated at about 150°C for several hours;

during this time helium flowed through the column, removing
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eny material adsorbed on the surface of the silica gel. The
silica gel column was especially useful for the separation of
ethane from ethylene and their subsequent analysis. Analysis
of higher molecular weight radiation product could not be
obtained using this column, thus severely limiting its use.

The charcosal column was preparsd by packing another
pyrex spiral with activated charcoal obtained from the
Mallinckrodt Chemical Works.

The other columns were prepared using Johns-Mansville
Company celite 22 as the solid support. The celite was
prepared by pulverizing a brick of it and sieving the powder
for the desired mesh. A mixture of hydrochloric acid and
water was added while stirring the celite, and the solution
was heated to boiling. The material was washed thoroughly
with distilled water and dried. The dry celite was fired in
& muffle furnace at 10000C for several hours,

The decane column was prepared by pouring the decans
directly onto the celite and stirring until the celite had a
uniform color. The mixture was allowed tc reach equillibrium
in & sealed container before it was packed. The same
procedure was used for the preparation of the ethylacetoacetate
column,

The remaining columns were prepared by dissolving the
liquid phase in excess acetone and adding the desired amount
of treated celite. The acetone was removed by careful

evaporation. The final traces of acetone were removed by
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placing the mixture in a vacuum dessicator. The column was
then packed,

The decane, ethylacetoscetate and hexadecane columns
separated most of the radiation products., However, only the
hexadecane, because of 1ts low vapor pressure, maintained its
separating ability after prolonged usage. This column was

especially useful for the separation and subSequent_¢5;ffﬁf e

determination of propane and prepylsnse.

Two mixed columns were prevared. A two-stage Qdiﬁ@§: “w:d”MN"‘

consisting of eleven ft decane on Wilkens Company chromosorb
and two ft activated charcosl, was used to separate hydrogen,
alr, methane and isobutane. A three-way stopcock was fitted
between the two segments of the column so that by adjusting
the stopcock, the lsobutane could be transferred directly
from the decane segment to the thermsal conductivity cell,
whereas the other components passed through both segments of
the column. The elution times of hydrogen, &ir, methane and
isobutane on this column are presented in Table 2.

The dimethylsulfolane-diisodecylphthalate column was
prepared according to the speclficatlions given by Fredericks
and Brooks (33); this column was used for the majority of the
analyses, It could not separats ethane and ethylene, or
iscbutene and butene-l, but gave excellent resolution of the
other one to five carbon atom hydroccarbons.

i« The counting system

The radistion products, after emerging from the column,
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Table 2, Elution times using the decane~charcoal column

Cerrier flow rate - 20 ml/min argon
Tempersature - 26°C

Decane and

Component Decane segment .charcoal
Hydrogen 3.4 min ‘u;bémin
Air 3.4 Solt min
Methane 3 'S 6 ll ° 7 min

Isobutane 31.8 undetectable

were mixed with a regulated amount of methane and flowed Into
a flow-proportional counter similar in design to that of
Wolfgang and Rowland (7). The proportional counter 1s
illustrated in Figure 3. The optimum size of the counter
chamber was found to be 20 ml. The nature of the center wire
did not affect the quality of the results. When a three mil
stainless steel center wire was used the operating voltage
was generally about 3000 volts; using a twe mil tungsten wire
the operating voltage was about 2300 volts, The operating
voltage was also dependent on the ratio of helium to methane
in the sounting gas mixture. As this ratio increased, the
operating plateau length increased. The quality of the
results was not affected by a change in ratio, as long as the

ratio remained constant during the course of the analysis,
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The flow-proportional counter was comnssted to a RCL
pulse amplifier containing a high voltage supply and a linear
amplifier, and to a Nuclear-Chicago Model 162 scsaler
containing a discriminator. The output of the scaler was fed
into a Nuclear-Chicago Model 1615-A ratemeter and the counting
rate was recorded by one pan of a Bristol dual-pen reoord...na
potentionoter,‘the other pen recorded the thermal conductivity
changes causedaby»thenpassage of the radiation products
'through the thermal conductivity ce1l. A block diagram of
the - counting equ;pment is 1ncluded in Figure 3. .

m\

5. Anal si .
Samples of .25 and one ml- of bydrogen, methane and
isobutane,were analyzed on the decane-charcoal cclumn~to
determine the number of molecules of each oorresponding to a
unilt of area of the recorded thermal conductivity peak. Argon“ fv 
was used as the carrier gas for these observations and for |
the subsequent determinations of hydrogen and methano~yields. 
The irradiation vial was attached to the sampling vclfo and
the sampling procedure previously described was employed. A
constant flow rate of twenty ce/min argon wés used for the
hydrogen and methane studies, Although the flow of argon
could be mailntained constant for short periods of time, it was
Impossible to keep 1t at the 1dentical value for more than two
successive analyses., However, ths relative thermal conductivity
response of isobutane, methane and hydrogen remained constant

over flow rates of 15-25 cc/min,
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The procedure for the determination of the amounts of
radioactivity in the radiation prcducts was identical to the
procedure used for the hydrogen and methane studies except
that helium replaced srgon as the carrier gas. The helium
was usually maintained at a flow rate between 15 and 25
cc/min., As the gas stream emerged from the chromatograph it
was mixed with methane regulated a2t a flow rate of about
50 cc/min.,

The number of counts corresponding to one unit of area
of the activity peak was previously determined for each
scale of the ratemeter. A ceslum-137 source was placed
alongside the proportional counter, and the total number of
counts was recorded by the scaler. The area under the
recorded activity or thermal conductivity peaks was
measursed with a K & E planimeter to obtain the counts

corresponding to an area unit,
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IV. EXPERIMENTAL RESULTS

As Dosimetry Measurements

The molar extinction coefficient of ferric ion was deter-
mined to be 2193 at 21.20C. Ferrous sulfate solutlons were
irradiated for 60, 90, and 120 seconds in the irradiation
vials. The absorbency of these samples was determined. The
absorbency was corrected for the optleal density of the spec-
Yrophotometer cells, and for the difference in temperature of
the observation from 21,2°9C. In addition, a correction factor
was applied to account for the exposure due to the lowering -
and raising of the irradiastion chamber, and for bfinging the |
sources in contact with the irradiation vial. The value of
15.45 ferricgio';r’xfs .v.piiéf@igqed by 100 ev of energy absorbed by the
ferrous,sﬁyfdté.solutiOn,:aégdescribed'by Schulgr’dnd Allen
(3k), was;ggédfﬁo célculé%é;ﬁhéTddsage. A valuetof 12@637 b4
110 rad/miﬂ“ﬁ&s‘obtained fOr]ﬁﬁe,dose rate in the solution on
November 20, 1959, A réd'ié'defined as the unit of absorbed
dose and 1s equal to 100 ergs/gram. Correction for the elec-
tron density difference between the solution and the isobutanéji
gave a value for the dose rate in isobubane as 13,395 % 117
rad/min on the same date. This value does not inolude‘ahy cor-
rectlon for the difference in effects in the solution and the
gas due to the secondary electrons produced by the interaction

of the gamme reys with the glass sides of the irradiation vial,
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B, Hydrogen and Methans Studies

The thermal conductivity response of hydrogen, methane

and isobutane was measured., One unit of area on the plani-

. meter. coerSponueu to 5.71 X 1015 molecules of hydrogen,

 2.78 x 1016 molecules of methane or l 56 X 1017 molecules‘of
iscbutene at 0°C and 745 mm pressure at & flow rate of 20.0
ce/min argon through the decane-charcosl column.

Irradiatic: vials containing isobutane at 745 mm
pressure were irradlated for 930 min in the cobalt-50
irradiator unit. Samples were irradiated at -16°C and at
'”ten degree temperature intervals between 0°C and 70°C, The
aregsqu the Gaussian curve obtained by the chromaﬁographic
ahalygis were measufed, and the G values of hydrogen and
methane were calculated. The G value, or yield, is defined
s the number of atoms, molecules or ions produced by 100 ev
of energy absorbed by the system. As long as the flow rate
remained constant throughout the analysis, the yields could
be calculated. The hydrogen yield was obtained by sa.pplyi..C>
the following calculations. By definition,
H, molecules

Q/100

o(n,) = )
where

Q = dose in ev

H, molecules = AHZ X TH2 X RHZ (12)
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where

= planimeter measurement of the thermal

]
N
]

conductivity pesk area of hydrogen.

molecules of hydrogen equal to one unit of
area on the pianiméter;,

ratio of hydrogen in the irradiation vial .

to the analyzed sample.

Since

- 2
RCuﬂlo - LE 6.02 x 1023/58 (13)

Achﬂlo x TCMHIO

and

Qr X t X ¥ x 100 erg g=1 rad-l

: (1)
1.6 x 10-12 erg ev=l

where

y = grams of isobutane in the 1rradiation vial.
Qp = dose rate in rad/min.

t = minutes of irrsdiation.
- Then |
| 1.66 x 1010]5H2 xﬂhﬁé

Qp X & X Acuﬁio'x TCuﬂlo

G(Hz) = . (15)

Table 3 shows the effect of temperature on hydrogen and
methane ylelds in the radiolysis of isobutane. Each value 1s
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Table 3, Hydrogen and methane formation; effect of

temperature
Temperature Irradiation G(H,) G(CHh)
,,~16§¢ﬂ zfxf~ 29 2,21 ¥ 0.09 1.29 f 0.08
: 500 ~3gjy, 3fﬁ}}’2 95 ﬁ 0.05 1.37 f 0.05
100G 31 3 28 +0.07 1.2 * 0.05
20°C 36 3.92 f302677[ﬂ*1,7olﬁ,o,03 o
30°¢ 32 139 % 0.09 1.9 ifd,094;.1.n7:'
40° 33 5.87 % 0.04 2,33 * 0.05
509G 34,37 547 * Q.o9 ;"3g3i[t,o.o9
60°C 35,38 o9l * o.o9fnj 3g27;£;o,o7
7000 Lo 5,16 * 3.3t

0.05  3.31F%0.09

the average of a minimum of four determinationso The yields B
&t 500C and 60°C were each obtained by analyzing samples

from twe irradiations, whereas the- other yields were obtained‘f

$ by analysis of samples from one irradiation. ’Figure‘S 1s-a

diagram of the results obtained for a sample irradiated at
40°¢, § e

€. Carbon-ll, Studies
Samples of isobutane-1-Cli at 745 mm pressure were

irradiasted at 20°C and -16°C. Two irradiations of 2160 min snd

2091 nmin duration were made at the higher tempersture, and one
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irradiation of 2160 min was made at the lower temperature.
The boiling point of isobutane is =10,2°C, and thus, both
gaseous and liquid 1sobutane were irradlated., Samples of
1sobutane-2-Cll were also irradiated in the gaseous and
liquid states, Two irradiations of 2094 min and 2126 min
at 20°C, and one irradiation of 2070 min at =-20°C were made
using an tnitial 1sobutane pressure of 7&5 nm. In all six
irradiations the irrad;ation vials were placed in the o
volume of the irrasdiator unit where the cobalt-60 fleld was
uniform, and the cobalt-60 sources were placed in the
1dentical positions, so that, neglecting the differences due
to decay of the cobalt-6C, the dose rate was the same,

The radioactivity disintegration rate of the gaseous
components was measured by the ratemeter and recorded
automatically on recording paper as the components passed

through the flow-proportional counter. In addition; the

. counts in each component were measured by the scaler included

in the counting circult. The scaler data was especlally

'4° 7  useful in determining the activity of the isobutane, since

the counting rate of the isobutane, in many cases, was
oonsider;bly greater than that measurablebby the ratemeter,
The scaler provided an excellent check on the reliability of
the total relative activity obtained by the planimeter
measurement of the ares under the Gaussian shaped curve,

The value obtained for the actlivity was not an sbsolute

value, but was dependent upon the flow rate of helium carrier
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gas and the characteristics of the proportiocnal counter. The
absolute activity of each component was not determined since
only relative activity measurements were required in the
calculations of the ylelds.

The number of determinstions of the yleld of each of
the radistion products varied widely. This number depended
in part upon the nature of the column used in the determina-
tions, The majority of the analyses were mede using the
dimethylsulfolane=dlisodecylphthalate column; acetylene,
'éthylene, and ethane could not be separatsd from each other
on fﬁis'COlumn, and as & consequence, the number of
determinations of the yield of these components was less
than the numberibﬁ.determinations of a component that could
be separated, ‘Aﬁtéxample is cited below. In the analysis of
propsne yield at 20°C from isobutane-z-clh, sixteen
determinations were obtalned, whereas the acetylene yield in
the identical series of analyses could only be determined
ﬁhree times, The number of determinations is partlally
reflected in the size of the experimental error included along-
side the value cbtained for the yleld., The size of the
experimental error also reflects the efficiency of separation
from other components that interfere in l1ts determination.

Table I 1s a comparison of the activity yields obtained
by irradliation of the two 1sotopes of isobutane in the iiquid
and gaseous phases., The values are expressed in units which

are proportional to the G valus, but reflect the differences



Table l4. Effect of physical state and carbon-ll} position on activity yields

Temperature 20°¢ -20°C 20°¢ «160C

Physiocal state gas liquid gas liquid

Labeled position 2~01l 2-cll 1-cll 1-c14
Compound Activity yleld (Gp)
methane 0.00 0,00 0.64 ¥ 0.12 0.42 * 0.11
scetylene 0.22 * 0,06 0,30 * 0,06 A é
ethylense 0.24 T 0,04 0.2 f 0.06 o 0.20 t 0,06 0.16 t 0.05
ethane 0.24 * 0.0l 0.15 * 0.06 . 0.68 * 0,18 Oy £ 0.15
propyne 0.00 0.00 0,00 0.00
propylene 1.39 t 0.25 0.72 ¥ 0,20  0.88 I 0,18 0.50 % 0.16
propane 3.6L + 0,22 2.91 * 0.36 2,51 * 0.29 1.82 £ 0.36
1s0butene 1.87 * 0.19 0,79 + 0,12 2.0 * 0.6 1.0 * 0.5
butene-1 0.00 0.00 0.00 0.00
butene-2 0.00 0.00 0.00 0.00
n-butane 1.02 % 0.37 0.42 + 0,11 0.85 T 0.20 0.51 * 0,06

8ot determined.

sk



0.00 0.00

Table 4. (Continued)

Temperature 20°¢ -200C 20°¢ - -149¢

Physical state gas 1iquid gas 1iquid

Labeled position 20l 2-c14 101l 1-clh
Compound Activity yleld (Gp)
neopentane 0.92 * 0.12 0.45 % 0.08 1.34 % 0,25  0.75 % 0.12
isopentane 8 a 0.37>»i_'-.v’0.06 0.33 ¥ 0,05
n-pentane 0.00 0.00

gt
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in radiocactivity measurements, although the G value 1is
independent of the amount of radiocactivity. The unit of
measurement is defined as the "activity G value" and is
denoted by Gg. The relationship between Gg and G yields of

componeat 1 18 expressed by
G(1) = Ge{1) x £ .~ 0 (29)

where f is & constant equai to the ;atio éf.fﬁézééédifié»ﬁ‘ U
activities of 1sobutane to i. TFor example, if methane is
formed by a methyl group, which after being split from the
1sobutane-1~-CL4 molecule, picks up a hydrogen, then the
specific activity of carbon-lli in the methane is one-third
that of the 1isobutane. The constant, f, then has a value of
three.

The G, values were obtained by applying the following
calouletions. By definition

G(1) = molecules 1 (16)
( Q/100
molecules i _ 8 x ¢ (17)
inltial molecules CyHyq Dg

where

-di = counts-of~qomenent i.

Dy = total counts in the entire sample.

Then
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2
molecules 1 = dg xfxy x 6,02 x 10 3 R (18)

58 D,

Substitution of Q@ from equation 1lli, page 40 into equation 16

gives

| 0
6, (1) = Géi) - 1.66 x 1010 g5 (19)

ertXDt

The above equations were valid only 1f the assumption
is made that there was no isotope effect due to substitution
of Cli for cl2, - |

The total counts, Dy, was measured by adding theﬂébﬁhﬁéi:fﬁﬂ“' -

of all the radiation products to the counts of isobutane.
Often, the total counts had to be estimated since several
components were eluted from the column in a manner such that
they could not be counted; however, about 98% of the total
radioactivity of the gasseous products usually weas contained in
the isobutsne, which always was messured; therefore, the error
introduced by the estimate was small, An additional error
was introduced by neglecting to add the amount of radioactivity
in the products contalnling six or more carbon atoms to the
total activity. The amount of activity in these components
wasbélso small compared to the activity in the isobutane, and
no serious error was introduced by neglecting these activities.
In general, the amount of radioactive contaminant in the
startihg material wes small enough that the slight correction

factor involved was within the experimental error of the
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technique. However, the correction factor due to the radio-
gactive impurity of 1sobutens in isobutane-l-Clh- was considerably
beyond the limlts of the experimental error., This was
reflected iIn the determination of isobutene yield,

Figure 6 shows the typical results obtained for the
irradietion of isobutane-l-cl)'l' at -16°C using a hexadecane

column.
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V. DISCUSSION OF RESULTS

A. Hydrogen

Figure 7 is a plot of the dependence of the hydrogen and
methane yields on temperature. This plot showed that the
hydrogen yleld was a function of temperature., The amount of
hydrogen produceéd appeared to have a maximum value of 5.87 at
40°C. It is possible that other processes which compete for
the hydrogen are coming into play above 140°C.

The value of G(Hp) = 2,21, obtained for the liquid
state irradiation at -16°C can also be obtained by a straight
line extrapolation of the gas phese irradiations between 0°C
and 30°C., This 1is to be expected since the hydrogen radical
is toc small to remain trapped in a Franck-Rabinowitch cage
(35) and therefore no dependence of phase should be expected,

A comparison of the hydrogen yleld 1in isobutane with its
published yileld in other saturated hydrocarbons was made.

Due to the great difference in method of irradiation, dose,

dose rate, pressure, etc., these comparisons were cnly of a
qualitative nature. It was found that the hydrogen yleld

was approximately independent of the dose rate, state of
aggregation, and ionizaticn density for unbranched hydrocarbons.
These straight chain hydrocarbons had G(H,) values between 4.2
and 5.2 (3, 11, 18, 36, 37). The yield of hydrogen in hydro-

carbons was essentially statistical in nature; as the branching
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in the hydrocarbon lncreased the amount of hydrogen was found
to decrease,

The value of G(H,) = 3.92 obtained in this investigation
at 20°C is in agreement with the general trend of decreasing
hydrogen with increasing branching.

By extending the plot of G(H,) as a function of
temperature to -309C, a value of 1.6 ¥ 0,1 was obtained; this

value 13 in excellent agreement with the value of 1,75

obtained by converting the yields of Keenan et al. (38), for ¥ ,4;31¢,

v;thQ- tron bom , f 1iquid sobutane ‘at -30°C and e
'”;;;total dose;of h.S x 102h ev, to G»values°
- There appeared to be a linear dependence of G(HZ) with
temperature below 40°C, However, it is possible that a
limiting value of the yleld could have been reached at a
lower temperature than that obtained in this set of
experiments, v

The hydrogen yleld that was temperature dependent can
w'*be attributed to free radical processes in which the hydrogen

'ﬁay7have been formed in reactions suoh_gs
CyHyg —Y— C)Hg + H (20)
H + CyHyg = Gyfig + Hy » (21)

In addition, other molecules and radicals may have lost
a hydrogen atom, which then abstracted and combined with

another hydrogen.
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The temperature independent process for the formation of

hydrogen 1s probably & reaction such as
Y
CLLH].O —_t CLI.HS + H2 (22)

although the possibility of reactions such as equation 20
involving hot radicals cammot be neglected., In addition,
many other radicals or excited molecules may eliminate hydrogen

atoms or molecules,

For unimolecular processes such as the reactions above,&ﬁﬁ* S

ﬁ':mass sPectra data can give a good approximation of the
extent of radical and molecular processes. It may be
assumed that the ratio of the mass spectra peaks at m/e 's

56 and 57, corresponding to the loss of a hydrogen molecule
and hydrogen badical, respectively, are indicative of the
ratio of molecular to radical prccesses, The ratio of these
peak heights 1s reported (39) to be 56/57 = 0.411/3.68, or a
computed 89% attributable to the radical process. If the mass
Speétra data can be taken as valid for the radiation process,
then & G(H,) value of only 0.5 cen be attributed to the
 temperature Independent process, and very little, if any,
departure from linearity should be observed at the
temperatures used in these experiments, The mass spectra
observations suggest that the hydrogen was not formed by
molecular or hot radicsl processes, but primarily by radical

disproportionation reactions,
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B. Methane

The yield of methane was found to be temperature
dependent below 50°C, A maximum G value of 3.3 was observed
above 50°C; & limiting value of G(CHh) = 1.2 was obtained by
extrapolation of the yield-temperature plot to -30°C., The
low temperature value did not agree with the value of 0.63
obtained by Keenan et al., (38) at a total dosags of 4.8 x 1024
' kev, but was in good agreement with their value of G(CHh)

u1751 0, obtained at a dosage of 6. 0 x 1024 ev. The dose per

| gram of irradiated material used by Keenan et sal. was &

'minimum of fifteen times the value used 1n this 1nvestigatien,;;;{

;and thus, only qualitative comparisons could be madee,
It was somewhat surprising ‘that the G(CHM) value

» obtained for the liquidkstate irradiation falls on the same
stra;ght_lipeias the G values in the gas. This may be
indiéati§e éfban absence of a cage effect. A Franck-
Rabinowitch cage (35) would cause increased recombination of
radicals and lower the yleld in the liquid state irradiation.

Table 5 is & comparison of the methane yield from iso-
butane with that from other saturated hydrocarbons as a
function of the percentage ¢f methyl groups in the hydro-
carbon. The G(CHu) value in isobubane, observed in this
investigation, is in agreement wigsh the value expected on the
basis of the ratio of CH3=C bonds to total bonds.

The mechanisms for'formation of methane may be considered



Table 5. A ocomparison of methane yields:

Dgéﬁiafed hydrocarbons

Compound 100 x

CH3=C bonds’

C=C bdnagii

2100 x
- - total bonds

CH3-C bonds

G(CHH)

Referenoce

neopentane
isobutane
propane

ethane
2,2=«dimethylbutane
n-butane
2-methylpentane
n-pentane
2-methylheptane
n-haxane
n-haeptane

n~cctane

1oon:f"
1QQﬁ;f
1Qbf2%:
B0 i
éo;ijygiiii:

u3 ﬂ[;);ﬁ ;.
ko ERCAT

33ff$;f‘il ‘

25
.;; '23
20
o
.
18
.16
13
12

11

2&)ﬁ1£fl*ﬂ?f,

1.8
1.7
1.2
1.0
1.2
0.9
0.5
0.h4
O.h4
0.2

0.09

0.08

(8)
this work
(3)
(3)
(18)
(11)
(18)
(36)
(18)
(18)
(37)
(37)
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as
CL;Hlo ——i—> CHy + C3Hy (23)
CHy + O Hy, = CH + Gyl (24)
and
B0 —i CH), + C3Hg . (25)

The first mechanism is temperature dependent as long as
hot radicals are nct involved. If this is assumed to be the
only reaction producing methane by a temperature dependent
process, a G value of 3,3 - 1.2 = 2,1 can be attributed to it,
and a G value of 1.2 is attributed to the temperature independ-
ent molecular process (reaction 25), Therefore, the molecular
process contributes 1.2/3.3 = 36% of the total methans.

Anglysis of mass spectra data (39) again may be applied.
It may be assumed that the ratio of the mass spectra peaks at
m/e's 442 and U3, corresponding to the loss of methane and
methyl radical, respectively, are indicative of the ratio of
molecular to radical processes. The ratio of these peaks 1is
42/43 = 36.,7/100 = 27% molecular processes, which is in good
agreement with the value of 36% calculated above.

In either of the two mech#nisms postulated above, Ga(CHh)
is expected to be zero when isobutane-2-Cll 1s used, This |
has been observed, Ga(CHu) should be one=-third of G(CHH),
i.es, £ is three, using 1sobutene~1-Cllt 1f the above

mechanisms are valid, The valus of G(GH&) = 1.70, obtalned
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by thermal conductivity measurements is 2,65 times as great
&s the value of Ga(CHu) obtained by activity measurements,
The ratio G(CHM)/Ga(CHu) at =16°C was 1.,29/0.42 = 3.07. It
appears that thése mechanisms are valid for the production

of methane from isobutane,
Co Acetylene, Ethylene and Ethane

Acetylene, ethylene and ethane were found to have
almost identical G, values at 20°C when :1.s.',obl.:.‘aame-2-0:“-L was
used, The sum of the activity ylelds of the Co products was
independent of state, although the acetylene yield appesrsd
to Increase slightly at the expense of the ethane. It there-
fore appears that ths 02 product may be formed by a |
temperature independent process,

The activity yleld of ethane was approximately tripled
by substituting isobutane-l-C*l4 for isobutane-2-Cll in both
the liquid and gas irradiations, although the ethylene yield
decreased slightly by this substltution.

The presence of methyl radicals in the system would
indicate the possibility of forming ethane by

CHy + CH3 = CpHg (26)

or

CH3 + CyHyg = CpHg + C3H7 . (27)
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If these mechanisms are the only ones involved, no redlo-
activity would be expected in the ethane when 1sobutane-2-ClL
was irradiated, The greater activity yield of ethane in
isobutane-l-clu may indicate that these mechanisms are the
predominate method of ethane formation.

If ethane can be formed from isobutane by
Cyiio —f—»  CpHg + CoHy + H (28)
CoHg + C)Hyg = CpHg + CpHyg (29)

activity should be noted in the ethane using elther isotope.
However, the smount using the 1sobutane-2-Cl4 should be three
times the amount from isobutane-1-Clt, The yields are exactly
the reverss, It may be that both mechanisms for ethane
formation are possible, with the radical mechanlism
predominating.

Another possibility not previousiy considered is the
lon-molecule reaction. Thls type of reaction, generally lead=-
ing to rearranged products, may very well explaln the
activity obtained in the athane fraction using isobutane-2-
cll, These reactions may also explain the formation of
ethylene and acetylene. The temperature independence of the

ethylene yleld lends additional weight to this possibility.
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D, Propyne, Propylene and Propane

Table 6 1lists the activity yield ratios of propane snd

propylene formation for the two labeled compounds,

In all

cases the actlivity yield from 1sobutane-2-Cll4 was about

1.5 times the activity yleld using isobutane-1-Cli,

On the

basis of this value, mechanisms for formation of propane and

propylene are postulated below.
SH10 —X—  c3Hy + CH3
G,Hy S AN Cytg + CHj,
C3fiy + Q1o = CO3g + ¢\ Ho

Table 6, Aotivity yileld ratios for propane and propylene

(30)

(31)

(32)

(33)

Gg ylelds
Compound Temperabure 2-clh 1-Clh Ratio
Propane 200 3.61 2.51 l.h40
«200,-16° 2.91 1.82 1,60
Propylene 20° 1.39 0.38 1.58
-200,-16° 0.72 0.50 1.4

For the above mechanisms, the specific activity ratio,
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£, for isobutane-2-Cl4 to propane or propylene is one; f
equals 1,5 for the specific actlvity ratio of isobutane-1-ClL
to propane or propylene. The ratio of the f values is then
1.5,

No propyne was noted in these studies.
Ee Cu Radiation Products

Isobutene Gg values were calculated to be 1.87 and 0.79
for the gaseous and liquid state irradiations, respectively
when isobutane-2-Cllt was used. Radloactive impurities of
isobutene in isobutane-1-Cll4 made it imposaible to obtain
better results than 2.0 * 0.6 and 1.0 £ 0.5 for the gaseous
and liquid state irradiafions, r93pectively.

The large dependence of the yleld on temperature and
state make 1t appear that a radlcal type mechanism rather
than a molecular process i3 responsible for the major

portion of the isobutens. Thus
0,10 —X s oHEy+E (20)
CyHg = Cyfig + H (3h)
appear to be more probable than
1

CL].H].O —_— CLLHB 4' H2 R (22)

This observation is also noted in the data on hydrogen
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production. A qualitative comparison of the data obtained
for the two labeled compounds can be made, It appears that
the smount of 1sobutene is primarily independent of 1sotope
position. Therefore, it may be estimated that the ratio of
the specific activity ratios 1s ore, and that G(1-CyHg) is
identical with Gg(1-CyHg).

A oomparison'of the‘liquid and gaseous state irradiations
show that the isobutane yield 1s decreased by 1.87 - 0.79 =
1.12, Obviously, the yield of hydrogen produced by isobutene
formation is decreased by a similar amount. A comparison of
the G(Hy) yields at -16°C and 200C shows the difference to be
3.92 = 2,21 = 1.71, leaving 1.71 - 1.12 = 0,59 unaccounted.
This difference may be attributed to the differencs observed
in propylene yield due to radlcsl processes eliminating
hydrogen atoms between -16°C and 20°C but may also be due in
part to the production of higher molecular weight specles
having the general formula, CpHon. Higher molecular weight
products have been noted in another investigation (38), but
were not studied in thls investigation.

There was no evidence of butene-l or butene-2 being
formed, but a surprisingly large amount of n-butane was
observed. The formation of n-butane obviously involved =
rearrangement process, which can be explalned readily by &an
ion-molecule mechanlism, except for the fact that the n-butane
formation was temperature sensitive, whereas lon-molecule

reactions are insensitive to temperaturs effects.
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It appears that the n-butane activity yields are not

dependent on isotope position. Thus a reaction such as
RlRZ + RBR)_l_ = R1R3 +* RZR).I. (35)

where the Ri's represent radical species such as H, CHB’
CoHg, C3H7 and Ghﬁ9 can be considered only when both RqR,
and R3Rh are isobutene molecules, If only one of thess
species were isobutans then the activity yleld would be
sensitive to the position of the carbon-lly atom. The data
is not conclusive enough to present a mechanism for n-butane

formation.
F. CS Rediation Products

Normal pentane was not observed as a product of tha
irradiation of isobutane., This was to be expected since
methyl radicsel substitution for hydrogen in isobutane should
yield only isopentane and neopentane.

On a statistical basis, the substitution reaction
CHy + CyHyg = CgHyp + H (36)

should favor the formation of isopentane over neopentane by
a factor of nine; there is the possibllity of substituting a
methyl group for any of nine primary hydrogens, but only one
tertiary hydrogen. In addition, the steric effects of the

methyl groups around the tertliary carbon atom should hinder
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the substitution of the tertiary hydrogen. It is impossible
to reconclle a mechanism simllar to reaction'36 with the
data obtained in this investigation. The data for isobutane-
1-614 showed the activity yield of neopentans to be 1.34/0.37
= 3.62 as great as the isopentane activity yield at 20°C,
and 0.75/0.33 = 2.27 as great aé it at -16°C,

Mass spectra observations (39) showed that the tertiary
hydrogen of isobutane was removed 55 times more rapidly than
the primary hydrogen. This weuld favor neopentane formation
over lsopentane formation i1f the reaction occurred

principally by & radicsl mechanism such as

OHg + CH3 = CgHyp (37)
or

C\Hy + Ch.HIO = CgHyp + C3H7. (38)

A comparison of the stabilities of the Cuﬁg radicals
would also predict neopentane to be the principal CS
radiation product. The tertiary radical has a much greater
stabiilty than the primary radlcal, and should have a
greater probability of reacting with a methyl radical,

It would be expected, on the basis of resction 37 or
38, that the activity yleld of neopentane should be 1l.33
times greater for isobutane-l-clu than for isobutane-z-clu;
the specific sctivity ratio, £, by the above mechanism§

should be one for neopentane using isobutane-2-C1lL ana 0.75
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using iscbutane-1-Cll4. A comparison of the activity yield

of neopentane from 1sobutane-1-Cl4 to that from isobutane-
2-C1h gives 1.34/0.92 = 1.46 as the ratio at 209C and
0.75/0.45 = 1.67 as the ratio in the liguid. The differencs
between experimental and predicted values for the liquid
irradiation is beyond the experimental error of the detection
method. MNo explanatlon 1s offered to account for this
difference. The specific actlivity ratio in neopentane, using
isobutane-2-Cll is one; therefore, G(nso-CgHiz) is also

0.92 at 20°C, and 0.45 at 20°C,

A study of the formation of unsaturated CS products was
not included in this investigation.

Many of the products investigated have been assumed to
be formed by thermal free radicals., It 1s very probable that
the radiolysis involved radicsals for which the energy
distribution was not a Maxwell-Boltzmann distribution for
the temperature of the irradiation, but corresponded to a
somewhat hlgher temperature. However, these reactions have
been classified here as thermal, rather than hot radical
reactions,

Reactions such a8

CoH to X, CoHy + H (39)

which has been proposed for ethylene formation by electron

bombardment of methane (LC), may very well asccount for
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some of the products observed in the irradiation of
isobutane, although these reactions are not as probable as

the mechanisms proposed.
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VI, SUMMARY AND CONCLUSIONS

A study of the effect of temperature on the hydrogen
and methane yields for the cobalt-60 gamma radiclysis of
isobutane was made. It was found that these products were
formed by both temperéture dependent and temperature
independent processes, Thermal radicel reactlons were
postulated to account for the temperature dependent portion
of the yield. Mechsrnisms involving direct elimination of
hydrogen or methane molecules were proposed to account for
the temperature independent portion. Mass spectra studies
on isobutane were compared with the temperature studles, It
was shown that the mass spectra ylelds of lons, corresponding
to the loss of radicals or molecules of methane and
hydrogen from lsobutane, were in agreement wilth the
calculated yields of the radical and molecular processes
from the radiolysis, Approximately 11% of the hydrogen and
36% of the methane were attributed to temperature independent
processes,

The effect of the position of the carbon-lly atom in
isobutane on the radiocactivity ylields of the low molecular
welght radiation products was shown. The labeled compounds
studied were isobutane-l—clu and isobutane-2-Cll,

Radicactivity was not observed in the methane component
when isobutane-2-CHt was irradiasted. It was therefore

concluded that the center carbon atom did not contribute to
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the formation of methane. When iscbutane-1-Clh was
irrsdiated, the methane yleld based on radiocactivity
measurements was found to be sbout one-third of the yiseld
based on thermsl conductivity measurements. A mechanism, in
which a methyl radical or molecule was eliminated from the
isobutane, was postulated to account for this ratioc,

The hydrogen and methane ylelds observed for isobutane
in this investigation were compared with the published yields
for other saturated hydrocarbons. The statistical nature
of the radliation processes producing hydrogen and methane was
shown. It was found that the yleld of methane was a function
of the ratio of the number of methyl to carbon bonds to the
total number of carbon to carbon bonds in the molecule.

The yield of radloactive ethane, produced by the
radiolysis of isobutane-l-clu in the liquld and gas phase
irradiations, was found to be approximately three times
greater than the ethane yield for isobutane-2-C1l, Tne
ethylene yield, however, was unaffected by a change in
position of the carbon-lli atom. Two different mechanisms
were proposed to account for the radloactive ethene yleld.
The scetylene yield was also determined.

The activity ylelds of propane and propylene from the
Irradiation of isobutane-z-clu were observed to be about 1.5
times greater than the corresponding ylelds when isobutane-l-
Clh was irradiated, Mechanisms similar to those explaining
the methane yleld were postulated on the basis of this value.
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Propyne was not observed.

The yleld of n-butane was much greater than expected., No
attempt was made to postulate a mechanism for n-butane
formaticn.

The isobutene yleld was determined for the gas and liquid
phase irradlations of isobutane. The difference in yield in
golng from the liquid to the ges phase did not account for the
entire difference in hydrogen yleld between the two phases.
The large difference in the 1sobutene yleld, observed by
going from 20°C to -20°C, implied that a large proportion of
the isobutene was formed by a thermal radical, temperature
dependent process.

The isopentane and neopentane yilelds were determined,

The neopentane yield was considerably greater than the
1sopentane yleld; this was not expected on the basis of a
random statistical process, A comparison of the stabllities
of the prlimary and tertiasry lsobutyl radicals showed that
tertiary radical fcrmation was favored. Mechanisms for the
formation of the pentanes were proposed involving these
radicals, rather than mechanisms involving attack of the
isobutane molecule by methyl radicals, In addition, the
activity ylelds of neopentane from the two labeled compounds

were compared and explained,
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